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PCB contamination remains one o f  the greatest 
water quality concerns in the Estuary, and PCB 
ciean-up is  a primary focus of the Regional Water 
Quality Control Board. Like mercury, PCBs are a 
problem because they accumulate to high 
concentrations in some Estuaryfish and pose health 
risks to consumers of those fish. The water qudlity 
objective for PCBs in water is  designed to prevent 
unacceptable accumulation of PCBs in humans who 

PBDEs, a class of flame retardants that were Tracking the trends in these chemicals is extremely 
practically unheard of ten years ago, are now found important to determine what effect, if any, the ban 

in waters throughout the Estuary. PBDEs are will have and if further management actions are 
currently on the 303(d) watch l ist  due t o  increasing necessary. The highest PBDE concentrations in 

concentrations in the Estuary (see page 13) and 2002 were measured in waters in the Lower South 
concerns about their possible effects at the top of Bay. Elsewhere, they were present but uniformly 
the food web. A zoo3 California law banned the use low relative to the lower South Bay. 

of two types of PBDE technical mixtures by 2008. 

consume Estuary fish. In  zoo^ the PCB water 
quality objective was exceeded in 27 of 31 samples 
(87%) collected from the Estuary. PCB 
contamination is greatest in the South Bay; al l  
samples from the South Bay exceeded the objective, 
with maximum concentrations measured at the 
southern end of the South Bay. The few samples 
that did not exceed the objective were from the 
northern Estuary. 
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Contaminant concentrations in the blood of Bay 
harbor seals are high enough to warrant concern 
for effects on their reproduction and immune 
systems. PCBs and other priority contaminants 
reach their highest concentrations at the top of 
the Bay food web, so fish-eating wildlife such as 
seals, terns, and cormorants face the highest 
exposures and greatest health risks. The Bay's 
harbor seal population has suffered from habitat 
loss and degradation, including decades of 
environmental contamination. To explore the 
possibility of contaminant-induced health 
alterations in this population, UC Davis 
researchers measured blood levels of PCBs, DDE, 
and PBDEs in Bay seals, examined relationships 
between contaminant exposure and several key 
natural blood parameters, and compared PCB 
levels in the present study with levels determined 
in Bay seals a decade ago. PCBs in harbor seal 
blood declined slightly during the past decade, but 
remain high enough that reproductive and 
immunological effects are possible. A positive 
association was found between leukocyte counts 
and PBDEs, PCBs, and DDE in seals (Figure A), and 
a negative relationship between PBDEs and red 
blood cell count (Figure B). Although not 
necessarily detrimental, these responses serve as 
sentinel indications of contaminant-induced 
alterations in Bay seals, which in individuals with 
relatively high contaminant burdens could include 
increased rates of infection and anemia. 

kfcrcnrc: Ncalc, Jcnniicr C .  C. 2004. Pcnlrrrnr organic 
ronrminmrrmd ~onzaminanr-induced immune llrolrionr in rhc 
h.rborred, Phou virdinr. Ph. D. Diucru"on. U.C. Dark, Davk. 
California 

Contacr: Jennifer N d c .  University of Cllifarnir Dark, jcncll6Z 
ucd.ui..cdu 



PBDE (fresh weight corrected) concent ra t ions  in ClSNet egg samples.  1999-2001. 
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Table 23. BOE mncemlbn in b a k e  tissue. 2002. NA = not anal&, ND = not detected. NS = not sampled, e = estimate 
CFLU - Corbicula Ruminea. CGlG - C r a s s o m  gigas. MCAL - Mybhrs calbmianus. 
T d  = time of b a l v e  deeyment into me Estuary horn me wne indirated under stauan name head'mg. 
NA = not available, ND = not detected. e = &mated Mlue 
Station CocStatim Date CruireN Species BDE 017 BDE 028 BDE 047 BDE 066 BDE 085 BOE 099 BDE 100 BDE 138 

us% MU wh3 M g  u*g us% 
BGZO Sacrament BR7R002 200248 CFLU ND NO 47.6 ND NO 12.7 24.8 No 
BG30 San Jmqu 8/27/2002 2W208 CFLU NO ND 59.7 NO NO 17 28.9 NO 
ED50 NapaRkm 916RW2200208 CGlG NO ND 29.3 ND ND e 12.2 e 6.18 NO 
8040 DavisPoin W 0 0 2  200208 CGlG ND ND 43 NO ND 13.3 e 7.4 NO 
8030 PindePdr 9/4/2002 200208 MCAL NO ND 10.6 ND ND e4.33 ND NO 
ED20 San Pablo 3/4/2002 200208 CGlG NO NO 25.2 NO ND e 6.94 e 3.78 ND 
ED15 Petalum f 91412002 200248 CGlG NO NO e 9.05 NO NO NO ND NO 
BC61 Red Rock 91Y2002 200268 MCAL NO NO 12.7 NO NO 5.58 NO NO 
BC21 Horseshoe Wy20022W208 MCAL NO NO e9.5 NO NO e3.92 NO ND 
BClO Yema Bum 9/5!2002200208 MCAL ND NO 23 NO NO e11.5 e3.19 ND 
BClO Ye& Buel 91Y2WZ 200208 MCAL ND NO 22.4 NO NO 11.3 e3.15 ND 
8071 /Uameda 91312002 200208 MCAL NO ND 27.5 ND ND e 14.6 e4.8 ND 
BA40 RedumdC 913RW2 200208 MCAL ND ND 24.2 NO ND 12.2 e 3.55 NO 
BA30 Dumbarton QW20022002-08 MCAL ND NU 14.7 NU ND e5.M ND ND 
BAlO CoyoteCrr 9N2002 200208 CGlG NO ND 18.5 ND ND 4.73 ND NO 
T d  . Bodega H€ Y31/M02 20024.5 MCAL ND ND ND ND ND NO ND ND 
T d  Tomales B Y31I2002 200248 CGlG NO ND NO NO ND NO ND NO 
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Executive Summary 
Levels o f  a Little-known class of  neurotoxic chemicals found i n  
computers, TV sets, cars and furniture are building up rapidly i n  
key indicator species of  San Francisco Bay fish, according t o  tests 
by the Environmental Working Group (EWG.) 

Analysis o f  six species of  Bay fish, conducted for EWG by a 
California state toxics lab, detected polybrominated diphenyl 
ethers (PBDEs) i n  every fish sampled. The tests compared fish 
caught by local anglers with archived samples caught i n  1997, 
and found tha t  PBDE Levels more than doubled i n  halibut and 
more than tripled i n  striped bass. Striped bass and halibut are 
the two most commonly eaten species of  Bay fish, and as Large, 
mobile, carnivorous species, are good indicators o f  overall toxic 
contamination i n  the Bay. 

These are the first findings for PBDEs i n  Bay fish. They add t o  the 
evidence that  the Bay Area is a hotspot for exposure t o  bromine- 
based chemicals, widely used i n  commercial flame retardants, tha t  
many scientists warn are "the next PCBs" - a notorious cLass of  
chemicals banned i n  1977 after evidence that  they cause cancer 
and build up i n  people and the environment. The European Union 
has banned two of  the most commonly used PBDEs, effective next 
year, but  i n  the United States they remain virtually unregulated 
by either state or federal authorities. 

PBDEs and other brominated fire retardants (BFRs) are similar i n  
chemical structure t o  PCBs, which are s t i l l  found i n  the bodies of  
people and animals more than 20 years after they were removed 
from commercial products i n  the United States. Recent research 
on animals has shown that  exposure t o  low Levels of  PBDEs 
can cause permanent neurological and developmental damage 
including deficits i n  Learning, memory and hearing, changes i n  
behavior, and delays i n  sensory-motor development. Most at  
risk are pregnant women, developing fetuses, infants and young 
children, and t o  a Lesser extent, the 10 mill ion Americans with 
hypothyroidism. 

Every day, a typical American comes i n  contact wi th dozens, i f  
not hundreds, of  consumer goods that  contain PBDEs, including 
electronics, electrical cables, carpets, furniture, and textiles. 



Although the pathway by which PBDEs and other brominated fire 
retardants get i n to  the environment i s  largely s t i l l  a mystery, the 
chemicals are now found worldwide i n  house dust, indoor and 
outdoor air and the water and sediments of rivers, estuaries and 
oceans. PBDEs have been found i n  the tissues of whales, seals, 
birds and bird eggs, moose, reindeer, mussels, eels, and dozens of 
species of freshwater and marine fish. 

Rapid Increases in  Humans 

PBDEs are also building up rapidly i n  the bodies of people. Levels 
i n  Swedish breast milk samples were 55 times higher i n  1997 than 
i n  1972. The few breast milk samples collected from U.S. women 
indicate even higher levels of PBDEs i n  the bodies of first-time 
mothers than found i n  Europe and Canada. Already, scientists say, 
most Americans may carry i n  their bodies levels of PBDEs that  
have been found t o  cause serious, permanent neurological damage 
i n  laboratory animals. 

Though s t i l l  limited, the data on elevated levels of PBDEs i n  
the Bay Area are disturbing. The levels of PBDEs found i n  San 
Francisco Bay fish are much higher than those found i n  commonly 
eaten fish species from Europe, Japan, the Pacific Northwest and 
the Great Lakes. Consumption o f  contaminated fish is  believed 
t o  be a major route of PBDE exposure for adults. Earlier studies 
o f  PBDEs i n  the blood and breast tissue o f  Bay Area women, and 
of harbor seals from San Francisco Bay, have found levels from 
three t o  60 times higher than levels measured i n  people and 
animals i n  Europe. Ninety-five percent of the type o f  PBDEs that  
bioaccumulate most readily is  used i n  North America, and much of 
that  amount goes in to  polyurethane foam sold i n  California, but  it 
i s  unknown exactly why contamination is so high i n  the Bay Area. 

I n  the fal l  o f  2002, EWG researchers collected 22 fish from six 
of the most commonly eaten species a t  10 locations around San 
Francisco Bay. Analysis conducted under contract by the state 
Department of Toxics Substances Control's Hazardous Materials 
Laboratory i n  Berkeley found that  every sample contained seven 
different PBDEs, i n  concentrations ranging from trace amounts t o  
more than 60 parts per bil l ion (ppb) i n  fish tissue. We also tested 
for PBDEs i n  fish samples archived from 1997, and found tha t  
i n  five years, levels of the chemicals had increased i n  four of six 
species tested. 

The California Legislature is  considering a ban on some types of 
PBDEs i n  consumer products by 2008. AB 302 by Assemblywoman 
Wilma Chan o f  Alameda, which passed the Assembly i n  May 2003 
and is pending a vote i n  the state Senate, would make California 
the first state i n  the nation t o  regulate PBDEs. The b i l l  i s  an 



important first step, but  additional action wi l l  be necessary 
t o  fully protect public health. Some industries, notably many 
computer makers, are already moving toward safer alternatives, 
but  the rapid buildup of PBDEs i n  people, animals and the 
environment makes it imperative that  a l l  brominated flame 
retardants must be phased out  quickly. 



The Next PCBs? 
As highly flammable synthetic materials have replaced less- 
combustible natural materials i n  consumer products, chemical fire 
retardants have become ubiquitous i n  consumer products. Of the 
many different kinds of  fire retardants, one of  the most common 
i s  a class of  bromine-based chemicals known as polybrominated 
diphenyl ethers, or PBDEs. Today PBDEs are i n  thousands of  
products, i n  which they typically comprise 5 t o  30 percent of  
product weight. [I] During manufacturing, PBDEs are simply 
mixed i n  t o  the plastic or foam product, rather than chemically 
binding t o  the material as some other retardants do, making 
PBDEs more Likely t o  leach out. 

There are 209 structural variants, or congeners, of  PBDEs, 
classified by the number of  bromine atoms i n  a molecule of  the 
chemical: Penta-BDEs have five bromine atoms, octa-BDEs have 
eight, deca-BDEs have 10, and so on. The commercial PBDE flame 
retardants are actually mixtures of  several different congeners, 
with the three major products called Deca, Penta, and Octa. 
(The common name o f  the commercial product can be somewhat 
misleading; the Penta product, for example, is actually a mixture 
of  40 percent tetra-BDE, 45 percent penta-BDE and 6 percent 
hexa-BDE congeners.) Worldwide, Deca i s  the most widely used 
of  the PBDEs wi th 83 percent of  the global market by weight, 
followed by Penta with 11 percent and Octa with 6 percent. [2] 

PBDEs are the chemical cousins of  PCBs, another family of  
persistent and bioaccumulative toxins tha t  came t o  the attention 
of  regulators only after millions of  pounds had been released 
in to  the environment. I n  the 26 years since PCBs were banned, 
numerous studies have documented permanent, neurological 
impairment t o  the developing child from low level PCB exposure. 
[3-71 Recent evidence suggests PBDEs and PCBs may work 
together t o  cause adverse health effects. Not only do PBDEs 
appear t o  be acting through the same pathways as PCBs and 
dioxins, but  a 2003 study found tha t  early exposure of  lab animals 
t o  a combination of PCBs and PBDEs affected motor skills ten 
times more strongly than exposure t o  the individual chemicals. [8, 
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PBDE use has skyrocketed i n  the last three decades, wi th Penta 
production almost doubling between 1992 and 2001. [2, 101 
The market took off after the ban of  a previously popular class 
of  fire retardants, polybrominated biphenyls or PBBs, following 



t h e  catastrophic contaminat ion o f  cat t le  feed i n  Michigan dur ing 
1973 and 1974  t h a t  exposed nine mi l l i on  people t o  ta in ted  
meat and dairy products. [ll] Today, ha l f  o f  t he  PBDEs used 
worldwide are used i n  North America, w i t h  73 mi l l ion pounds 
being used i n  2001. [2] An unknown amount  o f  PBDEs, probably 
mi l l ions o f  pounds, i s  also impor ted  i n t o  t he  country each year 
i n  manufactured goods. Chemical industry analysts say t h e  North 
American market for brominated flame retardants i s  $ 1  b i l l ion a 
year and growing by  abou t  3.7 percent annually; t h e  European 
market i s  a l i t t l e  more than  ha l f  t h a t  size. [12] 

The Bromine Oligopoly 

Worldwide, e igh t  companies manufacture PBDEs, w i t h  t h e  t w o  
largest i n  t he  U.S.: Great Lakes Chemical Corp. o f  West Lafayette, 
Ind., and Albemarle Corp. o f  Richmond, Va. I n  2002, Great Lakes 
reported t o t a l  sales for a l l  products o f  $1.4 bil l ion, u p  4 percent 
f rom t he  previous year. Albermarle reported sales o f  $980 mi l l ion, 
u p  7 percent. [13, 141 To Americans famil iar w i t h  toxics issues, 
t he  corporations are notor ious as t h e  manufacturers o f  methy l  

Products Often Containing PBDEs 

I Textiles Deca, Penta Back coatings and impregnation of home and office furniture, 
carpets, automotive seating, aircraft and train seating 

Plastics 

I Rubber I Deca, Penta 1 Conveyor belts, foamed pipes for insulation, rubber cables 1 

Deca, Octa, Penta 

Polyurethane foam 

I Paints and laquers / Deca, Penta I Marine and industry protective Laquers and paints I 

Computers, televisions, hair dryers, curling irons, copy machines, fax 
machines, printers, coffee makers, plastic automotive parts, l ighting 
panels, PVC wire and cables, electrical connectors, fuses, housings, 
boxes and switches, lamp sockets, waste-water pipes, underground 

junction boxes, circuit boards, smoke detectors 

Source: WHO 1994 [I], Danish EPA 1999 [I031 

Penta 

Home and office furniture (couches and chairs, carpet padding, 
mattresses and mattress pads) automobile, bus, plane and train 

seating, sound insulation panels, imitation wood, packaging 
materials 



bromide, a volatile, acutely toxic, ozone-depleting pesticide 
gas used t o  fumigate strawberries, tomatoes and other crops. 
(Albemarle also has the dubious distinction of being a spin-off 
of Ethyl Corp., whose Leaded gasoline additive was banned i n  the 
U.S. i n  1972.) The main areas of bromine production i n  the world 
are southeastern Arkansas, where Great Lakes and Albemarle pump 
it from underground pools o f  brine, and Israel, where a company 
named Dead Sea Bromine extracts it from the briny inland sea. A 
chemical industry journal describes the global trade i n  brominated 
chemicals as "an oligopoly controlled by Albemarle, Great Lakes 
and the Dead Sea Bromine Group." [15] 

Despite their heavy use, unt i l  recently data were scarce on the 
toxicity or environmental fate o f  PBDEs. But i n  the last few 
years, it has become clear that  PBDEs and other brominated 
flame retardants have joined PCBs, DDT and dioxin on the l ist 
of persistent, bioaccumulative chemicals contaminating people, 
animals and the environment everywhere on Earth. PBDEs are now 
found i n  house dust, sewage sludge and the water and sediments 
of rivers, estuaries and oceans. They've been found i n  the tissues 
of whales, seals, birds and bird eggs, moose, reindeer, mussels, 
eels, and dozens o f  species of freshwater and marine fish. [16- 
211 Like scores of other industrial chemicals, they have also been 
found i n  human breast milk, fat  and blood. 

The reach o f  PBDE pollution is global, found essentially 
everywhere scientists have looked: Belgium, Canada, Czech 
Republic, Denmark, England, Finland, Germany, Greenland, Ireland, 
Israel, Japan, Korea, the Netherlands, Norway, Portugal, Russia, 
Sweden, Switzerland, Taiwan, and numerous U.S. Locations. [16, 
17, 19, 22-25] PBDEs can travel great distances. They've been 
found i n  birds and marine mammals i n  remote locations including 
the North Sea, the Baltic Sea and the Arctic Ocean. [26] 

Of greatest concern is  the exponential rate of PBDE increase i n  
the environment. PBDEs i n  California harbor seals increased by 
a factor of 100 between 1989 and 1998, and i n  Lake Ontario 
trout by a factor of more than 300 between 1978 and 1998. 
[27, 281 Similar dramatic increases have been seen i n  human 
blood samples from Norway, ringed seals from the Canadian 
arctic, and gul l  eggs from the Great Lakes region. [18, 29, 301 
I n  each of these studies, the time it took for PBDEs t o  double i n  
concentration was remarkably short - from Less than two years t o  
five years. 



U.S. Dominates Global Use of PBDEs 

The problem is global, but  the U.S. is  clearly a hotspot. The 
average PBDE concentration found i n  the breast tissue of 
California women was among the highest yet reported - three 
times higher than Swedish tissue samples, 10 times higher than 
German blood samples and Canadian milk samples, and 25 times 
higher than Spanish tissue samples. [27] 

It is  st i l l  unknown why U.S. levels are so much higher than 
i n  other industrialized nations, but  part of the explanation is  
the kind of PBDEs favored by American manufacturers. North 
America uses the lion's share o f  al l  the various PBDE products 
- 44 percent of global Deca production by weight and 40 
percent of Octa - but  uses an estimated 95 percent of global 
Penta production. [2] The commercial Penta product is almost 
exclusively used i n  flexible polyurethane foam for home and office 
furniture, carpet padding, and mattresses. But only about 7.5 
percent of the more than 2.1 billion,pounds of foam produced 
i n  the United States each year contains penta-DBE. The majority 
o f  the Penta-laden foam i s  sold i n  California, where components 
o f  upholstered furniture are required t o  meet stringent fire 
retardancy standards. [31] Research shows that  Penta is by far the 
most likely o f  the PBDEs t o  be absorbed by and build up i n  l iving 
organisms. 

A separate but  related concern is that  PBDEs can form 
polybrominated dioxins and furans (PBDD/Fs) when heated or 
burned - i n  a municipal solid waste incinerator, for example. 
[32] Low levels o f  the very similar polychlorinated dioxins and 
furans are known t o  cause cancer, birth defects and chloro-acne. 
PBDD/Fs have recently been measured i n  human tissue samples 
and the environment i n  Japan. [32, 331 



Global Use of PBDEs i n  2001 
( in thousands of pounds) 

I L : i :... I... .. . 1 I 

Source: BSEF 2002 [93] 



PBDEs i n  Bay Area Fish 
and People 
Results of EWG fish sampling 

From September t o  November 2002, EWG researchers visited 
public piers and other fishing locations around greater San 
Francisco Bay. We asked anglers to  donate fish caught tha t  day 
they planned t o  eat. We collected 22 fish from six of  the 10 most 
commonly caught and eaten species i n  the Bay: halibut, striped 
bass, white croaker (also called kingfish), walleye surfperch, 
jacksmelt and leopard shark. Halibut, bass and shark samples 
were collected from anglers on private or charter boats around 
South San Francisco or i n  San Pablo Bay. Al l  other samples were 
donated by fishermen at  public piers i n  San Francisco, South San 
Francisco, Alameda, Berkeley, Richmond and Point Pinole. EWG 
researchers prepared the samples as the species are typically 
eaten - skinning the shark, halibut and bass bu t  leaving the skin. 
on the  croaker, surfperch and smelt. [34]  

Samples of  the same species caught i n  1997 were obtained from 
the fish tissue archives of  the Regional Monitoring Program 
For Trace Substances (RMP), part of  the San Francisco Estuary 
Institute. The' RMP collects and tests Bay fish every three years for 
PCBs, mercury, pesticides and other contaminants, and i n  future 
wi l l  include testing for PBDEs. The RMP samples were selected to  
include fish from the same general areas of  the Bay as the fish 
EWG collected i n  2002. Because the RMP did not  collect walleye 
surfperch, we compared shiner surfperch from 1997 t o  the walleye 
surfperch we collected i n  2002. 

Both sets of  samples were analyzed under contract by the Public 
Health Inst i tute i n  collaboration with California Department of 
Toxic Substance Control's (DTSC's) Hazardous Materials Lab i n  
Berkeley, where they were tested for 11 different classes of  PBDEs 
by scientists recognized worldwide as pioneers i n  research on 
brominated fire retardants. Every sample analyzed by the lab was 
found t o  contain the seven most common PBDEs, and four other 
PBDE congeners were found i n  some fish. The samples contained 
levels of  PBDEs ranging from 1 t o  62 parts per bil l ion (ppb) wet 
weight. 

PBDE levels varied widely between fish species and between 
individuals of  the same species. This.variation may stem from 
difference i n  the fat content of  the particular fish, their diet, 
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. age, metabolism, location in the Bay and/or differences in the
way they each species was prepared. While the fish samples
compared fish collected from similar geographic areas, there are
some differences in the locations represented in the 1997 and
2002 fish. RMP samples were typicaLLy collected from boats in the
deeper reaches of the Bay, whereas our samples were donated by
anglers, in most instances fishing in the shaLLower, and possibly
more poLLuted, waters from public piers.

In general, white croaker and surfperch had the highest PBDE
.levels in fish fiLLets; leopard shark and jacksmelt had the lowest
levels. Both the wide range of contaminant levels and the higher
concentrations of chemicals in croaker and surfperch have been
reported in previous studies of PCBs and persistent pesticides in
thesam~ species and locations of the Bay. [34] The single most
contaminated fish was a \A.(hite croaker collected at the Richmond
Inner Harbor, a location known for high levels of poLLution. This
specimen had 62 ppb of PBDEs wet weight. .

Comparing EWG's 2002 'samples to the RMP's 1997 samples
suggests that the concentrations of PBDEs in the fat of San
Francisco Bay fish increased rapidly in striped bass and halibut
over the past five years. PBDE levels in striped bass fat were



PBDE levels i n  2002 San Francisco Bay Fish, ppb wet weight 

Sum o f  the seven most common congeners (PBDE 28, 33, 47, 99, 100, 153, 154) 

Leopard 
Shark 

Jacksmelt 

Halibut 

Striped Bass 

Walleye 
Surfperch 

White 
Croaker 

Overall 
average 

* NOTE The overall concentration of PBDEs i n  fish fillets is very different than the PBDE 
concentration i n  fish fat. We report the concentrations i n  fish fillets here because they 
are more relevant when considering potential human exposure. Concentrations i n  fish 
fat  are a better way t o  track changes i n  contaminant Levels over time, because the 
concentrations of fat  i n  individual fish can vary widely. 
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3.4 times higher and i n  halibut fat  were 2.4 times higher than 
samples collected i n  1997. According t o  the California Department 
of  Health Services, bass and halibut are the most commonly eaten 
Bay fish, and as larger, mobile, carnivorous fish a t  the top  of 
the food chain, are key indicators of  overall Bay contamination. 
Leopard shark fill a similar ecological niche on the top of  the 
food chain, but  our analysis included only one sample from 2002, 
which makes it less likely t o  detect a t ime trend i f  it were t o  
exist. Less of  an increase was observed i n  white croaker, a smaller, 
fattier fish tha t  eats lower on the food chain. Surfperch and 
jacksmelt did not  increase. 

Based on our analysis, we calculate a doubling rate for PBDE 
concentrations of  2.8 years for bass and 3.9 years for halibut. The 
bass and halibut species were roughly the same length and had 
similar levels of  fat  when analyzed i n  1997, which indicates tha t  
the differences we observed are not likely due t o  different age or 
fat  contents of  the fish. The detailed results of  our analysis are 
presented i n  the Appendix. 

PBDEs in  Seals, Birds and Water from the Bay 

The high level of  PBDE contamination and rapid increase i n  
PBDE levels i n  bass and halibut samples was no surprise. PBDEs 
have been documented i n  San Francisco Bay harbor seals, bird 
eggs, water and sediments. [27, 35, 361 Over the past 20 years, 
a rising t ide of  PBDEs has been detected by almost every study 
tha t  looked a t  trends over time. I n  2002, researchers at  DTSC 
found that  PBDE levels i n  San Francisco Bay Harbor Seals doubled 
every 1.8 years between 1989 and 1998. [27] Recently published 
data show a doubling t ime of 1.6 years i n  fish collected i n  the 
headwaters of  the Columbia River i n  Washington state between 
1992 and 2000. [37] PBDE levels i n  the fat  of  t rout  i n  Lake 
Ontario increased steadily between 1978 and 1998, by a factor 
o f  more than 300. [38] Similar increases i n  PBDEs over a 15-to- 
20 year period have been found i n  Arctic ringed seals and beluga 
whales. [18, 391 

The levels of  PBDEs measured i n  Bay fish are much higher than 
those reported for a variety of  commonly eaten fish i n  a variety 
of  locations. These include wild and farmed salmon [40-421. 
commonly eaten fish i n  Japan;Sweden, Finland [43-451, similar 
species i n  the Great Lakes, Pacific Northwest and Bering Sea, and 
Washington state trout; [46-491 However, the levels detected 
i n  Bay fish are s t i l l  lower than levels reported i n  studies o f  
bottom feeding fish like carp collected i n  Virginia, and fish living 
downstream from a plastics and textile manufacturer i n  Sweden. 
Consumption of  fish i s  thought t o  be a major route o f  PBDE 
exposure for adults. [31] 



Comparison of PBDE levels i n  fish fat 1997 and 2002 

Jacksmelt 

Halibut 

Strioed Bass 

Concentration o f  PBDE i n  lipid, parts per bi l l ion 

Surfperch 

The rapid buildup of PBDEs i n  the human body was first 
documented i n  1999 by Swedish researchers, who examined 
archived breast milk samples collected over a 25-year span. They 
found a 60-fold increase i n  the concentrations of  PBDEs i n  breast 
mitk between 1972 and 1997 - equivalent t o  a doubling every 
5 years. They noted that  the increase was startling, given tha t  
levels of  many persistent.chemicals declined sharply i n  the same 
period. [50, 511 Later, Canadian researchers reported a 15-fold 
increase i n  PBDE levels i n  the breast milk of  women i n  Vancouver, 
B.C. between 1992 and 2002 - a doubling every 2.6 years. [52] 

312 

821 

516 

The Swedish findings led t o  additional studies and the eventual 
ban of  most PBDEs i n  the European Union, beginning i n  2004.. 
However, Europeans' exposure t o  PBDEs are likely much lower 
than Americans'. The few breast milk samples collected from U.S. 
women indicate even higher levels of PBDEs i n  the bodies o f  first- 
t ime mothers than found i n  Europe and Canada. [53] There are 
no historical archives o f  breast milk samples from the U.S., so it 
is not  possible t o  track the trend of  PBDE buildup i n  American 
women as meticulously as it has been documented i n  Sweden. But 
the available data are disturbing. 

903 

Levels i n  U.S./Bay Area Women Highest Worldwide 

282 

2009 . 

1764 

672 I no increase 

The average PBDE concentrations found i n  breast tissue, blood, 
and breast milk samples from studies of  U.S. women are the 
highest yet reported i n  the world. Two recently published studies 

no increase 

145% 

240% 

15% White Croaker 1 564 652 



indicate tha t  PBDE levels i n  Bay Area women have risen by a t  
Least a factor of  3 t o  5 since PBDEs were first introduced i n  
commercial products about 30 years ago. They also found levels 
o f  PBDEs three t o  five times higher than a study of  German blood 
samples, and 12 t o  30 times higher than women's breast milk i n  
Japan, Sweden and Finland. [20, 43, 50, 541 About one i n  12 
Bay Area women i n  the two studies had more than 100 ppb of  
the most common PBDE i n  her body fat  - more than 100 times 
higher than average levels found i n  Swedish women during this 
t ime period. [55] 

A growing body of  evidence shows a very low threshold for PBDE 
t o  cause permanent impacts t o  the development of  the nervous 
system. It is hard t o  say whether PBDE concentrations have 
reached tha t  point, bu t  scientists are concerned tha t  the margin 
between known contamination levels and Levels tha t  cause health 
effects i n  laboratory animals is low - and shrinking rapidly. 

Levels o f  PBDE-47 i n  Cal i fornia women 

/ Bay ATk;men's 1 1960s / N6n-detectable IAII below 101 42 1 

Source: Petreas 2003 [55] 

Bay Area women's 1 breast tissue 
Bay Area women's 

blood 

late 1990s 

, 
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Sidebar 
San Francisco Bay Fish: Who's At  Risk? 

The PBDEs found i n  EWG and DTSC's tests jo in  a l ist o f  known 
toxins i n  San Francisco Bay Fish, including PCBs, mercury and 
dioxins. As a result, state health officials advise that  most adults 
should eat no more than two meals a month of fish from the Bay. 
The exceptions, however, are crucial. 

The Office of Environmental Health Hazard Assessment (OEHHA) 
says women who are pr'egnant, breastfeed or considering 
pregnancy, and children 5 and under, should eat no more than one 
meal of Bay fish a month. Additional warnings have been issued 
against eating certain fatty fish, older fish and fish from more 
severely polluted parts of the Bay. 

To further reduce toxic exposure, the Department o f  Health 
Services (DHS) says people who eat Bay fish should: 

Eat younger, smaller and less fatty fish. 

Eat several species o f  fish from a variety of locations. 

Fish Consumption Advisories for the San Francisco Bay 

All species i n  the San No more than 2 meals per 
Francisco Bay month 

No more than 1 meal per month 
- -- " 

-I- 
-- - 

Striped bass No fish over 35 inches Long No fish over 27 inches Long 1 
I Leopard shark No advisory No fish over 24 inches long 1 

OEHHA http://www.oehha.ca.gov/fish/general/sfbaydelta.html and 
http://www.oehha.ca.gov/fish/preg/index,html 
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Croaker, surfperch, 
bullhead, gobies or shellfish 

None o f  these speciei caught i n  the Richmond Harbor Channel 



Section Reference: 

Skin and t r im the fish t o  remove fat. 

Eat only the fillets, not  organs or eggs. 

Cook the fish thoroughly t o  k i l l  parasites. 

Bake, broil, g r i l l  or steam the fish t o  drain juices, which 
can reduce toxic levels by a third or more. 

Despite official advisories, there i s  ample evidence tha t  anglers 
are s t i l l  risking their health or others' health by eating Bay fish. 

I n  1998-99, DHS interviewed 1,300 people fishing a t  more than 
150 sites around the greater Bay. Eighty-five percent of the 
anglers said they eat their catch; the rest give the fish away away 
or release them). More than half o f  those surveyed said they 
share their catch with a woman of  child-bearing age or a young 
child, who are most at  risk from exposure. DHS estimated tha t  the 
average person fishing i n  San Francisco Bay eats seven ounces of 
fish i n  a meal. Other studies by two nonprofit groups, the Asian 
Pacific Environmental Network and Save the Bay, say some people 
eat considerably more than that. 

About six i n  10 of  the anglers surveyed by DHS said they had a 
general awareness tha t  the state had issued fish advisories for the 
Bay, bu t  only a third could name even one of  the precautions t o  
l im i t  consumption of  contaminated fish. Disturbingly, DHS found 
that  the anglers' knowledge of  the advisories correlated wi th 
their race and income: Poorer anglers and people of  color were 
less Likely t o  know about the government's advice t o  l im i t  fish 
consumption. 

The survey found a number of  other indicators tha t  people of  
color are more a t  risk of  eating unhealthy levels of  contaminated 
Bay fish. African-Americans and Asian-Americans were more likely 
t o  exceed the advisory level of  two meals a month. African- 
Americans and Asian-Americans, plus Latinos, also were the most 
common consumers of  croaker, the species tha t  had the highest 
Level o f  PBDEs, and which other studies have found t o  contain 
the highest Levels of  PCBs and pesticides.Since people of color i n  
the Bay Area are more likely t o  l ive i n  neighborhoods near toxic 
pollution, anglers i n  those communities are also more Likely t o ,  
fish i n  the more highly contaminated parts of  the Bay. 

California Department 
of Health and Human 
Services (DHS), 
Environmental Health 
Investigations Branch 
and San Francisco Estuary 
Institute. 2001. San 
Francisco Bay Seafood 
Consumption Study. 
March, 2001. http: 
//www.sfei.org/rmp/ 
sfcindex.htm 



Health Risks of PBDEs 
A growing body of research i n  laboratory animals has Linked PBDE 
exposure t o  an array of adverse health effects including thyroid 
hormone disruption, permanent Learning and memory impairment, 
behavioral changes, hearing deficits, delayed puberty onset, fetal 
malformations and possibly cancer. Research also shows that  
exposure t o  brominated flame retardants i n  utero or infancy Leads 
t o  much more significant harm than adult exposure, and a t  much 
lower levels. Many questions st i l l  remain, but  almost every month 
brings new evidence that  PBDEs pose a significant health risk t o  
developing animals and are very Likely t o  pose a significant health 
risk t o  fetuses, infants and children. 

These findings echo what researchers have learned about the 
structurally similar, but  much better known, PCBs. Used primarily 
as electrical insulators, PCBs were found t o  be rapidly building up 
i n  people and animals before they were banned i n  1977. Although 
levels are now declining, PCBs persist i n  the environment and 
cause a number o f  well-documented health problems. Recent 
studies have shown that  PBDEs can act i n  concert with PCBs and 
other chemicals through similar mechanisms t o  increase their 
effects. [8, 9, 561 

Most unsettling, comparison of PBDE concentrations i n  the bodies 
of American women with the Levels shown t o  harm the health of 
Laboratory animals, the margin of safety i s  slim or may already be 
eclipsed. I f  PBDE levels i n  people continue t o  rise a t  anywhere 
near current rates, any remaining gap wi l l  likely be closed within 
a few years. 

Many of the known health effects of PBDEs are thought t o  stem 
from their abil ity t o  disrupt the body's thyroid hormone balance, 
by depressing Levels of the T3 and T4 hormones important 
t o  metabolism. I n  adults, hypothyroidism can cause fatigue, 
depression, anxiety, unexplained weight gain, hair loss and low 
libido. This can lead t o  more serious problems i f  lef t  untreated, 
but  the consequences of depressed thyroid hormone Levels 
on developing fetuses and infants can be devastating. [57] 
One study, for instance, found that  women whose levels of T4 
measured i n  the lowest 10 percent of the population during the 
first trimester of pregnancy were more than 2.5 times as Likely 
t o  have a child with an IQ of less than 85 (in the lowest 20 



percent of the range of 10s) and five times as Likely t o  have a 
child with an IQ of less than 70, meeting the diagnosis of "mild 
retardation." [58]  

Even short-term exposures t o  commercial PBDE mixes or individual 
congeners can alter thyroid hormone Levels i n  animals, and the 
effects are more profound i n  fetuses and offspring than i n  adults. 
[59-641 These results aren't surprising, but  are ominous as data 
i n  humans indicate that  pregnancy i tself  stresses the thyroid, and 
devetoping fetuses and infants don't have the thyroid hormone 
reserves adults do t o  help buffer insults t o  the system. [65 ]  

Most studies on thyroid hormone disruption by PBDEs have been 
very short - with exposures of 14 days or less. The real question 
i s  how Low doses over the long term affect the body's thyroid 
hormone balance. The answer is  important, because the entire 
U.S. population is  exposed daily t o  low levels of PBDEs, and 
studies of other thyroid hormone disrupters have found that  long- 
term exposures can cause more serious harm at iower Levels of 
exposure. [66]  Although no direct l ink could be made, one study 
found higher rates of hypothyroidism among workers exposed t o  
brominated flame retardants on the job. [67]  

Because the developing brain is known t o  be extremely sensitive 
t o  exposure t o  toxins, researchers have begun t o  examine whether 
short-term exposures t o  PBDEs at crit ical times could have Long- 
term effect..  The results are troubling: Doses administered t o  fetal 
or newborn mice and rats caused deficits i n  learning, memory 
and hearing, changes i n  behavior, and delays i n  sensory-motor 
development. Many of these effects were found t o  worsen with 
age and the effects were seen with the higher-weight PBDEs 
(the usually Less harmful deca-BDE) as well as the more readily 
absorbed Lower-weight congeners. 

Just One Dose May Be Harmful 

Experiments have shown that  just one dose of PBDEs a t  a crit ical 
point i n  brain development can cause Lasting harm. [68-701 I n  
two different studies a small dose - as l i t t le  as 0.8 milligrams 
per kilogram of bodyweight per day (mg/kg-day) - given t o  10- 
day-old mice caused "deranged spontaneous behavior," significant 
deficits i n  learning and memory and reduced abi l i ty t o  adapt t o  
new environments, with these problems often becoming more 
pronounced with age. [69, 701 This research also demonstrated 
the heightened sensitivity of the brain at certain crit ical phases 
of development and the importance of timing: while earlier 
exposures caused "significantly impaired spontaneous motor 
behavior" and "persistent neurotoxic effects," no effects were 
seen i n  mice that  were exposed later. on during development, 



despite having similar levels of  PBDEs (or their.metabolites) i n  
the brain. [69] 

Other animal studies have shown that  early exposure t o  PBDEs, 
often at  relatively low levels, can lead t o  delays i n  sensory-motor 
development, hearing deficits, as well as changes i n  activity levels 
and fear responses. [68, 71, 721 At this point, scientists do not  
understand exactly how PBDEs affect neurological development. 
But there is evidence that  PBDEs and/or their metabolites are 
i n  fact acting through several different mechanisms, including 
mimicking thyroid hormones, increasing their rate o f  clearance i n  
the body, and interfering with intracellular communication. [73] 

I n  addition t o  their effects on thyroid hormones and neurological 
development, PBDEs have been linked t o  a gamut of  other 
health impacts, from subtle t o  dramatic. For example, two new 
studies found that  early exposure t o  PBDEs delayed the onset o f  
puberty i n  male and female rats and decreased the weight of  male 
reproductive organs. [74, 751 I n  studies of  pregnant animals, 
PBDE exposure was associated wi th retarded weight gain, enlarged 
livers and raised serum cholesterol. [76, 771 I n  utero exposures 
have also been associated wi th serious harm t o  the fetus, 
including limb and ureter malformation, enlarged hearts, bent 
ribs, fused stemebrae, delayed bone. hardening, and lower weight 
gain. [76-791 The malformations of  the fetus were consistently 
seen a t  levels much lower than doses harmful t o  the mothers 
- the lowest being 2 and 5 mg/kg-day, respectiveLy. 

The few studies tha t  have looked at  changes i n  organ structure 
have found tha t  semi-chronic PBDE exposure can cause thyroid 
hyperplasia and enlarged livers at  relatively low doses (10 mg/ 
kg-day) and other adverse effects such as hyaline degeneration, 
focal necrosis and deformation i n  the kidney, hyperplastic nodules 
i n  the Liver, decreased hemoglobin and red blood cell counts at  
higher doses. [76, 78, 801 

Only one PBDE congener has been tested for causing cancer, i n  
a single study more than 15 years ago. High doses of  deca-BDE 
given t o  rats and mice caused liver,.thyroid and pancreas tumors. 
[80] Deca-BDE i s  the least easily absorbed and the most rapidly 
eliminated of  the PBDEs, and recent research indicates tha t  other 
congeners can cause genetic recombination i n  cells, a sign of  
likely carcinogenicity. [81] As a result, scientists believe tha t  the 
congeners with fewer bromines are likely t o  be more carcinogenic 
than deca-BDE and have urged that  such tests be conducted. [73] 



Unanswered Questions 

There are many unanswered questions about the health effects 
o f  PBDEs. For example, it i s  unclear t o  what extent PBDEs 
are metabolized by the body and what health effects these 
breakdown products might have. Because the composition of  many 
commercial mixes hasn't been well characterized, there may be 
harmful congeners or other chemical contaminants tha t  scientists 
aren't even looking at. [19] And there remains the question of  the  
health effects of  polybrominated dioxins and furans, formed when 
PBDEs are heated or burned. 

One of  the major debates centers on the health effects of  the 
various PBDE congeners. Scientists have found that  PBDEs wi th 
fewer bromines (including penta-BDE) are almost totally absorbed 
by the body, slowly eliminated, highly bioaccumulative, and cause 
health effects at  relatively low Levels. I n  contrast, PBDEs with 
more bromines (including octa- and deca-BDE) are less readily 
absorbed, less bioaccumulative, more quickly eliminated by the 
body, and generally cause health effects a t  higher doses. [73] 
But new research suggests tha t  deca-BDE may be more toxic than 
previously thought. [82] And maybe even more importantly other 
recent research shows that  when exposed t o  sunlight, the higher- 
weight, less harmful congeners can be chemically converted t o  
the more bioaccumulative, better absorbed and more toxic lower- 
weight congeners. [83-861 

Although there are significant differences between how the 
environment and organisms deal with the various PBDE congeners, 
the bottom line is tha t  a l l  have the potential t o  cause serious 
environmental and health problems - some alone, some through 
their breakdown products, others by interacting with other 
toxic chemicals. The chemical industry, trying t o  save a highly 
profitable product, is pushing the notion tha t  certain PBDEs are 
harmless. The evidence already available argues the opposite: t o  
prevent a bad situation from getting worse, a l l  PBDEs should be 
banned now. 

Scientists have really only begun to  examine the potential health 
effects of  PBDEs, but  as more studies are conducted, the threshold 
for health effects continues t o  be set Lower and lower, similar 
t o  the regulatory trend wi th lead, mercury and PCBs. One of  the 
lowest doses of  PBDEs found so far t o  harm lab animals was a 
2002 study of  newborn mice showing neurodevelopmental damage 
a t  concentrations of  4 ppb i n  brain tissue. [69] Many women 
i n  the two  recent California studies had PBDE levels above th is 
level i n  her body fat. Scientists at  the California Environmental 
Protection Agency's Office o f  Environmental Health Hazard 
Assessment used the state data, plus studies from Indiana and 



Texas, t o  project PBDE levels i n  the entire U.S. population. I f  the 
data used i n  the model are representative, as many as 15 mill ion 
Americans have a PBDE body burden of more than 400 ppb - a 
hundred times the concentration known t o  cause permanent 
effects in laboratory animals. [9] 

The highest concentrations of PBDEs measured t o  date i n  U.S. 
breast milk are only slightly lower than Level of the PBDE cousin, 
PCBs, shown t o  cause significant irreparable harm (lower IQ 
and memory and attention deficits) t o  a developing baby. [87] 
Researchers estimate that  i f  the increase i n  PBDE levels i n  our 
bodies continues at this rate, U.S. women wi l l  exceed these 
levels within 6 t o  12 years. The costs of this damage wi l l  be 
an increased need for special education, decreased lifetime 
earnings for affected children, and treatment for the learning, 
developmental and behavioral disabilities that  already affect 
nearly 12 mill ion U.S. children. [88] 



Regulatory Failure 
The evidence against PBDEs was strong enough that  bans were 
proposed i n  Germany, Sweden and the Netherlands i n  the mid- 
1980s and early 1990s. Industrial users o f  the chemicals agreed 
t o  voluntarily phase them out  i n  Germany i n  1986, with the 
manufacturers and users i n  the other two countries Later following 
suit. I n  1993 Germany placed official restrictions on PBDE use 
because of  their tendency t o  release dioxins when burned under 
i t s  Dioxin Ordinance. [85] As concern spread t o  other countries, 
the European Union launched a scientific review of  the safety of  
PBDEs, originally with respect t o  electronics waste. I n  February 
2003, the EU announced a ban on two common PBDEs (Penta 
and Octa) i n  al l  products as of  August, 2004. [89] The EU i s  also 
considering a ban on Deca for use i n  electronic products by July 
2006. Pending the completion of  further studies, the EU Chemicals 
Inspectorate wi l l  decide whether t o  ban on Deca i n  other non- 
electronic products as well as o f  2006. [go] 

Even before the ban takes effect, the early efforts t o  reduce 
PBDE use i n  Europe are paying off. Researchers have found tha t  
PBDE levels i n  Swedish breast milk rose exponentially from 1972 
t o  1997, bu t  since tha t  year have begun to  decline: PBDE levels 
i n  Swedish women dropped about 30 percent between 1997 
and 2001. [91] These results are encouraging. This shows tha t  
i f  regulations are enacted and PBDE use ceases or declines, the 
human body burden of  PBDEs wi l l  also decrease after a lag-time o f  
several years or more. 

Despite tha t  fact tha t  PBDE concentrations i n  Americans and their 
environment are at  least ten times higher than those found i n  
Europe, the U.S. government has so far done nothing t o  counter 
this rapidly escalating problem. PBDEs are virtually unregulated 
for use i n  commercial products. I n  1994, EPA determined that  the 
waste stream from the production of  Octa and Deca "should not  
be listed as hazardous." [92] The only other regulation governing 
PBDEs i s  the requirement tha t  companies manufacture or use Large 
amounts of  Deca report their chemical emissions under the Toxics 
Release Inventory. 

California Bill  a First Step 

State legislation was introduced i n  California this year to  ban the 
use of  several types of  PBDEs by 2008. While this bill, AB 302 by 



Assemblywoman Wilma Chan of Oakland, is a welcome first step, 
it lacks some key provisions t o  assure that  these chemicals are 
removed from our homes and our bodies as quickly as possible: 

AB 302 exempts the most widely used PBDE product 
(Deca), which is common i n  electronics produced i n  
the United States, but  the European Union has been 
considering banning Deca i n  electronic products by 2006. 
This is  troublesome, as numerous studies have shown 
that  the types of PBDEs i n  this commercial product can 
break down in to  other congeners that  are much more 
bioaccummulative and bioreactive (and are included i n  the 
proposed California legislation). 

As passed by the Assembly, the b i l l  gives PBDE producers 
and users unt i l  2008 t o  stop using the chemicals. But 
if PBDE use continues a t  i t s  current rate for five years, 
another 365 million pounds of PBDEs wi l l  be put  in to  
American couches, easy chairs, cars, planes, buses and 
other consumer products. [93] 

The b i l l  also doesn't require manufacturers t o  Label 
PBDE-containing products. As it is now, it would remain 
impossible t o  know whether the couch or computer 
you buy contains PBDEs. Labeling would have allowed 
consumers t o  makemore informed decisions, providing 
extra incentive t o  manufacturers and users t o  speed their. 
conversion t o  new fire retardants, materials, or design. 

Not surprisingly, the European and California drives t o  regulate 
PBDEs have met fierce opposition from manufacturers and users. 
I n  1997 Great Lakes, Albemarle, Dead Sea Bromine and other 
companies formed the Bromine Science and Environmental Forum 
(BSEF). Ostensibly dedicated t o  providing "extensive scientific 
information on bromine and bromine products" and facil itating 
"open communication about bromine products across the globe," 
the Forum is i n  fact a lobbying front dedicated t o  casting doubt 
on the mounting evidence against brominated chemicals. [94] 

For example, BSEF denies that  the burning o f  bromine- 
contaminated waste increases the formation o f  dioxins and furans, 
though numerous studies show otherwise. The group also tries t o  
downplay the environmental and public health threats of PBDEs, 
claiming the chemicals are only used "in controlled applications 
where emissions t o  the environment are highly unlikely." [94] Yet 



volumes o f  evidence show that  PBDEs are not  only escaping in to  
the environment, but  that  they have become a ubiquitous global 
pollutant. 

Chemical manufacturers been vocal opponents against the 
California legislation. Great Lakes Chemical, which says it spends 
$2 mill ion a year t o  lobby against BFR regulation, pushed for a 
longer phase-out date and the exemption for Deca. [95] 

Affordable Replacements 

For most uses of PBDEs there are already chemical replacements 
on the marketplace a t  equivalent or slightly higher cost. 
Aluminum trihydroxide and various phosphorous-based compounds 
are some o f  the most common alternatives. But rather than 
replacing one chemical with one that  may turn out  t o  be even 
more toxic, the answer is  t o  redesign products so that  chemical 
flame retardants are not  needed t o  meet fire safety regulations. 
The U.S. Consumer Product Safety Commission recently reported: 
"CPSC laboratory tests have demonstrated that  the properties o f  
actual fi l l ing materials have l i t t le  or no effect on the small open 
flame ignit ion resistance of full-scale chairs" - i n  other words, 
the use of flame retardants i n  foam does l i t t le  t o  improve upon . 
the fire safety of foam furniture. [96] For other products, simply 
increasing the density of polyurethane foam can eliminate the 
need for chemical flame retardants. This can also be achieved 
using manufacturing materials that  arenaturally less flammable. 
[971 

Some U.S. companies have begun t o  phase out  PBDEs, even 
without a regulatory mandate. Computer and electronics 
companies such as Apple, Ericsson, IBM, Intel, Motorola, 
Panasonic, Phillips and Sony are already producing some PBDE- 
free products, and some have committed t o  completely phasing 
out  PBDEs and other brominated flame retardants. [97] The 
furniture giant IKEA has phased out  BFRs i n  a l l  i t s  products 
by changing product design, using naturally less-flammable 
materials, and employing alternative flame retardants i f  needed. 
Hickory Springs of Conover, N.C., a major polyurethane foam 
producer, is  working with Akzo Nobel, a chemical manufacturer, 
t o  test a non-halogenated phosphorous-based flame retardant. 
Hickory Springs says it was motivated by requests from companies 
such as IKEA, Crate & Barrel and Eddie Bauer to stop using PBDEs. 
~ 9 8 1  

Unfortunately, data on the toxicity of the alternative fire 
retardants already i n  use or under development is  scarce. This is  
largely because of well-documented shortcomings of the nation's 
toxics laws. The chief regulatory statute for commercial chemicals, 



the Toxic Substances Control Act (TSCA), is infamous for the lack 
o f  authority it provides the Environmental Protection Agency. 
[99] The Looming PBDE crisis is  another disturbing il lustration 
o f  the failures of a regulatory system that  allows persistent, 
bioaccumulative toxins on the marketplace before they have been 
adequately tested for safety. 

Under the current system, the EPA reviews new chemicals through 
a process that  does not  require health and safety test data and 
that  discourages voluntary testing. Companies submit only basic 
toxicity data for fewer than half of a l l  applications for new 
chemicals, and the government approves 80 percent of these 
with no restrictions and no requests for tests. Eight of 10 new 
chemicals win approval i n  less than three weeks, at an average 
rate of seven a day. [99] 

No Safety Studies on Many Toxic Chemicals 

Worse, when TSCA was enacted i n  1976, more than 63,000 
chemicals already i n  use were "grandfathered" - granted blanket 
approval for continued use i n  consumer and industrial products. 
I n  1998, the EPA and the nonprofit Environmental Defense 
Fund reviewed al l  of the toxicity and environmental fate studies 
publicly available and found no information - not a single test 
- for 43 percent of the 2,600 chemicals produced i n  the highest 
volumes i n  the U.S. [99, 1001 

The chemical industry has since agreed t o  do more tests t o  
assess potential toxicity t o  children for a select number of 
the most widely use chemicals under the Voluntary Children's 
Chemical Exposure Program' (VCCEP). The three most widely used 
PBDEs were included i n  the first group of 23 chemicals t o  be 
assessed as part of this program, but  the usefulness of the VCCEP 
program is highly limited. I t s  purpose is t o  make "health effects, 
exposure, and risk information" o f  these chemicals available and 
provide "the means t o  understand the potential health risks t o  
children." [I011 But because the program is voluntary, chemical 
manufacturers are unlikely t o  hand over any information that  
might be damning for their chemical products, nor do they have 
much incentive t o  fill any significant scientific data gaps tha t  are 
identified i n  the process. 

There is no question that  fire safety is important and that  making 
products fire-resistant can save lives. Chemical flame retardants 
have become ubiquitous over the last few decades, but  a wide 
variety of fire safety strategies exist. Using less-flammable 
materials or changing the product design so that  it i s  inherently 



more fire resistant are chemical-free solutions. Using less toxic 
chemicals as flame retardants i s  another option. We do not  have 
t o  expose ,ourselves t o  toxins t o  protect ourselves from fire. 

EWG recommends: 

The EPA must ban a l l  PBDEs as quickly as possible - no 
later than 2006. , 

I n  the interim, a l l  products containing PBDEs must be 
Labeled so tha t  consumers have the option of  choosing 
products without them. 

Al l  potential replacement fire retardants must be 
adequately tested t o  ensure tha t  they are neither 
persistent, nor bioaccumulative, nor toxic. Changes i n  
product design tha t  decrease the need for chemical fire 
retardants should be encouraged over simply switching t o  
a different chemical. 

A nationwide biomonitoring program is needed t o  
identi fy chemicals tha t  are accumulating i n  our bodies 
and i n  the environment, and determine whether levels are 
increasing or decreasing. 
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Appendix 
Appendix: Summary data for 1997 and 2002 fish 
Fish samples 

Fish species Year Number i n  Fish length Reported moisture Percent lipid, we 
sample (cm) weiqht 

walleye surfperch 2002 4 19 (16-21) 72 (71-85) 3.2 (2.4-4.0) 
shiner surfperch 1997 40 12 (11-15) 76 (71-78) 2.5 (1.7-3.9) 

halibut 2002 4 72 (69-76) 76 (75-86) 0.5 (0.2-0.9) 
1997 3 76 (59-92) 75 (73-77) 0.3 (0.2-0.4) 

2002 5 35 (33-37) 72 (67-75) 3.2 (0.5-7.4) jacksmelt 1997 15 26 (21-29) 74 (71-76) 2.1 (1.4-3.2) 

white croaker 2002 4 30 (28-31) 72 (70-74) 6.3 (5.2-7.4) 
1997 10 26 (22-29) 71 (70-73) 6.7 (5.2-7.4) 

2002 4 59 (55-69) 77 (75-78) 1.1 (0.6-2.1) striped bass 1997 6 58 (50-66) 76 (75-77) 0.9 (0.8-1.0) 

leopard shark 2002 I 114 79 0.3 
1997 12 96 (92-102) 76 (75-78) 0.25 (0.18-0.34) 



'wet weight values, parts per bi l l ion 

Fish species Year tetra-BDE penta-BDE (PBDE- hexa-BDE (PBDE- sum of 7 
(PBDE-47) 28+33 

99+100) 153+154) congeners 

.walleye surfperch 2002 0.5 17.2 4.3 0.2 22.2 

( 2002 0.2 8.4 3.2 0.8 12.6 

'acksmelt 2002 0.2 I 2.3 2.5 0.5 5.5 - 2002 0.9 27.4 10.1 1.7 40.1 

stri P ed bass 2002 0.3 10.3 4.5 1.4 16.6 

Up id  adjusted values, parts per b i l l ion 
Fish species Year tri-BDE tetra-BDE penta-BDE (PBDE- hexa-BDE (PBDE- sum of 7 

(PBDE (PBDE-47) 99+100) 153+154) congeners 
28+33) 

walleye surfperch 2002 15 508 133 16 612 
shiner surfperch 1997 27 669 185 23 903 

halibut 
2002 24 1286 548 151 2009 
1997 24 641 154 2 821 

jacksmelt 
2002 11 122 121 29 282 
1997 15 158 124 15 312 

white croaker 
2002 13 444 166 28 652 
1997 14 395 131 25 564 

striped bass 
2002 30 1021 526 179 1756 
1997 24 349 118 26 516 

leopard shark 
2002 26 310 110 28 474 
1997 70 300 60 8 438 
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The levels of individual PBDE congeners were investigated in the invertebrate 

species whelk (Buccinum undatum), seastar (Asterias rubens), and hermit crab 

(Pagurus bernhardus), the gadoid fish species whiting (Merlangius merlangus) 

and cod (Gadus morhua), and the marine mammal species harbor seal (Phoca 

vitulina) and harbor porpoise (Phocoena phocoena). These species are all 

important representatives of different trophic levels of the North Sea food web. 

All six major PBDE congeners detected (BDEs 28,47,99, 100, 153, and 154) 

are most prevalent in the commercial Penta-BDE formulation. There is no 

evidence for the occurrence of the Octa-BDE formulation in the North Sea food 

web, since its dominant congener, BDEI 83, was never detected. BDE209, the 

main congener (>97%) in the Deca-BDE formulation, was detected only in a 

minority of the samples and always in concentrations around the limit of 

detection. Since BDE209 is often the major BDE congener in sediments from the 
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area, the main reason for its low concentrations in biota from the North Sea 

seems to be a relatively low bioaccumulation potential. This can either be due to 

a low uptake rate of the very large molecule or a relatively rapid excretion after 

biotransformation. Since all invertebrates investigated are sentinel species, they 

are highly representative for the area of capture. The highest lipid-normalized 

concentrations of PBDEs in the invertebrates occurred near the mouth of the 

river Tees at the East coast of the UK. The geographical distribution of the 

PBDEs can be explained by the residual currents in the area. The direction of 

these currents differs between the summer and the winter season as a result of the 

presence or absence of vertical summer stratification of the deeper waters north 

of the Dogger Bank. Summer stratification results in the development of a 

density-driven bottom water current formed after the onset of vertical 

stratification of the water column in May leaving the UK coast near 

Flamborough Head toward the Dogger Bank. In winter, the residual currents run 

in a more southerly direction and follow the UK coastline. The distribution 

pattern of the PCBs and p,p'-DDE in the invertebrates was entirely different from 

that of the PBDEs, which could be expected, since the use of these 

organochlorines in western Europe peaked in the 1960s and 1970s but has been 

forbidden more than two decades ago, whereas the production and use of the 

penta-BDE formulation is of a more recent origin. The higher trophic levels of 

the North Sea food web were represented by the predatory gadoid fish species 

whiting and cod and the marine mammal species harbor seal and harbor 

porpoise. The lip~d-normalized levels of the six major PBDE congeners in fish 

were similar to the levels in the invertebrates, but a biomagnification step in 

concentrations of generally more than an order of magnitude occurred from 

gedoid fish to marine mammals. Based on the limited number of samples, no 

differences could be observed between harbor seal and harbor porpoise. In 

summary, the results in three species of sentinel invertebrates from a network of 

stations covering a major part of the North Sea basin showed that the estuary of 

the river Tees at the UK East coast is a major source for tri- to hexa-PBDEs. 

Throughout the food-chain, the most marked increase in (lipid-normalized) 

levels of all six PBDE congeners occurred from predatory (gadoid) fish to 

marine mammals, agreeing with the transition from gill-breathing to lung- 

breathing animals. This has serious consequences for the route of elimination of 

POPS, since their elimination from the blood into the ambient seawater via the 

gill-mernbrane is no longer possible. 
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C' Introduction 

Brominated flame retardants are added to many plastics and printed circuit boards of 

electronic household equipment and textile and polyurethane foam in furniture and cars for 
' 

obvious safety reasons. Among the brominated flame retardants (BFRs), theie are three 

commercial formulations that contain the diphenyl ether skeleton. In order of increasing 

overall bromination, these formulations are named Penta-BDE, Octa-BDE, and Deca-BDE. 

The global market demands in 1999 were 54 800 metric tons for the Deca-BDE, 8500 tons 

for the Penta-BDE, and 3825 tons for Octa-BDE (ref: www.bsef.com). 

PBDEs are very hydrophobic (log KO, values 4-10) and resistant to degradation. The water 

solubility and vapor pressure of PBDEs decrease with increasing degree of bromination, 

whereas hydrophobicity increases (1-3). Two major congeners of Penta-BDE, i.e., BDEs 47 

and 99 (numbering is according to the IUPAC nomenclature for PCBs), showed even higher 
bioaccumulation factors than PCBs of similar hydrophobicity, despite a larger molecular size 

of the brominated compounds (4). The presence of these congeners and BDE100 in tissues of 

the deep-sea foraging sperm whales indicates that these PBDEs have become globally 

dispersed chemicals (5). The temporal trends of the major congeners of the penta-BDE 

e formulation showed a sharp increase between 1978 and 1998 in lake trout (Salvelinus 

namaycush) from the Great Lakes (6). The levels in Beluga whale (Delphinapterus leucas) 
from the St. Lawrence estuary collected between 1997 and 1999 were on average 20 times 

higher than the levels in animals collected a decade earlier (7), irrespective of sex. Mixed 

temporal trends were observed in sediments of several UK rivers entering the North Sea or 

the Irish Sea (8). In the Rhine-Meuse delta, the levels in yellow eel (Anguilla anguilla) from 
the "Haringvliet" decreased since 1984, and those in eel from the German1 Dutch river Roer, 

a tributary of the Meuse, since 1993 (8). In Japan, the levels in sea bass and grey mullet from 

Osaka bay have been rapidly decreasing since 1990 (9). Less is known about the situation for 

the other two technical PBDE formulations, i.e. the Octa- and the Deca-BDE formulation. 

Octa-BDE was reported to be absent in freshwater fish from Virginia (10). BDE209 

constitutes > 95% of the commercial deca-BDE formulation. The only occasion where this 

congener and BDE 183 have been reported in relatively high concentrations in wildlife 

concerns eggs of pererine falcons breeding in Sweden (1 1). The peregrine falcon (Falco 
peregrinus) belongs to the top-predators of the terrestrial food-web, since this bird of prey 

feeds mainly on other birds. The uptake of BDEs 183 and 209 in blood of humans working in 

a recycling factory of electronic household equipment has also been demonstrated (12). Thus, 

C. the assumption that BDE209 cannot bioaccumulate due to its large molecular size is not 

always correct. This is an important observation, since the concentrations of BDE209 are 
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often much higher than those of the other PBDE congeners in suspended particulate matter 

and sediments of several continental European, UK, and !&I rivers (8): 

Although data on PBDE levels in the estuaries of several rivers entering the North Sea have 
been published (8), a survey of a number of PBDE congeners representative for the different 

commercial formulations in a number of animal species representing different trophic levels 

of the North Sea food web has not yet been carried out. For this purpose, the invertebrate 

species seastar (Asterias rubens), common whelk (Buccinum undatum), and hermit crab 

(Pagurus bernhardus) and the predatory gadoid fish species whiting (Meralangius 

merlangus) and cod ((Gadus morhua) were sampled between 52 and 58" N and low-IOOE, 

covering a large part of the North Sea basin and the Skagerrak, the connection between the 

North Sea and the Baltic Sea. The highest trophic levels were represented by harbor seals 

(Phoca vitulina) from the German Wadden Sea and harbor porpoises (Phocoenaphocoena) 

stranded or by-caught along the Dutch coast. Since the three invertebrate species are sentinel, 

the geographical distribution of their PBDE levels can give an impression of the location of 

important input sources into the North Sea basin. For comparison with the PBDEs, the levels 

of the major PCB congeners CB101, 1381158, and 153 and p,p'-DDE were also analyzed. 

Experimental Section 

Sampling of Invertebrates and Fish. The majority of the samples were taken with a 5 m 

beam trawl with a mesh size of 3.5 cm n during cruise 64PE144 with the RV Pelagia in 

~ u g u s t - ~ e ~ t e m b e r  1999. The basic data on the position. sampling date, water depth, and 

temperature, and salinity at thesurface and just above the sea-bottom, are given as 

Supporting Information in Table SI-I. Large differences in temperature andlor salinity 

between surface and bottom water are indicative for the occurrence of vertical stratification. 

The presence of a thermocline or a halocline severely inhibits the exchange rates between the 

sea surface and the sea bottom. The hening samples were caught with a pelagic net at 51'34' 

N and 2'47' E in the Southern Bight by the commercial fishing vessel TX 37 in October 

2000. 

Because it is very hard to obtain a good homogenate from entire animals for analysis of 

POPS, a number of tissues were selected. The following tissues were excised on board 

immediately after capture and frozen at -20 OC until further analysis: for the sea star the 

pyloric caeca (part of the intestinal system), for the hermit crab the soft abdomen; for the 

whelk the whole (soft) body; and for fish the liver and flet from one side of the backbone. 

No differentiation was made between the sexes except for the whelk. In this case only the 
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Cy males were taken because the females were used for research on levels and effects of 

organotin compounds. Samples of invertebrates and fish each contained material from five 

individual animals. From each station, two such samples were analyzed. 

Samples of Marine Mammals. All samples of marine mammals came frombeach-stranded 

animals or animals drowned in fishing nets. The samples of harbor porpoise originated from 

the southern North Sea and were obtained from Dr. Chris Smeenk and Drs. Marjan Addink of 

the Museum of Natural History "Naturalis" in Leiden, The Netherlands. The samples of 

harbor seals were obtained from Dr. Ursula Siebert of the Centre for Research and 

Technology in Biisum, Germany, and originated from Wadden Sea ofschleswig-Holstein 

(Germany). For cetaceans and harbor seals, samples of liver and blubber of individual 

animals were stored for analysis. 

Extraction Method for the Determination of POPS. Tissue amounts corresponding to 

approximately '50 mg of lipid were extracted, using an ultra-Turrax method. After extraction 

with pentane and acetone, the sample was treated with sulfuric acid, and a silica cleanup was 

performed. The method has been described in more detail elsewhere as the "NIOZ 

method" (13). . . p 1 ST!; 

Analysis of PBDEs. The levels of 15 individual PBDEs (dambridge Isotope Laboratories, 

Inc. Andover, MA) were determined by GCIMS. The GC was a Hewlett-Packard 6890; the 

mass-selective detector a ~ewlett-~ackard 5973. GC specifications: split-splitless injection, 
split valve closed for 1.5 min. Tinjector 270 "C. Column: stationary phase CP Sil-8, 25 m * 
0.25 mm * 0.25 pm (Chrompack, NL). Carrier gas He; linear gas velocity 74 cm n s-', 

constant flow programmed. Oven temperature program: 90 OC (1 .5')120 OC min"ll90 "C 

(01)/4.5 OC min-'1270 OC ((Sq)l10 OC min-'1320 OC ((10'). MSD specifications: negative 
chemical ionization (NCI) in the SIM mode at the m/z ratios of both bromine isotopes (79 and 
81) and m/z)  487 (for BDE 209 only). Ionization gas CH4. Tion source 210 OC; 'kmsferline 320 
0 

C; Tquadrupole 160 OC. 

The limit of detection (LOD), defined as a signal of three times the noise level, was 

established at 0.6 ng g-1 lipid for all BDE congeners except BDE209, when an amount of wet 

tissue containing 50 mg of lipid was extracted. Other amounts of lipid affect this LOD value 

proportionally. The LOD for BDE209 was 5 ng g-1 lipid. 

chromatographic Conditions for the Analysis of PCBs and p,pt-DDE. The levels of 

individual CBs and p,p'-DDE were determined by gas chromatography on a Carlo Erba 5300 

(Italy) with electron capture detection (ECD). The specifications of the GC were as follows: 1 
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pL split-splitless injection, split valve closed for 4 min, ) 300 OC. Column: stationary 

phase CP Sil-8, 50 m * 0.25 mm * 0.25 pm (Chrompack, NL). Carrier gas H2; constant 

pressure. Oven temperahire program: :90 OC ((2')IlO OC min-lI215 OC ((101)/8 OC min-'1275 " 
C ((17'). . The ECD was 300 "C and 90 mL N2 min'l was used as make up gas. 

Quality Assurance. Before sample treatment, the internal standards CB112 and 

decabromobiphenyl(BB209) were added. Although BB209 has been produced in France 

until recently, no indication of its occurrence has been found iri the present set of samples, 

which were run simultaneously without the addition of this internal standard. Moreover, 

PBBs were also not detected in any sample from a large set from Dutch coastal waters either 

(14). Our participation in the first interlaboratory study, which has been organized for 

PBDEs, showed a good performance for the samples of biota and sediment. Until now, no 

certified reference materials are available for the determination of PBDEs. 

Extraction Method for the Determination of Tissue Lipid Contents. The levels of all 

POPS have been expressed on the basis of extractable lipids extracted from the same tissue as 

used fo; the POP analyses, since the POPs of interests are all very hydrophobic and thus they 

prefer to accumulate in fatty tissues (15, 16). However, the extraction method used for the 

determination of the different POPs, extracts especially the polar phospholipids incompletely. 

Therefore a separate extraction of the tissues was performed for the determination its total 

lipid content, using a dichloromethane/methanol/water solvent system (17). Especially in lean 

tissues, this method produced substantially higher values than the acetone/pentane/water 

solvent system used for the extraction of the POPs. For comparison, a table with data of the 

lipid contents as obtained with both methods is given as Supporting Information in Table SI- 

2. 

Multivariate Statistical Analysis. The data of the six major PBDEs, three major PCBs, and 

p,p'-DDE were subjected to Principal Component Analysis (PCA) to find the underlying 

pattern and correlation structure of the data set. PCA was performed on the correlation matrix 

of the lipid-based concentrations. The data were IOlog-transformed prior to the calculations 

to obtain a greater homogeneity of variance. The results have been graphically displayed in 

the form of a principal components bi-plot. From such figures, several things can be read. 

A: The Position of Each Sample in the Plane. Each sample can be conceived as a point in a 

k-dimensional space, where k is the number of compounds taken into account. The first two 

principal components (PCs 1 and 2) span the plane on which the projected points show the 
highest variance. The position of each projected point (= individual sample) on this plane can 
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(1 ' be visualized in the form of a so-called covariance biplot (1'8). The x and y coordinates of 

each data point represent the scores for the first and second PC, respectively. The coordinates 

of each data point can be read in the bi-plot From the lower x-axis for the value of the first PC 

and the left y-axis for the value of the second PC. 

B: The Vectors. The biplot also shows the values of the correlation (r) between each 

original-in this case the logarithm concentration,of each compound-and the first and second 
principal components by means of a vector. The x and y coordinates of the endpoint of each 

vector represent the loading. The squared length of each vector shows the goodness of fit and 

is equivalent to the Fraction of the total variance that is explained by the sum of the first and 

second PC (In formula: (I,,,,,)~= R2). Thus, if a vector of a compound reaches the drawn 

circle of unit variance (circle R2=1), thin all variance in the concentration is explained by this 
sum. The values for the individual correlations with the PCs plotted can be read by 

orthogonal projection of the endpoint of each vector on the upper X-axis in the plot for the 

first PC and on the right y-axis for the second second PC. The correlation r between the 
concentrations of two different compounds is equal to the product of the length of their 

vectors and the cosine of the angle R between them. Thus, the concentrations of two 

compounds of which the vectors touch the unit-circle (i.e. all variance can be explained by 
@ the sum of the first two PCs), and point in the almost the same direction (cosine a approaches 

I), show a very high positive correlation. In contrast, orthogonal vectors indicate a zero 

correlation (cosine 90°= 0); a negative correlation is indicated by angles between 90 and 

180". 

C: The Relation between the Location of the Datapoints and the Vectors. The orthogonal 

projection of each datapoint (= individual sample) on each vector--or its extension on the 

other side of the center of the plot--shows the relative concentration of the accompanying 

compound in the sample with respect to the mean value, which is represented by the center of 

the plot. 

Results and Discussion 

PBDE Congeners Detected. Of the 16 congeners analyzed, six were present as major 

compounds. The basic statistical data (me&, median, standard error, minimum-maximum 

values) of the levels of these congeners in the different species and tissues are given in Table 

I .  The general order of decreasing concentrations is BDE47 > BDE99, BDE100 > BDEI 53, 

(. 
BDE154 > BDE28. An exception to this rule is the sea star, where BDElOO > BDE47, 

BDE99. In contrast to the situation in the sea star, BDElOO is remarkably low in the harbor 
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seal tissues, which might indicate the occurrence of a certain biotransformation capacity in 

this species. In the invertebrates, the amount of BDE47 is generally < 50% of =PBDE except 
for the shrimps, whereas in fish it is always > 50%. In harbor seal blubber the contribution of 

BDE47 to =PBDES was somewhat higher than in harbor porpoise with values for respectively 
the mean ( SEWmedianfmin-max range of 63 rt 3.6%166%142-80% for harbor seal blubber 

and 51 rt 3.9%149%/32-68% for harbor porpoise blubber (n) = 9 for both species). However, 

far fetched conclusions should not be drawn from these differences in relatively small data 

sets, since for another larger data set of harbor porpoise blubber, the values 60 k 
1.4%/59%/39-88% have been reported (1 9), which is very similar to our results for the harbor 

seal. 

The congeners BDE66, BDE75, BDE77, BDE119, and BDE138 were present at 

concentrations around the limit of detection (LOD; 0.6 ng g-' lipid in a tissue containing 50 
mg of extractable lipid). The congeners BDE71, BDE85, BDE183, and BDE190 were never 

detected. 

BDE209 was occasionally present in concentrationsjust above its LOD of 5 ng g-' lipid. 
However, when the samples contained parts of the digestive system, a presence of BDE209 
just above the detection limit cannot be interpreted as unambiguous proof for are al uptake by 

the organism. Instead, the levels may represent remainders of food present in the digestive 

system. Since BDE209 is a major compound in suspended particles and sediments from the 

North Sea and related environments (14), it does apparently not bioaccumulate to a high 

degree (20). Thus, either its large molecular size decreases the uptake rates, or a relatively 

rapid biotransformation increases its degradation rare. The literature presents evidence for 

both sides. A number of field studies showed that the bioaccumulative properties of BDE209 

were much lower than those of the tetra- and pentabrominated congeners that dominate in the 

Penta-BDE formulation (21,22). The only occasion where this congener has been reported 

(together with BDE183) in relatively high concentrations in wildlife concerns eggs of 

pererine falcons breeding in Sweden (1 1). The peregrine falcon (Falco peregrinus) belongs to 

the top-predators in the terrestrial food-web, since this bird of prey feeds mainly on other 

birds. The uptake of BDEs 183 and 209 in blood of humans working in a recycling factory of 

electronic household equipment has also been demonstrated (12). However, as a result of 

biotransformation processes, BDE209 had a half-life of less than 10 days in these humans. A 

relatively rapid metabolism of this compound has also been shown in rats (23). A slow but 

measurable uptake of BDE209 has also been demonstrated in laboratory studies with rainbow 

trout (24) and juvenile salmon (25). Laboratory studies with I4c-labeled BDE47 in marine 
invertebrates demonstrated the formation of polar metabolites, and thus a certain metabolic 
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c-: capacity toward PBDEs does exist even in marine invertebrates, although the fraction 

metabolizxl differed from barely detectable to about 50% between the species investigated 

(26). No clear relations between metabolic capacity and taxonomic group could be observed. 

Thus, it remains inconclusive whether the main reason for the absence of BDE209 is on the 

accumulation or on the elimination side of the bioaccumulation process. 

TABLE 1: Lipid-Normalized Concentrations in ng g-1 of the Six Major PBDE 
Congeners Encountered in Animals of Different Trophic Levels of the North Sea Food 

BDE28 BDE47 BDElOO E 
Br subs t . : (2,2',4-1 (2,2',4,4'-) (2,2',4,4',6-) (2,2' 

mean/ mean/ mean/ mean/ 
species median (min-max) median (min- max) median (min- max) median 

Invertebratea 
sea star (pc) 0.6/0.5 (0.4-1.1) 22/19 (3.4-56) 23/9.1 (2.2-82) 9.3/2.5 
hermit crab(abd) 1.4/1.6 (0.8-1.7) 38/29 (8.6-118') 15/11 (2.8-40) 16/9.2 
whelk (sp) 1.2/1.0 (1.0-1.6) 10/5.5 (2.6-30) 4.2/2.8 (1.5-9.7) 6.1/4.C 
shrimp (wb) 2.6/2.6 (2.4-2.7) 37/37 (35-39) 6.9/6.9 (5.1-8.7) 5.1/5.1 

Fish 
herring 

liver 2.1/2.1 (1.6-2.5) 30/25 (19-52) 9.1/6.9 (5.6-17) 13/12 
filet 1.9/1.9 (1.2-2.4) 37/38 (23-47) 9.2/9.3 (6.3-12) 12/11 

cod 
liver 
filet 

whiting 
liver 
filet 

harbor porpoise 
Liver 
blubber 

harbor seal 
Liver 
blubber 

(63-307) 40/33 (18'-93) 15/8.8 
(26-74) 13/12 (5.9-21) 6.3/4.1 

(7.6-132) 16/15 17-31) 15/14 
(7.1-40) 8.6/10 (4.2-12) 9.0/9.t 

Marine Mammala 

(1.2-4877) 562/285 (0.3-2142)715/4Oi 
(245-1312) 242/228 (47-479) 406/35C 

(95-5065) 83/22 (8.7-2711 454/38 
(57-9248) 82/25 (6.2-543) 396/57 

a pc ) pyloric caeca; abd ) abdomen; sp ) soft parts; wb ) whole body. < LOD 

The absence of BDE183 from any environmental compartment indicates that the 

environmental occurrence of the Octa-BDE mixture is presently still negligible in the North 

Sea and the Skagerrak. 
('- 
\ .. 

The analyses were performed on different tissues of the same fish (liver and filet) and marine 
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mammals (liver and blubber). The lipid physiology of hening and both gadoid species is 

quite different; herring stores its depot lipids mainly in muscle ("fatty fish", with a relatively 

lean liver), whereas the gadoid species whiting and cod use the liver for this purpose ("lean 

fish", with a very fatty liver and a lean muscle). In both gadoid species, the lipid-normalized 

PBDE concentrations were higher in the liver than in the filet. This is ilh illustrated for the 

ratio of PBDE concentrations in liver divided by the sum of the concentrations in liver+filet 

in  able 2. Here, equal concentrations in both tissue types result in a ratio of 0.5, but the 

actual mean and median values were 0.67/0.63 for whiting and even 0.7910.79 for cod. Such a 

tissue preference for the liver was not found in hening and both marine mammal species. In 

the case of planar nonortho PCBs, PCDDs, and PCDFs, a preference for the liver after lipid 

normalization is attributed to the binding of such planar compounds with a high affinity to the 

phase-I biotransformation enzyme cytochrom~P450 1 A (27). However, since the levels of 

CYPlA expression in cod were at the low end of the range observed in different fish species 

from the North Sea (28), and certainly lower than those in marine mammals, we do not 

believe that this can explain the observed liver preference of PBDEs in gadoid fish species. 

TABLE 2: Tissue Preference of PBDEs, Expressed as Ratios of the Lipid-Normalized 
Concentrations of BDE47 in Liver to (Liver + FUet) for Fish and Liver to (Liver + 
Blubber) for Marine Mammalsa 

species n mean SEM median min max 

Fish 
herring 4 0 . 4 4 5  0 . 0 5 7  0 . 4 0 8  0 . 3 6 2  0 . 6 0 4  
whiting 6  0 . 6 7 4  0 . 0 4 8  0 . 7 2 9  0 . 5 1 8  0 . 7 8 0  
cod 4  0 . 7 9 0  0 . 0 2 2  0 . 7 9 3  0 . 7 3 6  0 . 8 4 1  

Marine Mammals 
harbor porpoise 3  0 . 5 2 4  0 . 0 8 9  0 . 5 9 7  0 . 3 4 7  0 . 6 2 7  
harbor seal 3 0 . 4 2 7  0 . 0 8 7  0 . 3 5 4  0 . 3 2 7  0 . 6 0 0  

a A ratio of 0 . 5  indicates equal concentrations of BDE47 in both tissues of 

Biomagniflcation through the Food Chain. The major biomagnification step in the food 
chain occurs from fish to marine mammals; the lipid-normalized PBDE levels in blubber and 

liver were similar and generally more than an order of magnitude higher than in the 

invertebrates and fish. Surprisingly, there was not a clear difference between the three 

invertebrate species, the planktivorous herring, or the predatory gadoid species whiting and 

cod in the present study. In an earlier study, biomagnitkation related to trophic level was 

found for tetra- to hexa-PBDEs in the imaginary food chain copepods (mainly Calanus 

finmarchius)-- planktivorous fish (sprat (Sprattus spratfus), or small-and large hening 

the 
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(Clupea harengus))-predatov fish (salmon (Salmo solar)) from the Baltic and the North 

Atlantic off Iceland (29). The lipid-normalized levels of the major congeners (BDEs 47,99, 

and 100) were up to two times higher in large herring than in zooplankton, whereas the levels 

in salmon were again 2-3 times higher than those in large hemng. However, there may also 

be a size-dependent component in this field observation, since apart from trophic level, the 

bioaccumulation process also incorporates a size-dependency component (30). This is due to 

the fact that the ratio of the total surface area of an animal to its size gets smaller when size 

increases. The surface area of the gill-membrane to total animal volume also plays a role. 

Both factors result in lower elimination rates in larger animals. 

Perhaps the mean and median values of the lipid-normalized PBDE concentrations are biased 

to higher values for the invertebrates of the present data set, because a number of stations 

between the UK coast and the Dogger Bank with relatively high exposure levels were 

present. This may have increased the levels in the sentinel invertebrates more than those in 

the rapidly migrating gadoids caught in the same area. 

To illustrate the observed concentration ranges, the basic statistical descriptors for the data of 

all six major BDE congeners in the differentspecies have also been given in Table 1. A large c!; ,. , difference between median and mean indicates that the levels in the different samples were 

far from normally distributed. This was especially the case for the harbor seal data, where the 

mean concentrations are always much higher than the median values, due to the contribution 
of two ahmais with very high concentrations, as illustrated with a maximum value of 9248 

ng g-1 lipid for BDE47 in blubber. 

Geographical Distribution in Invertebrates. The results for the sea star Asterias rubens and 

the hermit crab Pagurus bernhardus are shown in Figure 1 ,  and those for the common whelk 

in Figure 2. In general it can,be said that the geographical trend is highly similar in the three 

species. The concentrations of BDEs in the abdomens of hermit crabs being slightly above 

those in the pyloric caeca of sea stars, which are higher than the concentrations in the soft 
parts of whelks. 

FIGURE 1. The lipid-normalized concentrations (in 
ng gl) of the major PBDE congeners in seastars and 
hermit crabs from the North Sea. The bars FIGURE 2. The lipid-normalize 
represent, from left to right, BDE47, BDE100, ng g') of the major PBDE con@ 
BDE99, BDE154, and BDE153 (order of elution from the North Sea. The bars represc 
the GC-column). BDE47, BDE100, BDE99, BDE: 
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Since these invertebrates do not migrate over large distances, they are more representative for 

the site of capture than fish and marine mammals. The highest levels of PBDEs in these 

invertebrates occurred near the English coast, especially at the latitude of the estuaries of the 

rivers Tyne and Tees, but also hrther south. These levels were at least an order of magnitude 

higher than those found along the coastline of continental Europe. Thus the PBDE levels in 

the major rivers there (Scheldt, RhinelMeuse, Ems, Weser, and Elbe) do not appear to affect 

the levels of BDEs from the penta-BDE formulation in invertebrates living in the receiving 

waters of the North Sea to a marked degree. We were able to complement our data set from 

the Pelagia-cruise with the data of a sample of A. rubens taken by CEFAS directly in the 

main dredged channel at the mouth of the river Tees. The very high levels in this sample 

confirm that the Tees is a major source for the PBDE congeners of the penta-BDE 

formulation in the North Sea. The long-term residual currents of the North Sea run in a 
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(,'; ' counterclockwise direction (3 134). As a result, a residual current along the English coast runs 

south from Scotland to the Wash, at least in the winter season. In the late spring and summer 

(May-October) however, a'density driven bottom water jet-like current develops along the 40 

m depth contour (35,36), which is close to the coastline in the area of the Tees estuary. This 

is caused by the development of vertical stratitication in the water column caused by 

increasing air temperatures that warm the surface of the North Sea in the late spring and the 

summer season. Just like the main circulation, this bottom current runs south but it turns east 

to the Westem-flank of the Dogger Bank at Flamborough Head. Thus water and suspended 

(dredged) particles from the Tees estuary can.be transported either to the south (in winter) 

and to the Dogger Bank in the east (in summer). The data on the invertebrates illustrate that 

although atmospheric movements are considered as the main transport pathway for POPS on 

a global scale (37,38), water-associated transport can be more important on the scale of 

regional seas. The identification of the river Tees as a significant source of penta-BDE for the 

North Sea implicates that the background levels due to the PBDEs released into the 

environment by the evaporation from flame retarded products in individual households can be 

o v m l e d  by the quantities released in large industrial processes. However, it is yet unknown 

whether the PBDE production facility at Newton Aycliffe or the application of Penta-BDE by 

a the user industries along the river represents the major source (39). However, the Tees is 

probably not the only major source at the UK East coast, . since . in an earlier study, surface 

sediments from the Hurnber estuary also contained relatively high levels of BDEs associated 
with both the Penta-and Deca-BDE formulations in a survey of different European rivers 

(40). High levels of deca-BDE only were found in sediments of the ~ e l ~ i a n / ~ u t c h  river 

Scheldt (40). Intermediate levels of deca-BDE were found in sediments from the UK river 

Thames, the French river Seine, and the Swiss/French/German/Belgian/Dutch Rhine-Meuse 

estuary. Low levels of all PBDE formulations were present in the German rivers Ems, Weser 

and Elbe and the Scandinavian rivers Gota, Glomma, Skaien, and Otra (40). 

The levels in fish were measured in liver and filet of two gadoid species, whiting and cod. 

The geographical trends in concentrations of these rapidly migrating species did not 

correspond with the trends in the invertebrates any more, although a single sample of whiting 
filet taken directly at the mouth of the river Tees by CEFAS showed also very high levels 

(Stetra-hexa BDEs > 2000 ng g-' lipid; C. R. Allchin, unpublished data). The Tees has been 
identified as a major source for PBDEs in an earlier study too (39). The river is also dredged 

at regular intervals, and the sediment is released at a dispersive site in the outer estuary. 

In the Skagerrak, the levels seem to increase from west to east; this might be due to an 

increasing proportion of Baltic influence. 
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Comparison of the PBDE Levels in Fish with Other A'eas. The comparison of the levels 

obtained for the North Sea with other areas can be done on the basis of x ~ ~ ~ ~ s  or a Si"gle 

congener. We have selected the congener that is always present in the highest concentrations, 

BDE47, for purpose. The present levels ranged between 26 and 133 ng g-1 lipid in the 
different tissues of hemng, whiting, and cod. Due to the limited number of data, we have 

neglected any effects of biomagnification in predatory fish compared to planktivorous fish in 

this paragraph (29). Sprat (Sprattus sprattus), herring, and salmon (Salmo salar) caught in 

the Baltic Sea in 1998, showed BDE47 values in the range of 6.8-45.8 ng g-l lipid (29), 
which is similar to the present range for the North Sea. The levels of BDE47 in yellow eel 

from the Rhine-Meuse estuary in 1999 were also similar to those in fish from the present 

study (8). The average levels in lake trout caught in the U.S./Canadian Great Lakes in 1997 

were similar to those in fish from the North Sea in Lake Erie and Lake Huron, but the values 

for Lake Superior (225 ng g-I) and Lake Ontario (380 ng g-l) were about an order of 
magnitude higher (6). An even higher average concentration of 1590 ng g-1 lipid was found 

for coho and chinook salmon from Lake Michigan (41). The levels in 1999 in grey mullet and 

sea bass from Osaka Bay in Japan were similar to those in fish from the North Sea, but the 

historical levels in this coastal area have been more than an order of magnitude higher in the 

p:. second half of the 1980s (9). Data from the North Atlantic Ocean office land that can be 
-. regarded as background levels due to long-distance transport, 'Oncern hemng and salmon; 

these samples showed indeed lower levels than all coastal areas with a concentration range of 

BDE47 between 2.0 and.7.6 ng g-' lipid (i9). 

FIGURE 3. Covariance bi-plots of 
-1 .O -0.5 0.0 0.5 1. 

the (lOlog-transformed) lipid based 2.50r----,,,--- . ---.,I- -?.o 
concentrations (in ng g')  of the six 
major PBDEs (BDEs 28,47,99, 
100,153, and 154), three major 

PC 
PCBs (CBs 101,138, and 153), and 0.00 - 
p,pV-ODE. The lower x-axis and the 
left y-axis give the scores for the -1.25-\ 
first and second PC, respectively. , 7 1 

The upper x-axis and the right y- -2.50 
axis show the values of the 
correlation (r) between each vector 1st PC 

and both PC's. The values for the first and second PC can be obtained by orthogonal 

(. projection on the upper X-axis for the first PC and the right y-axis for the second PC. 
The numbers indicate the different species: I ) Asterias rubens; 2 ) Pagurus bernhardus; 
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3 ) Buccinum undatum; 4 ) Clupea harengus; 5 ) Gadus morhua; 6 ) Merlangius 

merlangus; 7 lPhocoenaphocoena; 8 ) Phoca vitulina. 

Multivariate Statistical Analysis. For a comparison with the PBDEs, the levels of three 

major PCB congeners (CBs 101,138, and 153) and p,p'-DDE as the dominant compound of 

the DDT family were also quantified in the samples. The bi-plot of the (lolog transformed) 
lipid-based concentrations of the six major PBDEs, three major PCBs, and p,p'-DDE in the 

tissues of all species investigated is given in Figure 3. The vectors of the PBDE and the PCB 

congeners are clearly clustered, indicating a high covariance of the concentrations of the 

different congeners within the same class of chemicals. The vector of p,pl-DDE is closer to 

the PCB cluster, indicating closer resemblance in its environmental behavior with the PCBs 

than with the PBDEs. Thus, the environmental distribution of the PBDEs in the North Sea 

food web clearly differs from the older organochlorines. This is in contrast with the situation 

in the Great Lakes, where a high degree of covariation was found between the levels of 

PBDEs and PCBs in atmospheric samples (42) and in samples of salmonids (41). In the air 
samples, both groups of compounds were clearly associated with large industrial and urban 

centers of this area. 

@ The datapoints of the samples of the different invertebrates, fish species, and marine 

mammals are also clearly clustered in the bi-plot. A plot of the value of the first PC against 

the concentration of BDE47 showed a high correlation between the two variables. This means 

that the lipid-normalized PBDE concentrations increase from left to right in the bi-plot. 
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Abstract. Nineteen tetra- to hexahmminated diphenyl ethers 
were identified at ppb concentration in the blubber of pilot 
whale caught off the coast of the Pame Islands in 1994 and 
1996. Higher rotal concentrations were found in the pooled 
samples of young males (3.160 ng/g lipid) and females (3.038 
ng/g lipid) compared to adult females (843 ng/g and 1.048 nglg 
lipid) and males (1.610 ng/g lipids). The predominant isomers 
in all samples were 2.2'.4.4'-TeBDE (PBDE #47) and 
2,2',4.4'.5-PeBDE (PBDE $99) accounting for some 70% of 
the sum of the 19 isomers. 

Polyhmminated diphenyl ethers (PBDEs) have been used as 
flame retardants in a variety of consumer products. This 
includes their accelerated use in electronic boards in computers. 
radios. and television sets. In 1992 the world annual production 
was 40.000 t (WHO 1994). The consumption of flame retar- 
dants in the United States is expected to rise to 5926 million.in 
2000. About 30% of this market is expected to consist of 
bromine-based flame retardants (Reish 1997). The PBDEs are 
mainly used as two formulations. deca-BDE and Bmmokal 
70-5DE, a m i x m  of tetra-. penta-, and hexa-BDE. The use of 
Bmmkal70-5DE has recently been reduced in several cnunnies 
because of its binaccumulation potential and toxicity (WHO 
1994). 

The PBDEs were first discovered in the environment in 
Sweden in pike, eel, and sea m u t  samples fmm Viskan- 
Klosterfjorden south of Gathenborg in 1981 (Andersson and 
Blomkvist 1981). These first findings have been confirmed by 
several others (Jansson er a/. 1987; Wanmabe er a/. 1987; de 
Boer 1989. 1990; Kuehl el a/. 1991; Laganathan er al. 1995). 
Reported concentrations vary fmm 8-1 10.000 n& depending 
on the species or snmpling site. Mainly the tetra- and pentnbm- 
minuted isomers were recently found (Haglund el a/. 1997; 
Asplund et al. 1997). PBDEs have also been detected in 
sediment. sewage sludge (Sellstrbm et 01. 1996: Hnrtonen et al. 
1997). birds, and bird eggs (Sellstrbm er al. 1993a. 1993b; 
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Peterman et a/. 1997). Recently. methoxylated bmmodiphenyl 
ethers have been reported in herring and seal samples from the 
Baltic (Haglund er al. 1997). In humans. higher bmminated 
PBDEs were first reported in the early 1990s (Remmers cr al. 
1990; Stanley er al. 1991). This is in contrast to the lower 
bmminated congeners found in biota where tetra, penta. and 
hexa congeners were most abundant. Also recent publications 
of human concentrations show higher concentrations of the 
lower bmminated congeners (Lindstrtim etal. 1997; Haglund er 
a/. 1997; Klasson Wehler r t  al. 1997). Although f w d  is 
considered the main exposure mute for humans, the influence 
hum contaminated indoor air and dermal exposure are addi- 
tional sources (Bergman el al. 1997). 

The PBDE concentrations in marine mammals are only 
known for a number of different seal species from the Baltic. 
the Arctic. and the North Sea. Total concentrations of 90 ng/g. 
10-40 ng/g were reported for harbor and ringed seal (Jansson er 
al. 1987). rcspectively. fmm the Knttegat and the Baltic. Higher 
concentrations were measured in juvenile harbor seals (250- 
650 ng/g). adult male harbor, ringed, and grey seals (230-320 
ng/g) and adult female grey seals (280-1.500 ng/g) collected in 
1988 (Andersson and Wartnnien 1992). The first congener- 
specific concentrations in a composite ringed seal sample fmm 
Svnlhard in 1981 and a composite grey seal sample (1979-85) 
fmm the Baltic were reported by Jansson el a/. (1993). Of the 
three congeners measured, 2.2',4.4' TeBDE was clearly the 
most dominant compound with concentrations of 47 to 650 ng/g 
reported in ringed seal and grey seal, respectively. The other 
congeners found were 22'.4,4'.5-PeBDE and an unidentified 
PeBDE congener. The concentrations of the two pentabmmi- 
nnted congeners were comparable in both ringed seal (1.7-2.3 
ng/g) and grey seal. (38-40 ng/g). Recently. Hnglund er al. 
(1997), in addition to these penta congeners, detected three 
hexahmminated diphenyl ethers, of which one was identified as 
2,2'.4.4',5.5' HxBDE (3-27 ngt) .  

Consistent with the previously reported high concentrations 
of chlorinated organic contaminants in matine mammals. 
bmminated organic pollutants were expected to be found in 
pilot whale blubber. High concentrations of organochlorine 
contaminants have already been reported in Atlantic pilot whale 
(Simmonds er a/. 1994; Abraham er a/. 1995; Mtissner and 
Ballschmitter 1997). There have been no determinations of 



PBDEs reported for pilot whale in these studies. In the present 
s ~ d y  the occunence of PBDE in long-finned pilot whale was 
investigated both by full swn (SCAN) and selective ion recording 
(SIR) mass specnumeny to identify and quantify PBDEs. 

Materials and Methods 

Sampling 

Sampler of blubber h m  lang-finned pilot whales were cullccvd fmm 
two separate schmls taken in the traditional drive fishery (Bloch er ul. 
1990). Samples were taken after the whales were opened for cooling. 
Blubbcr snlnples were laken fmm the ventral side, in the pasterid end 
of the incision already made by the skilled awistano on the quay. The 
nmt sampling tmk place on June 30. 1994, in Hva~asund  (Figure 1). 
Samples were Iakcn from 20 animals, and sex and lenglhs were 
determined by local authorities. With length and sex of the individuals 
known, the appmumate age, ar rather the degree of sexual malurity, 
could be infemd (Bloch er ul. 1993a). The sampling was random fmm 
the pad canlaining a total of 119 whales. Fmm this catch only rhe adult 
female3 were analyzed; rhey were nine in number and their mean bady 
length was 4.30 m (range 3.95-5.12 m). 

The second sampling was on June 26, 1996, in Vestmanna h m  a 
pad of 192 whales. Samplcs were taken fmm 50 individuals randomly 
chosen. In thc case of h e  Hvannasund samples, the whales were 
subdivided according to sex and mnmrity. The four *uhsampler 
represented were immature females (n = 4. mean baly length = 2.97 
m, range 2.55-3.5 m) and males (n = 13. mean body length = 3.59 m. 
range 2.73-4.75 m), mature females (n = 19, mean M y  length = 4.39 
m, range 4.00-4.65 m), and males (n = 8, mean body length = 5.41 m. 
range 5.11-3.63 m). Thc average number of m a w  and immature 
females and males in an average pilot-whale schaal was 40% mature 
females. 20% immature females, 13% matun males, and 26% imma- 
ture males (Bloch cr 4. l993b). The sampling from Vesunnnna June 
26. 1994., waq thus biased toward adult male, ra feww immature C females than average were represcnvd. 

'The silmplcs were frazen individually in palyerhylene bags, and kept 
at approximately -20°C until preparation of puled samples prior to 
analysis. When rubsampling from the individunl blubber samples, cam 
was wken w cut away and thus exclude fmm the subsamples the pans 

Pig. 1. The snmpling sites in Vestmanna and 
Hvannasund. Fame Islands. in 1994 and 19% 

of the blubber h t  had been in conmct with the polyethylene bags. Thus 
the cote of h e  blubber layer, which was in all appmximately S em 
thick, war used. Subsampler of similar weight were taken fmm each 
individual to make up the poled samples to approximately 40 g. Pive 
pooled fat samples of pilot whale, caught in Vestmannu and Hvunna- 
rund, Faroe Islands. in I994 and 1996. were analyzed (Table I). 

Sumple &traction and Cleanup 

The pooled fat sampler were huma~enized in a m a n u  with sodium 
\ u l h k (  l :4) An rnteka rmdanl m n i i ~ i n g  of I3 "C-labeled polychlu- 
r t n a d  hiphcnylr (KBc) ,  di- through desa-<uh\li~utd (#IS. W?X. R47. 
n52. ~ l O l .  1lllS. # l l X .  n13R. rt153. RlS6. 1180. n194.und ~2091  uuv .~ ~ . ~~ 

added before the lipid e;mction. The hamugenam were applied an 
columns (4.7 cm ID) and he lipids were qua~iratively extra& with 
mrthylene chloride and hexanc (1:l) and gmvimarically determined. 
Funher cleanup was performed on a multilayer silica column. consist- 
ing of sulluric acid on silica. neuml activavd silica, and potassium 
hydroxide on silica, using hexsnc as eluting solvent. A methad blank 
was cleaned up simulmeously using the same procedure and amounis 
of solvenLs as for the samples. ARer concenmtian in a mtnry 
rvaparatoc a recovery spike, three "C-labeled PCBs. (em through 
hepta (#80, #128. and #178) diswlved in temdecane. was added. 

if~strumentution. HRGC/MS Analyses 

Full-scan HRCUMS spectra wen  recorded using a Fisons CC 8000 
gas chromatograph coupled lo a MDX00 mass specuomelcr (Micro- 
mass. Manchester. UK) scanning from mlz 100 to mlz 700 in 1 s and 
~~pcrnling in the elecuon impact mode (El). Chromatogmphic sepm-  
tion was achieved by splitlms injection of 2 pl an a nonpolar DB-5 
column (J&W. Folaam. CA) using helium a$ the carrier gas. The CC 
oven was programmed as fatlois: 180°C initial hold-far 2 min. 
increase ar a rate of 15"Chnin to 205'C. followed by an increase of 
3.7'Clmin u, 300°C. final hold at 300°C for 20 min. The same 
chromatographic conditions were used for .selected ion recarding SIR 
MS. When using SIR the two most intence ions of the molecular ion 
cluqter were monitored far TeBDE (m/z 483.7. 485.7). PeBDE (mlz 
563.6. 565.6). and HxBDE (m/z 641.5. 643.5) in addition to two 
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- -  - Table 1. Conccnrraciow a[ lhe L9PBDEfinnglglipid in live pools of~uduli male, aduli-female;juvenilee malc;andjuvenile female pilot whole- 
smples h m  h e  Fame Islands 

Vetmanna. Vestmannn. Vestmanna. Vcsunanna. C Hvannasund 
lunc 1996 lune 1996 June 1996 lune 1996 lune 1994 
19 Females 8 Males I3  Young Mules 4 Young Females 9 Females 
79% Lipids 66% Lipids 76% Lipids 72% Lipids 82% Lipids 
( n p / ~ )  (ndg) . . ( a d d  (ndg) (ride) 

Te-BDE (a) 2.9 3.9 5.8 
Te-BDE (b) 0.8 0.8, 1 .0 
Tc-BDE ic) 2.4 3.5 7.8 

PeBDE (a) 4.6 6.8 13.1 
Pc-BDE (b) ND 0.2 0.5 
pe-BDE (c) 1.9 2.8 6.4 
Pe-BDE (d) 104.4 153.6 280.5 
Pc-BDE (e) 2.4 3.4 6.4 

Hx-BDE (a) 
Hx-BDE Ib) 
HX-BDE icj 3.4 5.8 9.0 
Hx-BDE #I53 35.2 53.2 90.0 

Sum BDE 1,047.9 l.610.3 3.160.3 

F@, 1. The lotal ion cumnl chromatogm of ihe mole whale ample fmm Veslmanna during a full scan ( d z  I W d z  700) bclween 19 and M min; 
indicated on the chromalogram are the relention limes and location for TeBDE (L9.8 min). PeBDE (24,s min), and HeBDE (28.1 min) 

L 
msnes for h e  "C-labeled internal standard Deca-PCB ( d z  509.7. the sampler and n nmdard aalution. The standard solution contnined 
511.7) at a dwell time of 40 ms and nn inrcrchanncl delay of I ms. known amounts of 2.2'.4,4'-TeBDE (BDE #47), 2.2'.4.4'.5-PeBDE 
Quantification was achieved by comparing h e  relative respan%% of the (BDE #99). 2.2',3,4.4'-PeBDE (BDE W5). 2,2',4,4'.5.5'HxBDE (BDE 
w e t  compounds against the internal standard (I3C PCB U2W) in both U153). 2,2'.3,4.4',5-HxBDE (BDE U138). and IS "C PCB U209. 



~ i g .  3. The mnss spectrum of TeDBE eluting at 19.8 min. The molecular ion bmmine cluster at mass 481.7 (M*) indicates the presence uf four 
hmmine atoms. m e  must abundant fngment rhowing a bromine cluster CM be seen a1 mnss 32 1.9, indicating h e  lass of two bmmine atoms 

Quality Assurance and Quality Contml Results and Discussion 

Qualily assurance and quality conlrol cunceming the annlysis of PDBE ,*ntifica,ir,n 
is extensively discussed elsewhere (Haglund el d. 1997; LindsWm . 
I W7). In shon, psirive quaniification of PBDE was reporred when (I) 
SIN > 3 for the quantification ion in the SIR GCIMS mode; (2) the ntia 
of the two mast abundant ions in the hmminc clustcr was within 10% of 
the theoretical ratio; and (3) concentration of the target compound in a 
lahuratory b l d  sample. mated the same way as a real sample, was 
below 10% af #he reporvd cancentration in chc samples. In lh ia  study 
the labamtory blank samples did not contain PBllE conccntralion 
above che detection limit (0.14.5 nglg). The detection limit for the 
whale samples was 0.1-1.0 ng/g lipids, depending on du. sample size 
(1.9-2.2 g wer weight) and the different responses of the PBDE 
conaenen. All bromine isotope rarior were well within 10% of the - 
theonlcal nllo for all PHDE uunpcncrr rcponal an 'Tahle 1 Hmau\r 
nu 'C-laheled PHDt-i .Ire avdllahle ar lnlerrwl .13nd.1r4 'C-luhclcd 
PCB was used as an intcrnal standard nnd added before the samplc 
clmnup. PCBI and PHDE are stmcturally similar and have been shown 
to have a similar chemical behavior during e x a t i o n  and cleanup of 
binlogical samples (Haglund el d 1997). Therefore, in his  study 
IJC-labeled W R  was used as an internal rrandard. Thc recovery of dl 
internal standards was within acceptahle limits. 50-908. Quantifica- 
tiun was performed using a PBDEs mixture containing five PHDE 
isomers at a concenlralion of 10 ngp1 (99% purity. Wallenkrg 
I.nhoraWry. Stockholm) and rhe infernal "C-laheled PCB congeners. 
For the PHDE isomem nor present i n  the quantificntion mixwre, a 
relative response facwr. similar to the closest eluting PBDF was 
assumed. 

A total ion chromatogram of the male whale sample from 
Vestmanna is given in Figure 2. Indicated on this c h m m a t o g m  
='the retention times for the bmminated diphenyl ethers. The 
TeBDE is eluting amund 19.8 min. PeBDE at around 24.8 min. 
and HxBDE at 28.1 min. Due to several other co-eluting 
compounds the PBDEs do not result in significant peaks in the 
full-scan chmmatogram and are located on the "shoulder" of 
other more dominating peaks. This is especially the case for 
hoth the PeBDEs and HxBDEs. as can be clearly seen in T'g .t ure 
2. The corresponding mass spectm's generated at 19.8. 24.8, 
and 28.1 min are given in Figures 3.4. and 5. Figure 3 shows 
the mass spectrum of TeDBE eluting at 19.8 min, the molecular 
ion bmmine cluster at mass 48 1.7 (Mt)  indicating four bromine 
atoms and a very intense bromine cluster at mass 321.9 
(M-Brdi, indicating the loss of two bromine atoms. This 
spectrum of TeBDE is identical to the specua of TeBDE 
published in the literature (Andersson and Blomkvist 1981; 
Buser 1986; Wantanabe et a/ .  1987). The mass spectrum of the 
compound eluting at 24.8 lnin is shown in Figure 4. The 
hrnn~ine cluster at mass'559.6 (M+) indicates the presence of 
five bmmine atoms. Again the typical loss of two brotnine 
atoms creates a base penk frdgment at mass 401.8 (M-Br2)+. 
This spectrum is identical to El spectra of PeBDE in the 
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FIR. 4. Thc mass specuum of h e  cdmpound eluting at 24.8 min. The bromine cluster at mass 559.6 (Mi) indiczues he  prescnee of five bromine 
atoms. The most abuadant frngmcnl ahowing a bmmine cluster can be seen at mass 401.8, indicating h e  loss of two bmminc alarns 

literature by Buser (1986) and Watanabe eral. (1987). In Figure 
5 the spectra of the shoulder peak at 28.1 min is presented. The 
molecular ion cluster at mass 641.6 (Mi) and the typical base 
penk fragment of two bromine losses at 481.7 (M-Br?)+ are 
present. indicating thai this compound is HxBDE. 

After identification of the TeBDE. PeBDE, and HxBDE in ihe 
whale tissue, the samples were rerun in the SIR male. Running 
a sample in the SIR mode strongly reduces noise and thus 
enhances the detection limit of the target compounds. In Figwe 
6 the chromatogram of the most abundant mass 485.7 in the 
bmmine cluster is shown. In totnl. seven TeBDE congeners 
were found to comply with the theoretical bmmine rntio 
between (M-2)+/(M-4)+. The largest peak in the chmmatogram 
was identified as 2.2',4,4'-BDE (BDE 1147). showing the same 
retention time as for BDE #41 in the standard solution. BDE 
1147 was also identified aa a major component in BmmkaJ70-5 
DE (Sundsmm and Hutzinger 1976; SjOdin er a/. 1997). The 
sauctures of the other TeBDEs denoted as a. b. c, d, e, and f 
could not be verified. but it can be assumed that congener f is 
2.3',4.4'-BDE (BDE W). 

In Figure 7 the chmmatogm of the most abundant mass of 
the molecular cluster of PeBDE (563.6) is shown. and eight 
isomers were positively confirmed as PeBDEs by the theareti- 
cal bmmine ratio. Fmm these eight isomers the Inwest peak was 

verified as 22.4.4'5-PeBDE (BDE #99). having the same relative 
retentim t i m  as BDE #99 in the sutodanf solution. Tentatively, 
isomer d in Figure 7 was identified as 2 . 2 ' . 4 , 4 ' & ~ ~ ~  (BDE #lMj. 
Both BDE #99 nnd BDE #IM am major peaks in Bmmkal70-5 DE. 
Four HxBDEF were found in plot whale. 

In Figure 8 the ions corresponding to mass 643.5 are 
displayed. Again one isomer was found also in the standard 
solution. the last eluting HxBDE was positively identified as 
2.2'.4.4'.55'-HxBDE (BDE #153). The smcnve of other 
HxBDEs could not with certainty be determined. Although 
BDE #I53 is the major peak in a Bromkal70-5 DE mixme, in 
whale this is for all five samples the peak denoted with b and 
peak a is almost of the same intensity as BDE #153. This 
indicates that the PBDE pattern in whale is significantly 
diffesnt from Bromkal 70-5 DE. implying that Bmmkal is not 
the only source of expasure. Metabolism of PBDEF by whales can 
also be a m n ' f o r t h e  difference incongener piman. In Table I the 
m n c e n W n s  of the 19 PBDEs are given in nglg lipid for the five 
pools of adult male and female and juvenile male and female 
snmples. In al l  sample pools TeBDE 1147 was found to be present in 
the highest concenwdons followel by nvo PeBDEs, one of which 
was identified as BDE #99 and one HxBDE. 

Total concentrations of PBDEs in the five pooled pilot whale 
samples were significantly higher than the concentrations 



Fig. 5. The rpecua of the shoulder peak at 28.1 min. 'me molecular ion clurlcr s t  mms 641.6 (Mt) indicates six bnmine atoms present md  h e  
typical base peak fragment of two bromine losres at 481.7 (M-BrJi 

Fig. 6. The chmmatogram of the SIR GUMS run showing the most abundant mass 485.7 in the braminccluster; a total of seven TcBDE congeners 
comply with the theoretical hramine ratio of (M-2)'/(M-4)' and a SIN  Lvger han 3. Between 17.5 and 19.5 min this m c e  is magnified by a factor of 
two 



Fig. 7. The ~hrnmangram of h e  SIR GUMS mn rhuwing ihe mohl ahunrlan! m a s  vf ihc mvlccular clu5lcr of PeBDE 1563 6);  e ~ g h l ~ u l m c n  were 
oonlirmed a$ PcBDEs B n u w n  22 5 and 23 5 and 19 5 m n  lhtr trace is mgntfird by a factor of five 

Flg. 8. The ions camspanding lo mass 643.5 of the SIR GCMS mn, the last eluting HxBDE war ideniified as 2.2'.4.4'.55'-HxBDE (BDE #153) 



previously reporred in senls. The PBDE concenwtions pre- - 

sented here are among the highest measured in biological 
samples so  far. Also of interest was the fact that for the pooled 
samples of  female pilot whales the concentrations in the 
samoles from 1996 were somewhat higher than the concentra- 
tion; found in samples from 1994. TI& is in agreement with 
other studies, where an increase in PBDE concentrations in the 
environment are reported and contradictina the observed de- 
c m s e  in conwntraiions of banned organwilorine compounds 
such as  D D T D D E  and PCB (Sellstrnm ?r a/. 1993h; de  B(K.~ 
IYn91. But these findings lwve to he conrirmed because there 
are usually large between-school variations. High concentra- 
tions of PBDEs in young animals can be explained by a 
considerable lnctational transfer of  these compounds frum the 
females to the offspring. In a recent study on PBDEs in human 
tissue we have found several of the 19  congeners reported in 
pilot whale to be present also in the general Swedish population 
(Lindstrtim er 01. 1998). On the basis of  these findings we  
strongly recommend further tnonitoring of PBDEs in human 
tissue and in biota. 

Achrrwlerlgmenb. Dm. A h  Bergman. Eva Jakobsson, and Peler 
Haglund of the Ikpanmenn of Environmental Chcmisvy Stockholm 
University and U m d  University arc gratefully acknowledged fur 
PBUE reference compounds. 
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B O N N I E  A N T C L I F F E  

Rapidly Increasing Polybrominated 
Diphenyl E t h ~  Concentrations in the 
Columbia River system from 1992 
to 2000 

range In Brltlsh Columbia. Canada. Human settlement along 
the rlver has been present for over 10 000 yean, but the 20th 
century saw large scale engineering proJects (mostly hydro- 
electric developments) rapldly change the rlver's hydrology. 
Anthropogenlc actlvltles resultlng from thls development 
have had numerous effects on the physical, chemical, and 
blologlcal characterlstlcs of the reglon, especlally decllnlng 
salmonld fish populations over the past century (I). At 
present, more than 400 dams exlst on the Columbla Rlver 
system, maklng it the most hydroelectrically developed rlver 
system In the world (2). However, whlle much Is known 

l**UdiOn 
The Columbla River is the fifth largest rlver system in North 
Amerlca ranked by "OW (6650 m3/s), dralnlng a total basln 
area of 673 OW km2 In the northwestern Unlted States and 
Canada before discharging into the northeast Pacific Ocean 
at the WashlngtonState/Oregon border, some 1900 kmfrom 
Its source In two mountaln lakes o f  the Selklrk Mountaln 

Habitat and Enhancement Branch. Fisheries and 
Oceans Canada, Sulte 200, 400 Burrard Street, 
Vancouver, British Columbia, Canada V6C 3S4 

were invegtigated in two'flsh species occupying similar 
habitats-but having different diets and trophic. levels- 
and sumcial sediments from several locations on the major 
river system of western North Amerlca, the Columbia 
Rlver, in southeastern British Columbia, Canada. Total PBDE 
concentrations have increased by up lo 12-fold over the 
period from 1992 to 2000 in mountain whitefish from the 
Columbia River, with a doubling period of 1.6 years. The 
rateatwhich PBDEconcentrations are Increasing in whitefish 
is greater than has been previously reported worldwide. 
A l  the current rate of increase, ZPBDE will surpass those 
of ZPCB by 2003 to become the most prevalent organo- 
haloaen contaminant in this region. ZPBDE in whilefish from 

&gardingtheeffects of human development on the physical 
and blologlcal state of the Columbla Rlver, relatively little Is 
known regardlng organlc contaminants In thls system. 
especlally in the Canadlan portion. 

Concentrations and congener patterns of 32 inoiv dual 
PBDE conoeners from rnono- throuoh nexa-brominated 

the riainstem of the ~ o l u m b i i ~ i v e r  range up to 72 nglg 
wet weight, concentrations that are 20-50-fold higher than 
in a nearby pristine watershed affectedonly by atmospheric 
contaminant transport. Conversely. ZPBDE in largescale 
suckers were approximately an order of magnitude lower 
than In whitefish, demonstrating the influence of biomag- 
nlfication and feeding habits. Congener patterns in whltefish 
from the Columbia River directly correlated with the two 
major commercial penta-BDE mixtures in use and represent 
the first time free-swimming aquatic biota such as flsh 
have been found to contain PBDE congener patterns so 
similar to commercial mixtures. PBDE concentrations 
in sediments were not linked to a variety of investigated 
point sources but were instead inversely correlated with the 
ratio of organic carbomorganic nitrogen in surficial 
sediments with a pattern suggesting the dominant influence 
of septic field inputs from the primarily rural population. 

~ m o n g  the organlc contamlnants of current Interest and 
conrern, recentevldence hasconfirmed that the bromlnatcd 
flame retardants polybromlnated dlphenyl ethers (PBOEs). 
are ublqultous contamlnants present In all environmental 

' Correspondlngauthorphone: (250)363-6804: fax: (250)363-6807; 
e-mall: IkonomouM@pac.dlo-mpo.gc.ca. 
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comoarhents at concentratlons uo to the oarts-oer-mlllion 
rang'e (3. 4 I n  lndusuiallzed and ~r lst lne'reglo~s of North 
Amerlca. PBDE concentratlons are Increasing raoldly (3. 5l 
at rates whlch may be more rapld than was&& odserved 
for PCBs (6) and in contrast to decllnlng concentratlons o f  
PCBs and PCDD/Fs In the oresent studvarea (?I. Indeed, the 
1999 worldwide production volume df PBDES (sum of the 
commerclaloenta-. octa-, and deca-BDEmlnures) at 67 000 
tonnes is near the PCB production maxlmum of 100 WO 
tonnes In 1970 (8). At thls rate of PBDE production. whlch 
does not appear to be elther stablllzlng or decllnlng (3. only 
14 'years would be requlred to surpass the estlmated 
worldwidePCB productlonof-l 000 000 tonnes which took 
placeoverthe flvedecadesfrom the 1930suntll thelate 1970s . - 
(Y). 

Unfortunately, there are few temporal studles by whlch 
to rigorously examlne how PBDE concentratlons have 
changed in different reglons durlng the latter 20th and early 
21st centuries. Furthermore, llnle Is known of  PBDE con- 
centratlons and congener patterns In  the major North 
Amerlcan riven (1.e. Mlsslsslppl-Mlssourl-Red Rock. St. 
Lawrence. Mackenzle-Peace, Yukon. Columbia). In the 
Columbla Rlver, the large number of hydroelectric facllitles 
have. In effect, disconnected varlous unlts o f  the river from 
each other, thereby preventing unrestricted movement o f  
flsh throughout theecosystem. Thls dlsconnectlon Is thought 
to have greatly constrained the access of anadromous fish 
toupstreamspawnlngsltes, posslbly helplngtoexplaln large 
decllnes in reglonal fisheries stocks slnce the early 1900s 
(10-14. In addltlon, dams largely prevent the downstream 
movement of suspended and bedload sediments, thereby 
encouraging scouring of the rlver bed downstream. These 
sedlmentsareknown to be Importantvectors forhydrophoblc 
contamlnants such as PBDEs, whlch would generally prefer 
to resldeonorganlcsubstrates than bedlssolved In the water 
column (13-16). Thls compartmentallzatlon of fish popula- 
tlons and sediments makes the Columbla Rlver system a 
particularly intrlgulng one In whlch to examlne PBDE 
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FIGURE I. Map showing topcqraphlc features d Ule study region discussed In the texc and sampling sites la mountain whitefish and 
sumcial sedlmem, in the Columbla and Kodenay River system in souheasern British Columbla Canada. Sample numben conespond 
ta data provided lor individual tlrh and redlmenls In Ule Suppa(1ng inlamallon 

concentrations and patterns. In addition, increasing con- 
cenvatlons o f  potentially toxic organic contaminants such 
as PBDEs may be an additional stressor (17- 19, that when 
combined withother human influencessuch as hydroelectflc 
development, may further hinder recovery of some flsh 
populations In the Columbla River. 

In the study region of the Columbia River and a maJor 
tributary, the Kootenay Rlver, In southeastern British Co- 
lumbia, Canada (Figure I), thalwegs are generally shallow 
(2-12 m) duringnomaldlschargeeventsand rlverveloclties 
are moderate to hlgh (75 to > 150 cm/s), favoring a riverbed 
com~osed of medium to large cobbles and small boulders 

velocity habitats with cobble or boulder substratesand rime 
and run areas adJacent to cobble and boulder deposltlon 
areas. Their diet is mainly bottom feeding of aquatic Insect 
larvae (e.g. caddlsflies), small mollusks, and occasionally flsh 
(23. Most adult whitefish in this area occupy deepwater 
habitats in the day and relocate to shallow-water habitats for 
feeding at night (24. Juveniles typically reside in shallow 
nearshore habitats for rearing, as these areas provide the 
greatest quantity o f  food and cover (20, 21). Largescale 
suckers. in comparison, use a wlder variety of habitats than 
whiteflsh with adults residing in both deepwater and 
nearshore habitats andiuveniles occupvinn shallow stream .. - 

andjor parent bedrock mate>al with a llmited littoral area margins. The diet o f  immature suckers is mostly planktonic. 
(20, 21). Smaller numben of depositional erlvironments are conslstlng mainly of water fleas and copepods. and sh~fts to 
found hher~nravels. cobbles. sand. and silt materialscollect . . -. . - . . . . . . . - 
(20, 23. The Kootenay ~ i v e r ~ o i n s  the Columbia Rlver -10 
km downstream from Huah Keenlevside Dam and 46 k m  - - 

upstream f romthe~anada-~~ l i t ed  States border, after which 
the Columbia Rlver continues Its coune l 100 km through 

bottom feeding of Invertebrates for aduit lndlvlduals (23.  
Largescale suckers generally spawn III May and June. willle 
whitensh spawn d u r l ~ g  the perlod frotn November t l~rough 
Februa~y (21). The population o f  largescale suckers is 
estlmated to range between 21 000-57 000 and is also 

the Unlted States before discharging into the Paclnc ocean. thought to be re l~ l ve l y  stable (22). Togetller with surnclal 
TheaveraaeflowoftheColunrblaRlverattheCanada-Unlted sediment sanl~les. the resldent nature o f  these two flsh 
states border Is -2630 m3/s, of which 1150 m3/s is from the 
Arrow Lakes reservoir system controlled by the Hugh 
Keenleyside Dam. 790 m3/s from the Kootenay River system. 
and 690 m3/s from the Pend d'orellle Rlver which enters the 
Columbia River 3 k m  before the international border (22). 
I n  the studv redon. 25 species of flsh have been recorded 

specles and thkir different feeding habits offer a means of 
investigating the concentratlons and patterns of PBDEs in 
this sectlon of the Columbla River system. 

To facilitate an undestandlngof the temporal and spatlal 
trends o f  PBDEs in a maJor North American river, we 
determined the concentrations o f  32 individual PBDE 

(23, ofwhl;l~ koul l ta ln khlreflsh and largescale suckersare corlgenersfron~ m o ~ ~ o -  througtl t~exabro~nirwted Ln mountaln 
considered resident (21) and thus good lndlcators of local whlteflsh. largescale suckers. and surflclal sediments from 
contaminant Inputs and sources.-0f these two specles, several locations on the Columbia and Kootenay River 
mountain whltetlsh are the most abundant sportflsh In the svstemsinsoutheastern BritishColumbia. Canada. Whitefish 
Columbia and lower Kootenay ~ l v e r s  wlth a ~opula t ln r~  that samples obtained over the period from 1992 to 2000 stled 
has remained relatively stable at 35 000-40 000 lndlvlduals 1 Insights - into how PBDEconcet~trations havechanged In  this 
since the early 1980s (20.22). Whltefish tend to occupy high 1 aquatic system over the past decade. ~a rgesc ie  sucker 
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samples were taken to help determine how PBDE concen- 
tratlons and congener patterns differ for tlsh occupying the 

- same region butwith-different-feeding-habits..Surficlal 
sedlments werealso collected to asslst in identifyina potential . -. 
PBDE sources and to examine whether congener patterns 
and concentrations differed between sediments and flsh. 
Together, these samples form one ofthe Rrstcomprehenslve 
data sets on PBDE concentratlons and congener patterns in 
a major North American river. 

Exoerimental Section 
Sample Collection and Preparation. Sampllng for mountaln 
whltensh (Prosoplum wllllamsonl) in the Columbia and 
Kootenay River systems took place during the tlrst 2 weeks 
ofJuly In 1992.1994/1985. and 2000. Whitenshsamples from 
the Siocan Rlver reference site iWF39-411 were obiained bv 
angling methods in an attempt to avoid tissue dama& 
Induced bv electroshockinn. Analinn methods were unsuc- 
cessful at ihe Genelle (mix-33)inlBeaver Creek (WF1-14) 
sltes on the Columbia River, and whitefish were collected 
using electroshocklng. Whltensh samples collected in 
Kootenav Lake (WF34-38) in early July of I998 near the - - .  
outnow io the Kootenay Rlver as well as largescale suckers 
iCarasromus marmrheilus LSi-8) collected In early July of 
2000downstreamofthecityofNelsonon the ~ o o t e i a ~  River 
were also obtained by electroshocking. Details on the 
methods of electroshocklng and age determination are 
provided elsewhere (25, 26). Sampling sites are shown in 
Flgure 1: details regarding each location are dlscussed 
throughout the manuscript. 

Surncial sedlrnents were collected horn I L depositional 
locations (SI-11) on the Columbia and Kootenay River 
systems on August 18 and 19,2001. Samples were collected 
from the top 2-3 cm of nne-grained silt, clay, and organic 
materials wfthln 2 m o f t h e  shoreline. Ail materials for 
collectlna sediments were stainless steel or amber nlass and 
were waihed wlth successlve rinses of tap water-distilled 
water. 95%ethanol, andacetone In thetleld prlortocollectlon. 
Sedlmenrscollected at eachsite were placed Insolvent rinsed 
amber glass Jars and stored on dly Ice during sampllng and 
transpon and at-20 T i n  the laboratory prior to processlng 
and analysis (<30 d to processlng horn sampllng date). 

Sample Extraction. Cleanup, and Analyslr. Flsh muscle 
tlssue was thawed, dissected, and homogenized prior to 
extraction. Skln and bones were removed during dlssection. 
and the tlssue was homogenized with a com~erc la l  meat 
grlnder. Following homogenization, samples were sub- 
sam~led  for contaminant analvsis and moisture and liold 
conients. 

Sedimentsam~les were thawed to room temoerature. and 
approximately 10 g (wet) was weighed out f i r  extraction. 
Addltionai samples (-2 gl were also taken for moisture 
content, organlc carbon, and organlc nitrogen analysis. 
Moisture content was determined bv drvina the samole in 
a 105°C ventedovenfor48 hand ~ e i ~ h i n ~ t h ~ s a m ~ l e h e f o r e  
a~idafferdrylng. Organlcc~onando~anlcnltmgencontent 
weredeternllned uslnga Lreman CE440elelnental analyzer. 

Approximately 10 g of sample (tissue or sediment) was 
soiked wlth a sulte of ']C.labeled PBDE. PCDD. PCDF. and 
PCB procedural internal standards- (Cambridge Isotope 
Laboratories. Andover. MA) and orocessed usinn orocedures 
described In detail previo"sly (3. 4). Tlssue s k p l e s  were 
ground wlth sodium sulfate, transferred quantitatively to an 
extractlon column wlth, and extracted with. CHzClz/hexane 
(I:I v/v). Sediment samples were Soxhlet extracted with 
toluene/acetone (80:20 vlv), and the extract was acid-base 
washed prior to other cleanup. Sample cleanup took place 
in threestages. In the flrst step, aliquots were passed through 
a multllaver sillca column ~ a c k e d  with successive lavers of 
sillcagel (basic, neutral, acidlc, neuml) andeluted wlch CHZ- 

FIGURE L Concentralions of l m l  PBOEs and Ute live msjor 
mngenen In mountain whilefirh m w l e  horn the Columbia Rlver, 
BfillrhColumbia,Canada. Labels(a.gGenellaZWO(n= 11)) indicate 
sampling locnlon, year, and Wmple size, rerpectlvaly. Values are 
In nglg wal weight and are age normallled uslng ANCOVA 

Cldhexane (I:I v/v). The second cleanup step was with a 
neutral activated-alumina column caooed wlih anhvdrnus , 
sodium sulfate.~hecolumn was washd hlth h e m e  followed 
bv CH~CI~lhexane (1:i v/v) elution to recover the analvtes 
oilnreresr. Eluants from the alumlna column were conien- 
trated to lessthan 10,cLandsplked with I nnofa"C.3.3'.4.4'- 
tetrabromodlphenyl etherlnitrumental int&nalstandard (10 
pL of a LOO pg/pL stock solution) prior to congener-speciflc 
PBDEanalyses by hlgh-resolutlongas chromatography/high- 
resolution mass spectrometry (HRGC-HRMS). 

Where PCB and PCDD/F analvses were also reauired from 
the same sample, the eluant coricentrate collectkd from the 
alumlna column was fractionated with an automated hiah- 
performance llquld chromatography (HPLC) system utlli&g 
a carbon Rber column. The four fractions (fraction #I = di- 
through tetra-ortho PCBs: 112 = mono-ortho PCBs; #3-4 = 
nonortho PCBs: X4 = PCDD/Fs: Xi-4 = PBDEs) collected 
from this system were solked with the corresoondinn 
lnstrumentailntemal standa;d(s) and analyzed for the desire: 
target analyles (1.e PCBs and PCDD/Fs) by HRCC-HRMS. 
All HRGC-HAMS analvses were oerformed wlth the HRMS 
operating In the positive EI idnization mode at 10 000 
resolvinn Dower and acaulrinn data under SIM conditions. 
~ h e s a m j i e  workupand~e~n&mentalanalysesconditlons 
(forallana1yses:PBDEs. PCBs, and PCDD/Fs) and thecriteria 
used for identincatlon andquantitatlon are described ln detall 
In our prevlous works (3, 4. 

Data Analysis. Data compllatlon and graphing were 
performed using Microsoh Excel XP (Redmond, WA). Dif- 
ferences between sampllng groups were investigated using 
slnglefactorANOVAInSPSSv.10.0 (Chicago. IL). As has been 
observed elsewhere (27-291, PBDE concentratlons were 
posltlvely correlated wlth nsh age and were thus age- 
normallzed using ANCOVA for those sample groups havlng 
different mean ages and age dlstrlbutlons. Cluster analysls 
(with the standardized Euclidean measure and Ward clus- 
tering method) was performed using KyPlot v.2.0 b.9 (Tokyo. 
JPM. Because of the dlmculty in representing multivariate 
data sets, such as multlple congener contributions to total 
PBDEs, on conventional two- and three-dlmenslonal graphs 
(e.a. scatter and bar araohsl, cluster analvsis (CAI was 
deielopedasa meansorshbwing slmllarltles~nd dikerences 
of multivariate data sets in a two.dlmensional form. A brief 
description of interpreting the CA plot shown in Flgure 4 is 
presented below. 

Results and Discussion 
Increasing PBDE Concentratlons In Mountaln WhlteRsh. 
Concentratlons and congener patterns of the bromlnated 
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FIGURE 3. Relaionship belween tdal PBDE concentrations in 
Columbia River suficial sedimems and the raio of oraanic carbon - 
to organic nitmgen content 

flame retardants, polybrominated diphenyl ethers (PBDEs). 
were determined in 41 mountain whiteflsh, 6 largescale 
suckers, and 11 surflcialsedimentsamplesfromtheColumbla 
and Kootenay Rlver systems In southeastern British Colum- 
bia. Canada (Figure 1). Total PBDE concentrations (WBDE: 
sum of  the 13 maJor congeners shown in Figure 4) In 
mountain whlteflshobtained near Genelleand Beaver Creek 

on the malnstem of the Columbia Rlver have increased by 
factors o f  11.8 and 6.5, respectively, over the period from 
1992 to 2000 (Flaure 2). At Genelle (woulation 800). located . - 
approxliarely 13 km downstream f r o k  the city o f  castlegar 
loooulatlon 74001 and [he Celaar bleached  oftw wood kraft .. . 
pulp mlll, mean ~ P B D E  conc~ t ra t l ons  Increased 3 1-fold 
from 6.1f4.6 ng/g wet weight (ww) to 19.1 f 5.3 ng/g ww 
between 1992 and 1994/1995 @ < 0.011). The period from 
1994/95 to 2000 saw a further lncrease by a factor of 3.8 to 
a mean XPBDE concentration o f  71.8 f 19.0 ng/g @ < 
3.1 x The total lncrease over the oeriod from 1992 to 
2000 at ~ k n e ~ ~ e  is over an order of mignitude (11.8-fold; 
p < 1.2 x 10-9. At the confluence o f  Beaver Creek and the 
Columbia River, approximately 25 km downstream from the 
community o f  Genelle and 9 k m  downstream from the city 
ofTrall (population 35 300) and the Teck Cominco zinc and 
lead smelting operation. ZPBDE concentrations increased 
by a factor o f  6.5 from 4.5 f 1.8 ng/g ww in 1992 to 29.2 f 
15.4 ng/g ww in 2000 @ < 0.005). In the region where the 
west arm of Kootenay Lake (regional pop. -34 000 along 
lakeshore) discharges into the Kootenay Rlver near the city 
o f  Nelson (population 9700) and 30 km upstream from the 
confluence o f  the Columbia and Kootenay Rivers. XPBDE 
concentrations in mountain whiteflsh from 1998 were 

Distance 

FIGURE 4. Cluner analvsis plot of PBDE conaener palterns in Columbia River mountain whilensh muscle fmm Genelle IWF-G) and Beaver 
Creek (WF-B) collecledin 2b, male ringed Gal biubber in individuals aged 0-15 yeanfmmthe Canadian Axtic colle&ed in.2000 (RS-A). 
Dungenass crab hepatopancreas from the Strait of G q i a  off the soulhwenern coast d British Colrmbia collected in 1906 (DC-SG), harbor 
norwise blubber hom the Smit of Gearaia collected in 1890 MP-SG), laroescale sucker muscle fmm near Tsohm in the Kootenav River ~, 
coliened in 2WO (LS-T), and two majoipema-BDE mixtureslBro&l li-~DE and Greal Lakes Chemicals 6-11). 
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slgnlAcantly lower (14.3 1 10.4 ng/@ lhanobservedat Beaver 
Creekor Cenelle In 2000 (p c 0.012 and p < 1.3 x lo-?. The 
Inlease In XPBDE concentrations at .~enelle is.unprecr 
edented i n  the published literature, wlth a doubling perlod . ~ 

of 1.6 years beiween 1995 and 2000. 
On the Slocan Rlver reference slte. In an unoooulated 

prlstlne area not dlrectly impacted by k th ropog& i~  actlvl- 
tles. XPBDE concentratlons In 1996 were 0.9f0.2 ng/g ww. 
Theseconcentratlonsat Slocanare -20-50 timeslower than 
those at Cenelle In 1994/1995 and Beaver Creek In 1996, 
respectively (single data polnt for I996 at Beaver Creek 
orovlded ln the Suoportlna Information). The slnnlflcantlv 
i o w e r ~ ~ ~ ~ ~  conc;"tratlo~s at Slocan compared?o Cenelli 
and Beaver Creek suggests long-range atmospheric deposl- 
tlon Is not llkelv the malor source of PBDEs to thls redon. - 
othenvlsewe would not expect to seesuchdlstlnctdlfferences 
dependlngon locale. However, the Columbia Rlverat Cenelle 
and Beaver dralns a much larger area (-90 000 kmz) (21) 
than the Slocan Rlver I-33W km9 (30. whlch may allow . .  . 
In-stream concentratlon o f  hlgh levels o f  atmosphkrically 
deoosited PBDEs. On the other hand, the ratlo of dralnane 
areas between the~olumbia Rlverand theSlocan Rlver (-a 
Is slmllar to the ratlo of mean flows between these two rlvers 
(2010and88 m3/s.respecUvely;raUo=23) (21.30, suggesting 
that a dlfferentlal concenmtlon ofatmospherlcally deposlred 
PBDEs between the two watersheds is'llkely minlmal and 
lnsufnclent to explaln the large XPBDE concentratlon dlf- 
ferences.Thus. there aooears t i b e a  reclonal sourceofPBDEs 
dlscharglng dlrecrly inio thls pan o'i the Columbla Rlver 
system. Funhermore. the lower WBDE concentratlons In 
whlreflsh from Koolenay Lake (volume s 36 7 km3) (31) 
compared to the Columbla Rlverareconslstent wlthdllurlon 
of Influent PBDE sources l o  the lake, such that there is a 
reduced flsh exposure ro PBDEs vla the waler column in 
Kootenav LakeversusrheColumbla Rlver between Castleaar 
and the -~n l ted  States border. Knowledge regarding ;he 
~opulatlon dlstrlbutlon, and the suspected domestic waste- 
wAer sources of PBDEs In  thls a k a  (dlscussed below). 
appears l o  suppon thls hypothesis and help understand the 
spatlal dls~rlbutlon of PBDE burdens i n  whlteflsh from rhls 
reglon - 

PBDE concentratlons were also determined In slx large- 
scale suckers sampled in 2000 downstream of  the c l tyo f  
Nelson o n  the Kootenay Rlver at Taghum. These flsh had 
lower PBDE burdens (5.0 f 1.9 ng/gww) than whiteflsh from 
elther the uostream Kootenav iake ( D  < 0.08) slte or the 
Gene~~e @ ; 1.3 x 10-9 and ieaver creek @ 0.013) sltes 
on the Columbla Rlver. The lower concentrations found in 
suckers versus whlteflsh, especially compared to Kootenay 
Lake whlteflsh (Ilkely exposed to more dllute PBDE con- 
centratlons), sume& t k t  whlteflsh may be able to ac- 
cumulate PBDEs to a greater extent than suckers. Slmllar 
flndlnns have been reoorted between suckers and mountain 
whlteKsh and ralnbdw trout from prlstlne and populated 
watersheds ln nearby Washlngton State (32). The dlfferlng 
PBDE concentratlons between whlteflsh and suckers oc- 
cupyingslmilar habltals may result From thelrrelatlvetrophlc 
status. Whlteflsh are insectivores and plsclvores versus the 
benthic omnivorous behavlor o f  suckers (32). and thus the 
higher PBDE burdens in whiteflsh may result from an 
addltlonal bloaccumulatorystep up the local food chaln (32, 
33). Differential metabo~lcia~ic l t ies of the two flsh species 
may also help explaln the dlflerences, although only quallta- 
tive data are-avahble to support thls hypoihesls~(32). 

Domestlc Wastewater as the MnJor  source^ o f  PBDEs in 
thls Region of the Columbia Rlver. The rapldly lncreaslng 
PBDE concentratlons in whitefish from the Columbia Rlver 
insoutheastemBritishColumbia. Canada, warrantedfurther 
lnvestl~atlon Into potentlal sources of these compounds to 
aquatlcsystems. we  have recently shown that a congener- 

TABLE 1. CMlcentratim of Total PBDIs, PCB and PCMUFs 
in Columbia .. Rivw Whitfish . -. . horn 1882 to 20$ .- 

ZPBDE ZPCB XPCDDlF 
(ng(g wwl inglgww) iWgww1 

Beaver Creek 1992 4.5 f 1.8 70.3 -t 41.4 73.6 * 32.3 
Genelle 1992 6.1 f 4.6 89.9 it 45.6 43.3 f 27.9 
Genelle 199411995 19.1 f 5.3 86.2 f 62.6 25.6 f 20.1 

Error bars are 85% conndence llmlls about the mean. 

speciflc reconstruction procedure using semipermeable 
membrane devlces (SPMDs) deployed i n  the heavlly urban- 
lzed and lndustrlallzed lower Fraser Rlver (populatlon 
2 WO 000) suggested that relatively unaltered present-day 
commerclai penta- andocta-BDE formulations are the likely 
source of PBDEs to this aauatlc system (34. However, our 
analysis dld not investlgaie where these PBDEs mlght be 
comlna tom.  To better understand potential sources o f  
~B~~s'inthlsre~ionoftheColumbIa~lv~r system. I I suflclal 
sedlmenl samples (top 1-2 cm of flne organlc sedlment) 
were taken from a range of locations throughout the study 
reglon (see Flgure I forlocatlonsandSupponinglnformatlon 
Table 1 for concettratlons). PBDE concentrations in these 
surflclal sedlrnents ranged from 3.8 l o  90.9 ng XPBDE 
normallzed ro ornanlc carbon content ina XPBDE/a OC). 
wlth no prima fGle spatial pattern. 0the; than thesame 
three malor conneners (BDEs 47. 99. and LOO), connener 
parternshlffered~eweensedlmentsand whlteflsh from the 
same reglon. BDE47 was ihe major congener In surflclol 
sedlments(46-63%ofXPBDE), wlrhlesser~uanrltlesofBDEs 
99 (23-30%) and 100 (6-8s). ~nterestingl~. concentratlons 
of the two maJor hexa-BDE congeners usually found In  the 
envlronmenl and ~echnlcal mixtures. BDEs 153 and 154. were 
below detectlonllmlts (0.1-0.5 pg/@ In  allsedlmen~samples 
That BDE99 contrlbutlons were greater i n  whlteflsh than 
sedlmenlslsunlque because prevl~usstudles havesuggested 
that BDE99 lsslnnlflcantlv lessamenable l o  blolodcaluotake 
than BDE47. T; our knowle&e, no prevlous ~Tudies'have 
shown free-swlmmlna aauatlc blota (from plankton to flsh 
to marine mammals) will; BDE99as the major congener and 
a percent contrlbutlon slmllar to major penta-BDE com- 
merclal ntlnures 127. 28. 32. 35-41) Thus. sedlments are 
usually enrlched i n B d ~ 9 9  c o ~ t r i b ~ t i b n c o m ~ a r e d  to aquatlc 
blota. In  contrast to our Andings here. 

The difference i n  congener patterns between sedlments 
and whlteflsh in the Columbla Rlver system. In a manner 
contrarv to what is exwctedand has beenreoorted elsewhere. 
suggests one or more of the following processes may be 
operatlng. Whltefishcould have a unlque uptake, metabolism. 
storage, and excretlon (UMSE) mechanism dlstlnct from other 
tlshspecies studled to date (e.g. trout. plke (42-44)). resulting 
in preferential accumulatlon of BDE99 over BDE47. Such a 
mechanism may be reasonably liostulated provlded there 
are no slze-llmlted dlffuslon restrlctlons on BDE99 ac- 
cumulation in whitefish, as the log iL for BDE99 (-6.5) is 
slightly greater than that for BDE47 (-6.1) (13, thereby 
favorlng bloaccumuladon of  BDE99. In addltlon, the PBDE 
sources that whlteflsh receive much of  thelr burdens from 
could be different fromthe sources to the surflclal sediments. 
However, prevlous work has shown the whlteflsh to spend 
much of thelr spawning, rearlng, and feedlng time in the 
same renlons from where sedlment samdes were collected 
(22. 4flrlndeed. Immediately downstream (-1-2 km) o f  
Genelle Is a knownspawninaarea and hlah userearinn habltat 
for whlteflsh (22). ~dd l t lona l  spawn& areas and-high to 
moderate use rearlng areas are also located adjacent to the 
remaining sediment samples. Thus. it seems unilkely that 
sedlments and whlteflsh would be exposed to different PBDE 
sources when residing i n  the same area. 
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Another hypothesis Is that congener-speciflc partitioning 
occurs among sediment grains of diflerent slzes and that the I ' were observed in PBDE concentrations compared to any of 

these potential sources. However, when XPBDE concentra- ..... -- ., 
smaller grains are enriched in the contribution of higher 
brominated congenen such as BDEs 99 and 100. This 
postulate is consistent with the results of previous studies 
iooklng Into thecongener specinc partitioningof halogenated 
contaminants onto sediments o f  dlflerlng slzes (14. 16, 46- 
52). Because of the generally greater organic content and 
surface area of smaller sediment fractions (1.e. colloidal and 
particulate organic carbon, organic detritus, silts and clays). 
heavier congeners have agreater amnity for these sediments 
than smaller congeners based on equilibrium partitioning 
theory. Wide flow variations occur i n  this region of the 
Columbla River because of the large springlearly summer 
freshet i n  May-late June (22) followed by the  dry season 
from July-April (range of flows from I72 to 9340 m3/s at the 
hydrographic station at Birchbank (sample slte S8) (53. In 
combination with seasonal, weekly, and daily discharge 
variations from two dams (Hugh-~eenle~side Dam i d  
Brilliant Dam) immediately upstream of the study region on 
the Columbia and Kootenay Rivers, respectively (Figure I). 
large flows remove much of  the bedload smaller than sand 
aria gravels each year at freshet time and contlnuously 
throughout the seasons (20. 22). In addition, the Columbia 
River downstream of Castlegar is generally characterized as 
having moderate to high water velocities with few deposi- 
tional regions (20. 221 and Increased bed scour because of 
the upstream dams whlch remove much of  the sedltnent 
load arrlvlngfrom the headwalen (54) thereby favorlng llttle 
year-to-yearaccu~~~ulatlonoffl~~esedlnlenls. Overall, because 
the UMSE processes for PBDEs i n  wldteflsh are at present 
unknown. and because i t  is unlikelv flsh and sediments 
residing 1" thesame region in theshallbw (< 12 mas provlded 
in refs20and 22) watersoftheColumbiaand Kootenay r iven 
would be exposed to diflerent PBDE sources, the differing 
congener patterns between whlteflsh and sediments in the 
these aquatic systems likely results from the preferential 
transport of higher brominated congenen out of the local 
system due to the continual erosion o f  flne sediments. in 
addition, whlteflsh are known to feed heavily on caddisflies 
in streams. Caddisflies. In both the larval and adult stages. - 
tend ta produce webs to capture flne suspended marerlal ds 
a food source. These feedlnn habits bv both whlteflsh and 
thelr caddis fly prey may help explain 60th the higher PBDE 
concentrations and predominance o f  higher bromlnated 
congeners we observe in whlteflsh, as flne suspended 
sediments tend to concentrate contaminants, especially the 
more hydrophobic congenen 1i.e. BDE99 o v e r . B ~ ~ 4 7 )  as 
discussed above. The Intake of nne, suspended panlculates 
by whlteflsh in this aquatic system may be a majar pathway 
of exposure to higher brominated congeners not generally 
reported to date In other aauatic svstems 1e.n. lakes and 
merine environments) wheie P B D ~  concen~ations and 
patterns have less direct dletarv Influence from sediment 
gssoclated contaminants than <n the present study. 

At a flrst ao~roximation. no obvious point sources of 
PBDEs (e.g. fu i i t u re  and textlles production (28) or PBDE 
manufacturing plants) were evident alongthe Columbia River 
downstream from Castlegar to the Canada-United States 
border. Samolingsltes werechosen tosurround the following . - 
potential sourcesidenufled from topographic map and " 0 6  
the-mound" surveys: automobile "wrecklng" operations 
lpot;nllal leachlngfrom polyurethane foam;) located im-  
medlatelv adlacent to watercourses, IalldflUs situated wlthin 
I km ofthi Columbla River or along tributaries, major 
industries (e.g. pulp and paper mills, hydroelectric dams. 
smelters) which mav utilize or produce PBDEs, below forest 
flre slte; on erodlbie slopes, adjacent to agricultural land 
where blosollds :flay have been applied and the Castlegar 

leachate are expected t i b e  hlgher than that of wastewater 
and landflll leachate because there is not an appreciable 

. 

I source of nitrogen in the source material le.n; rubber. 

. tions.kere plotted. against the ratio of o~gagqcarbon to 
organic nltrogen (0C:ON) content in eachsample, a moderate 
negative log-logcorrelatlon (IP = 0.62) was observed (Figure 
3). Both municlpal wastewater and landflll leachate have 
been previously shown to have decreased 0C:ON ratlos 
compared to natural aqueoussamples (55-69. While no 
studies have examined 0C:ON ratios in leachate from 
automoblie wrecklng operations. 0C:ON ratios in such 

polyurerhanes, and mostly other hydrocarbon pol)&n) (61. 
62). Uoon funherexa~nlt~atlon ofthe sedlment samples with 
> I 0  ngWBDElg OC, theselocationsare nearpoteniial point 
and nonooint le .~ .  seotlc fields) sources ofdomestlc waste- I . '  
water, a i d  hlghe~co~;centratiok do not correlate well wit11 
known landflll slres. in addition. landfills i n  the realon tend 
to be located more distant from waterways than po~ulations 
residing directlv adlacent to aquatic svstems. Thus; sorption 
o f  P B D ~  ontokatiirated sub~urface;oils will likely hinder 
their movement in !andfill leachate and the resulting 
groundwater, thereby reducingtheeflectsoflandflll leachate 
relative to the more dlrect wastewater inputs. 

Similar results suggesting municipal wastewater sources 
o f  PBDEs to river sediments and biota have been oreviouslv 
discussed (along with the likely exclusion of landfill leachaie 
as a significant source (40) or is evident from the work o f  
other researchers (28, 40. PBDE congener patterns in some 
municipal wastewater biosolids are also similar to the 
commercial penta-BDE mixtures (63, suggesting that mu- 
nicipal wastewater contains similar congener patterns to 
thesetechnlcal mlxturesand that the land~ppllcation ofthe 
resulting sludge may also be a potentlal source o f  PBDEs to 

I aouatic;vstems throuah leachin~and subseauent transport 

I prbcesses. Higher P B ~ E  concen~ations were not obsebed 
in sediments immediatelv adlacent to the limited number of 
agricultural areas In  thls~gi~n.Thissuggests theapplication 
of PBDE-contaminated blosolids as an agricultural nutrient 
amendment, and subsequent leachlng processes. Is not a 
malor PBDE input to this aquatic system. Furthermore, as 
noted elsewhere for riverine envkanments enclosed by 
hydroelectric facilities (28). a marinesource ofPBDEs (either I - 
f k m  anthropogenic or natural (64) sources) to the whlteflsh 
from this portion of the Columbia Rlver is not likely because 
the number of dams oresent in the United States renlon o f  - 
the river preventsupstream movement ofaquatic biota 120- 
221. Overall, ti~eXPBDEconceotratlons in sediments reponed 
here are in the lower end of the range observed elsewhere 
(28 35. 36. 40, 41). posslblv because of the general lack o f  
good depositional aieas lo; flne particulate Gganic matter. 
silts, and clays in the mainstem of the Columbia River. In 
varlous sedimenls worldwide RDESH has been generally 
found ata hlghercontributlon to WBDE than BDE47 (35.36. 
4~3. although one instance where BDE47 dominated the ~~ ~~~ ~ ~~~~ ~ ~ 

congener in sediments has also been observed (28). 
TheabsenceofBDEs 153 and 154 in thesesurflcial sediments. 
and dominance ofBDE47 overthe more hydrophobic BDE99. 
has been discussed above. 

A number o f  small (oooulation <5001 communities are .. . 
prevalent along waterways through the study area, and. in 
sum, the population ofthese 'rural" resldentsouhveigh those 
llving in the two regional cities (population of 57 000 in the 
Regional District o f  Central Kootenay vs 16 300 in Castlegar 
and Nelson). Thus, since most o f  these residents llve along 
the shores of the Columbia and Kootenay Riven and 
Kootenay Lake, rural septic fleld inputs to regionalwaterways 
would be expected to domlnate those from Castlegar 

and city ofNelson m~nic ipa l  sewa~eoutfalls. No clear trelds 
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settling treatment). In essence, this 'spreads out" the source 
0fPBDE.s throughout the reglon, assuming no large industrial 
polnt-sources,whlch-were-not-observed-accordlng.to.our- 
iampllngpanern and topographlc and fleld reconn~ssance. 
Furthermore, septlc leachate Is larnelv untreated compared 
to the munlclpai discharges, and rhl;may favor the release 
o f  congener patterns more slmllar to commerclal mlnures. 
This &ay help to explaln why. If PBDEs were released from 
munlclpal wastewaten In the Kootenayand Columbla Rlver 
systems, our sedlment sampllng grld dld not detect hlgher 
PBDE levels near the malor communltles o f  Castlegar and - 
Nelson. 

Comparisonswlth PCBsandPCDD/Fs. PCB and PCDD/F 
concentrations were also determined in whlteflsh from 
Genelle in 1992 and 1994/1995 and Beaver Creek In 1992 
(Table 1) (25. 26). Whlle total PCB (PCB) and PCDDIF 
(PCDDIF) concentrations declined s l l~ht lv  at Genelle from 
I992 to 19941 1995 following lnstallatl& o i a n  alr-actlvated 
sludge secondarv treatment svstem and LOO% CIOl substir- 
t lon?or~l ,  i n  thebleachlng processat the pulp mil~upstream 
ofcastleaar (2@, XPBDE concentratlons increased by a factor 
of 3.1 over thls perlod of t h e .  I f  PBDE concentratlons 
contlnue to rlse at Genelle in the same manner as they have 
slnce 1992 while PCB levels remain constant or decllne. 
XPBDE concentratlons in these whiteflsh wlll surpass those 
of XPCB (86 ng/g ww) by 2003. Llkewlse at Beaver Creek, the 
Increasing XPBDE concentratlons wlll exceed P C B  (70 ng/ 
al bv 2013. Thus. In a relatlve short oerlod of tlme (1-2 - 
decades), compared to PCBs when they were commerCtally 
produced i n  Nonh Amerlca for flve decades from the 1930s 
to the late 1970s. PBDEsareovenakln~ PCB burdens I n  blota 
from some regions. Such flndlngs &her attest to the ready 
transoon and bloaccur~~ulatlon/blomannlncatlon of  PRDEs. 
a lronlcresult lfthemanufact&lngcompanles had. 
In  fact, chosen these compounds as commerclal flame 
retardantsnot only becauseofthelr lnherentflresupprwlon 
propertles but also because the large molecular slze..mass. 
and hydrophoblclty o f  these compounds was thought to 
hlnder environmental transport and biotlc uptake. 

PBDE Congener Patterns In Whitefish compared to  
Other Aauatlc Biota. PBDE congener patterns in whiteflsh 
from the~o lumb ia  River are remarkably slmllar to that of 
the commerclal penta-BDE mlxtures from Great Lakes 
Chemical Corporation (DE-71) and Bromkal (70-5DE) Figure 
4). Comparisons among these samples were made on the 
basls of the relatlve contrlbutlons of the 13 maJor congeners 
wlth >30% of  values above MDLs. concentratlons o f  
indivldual congeners in the two technical mlxtures are 
provided elsewhere (34). The key to lnterpretlng cluster 
analvsls plots as shown here is to compare the x-axls values 
where the llnes fromdlflerent samples (andtor samplegroups 
or clusters) meet. The larger the x-axls value (or 'distat~ce"). 
the lower the slmilarlty In multivariate patterns between the 
two samples or groups. In sharp contrast, congener patterns 
In whlteflsh from the un~ooulated reference area on the 
Slocan River were dlstlncifr&n those found In whlteflsh in 
the Columbia Rlver, as measured by distance on the cluster 
analyslsplot. Congenerpatternsareslmllar In whlteflsh from 
the two Columbia River sltes (Genelle and Beaver Creek). 
suggesting a related source of PBDEs for these locatlons. 
Thls difference in PBDE congener patterns between popu- 
lated and reference sltes furtker suggests that atmospheric 
deposltlon (whlchisllkely theonly PBDEsource fortheSlocan 
River whiteflsh) is not likely the maJor PBDE source for 
whlteflsh In the Columbla Rlver. Preferential removal of the 
hlgherbromlnated BDEs99.153, and 154 born the Columbia 
River systemdue to hydrologlcal reglmes has been discussed 
above and may help explaln congener pattern differences 
between the Columbla River whlteflsh and those from the 
Slocan River reference slte. While a previous report suggested 

a slmllarlty in congener patterns between DE-71 (the major 
North American penta-BDE product) and sediments and 
sewage sludge, these comparlsons.were made.usinu onlv the 
flve major congeners (BDES 47. 99. 100. 153, andWl54)"and- 
wlth the assumption that DE-71 contained thesame relative 
proportions oithese congeners as 70-5DE (35) for which 
congener dlstrlbutlons had been published (63. Prevlous 
work has shown DE-7 1 to contain sllghtly hlgher proportions 
o f  BDth 153 and 154, and lower proportions of BDEs 47 and 
99. compared to 70-5DE (34). although there may bewlde 
variation in the congener patterns between dlfierent batches 
o f  each commerckzl Although such qualitative 
insights uslng the flve major congeners are valuable, full 
congener da& and some type of itatlstical evaiuatlon are 
needed to provldesomemeasure of confldence on congener 
pattern comparisons. 

Large varlatlons in congener patterns for specles oc- 
cupvinnslmllaclocalesarealso evldent in the clusteranalvsis. 
~ 0 t h  wkiteflsh from Genelle and Beaver Creek have slmllar 
congener patterns to whlteflsh from Kootenav Lake (data 
not includkd in cluster plot for clarlty but are p&vlded in the 
Supportlng Information; BDE47: 32.7 & 2.4%. 32.3 f 2.4%. 
and 36.3 f 6.5%; BDE99: 41.6 f 3.9%. 42.7 f 3.9%, and 
39.0f 4.7%:BDE100: 12.7f 1.3%. 11.4 f 1.2%,and l l . O f  
1.5%: resoectivelv, for Genelle. Beaver Creek. and Kootenav 
Lake); th6se pattdmsarequ~ted~st~nctfrom~argesca~esucke& 
satn~led near Tanhum on the Kootenav Rlver (BDEs 47.99. 
and'lOO: 73.7 % 2.5%. 0.2 * 0.1%: and 18.2 f 1:9%; 
respectlvely). Taghum is located approximately I I km west 
ofthe outlet from Kootenav Lake. and both sltes are exoected 
to have thesameamblent 6 ~ ~ ~ ~ a t t e r n s .  Thus, thereappear 
to be slgnlflcant specles-specific UMSE processes between 
whlteflsh and largesca!e suckers This is particularly evldent 
In the low contrlbutlon o f  BDE99 in the largescale suckers 
comoared to whlteflsh (0.2% vs 39.0%). whlch cannot 
othekvlse be explalned ln.thls system where BDE99 seems 
pievalent as the flrst or second most abundant congener. 
Congener proflles i n  ringed seals from the Canadian Arctic 
and harbor porpolse and Dunueness crab are also provided 
for comparisoi. These samples have distinct congener 
patterns from theColumbla Rlver flsh, furtherdemonstratlng 
ihe combined eflects of soecies woe and locatlon on PBDE 
patterns. 
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A comparison of the properties of the major commercial 
PBDPOIPBDE product to those of major PBB and 

PCB products'. 

M.L. Hardy 
Albermvle Corpomfion. 451 Florida Sacel. &ton Rmm, LA 70801. USA 

Dccahromodiphenyl oxide (DBDPO), a highly eRective polybrominated diphenyl oxide (PBDPO) h e  retardant 
(FR) uscd primarily in electrical and electronic equipment, is the s o ~ n d  highest volums brominated Bame retardant 
(BFR) and accounts for 82% of the PBDPO usage globally. The apparent similarities in chemical structure between the 
DBDPO, polychlorinated and polybrominated biphenyl (PCB. PBB) molecules have isd to the presumption that these 
substanas also h n  similar toximlogical and environmental properties. H o w a ,  DBDPO'a physidchemical 
properties, applications, environmental release, and toxicology diner substantially from the fonmr PCBlPBB prod!&8. 
DBDPO is a heavier and larger molecule than componcnta of the predominant PCWPBB products used in the past, and 
thc w m m c d  DBDPO pmduct haa a lower water aoluMlity and vapor p m u r e  than the forum PCB and PBB 
producta DBDPO'n detection in the environment is generally in scdimcnta near known point aourcss. and its primary 
use in thermoplastics limits its environmental release from end products. PBB environmental release has been primarily 
wsociated with one accident d g  in the US in 1973. The PCBs, uscd in applications with a high potential for 
environmental relcllse, were d w t e d  in diverse locations around the world as early as in thc 1970s. C u m t  relearn of 
PCB arc conaidered related to an environmental cycling pro~ess of congenns previously relcaacd into the environment; 
howmr. DBDPO's physicaVchanical properties do'not indicate a similar potential. Extensive testing of the DBDPO 
commercial product haa demonstrated that it is toucologically and pharmacokinetically di8mnt from the predominant 
PCB and PBB produclsud in the pant. Thus, although the cbemicd structures of DBDPO. PBB. and PCB appear 
similar. the properties of DBDPO IUC distinctly d i @ c ~ ~ t .  0 2002 Elscvier Science Ltd. All rights reserved. 

1. lat~oductfnn in its ability to provide dame retardancy in the gas 
pham. Societal beneats derived from these FRs include a 

Brominatcd Bame retardants (BFRs) comprise about duct ion in deaths, injuries and proputy lossea due to 
25% of the total global h e  retardant (FR) volume and RICE (Clarke, 1997; Stevens and Mann, 1999). Environ- 
we used in applications requiring high FR performance mental benefits include a duct ion  in fire-derived pol- 
or in resins needing an FR active in the gas phase lution (Simonson et al., 2000). 
(Hardy. 2000). The bromine portion of the wmpound is BFRs as a class IUC structurally divem and include 
responsible for the mokule's FR activity and is unique aromatic diphcnyl oxides (a.k.a. ethers), cyclic aliphat- 

ics. phenolic derivative% aliphatics, phthalic anhydride 
derivatives and others (2). T~ICC commercial products, 
dceahromodiphenyl oxide (DBDPO), octabromodiphe- 

' Fax: +I-255-388-7M6. nyl oxide (OBDPO) and pcntabromodiphenyl oxide 

0045-65351026 - sk kont matlcr 0 2002 Elacvicr Scicnm Ltd. AU rights 1~6~wcd. 
PIL S0045-6535(01)00236-3 
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(PeBDPO), compose the BFR group known as poly- 
brominated diphenyl oxides (PBDPOs) or polybromi- 
natcd diphenyl cthm (PBDEs). The composition, 
production volumes, uses and toxicology of the threc 
commercial PBDPO FRs DBDPO, OBDPO and PeB- 
DPO arc distinctly different (Hardy. 2002). 

DBDPO (CAS #1163-19-5) is a highly effective FR 
wed primarily in electrical and electronic equipment. A 
secondary, but nonetheless important, use of DBDPO is 
in upholstery textiles where it is applied in a polymer 
back mat to the fabric. Global market demand in 1999 
for DBDPO was estimated at 54.800 ton, which makes 
DBDPO the second largest volume BFR in use today 
after tetrabromobisphenol A (TBBPA) (BSEF, 2001). 
Togetha, TBBPA and DBDPO account for approxi- 
mately 50% of all  the BFR usage globally. DBDPO's 
global. market volume exceeds those of the other two 
commercial PBDPO products in 1999: OBDPO - 3825 
ton and RBDPO - 8500 tons. Market demand. 1999. 
for DBDPO in the regions of the Americas, europe and 
Asia was 24.300, 7500 and 23,000 tom. mpectively. 
Thts ttgiwal diBcmaa do3 diBemces in location 
of md product manufacture. 

Some literature references include statements, ap- 
pamtly based on their similar chemical structures (Fig. 
1) tha4 the PBDPO FRs have characteristics similar to 
the former polychlorinated biphenyls (PCBs) and poly- 
brominated biphenyls (PBBs) commercial products (Pi- 
jnenburg et al.. 1995; & Bom ct al., 1998; Eriksson ct al., 
1998; Van Overrneiro et al.. 2001). Inhmnt in thcse 
statements is the assumption that all PBDPOs, including 
DBDPO, pose the same risks as the PCB. However, there 
arc substantial differcnm betwkn the commercial PCB. 
PBB and DBDPOproducts in composition, applications. 
physicaVchemica1 properties, and toxicology and phar- 
macakinetics. These diK..rcnces affect their potential for 
environmental release and biological uptake. The ob- 
jective of thin paper is to bring thnr  differcnm to light. 

2. Composltho and is*1 of the PCB. PBB a d  DBDPO 
c o m d d  p d l r b ,  

Commercial production of the PCB was initiated in 
the 19308, and a cumulative volume of 501,600,000 kg 

rsphue 46 (2002) 71 7-728 
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was sold in the US by the end of their manufacture in 
the 1970s (Table I) (Pomerantz et al.. 1978; Poly- 
chlorinated biphenyls. MOO). A total of I2 diKerent 
commercial PCB products. marketed by their chlorine 
mntent, wen sold in the US. Each was a complex mix- 
ture of isomers. which included 4-5 congeners, and had 
chlorine content ranging from 21% to 68% (Tables I and 
2). Polychlorinated dibenwfurans (PCDFs) and chlori- 
nated naphthalenes were present as t r a a  impurities in 
some products (Polychlorinated biphenyls. 2000). PCBs 
were not ustd primarily an FRs, but some of their ap- 
plications, such as in electrical transformers and capae 
itors, took advantage of their high thennal &ability. 
Common applications of the PCB products included use 
as dielectric fluids in large volume electrical transformers 
and capacitors, hydraulic fluids, paperlea copies, ad- 
hesives, and inb.  Transformers contained up to 690 
gallons of PCB (O'Kafe ct al.. 1985). These uses all had 
a relatively high potential for environmental release. 
such that by 1970. PCBs were mmgnkd as pervasive 
worldwids environmental contaminants (Porncrank 
ct al.. 1978). Dm to the complex composition of the 
mmmercial PCB producta, approximately 100 diKemt 
PCB congeners have reached the environment (Pomer- 
antz et al., 1978). 

Commercial production of the PBB began in a p  
proximately 1970 (NTP. 1983). 40 years' after the PCB 
(Table I). During their peak use period, PBB producta 
rrpnscnted <I% of the total sales of Em retardant 
chemicals, and  according to Di Carlo ct al. (1978). 
would likely have escaped intensive study ifthey had not 
ban Adentally mixed with animal feed preparations. 
PBB manufacture was discontinued in the US in 1976 at 
a cumulative volume of 6,065,454 kg (Di Carlo et 01.. 
1978) and as a result PBB production. distribution and 
use was not as widespread as the PCB (Pomerantz al.. 
1978). Only t h  commercial PBB products were man- 
ufactud, hexabromobiphenyl (HxBB), atabromobi- 
phenyl (OBB) and dccabromobiphenyl (DBB), and these 
thra  products wcre based on a limited number of 
mngencrs (Norin et al.. 1975; Pomerantz et al.. 1978; 
NTP. 1983). The HxBB product, accounting for -87% 
of PBB products manufactured, was the primary PBB 
product in use with -5,363,636 kg p r o d u d  between 
1970 and 1974 when its manufacture was discontinued 

(a) @) 

Fig. I .  Chemical structurr of decabromodiphenyl oxide (a) and 2.4.5.2'.4'.5'-hcxabromobiphcnyl (b). 
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Table I , '  

Comashn of PCB. PBB and DBDPO wmmcrcial ~roducla and their awlicationa 

Cumulative vohm wld in US by 501,600,000 
end of production (kg) 

Commncial produar sold in US 12 Producta of 2 1 4 %  C1 
wntent 
Eacb product a wmplcz 
mixtum of 40-50 isomcn 
and 4-5 mngenen 

Uac and a a d t c d  potential for Large volume cktrical 
relcasc eanaformm capaeiton - 

hieh 
Hydraulic Buidr - high 

Papcrh wpicl - high 
M h s a i ~  high 

Meh 

In commercial prodlrtion 
1999 volume -50,000,000 

llum p rodm bamd on I Roduct compoJcd of 
HxBB, OBB or DBB 3 9% DBDPO 
HIBB Roduct: -83% of 
PBB producln wld 

HxBB Roduct: wmpoaition 
-6(Ph2,2',4,4',5,5'-HxBB 

Thcrmoplartie (ABS) used in Thannoplastics (Stymica) 
offlcc equipment - low used in cloctrical and cls- 

Ironic equipment - low 
Upholatcry tcxtik back wat 
duriag textile manufacture: 
h i g h  

A W  mvironmmtal mleaas Rcwgnized M pwadV. Environmental deldon Eavimnmcntal &mion 
worldwids wntaminants by primarily arsodaled with generally limiled lo ardi- 

Table 2 
Composition of major PCB, PBB and PBDPO commercial 
prodWU EXpT8SCd M % of wogcnrm prcscnl in cach product 

#Halogm&i- CommaCial product 
phcnyl or 
diphenyl oxide 

A1242 A1254 HxeB DBDPO 
PA) eh) c/.) ("n) 

Mono 3 - - - 
Di 13 <0.1 - - 

- N O ~ O W I I  to b c p ~ t .  
'Sum of Nona- and OetaBDPO wntcnt S 3%. NonaBDW 

predominates. 

(NIT. 1983). The HxBB commercial product has been 
described as containing pcnta- through heptabromobi- 
phenyl congeners or aa tetra- through octabmmobi- 
phenyl congenem (Table 2) (Pomemtz et al.. 1978; Di 

1973 accidental inchmion in menu near point w m  
Uveaiock fad  in Michigan 

Carlo et 81.. 1978). The predominant component (-60%) 
of thc HxBB product wan 2,2,4,4',S,Y-HxBB (Di Carlo 
et al., 1978). The HxBB commercial product also wn- 
tained -ZOO ppm bromonaphthalcnea, and may have 
contained t r a a  levels of other compounds. Commercial 
OBB contained at least four compounds; a heptabro- 
mobiphenyl, iaomeric octahromohiphenyls, and a non- 
abromobiphenyl (Di Carlo et al., 1978). The major 
component of commercial OBB was nonabromobipb 
nyl, and not octabromobiphenyl. Commercial DBB was 
composed of %.Ph DBB, 2.9% nonahbrmobiphenyl, 
and 0.3% octabromobiphenyl @i Carlo et al., 1978). 
The sum of OBB's and DBB's production volumea 
amounted to -13% of the total PBB production in thc 
US @i Cado et al.. 1978). 

PBB applications were almost wcluaively limited to a 
particular thermoplastic (acrylonitrile-butsdim-sty- 
rcnc, ABS) uscd in bousings for ofRcc equipment Ac- 
cording lo Pomerantz et al. (1978). the potential for 
environmental release aasociatal with this use wan low 
because PBB had little tendency to migrate from the 
thermoplastic in which they were incorporated. Further. 
only a few PBB congeners were  leased to the invi- 
mnment due to the limited composition of the com- 
d a l  products. PBB environmental dcasc/diepraion 
was mnAned mainly to sitea of former manufacture and 
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an area of Michigan foUowing the 1973 accidental in- 
clusion of 500-1000 pounds of the HxBB product in 
livestock feed (Di Carlo et al.. 1978). The HxBB-con- 
taminated f a d  was unknowingly fed to da j .  cattle. 
pigs, chicken and other farm animals over a period of 
approximately 9 months, and during that time con- 
taminated dairy products and eggs were widely con- 
sumed by fanners and their families, and lam, by the 
general population of Michigan (Di Carlo ct al., 1978). 
This incident resulted in the dest~ct ion of at least 
29,800 cattle, 5920 hogs, 1470 sheep, and 1.5 million 
chickma. Also m o v e d  from the commercial market 
were at least 865 ton of animal f d  17,790 pounds of 
cheese, 2630 pounds of butter, 34,000 pounds of dry 
milk products and nearly 5 million eggs. Shortly aRer 
this accident, all PBB production in the US was volun- 
tarily discontinued @i Carlo et al.. 1978). Re-initiation 
of manufacture nquitca prior approval of the US En- 
vironmental Protection Agency (1980. 1987). Once US 
PBB production wss d i n t i n u e d  in 1976. the only PBB 
m i n i n g  in armmcrcial production was DBB. Until 
MOO when its production was discontinued, a single 
company manufactured DBB at one location in France 
(BFRIP. 1999). Although its toxicology was generally 
favorable, DBB production was discontinued because of 
its negative perception as a PBB. At present, there are no 
known manufactwen of commercial PBBs for use as 
FRs; ~ome synthesis for use as analytical standards may 
occur. The major global BFR manufacturers had vol- 
untarily committed to OECD in 1995 not to initiate PBB 
manufacNlc (BFRIP, 1995). 

The commercial production of DBDPO, in com- 
mercial production and w, began in a similar time 
frame to the PBB. e.g., during the 1970s (Table 1). The 
composition of the commercial product is > 9% 
DBDPO with remainder nonabromodiphenyl oxide; 
 race amounts of octabromodiphmyl oxide may be 
present (Rankcn et al., 1994; BFRIP, 1995). Trace 
analysis of the commercial product for 15 2.3.7.8-sub- 
stituted brominated dibenzo-pdioxins and dibenzofu- 
runs revealed no detectable amountn at the limits of 
quaotitation established by the US Environrncntal Pro- 
teaion Agency (Ranken et al.. 1994). The DBDPO 
molecule exists as only one structural isomer. The 
commercial product's primarily application in in ther- 
moplastics (typically stymics) used in electrical and 
electronic equipment @xisting Substanm Regulation 
793/93/eeC. 4,). The potential for envuonmental 
release associated with this use in low (WHO. 1994). A 
secondary application in in upholstery textiles where the 
DBDPO commercial product ia encapsulated in a 
polymer back coat on the fabric (Existing Substances 
Regulation 793193EEC. 2000). The potential for envi- 
ronmental rclease associated with this textik use is 
higher than that in thermoplastics because water is used 
in the back coating prarss (Existing Substances Regu- 

lation 793193IEEC. 2000). The 1999 US Toxic lnventory 
Release (TRI) Rgures for DBDPO demonstrate this 
difference in environmental release between the two 
applicntions (BFRIP. 1999). DBDPO is not a ubiquitous 
environmental contaminant and its detection in the en- 
vironment is generally associated with sediments near 
known point sources (Hardy. 2MM). 

3. PhyslcrUchemlcal properties 

The PCB, congeners composing the commercial 
products ranged in molecular weight from 291.98 to 
360.86 (Tables 2 and 3) (Polychlorinated biphenyls, 
2000). Although numerous trade names were used, the 
"Arochlor" name is widely recognized as associated 
with PCB. Arochlor (A) products w m  designed by a set 
offour numbers, the fvat two of which indicated that the 
molecule was a biphenyl (I2 carbons) and the last two. 
indicating the product's average chlorine content, e.g., 
A1221 contained an average of 21% chlorine (Poly- 
chlorinated biphenyls, 2000). Thc commercial products 
existed as mobile oils (A1221-1248). viscous liquids or  
sticky mins  (A1250-1262) or solids ( A  > 1268) (Poly- 
chlorinated biphenyls. 2000). Their vapor pmsurm were 
such that volatilization was possible (Arochlor 1242. 
2WO. Arochlor 1254. 2000). Similarly. theu water solu- 
bilities, although low, were su5cient to allow movanent 
into water (Arochlor 1242. 2000; Arochlor 1254, 4,). 
All PCB produrn had good solubility in organic sol- 
vents (Polychlorinated biphenyls. 2000). 

The composition of the commercial PBB products 
was more mtricted, and generally wmpoacd of mng- 
cnen of higher molecular weight than the PCB. For 
example, the molecular weight of 2,2',4,4',5.5'-HxBB. 
comprising 400h of the major PBB commercial product 
(HxBB). was -2-2.5 times that of the average molecular 
weight of A1242 and 1254 (Tables 2 and 3) (2.4.5,2'.4'.5'- 
HEXABROMOBIPHENYL, 2000). The higher molec- 
ular weightn of the PBB products were due to bromine's 
high atomic weight and the greater number of halogen 
atoms/molecule in the PBB products than in the PCB 
products. 

The t h m  commercial PBB products were aU solids. 
ZJ'.4,4'.5,5'-HxBB's vapor pressure and water solubility 
were lower than those reported for A1254 and 1242, and 
its solubility in organic solvents variable (Arochlor 1254. 
2000). The HxBB product had little tendency to trans- 
locate in soil; a laboratory study indicated that HxBB 
was retained in the topsoil and did not leach with rain- 
water (Damstra et al., 1982). 

Greater than 97% of the commercial DBDPO prod- 
uct is composed of a single isomer: 2,2',3.3',4,4'.5,5'.6,6'- 
DBDPO which in a large molecule with a molecular 
weight of nearly 1000 (Tables 2 and 3). The commercial 
product. a solid. has negligible vapor prcsaure and water 
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Table 3 .-. 
Comparison of the physicallchmical propcrtiea of the commercial PCB, PBB, and DBDW produrn or of their major components 

hWY PCB commercial pmdue(s PBB commercial productr DBDW comrcial product 
Molecular weibt Ranm 291.48-360.86 Range: 466-943 Range: 880-959.22 

Form AlZ2l-28: Mobile oila Solid Solid 
A125042 Viaeolu liquids or 
sticky r a i ~  
A > 1268: Solib 

vapor preanuro A1242: 4.0 x IO-' mm Hg at 7.6 x lo-' mm Hg at 90 'C 4.3 x Pa at 21 OC 

91 v 

Water solubility (p@) A1242: --200 
AIZW 70 

Solver11 solubility (wt%) Soluble in mmmon organic h m :  6' 
wlvcotl 

&naoc: 75' 

Acetone: 0.05 

Benzme: 0.48 

HLC (atm m3/mole) A1242 3.43 x lo4 5.7 x lo-'. 1.93 x lo-' 
A12W 2.83 x lo4 

AI24?:4.11 9.10 (eatimatcd)' 12.61 (estimated) 
Aim 6.30 (esthnatcd) 6.265 (mcamuai) 

A1242 3.35-5.17 5.088' 6.254 (cltimatcd) 
A12561 5.0-6.1 

solubility (Steazcl and Nixon, 1957; Stcnzl and Mark- 
ley. 1997). DBDW also bas very limited solubility in 
organic solvent# (Norria ct al., 1974. 1975; BFRIP. 
1999). 

Tho comm6nly used PCB products had greater vol- 
atility than the DBDPO or HxBB canmereial products. 
For example. the commercial DBDPO product's vapor 
preaeum is 4.63 x Pa at 20 O C  and remain8 a solid 
weding a vapor p m s w  of only 5 mm Hg at 306 'C 
(Norria'et al., 1973. 1975; Stetucl and Markley. 1997). 
A1242, with an average of only three chlorine atomd 
molecule. boils at 325-366 OC (Arochlor 1242. 2000). 
DBDPO should not volatilize sigdlhntly from plastim 
mn on exposure to tempraturea >2M "C. because of 
its low mobility and vapor pmsurc (Norria et al.. 1973. 
1974,1975). In contrast, A1248 (with an average of four 
CI atomshaolecule) volatiliPd from polyvinyl chloride 
at a rate of 19O? in 24 h when heated to 87 "C. The water 
solubilities of the PCB and DBDPO products are also 
diZermt: DBDPO CO.1 pg/l, A1260 (average of six CI 
atomdmolecule) -23 &I, and A1242 -200 &I, and 
D B D m  is less soluble in organic solvents than common 
PCB products. 

The basic properties of thr& PCB isomers, a HxBB 
isomer and the DBDPO isomer wen estimated (Meylan. 

1999) and compared (Table 4). No data other than the 
chemical slructurr wcn entered in the estimation pro- 
gram. Measured values, when known. wen not entered 
in order to m o v e  any variability introduced by di8u- 
enas in analytical methods. The 2.2.4.4'-TcCB and 
ZY,4.4',5-PcCB isomers w e n  chosen for entimation 08 

they wen important constituents of major PCB com- 
meFcial products. Liewise, the 2,2'.4.4'.5.9-HxBB ico- 
mer wan c h o m  hecause it was the major component of 
the HxBB commercial ~roduct. and DBDPO was chosen 
hecause it is the majdr c o n m k k l  PBDPO produced 
and uaed. 

Large diimcrs w e n  found in theestimated physi- 
caVchcmical properties of the DBDPO and PCB isomers 
(Table 4). DBDPO's molecular weight, log octanoll 
water partition metRcient (L), Henry's law constant 
(HLC), organic carbonhvater partition coefficicnt'(K,), 
and water volatilization half-liven wen greater than 
those of the PCB and HxBB isomers. Conversely, 
DBDPO's water solubility, vapor pmssun, and bio- 
concentration factor wen less than those of the PCB and 
HxBB isomers. Volatilization may be an important 
mechanism for the loss of chemicals fmm the soil and 
lransfer to the air, but DBDPO's estimated vapor p m -  
sure, water solubility. HLC and volatilization half-life 
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Tshl. A ."".- . 
A comparison of the estimated valuw (EPlwin v3.W) of some baaic pmpcnica for specific PCB and HaBB isomen and DBDW 

Molecular weight 
Log K, 
Water solubility (mail) . . 
Vapor preaavn (mm Hg) 
HLC (am m3holer 
HLC (unitless)' 
K, 
BCF 
R i v a  volatilization 

Chemical 
2,Y,4t)'-TcCB 22,4,4',5-PcCB 2.Y,4,4'.5,5'-HxCB , 2.2'.4.4'.5.5'-HaBB 2.2.3.3',4,4',5,5',6.6' 

-DBDW 

.- .. - 

Half-life (days) 
Lake volatilization 9.156 13.31 
Half-life (days) 
.Bond method uacd for estimating the HLC. 

indicate volatilization from water into the atmosphere 
will not occur. DBDPO's L and vapor p w u r e  in&- 
cab a h i  potential for adsorption to organic carbon 
without subsequent volatilization from sedirnentlsoil. 
DBDPO's molecular weight, log K&, water solubility 
and biooonantration factor indicate bioaccumulation 
is not expccted. This expectation is corroborated with 
environmental monitoring that indicates no significaot 
bioconccntration of DBDPO (Existing Substances 
Regulation 793193/EEC, 2W).  

Bancd on the comparison of their estimated param- 
eters. DBDPO's environmental behavior is not expected 
to be similar to those of the PCB and PBB isomers. 
DBDPO can be expected to achieve only trace quantities 
in water, to adsorb to particulates in water, not to vol- 
at i l i i  from water to the atmosphere, to b i d  to organic 
carbon in sedimentlaoil and not to volatilize from these 
marrixes to the atmosphere. DBDPO's predicted envi- 
ronmental behavior is distinctly diBerent from that 
predicted for the PCBs. PCBs me expected to volatilize 
from water and moist soils and to achieve higher con- 
centrations in water. The estimated HLC's and river1 
Lakc volatilization half-lives for TcCB. PcCB, and HxCB 
predict thm compounds will volatilize from water sw- 
faas  (Arochlor 1242, 2000). Adsorption to sediments 
and organic matter is expected to be a major fate process 
in water. The most water soluble PCBs will be enriched 
in water relative to the scdimtlt, and the sediment will 
be enriched with the higher chlorinated PCBs (lowest 
solubilities in water). Their estimated L s  suggest they 
will be immobile in soil and should not leach signifi- 
cantly in most aqueous soil system although the most 
water soluble PCBs will be leached preferentially. In the 
presena of organic solvents, which may be possible at 
waste sites. PCBs may have a tendency to leach through 
soil. Volatilization from moist soil surfaces is expected 

to be an important fate.proass based on thcii HLCa. 
Although the volatilization rate may not be rapid from 
soil surfaces due to the strong adsorption, the total loss 
by volatilization over time may be significant. Lower 
chlorinated congeners are expected to sorb less strongly. 
The estimated vapor pressurea indicate the congeners 
will exist in both the vapor and particulate phasn in the 
a m b i t  atmosphere. with enrichment of PCBs with the 
higbest vapor prcssurc (e.g., low Clantent). Physical 
m o v a l  from the atmosphere is expccted via wet and 
dry deposition with dry deposition important only for 
congeners associated with particulates. Although ad- 
sorption can immobih PCBs for relatively long periods 
of time in the aquatic compartment, resolution into the 
water column has been shown to occur suggesting that 
the substantial quantities of PCBs contained in aquatic 
sediments can act as an environmental sink for envi- 
mnmental distribution of PCBs. Currcnt evidena 
suggests that the major s o u m  of PCB release to the 
environment may be an environmental cycling proms 
of congeners previously released into the environment 
(Polychlorinated biphenyls. 2000; Arochlor 1242.2000). 
The estimated values reported here support that con- 
eept. 

4. Molecular rnnlipatlon and s h e  

The structures of representative PCB. PBB and 
DBDPO molecules appear similar when drawn in one 
dimension (Figs. 1 and 2). However, there arc important 
three-dimensional diRerenas in their structures due to 
the ether linkage and the location/numbcr of halogen 
atoms. These diRercnas in molecular geometries are 
expected to i d u e n a  the molecules' toxicological prop  



Fig. 2. A 2.3.7.8-8uhatituled chlorodibcnro-p-dioxin (a) iUua- 
trata the mplanarity of ita aromatic rings; whcreaa DBDPO (h) 
exists M a nonplanar mplsulc. 

erties by influencing absorption and receptor intcrac- 
tions. 

The toxicology of certain PCB isomers, like that of 
2.3.7.8-substituted chlorinated dioxins and furans, is 
related to their ability to exist in a planar or ncar planar 
codguration. Unlie those molecuh, DBDPO cannot 
adopt a coplanar conformation (Fig. 2). The ether 
linkage in the diphenyl oxide molecule introduces a high 
barrier to rotation and prevents the two aromatic rings 
from assuming a planar codguration. In addition. the 
ortho positions of the aromatic rings must be nonhalo- 
gen-substituted for a biphenyl or diphenyl oxide mole- 
cule to assume a planar or ncar planar configuration. 
Halogen substitution of the diphenyl oxide molecule in 
the ortho positions (2J1.6.6') will form the aromatic 
rings orthogonal to one another, e.g., the phenyl rings 
will be positioned in space 90" to one another. DBDPO. 
fully substituted at all ring positions, exists with its two 
aromatic rings orthogonal to one another (Fig. 2). In 
addition, tbe ether bridge in the DBDPO m o l d e  in- 
tmduas a 120" bend in the alignment of the biphenyl 
rings. PCB and PBB. having no oxygen bridge, lack this 
bend (Fig. 3). Given that the toxicology of the dioxin- 
like PCB and 2.3.7.8-substituted halogenated dioxins 
and furans is generaUy accepted to be rcceptor-medi- 
ated, DBDPO's lack of planarity makes it an unlikely 
candidate for dioxin-like toxicity. 

Another structural dilference between the chlorinated 
and brominated molecules relates to molecular geome 
tries. Bromine atoms occupy a considerably larger vol- 
ume than chlorine atoms, and as a consequence, 
brominated molecules have a larger molecular volume 
than do molecules containing a similar number of 

Fig. 3. (a) The ether linkage of the DPO mokcule introdurn a 
120 bend in the alignment of DBDPO's aromatic rings. (h) The 
HxBB molsule lacka both the ether linkage and the bend. 

chlorine atoms. The number of bromine atoms per 
molecule is also a determinant of molecular size: 
DBDPO's molecular volume is 25.9'/0 larger than that of ' 

2,2'.4.4',5,S1-HxBB. 

Numerous studies have evaluated the mammalian 
toxicology of various PCB and PBB mngenem, and a 
mmplete review of the literature wiU not be attempted. 
The present comparison will focus on the repeated dose 
toxicity. carcinogenicity, blood:liver:adipose tissue ra- 
tios, and pharmacokinetia of a representative PCB 
A1254, the HxBB commercial product, and the com- 
mercial DBDPO product in the rat. A1254 was selected 
for comparison to the DBDPO product because the 
major PCB products marketed contained 42?h chlorine 
(i.e.. A1242). but patterns in environmental samples 
more closely resemble those of A1254 (Arochlor 1242. 
MOO). The HxBB commercial product was selected be- 
cause it was the primary PBB p r o d u d  and used. S p a  
ciRc data on the 2.2'.4.4'.5,5'-HxBB isomer, which 
accounted for 40% of the HxBB product, were in- 
cluded where available and appropriate. 

A notRcct-level (NOEL) of 5 ppm A1254 in the diet 
was determined in male rats in a repeated dose study of 3 
or 5 k L e  duration (Matthews et al.. 1978). Using a 
conversion factor of 25 g of f a d  mnswnedlday/250 g 
rat, this equates to a dose of 4 . 5  mglkg body wt. A no- 
adverse-eRect-level (NOAEL) of 6 3  mgkg adminis- 
tered by gavage for M day6 to rats 5 daydweek was 
found for the HxBB commerdal product (Gupta et al., 
1981). In contrast. the dietary NOEL of the DBDPO 
product in rats and mice was a 100,000 ppm in a 14 day 
study and b 50.000 ppm in a 90 day study (NTP. 1986). 
Using the same conversion factor as for the A1254 
study, these doses are estimated to be -10.000 and 
-5000 mgkg. mpc*ivcly. in the DBDPO 14 and 90 
day studies. Thus, the NOEL of DBDPO in a 90 day 
repeated dose study was subatantially higher than that 
determined for either A1254 or the HxBB commercial 
product in studies only a third as long. 

Several PCB products. A1260. 1254 and Kanechlor 
500. and the commercial HxBB product are listed by the 
US National Toxicology Program (NTF') as "reasonably 
anticipated to be a human carcinogen" (NTP 9th Report 
on Carcinogens MOO, 2001). A two-year carcinogenicity 
study of A1260 in rats performed at 0. 25, 50 and 100 
ppm in the diet resulted in clear evidence of carcinoge- 
nicity in female rats in the form of hepatoallular car- 
anomas and liver adenocamnomas, and an increase in 
thyroid gland follicular ceU adenomas or carcinomas in 
males (Brunner et al., 1996; NTP 9th Report on Car- 
cinogens 2000. 2001). The HxBB commercial product 
also p r o d u d  a clear evidence of carcinogenicity in male 
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and female rats and mice when tested at doses of 0, 3. or 
10 mgkgadministered for 5 daysfweek for 6 months and 
then held without treatment until 24 months (NTP. 
1983). Neoplastic nodules, hepatocellular carcinomas 
and cholangiocarcinomas were induced in rats and he- 
patocellular carcinomas in mice. Treatment with the 
HxBB product also decreased survival and induced 
frank toxicity in the bioassay. 

In contrast. the DBDPO product administered a t  
dosea of 2.5% and 5% of the diet produced no (female 
mice), equivocal (male mice) or some evidena (male and 
female rats) of carcinogenicity (NTP. 1986). Even at 
these extraordinarily high doses, the DBDPO product 
had no effect on survival or body weight. and ~ r o d u a d  
no clinical signs of toricity in either rats or mice. The US 
National Toxicology Program (NTP) estimated the av- 
erage amount of DBDPO consumed per day for two 
years to bc 1120 and 2240 mgkg for low and high dose 
male rats. respectively. and 1200 and 2550 m a g  for low 
and high dose female rats, respectively. tikcwisc, NTP 
estimated the average DPDPO consumed per day by 
m i a  to be 3200 and 66-50 mgkg for low and high dose 
male mia, respectively, and 3760 and 7780 mgkg for 
low and high dose female mice, respectively. No evi- 
dence of carcinogenicity was observed in female mice 
receiving 2.5% or 5% DBDPO in the diet (-3760 or 7780 
mgkg/day). Equivocal evidena of carcinogenicity was 
obsemd inmale mice due to an in- in the wm- 
b i d  incidence of hepatocellular adenomas or carcino- 
man in both dose group (-3200 or 6650 mg/kg/day); 
however, thin Bnding may have ken i d u r n a d  by the 
larger number of early deaths in control male m i a  
compared to the treated male mia.  The combined in- 
cidence of hepatocellular adenomaa and carcinomas in 
male mi- treated with DBDPO was well withim the 
historical range. Some evidence of carcinogenicity in 
male and female rats was observed by increased inci- 
denm of neoplastic nodules of the liver in low dose 
(2.5%. -1120 mgkg/day) males and high (5%. -2240 
mgkg/day males, -2550 mgkg/day females) dose 
group of each sex. (Ib tcnn "neoplastic nodule" is no 
longer used by NTP to describe hepatoproliferative Ie- 
sions in rats. This change in nomenclature was made 
subsequent to a peer review of representative hepato- 
proliferative lesions from two-year carcinogenicity 
studies. m e  peer review found the use of this poorly 
defined and understood term had permitted some po- 
tentially useful dm@ and chemicals to be unfairly cat- 
egorized as carcinogens (Maronpot et al.. 1986).) 
DBDPO is not listed as a carcinogen by NTP (NTP 9th 
Report on Carcinogens 2000. 2001). the International 
Agency for Research on Cancer (IARC) (IARC 
Monolpgphs on the Evaluation of Carcinogenic Risks 
to Humans. 1990) or the US Occupational Safety and 
Health Administration (OSHA) (OSHA Standard 1990, 
2001). 
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With mpect  to the pharmacokinetics of PCB in 
general, Matthews and Dcdrick (1984) said "The phar- 
mamkinetics of PCBs are complicated by numerous 
factors. not the least of which is the existence of up to 
209 different chlorinated biphenyls. Whereas all PCB 
congeners are highly lipophillic and most are readily 
absorbed and rapidly distributed to all tissues. PCBs are 
cleared from tiwucs at very different rates. and the same 
congeners may bc cleared at different ratea by df i ren t  
species. With the exception of special situations in which 
PCBs may be passively eliminated in lipid sinb. e.g.. 
milk or eggs. clearance is minimal prior to metabolism 
to polar compounds. Rates of PCB metabolism vary 
greatly with species and with the degree and positions of 
chlorination. Mammals metabolize these compounds 
most rapidly, but even among mammalian spcciea ratea 
of metabolism vary greatly. In all s@ studied, the 
more readily metabolized chlorhited biphenyls have 
adjacent unsubstituted carbon atoms in the 3-4 posi- 
tions. Congexiern %at do not have adjaant unuuhsti- 
turcd carbon atoms may be metabold very slowly and 
am therefore d e a d  very slowly. These PCBs not 
readily cleared conantrate in adipose tissue". The 
pharmacokinetics of the HxBB commercial product 
share artain characteristics with the above (Damstra 
a at., 1982). 

Both A1254 and 2.2.4.4',5,5'-HxBB were well ab- 
mrbed from the gaatrointeatinal tract at 45-99% and 
4 0 %  of an oral dose. respectively (Damstra ct al., 1982; 
Arochlor 1254, 2000). Both were initially distributed to 
the liver and skeletal muscle. A12548 rarbsequent di* 
position was largely dependent upon the rate at which 
each of the isomen composing the mixture was metab- 
olized (Arochlor 1254, 2000). Each isomer's rate of 
metabolism was dependent on the degree and position of 
chlorine substitution. Those PCB isomers readily m e  
tabolized were readily excreted in the feces whereas 
those not easily metabolized were redistributed to the 
skin and adipose tissue, and stored. 2,2',4,4',5.5'-HxCB 
was not metabolized to any significant extent and thus 
o d y 2 %  of an oral dose was excreted in 21 days 
(Birnbaum. 1983). 2.2.3.3',6,6'-HxCB was readily me- 
tabolized and c l e d  and -93% of this isomer was 
excreted (Bimbaum, 1983). S i l a r  to 2,2'.4.4',5.5'- 
HxCB. Z2',4,4'.5,5'-HxBB showed no evidena of m e  
tabotism, was slowly eliminated in the feces (-7% in 6 
weeks), and was ndistribukl over time to skin and 
adipose tissue (Damstra et al., 1982). Pomerantz et al. 
(1978) estimated that < 10% of an oral HxBB dose 
would be excreted by rats. 

The pharmacokinetica of the DBDPO isomer were 
distinct from those of A1254 and 2.2.4,4',5,5'-HxBB. 
DBDPO was poorly absorbed from the gastrointestinal 
tract (<0.3-2% of an oral dose). >9Yh of an oral dose 
was excreted in the feces in 72 h, and some evidence of 
Mtabolism was found (Noms et al.. 1973. 1975. 1974; 



M. L Hardy I ~hc&herc M (2W2) 717-728 .. ~ ~ ~~~ . _ - ii--l-- 

725 

NTP. 1986; El Dareer e t  al.. 1987). Further. DBDPO 
showed no preferential tissue distribution (NTP. 1986). 
DBDPO'a poor absorption from the gastrointestinal 
tract was expected for a m o l d e  of this size, weight and 
poor solubility. Following oral administration of "C 
DBDPO. only trace leiels of radioactivity (a total of 
<I% of the dose) were found in organs/tissues a t  any 
time point. llae whole body half-lie was <24 h. The 
parent molecule (aid all metabolites) was rapidly elim- 

inated; >Wh of the dose was recovered in the feces and 
gut contents within 72 h of oral dosing. The o v a -  
whelming route and form of elimination was by fecal 
excretion as the parent molecule. Less than 0.01% of the 
oral dose was excreted in the wins. DBDPO was capa- 
ble of being metabolized; the parent molaule and three 
metabolites were detected in feces following oral or in- 
travenous (IV) dosing of rats. IV administration of 
DBDPO shifted elimination of the parent molecule to 

. . 

Tabh 5 
Cornpadson of Uw mammpli  npcatcd dow toxicity, carcinogenicity, blood-liver-adiposo tisaw ratios, and pharmacokinc@ of 
Arochlor 1254, Uw W B  C o m a 1  Product and the DBDPO commercial product 

End point A r d o r  12% HxBB mmmerdal product DBDW c o d  product 
Kspcstcd dow 3 or 5 wmk mala rat diet Mdaymtandmimoral 14 day rat and mice did 

(5 da-) 
NOEL P 5 ppm (4.5 m@g) NOAEL 6 3 m@g. NOEL 3 100,000 ppm (-10,000 

We) 
90 day rat and mica diet 
NOEL > 50,000 ppm (-5.000 ma/ 

Carcinogcnidty 2 year rat diet 0.25. 50. IMI ppm 

CLar midma in f mu: Hepato- 
cellular carcinomsl and l i w  a h  
noaminomas 

s w t  Dvidmcs ofcarcinoge- 
OiCityinMimalrbyNTP 
kamnably anticipated to be a 
buman carcinogen by NTP 

Blood:kadi-  1: 22: 359 (Rata) 
poa tiaaua ratio 

te) 
2 yew rat and 6 mim p v a g :  0,3. 2 year rat and mica did 0,25.000, 
I0 mgltg 5 d a p h c k  for 6 month8 50,WOO ppm 
held for 24 month8 
Clear cvidena in m and f mta m k  No avidace in f m b ,  Equivocal 
HcpatoceUular cardnornw midma in m mice (tbyroid hl- 

monkSomcsvidmcainmandf 
rata @cpatk neoplaatie nodub) 

SuffWeat cvidc110 of carcinoge- lwufacient &dare of carcinoge- 
nicity in Mimala by NTP nicity in Mimalr by NTP 
kamnably antidpted to be a Naitba know to bs nor ~ n -  
human cardnogan by N T P  ably mtidpated to be a human 

carcinofsn by NTP 

I: n: 340 (Rat). 1:7:2 (Rat) 

Phslmamkineticr Well absorbed: -45-95% oral dore WeU absorbed: -5Vh oral doad Poorly absorbed: <0.3-2% oral 
Qw 

Initial distribution to liver and Initial distribution to muacle, liver. 
musle; nubwquent dispodtion lar- rcdisbibutionwitb time to akin and 
gcly depnrdmt upon rate at whkb adipose l ime' 
each isomer mctabollzed: tbow 
nadilymetabollzed-Radilyol- 
crctd, tbosa not d y  mstabo- 
llzed - rcdimriiution to akin and 
d p  tbsuD wbcn storcd 

Rate of mctabohkm dependent on No endma of me taboh '  Some nidmoc of metabolh 
dcgm and poaition chlorination 

Eliminated in fscs: 2,2',4,4'.5.5'- Slow elimination in fscs: -7% of Rapid elimination m fcea: > 99% 
HxCB pniatent. not melabolkd dose in 6 w a W  ofdox m 72 h 
to any nigniacsnt extent. Ph of 
d o a  sxorckd in 21 day 
U1.3.3'.6.8-HxCEdly melab- 
ol ipd and cleared (-93% d w )  

'2,2.4.4'.5.Y-HxBB. 
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North America consumes over half of the world's production of polybmminated diphenyl ether (PBDE) flame retardants. About 98% of 
global demand for thc Pmta-BDE m i x m ,  the constituents of which am the most bioaccumulative and nvironmmtally widespread, resides 
hen. Howcvcr, research on the qtvironmental distribution of PBDEs in North America has laggcd behind that in Northem Eumpc. 
Examination of available govcmmentally maintaind relcase data suggcats that Dcoa-BDE use in the US substantially mcw& that in 
Can& Pcnta-BDE use probably follows a similnr pattcm. PBDE demand m Mexico is uncertain. but is assumd to be comparatively 
modest Recent research examining air. water, sdimmt. w a g e  sludge and aquatic biota suggests that Penta-BDE constitvcnts an present in 
geographically disparate locations in the US and Canada The lcas bmminated congenm have been observed m arcas distant ttom their 
known ma or pmduction, e.g. tho Arctic. PBDEs have been detected in low concentrations in North American air, water and xdi i t ,  but 
much higher levels in aquatic biota Lncreased burdens as a function of position in the fwd web have been noted. PBDE concentrations in US 
and Canedian swage sludges appav to be at least 10-fold p t e r  than European levels and may be a wPul bummeter of release. In g e n d .  
PBDE conccntrationa in envionmental mdia reporled in Nonh America am comparable or c x c d  those observed el~ewhrrc in the world. In 
contrast to Europe, envimnmental burdens am increasing over lime here. consistent with the greater consumption of the commercial mixtures. 
Howcvcr. data remain relatively scam. Deca-BDE in tho North American environment appears largely restricted to points of release. e.g. 
urban area8 and thosc whm PBDE-containina scwaae sludacs have bem ao~lied. This lack of distribution is likalv due tn ita ex&emelv . . ~~ ~~ , - - ~ ~ ~  ~~, 
low volatility and water solubility. ~ e n t a - B D ~  and 5 e a - B ~ ~  products a? w d  in different application? and this may also be a fanor 
conhulling their environmental release. 
Crown Copyright O 2003 Publish* by Elseviw Science Ltd. All rights reserved. 

Polybrominated diphenyl ethers (PBDEs) are a group of 
flame retardant additives used in thermoplastics, polyur- 
ethane foam and textiles. PBDEs are compositionally sim- 
ilar to polybmminated biphenyls (PBBs), although their 
molecular configurations differ due to the presence of an 
ether linkage between the phenyl rings (Hardy, 2002). The 
linkage also makes the PBDEs more shuchvally similar to 

Camponding author. Far: +I-804-683-7186. 
E-mail oddrau: hal@vima.edu (R.C. Hale). 

the thyroid hormone thyroxine and, accordingly, these 
compounds may interfere with endocrine system function 
(Meerts et al., 2000). PBB use was largely discontinued 
after their accidental inheduction into cattle feed in the state 
of Michigan (US) in 1973 (Di Carlo et al.. 1978). Thee 
major PBDE commercial mixtures are commonly used: 
Deca-BDE, Penta-BDE and Octa-BDE. According to 1999 
data (Table I). these constitute 71.5%, 24.4% and 4.1% of 
the total North American PBDE market, respectively (per- 
sonal communication, Lawrie McLaren, Bromine Science 
and Environmental F o m ) .  PBDE distribution in the Euro- 
pean environment has been studied in earnest for a number 
o f  years. However, until recently, comparatively little 

Ol604l20l036 - see front matler. C m m  Copyright 0 2003 Published by Elamin Scimw Ltd. All righu mewed. 
&i:10.101WSOIM)412o(03~I13-2 
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TablC I - ' -- 
Major PBDE commercial pmducb in u c  in N o h  America in 1999 

Commercial 1999 Pment of Major component 
PBDE North American 1999 global PBDE conuenera - 
mixture demand (tomes) demand (K) 

Penm- 8290 97.5 BDE-47, 99, IW, 

Dcta- 1375 35.9 BDE-183. 153. 
unknom wta- and 
now-BDh 

Deca- 24300 44.3 BDE-209, 
unknown now-BDEa 

Total 33965 50.6 

research has been done on their occurrence in North 
America, despite their disproportionate consumption here. 
The 1999 data indicate that 50.6% of total global demand 
for all PBDEs and 97.5% of that for the Penta-BDE 
product(s), believed to be the most environmentally prob- 
lematic, reside in North America. Consumption here repre- 
sents 36% of global Octa-BDE demand; the remainder 
residing in Asia (53%) and Europe 12%. 

The Penta-BDE product is now used predominantly to 
flame retard polyurethane foam. However, some use of this 
mixture in circuit boards apparently occurred until the mid- 
1990s (Sakai et at., 2001). Many of these electronics remain 
in service and their future disposal may be an avenue for the 
release of Penta-BDEs to the environment. The constituents 
of Penta-BDE (Table I; primarily BDE-47, -99 and -100, 
with smaller contributions from BDE-153, -154 and -85; 
note that PBDE congeners are named by number and 
position of bromines analogous to the PCBs) are volatile 
and persistent enough to permit their long-range transport. 
Their high lipophilicities enable significant bioaccumulation 
in animals and humans. For these reasons, and their detec- 
tion in ipcreasing concenmtions in human breast milk 
(Betts, 2002), a ban on the use of Penta-BDE has been 
proposed in the European Union, effective in 2003. Con- 
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sumption of P ~ ~ ~ - B D E  has already dropped in northern 
Europe (Renner, 2000) and Japan (Watanabe and Sakai, 
2001). However, continued North American usage provides 
a source for global redistribution via export of products and 
large-scale environmental circulation patterns. 

To date, the PBDEs have not been designated as persis- 
tent, bioaccumulative and toxic (F'BT) chemicals by the US 
EPA or Environment Canada, although the properties of the 
Penta-BDE products certainly lidfill the physical criteria. 
The Deca-BDE products, consisting mostly of BDE-209 
(Table I), are used primarily in thermoplastics and back- 
coatings of textiles. BDE-209 is much less environmentally 
mobile and bioavailable due to its exceeding high KO, and 
low watk solubility and volatility (Hardy, 2002). However, 
concern has been expressed that it may be degraded in the 
environment to less brominated compounds (Renner. 2000). 
Assessment of risks associated with Deca-BDE use, versus 
its benefits, continues in the European Union. Asia was 
reported @ use about 42% of the world's Deca-production, 
likely due to their substantial manufacture of electronics, but 
no Penta-BDE in 1999 (Brominated Science and Environ- 
mental Forum; http:/hww.bsef.com). 

2. Sources and mechanisms of PBDE release 

Environmental release of PBDEs may occur during their 
initial synthesis, incorporation into polymers or related 
finished products, during use of said products or as a result 
of their ultimate disposal or recycling (Danish Environ- 
mental Protection Agency, 1999). North American PBDE 
production is currently dominated by two US companies, 
both with major manufacturing facilities in Arkansas. Thus, 
releases from PBDE synthesis are unlikely to be responsible 
for their widespread detection in the environment. In con- 
trast, facilities incorporating PBDEs into polymers and the 
subsequent use of these in electronics, automobile padding, 

Table 2 
Hihurt PBDE wncmtradona mrtd in various North American mvimnnmml maIrices 

Metrix Sum of Congmm Concmwtioo Unitl Commmm, year of collstion 

Sewage sludge BDE-47.49.99. IW. 153. 154 2290 (dry) US bioaolids. 2MXI 
BDE-209 4890 ng/g (dry) US biomlide. 2000 

Surface watar BDE-47, 99. IW. 153, IW, 183 0.158 n f l  Lakc Michigan. 1999 
Outdo& sir BDE-47.99. 100. 153. 154 2100 P&' Yukon. Canada, paariblc i n c i n d o n  

riourcc. 2001 
BDE-209 0.35 P&' Chicago. USA. par(iclc phaas. 1997 

Sedimmt BDB-47, 99, I00 132 nglg (dy) Sacm ncar a US polyurcha 
f o ~ l  PIMI, 2WO 

Finfish BDEl7.99, 100. 153, 154 47.900 nglg (lipid) Fi l ls h m  Vqinis river carp. 1999 
Crustascans BDE-15. 17, 28/33. 47. 49. 66. 75. 99. 480 ndg (lipid) Dunumess heoatmcrear h m  - -  . 

100, 119, 153, 154, I55 Prin;  up& C& 1 99J 
Pinipeda Not spsificd 3100 n8/g (lipid) Male bottlmosc dolphin blubber; 

Gulf of Mexico. 1990 
BDE-15. 17, 28/33. 47. 49. 66, 75. 99, 2300 nus (lipid) Male harbor porpoiae blubber. 
IW. 119, I53. 154, I55 Tsawaancn. Cmada, 1993 

Specific PBDE wngmm d& in he samples varied. However, majorcongmm dclstcd were BDM7.99, and 100, except in sludge where BDE-209 was 
aceasionally dominanr Sm text for refcrmces. 



R.C. Hole el a/. /Envimnnwnf lnlerna1lonol29 (2003) 771-779 7'73, 
...~ ~ .. ~ . -..,- -. ~ - .~. .- - . ~ .~~ ..-..*-==~~=- - --= 

furniture and textiles are much more widespread. The ~ttp://www.ec.gc.ca~pdb/npri/nprihomee.ch) only lists 
percentage of PBDE in these polymer-based products may two Ontario facilities that handle large amounts of Deca- 
be as high as 30% by weight Although initially considered BDE (>lo tomes). The sum of releases fmm these Cana- 
nondispersive, releases from these operations and the dis- dian facilities is reported to be less than 1% of the US total, 
position of PBDE-containing products during and following i.e. about 5 tonnes. Neither Canadian facility manufactures 
their usefil lifetime merit additional scrutiny. PBDEs. The combined release figure represents less than 

Separate PBDE production statistics for tlie US and 4% of the 24,300 tonnes of Deca-BDE reported in use in 
Canada have not been released. However, some insights North America in 1999 (~ibminated Science and Environ- 
regarding relative PBDE demand in these countries may be ' mental Forum; 'http://www.bsef.com). It should also be 
gleaned fmm the chemical release inventories maintained by recognized that the total humah population,.and its density, 
their respective environmental agencies. Unfortunately, an about 10-fold greater in the US than Canada Thus, 
Penta-BDE is not listed in either invei~tory, but Deca-BDE handling and consumption of PBDEs would be expected to 
is tracked due to its designation as a high production volume b e  more intense in the US. No data on use or environmental 
chemical. It should be noted that data in the inventories are burdm of PBDEs in Mexico were found However, pro- 
ultimately self-reported by indushy and only encompass duction of electronics, automobiles and other presumably 
large-volume users. The 2001 US EPA Toxic Reduction PBDE-containing products in Mexico for domestic use and 
Inventory or TRI (http://www.epa.gov/td) indicates that export is increasing. 
148 facilities released about 912 tonnes of Deca-BDE. In The relatively low volatilities and aqu&us solubilities of 
contrast, the Canadian National Pollutant Release Inventory the PBDEa suggest that the bulk of the environiental 

Fig. 1. Locatio~ of studica examining PBDE burdens in No& American mvimnmmfal mnpla. Note that dam am not available for large portions of  the 
continent and s c a ~  for all d i r  W - m f k w  wsfer, A-aiT. S-scdimml or sail; S I - w a g e  dudge; B-aquatic bioa 
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burden of these chemicals will eventually reside in either 
sediments or soils (Palm et al.. 2002). Air and water are 
likely transport media. The lipophilicities of PBDEs indi- 
cate that the less brominated components constituting 
Penta-BDE will accumulate in aquatic organisms. The 
available data on the dismbution of PBDEs in these media 
in North America are summarized below and in Table 2. 
The paucity of published information for North America is 
evident in Fig. 1. Studies to date have been clustered around 
the Great Lakes, Mid-Atlantic and Pacific Coast (Fig. I). 
An attempt has been made below to put these data in the 
context of known global levels. While some data on marine 
pinipeds are presented here, burdens in marine mammals 
and terrestrial organisms are not the focus of the current 
PaPK 

3. PBDEs in outdoor air 

Data on PBDE burdens in North American air are scarce. 
One of the earliest published reports did, however, concern 
Deca-BDE associated with atmospheric particulates, ob- 
tained near an Arkansas PBDE manufachlring plant (De 
Carlo, 1979). Due to its low volatility and strong sorption to 
particulates, BDE-209 is unlikely to be transported via air 
significant distances h m  points of initial release. Deca- 
BDE's primary use in environmentally stable and relatively 
dense thermoplastics and textile backcoatings may also 
impede its release after production and subsequent redis- 
tribution. 

Smdberg  et al. (2001) detected PBDEs in every atmos- 
pheric sample collected between 1997 and 1999 h m  urban 
and remote sites in the Great Lakes region. Concentrations 
were similar to those of organochlorine pesticides. Total 
levels (summed particulate and gas phases) ranged from 4.4 
to 77 pg/m3. To minimize the variabllrty of the data, only 
samples taken at 20 f 3 "C were described. BDE-47 was 
the dominant congener reported, followed by -99 and -100. 
Mono- to tribrominated congeners were not examined. 
Thus, totals present may have actually been higher. In 
general, they reported that PBDE and PCB concentrations 
in air were correlated. In most samples PCBs were more 
abundant, but in urban Chicago samples BDE-47 concen- 
eations rivaled those of the common PCB congeners. BDE- 
209 was only detected in atmospheric particulates f?om the 
Chicago area. 

In southern Ontario, Canada, Gouin et al. (2002) reported 
that PBDE concentrations in air samples collected in 2000 
from a ml site, prior to the spring bud bunt, ranged 
between 88 and I250 pg/m'. Highest levels were believed 
to be related to release of PBDEs h m  snowpack during the 
spring melt. Following the bud burst, atmospheric levels 
dropped to between 10 and 230 pg/m3. These concentrations 
were comparable to those of coincident PCBs. Major con- 
geners reported were the more volatile BDE-I 7, -28 and -47. 
These values are similar to those reported for European, 

lnremarional29 (2003) 771-779 
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l a p a h e  and Taiwanese air samples summarized by de Wit 
(2002). 

Concentrations of CPBDEs in air samples' h m  more 
northern latitudes, i.e. Alert (~llesmere' Island, Nunavut, 
Canada), Dunai (Siberia, Russia) and Tagish (Yukon. Can- 
ada), ranged h m  10 to 2100 pg/m3 (Bidleman ct al.. 2001). 
The levels of PBDEs in Dunai air were the lowest and those 
h m  Tagish the greatest among the three sites. Relatively 
high levels of mono- to hepta-BDEs were detected at 
Tagish, with maximum concentrations occurring during 
the summer months. The higher air temperatures at Tagish 
compared to Alert and Dunai, combined with closer prox- 
imity to populated areas in the southern Yukon, may explain 
the more elevated levels. However, local sources such as 
incineration of PBDE-containing products cannot be ruled 
out. Field blanks showed only very low PBDEs levels. 

4. PBDE occurrence in sewage sludge 

As PBDEs are hydrophobic, resistant to degradation and 
widely used in North American products, it is logical to 
assume that some enter sewage treatment plants (STPs) and 
will subsequently be concentrated in high organic carbon- 
containing sewage sludges. Therefore, examination of 
sludge PBDE burdens may be a useful monitoring strategy, 
as this material will integrate releases from multiple sources 
and thus may be indicative of relative environmental dis- 
charges. In the US over half of the sludge generated is now 
disposed of by application onto agricultural and other lands. 
This may ultimately serve as a conduit for wider dispersal. 
Nonetheless, few studies have examined PBDE burdens in 
sludge. In all 11 sludge samples collected 'om four differ- 
ent regions of the US, Hale et al. (2001a) detected the 
constituents of Penta-BDE. The sludge had been stabilized 
in preparation for eventual land application. Concentrations 
(total of BDE-47, -99, -100, -153 and -154) were similar 
between samples, ranging from 1100 to 2290 pgkg on a dry 
weight basis (dw), despite differences in facility location, 
industrial base and sludge stabilization process. Concentra- 
tions of BDE-47, -99 and -100 exceeded those of the major 
PCB congeners and other halogenated contaminants present. 
In contrast, levels of BDE-209 varied substantially between 
samples, ranging from 84.8 to 4890 pgkg. 

PBDEs have also recently been determined in stabilized 
biosolids h m  several Wisconsin communities by the Wis- 
consin Public Health Laboratory (Sonzogni, unpublished 
data). Average concentrations (dw) in sludge from three 
Lake Superior watershed'communities were 767, 1327 and 
510 p@g for BDE47, BDE-99 and BDE209, reapectively. 
Mean values in sludge from eight Lake Michigan watershed 
communities were 507. 706 and 466 pgkg for the same 
congeners. PBDEs congeners were 30 to 50 times hlgher in 
concentration than the most abundant PCB congeners in 
these samples. In a single biosolid sample from Ontario 
Canada, the Penta-BDE concentration (sum of BDE-47, -99, 
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Fig. 2. Mean PBDE cansmlmIiona s m g o  aludgea determined in a 
multi-ahb US invcstigstio. (I1 STPI; Halo el 81.. 2001a.b) and sNdia 
conducted in W~surnsin (I l S h ;  Sonzogni. unpublished dam). Swcdcn (3 
STPI; dc Wit. 2002) and Ommany (8 STPa; Kuch el al., 2001). See text for 
PBDE congmm included in hmo Pcnh-BDE totals. Dcoa-BDB wnn~ted 
of BDE-209. Nm: largo variations in Dsca-BDE conccnmtions lovcls 
betwm S h  wen rccn in h a  multi-rta!n US and O m ~ o  ~Ndiea. M& 
Dm-BDE urnoenmtiooa h m i n  w m  389 d bslow qu~tihtion, 
rcapectivoiy. 

-100, -153 and -154) was lower than in the abovementioned 
US samples. but BDE-209 was higher. i.e. 637 and 6930 pg/ 
kg (dw), respectively (Hale, unpublished data). 

These North Ainerican values an substantially higher 
than those reported in Eumpean sludges (Fig. 2). Available 
data on PBDE in Eumpean sludges have recently been 
summarized (de Wit. 2002). Samples examined h m  Swe- 
den and Gennany in the 1980s were low, between 0.4 and 
30 pgkg dw. However, sludges &ken more recently exhibit 
higher levels. For example, Kuch et al. (2001) reported an 
average of 162 &kg total PBDEs in sludge h m  eight 
German plants. Interestingly, Deca-BDE was only detected 
in one of the facilities, at a concentration of 135 pgkg. They 
noted no relationship between PBDE burden and facility 
size. Sellsmm et al., as subar ized  by de Win' (2002), 
noted that the sum of BDM7,  -99 and -100 ranged h m  
105 to 205 pgkg in three Stockholm Sweden treatment 
plants. BDE-209 levels were higher, between 170 and 270 
wg/kg. 

5. Concenhationr In surface waten and STP effluent# 

Limited data are available tigarding PBDE concentra- 
tions in water. In the Fraser River (British Columbia. 
Canada), lkonomou et al. (2002a) examined congener 
profiles using semi-permeable membrane devices (SPMDs). 
In these, BDE-47 dominated. followed by -99 and -100, the 
major constituents of the Penta-BDE pmduct. BDE-209 was 
not determined. However, due to its low watcr solubility and 
extreme tendency to partition to panicles, it likely would not 
have be& detectable with this approach. BDE-49 was 
detected in the SPMDs, but has not been reported in 
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commercial PBDE products. Consequently, it may represent 
a breakdown product. Lake Michigan water column con- 
centrations of total PBDEs were reported to have increased 
from an average of 0.031 to 0.158 ng/l from 1997 to 1999, 
the latter rivaling coincident PCB levels (Stapleton and 
Baker, 2001). Lower concentrations have been reported 
for Lake ~ntario,  i.e. 0.006 ngil (Lucky et al., 2001). de 
Boer et al. (2003) wently reported exaernely high BDE- 
209 concentrations, up to 4600 pg/kg (dw), associated with 
suspended particulate matter 6um the western Scheldt in the 
Netherlands. The Deca- source was hypoth&id to be the 
textile industry in Antwerp. 

As PBDEs have been reported in STP sludges in sig- 
nificant concentrations, it is logical to assume that treatment 
plant effluents may be a source for the release of these 
hydrophobic chemicals. Kuch et al. (2001) observed con- 
centrations of BDE-47 and -99 up to 1.1 ngil in German 
STP effluents. They noted that 97% of the PBDEs in the 
influent were particle-associated.. BDE-47 was the only 
PBDE congener they detected in surface waters, ranging 
h m  cO.2 to 0.71 n@. de Boer et al. (2003) also observed 
BDE-47 and -209 on particulates associated with treabnent 
plant influents and effluents in the Netherlands. Concen- 
trations on the effluent particles ranged h m  11 to 35 and 
310 to 920 pgkg (dw), respectively. Interestingly, median 
effluent values exceeded those in the influent, attributed to 
smaller particle size in the latter. No published dak  on 
PBDE concentrations in North American STP effluents 
were found. PBDE burdens therein rue likely a function of 
the STP's efficiency at removing suspended particulates 
h m  its effluent 

6. Concentratioas In sediments and SOU 

Aquatic sediments and terrestrial soils are probable 
deposition sites for PBDEs (Palm et al., 2002). Unfortu- 
nately, few measurements of PBDE burdens in these matri- 
ces in North America have been made. Burdens in sediment 
appear to be a function of distance from the source and their 
organic carbon content Dodder et al. (2002) reported results 
of the analysis of four surficial sediment samples from 
Hadley Lake in Indiana (US). The lake is near a research 
and development facility of a PBDE producer. BDE-209 
wan the major congener detected, followed by BDE-99, - 
153. -154. -47 and -100. BDE-209 concentrations ranged 
from 19 to 36 pgkg (dw). All other PBDE congeners were 
less than 5 pgkg. This distribution suggests the presence of 
elevated concenttations of the more brominated commercial 
mixtures. 

PBDEs were detected (above 0.5 p& dw) in 22% of 
surricial sediments taken from 133 sites in freshwater 
tributaries of V i in i a  (Hale et al., 2001b). BDE-47 was 
the dominant congener, followed by -99 and -100. The 
maximum sediment concenttation detected was 52.3 pgkg 
(1210 pgkg on a total organic carbon basis). Stream sedi- 
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ment adjacent to a recently closed polyurethane foam 
manufacturing facility in North Carolina contained up to 
132 pgkg Penta-BDE (Hale et al.. 2002). Soil outside a 
building where the foam was extruded contained 76 pgkg. 
While low relative to sludge and fish tissues, these values 
exceed those in most European sediments reported to date. 
An exception involved sediments from the River Skerne and 
the Tees estuary in the UK. (Allchin et al.. 1999). There, up 
to 368 pglkg BDE-47 and 898 pglkg BDE-99 were 
detected. The source was believed to be a PBDE manufac- 
turing facility. PBDE production in the European Union 
ended in 1997. Deca-BDE levels up to 3190 pgkg were 
observed in sediments from the River Calder, downstream 
of a UK STP. A review of sediment core data from the 
Baltic, Norway, Germany and the Wadden Sea suggested 
that PBDE burdens have increased over time, escalating 
significantly in recent years (dewit. 2002). However, recent 
reductions in Penta-BDE use in Europe may reverse this 
trend. 

7, PBDE eoneentrstions In aquatic organkms 

While the Deca-BDE mixture constitutes 72% of the total 
PBDE demand in North America, and 82% globally, BDE- 
209 has rarely been reported in wildlife. This congener has 
been less 6equently measured in part k a u s e  of analytical 
difficulties related to its low volatility in gas chromato- 
graphic systems and poor thermal stability. The paucity of 
reports is also related to its limited bioavailability, due in 
turn to its large molecular volume and extreme hydro- 
phobicity. In a laboratory feeding study using rainbow hout. 
Kierkegaard et al. (1999a) noted only limited BDE-209. 
uptake. However, its accumulation was surpassed by that 
of lower brominated congeners, present either as impurities 
in the original test material or subsequently produced via 
metabolism or degradation of BDE-209. Others have 
reported significant bioconcentration from water and bio- 
accumulation from food of the lower bmminated PBDEs. 
e.g BDE-47, rivaling the most bioaccumulative PCBs 
( B m a u  et al., 1997; Gustafsson et al., 1999). Thus, it is 
not surprising that an increasing number of reports of PBDE 
burdens in North American aquatic organisms are emerging. 
However, data remain limited geographically (Fig. I). The 
observation that consumption of contaminated fish may be a 
major uptake mute for PBDEs in humans further reinforces 
the importance of these observations (Sjodin et al., 2000). 

One of the first reports of PBDEs in North American 
aquatic biota was in bottlenose dolphins collected in 1987 
and 1988 during a mass mortality event along the US mid- 
Atlantic and Gulf coasts (Kuehl et al.. 1991). Blubber 
samples from three females were screened and contained a 
mean of 200 p@g of total tetra- to hexa-PBDEs. All values 
presented for biota are on a lipid basis for ease of compar- 
ison, unless noted. In examining these organisms, the 
authors noted that there were nearly as many bmminated 
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&chlorinated compounds present. Some of these, however, 
may have been natural marine products. A second mass 
mortality event involving dolphins occurred in the Gulf of 
Mexico in 1990. Adult females from the Gulf contained 
similar concentrations, mean 190 pgkg (Kuehl and Haebler, 
1995). However, adult males exhibited much higher levels, 
mean of 3100 f l a g .  The differential may be related to 
lactations1 or other reproduction-related losses. Immature 
dolphins contained intermediate PBDE burdens. Ikonomou 
et al. (2002a) reported a PBDE concenhation of 2300 bgkg 
in blubber from a male harbor porpoise collected at Tsaw- 
wassen in British Columbia in 1993. Levels in four addi- 
tional males from more mral areas were lower, between 350 
and 740 pgkg. In all cases the major congener detected was 
BDE-47, followed by -99 and -100. 

Data for teleosts are more widely available. Livers from 
nine blue marlins, obtained off the coast of Puerto Rico in 
1991, were observed to contain a range of tri- to hexa- 
PBDES (BDE-17, -28133, -47, -66, -85, -99, -100, -138, -153 
and -154 (Greaves and Harvey, 2000). Total PBDE concen- 
trations were modest, less than 100 p@g on a lipid basis. 
PCBs and DDT metabolites were present at lOfold higher 
concentrations. Interestingly, two methoxy- derivatives of 
tetrabmmodiphenyl ethers were detected at concentrations 
exceeding the PBDEs. These chemicals have been reported 
in biota collected elsewhere, but it is uncertain whether these 
represent PBDE metabolites or were derivatives of natural 
products originating from marine sponges or algae (Asplund 
et al., 2001). 

PBDEs were reported in carp obtained in 1991 from the 
Buffilo River in New Yok(Loganathanet al.. 1995). 
Tetrabmminated congeners constituted 94-96% of the total 
observed, with penta- and hexa-congeners contributing the 
remainder. BDE-209 was not observed above the detection 
limit (0.1 pgkg wet). Samples collected from &eshwater 
rivers around the state of Washington in 1997 showed a 
range of PBDE concentrations (Johnson and Olson, 2001). 
Highest levels were obseived in samples from urbanized 
watersheds. Tetra- and penta-congeners constituted 95% or 
more of the PBDES detected. The concentration of the total 
pentabmminsted homologues in suckers was lower than in 
other species. The highest CPBDE concentration (wet 
weight: whole mountain whitefish from the Spokane River) 
was 1250 pgkg. However, levels in other species (e.g. 
rainbow trout fillet) from this location exceeded this value 
when calculated on a lipid basis, i.e. 19,300 versus 8390 pg/ 
kg, respectively. These concenhations are comparable to 
maximum values reported in fishes from Virginian rivers 
and lakea obtailied between 1998 and 1999 (Hale et al., 
2001b). Levels in Virginia fishes varied significantly 
between sites. Interestingly, a fillet from carp obtained from 
a m l  location exhibited the greatest burden, i.e. 47,900 pg/ 
kg (lipid). These levels are similar to the highest noted in 
Europe, i.e. in a perch fillet from the River Viskan in 
Sweden, 36,900 pgkg (Sellstrom et al., 1993). In general, 
PCB and PBDE tissue burdens were correlated, but excep 
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tions occurred, suggesting that distinct sources of PCBs and 
PBDEs may exist. BDE-47 was reported to be the dominant 
PBDE present and species variations in congeher panems 
wire noted in the V i i a  fish. 

PBDEs have also been reported in biota from the St. 
Lawrence estuary collected from 1997 to 2000 (Lebeuf et 
al., 2001). A variety of organisms were considered, from 
benthic worms to beluga whales. In general, concenhations 
increased with trophic level and wet weight concentration 
was comlated with tissue lipid content. Except in marine 
mammals, PBDE concentrations rivaled those of PCBs and 
common organochlorine pesticides. BDE-47, -99 and -100 
were reported to constitute 78% to 100% of the PBDE 
congeners present. BDE-209 was not assessed. 

Several studies examining PBDE burdens in aquatic 
organisms have been performed in the Gnat Lakes region. 
Lipid-normalized concentrations in sunfish h m  Hadley 
Lake, near a PBDE research and development facility in 
Indiana. contained a mean of 2400 pgkg (Dodder et al., 
2002). A carp exhibited a similar burden. Levels exceeded 
those of coincident chlorinated pesticides and PCBs. BDE- 
99 was relatively low in the carp compared to BDE-47, as 
has been previously described. This is likely due to PBDE 
metabolism. In laboratory exposures, carp exposed to both 
BDE-47 and -99 displayed the s h e  accumulation pattern as 
seen in field-collected spec@ens, i.e. diminished -99 rela- 
tive to -47 levels (Stapleton et al.. 2002). This would seem 
to indicate that carp have heightened capacity to metabolize 
certain PBDEu relative to other fish species. In the Indiana 
fish the congener composition wan enriched in .the mom 
brominated congeners, relative to other rrports. PBDEs in 
sediments, discussed above, also suggested contamination 
by mix- more brominated than Penta-BDE. Total PBDE 
concenhations in fish from Lake Superior (smelt). Ontario 
(smelt) and a relatively remote Missouri lake (sunfish) were 
about an order of magnitude'lower and BDE-47 was the 
dominant congener present. In Chinook and coho salmon 
collected from Wisconsin tributaries of Lake Michigan in 
1996. PBDE concentrations varied from 773 to 8120 pgkg 
(Manchester-Neesvig et al., 2001). Values were less than 
10% of coincident PCBs. BDE-47 .was the dominant con- 
gener piesent. BDE-99 and -100 levels were comparable to 
each other. Biomagnification of the less brominated con- 
geners in a Lake Michigan food chain has recently been 
reported (Stapleton and Baker, submitted for publication). 
Concenhations in the highest predator, lake trout, were 
comparable to the abovementioned Lake Michigan associ- 
ated salmon. In contrast, total PBDEs were two orders of 
magnitude lower in mysid shrimp. Luross et al. (2002) also 
examined lake trout, obtained in 1997. Average burdens in 
whole fish from Lake Ontario, Superior, Huron and Erie 
were 434, 392, 251 and 117 pgkg (lipid), respectively. 

Whole carp and large mouth bass from the Detroit River, 
obtained in 1999, contained 40.7 and 163 p e g  (lipid) of 
PBDEs, respectively (Rice et al., 2002). Carp obtained from 
the Dea Planes River (Illinois) contained 281 and 78.3 pgkg 
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at sites near Joliet and Riverside, respectively. Interestingly, 
these fish contained appreciable burdens of the heptabromi- 
nated congeners (e.g. BDE-181 and -183), on occasion 
surpassing BDE-47. BDE-190 was also detected. This 
panem is apparently related to the presence of more bmmi- 
nated PBDE mixtures and possibly biotransformation, as 
BDE-181 is not present in the Octa- or Deca- mixtures at 
appreciable concentrations. Unfortunately, BDE-209 was 
not analyzed for in the fish and sediment results were not 
reported. 

Aquatic organisma have also been examined from a 
variety of pristine, harbor and paper mill locations in British 
Columbia (Ikonomou et al., 2002a). Total PBDE concen- 
trations were 4.2 to 480 pgkg (lipid) in Dungeness crab 
(hepatopanmas) and 12 to 340 pgkg in English sole (liver). 
lkonomou et al. (2002b) also recently found up to 1000 pB/ 
kg total PBDE in whitefish within a section of the Columbia 
River, receiving municipal and other wastes, over an order 
of magnitude higher than 1992 levels. 

8. Temporal trebda of PBDEs In the North American 
environment 

Temporal trends from Europe (Sellstrom et al., 1993; 
Kicrkegaard et al., 1999b) and Japan (Ohta et al., 2001) 
indicated a sharp increase in the concentration of PBDEs up 
to the mid-19808, followed by a significant drop or leveling 
off in these compounds in biota. This may reflect demased 
usage of Penta-BDE there. In contrast, wen t  data from 
North America indicate that concentrations of these com- 
pounds have increased significantly during the past two 
decades. Lwoss et al. (2000) reported that PBDEu increased 
by 300-fold over the past 20 years in Lake Ontario lake 
trout. Similar trends were observed in walleye from Lake S t  
Clair and lake tmut from Lake Michigan (Hickey et al., 
2002). Moisey et al. (2001) obsewed a 60-fold increase in 
PBDEs in herring gull eggs from the Oreat Lakes. Similar 
trends have been obsnved in marine mammals in the Arctic, 
St. Lawrence Estuary (Lebeuf et al., 2002) and California 
Stem and lkonomou (2000) reported a 75-fold increase in 
PBDEs in belugas from B& Island between 1982 and 
1997. lkonomou et al. (2002b) obsewed a 10-fold increase 
in PBDEs between 1981 and 2000; and She et al. (2002) 
reported a 65-fold inmase PBDEs in harbor seals from 
California between 1988 and 2000. 

9. Summary 

Despite the paucity of studies, PBDE releases to the 
North American environment have been occurring since at 
least the late 19708. Envimnmental concentrations appear to 
be herensing in all envimnmental compartments here. In 
some areas, levels of the total tetra- to hexabrominated 
PBDEs now rival those of PCBs and the organochlorine 
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pesticides. ~ h i s  is particularly evident in some of the 
rapidly responding media of transport, i.e. air, water and 
sewage sludge. North America is now the major consumer 
of PBDEs in the world, particularly the more environ- 
mentally problematic Penta-BDE products. As such, it 
probably is also the major source of PBDEs to the global 
environment. In addition to transboundary contamination 
via ahnospheric processes, importation of PBDE-containing 
products from North America by other countries will 
remain an avenue for global PBDE redistribution. The less 
brominated PBDEs are becoming widely dispersed from 
urban to remote areas, following the same pattern as the 
now largely banned persistent organic pollutants (POPS), 
i.e. the PCBs, DDTs and chlordanes. These same PBDEs 
are bioaccumulating in lipid reservoirs of'aquatic organisms 
and being transfelred up the food chain, ultimately to 
humans. Recently, PBDE burdens in breast milk fmm North 
American women were reported to exceed those previously 
reported in Swedish women and to be increasing dramati- 
cally over time (Betts, 2002). In contrast to the less 
brominated congenem, BDE-209 appem to exhibit a more 
limited geographical distribution, associated with points of 
release. Biological uptake of Deca-BDE also appears lower. 
However, due to its greater use, M e r  study of its environ- 
mental fate is merited. 
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The toxicology of the three commercial polybrominated 
diphenyl oxide (ether) flame retardants 

M.L. Hardy ' 
Albemarle Corporalion. 431 Flori& Street, Baron Rouge, LA 70801. USA 

Three commercial polybrominated diphenyl oxide flame retardants (PBDPO, PBDE) a n  manufactured: dccabro- 
modiphenyl oxide (DBDPO). octabromodiphenyl oxide (OBDPO) and pentabromodiphenyl oxide (PeBDPO). The 
wmposition, production volumes, uses and toxicology of the three products differ. In 1999, DBDPO accounted for 
-82% of the global PBDPO usage. DBDPO has been extensively tested. DBDPO was not acutely toxic, was not u- 
ritating to the skin or eye, and did not induce skin sensitization. No evidena of genotoxic eKects was detectedin the 
Ames Salmonella, chromosom aberration. mouse lymphoma, or sister chromatid exchange tests. No cytogenic changes 
w ~ e  observed in the bone marrow of rats (parents and oKapring) undergoing a one-generation reproduction test. 
DBDPO did not adversely affect development or reproduction in rats. DBDPO's no-adverse-effect-level (NOAEL) in 
repeated dose studies was 2 1000 mgkg body weight. No, equivocal, or some evidena of carcinogenicity, dependent 
on genus and sex, was found in mice and rats at 2.5% and 5% of the diet administered for 2 years. DBPDO was poorly 
absorbed from the gastrointestinal tract (< 0.3-2% oral dose). had a short half-life (< 24 b) compared to PCB 153 (only 
20h of an oral dose elimiiated by rats in 21 days), and was rapidly elimiiated via the feces (> 99% in 72 h). In contrast. 
components of the PeBDPO product were well absorbed and slowly eliminated. OBDPO's eKst level in a 90day study 
w a s  -100 mglk& PeBDPO's no-cKect-level (NOEL) in a 30-day study was 1 mgk& and OBDPO induced develop 
metital toxicity in the rat. In aquatic species, neither DBDPO nor OBDPO were toxic to aquatic organisms or  bio- 
conantrating. Components of the PeBDPO product bioconcentrated in fish but produced little evidence of adverse 
eKecfects. ID 2002 Published by Elsevier Sciena Ltd. 

Kryworh: PBDW, PBDE; Polybrominatd diphenyl ether; Bmminatd flame mtardane Toxicology; Toxicity 

1. lntroduetlon compound is responsible for the molecule's flame re- 
tardant activity and is unique in its ability to provide 

Brominated flame retardants (BFRs) comprise ap- flame retardancy in the gas phase. BFR toxicology re- 
proximately 25% of the volume of flame retardants viewed in this paper is that of the commercial p l y -  
(FR) uscd on a global scale, and are used in applica- brominated diphenyl oxide products (PBDPO) which 
tions requiring high FR performance or in resins are commonly known as dccabromodiphenyl oxide 
nnding a FR active in the gas phase (Hardy, 2000a). (DBDPO; CAS#1163-19-5). octabromodiphenyl oxide 
BFRs as a class a n  structurally diverse and include (OBDPO; CAS#32536-52-0) and pentabromodiphenyl 
aromatic diphenyl oxides (a.k.a. ethers), cyclic aliphat- oxide (PeBDPO; CAS# 32534-81-9). Throughout this 
ics. phenolic derivatives, aliphatics, phthalic anhydride paper, the abbreviations "DBDPO. "OBDPO and 
derivatives and others. The bromine portion of the "PeBDPO" will refer to the commercial product, unless 

otherwise stated. The PBDPOs are commonly referred 
to in Europe as the polybrominated diphenyl ethers or 

'Fax: +I-255-388-7046, PBDEs. 

0045.65351026 - sa front matter 0 2002 Published by Elstvier Science Ltd. 
PIC SOO45-6535(01)00240-5 
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2. The commercial PBDPO products 

Only three commercial PBDPO products are manu- 
factured. The composition, production volumes, uses and 
toxicology of the three commercial PBDPO flame retar- 
dants are distinctly different from one another. DBDPO 
together with Tetrabromobisphenol A (TBBPA) make 
up approximately 50% of aU BFR usage globally (Hardy. 
2000a). Global market demand in 1999 for DBDPO was 
estimated at 54.800 metric tons (Bromine Science and 
Environmental Forum, 2001). Market demand. 1999. for 
DBDPO in the regions of the America's. Europe and Asia 
was 24.300. 7500 and 23,000 metric tons, respectively 
(Bromine Science and Environmental Forum 2001). 
Thesc regional dflerences reflect differences in the loca- 
tion of end product manufacture. 

The remaining 50% of the global BFR volume is 
composed of a number of different BFR structural types 
and includes the two other commercial PBDPO flame 
retardants. OBDPO and PeBDPO. OBDPO and PeB- 
DPO arc produced and used in substantially smaller 
quantities than DBPDO. OBDPO and RBDPO 1999 
market demand were estimated at 3825 and 8500 metric 
tons, respectively (Bromine Science and Environmental 
Forum, 2001). 

DBDPO's main application is in high impact poly- 
styrene (HIPS) for electronic enclosures (Hardy, 2000h). 
A comparatively minor, but important, usc of DBDPO 
is to flame retard upholstery fabric where it is applied as 
a fabric hack coat encapsulated in latex (Hardy, 2000b). 
The composition of the commercial DBPDO product is 
2 97% in purity (Existing Substances Regulation 7931931 
EEC. 2MMa). OBDPO, a mixture of brominated diphe- 
nyl oxide congeners ranging from nona- to hem-, is used 
to flame retard business equipment constructed of 
acrylonitrile-hutadiene-styrene (ABS) plastic (Existing 
Suhstances Regulation 793193lEEC. 2000b). PeBDPO, 
a highly viscous liquid composed of tetra-. penta- and 
hexa-BDPO congeners, is used to flame retard poly- 
urethane foam that is used as cushioning in upholstery 
(Existing Substances Regulation 7931931EEC. 2MMc). 

The potential toxicological effects of the three com- 
mercial PBDPO products vary with their degree of 
hromination such that the toxicity of the tetra- through 
deca-BDPO molecules declines with increasing levels of 
hromination. For example, only minimal effects were 
ohscwed following lifetime administration of DBDPO 
at doses 2 1000 mgkgld whereas the no-effect-level 
(NOEL) for PeBDPO in a m y  study was < 2 mglkgld. 
This paper will summarize and compare the toxicology 
of the three commercial PBDPO products. 

3. Toxkology of the DBDPOeommerdPl product 

All studies summarized (Table I) were performed 
using a commercial DBDPO product unless otherwise 
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stated. The DBDPO molecule has a high molecular 
weight (959.17). Trace analysis of the commercial 
product for I5 2.3.7.8-substituted brominated dibenzo- 
pdioxins and dibenzofurans revealed no detectable 
amounts at the limits of quantitation established by the 
US Environmental Protection Agency (Ranken et al.. 
1994). DBDPO's measured water solubility (c 0.1 ggn) 
(Stenzel and Markley. 1997a) and vapor pressure 
(4.63 x Pa) (Steml and Nion.  1997a) were negli- 
gible. DBDPO's solubility in organic solvents i s  also 
extremely low: acetone 0.05Y0, benzene 0.4W0, methylene 
bromide 0.42%. xylene 0.87% and 0.Ph in toluene 
(Norris et al.. 1973; WHO. 1994). DBDPO is oflen as- 
sumed to be lipophilic due its presumed similarity to 
PCBs. However. no formal fat solubility study has 
k n  performed, and pharmacokinetic studies show no 
appreciable affinity of DBDPO for adipose tissue (NTP, 
1986). DBDPO's blood:liver:adipose ratio in the rat was 
1:7:2 compared to Arochlor 1254's ratio of 1:22:359 
(Kodavanti et 81.. 1998). DBDPO's measured octanoU 
water partition coefficient (log&,) was 6.265 (MacGr- 
egor and Nion ,  1997a). but its logKO. estimated by 
EPIwin, v3.4. was 12.61 (Meyland and Howard. 1999). It 
is apparent that DBDPO has a very low solubility coef- 
ficient in water and most organic solvents. 

3.1. DBDPO mammalian loxicology 

DBDPO has undergone extensive testing in mam- 
malian species (Table I). DBDPO was not acutely toxic. 
was not irritating to the skin or  eye, and did not induce 
skin sensitization in a human patch test (Norris et al., 
1973. 1974. 1975; NTP. 1986). Repeated dennal appli- 
cation to rabbits' ears did not induce a chloracne 
like Rsponse (WHO. 1994). The soot and char combustion 
p d u d s  from a high impact polystyrene/DBDPO/ 
antimony trioxide matrix also were not acutely toxic 
and did not induce a chloracne-like response (Pinkerton 
et al., 1989). No evidence of a genotoxic effect was 
detected in the Ames Salmonella, chromosome aherra- 
tion, mouse lymphoma, or sister chromatid exchange 
tests (NTP. 1986; WHO. 1994; Existing Suhstances 
Regulation 793193lEEC. 2000a). No cytogenic changes 
were observed in the bone marrow of rats (parents and 
offspring) undergoing a one-generation reproduction 
test using a former DBDPO-commercial mixture of 77% 
purity @ow FR-BA-300) (Norris et al., 1974). Gavage 
administration of DBDPO (0.1 nmolkgld) to rats over 
14 days did not induce hepatic cytochrome P450, cyto- 
chrome P450 reductase, UDP-glucuronyl-transfeme, 
benzo[a]pyrene hydroxylase, pnitroanisole demethylase. 
or EPN detoxification (Carlson, 1980a). 

No adverse erects in either parent or FI animals were 
noted in a dietary one-generation reproduction test uti- 
lizing doses up to and including 100 mg of a 77% 
DBDPO mixturdkg body weight (Norris et al., 1974). 
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Table 1 
DBDW toxicology summary 

Tmt Resulls 

Water solubilitf 
Vapor prcasud 
OctanoUwater partition coefficient' 
Rat oral LDM 
Rabbit dermal LDSO 
Rat ishalation LC50 
Rabbit eye irritation 
Rabbit skin irritation 
Human skin sensitization 
AmcP' 
Mouse ~ymphoma~  
Sitcr chromatid excbangeb 
Cbromosomc aberrationb 
14day rat and mia  oral (diet)b 
W-day rat and m i a  oral (diet)b 
M-day rat (dietP 
Rat I generation rcproducliod 

< 0.1 pgil 
4.63 x Pa' 
6.265 
> 2WO mgkg 
> 2WO mglkg 
> 48.2 mgll 
Not an irritant 
Not an irritant 
Not a skin m s i t h r  
Not mutage~c 
Not mutagenic 
Did not indua 
Did not indua aberrations 
NOEL > 100,WO ppm (1% of diet or wIO.MY) mgkgld) 
NOEL 3 50,WO ppm (5% of diet or -5WO mgkgld) 
NOEL = 0.01% (8 mgkgld) 
NOEL > IW mgkgld (higheat dose tested) 

Rat developmental, days 0-19 satation' NOEL 2 IWO mgkgld (maternal and fetal) 
Rat dcve lo~mta l ,  days 6-15 satationc NOEL a lMY) mgkgld ( m a t e d )  

NOEL = I00 mgkgld (fetal) 

Rat and m o w  carcinogdcity (diet)l 25,000 (2.5%) or 50.000 (5%) ppm for 2 years 
(-3200-7780 mgkgld mia. --ll2C-2550 rngkgld rats) 
Negative, e g u i v d  or some e n d m a  of carcinogenicity 
No effect body weight or monality 
Minimal cvidcna of chronic loxidty 

Rat a&no@ty (diet)= 
Rat hepatic cnyms induction 

Rabbit skin anvgmicity 

NOEL > I mgkgld for 2 y r s  (highat dose lcatcd) 
Did not indua hepatic msymea: cylochromc WSO, cytochroms P450 
reductasc. UDP-@ucuronyl-Lranafmm, kozo[a]pyrc~ hydroxylase. 
pnitroaniaole demcthylaah or EPN dctoxiecation 
Not acnegcnic, soot and char not amcgcnic 

Rat pharmaeokinetia (oral and IV)b Pwrly abaorbd (< 0.3-Th) from GI tract 
Rapidly eliminated (> 99% in 72 h), 
Half-life < 24 h 

Ready biodegrsdation' Not readily biodegradable 
Anmobic sediment degradation Not degraded alter 32 walsn  or 2 years 
Aqueous photodegfadationc Half-life w 90 daya, producls not lower BDPOs 
Or- mlvcat photodegradation Half-life < I5 min. sequential reductive dehromination. PBDFs formed 

from dcgradanls 
Solid mrfaa photodegradation (sand, mil, sediment) Half-life in sand -37 h, some cvidena of sequential reductive 

dsbromination, not as pronounced as in organic solvents, no evidence of 
2,2',4,4'-TeBDPO formation 

F i h  LC5O. 48 h > 500 mgll 
Alga0 ECM, marine. 96 h > I  mgll 
Fish biaoncmtretion Not h io~~ l~en t r a t i ng  BCF< 5 (60 d) and < 50 (6 p#l) 6 wk 
Sediment organism chronic. 28 d Lumbriculus varicgatea: 28day ECM > 5WO mgkg dry wt of sediment, 
(p/.  and 5% organic Carbon)' NOEL . 5 W O  mgkg dry wt of acdimcnl 

'Studies p e r f o n d  under Oood Laboratory Practias and using today's commercial DBDPO product as test article. 
b Test article 94-99% DBDPO. 
'Test article only 7% DBDPO. 

NO evidence of maternal o r  fetal toxicity or  develop- weight utilizing a composite of today's commercial 
mental cffats was detected in a developmental test in the DBDPO product produced by three manufacturers and 
rat (n = 25 pregnant femalee4dose) a t  IWO mgkg  body administered from days 6 1 9  o f  gestation (Schroeder. 
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2000). The test article composition was 97.34% DBDPO. 
2.66% nona- and octa-bromodiphenyl oxide. An earlier 
study. using the former commercial product of only 77% 
DBDPO purity (Dow FR-BA-300) and administered on 
gestation days 615 ,  alm was negative for maternal 
toxicity and developmental eRects (Norris et al., 1973. 
1974, 1975). Some fetal variations were observed in this 
earlier study, which prompted performance of the seo  
ond study using today's 2 97% purity commercial 
DBDPO product. A brief account of a non-standard 
study reported a disruption in habituation in adult mice 
which were exposed on post-natal day 3 to a single oral 
dose of 20.1 mg lab-synthesized DBDPO/kg (Viberg 
et al., 2001a). The test article was laboratory synthe- 
sized. and the purity not specified. Animals exposed on 
day 3 to 2.3 mgkg were not similarly aflected nor were 
animals treated with either dose on day 19 or on day 10 
with 1.34, 13.4 or 20.1 mgkg. 

DBDPO administered at 10Dh and 5% of the diet for 
14 and 90 days, respectively, produced no adverse effects 
in rats and mice (NTP, 1986). In the 14-day study, 
DBDPO doses up to 10% of the diet in rats (n = 5 ratd 
seddose) 8nd mice (n = 5 micclsexldose) produced no 
mortality, no effect on body weight, and no compound- 
related clinical signs or gross pathologic effects (histo- 
pathology was not performed). In the 13 week study, 
DBDPO doses up to 5% of the diet in rats (n = 10 ratd 
seddose) and mice (n = 10 mice/sexldose) produced no 
mortality, no effect on body weight, and no compound- 
related gross or microscopic pathologic eflects. Doses up 
to 5% of the diet for two years were also well tolerated 
by rats (n s 50 ratdsexldose) and mice (n = 50 m i c e l ~ d  
dose) with no efect on body weight or mortality and 
only minimal cvidcna of organ eK& (NTP, 1986). The 
US National Toxicology Program (NTP) estimated 
the average amount of DBDPO consumed per day in the 
two year study to be 1120 and 2240 mgntg for low and 
high dose male rats, respectively, and 1200 and 2550 mg/ 
kg for low and high dose female rats, respectively. 
Likewise. NTP estimated the average DPDPO con- 
sumed per day by mice in the two year study was 3200 
and 6650 mgkg for low and high dose male mice. re- 
spectively, and 3760 and 7780 mgkg for low and high 
dose female mice, respectively. Organ eKects reported in 
high dose male rats (-2240 m&g/d) at the conclusion 
of the two year study consisted of thrombosis and de- 
generation of the liver, fibrosis of the spleen, and lym- 
phoid hypetplasia. Degeneration of the eye was 
observed in low dose female rats (-1200 mgkg/d). This 
later eKect has been correlated with exposure to artificial 
light due to cage placement. and as a result, long term 
studies presently incorporate cage rotation into the study 
design. The DBDPO two year study was conducted prior 
to NTP instituting cage rotation as a part of their 
experimental protocols. In mice, granulomas in the liver 
of low dose males and hypertrophy in the liver of low 
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(-3200 mgkgld) and high (-6650 mglkg/d) dose males 
were observed. Follicular cell hyperplasia was observed 
in thyroid glands of dosed male mice. The US NTP 
concluded "... eRects observed in these studies must be 
attributed to the approximately 95% pure preparation 
used rather than to pure DBDPO" (NTP, 1986). 

An earlier repeated dose study using a DBDPO ma- 
terial of lower (77%) purity. Dow FR-BA-300 (Norris 
et al.. 1973. 1974. 1975). produced somewhat ditTerent 
results from those of NTP which used a test article of 
2 95% DBDPO (NTP, 1986). In a 30-day-feeding study 
5 male ratslgroup were administered the DBDPO mix- 
ture in the diet at OOh, 0.01%. 0.1% and 1.0% which cor- 
responded approximately 0, 8, 80 and 800 mgkg body 
weight (Norris el al.. 1973, 1974, 1975). No overt signs of 
toxicity were detected in any dose group. Liver weights 
were statistically increased in the I.@/. and 0.1% dose 
groups compared to the control group. Gross pathologic 
changes were limited to hepatomegaly in 2 of 5 rats at the 
1.0% dose level. Centrilobular cytoplasmic enlargement 
with minimal vacuolation was observed in 2 of 5 rats at 
the 1 .O% dose level. Thyroid hypcrplasia was detected in a 
nondose-related manner: in I of 5 rats at the 1.Ph dose 
level and in 3 of 5 rats at the 0.1% dose level. Hyaline 
droplet tubular cytoplasmic changes were detected in the 
kidneys of 4 of 5 rats at the I .W dose level. A dose of 8 
mgkgld was established as a NOEL and 80 mg/kg/d as 
a marginal-eKect level. The 77% DBDPO-commercial 
product is no longer manufactured and the results of the 
1974 30-day study are not applicable to the 2 97% 
DBPDO-commercial product in use today. 

Two two-year carcinogenicity bioassays have been 
conducted (Kociha et al., 1975; NTP, 1986). The fist, a 
single species study performed at a top dose level of 1 
mgkg using a DBDPO material of only 77% purity, 
produced no evidence of carcinogenicity or  toxicity in 
rats (Kociba el al.. 1975). The second, conducted at 
2.5% and 5% of the diet in rats and mice using a 
DBDPO material more closely resembling today's 
commercial product. produced no, equivocal and some 
evidence of carcinogenicity depending on genus and sex 
(NTP. 1986). No evidence of carcinogenicity was ob- 
&wed in female mice receiving 2.5% or 5% DBDPO in 
the diet (-3760 or 7780 mgkg/d). Equivocal evidence of 
carcinogenicity was observed in male mice by an in- 
crease in the combined incidence of hepatocellular ade- 
nomas or carcinomas in both dose groups (-3200 or 
6650 mgkgd); however, this finding may have been 
iduenced by the larger number of early deaths in 
control male mice compared to the treated male mice. 
The large number of early deaths in the control males 
may have decreased expression of hepatocellular ade- 
nomas or carcinomas in this group. The combined in- 
cidence of hepatocellular adenomas and carcinomas in 
male mice treated with DBDPO was well within the 
historical range. Some evidence of carcinogenicity in 
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male and female rats was observed by increased inci- 
dences of neoplastic nodules of the liver in low dose 
(2.5%. -1 120 mgkgld) males and high (5%. -2240 mgf 
kg/d - males, -2550 mgkgld -females) dose groups of 
each sex. (The term "neoplastic nodule" is no longer 
used by NTP to describe hepatoproliferative lemons in 
rats. This change in nomenclature was made subsequent 
to a peer review of representative hepatoproliferative 
lesions from two-year carcinogenicity studies. The peer 
review found the use of this poorly defined and under- 
stood term had permitted some potentially useful drugs 
and chemicals to be unfairly categorized as carcinogens 
(Maronpot et al., 1986).) DBDPO is not listed as a 
carcinogen by NTP (2001). the International Agency for 
Research on Cancer (IARC, 1990) or the US Occupa- 
tional Safety and Health Administration (OSHA. 2001). 

Taken as a whole, the no-adversnflst-level (NO 
AEL) for DBDPO in repeated dose studies is at least' 
1000 mgkg body weight. DBDPO's low toxicity is likely 
related to its poor absorption and rapid elimination 
(NIT. 1986). Pharmacokinetic studies have shown that 
D B P W  is poorly absorbed (0.3-2% oral dose)), has a 
short half-life (24 h) compared to PCB 153 (< 2% of an 
oral dose waa eliminated by rats in 21 days). can be 
m t a b o l i ,  and is rapidly eliminated in the feces 
(> 99% in 72 h) (Norria et al., 1974, 1975. 1986; El 
Dareer et al., 1987; Morck and Klasson Wehler, 2001). 

3.2. DBDPO absorption, dishibulion, e / h i ~ l i o n  

The uptake, distribution and elimination of DBPW 
after oral or intravenous N dosing in the rat have been 
evaluated in several studies (Noms et 81.. 1974. 1975; 
NTP, 1986; El Damr  el al., 1987; Morck and Klasson 
Wehler, 2001). These proasscl were monitored by fol- 
lowing total "C-radioactivity after administration of 
labeled-DBDPO or by following total bromine content 
via neutron activation after administration of DBDPO. 
NTP evaluated the uptake and disposition of DBDPO in 
the rat as part of the two year bioassay. Four studies 
wcre performed and the results were reported in the 1986 
NTP report (NTP, 1986) and in the publication of El 
Damr et al. (1987). Earlier studies an reported in 
Nonis et al. (1974, 1975). Recently, similar work was 
perfonncd by Morck and Klasson Wehler (2001). 

In the dietary NTP-sponsored studies conducted by 
El D a m  et al. (cf. NTP. 1986; El Darcer el al., 1987). 
DBDPO treatment for 7 days at varying dose levels 
p r d e d  treatment witb the radiolabeled compound. 
Pretreatment dose levels were 51.000, 25,400, 4730. 
2510.496 and 238 ppm in the diet. Test articles used for 
pretreatment in the "C-DBDPO studies (NTP. 1986; El 
Dareer et al., 1987) closely resembled today's commer- 
cial product which is Z 97% DBDPO [4]. In the studies 
conducted by Nonis el al. (1974. 1975). a single dose of 
"C-DBDPO was administered orally or bromine tissue 

levels were monitored by neutron activation after re- 
peated administration of DBDW for 3,6 or 12 months. 
The test article for the neutron activation experiments 
was the former low purity product "Dow FR-300-BA" 
composed of 77.4% DBDPO. 21.8% nonahromodiphe- 
nyl oxide and 0.8% OBDPO. In the Morck and Klasson 
Wehler (2001) study. "C-DBDPO was synthesized in 
the laboratory. 

All studies showed similar results. The NTP studies 
by El Dareer et al. (cf. NTP, 1986; El Dareer et al., 1987) 
showed that DBDPO was poorly absorbed (2-0.28% of 
the oral dose) fsom the gastrointestinal tract at aU pre- 
treatment doses (277-50,000 ppm in the diet, respec- 
tively) and rapidly eliminated. The whole body half-life 
was < 24 h. Excretion in the urine accounted for 
< - 0.01% of the dose. Fefes was the major route of 
dimination and > 99% of the dose was recovered in the 
feces by 72 h postdosing. At all oral doses tested (277- 
50,000 ppm in the diet). the majority of the test article 
(-98-70%, respectively) was eliminated as the parent 
molecule. Three metabolites wcre dewted in the feces 
and ranged from -2% to 3V?. respectively. of the total 
mcovered "C-label. The higheat percentage of metabo- 
lites (-30% of the dose) was present in the feces of an- 
imals pretreated with higher doses of DBDPO (25,000 
and 50,000 ppm) in the diet. The identity of the me- 
tabolites was not determined. 

Only trace levels of the I4C-label were detected in any 
organ or tissue at any time point (24. 48 or 72 h post- 
dosing with the radiolabel) (NTP, 1986; El Dareer et al.. 
1987). The maximum total "C-activity detected in the 
body at any time was only -I% of the oral dose. The 
maximum I4C-activity, calculated as the sum of the ra- 
dioactivity in liver. kidneys, lungs, spleen, brain, muole. 
skin,' fat. and blood. was detected in the 277 ppm 
treatment group 24 h postdosing. Studies utilizing IV 
administration of I mg "C-DBPDOkg and bile dud 
canulation showed that the "C-label was excreted in the 
bile as the parent molecule and three metabolites. Ap- 
proximately 6D% of the dose was eliminated as metabo- 
lites alter IV administration. The bile contained 7.IPh 
of the N dose within 4 h postdoing, and 2.2% of the 
dose was excreted in the bile per hour. 

The above results (NTP. 1986; El Dareer et al.. 1987) 
a n  oonsistent with earlicr reports by Noms et al. (1974, 
1975). Noms et al. (1975) administered I mgkg "C- 
DBDPO orally to 3 male and 3 female rats. The level of 
radioactivity found in the expired air and urine, mea- 
sured at 24 h intervals over a 16day period, was < 1%. 
The principal route of excretion was the feces. The rate 
of excretion was the same for both sexes. Within the first 
24 h postdosing. 90.6% of the administered dose was 
detected in the feces, and 99% of the I4C-activity was 
accounted for by day 2. Tissues (adipose, heart, skin, 
adrenals, splan, liver, pancreas) taken on day 16 post- 
dosing showed no "C-label with the exception of the 
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adrenal (0.01% of the dose) and spleen (0.06% of the 
dose). TI~e~~C-activity in these two tissues was at 
the limit of detection. The half-life of the disappearance 
of "C-activity from the body of DBPDO-treated rats 
was < 24 h. 

Norris et al. (1974. 1975) also measured hromine 
concentrations (via neutron activation analysis) in the 
kidney, skeletal muscle, serum testes, liver and adipose 
tissue in male and female rats maintained on diets pro- 
viding 1. 0.1.0.01 and 0 mg DBPDO mixturc/kg/d for 6 
or 12 months. The composition of the DBPDO mixture 
(DOW FRJOO-BA) was 77.4% DBPDO. 21.8% nona- 
bromodiphcnyl oxide and 0.8% OBDPO. After 180 days 
of treatment, mean hromine levels in the control and 
treatment groups in liver, kidney, skeletal muscle. serum 
and testes were statistically comparable. The mean 
bromine level in adipose tissue from the 0.1 mgkg/d 
dose group (-3.3 pB/B) was statistically greater than the 
control mean (-1.7 pg/g). After 12 months on treat- 
ment, bromine concatrations in both the liver and ad- 
ipose tissue were statistically comparable to controls. 

Noms el al. (1975) evaluated the elimination of 
bromine from liver and adipose tissue. Male rats were 
maintained for 90 days on diets providing a dose of 1 mg 
DBDPO mixture (Dow FR-3WBA)lkdd and then 
placed on control diet. Kidney, serum. adipose tissue. 
and liver wen analyzed for bromine by neutron activa- 
tion analysis. On recovery day 0 there was no difference 
in bromine content in kidney or srmm between the 
control and treated rats. After 10 days on the mntrol 
diet, bromine concentrations in the liver of treated rats 
were comparable to controls. Adipose bromine levels in 
the treated group (-2.H pglg) were higher than the 
controls (4-2 pdg) during the m v e r y  period. 

Morck and Klasson Wehler (2001) reported similar 
results. Male rats were gavaged with a single dose of "C- 
DBDPO (3 pmollkg; 0.00288 pglkg). Feces were the 
predominant excretory route and contained -900h of the 
dose within 3 days. Only trace amounts were eliminated 
in the urine (< 0.5% of the dose). Approximately 9.5% 
of the dose was recovered in the bile within 3 days. 
Approximately 3% of the dose remained in tissues at 72 
h postdosing. The majority of the "C-activity was de- 
tected in the liver followed in declining amount in the 
muscle, skin, adipose tissue and colon wall plus con- 
tents. Eight phenolic metabolites were reported in the 
feces, and included di-substituted penta- to octa- 
BDPOs. Trace amounts of three none-BDDPOs were 
also reported. 

Based on the findings of NTP (1986), Norris et al. 
(1974,. 1975) and El Dareer et al. (1987), DBDPO is 
poorly absorbed from the gastrointestinal tract as would 
be expected for a molecule of this size, weight and 
poor solubility. Following oral administration of "C- 
DBDPO, only trace levels of radioactivity were found in 
organdtissues at any time point. The parent molecule 

(and all metabolites) was rapidly eliminated - > 99% of 
the dose was recovered in the feces and gut contents 
within 72 h of oral dosing. The overwhelming route and 
form of elimination was by fecal excretion as the parent 
molecule. Less than 0.01% of the oral dose was excreted 
in the urine. DBDPO was capable of being metabolized; 
the parent molecule and three metabolites wen detected 
in feces following oral or IV dosing of rats. IV admin- 
istration of DBDPO shifted elimination of the parent 
molecule to metabolites. After IV administration, 60% 
of the dose was excreted as metabolites and only 40% 
was excreted as parent molecule. Recent studies by 
Morck and Klasson Wehler (2001) performed at a 
substantially lower dose reported similar findings. 

3.3. DBDPO aquatic roxicology and enuironmenral 
degradarion 

DBDPO was not acutely toxic to fish (Biodegrada- 
tion and bioaccumulation data of existing chemicals 
based on the CSCL Japan. 1992) or marine algae (Walsh 
et al.. 1987). and was not expected to be chronically 
toxic in aquatic species due to its large molecular weight, 
negligible water solubility, and the lack of toxicity ex- 
hibited by OBDPO (Existing Substanw Regulation 
793/93/EEC, 2MMa). DBDPO was not toxic (NOEC 
2 5000 mgkg dry wt sediment) to the sediment oligo- 
chaete, Lwnbrinrlus uariegatus. when tested over a 28- 
day period in sediments with either 2% or 5% organic 
carbon (Kmeger et al., 2001). A &week bioconcentra- 
tion study in Japanese carp reported a BCF of < 5 (60 
p d )  and < 50 (6 pg/l) (Biodegradation and bioaccu- 
mulation data of exiating chemicals based on the CSCL 
Japan. 1992). No measurable accumulation of DBDPO 
in rainbow trout was observed after a 48 h exposure to 
20 pg I4C-DBDPOIL whereas 2,2',4,4'-tetrachlorobi- 
phenyl accumulated over 50 times its original concen- 
tration in water during the same time period (Norris 
et al.. 1973. 1974. 1975). 

Recently, Kierkegaard et al. (1997. 1999) investi- 
gated the uptake by trout of a DBDPO product no 
longer manufactured. Dow FR-300-BA, and which 
contained only 77.4% of the DBDPO isomer. The re- 
mainder of the test article was composed of nona- 
(21.8%) and octa-BDFQ isomers (0.8%). Rainbow trout 
were force-fed homogenized cod in which the test article 
was suspended over a period of 16.49 and I20 d. Doses 
ranged between 7.5 and I0 mg/kg/d. The results indi- 
cated that only a very small proportion of the test 
material was taken up during the 120day exposure 
phase. Uptake was estimated to be 0.02-0.13% based on 
the muscle concentrations of the total hexa- to DBDPO 
isomers present, or -0.005% of the DBDPO component 
only. 2,2', 4,4'-TeBDPO, 2,2',4,4', 5-PeBDPO and 
2,2', 4,4', 6-PeBDPO were present in similar concen- 
trations in the liver and muscle of control and treated 
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fish, and so were not related to treatment with the test 
article (i.e., were not metabolic products). The concen- 
trations of some hexa-, hepta-, octa- and nona-BDPO 
congeners were also found to increase with exposure in 
liver and mwle. Some of these congeners were not 
detectable in the test article and it was thought that their 
presence was the result of either a metabolic process or 
an efficient absorption process of trace amounts initially 
present in the foodltest article use. The study was not 
able to didnguish betwan these two possibilities 
(Kierkegaard et al.. 1999). The results of this study are 
consistent with previous work showing insigaificant 
bioconcentration of DBDPO in fish, and do not provide 
deenitive evidence that DBDPO is debrominated met- 
abolically (Existing Substances Regulation 793193lEEC. 
2000a). 

DBDPO was not d i l y  biodegradable (Biodegra- 
dation and bioaccumulation data of existing chemicals 
based on the CSCL Japan. 1992) nor was DBDPO de- 
graded by anaerobic sediment over a 32 w a k  (SchcKer. 
2001) or 2 year timc fame (de Wit. 2000). DBDPO 
leaching from polymers was insignificant (Noms et al., 
1973. 1974; Moller ct al.. 2000). as expected for a mol- 
ecule of negligible water solubility and vapor p~ssure.  

N o h  et al. (1973. 1975) reported investigating the 
photolysis of DBDPO by sunlight in organic solvent or 
water (Noms et al., 1974, 1973, and predicted dflerent 
routes of photodegradation for the DBDPO molecule in 
water or organic solvents based on the behavior of other 
halogenated aromatic compounds. Halogenated aro- 
matics photodegraded by reductive dehalogenation 
when dissolved in solvents capable of proton transfer. 
However, in water, photodegradation proceeded via 
an oxidative prwcss of hydroxylation leading to the 
formation of phenolic comfiunds. Once photohydr- 
oxylation was initiated, it was expected lo amelcrate as 
elcctmn-withdrawing halogens wen replaced by elec- 
tron releasing hydroxyl ggrups. The resulting hydroxy- 
lated species were expected to adsorb light more strongly 
and this ultimately could mult  in rupture of the aro- 
matic ring. Laboratory h d i i g s  correlated with the 
predictions. Minimal evidence of DBDPO (98% purity) 
aqueous photodegradation was found over a period of 3 
months exposure to natural sunlight; degradanta were 
not lower brominated diphenyl oxides. Evidence for 
depadation of only 0.57% of the amount initially pre- 
smt (10 g18 I water) was detected after 98 days of ex- 
posure to sunlight. The minimal degradation was likely 
related to DBDPO's extremely poor water solubility 
(< 0.1 Fgn) and stability. However. in octanol at 7 ppm, 
DBDPO decomposed with a half-life of 4 h. In xylcne (a 
strong absorber of UV light) DBDPO photodegraded by 
reductive debromination with a half-life of I5 h on ex- 
posure to a 125 watt Hg lamp. In comparison. neither 
Arochlor 1242 nor 1260 showed any evidence of de- 
gradation a h  350 h. 

DBDPO degradation via reductive debrornination in 
organic solvents (xylene, hexane, toluene, methanol/ 
water) to lower brominated diphenyl oxides has been 
demonstrated (Noms et al.. 1974, 1975; Watanabe and 
Tatsukawa, 1987; Eriksson et al.. 2001). A further 
stepwise formation of polybrominated dibenzofurans 
was also observed (Watanabc and Tatsukawa. 1987; 
Eriksson et al.. 2001). However, organic solvent photo- 
degradation of DBDPO was not anticipated to be an 
environmentally relevantdegradationmechanism(WH0, 
1994; Existing Substances Regulation 793193lEEC. 
2000a). 

The potential photodegradation of DBDPO ad- 
sorbed to sand, soil or sediment was also investigated 
(test article composition unknown but contained non- 
aBDPO and trace levels of octaBDPO) (Scllstrom ct al., 
1998). The DBDPO half-life in sand was -37 h in nat- 
ural sunlight. Evidence of reductive debromination was 
seen, although the amounts of nona-, octa- and hepta- 
BDPO detected was not nearly so pronounad as in the 
toluene experiments canied out by this group. This in- 
dicates that either a stepwise reductive debromination 
pathway was less significant in environmental media or 
that in thcsc media the lower brominated products 
formed themselves degrade at a faster rate than in tol- 
uene. Although small amounts of nonaBDPO formed. 
the subsequent formation of octaBDPO was a small 
fraction of this and the subsequent formation of hep  
taBDPO a small fraction of this. No 2, 2',4,4'-TeBDPO 
was detected. Thus, although it appears possible for 
reductive debrornination of DBDPO to occur, the 
amount8 of lower brominated diphenyl oxides formed 
would be very small and would also undergo similar 
degradation. Further. 2,2', 4,4'-TeBDPO, the primary 
PBDPO detected in the environment. does not appear to 
be produad. 

4. Towlcology of the OBDPO-commercial produd ' 

AU studies summarized were performed using the 
commercial OBDPO product as test article  a able 2). 
The molecular weight of the OBDPO molecule is 801 gl 
m. The commercial OBDPO product is a mixture of 
PBDPO congeners ranging from hexa- to nona-BDPO 
(Existing Substank Regulation 793193EEC. 2000b). 
Like DBDPO, OBDPO's measured water solubility 
(1 p a )  (Stenzel and Markley. 1997b) and vapor pressure 
(6.59 x Pa) (Stenzel and Nion,  l997b) were neg- 
ligible. OBDPO's measured octanollwater partition co- 
efficient was 6.29 (MacGregor and Nixon. 1997b). 

Like DBDPO. OBDPO was not acutely toxic (WHO. 
1994; Existing Substances Regulation 793193lEEC. 
2000b). was not irritating (WHO. 1994, Existing S u b  
stances Regulation 793193lEEC. 2000b). was not mu- 
tagenic WHO. 1994;. Existing Substances Regulation 
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Table 2 
OBDPO toxicology summary 

Teat Results 

Water solubility' 
Vapor pressure' 
Octanobater partition coefficient' 
Oral LDSO 
Dennal LDSO 
Inhalation LC50 
Eye irritation 
Skin irritation 
Am& 
Sister chromatid exchange 
Unscheduled DNA aynthcsis 
Chromosome aberration 
28day rat oral (dkt) 

90-day rat oral (diet) 
14-day rat inhalation, 8 hld 
9 M y  rat inhalation, 6 hld 5 dhveek' 

Rat developmental (day 6 1  5 of gestation) 

Rabbit developmental (day 7-19 gestation) 

Rat hepatic enzyme induction 

Biodegradation' 
Fiah LCSO. 48 h 
Daphnid ECW 
Daohnid chronic. 21 Dm 

< 1 &kv' 
6.59 x IOd Pa 
6.29 
> 28,000 mgkg 
> 2000 mglkg 
> SO m a  
Not i n  irritant 
Not an irritant 
Not mutagenic 
Did not indua 
Did not induce 
Did not indua 
Hepatic anlrilobular hypertrophy at 100. 1000. 10.000 ppm diet: scattered 
necrosh at 10,000 ppm (1000 mgkgld)..liver w incnascd 
ElTecLp consistent with above at 100. 1000, 10.000 ppm dieUd 
Hepatocytomegally and degeneration at 2; 12 mglm'. NOEL = 1.2 mglm' 
Hepatic ccntrilobular hypertrophy at I S  and 200 mglm', liver W incrcaxd 
at 200 mglm', NOEL = 1.0 mghn', NOAEL = IS mglm' 

Developmental toxicant 
NOEL = 25 mg/lgld (maternal). 2.5 mglkg (fetal) 

Not a developmental toxicant 
NOEL = 5 mgkgld (alight fetotoxicity at maternally toxic dox) 

Induced hepatic nuyma: cytochrome P450, cytochrome P4M reductas.?, 
UDP-glucuronyl-mferm, p-nitroanisole demethylase, EPN detoxifica- 
tion. NADPH cytochrome c reductase. 
Not rcadily biogradahk 
> 500 m a  
ECSO > water solubility 
NOEC> water solubilitv 

Fiah bioconalration No1 biowncentraling: &F < 4 at 8 wk 

' SRldrca performed under Good Laboratory P r a c t k  using the current commercial product. 

7931931EEC. 2000b). was not acutely toxic to fish 
(WHO, 1994) or  daphnia (WHO, 1994). was not 
chronically toxic to daphnia (Graves et al., 1997), and 
did not biomncentratc in fish (Cm, 1982; WHO, 1994; 
Existing Substances Regulation 793193/EEC, 2000b). 
However, OBDPO's mammalian toxicology data dem- 
onstrated its properties on repeated exposure are dif- 
ferent from that of DBDPO. OBDPO induced liver 
effects in 1 4 ,  28- and 90-day studies (12 mgkg for 14 
days o r  --I00 mgBg for 28 days) whereas DBDPO did 
not a t  significantly higher levels (1C% diet for 14 days) 
(WHO, 1994; Existing Substances Regulation 7931931 
EEC, 2000b). OBDPO was also effective in inducing 
hepatic enymes whereas DBDPO was not (Carlson. 
1980a.b). OBDPO produced developmental effects in the 
rat, but not the rabbit W H O ,  1994). 

4.1. OBDPO mammalian roxicology 

In a l e y - i n h a l a t i o n  study in rats (WHO. 1994), 
doses up to I200 mg/m3 for 8 h/d had no adverse etTect 

on food consumption, body weight, gain, hematology, 
serum chemistry o r  urinalysis. Liver weights were in- 
creased in dose groups 2 I2 mg/m3. Doses > 12 mg/m3 
induced hepatocytomegaly and evidence of hepatocel- 
lular degeneration. 

In a 28-day study in rats (International Research 
and Development Corporation, 1976a). OBDPO doses 
of 100 or  1000 ppm in the diet did not affect appearance, 
behavior, mortality, feed consumption or  bodyweight 
gain. Liver weights were increased. Compound-related 
histopathological liver changes included enlarged cen- 
trilobular and mid zonal hepatocytes, and were consis- 
tent with hepatic enzyme induction. Slight io moderate 
thyroid hyperplasia was observed at 1000 ppm. Dose- 
related increase in total bromine levels in the liver were 
detected. A NOEL was not determined. 

In a second 28 study in rats (WHO, 1994). dietary 
doses of 0,100, 1000 and 10,000 ppm produced no effet 
on appearance. behavior or mortality. Centrilobular and 
mid zonal hepatocytomegaly was observed a t  aU doses. 
At the high dose, hepatocellular vacuolization and 
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scattered necrosis was observed. Serum enzyme levels 
were not aRected. Recovery was evident 4-weeks post- 
dosing. Bromine levels in the liver were increased in a 
dose-dependent manner, and a rapid decline was ob- 
served during the recovery period. A NOEL was not 
established. 

In a 90-day study in the rat (International Research 
and Development Corporation, 1977). dietary doses of 
0. 100. 1000 or 10.000 ppm produced results similar to 
the 28-day study. Evidence of recovery was observed 
postdosing. Dosarelated i n c m  in liver bromine levels 
were detected. A NOEL was not established. 

In a 90day-inhalation study in the rat (WIL Re- 
search Laboratories. Inc.. 2001). OBDPO doses of 0. 
1.0, 15 or 200 mghn3 produced a NOEL and NOAEL 
for systemic toxicity of 1.0 and I5 mg/m3, respctively. 
Otoups of 10 male and 10 female rats were exposed to 
the cumnt commercial product for 6 Wd 5 dhveek for 13 
conaccutive weeks. The wmmercial product was mic- 
ronipd in order to generate particulates capable of being 
serosolized. No eEect body weight, food consumption, 
or mortality was observed at any dose. No clinical signs 
of toxicity were observed. Ophthalmologic exam6 were 
normal. No toxiwlogically significant effects on hema- 
tology or serum chrmiatq parametera were detected. 
Test article-related decrease in mean T4 levels were d e  
kcted in both sexes of the 15 and 2GU mg/m3 dose 
groups. Mean TSH levels w m  increased in the 15 and 
200 mghn3 males and in the 200 mg/m3 females. Mean 
thyroid weights were wmparable in the control and 
treated groups, and no histopathological effects were 
detected in the thyroid gland. No thyroid hormone-re- 
lated clinical signs of d i m  or effects on body weight 
were detected. Absolute and relative-to-body-weight 
mean liver weights were increased in both sexes in the 
200 mg/m3 group. Ccntrilobular hepatocellular hyper- 
trophy, consistent with hepatic enzyme induction, was 
observed in all males and in 6 of 10 females in the 200 
mg/m3 group and in 3 of 10 males and females each of 
the 15 mg/m3 group. Ovaries of 3 of 10 females in the 
200 mghn3 group had no visible wrpora lutca. A high 
incidence of lung inflammation was noted in both sexes 
at 200 mg/m3. The NOAEL was based on the high in- 
cidence of lung inflammation and on the > W ?  decrease 
in T4 levels in the 200 mg/m3 group. 

In a dose range finding study, a dose of 50 mgkgld 
on days 6-15 of gestation to female rats (Hazleton 
Laboratories, 1986), OBDPO produad effects in the 
wnaptus including reduced average fetal body weight, 
increased embryo/fetal death (resorption) and retarded 
ossification. The NOAEL for the wnceptus was 25 mgl 
kg and for the dams 54 mglkg. 

In a developmental study in the rat (WHO. 1994). 
OBDPO administered on days 6-15 of gestation (n = 25 
pregnant femalealdose) induced reduced average fetal 
body weights (I0 and 25 mglkg), increased embryolfetal 

death (resorption), fetal malformation/variations and 
delayed skeletal ossification (25 m a g ) .  The embryo1 
fetal NOAEL was 10 mplkg, and the maternal NOAEL 
2 25 mgkg. 

A accond developmental study in the rat (Argus 
Research Laboratories. Inc.. 1985a). also with test arti- 
cle administration from day 6-15 of gestation (n = 25 
pregnant femaleddose), produced a maternal NOEL of 
25 mglkg and a fetal NOEL of 2.5 mglkg based on post- 
implantation loss. 

OBDPO did not induce developmental effect in the 
rabbit (Brcslin et al.. 1989). OBDPO was administered 
to female rabbits (n = 26 females/dose) at doses up to 15 
mgkg body weight on days 7-19 of gestation. No effoct 
of treatment was found in maternal mortality. number 
of pregnancies, numbers of litters with viable pups, 
corpora lutea/dam, implantationddam, live fetusedit- 
ter, p e m t a g e  of rcsorptions, and fetal body weight. No 
evidence of teratogenic activity was detected. Slight 
fetotoxicity (delayed ossification) was observed at I5 
W e .  

OBDPO did not induce skin sensitization in the 
guinea pig (Wenk, 1996). OBDPO was eEective in in- 
ducing rat hepatic enzymes. OBDPO administered or- 
ally by gavage to male rats at 0.1 mmolkgld over 14 
days was effective in inducing hepatic cytochromc P450, 
cytahrome P450 rcductase. UDP-glucuronyl-transfer- 
ase, p-nitroanisole demcthylase, and EPN detoxification 
(Carlson. 1980a). Increase in activity of these enzymes 
ranged from 6 1 8 2 %  above the control animals. Ad- 
ministration of 0.78 pnol/kg/d orally for 90 days also 
resulted in increased EPN detoxification, pnitroanisole 
dcmcthylation, cytochrome P450, and NADPH cyto- 
chrome c reductase (Carlson, 1980b). Return to wn- 
trol levels was a slow process, as indicated by 
measurements made 30 and 60 days after cessation of 
treatment. 

OBDPO was not mutagenic in the Ames Salmonella 
test, did not induce unscheduled DNA synthesis in hu- 
man fibroblast cells in vitro. did not induce sister chro- 
matid exchange in Chinese hamster ovary cells in vitm, 
and did not induce chromosome aberrations in an 
in vitro cytogenic assay using human peripheral blood 
lymphocytes (WHO, 1994; Existing Substanm Regula- 
tion 793193lEEC. 2000b). 

4.2. OBDPO aquatic toxicology and environmental 
degradation 

OBDPO was not acutely toxic to fish or daphnia at 
the limit of its water solubility (WHO, 1994; Existing 
Substances Regulation 793193/EEC, 2000b). OBDPO was 
not chronically toxic to Daphnia magna in a 21day life- 
cycle study at the limit of its water solubility Graves 
el al., 1997. OBDPO's bioconcentration factor deter- 
mined in an 8 week study in Japanese carp was < 4 
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(CITI. 1982; WHO. 1994). OBDPO was not readily 
biodegradable (Schaefer and Haberlien, 1996). 

5. Toxicology of the PeBDPO-commercial producl 

All studies summarized were performed using a 
commercial product unless otherwise indicated (Table 3). 
The molecular weight of the PeBDPO molecule is 564. 
The current commercial PeBDPO product is a mixture of 
tetra- (-34%). penta- (-55%) and hexa-BDPO (-12%) 
congeners (Existing Substances Regulation 793/93/EEC, 
2000c). The two major isomers in the current commercial 
product are 2,2', 4,4', 5-PeBDPO followed by 2,2',4,4'- 
TeBDPO. The next most prominent isomer in the com- 
mercial product is 2, 2', 3,4,4'-PeBDPO followed by 
lesser amounts of 2,2', 4,4'6-PeBDPO, 2,2', 4,4', 5,6- 
HxBDPO and 2,2', 4,4', 5,s'-HxBDPO. 

The measured water solubility of PeBDPO, given as 
the sum for the commercial product, was 13.3 pgll 
(Stenzel and Markley. 1997~). The water solubility de- 
termined in this study for the 2,2', 4,4', 5-PeBDPO and 
2,2',4,4'-TeBDPO were 2.4 and 10.9 ~gll. respectively 
(Stetlzel and MarWey. 1997~). PeBDPO's measured va- 
por pressure was 4.69 x lo-' Pa (Stnuel and Markley, 
1997d) and its measured octanoUwater partition coeffi- 
cient was 6.58 (Madregor and Nixon, 1997~). 

5.1. PeBDPO manmallan toxicology 

Like DBDPO and OBDPO, PeBDPO was not acutely 
toxic, wasnot irritating, was not mutagenic, and did not 
induce skin msitization' in guinea pigs. Like OBDPO on 
repeated exposure, PeBDPO's results werc different 
from that of DBDPO. The liver was the primary organ 
affected in repeated dose studies. Liver effects were in- 
duced by PeBDPO at -100 mglkg in a 28day study, the 
NOEL in a 90-day study in rats was c 2 mglkg. and a 
NOEL in a subsequent Mday  study was identified as I 
mglkg. Also unlike DBDPO, components of the Pe- 
BDPO product were weU absorbed and only slowly 
eliminated. All studies summarized were performed 
using a commercial PeBDPO product, unless stated 
otherwise. 

PeBDPO was not genotoxic in the Ames Salmonella. 
Saccharomyces cerevisiae, or in vitro cytogenics test 
using human lymphocytes (Existing Substances Regula- 
tion 793/93/EEC, 2000~). 

No treatment-related eKects werc observed in the 
number of mrp t ions ,  litter size. fetal mortality, fetal 
body weight, incidence of fetal gross external or  internal 
variations when PeBDPO was administered at doses of 
0, 10, 100 or 200 mgkg to female rats (n = 25 pregnant 
females) on days 6-15 of gestation (Argus Rscarch 
Laboratories. Inc., 1985b; Existing Substances Regula- 
tion 793/93/EEC, 2000~). No evidence of developmental 
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eKects was detected. The maternal NOEL was 10 mgl 
kgld based on a decrease in weight gain. The fetal 
NOEL was 100 mgllcg based on a slight non-statistically 
significant decrease in fetal body weight. 

Male and female rats (n  = IO/sex/dose) were fed 
PeBDPO in the diet at 0. 100 or IOW ppm for 28 days 
(International Research and Development Corporation, 
1976b). Liver weights were increased in high dose ani- 
mals. Hypertrophy of centrilobular and mid zonal he- 
patocytes was obsewed in 315 males at the mid dose, and 
in all animals at the high dose. Slight to moderate thy- 
roid hyperplasia was observed in I15 and 315 male rats at 
the mid and high doses, respectively. Bromine content in 
the liver was increased by treatment. 

Male and female rats ( n  = 30/sex/dose) were fed 
PeBDPO in the diet at 0.2, 10 or  100 mglkg body wtld 
for up to 90 days (WIL Research Laboratories, 1984). 
Serum thyroxin (T4) levels were reduced by > 20% in 
both sexes of the mid and high dose groups at day 28, but 
were reduced in mid-dose males only at  the end of the 
dosing period. No treatment-related effect on serum tri- 
iodothyronine (T3) levels was observed. Liver weights 
wcrc increased in animals in the 100 mglkg dose group. 
Heptocytomegaly was detected after 28 or 90 days of 
treatment in all dose groups except low dose females. 
Recovery from this effect was evident but incomplete at 
24 weeks postdosing. Very slight to slight thyroid hy- 
perplasia was detected at 28 and 90 days in ca. half of 
the animals in the 100 mglkg dose group. Recovery was 
underway within 6 wscks postdosing, and complete by 
24 weeks postdosing. Tissue bromine levels increased 
during compound administration, and declined during 
the recovery period but did not reach control levels at 
24 weeks postdosing. The NOEL was < 2 mglkg. The 
European Union risk assessment of PeBDPO concluded 
the slight thyroid hyperplasia and reductions in plasma 
T4 levels were indirect consequences of hepatic enzyme 
induction, and due to species differences in thyroid me- 
tabolism. were not likely relevant to human health (Ex- 
isting Substances Regulation 793t93lEEC. 2000c). 

In a subsequent 30-day study (WIL Research Labo- 
ratories. 1985). PeBDPO at doses up to I mglkg body wt 
in the diet produced no treatment-related changes in 
survival, body weight, food consumption, behavioral or 
clinical signs, hematology, clinical chemistry, macro- 
scopic or histopathologic changes were observed. A 
NOEL of 1.0 mgkgld was defined. 

A fourth subchronic study was recently conducted 
utilizing a PeBDPO-commercial product no longer 
manufactured (Bromkal DE-75) (Fattore et al.. 2001). 
Doses of 0, 2.5.25 and 250 mglkgld were administered 
by gavage to male and female rats (n = SIsex/dose) for 
28 days. No clinical signs of toxicity or effects on body 
weight or food consumption were detected. Absolute 
liver and kidney weights were statistically increased in 
the high dose groups. A significant increase and de- 
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Table 3 
RBDPO loxiwlogy summary 

Tcat Rcsults 

Water solubility' 13.3 pgil (am for commercial ~roduct) 

Vapor pressure' 
OctanoUwalcr partition cocfficicnt' 
Oral LDSO 
Dermal LDSO 
Inhalation LDSO 
Eyc irritation 
Skin irritation 
Amcs 
Chromagome aberration' 
Guinea pig akin aenaitiration' 
28day rat oral (diet) 

30day rat oral (diet) 
Z8&y rut oral (gavagc) 
90day rat oral (diet) 

Rat dcwlopmntal 

2.4 pd ( 2 , ~ ~  4-41, 5-P~BDPO). 
10.9 p d  (2.2',4.4'-TeBDPO) 

4.69 x lo-' Pa 
6.58 
7400 or 5800 mglkg in male or female Wiatar rats, respectively 
7 2000 mgkg 
7 200 mgil 
Slight irritation 
Not an irritant 
Not mutagenic 
Did not i n d w  aberrations 
Did not induce 
Hepatic mntrilobular hypertrophy at 100 and IWO ppm, thyroid hyperplasia and incrcascd 
liw W at IWO ppm, NOEL< 100 ppm (<- 10 mgkgld) 
NOEL = I mgkgld (highest dosc tested) 
Hepatic hypertrophy. liver wt incrcaaed at 250 mgkgld. NOEL not stated 
Hepatocytomegally at day 28 and 90 at 2.10 or 100 mgkgld (exapt in 2 mgkgld fcmalu). 
thyroid hypnplasia, T4 dsrrased at 10 and 100 mgkgld at day 28 but not at day 90, livcr 
art increased at 100 mghgld. NOEL < 2 mgkgld 
Not developmental toxicant at 200 mgkgld Wghnt dose tested). NOEL = 10 mgkgld 
(maternal). NOEL = 100 mgkgld (fetal) 

Rat pharma~kinctim PeBDPO product: 2, Z', 4,4'-TcBDPO waa isomer detected at highest lcvels &cr feeding 2.9 
ppb for 21 d, hioaccumulation of mmponcnls dccnaacd with incrcbing D m  bromination 
2, 2', 4,4'-TeBDW: 
Readily absorbed from 131 tract (-95%) 
~wrl;mefnbol~cd 
Slowly eliminated (14% in 5 day) 
2,2',4,4', 5-PcBDPO: 
% Absorption not nportcd 
Poorly mtabolizcd 
Slowly (43% in 3 days), but more rapidly eliminated than 2,Z1,4,4'-TeBDPO 

Rat hepatic c tumc induction 

Competition with thyroxin for in 
vitro bindinn tdhuman tmthvrctin - 
(m) 
In vitro binding lo AH R m t o r  aa 
indicated by lu&- induciion 

Neonatal mice behavior 

Fish LCSO. 48 h 
Fish LCSO, 96 ha 
Fiah ege mortality, injection 

Fish fry liver morpholcgy and cP4SO 
activity, injstion into cmhryoa 
Fish nproduction (diet) 

Induced hcpatic nuymea: cytochromc P450, cytochmmc P450 rcductasc. UDP-glucuronyl- 
tmfcrase,  beruo[a]pyrcnc. pnitrnaniaols dcmcthylaac, BPN detoxification. NADPH 
cylahrnme c rcductasc. PROD. EROD 
2.2',4,4'-TeBDPO and 2,2,4,4', 5-PeBDPO did not compete, in vitro metabolite of 
2,2', 4,4'-TeBDPO did wmpete 

Did not adversely aRffit prnliferalion and immunoglobulin synthuis in vitro 
Natural Wlcr cell activity not aRected in vivo (mice) . , 
~upp-ion of ASRBC Mpanse in vivo at IODO mgkg ( ~ m )  

2,Z1,4.4'-TcBDW and 2,2', 4,4', 5-RBDPO: NOEL behavior > I0 m@g 
2,2',4,4' TcBDPO NOEL learning > I0 mgkg 
2,2',4.4'.5-RBDPO NOEL learning between 0.8 and 12 mgkg 

a 500 mwl (Oryzias lar@~) 
Water solubility (Oncorhynchw mykiss) 

2,2',4,4'-TcBDPO and 2,2'.4,4', 5-PcBDPO NOEC d 12 pglcgg 
(hcorhynchw mykis) 
Litlle to no eRecu at top dose of 4 pglcge (SO pglg fnsh wight) 

No effect on spawning a- (Gmtcrpsteis a ~ t e a t w )  
(conrinued on next page) 
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Table 3 (conrhued) 
Trst Results ~ 

Fish bioconcentration Bioconcentrating: BCF PcBDPO product = 14.350, BCF 2,2',4,4',5-PeBDPO = 72, BCF 
2,2'.4.4'-TcBDPO> I0,OW 

Algae ECSO, 96 h, freshwate+ NOEC> water solubility 
Daphnid ECSO. 48 h' NOEC = 4.9 irgn, ECSO = 14 pgA 
Daphnid chronic. 21 day NOEC = 5.2 irgn. LOEC = 9.8 pgA 
Sediment organism chronic, 28 day ECSO > 50 mgkg dry wt in Hyokllo. Chironmw. Lwnbriculw sp 
Soil nitrification organisms. 28 day NOEC> I mg/Lg soil dry wt 

Terreslrial plant, 21 day NOEC> 1000 mdkg dry wt in 416 spp 
!&rthwom. 14 da? NOEC > SW m&u aoil dry wt 

Ready biod&da;ion8 Not readily biodekdable. 
S t u d h  performed according to Good Laboratov b t i c c s  using the current commercial product. 

crease, respectively, were detected in hepatic EROD 
levels and vitamin A levels in the mid- and highdose 
groups. Hepatic PROD was statistically increased at the 
high dose. Histopathologic findings consisted of en- 
largement of hepatocytes and an increase in "fat cells" 
in the liver. 

A PeBDPO product composed of -83% TJPeBDPO 
congeners administered orally by gavage to male rats at 
0.1 mmollkgld for 14 days was effecwe in inducing he- 
patic cytochrome P4M, cytochrome P450 reductase. 
UDP-glucuronyl-transferase. benzo[alpyrene hydroxy- 
lase, pnitroanisole demethylase, and EPN detoxification 
(Carlson, 1980a). Adminiitration of doses as low as 0.78 
p o k g l d  orally for 90 days also resulted in increased 
EPN detoxification, pnitroanisole demethylation, cyto- 
chrome P450, and NADPH cytochrome c reductase 
(Carlson, 1980h). Return to control levels was a slow 
process. as indicated by measurements made 30 and 60 
days after cessation of treatment. 

5.1.1. PeBDPO absorption, dirlribution and elimination 
Preliminary results of a mass balance study of the 

current commercial PeBDPO product (Great Lakes 
Chemical DE 73) in the rat were refently reported 
(Hakk et al., 2001). PeBDPO was administered in feed at 
the low level of 2.9 ppb, a rate designed to mimic envi- 
ronmental levels. Male rats ( n  = 8Igroup) were fed diets 
treated with PeBDPO at 32 ngldlrat for 21 days. The 
total dose administered was 672 ng. lsomers present in 
the product, in descending order, were 2,2', 4,4', 5- 
PeBDPO, 2, Z1, 4,4'-TeBDPO, 2,2',4,4', 5,s'-HxBDPO, 
2,2', 4,4',&PeBDPO, 2,Z1,4,4', 5.6'-HxBDPO. and 2,2', 
3,4,4'-PeBDPO. 2, 2',4,4', 5-PeBDPO and 2,2', 4,4'- 
TeBDPO comprised 4 7  and -29, respectively, of the 
total dose; however, 2,2', 4,4'-TeBDPO was the com- 
ponent found with the highest bioaccumulation in 
treated rats. 2,2',4,4'-TeBDPO was present in the liver 
and carcass at 0.69% and 55.9% of the dose. respectively. 
2,2', 4,4', 5-RBDPO was present in the liver and carcass 
at 0.46% and 30.6% of the dose, respectively. Bioaccu- 
mulation in the liver generally decreased with increasing 
bromination of the components of the product. The 

results were generally consistent with previous work 
using individual isomers. 

2,2',4,4'-TeBDPO was readily absorbed. poorly me- 
tabolized and only slowly eliminated by the rat (Om and 
Klasson-Wehler, 1998). Absorption of a I5 mglkg body 
weight oral dose "C-2,Z1,4,4'-TeBDPO was -95%. 
Approximately 14%ofthe oral dose was eliminated in the 
f m s  in 5 days. Less than 0.5% of the dose was eliminated 
in the urine in over that period. Approximately 3% of the 
"C-activity in fees  was present as metabolites. The 
parent molecule was the major "C-labelled compound 
detected in all tissues analyzed, and the only brominated 
compound detectable in kidney, brain and adipose tissue. 
Adipose tissue had the highest levels of "C-activity. Five 
hydroxylated metabolites were detected in trace amounts 
in the liver. The "C-levels in plasma were low and pre- 
dominately due to the parent molecule. 

In the mouse (Om and Klasson-Wehler. 1998). 
2,2',4,4'-TeBDPO was well absorbed. but metabolized 
and excreted more readily than in the rat. Absorption of 
orally administered "C-2,Z1,4,4'-TeBDPO was -93%. 
Approximately 20% and 33% ofthe dose was excreted in 
the feces and urine, respectively, in 5 days. Thus, the 
mouse eliminated a total of -53% of the oral dose in 5 
days compared to elimination of only 14% ofthe dose by 
the rat in the same time period. Mice eliminated at least 
3% of the oral dose in the form of metabolites. Hy- 
droxylated metabolites, considered similar in identity to 
those in the rat, were detected. Adipose tissue had the 
highest levels of "C-activity, and the parent molecule 
was the major brominated compound detected in adi- 
pose tissue, lung, kidney and brain. The liver contained 
trace amounts of hydroxylated metabolites. "C-Activity 
in plasma was too low for quantitation. 

2,Z1,4,4', 5-PeBDPO was poorly metabolized in the 
rat, but more readily eliminated than 2,2',4,4'-TeBDPO 
in that species (Hakk et al.. 1999). Following oral ad- 
ministration of 14C-2,2',4,4',5-PeBDP0 to male rats, 
43% of the dose was excreted within 3 days. Feces was 
the major route of elimination. Only minor amounts of 
metabolites were detected and the majority (> 90%) of 
the "C-activity in the feces was present as the parent 
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molecule. At 72 h postdosing. "C-activity was detected 
mainly in the adipose tissue (4%), blood (1%). carcass 
(39%) and GI tract (6%). No other tissues contained 
more than 1% of thel'C-activity at 72 h. The majority of 
"C-actiivty in the carcass was detected in the skin. 

The half-life in perirenal fat of two PeBDPO isomers 
following administration of a single 300 mgntg oral dose 
of a commercial PeBDPO product to rats was 25-17 
days (von Meyerinck et al., 1990). 

5.1.2. PeBDPO and the hmme system 
N.0 effects on mitogen-induced DNA proliferation or 

immunoglobulin synthesis were observed after exposure 
of buman lymphocytes in vitro to concentrations up to 

M. These functions of human peripheral lympho- 
cytes, i.e., proliferation and immunoglobulin synthesis, 
were insensitive to the direct action of the test article 
(Femlof et al.. 1997). 

Female mice were orally exposed to PeBDPO acute 
single doses up to 500 mglkg, or to subchronic daily 
doses totaling up to 1000 mgkg over a 14day period 
(Fowles et al., 1994). Signillcant suppression of the anti- 
sheepred-bloodscll response was seen only in mice 
exposed on a subchronic basis to 1000 mgk& an ex- 
posure that also multcd in dexased thymus weight. 
Natural Uler cell activity was not altered by treatment. 

The immunola~c eRest8 of 2,Z1,4,4'-TeBDPO (10 
m a g )  and a commercial PeBDW product (18 or 36 
m a g )  was evaluated in rats and mice (Damerud and 
Thuvander, 1998). Animals appeared to have been 
dosed for 14 days. Neither test article adversely aRected 
the immunologic parameters studied in rats. Parameters 
related to the spleen and evaluated in rats were not af- 
fected at any dose of either compound. In mice, 
2,2',4,4'-TeBDPO deceased the numbers of splenocytn, 
and PeBDW at 36 mgkg decreased the in vitro pro- 
duction of IgG. 

5.1.3, PeBDPO and thyroid hormones 
Homeostasis of thyroid hormone synthesis and se- 

cretion is controlled by a sensitive feedback mechanism. 
which involves the hypothalamus, the pituitary, and the 
thyroid gland (O'Connor et al., 1999). Thyroid Stimu- 
lating Hormone (TSH), secreted by the pituilary, is 
particularly important in this feedback mechanism. TSH 
induces the thymid to synthesize T4 that is then 5'- 
monodciodinated to the more biologically active T3 or 
inner ring deiodinated to rT3 that has no biological 
function. The rate of TSH release is controlled by the 
amount of thyrotropin-releasing hormone (TRH) se- 
creted by the hypothalamus, as weU as by the circulating 
concentrations of T3 and T4. Reductions in circulating 
T3 and T4 concentrations trigger the pituitary to secrete 
TSH that increases the synthesis of T3 and T4 by the 
thyroid gland and may be accompanied by thyroid hy- 
perplasia. The thyroid hormones are eliminated from the 
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body primarily by conjugation reactions in the liver. T4 
is conjugated with glucuronic acid in a reaction cata- 
lyzed by thyroxine-UDPGT. T3 is conjugated with sul- 
fate in a reaction catalyzed by phenol sulfotransferase. 
The conjugated products are excreted in the bile. 

Perturbations of thyroid hormone homeostasis can 
occur through several mechanisms including direct ac- 
tion on the thyroid gland through inhibition of synthesis 
(e.g.. thioamides, aniline derivatives. substituted phe- 
nols) or release of thyroid hormones (e.g., excess iodine. 
lithium) (O'Connor et al., 1999). However, a wide va- 
riety of chemicals and drugs such as phenobarbital 
(PB), spironolactone, chlorinated hydrocarbons, cal- 
cium channel blockers. and polychlorinated biphenyls 
are known to indue hepatic microsomal enzymes or 
inhibit S'deiodinase (e.g., erythrosine), both of which 
mult in a reduction the circulating concentrations of the 
thyroid hormones. In general these agents are less potent 
in altering thyroid economy than agents that directly 
target the thyroid. 

Although both T3 and T4 circulate in the blood- 
stream, the majority of the T3 utilized by ah is derived 
from the intracellular conversion of T4 (O'Connor et al., 
1999; Schus~ler, 2000). In circulation. both T3 and T4 
~IC highly pmtcin bound with only a mall fraction of 
their total present as free hormone. This high degree of 
prolein bindin$ %ewes to maintain equilibrium betwem 
the extracellular and intracellular pools of these impor- 
tant regulatory hormones. The primary binding proteins 
for T4 and T3 are thyroxin binding globulin (TGB). 
prealbumin or transthyretin ('ITR). and albumin (ALB). 
At normal mean f m  T4 concentrations, TBG. 'ITR and 
ALB arc only 18.4%. 0.16% and 0.0016% snturated, 
mpectively (O'Connor et al.. 1999). In most mammals 
including humans. TGB, a globulin, is the principal 
thyroid hormone binding protein; -74% of the total 
bound-T4 is bound to TGB (Schussler, 2000). TTR and 
ALB bind only 11% and 15%. respectively, of the total 
(Schussler. 2000). In contrast to most mammals, the rat 
utilizes TTR as the major T4 plasma binding protein. 
Approximately 75% of T4 in rat serum is bound to TTR 
and only -25% to ALB. 

In both rats and man, TTR is the principal T4- 
binding protein in cerebrospinal Ruid (CSF), and TTR is 
synthesized in the choroid plexus and secreted into the 
CSF. TIX may be important in maintaining thyroid 
hormone equilibrium in the CNS, although its exact 
function is unclear. TTR does not, however, appear to 
serve a T4 transport function into the CNS from the 
blood. Transport of T4 into brain cells primarily occurs 
via the blood brain barrier. Further, at least one group 
of mammals is known to exist successfully without TTR 
(Palha et al., 1997. 2000; Schussler, 2000). The TTR-nu1 
mouse has decreased protein bound and total T4, nor- 
mal free T4, and exhibits apparent good health (Palha 
et al.. 1997.2MX)). In the lTR-nul mouse. TTR influences 
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thyroid hormone levels in the choroid plexus, but not in 
the brain (Palha et al., 2000). Interference with the 
blood<horoid-plexus-CSF-TTR-mediated route of T4 
into the brain caused by absence of ITR did not pro- 
d u a  measurable features of hypothyroidism (Palha 
et al.. 2000). In the rat, T4 is transported into the brain 
primarily through the blood-brain barrier. and not via 
the choroid plexus and CSF @lay et al., 1993). 

Several studies have investigated the potential of the 
oommercial PeBDPO product or its major components 
to interact with the thyroid hormone system. In general. 
in vivo studies found no effect on plasma TSH levels, 
mild depression of free or bound plasma T4 levels, and 
mild hepatic enzyme induction. In vitro studies found 
that none of 17 PBDPO isomers tested. including 
2,2', 4,4', 5-PeBDPO and 2,2'4,4'-TeBDPO. competed 
with T4 binding to ITR, that ca. half of the 17 isomers 
could be wnverted in vitro by induced microsomes to 
products which could compete with T4 for binding to 
TlX, and that hydroxylated derivatives of PBDPO 
isomers most closely resembling T4 did not interact 
significantly with thyroid hormone allular reaptors. 
2,2',4,4'-TeBDPO is a major component of the PeB- 
DPO product and one of the eight isomers converted 
to a hydroxylated derivative which competed with T4 
in vitro for binding to ITR. This isomer was poorly 
metabolized in vivo, however. 

In a 90-day study in the rat (WIL Research Labo- 
ratories, 1984), serum T4 levels were reduced by > 200h 
in both sexes in the 10 and 100 mglkg dose groups at day 
28, but were reduced only in the 10 mglkg animals at day 
90. No treatment-related effect on serum T3 levels was 
observed. Slight thyroid hyperplasia was observed in 
approximately half the animals in the I00 mglkg group 
at 28 and 90 days. These minor changes were considered 
indirect consequences of hepatic enzyme induction, and 
due to species differences in thyroid hormone metabo- 
lism are not likely relevant to humans (Existing Sub- 
stances Regulation 793193lEEC. 2000c). 

2,Y, 4,4'-TeBDPO was administered to rats for 14 
days at 1.6, or 18 mglkg(Hallgren and Darnerud. 1998). 
No effect on plasma TSH levels was found at any dose. 
Plasma levels of free T4 were unaffected at I or 6 mgkg. 
At 18 mg/kg, free T4 in plasma was decyeased. hut to a 
lesser extent than an cquimolar dose of a PCB. Minimal 
induction of hepatic EROD was found at 6 and 18 mgl 
kg (EROD levels were increased about 3x compared to 
controls whereas PCB induced EROD --6WOx). 
MROD and UDPGT induction was less than EROD. 
PROD induction by TeBDPO at 8 mgntg was approxi- 
mately equal to that of PCB, although a very high 
standard deviation was found in the TeBDPO-treated 
group. 

Female mice were treated orally with PcBDPO in 
acute single doses of 0, 0.8, 4.0, 20, 100 or 500 m a g ,  
or subchronic daily doses totaling 0, 250, 500, or IOOO 
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m a g  over a 14-daylyr period (Fowles et al.. 1994). 
Hepatic PROD activity was induced 1-5-fold in mice 
exposed acutely or on a subchronic basis at doses > 250 
mglkg. Hepatic EROD activity and total microsomal 
cytochromc P450 content were significantly induced 
only in mice treated on a subchronic basis. Maximum 
induction of EROD was 3.3-fold. Total serum T4 con- 
antrations were significantly lower in mice treated 
acutely at all doses except 100 mgkg. Total and free T4 
concentrations were dosedependently decreased in 
treated mice following subchronic exposure. 

2,2',4,4', 5-PeBDPO and 2,2',4,4'-TeBDPO, did not 
compete with thyroxin in vitro for binding to human 
ITR (Meerts et al., 1998a. 2000). An in vitro incubation 
product of 2.2'4,4'-TeBDPO did compete for binding to 
ITR. 17 PBDPO congeners ranging from di- to hexa- 
isomers were tested in vitro for competition with T4 in 
biiding to human TTR (Blay et al., 1993; Hallgren and 
Darnerud. 1998). None of the 17 PBDPO isomers 
competed with T4 for binding to human ITR. The 17 
congeners were then incubated with rat microsornes in- 
duced with PB, beta naphthatlavonc (NF). or clofibrate 
(CL). and the incubation products tested for compcti- 
tion with T4. The NF- or CL-induad microsomes did 
not produce any PBDPO metabolites that competed 
with T4. Nine of the 17 PBDW congeners incubated 
with PBinduad rat microsomes generated products 
that competed with T4 for biiding to human TTR (60% 
inhibition): 4,4'-; 2,4,4'-; 2,4,6-: 2,2', 4,4'-; 2,2',4,6'-; 
2,4,4', 6-; 3,3', 4,4'-; 2,2', 4,4',6-; and 2,3', 4,4', 6- 
PBDPO. Of these nine, only 2,2', 4,4'-TeBDPO and 
2,2', 3,4,4'-PeBDPO are components of the commercial 
PeBDPO product and, in an earlier in vivo study, 
2,2',4,4'-TeBDPO was found to be very poorly m e  
tabolized by the rat and excreted primarily as the un- 
changed parent molecule (Om and Klasson-Wehler. 
1998). Lans et al. (1994) reported that hydroxylated 
PCBs. PCDDs, and PCDFs can inhibit T4 binding to 
ITR in vitro, but not to TGB. and concluded these 
chemicals may cause different effects in rodents and man. 
Therefore, the significana to both man and rat of the 
in vitro binding of the nine metabolites, and in partic- 
ular the 2,2',4,4'-TeBDPO isomer, to TTR is qucs- 
tionable. 

Hydroxylated derivatives of thrie PBDPO wen 
synthesized and tested in vitro for binding to the thyroid 
hormone allular reaptors (Marsh et al., 1998). The 
three isomers were 1,3,5-, 1,3,3', 5'- and 1,3,3', 5,s'- 
PBDPO. All were hydroxylated in the para-position. 
None of these congeners are known to be present in the 
commercial PeBDPO product, but were selected for 
study because they were the most similar PBDPO 
wngeners to T4 and T3. Essentially no competition with 
T3 or T4 for the alpha thyroid hormone receptor was 
found. The three hydroxyl d'erivatives tested had 200 to 
> 2500 times less affinity for the alpha receptor than did 
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T3 or T4. Similar results were found for competition 
between the hydroxylated tri- and pentacongeners with 
the beta receptor. The hydroxylated tetra-congener 
showed 4 and 14 iimes less affinity for the beta receptor 
than did T4 and T3, respectively. Since these three hy- 
droxylated PBDPO congeners are the most likely to 
have affinity for the thyroid hormone receptor, other 
hydroxylated PBDPO congeners should have even less 
potential to bind. 

2,2',4,4'-TeBDPO did not compete in vitro with "'I- 
T4 for binding sites in rat choroid plexus homogenates 
(Sijari et al.. 1998). '"1-T4 binding to choroid plexus 
homogenates derived from female rats treated with 6 or 
18 mg 2,2',4,4'-TeBDPOkUd for 14 days was 80°h and 
63%. respectively, of the controls. 2,2',4,4'-TeBDPO's 
binding potency relative to T4 was a I. 

5.1.4. Other studies 
No evidence for activation of the AH receptor was 

found in vitro for either 2,2',4,4'-TeBDPO or 2,2', 
4,4', SPeBDPO (Marta et al., 1998b). 2,2',4,4'- 
TeBDPO was antagonistic to TCDD's induction of lu- 
ciferase in vitro. 17 PBDW congeners wen evaluated 
in vitro in rat hepatoma cells for luciferase expression 
mediitcd by the AH receptor (Sanderson et al.. 1996). 
Ten of the 17 PBDE congeners did not induce luciferase 
expression, and four of these 10 were antagonistic to 
TCDD's induction of luciferase. These four were 4,&, 
2,2',4,4-; 3,3',4,4'-; and 2,2,3,4,4', 5'-PBDPO iso- 
mers. Only 2 of 17 PBDPO congeners induced luciferase 
expression to a measurable extent and these were 
2,3,4,4'5,& and 2,3,3',4,4', 5, &substituted. An ECSO 
could only be determined for the 2,3,4,4', 5,&isomer. 
Therefore, only 2 of the 17 congeners tested showed 
potential in vitro, as determined by the expression of 
luciferase, for a possible activation of the AH receptor. 
and 4 of the 17 congeners tested opposed the action of 
TCDD. 

In a subsequent study (Pettersaon et al.. 2001). 
2, Z1,4,4'-TeBDPO, 2,2',4,4', 5-PeBDPO, 2,2',4,4', 5, 
5'-HxBDPO. and a PeBDeO-commercial product no 
longer manufactured (BromLal 70) were tested in vitro 
for their EROD induction potency in cultured chick 
embryo livers. The maximum induction of all four 
compounds was less than the positive control. 2,3,7.8- 
TCDD. 2,2', 4.4'-TeBDPO and Bromkal 70 produced 
only minor EROD induction, whereis 2,2', 4,4', 5- 
PeBDPO and 2, zf,4,4',5, 5'-HxBDPO produced 63% 
and 2 4% respectively, of the 2.3.7.8-TCDD maxi- 
mum EROD induction at M. The report concluded 
that the potency was "low compand to other dioxin-like 
compounds". 

In a non-standard developmental study, 2,2',4,4'- 
TeBDPO did not eKect behavior or learning in the 
neonatal mouse; the NOEL on learning was reported to 
be between 0.8 and I2 mglltg for 2,2',4,4',5-PeBDPO 

(Eriksson et al.. 1998). Neonatal mice (on day 10 of life) 
were administered a single dose of 2,2', 4,4'-TeBDPO 
(0.7 or 10.5 mglkg) or 2,2',4,4', 5-PeBDE (0.8 or 12 mg/ 
kg). Spontaneous behavior at 2 and 4 months of age and 
swim maze performana at 5 months were evaluated. 
Mice at the highest dose of both compounds were r e  
ported as hypoactive early in the 60-minute behavioral 
test and hyperactive toward the end of the test. This 
change was reportedly more pronounced at 4 months. 
On the swim maze, treated mice performed equally as 
well as the controls during the 4day-acquisition phase. 
On movement of the platform on day 5, mice treated 
with 2,2', 4,4', 5-PeBDPO at I2 mgPrg did not improve 
in finding the new location. In summary. 2,2',4,4'-Te 
BDPO and 2,2',4,4', 5-PeBDPO had no effect on be- 
havior at the low dose. 2,2',4,4'-TeBDPO was reported 

.to have no effect on learning at either dose. 2,zt,4,4', 5- 
PeBDPO was reported to affect learning at the high dose 
only. In a subsequent study. adult mice exposed as 
neonates to nicotine were reported to have "increased 
susceptibility" to 2,2',4,4', 5-PeBDPO in terms' of 
altered habituation behavior (Ankarberg et al., 2001). 
Similar results were reported for 2,2',4,4', 5,s'- 
HxBDPO (Viberg et al., 2001b). 

5.2. PeBDPO aquatic and terresrrial toxicology 

PeBDPO was not acutely toxic to fish (Palmer et al., 
1997a) or algae (Palmer et al.. 199%) at the limit of its 
water solubility. Effects were seen in D.  mag^ below the 
limits of its water solubility after acute or chronic ad- 
ministration (Existing Substances Regulation 7931931 
EEC, 2000c). but may have been due to physical im- 
pairment rather than a direct toxic effect. The 48-h 
daphnia ECSO was 14 pgA and the NOEC was 4.9 pgA 
based on the mean measured concentration. In a 21day 
daphnid lifecycle study, the NOEC was 5.3 pgA based 
on a slight reduction in mean body length. No effect on 
daphnia reproduction was found. The no eK& con- 
centration in a fish early life stage test was approxi- 
mately equal to the water solubility of the product 
(Widlife International. 2MX)a). The overall NOEC was 
8.9 pgA (LOEC = 16 @) with statistically significant 
effects seen on juvenile fish length and weight at day 60 
mst-hatch at a concentration of 16 &I. . 

In an 8 week bi-ncentration study in Japanese carp 
(Existing Substance Regulation 793193lEEC. 2000c) the 
commercial PeBDPO product as a whole was found to 
biomncentrate (BCF -14,350). However. differences in 
bioconantration of the various component of the 
product were observed. The major constituent of the 
product. 2,2', 4,4', 5-PeBDPO, showed no significant 
accumulation (BCF=73), but the BCF of 2,2',4,4'- 
TeBDPO was 35.000. This laboratory finding cor- 
relates with measured environmental levels where 
the major component of the commercial PeBDPO 
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product is frequently the minor component found in 
biota (Existing Substances Regulation 7931931EEC. 
20oOc). 

2, 2',4,4'-TeBDPO and 2,2', 4,4', 5-PeBDPO, when 
injected into newly fertilized rainbow trout eggs at 
concentrations up to I2 pg/g, did not induce signs of 
TCDD-like toxicity or sac fry mortality (Hornung el al.. 
1996). Hornung stated "Studies using commercial mix- 
tures of PBDEs have also produced little or no TCDD- 
like effects as measured by effects on cytochrome P450 
activity, liver morphology and reproduction in adult 
three-spined stickleback (Gasferosrw anrleatur), and 
liver morphology and cytochrome P45O activity in 
rainbow trout early life stages." Pike, fed rainbow trout 
injected with 2, Z1,4,4'-TeBDPO, 2,2', 4,4', 5-PeBDPO 
arid 2,2',4, 4', 5,5'-HxBDPO dissolved in trout-lipid- 
extract, had uptake efficiencies of -90%, 60% and Wh, 
respectively, for the three isomers (Burreau el al., 1997). 
The dissolution of the compounds in the lipid extract 
was believed to have assisted their uptake. The decline in 
uptake with increasing bromination was explained by 
the slow d i h i o n  through aqueous phases of highly 
hydrophobic substances and a dependence on molecular 
weight. Maximum uptake at  a molecular weight of 450 
was observed over the series of polychlorinated biphe- 
nyl polychlorinated naphthalene and the three PBDPO 
isomers compared in the study. 

The commercial PeBDPO product, injected into 
newly fertilized rainbow trout embryos (4 pg/embryo), 
had little or no e f f a  on fish fry liver morphology 
(Norrgren et al., 1993). Only a 2-3 fold increase in 
EROD activity, compared to controls, was detected 
when injected at 0.18 pglembryo (theoretical concen- 
tration on fresh weight basis = 10 pg/g). No clinical 
signs similar IO those of M74affected fish were detected. 

PeBDPO did not aflect fish reproduction when in- 
corporated in the diet (Holm et al., 1993). Numbers of 
eggs laid and spawning success of female sticklebacks 
fed freezedried chironomids with PeBDPO for 3.5 
months was comparable to controls. Hepatic cyto- 
chrome P450-dependent EROD activity was not in- 
d u d .  PeBDPO uptake efficiency in the treated females 
was approximately 20%. 

The 28-day EC5O after chronic exposure to the sed- 
iment organisma Hyalella orteca (Wildlife International, 
2000b). Chiromur rjparius (Wildlife International. 
2000c). and L. uariegatus (Wildlife International. 2000d) 
to the PeBDPOcommcrcial product was > 50 mgkg 
dry sediment. The 28day NOEC in Hyalella, Chirono- 
mus and Lumbriculus was 6.3. 16. 3.1 m&g dry sedi- 
ment, respectively. 

PeBDPO was not toxic to earthworms in a 14day 
study (NOEC -500 m@g soil dry weight) (Wildlife 
International, 200Oe) or to soil Ritrification organisms in 
a 28-day study (NOEC -I mgkg soil dry weight (In- 
veresk, 1999). In 4 of 6 of terrestrial higher plant species 

tested in a 21-day study, no eRect was found at 1000 mg/ 
kg dry wt (Wildlife International. 2000f). In I plant 
species. the NOEC was 125 mglkg and in another the 
ECZS was 154 m&g. 

6. Conclwion 

BFRs comprise about 25% of the volume of FR used 
globally in applications requiring high FR performance 
or in resins needing a FR active in the gas phase. BFRs 
as a class are structurally diverse and include aromatic 
diphenyl oxides (a.k.a. ethers), cyclic aliphatics, phenolic 
derivatives. aliphatics, phthalic anhydride derivatives 
and others. PBDPO flame retardants, made up of three 
commercial products, are representative of just one class 
of BFRs. The composition, production volumes, uses 
and toxicology of the three commercial PBDPOIPBDE 
producls arc distinctly different from one another and 
an not representative of all BFRs due to the variety of 
structural types. 

In 1999, the global usage of the PBDPO products 
was -81.7% DBDPO, -5.7% OBDPO, and -12.7% 
PeBDPO. The DBDPOcommercial product is 3 97% 
in purity, whereas the OBDPO product is a mixture of 
hexa- to nona-BDPO congeners and the PeBDPO 
product is a mixture of tetra- to hem-BDPO congeners. 
DBDPO is used to flame retard styrenic resins in e l m  
tronic equipment and in upholstery fabric. OBPDO is 
used to flame retard business equipment composed of 
ABS resins. PeBDPO's sole application is to flame retard 
flexible polyurethane foam typically used for upholstery 
cushions. 

The DBDPO, OBDPO and PeBDPO molecules are 
high molecular weight compounds ranging from 564 
(PeBDPO) to 959 (DBDPO). The measured water sol- 
ubility of the commercial products indicates their solu- 
bility is related lo the degree of bromination on the 
diphenyl oxide molecule: DBDPO (< 0.1 pgA) < OB- 
DPO (I pgA)<PeBDPO (13 pgA for the sum of its 
major components)., Their vapor pressures follow the 
same pattern: DBDPO (4.6 x lod Pa) < OBDPO 
(6.6 x Pa) < PeBDPO (4.7 x lo-' Pa). R a n t  
measurements of individual isomers have found the 
same relationship: water solubility and vapor pressure 
decrease with increasing bromination (Tomy et al., 2001; 
Wong et al., 2001). Although the water solubility and 
vapor pressures of all three commercial products are 
quite low. their measured values are sufficiently different 
IO impact their movement into and in the environment. 
Environmental monitoring for components of the com- 
mercial products indicates -50-7Wh of "PBDEs" de- 
tected are due lo one isomer, 2.Z1,4,4'-TeBDPO, a 
component of only one PBDPO-commercial product. In 
contrast, DBDPO is infrequently detected in environ- 
mental samples and where found is generally confined to 
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sediments near point sources of release and not in biota 
(Ranken et al., 1994; Existing Substances Regulation 
793/93/EEC, 2OM)a.b). 

Differences also wrist between the three products with 
respect to bioconmtration potential. DBPDO, OBDPO 
and the major isomer, 2,2',4,4', 5-PeBDPO, in the 
PeBDPO-commercial product did not bioconcentrate in 
laboratory fish studies. The PeBDPO product as a whole 
and its 2,2'4,4'-TeBDPO isomer did bioconcentrate. 
Despite the ability to bioconcentrate, there is little evi- 
dence of acute or chronic effects in aquatic species due to 
the commercial PeBDPO product or its major compo- 
nents. 

The mammalian repeated dose toxicity of DBDPO. 
OBDPO, and PeBDPO's are dissimilar. For example, 
the NOAEL for DBDPO in subchronic and/or chronic 
studies in the rat or mouse was at least IOM) mgkgld 
whereas the NOEL for PeBDPO in a 30-day study in the 
rat was 1 mgkgld. Tbis diaerence in effect levels between 
the two products ia likely related to differences in the 
absorption, metabolii ,  and elimination of the isomers 
in each product. DBDPO was minimally absorbed from 
the gastrointestinal tract (0.3-2%). bad a relatively short 
half-lie (< 24 h), and was rapidly eliminated via fecal 
excretion (> 99% in 72 h). In contrast, oral absorption 
of 2,2',4,4'-TeBDPO was estimated as -95% with less 
than 14% eliminated in 5 days by the rat. 2,2,4,4', 5- 
PeBDPO was also slowly eliminated, only 43% of an 
oral dose in 72 h, but at a rate faster than 2,2',4, 
4'-TeBDPO. These differences in phmacokinetic be- 
havior comlate with environnlental monitoring results 
indicating bioaccumulation of components of the RB- 
DPO product but not of DBDPO. Thus, increasing the 
number of bromine atomshnolecule from 4 bromines 
in 2,2',4,4'-TeBDPO to 10 in D B P W  resulted in a 
significantly reduced oral absorption. a dramatically 
sho&ned half-life, a substantial increase in the percent 
of dose eliminated. and a reversal in bioconcentration 
potential from a highly hioconetntrating isomer to one 
with little or no potential to hioconmtrate W b l e  4). 

"PBDEC have b a n  described as potential endocrine 
dismptors, apparently b u s e  of minimal effects of 
components of the commercial PeBDPO product on the 
thyroid (Sinjari et al.. 1998; Meerts et al., 1998a. 2000; 
Bergman. 2000). The prinaple effects observed include a 
reduction in serum T4 levels in vivo and competition by 
hydroxylated derivatives with T4 for binding to TTR 
in vitro. In general, in vivo rrpcatcd dose studies found 
no effect on plasma TSH levels, mild depression of free 
or bound plasma T4 levels, and mild hepatic enzyme 
induction. The depression of the plasma T4 levels was 
likely related to the hepatic enzyme induction. In vitro 
studies found that none of 17 PBDPO isomers tested, 
including 2,2,4,4', 5-PeBDPO and 2,2'4,4'-TeBDPO 
which are the major components of the PeBDPO 
product, competed with T4 for binding to l T R ,  and 
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Table 4 
A comparison of the uptake, half-life and elimination of 
DBDW and 2.2'.4.4'-TeBDPO 

Proocrtv Molecule ~ ~- - ~ ~ ~ .  
DBDPO 2.Z1, 4.4'-TeBDPO 

Half-life (rat) < 24 h B 5  d 
%Oral dose ab- < 0.3-2% 95% 
sorbed (rat) 
% Oral dose elimi- > 59% in 72 h < 14% in 5 d 
natal (rnl) 
Bioconcentrntion < 5 or < 50 at 49.000 
factor (flah) 60 and 6 pgn. 

mpcctively 

that PB-induced microsomes converted ca, half of 17 
isomers in vitro to products which could compete with 
T4 for binding to TTR. Of the PBDPO isomers con- 
vertcd in vitro to metabolites that competed for binding 
to TTR, only a few, including 2,2,4,4'-TeBDPO, are 
known to be present in the commercial RBDPO prod- 
uct. However, 2,2', 4,4'-TeBDPO is poorly metabolized 
in vivo. 

The relevance of the depression of T4 levels and TTR 
binding studies to humans and most mammals is qua-  
tionable. The rodent thyroid is known to have greater 
sensitivity to derangement by dm@, chemicals and 
physiologic perturbations than humans (Capen, 1996. 
1997). This greater sensitivity is related to T4's shorter 
half-life in rodents than in humans due to the substantial 
differences betwan the species in the transport proteins 
and the easily induced UDP-glucuronyl transferase in 
rodents (Capen. 1996. 1997). The plasma T4 half-lie in 
rats is considerably shorter in (12-24 b) than in humans 
(5-9 d). Circulating T4 is bound primarily to TGB in 
humans and monkeys, but this high affinity protein is 
not present in rodents, birds. amphibians or fish. Thus, 
rodents which have short-lived T4 transported by a low 
affinity binding protein arc more susceptible than hu- 
mans to decrease the circulating thyroid hormone levels 
brought about by hepatic enzyme inducers. Cnpen 
(1997) stated "The activation of the thyroid gland dur- 
ing treatment of rodents with substances that stimulate 
thyroxine catabolism is a well-known phenomenon and 
bas ban extensively investigated with PB and many 
other compounds. It occurs particularly with rodents. 
first because UDP-glucuronyl transferase can easily be 
i n d u d  in rodent species, and second because thyroxine 
metabolism takes place very rapidly in rats in the 
absence of TGB." Finally. while competition with T4 for 
TTR binding may be important for rodents, it has little 
relevance to humans and most mammals in which TTR 
is only a minor thyroid binding protein. 

In summary, the composition, production volumes, 
applications. toxicology and bioconcentration of the 
three commercial PBDPO products. DBPDO, OBDPO 



and PeBDPO. are distinctly direrent. A recent publica- 
tion (Damemd et  al.. 2001) suggested that a LOAEL 
value o f  1 mglkpld was "reasonable for compounds o r  
mixtures belonging t o  the PBDE group". This sugges- 
tion is inappropriate for the commercial DBDPO 
product for which a number of repeated dose studies 
provide a NOAEL of at  least 1000 mglkpld. Thus, it is 
recommended t o  avoid using the terms "PBDPO" o r  
" P B D E .  and instead t o  specify the product or  isomers 
under discussion or  study. 
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Abstract 

Polybrominated diphenyl ether, PBDE. flame retardants are now a world-wide pollution problem reaching even 
remote areas. They have been found to bioaccumulate and there are concerns over the health effects of exposure to 
PBDEs, they also have potential endocrine disrupting properties. They are lipophilic mmpounds so are easily 
removed from the aqueous environment and are predicted to sorb onto sediments and particulate matter or to fatty 
tissue, aiding their distrihution throughout the environment. PBDEs are structurally similar to PCBs and DDT and, 
therefore, their chemical properties, persistence and distrihution in the environment follow similar patterns. 
Concentrations of PBDEs found in environmental samples are now higher than those of PCBs. Evidence to date 
demonstrates that PBDEs are a growing problem in the environment and concern over their fate and effeds is 
warranted. The manufacture of reactive and additive flame retardants in briefly discussed and their fate and 
hehaviour in the environment in assessed. PBDE toxicology is reviewed and methods of analysis are evaluated. 
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1. Intmduction 

Flame retardants are chemical substances used 
in various products such as plastics, textiles and 
furnishing foam to reduce their fire hazards by 
interfering with the combustion of the polymeric 
materials. The use of both inorganic and organic 
flame-retardants has achieved high levels of fire 
safety (Kuryla and Papa, 1991). Brominated 
flame-retardants (BFRs) are the cheapest way of 
improving fire resistance. Alternatives are avail- 
able, such as phosphorus and metal based com- 
pounds, but these are more costly and can pose 
manufacturing problems. 

Flame retardants can be used as either reactive 
or additive chemicals. The reactive flame-retar- 
dants are incorporated into the polymeric materi- 
als by covalent bonding between the polymer and 
the flame retardant, whereas the additive types 
are dissolved in the polymer (Bergman, 1989; 
Teuerstein and Eurobrom, 1998; Renner, 2000a). 
Additive flame retardants are sometimes volatile 
and can tend to bleed, so their flame retardancy 
may be gradually lost and they can enter the 
environment more easily. High molecular weight 
products are being developed to enable plastics to 
be made more permanently fire retarding by the 
additive mechanism. Leaching of the flame- 
retardants into the environment is less from the 
reactive retardants than from additives. 

Although BFRs are a highly diverse group of 
compounds the flame retardancy mechanism is 
basically the same for all compounds (Troitszch, 
1990; Danish EPA, 1999). With the application of 
heat they decompose before the matrix of the 
polymer, preventing the formation of flammable 
gases. Halogen containing flame retardants act 
primarily by a chemical interfering with the radi- 
cal chain mechanism taking place in the gas phase 
during combustion. High energy OH and H radi- 
cals formed during combustion are removed by 
bromine released from the flame retardant. Ther- 
mal stability with respect to the polymer is the 
critical factor in choosing a flame retardant. They 
decompose at approximately 5WC below the host 
polymer and hence serve as good flame-retar- 
dants. Most organobromine compounds have this 

thermal characteristic due to weak carbon- 
bromine bonds. If the retardant decomposes 
and/or volatilises at a temperature well below or 
above that at which the polymer decomposes then 
the retardant will be ineffective (Price, 1998). In 
general, aliphatic bromines have less thermal 
stability than aromatic bromirie compounds. 
Hence, aromatic bromine compounds are used 
extensively as flame retardants all over the world. 
Consequently, a considerable spread of these 
compounds has been found world-wide in biologi- 
cal and in sediment samples (Jansson et al., 1987). 
Their distribution throughout the environment 
and their toxicity exhibits many parallels with 
PCBs (polychlorinated biphenyls) and DDT (Sel- 
lstrom et al., 1993). 

Polybrominated diphenyl ethers (PBDE), tetra- 
bromobisphenol A (TBBPAA tetrabromophthalic 
anhydride, dibromoneopentylglycol and bromi- 
nated styrene are the most commonly used reac- 
tive flame retardants. In this review, only one 
group of halogenated aromatic compounds, p ly-  
brominated diphenyl ethers, will be considered. 

PBDEs are structurally similar to PCBs and 
PBB (polybrominated biphenyls) (Fig. 1) and so 
have similar properties, they have a large number 
of congeners depending on the number and posi- 
tions of the bromine atoms on the two phenyl 
rings. The total number of possible congenen is 
209, and the number of isomers for mono-, di-, 
tri-, tetra-, penta; hexa-, hepta-, octa-, nona- and 
decabrornodiphenyl ethers are 3, 12, 24, 42, 46, 
42, 24, 12, 3 and 1, respectively (WHO, 1994). 

Fig. 1. Chemical stmcture of pOlybr~minatcd diphenyl ether, 
denotes maat active sites of substitution. 
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The consequences of the spread of these com- 
pounds in the environment and in human health 
are not assessed adequately, because of the short- 
age of information on quantities produced, where 
used, and the quantities found in environmental 
samples. The information on their toxicology is 
also very meagre, although isolated cases of the 
occurrence of these compounds have been re- 
lated to human illnesses including. cancer and 
mass mortality of marine mammals. The object of 
this review is to report available data on produc- 
tion of these compounds, their use, method of 
sample-analysis and their toxicology. 

1.1. Manufachue of polybmminated diphenyl ethers 

Most preparations of PBDEs reported describe 
the bromination of diphenyl ethers with bromine 
in presence of catalysts (Om et al., 1996). The 
authors synthesised PBDEs in the laboratory by 
coupling phenol and bromobenzene. After cou- 
pling the compounds are further brominated by 
refluxing with aluminium tribromide or Iron I11 
bromide (Friedel Kraft Catalyst) to polybromi- 
nated aromatic compounds. The bromination of 
diphenyl is fairly specific and substitution first 
occurs in the 4- positions relative to the ether 
oxygen (Undenvood et al., 1930) and then in the 
2- positions (Fig. 1) of each phenyl ring with the 
formation of 2, 2, 4, 4'-tetrabromodiphenyl ether. 

Most industrially manufactured PBDEs contain 
mixtures of brominated diphenyl ethers, their 
isomers and homologues (Elvers et al., 1992). The 
commercial PBDEs are predominantly penta- 
(PeBDE), octa-(OBDE) and decabromodiphenyl 
ethers (DeBDE). PeBDE is a mixture with tetra- 
in which tetra-BDE (TeBDE) is a major compo- 
nent (WHO, 1994). The commercial PBDEs are 
stable compounds with boiling points ranging 
between 310 and 425°C. They are hydrophobic 
(especially the higher brominated diphenyl ethers) 
and lipophilic substances. 

According to IPCS (International Programme 
for Chemical Safety) published by the World 
Health Organisation (WHO, 1994). there are eight 
world major manufacturers of PBDEs in Europe 
the USA and Japan. WHO state the annual global 
consumption of PBDEs is 40000 t (30000 t De- 
BDE, MNIO t OBDE, 4000 t PeBDE). 

As the properties of PBDEa make them effi- 
cient flame retardants,, their demand is increasing 
rapidly and, therefore, so is their production. Ac- 
cording to the UK Department of Trade and 
Industry (DTI, 1999), in Europe the market for 
flame retardants is approximately 200000 t year-', 
in which the demands for organobromines are 
64000 t. No figures for the scale of current pro- 
duction and use of PBDEa in the UK are avail- 
able. 

Table 1 
Use of penta-, wta- and deca-bmmodiphcnyl ethcrn in rcsim, polymer and substrates. Fmm: EBFRIP, 19W 

Rcsina and mlvmcrn DeBDE OBDE PeBDE 

Acrylonitrilc-bufadicnc Btyrcnc 
Epoxy-resin 
Phenolic rains 
Polyacrylonitrilc 
Poiyamids 
Polybutylcsc tercphthalate 
Polycthylenc/noss-IinLcd polyethylene 
Polycthylcsc tercphthalate 
Polypropylene 
Polpiyrenc/high polysfyrrne 
Polyvinylchloridc 
Polyurethane 
UnsaNratcd polyestera 
Rubber 
Paints/lacquera 
Textiles 
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1.2. Use of brominatedjlame retardants 

The use of PBDEs as flame retardants has 
been able to reduce f i e  hazards significantly over 
the past years and they are now extensively used 
in controlling the risks of fire. However, from the 
pollution perspective it is important to know which 
flame-retardants are used, where they are used 
and how much is disposed of as waste. Some of 

this information is very sparse or difficult to ob- 
tain. 

Following an EC risk assessment, PeBDE is 
likely to be banned (Chemistry in Britain, 2001). 
Although it only constitutes 10% of the BFR 
market it is one of the most abundant congeners 
in the environment, suggesting it may be a degra- 
dation product of higher congeners or that the 
results are from historical discharges. 

Table 2 
The various applications of resins in which PBDE are used (WHO, 1994) 

-- 

Resin or polymer Principal applications 

Aclylonitrile-butadicnc-styrene Molded parts 

Phenolics 

Polyaclylonitrile 

Polyamide 

Polybutylenc tcrcphthalate 

polyethylene/crrms-linked 
polyethylene 

Polyethylene tcrephthalate 
Polypropylene 

Polystyrene/high impact 
polystyrene 

Polyvinyl chloride 
Polyurethane 

Rubber 

Textiles 

Unsaturated (thermoset) 
p o l y m e ~  

Circuit boards, protective 
coatings 
Coatings 

Printed circuit boards 

Panels, electrical components 

Electrical connectors, 
automotive interior parts 

Electrical components. 
connectors 
Cross.linkcd wire cable, foam 
tubing, weather protection. 
moisture barriers 

Electrical components 
Conduits. electronics devices 

Television cabinets and back 
ewers, electrical housing 

Cable sheets 
Cushioning/packaging materials 

Transportation 

Coatings 

Circuit boards, coatings 

Final ~ roduc l  

Television set4 computer 
casings, hairdryers, automotive 
Parts 
Computers, ship interiors, 
electronic parts 
Marine and industry laquen for 
protection of containers. 
Paper laminatea/glass prepegs 
for printed circuit boards 
Lighting panels, housing of 
electrical appliance8 
Computers, comcctors, 
automotive industry, 
transportation 
Switchm fuses, ste~cm 

Power cables, insulation of 
heating tubes, marine 
appliances, building mntrol 
instruments 
Boxes, relavs, mils, bobbins 
Television and electronic 
devices. elcctro-mechanical 
parts, underground junction 
boxcs 
Smoke detectors, office 
machines, housing of electrical 
appliances 
Wire and cables. Rmr mats 
Furniture, sound insulation, 
wood imitation 
Conveyor belts, foamed pipes 
for insulation 
Carpels, automotive seating. 
furniture, tents, military safety 
clothinr! 
~lect r i& equipment, 
military/marine applications, 
construction panels 
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Tablc 3 
The use of PBDE flame retardanla in some mnsumcr products in the UK (DTI. 1999) 

Consumer prdducts Tonne8 used 

Upholstcrcd furniture 
~iectrical goods, e.g. vacuum cleanera. plugs. sockcls 
DIY products, c.g. sealants, expanding foams 

The PBDE'flame retardants are used in resins 
and polymers (Table 1). DeBDE and TBBPA are 
the two most used of the PBDE flame retardants, 
the detail of which is. given in DTI (1999) report. 
The major uses are in high impact polystyrene, 
flexible polyurethane foam, textile coatings (not 
clothing), wire and cable insulation, electrical and 
electronic connectors and other interior parts 
(Tables 2 and 3). In the USA, 80-90% of PBDEs 
used are for these applications. 

PVC has been reported to be the largest end- 
use of PBDE flame retardant material in Europe 
and polypropylene is the largest growing end-use 
material. However, commercial confidentiality re- 
stricts information on markets serviced by the 
industry and the tonnages used are not available 
in the open literature although a rise in global 
demand for has been reported at a rate of 3-6% 
per year (DTI, 1999). Table 4 shows the demands 
world-wide in 1999. 

2. Polybrominated diphenyl ethers in the 
environment 

There have been some concerns about the use 
of PBDEk as they are a potential risk to health 
and the environment. They are resistant towards 
acids and bases as well as heat and light and also 
to reducing or oxidising compounds (Pijnenburg 
et al., 1995; Allchin et all, 1999). so are, therefore, 

Table 4 
Worldwide demand tor brominatcd flame ntardanla (metric 
tonncs) in 1999. (Rcnncr. u)OOb) 

Compound American Europe Aaia Tofai 

DeBDE 24 300 75M 23WO 54800 
OBDE 1375 450 u)OO 3825 
PcBDE 8290 210 - 8SW 

persistent in the environment. However, they are 
likely to be more susceptible to environmental 
degradation than PCBs due to the C-Br bond 
being weaker than the C-CI bond (Hooper and 
McDonald, 2000). In vitro biotransformation tests 
show PBDEk to be very persistent (more so than 
PCBs) because there was no biotransformation. 
There was no genotoxic response observed to the 
Mutatox test but PBDEs can effect the regulation 
of hormones (De Boer et al., 1998). Trace levels 
have been detected in remote areas suggesting 
they are now a world wide problem (Jansson et 
al., 1987; De Boer et al., 1998; Allchin et al., 
1999). 

PBDEs are of environmental concern because 
of their high lipophilicity (Table 5) and high resis- 
tance to degradation processes. They are ex- 
pected to readily bioacnrmulate. 

One of the ways to release PBDEk to the 
environment, is through waste disposal. Products 
containing PBDEk are disposed of in the normal 
domestic wastes to landfills and incineration. 
From the landfills they may leach out when they 
are used as additive chemicals, and during i n c h  
eration they produce toxic dioxins. This can be- 
cbme a persistent source of emission of these 
compounds to the environment. However, no 

Table 5 
Lipophilicity and solubility value for PBDE eongencrs (Almk 
ct al.. 1999). where Log K, is the oaanol.watcr partition 
mcflcicnt 

PBDE mngencr L'JE & Solubility mg/l 
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studies have been done on the fate of PBDE 
containing products in landfills. 

Some PBDEs are produced naturally (Jansson 
et al., 1987; Faulkner, 1998; Rennet, 2000a). A 
number of polybrominated phenoxy phenols have 
been found in sponges, and sponges are known to 
produce methoxylated PBDEs. A large number of 
brominated compounds have been found to be 
naturally occurring although not the specific com- 
pounds of concern. Faulkner (1998) describes 

some marine organisms containing homoperoxi- 
dase enzymes that can produce highly brominated 
metabolites even from the low concentrations of 
bromide in seawater. How far these compounds 
could be a contributory factor in the pollution of 
the marine environment is not clear. 

Environmental fate of PBDEs is not well docu- 
mented. While the fate of. lower congeners has 
been looked at, very limited information is avail- 
able for DeBDE. Approximately 75% of the 

1 + H  Q 2 m r w  

, B r r n  
L---d 

Brx B'Y Brs 
BBDD 

Brs 

Fig. 2. Possiblc mechanisms for the formation of PBDFand PBDD from DeBDE (Bic'nick st al.. 1989). 
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PBDE congeners used as flame retardants are 
DeBDE making it important to understand its 
degradation and debromination in relation to the 
occurrence of PBDEs in environmental samples. 
On the basis of chemical structure, DeBDE is 
fully brominated and there is only one congener. 
Commercial DeBDE is typically composed of 
97-98% DeBDE (WHO, 1994). 

Despite DeBDE having the highest consump- 
tion, the majority of the PBDEs found in the 
environment are lower brominated compounds. 
This discrepancy can be explained if the higher 
compounds degrade to tetra, penta and hexa con- 
geners. This theory is disputed by one of the 
manufacturers of PBDE, Albermarle Corpora- 
tion, who theorise that the congeners found in 
the environment are from historic emissions 
(Renner, 200Oa). The Great Lakes manufacturers 
also attribute the rise in levels to historic activi- 
ties (ENDS, 2WDa), such as the offshore oil in- 
dustry. They believe that the EC Risk Assessment 
overestimates the amount of PBDEs entering the 
environment through current normal flame- 
retardant use. CEFIC claim that the rising levels 
in human lipids could be linked with smoking. 
The ECa Scientific Committee for Toxicity, Eco- 
toxicity and the Environment (CSTEE) are 
concerned that levels are rising in humans be- 
cause of increased human exposure (ENDS, 
2WOa). 

Biodegradation is not an important pathway for 
the PBDEs, but photolysis possibly plays an im- 
portant role in their transformation (Fig. 2) (Bien- 
iek et al., 1989). The compound is readily 
photodegraded in presence of xylene. In water, 
photoxylation has shown no favoured route and 
the hydroxyl substituted degradation products de- 
composed rapidly with increased UV-absorption 
(during a period of 3 months) with the formation 
of polybrominated dibenzofurans (PBDF) and 
polybrominated dibenzodioxins (PBDD) which are 
toxic compounds. Watanabe et al. (1987) identi- 
fied PBDF from the photolysis of DeBDE in 
hexane solution by ultraviolet and sunlight. The 
formation of dechlorinated biphenyl ethers and 
chlorinated dibenzofurans from the photolysis of 
PCDE (polychlorinated diphenyl ethers) in an 
organic solvent was also reported earlier 
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(Choudhry et al., 1977; Mamantov, 1985). Fol- 
lowing the same mechanism, the formation of 
PBDF results from the photolysis of PBDEs, since 
their chemical structures are essentially the same 
as those of the PCDEs. 

The transformation of PBDEs has also been 
shown by a pyrolysis experiment (Hurtzinger and 
Thoma, 1987) with a pyrolysis temperature from 
400 to 800°C resulting in the formation of PBDF 
and PBDD. Therefore, incineration possibly 
would produce these compounds and release them 
into the environment. Dumler et al. (1989) sug- 
gested that the formation and emission of 
PBDD/PBDF is possible from a number of dif- 
ferent sources. They can form during industrial 
synthesis of brominated flame-retardants and they 
may form during conditions of formulation of the 
polymer. They may also form during use of some 
consumer products at elevated temperatures (e.g. 
hair dryer, television sets) and evaporate and 
contaminate indoor air and they can also form 
during accidental !ire from flame retardant arti- 
cles in homes or commercial buildings. 

The release of PBDFs into the atmosphere 
from a television set that had been on for several 
hours was monitored. Detectable levels of lower 
congeners were released as the television set 
warmed (Bruckman et al., 1998) as demonstrated 
in Table 6. There is controversy over PBDEF in 
television sets, environmental groups want their 
use phased out but fire safety campaigners sup- 
port the bromine industry. Recent legislation has 
allowed PBDEs to be removed without being 
replaced with another flame retardant, as a result 
the number of television set fires has increased 
(ENDS, 2000b). 

Pijnenburg et al. (1995) observed that PBBs 
and PBDE are slow in degradation in the envi- 

Tablc 6 
Emissions of PBDFs (pg/m3) from a tclnision act in use 
( 8 ~ d u n a n  Ct al., 1998) 

Above TV Centre of room Ambient n u  
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ronment. The reductive debromination of Fire- 
master (mixture of PBBs) took place in Pine 
River sediments (St Louis, Michigan, USA) and 
demonstrated that bromines were selectively re- 
moved from pam- and meta-sites. It has been 
reported (Morris et al., 1993) that debromination 
of Firemaster PBB compounds could also take 
place by microorganisms isolated from Pine River 
sediments and that organic co-contaminants, 
petroleum products and heavy metals inhibited 
insitu debromination in the highly contaminated 
Pine River sediments. 

Watanabe et al. (1987) reported that both PBB 
and PCB are found extensively distributed in the 
industrialised urban areas and these compounds 
are absent in rural Japan. PBBs are found in 
riven, whereas PCBs bave much wider distribu- 
tion because of their higher mobility. Higher 
brominated compounds adsorb to the sediments 
and have less mobility and so are concentrated in 
sediments near their points of sources. 

Congeners of different PBDEs have been re- 
ported from biological and sediment samples even 
in the remote environment. Concentrations of 
PBDEs in Sperm whale blubber were 50 times 
higher (100 ng/g wet weight) than total PBB 
concentrations found (De Boer et al., 1998). As 
Sperm whales fish at great depths these results 
indicate high PBDE levels have reached deep 
ocean waters. Allchin et al. (1999) found PBDEs 
in sediments and biota. The samples were col- 
lected from locations in UK where brominated 
flame retardants are known to be manufactured 
or handled in significant quantities. These were 
the estuaries of the Rivers Nith, Great Ouse, 
Ribble and Tees. The tetra-, penta- and deca-BDE 
were found in most sediment samples but De- 
BDE was not detected in biological samples. The 
highest concentration of PBDE congeners, 
TeBDE and 2,2',4,4',5-PeBDE, at 368 and 898 
ng/g dry weight, respectively, were recorded from 
the Tees estuary and 239 and 319 ng/g dry weight, 
respectively, recorded from the River Tees and its 
tributary Skeme where the Great Lakes manufac- 
turing site at Newton Aycliff is located. The sam- 
ples analysed from the River Great Ouse were 
low in PBDE congeners down river from a landfill 
site at Elstow Brook which receives waste from 

the Newton Aycliff flame retardant manufactur- 
ing site. The concentration of PBDEs recorded 
was up to 3.9 ng/g dry weight. The samples from 
the Rivers Calder and Ribble, where the Sewage 
Treatment Works (STW) are, showed low concen- 
tration of PBDEs upstream of the STW and higher 
concentration downstream. A maximum of 3190 
ng/g dry weight of deca-BDE was recorded from 
the sediment samples indicating that possibly the 
STW is the source. DeBDE has also been found 
in sewage samples (De Boer, 2000a) at relatively 
high concentrations (up to 920 ng/g dry weight) 
in STWs in the Netherlands. 

Haglund et al. (1997) studied the level of 
PBDEs in herring, salmon muscle, ringed seal 
blubber and grey seal blubber, they recorded total 
concentrations of 36, 298, 380 and 468 ng/g, 
respectively. These levels are higher than those 
found in terrestrial species and show biomagnifi- 
cation. Seasonal variations in concentrations bave 
been observed (SeUstrom et al., 1993), lipid based 
levels in herring were higher in Spring than Au- 
tumn probably due to a lower fat content in 
Spring. The bioconcentration factors found by 
Sellstrom et al. (1993) for grey seal blubber and 
Herring muscle were 19 and 4.3 for 2,Z1,4,4'- 
TeBDE and 2,Z1,4,4',5-PeBDE, respectively. The 
concentrations of TeBDE, PeBDE and HxBDE 
found by Haglund et al. (1997) in human fatty 
tissue in Sweden were 9.1, 2.9 and 1.7 ng/g lipid, 
respectively, which are much higher than those of 
PCBs reported in studies of human fatty tissue in 
North America (Stanley et a]., 1991). 

Sediment samples from the Baltic Sea showed 
low levels at the bottom of core samples but the 
concentration of PBDE increased rapidly with the 
decreasing depth (Nylund et al., 1992). They found 
that with the decreasing sediment depth the 
amount of TeBDE increased 4-8 fold and that of 
PeBDE increased 10-20 fold. This probably indi- 
cates the use of increasing amount of these subs- 
tances with time. PBDEs were reported in sedi- 
ment from Buffalo River in the Great Lakes, 
USA. TeBDE accounted for 94-96% of the total 
and was found to be the most bioaccumulative. 
PeBDE accounted for 3-5% and only 1% was 
HxBDE. DeBDE was less than the limit of detec- 
tion (0.1 ng/g tissue) (Loganathan et al., 1995). 
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Research in the Netherlands (De Boer, 2WOa) 
showed high levels in Antwerp near to the textile 
industry. Concentrations were as high as 4600 
ng/g dry weight in suspended particulate matter, 
this reduced the further from the textile industry 
the samples were taken. Fish samples contained 
no DeBDE although marine mussels did, this may 
be due to particulates being present, as the mus- 
sels were not depurated before analysis. 

PBDEs are also reported from marine and 
fresh water fish of the North Sea, Japan and 
Sweden. The presence of PBDEa was reported 
from the livers of cod from the North Sea (south, 
central and north). TeBDE dominated the results 
with occasional PeBDE. The levels of these com- 
pounds decreased from south to north (south 170 
ng/g, central 54 ng/g and north 26 ng/g) (De 
Boer, 1989). This trend is perhaps due to the 
distance from the land where these chemicals 
were used. In Japan, PBDEs were reported from 
estuary sediments, marine fish, marine organism 
and river sediments (Watanahe et al., 1987). The 
study showed that TeBDE dominated in marine 
fish and marine organisms, whereas DeBDE was 
found at the highest level in the Osaka River 
sediments. Jansaon et al. (1987) and Sellstrom et 
al. (1993) reported the occurrence of PeBDE and 
TeBDE in the muscle tissue of osprey, in new- 
born starlings and in guillemot eggs. The results 
were 14.0, 2.3-4.2 and 24-260 ng/g, respectively. 
TeBDE was found in greater concentrations in 
fish eating species such as in Osprey, 2,Z1,4,4'- 
TeBDE reached a concentration of 1800 ng/g in 
muscle, demonstrating its ability to biomagnify. 

Nineteen congeners of P B D ~  were found in 
Long-Tailed Pilot whales off the coast of the 
Faroe Islands (Lindstrom et al., 1999) in 1996. 
The concentrations found ranged from 834 ng/g 
lipid in young males and 3160 ng/g lipid in adult 
females. 2,2',4,4'-TeBDE and 2,Z1,4,4',5-PeBDE 
acmx.int for 70% of the congeners. The levels are 
higher than those observed in 1994. High levels 
found in adults are from the contaminated food 
chain and the levels in young, which subsist on 
mother's milk, can be explained by lactational 
transfer from mothers to young. 

The metabolism of PBDEF has been investi- 
gated by feeding trout DeBDE spiked food 

(Kierkegaard et al., 1999). The levels in the mus- 
cle tissue increased from < 0.6 ng/g fresh weight 
to 38(f 14) ng/g after 120 days, the liver concen- 
tration also increased. Over a short period of 
time the levels of hexa and nona congeners in- 
creased. After depuration, DeBDE rapidly 
decreased and the concentrations of the lower 
wngeners were unaffected, demonstrating that 
DeBDE was metabolised by the trout. Metabolic 
processes did not readily produce tetra and penta 
congeners. 

Andersson and Blomkist (1981) studied species 
of P i e ,  Bream and Eel from the Vikan river 
system of Sweden. They recorded 27-mg/kg fat of 
PBDE in P i e  muscle. In the liver of the same 
specimen the figure was 110 mg/kg. However, 
2,2,4,4'-TeBDE was by far the most abundant 
PBDE congener present and was between 70 and 
80% of the total PBDEF found in all samples. 

Sellstrom and Jansson (1995) analysed TBBPA 
in a printed circuit board and in sediment sam- 
ples from upstream and down stream of a plastic 
industry that used TBBPA. It is used here as a 
reactive flame-retardant, therefore, it should not 
enter the environment. However, a small fraction 
(4 pg free TBBPA/g TBBPA) remained unte- 
acted with the plastic and therefore, leached out 
of the product. In sediment samples, the TBBPA 
concentration was found to be 34 ng/g dry weight 
upstream of the industry and 270 ng/g dry weight 
down stream. The level of the u ~ e a c t e d  TBBPA 
from the circuit board was 700 ng TBBPA/g 
filings with 14-20% TBBPA. TBBPA was also 
found in two sewage samples at levels similar to 
sediment samples taken upstream from the plas- 
tic industry. One sewage treatment works takes 
landfill' leachate from a landfill accepting plastics 
waste, and the other sample was from a works 
connected to known TBBPA users. DeBDE has 
also been found in sewage samples (De Boer, 
2WOa) at relatively high concentrations (up to 920 
ng/g dry weight) in sewage treatment works in 
the Netherlands. 

The data above indicates the use of flame re- 
tardants has lead to polybrominated compounds 
entering the environment world-wide and accu- 
mulating in fatty tissues and sediments even when 
used as reactive compounds. This needs further 
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investigation of various environmental samples 
for their implication in hazards. 

3. Methods of analysis 

Due to the similarities of PBDEs with PCBs 
the methods of analysis for PCBs are also appli- 
cable to PBDEs. Modifications have been made 
to the widely published PCB methods. 

3.1. Sample extraction 

The majority of analytical methods have con- 
centrated on the lower PBDE congeners and 
limited studies have been undertaken on the 
higher molecular weight compounds (octa and 
deca congeners). Analysis of DeBDE can pose 
problems in that it is both light sensitive and 
unstable at the high temperatures which are re- 
quired for gas chromatography (De Boer, 
2000a.b). These thermally labile properties are 
what make it a good flame retardant. To avoid 
degradation problems, the sample extraction may 
need to be protected From exposure to UV light 
and the GC column temperature needs to be kept 
to the minimum possible. 

An interlaboratory study involving 20 laborato- 
ries world-wide has been done (De Boer, 2000b), 
looking at seven samples from the aquatic envi- 
ronment. The laboratories looked at TeBDE, Pe- 
BDE and DeBDE congeners. The results for 
2,4,2',4'-TeBDE and 2,3,4,2',4'-PeBDE showed 
good agreement between the laboratories. The 
results for most of the other congeners demon- 
strated that further work is needed. The results 
for DeBDE showed that significant work is 
needed, the relative standard deviation for this 
compound was 48%. 

For the analysis of sediment samples, different 
extraction methods have been used. Air drying 
and subsequent drying over sodium' sulfate fol- 
lowed by soxhlet extraction (Watanabe et al., 
1987; Allchin et al., 1999) with hexane/acetone 
and cleaned through partially deactivated alumina 
was used for UK and Japanese sediment and 
biota.samples. De Boer (2000a) also used soxhlet 
extraction with hexane/acetone and followed this 
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with a more extensive cleanup. The cleanup in- 
volved HPLC over two PL gel columns and then 
further purification by elution over silica gel and 
sulfuric acid treatment. For the analysis of sewage 
sludge and sediment samples Nylund et al. (1992) 
used hexane and diethyl ether for solvent extrac- 
tion using centrifugation followed by liquid/liquid 
extraction using acetone and hexane, then hex- 
ane, diethyl ether and undecane. The cleanup 
step was done by shaking with 2-propanol and 
TEA sulfite reagent and achieved recoveries of 
60-103%. De Boer (1989) used pentane/dichloro- 
methane for soxhlet extraction followed by fat 
removal over alumina and fractionation through 
silica. 

Biota samples were analysed (Lindstrom et al., 
1999) after initially drying over sodium sulfate 
and then by applying to columns and extracted 
using methylene chloride and hexane (1:l). 
Cleanup was performed on a multilayer silica 
column, consisting of sulfuric acid on silica, neu- 
tral activated silica and potassium hydroxide on 
silica, hexane was used for elution. Andersson 
and Blomkist (1981) used hexane/acetone and 
hexane/diethylether extraction followed by the 
removal of fat with sulfuric acid for biota sam- 
ples, they also used silica for the cleanup. 

PBDEs were extracted from human miUc 
(Meironyte et al., 1999) with a lipophilic gel Lipi- 
dex 5000, and further purified by gel permeation 
on partly deactivated alumina and silica gel. The 
average recoveries for the internal standards were 
86-102%. 

Hartonen et al. (1997) used supercritical fluid 
extraction with solid phase trapping for the analy- 
sis of sediment samples and achieved recoveries 
of > 95% with the addition of modifiers. Recov- 
eries varied with different sediments, altering the 
modifiers depending on sample matrix increased 
the recovery. Florisil was used as the trapping 
material. The extraction was at 120°C and 374 bar 
using 20-min static extraction and a 40-min dy- 
namic extraction, the carbon dioxide flow rate 
was kept at 1 ml/min. The results were compared 
to a 20-h soxhlet extraction with acetone/hexane 
followed by a cleanup over an acid silica column 
eluted with pentane/heptane. 



3.2. Anabsis by GC-MS 

Most workers analysing PBDEs, have used gas 
chromatography (GC) with electron capture de- 
tection or gas chromatography coupled to mass 
spectrometry (GC/MS) with negative chemical 
ionisation detection to identify and quantify 
PBDE congeners in environmental samples as 
well as in commercial products (Jansson et a]., 
1987; Nylund et al., 1992; Sellstrom et al., 1993; 
Hartonen et al., 1997; Sjodin et al., 1998; Allchin 
et al., 1999; De Boer, 2000a). Typically, a chro- 
matographic separation of extracted samples are 
achieved by temperature programming of the oven 
with a capillary column and helium as carrier gas. 
Until recently, quantitative analyses were done by 
using technical PBDE products (e.g. BK 70) due 
to the lack of availability of pure reference stan- 
dards for most PBDE congeners. 

4. Toxicology 

4.1. General 

Toxicology is essentially a study of the interact- 
ing chemicals or mixtures of them with living 
organisms, producing harmful effects and the 
determination of the levels of these effects 
(Ballantyne et al., 1994). The toxicity is quantita- 
tively-related to degree of exposure and the 
chemical dose, it is the potential for a material to 
produce injury in biological systems. The end 
point of the effect can vary depending on the 
factors such as physicochemical properties of the 
substance, its bioconversion, the conditions of 
exposure and the presence of bioprotective mech- 
anisms. 

It is now clear that dioxin (TCDD) exerts most, 
if not all, of its toxic effects by binding to a 
specific receptor of the steroid hormone type 
(Ballantyne et al., 1994). A receptor is a specific 
protein situated in the cell membrane or at an 
intracellular site. The binding and interaction of 
drug molecules mediate the actions of most drugs 
with the receptor leading to a molecular change 
in the receptor, which sets off a chain of events 
leading to a response. Receptors are highly speci- 

fic and interact with a limited number of struc- 
turally-related molecules. It has also been 
obse~ved (Helleday et al., 1999) that PBDEs have 
the same effects as PCBs and DDT in terms of 
inducing genetic recombination, which causes a 
number of diseases including cancer. 

Data on the toxicology of the PBDE flame 
retardants is limited. The main findings published 
so far are changes in liver weight accompanied by 
histological alterations in animals given relatively 
large doses (Fernlof et al., 1997). The reported 
results are found either due to accidental expo- 
sure or from a few experimental works on labora- 
tory animals. The well-known case of accidental 
exposure was in Michigan, USA in 1973 where 
Fiemaster (mixture of 12 PBBs) was accidentally 
mixed into farm animals feed in place of magne- 
sium oxide (Sleight, 1998). Aa a result, approxi- 
mately 450 kg of Firemaster was mixed into dairy, 
livestock and poultry feed and distributed 
throughout Michigan. A year later, PBB was 
identified in a laboratory in Maryland and Fire- 
master was banned. By this time, the wntami- 
nants were widespread resulting in illnesses in 
farm animals and human population. Tolerance 
levels were immediately established, initially at 1 
ppm then to 0.02 ppm (fat basis) for milk and 
meat. The cows and other livestock that exceeded 
this limit were disposed of. Concerns about its 
consequence on human health are still on going. 

This accident initiated, probably for the flrst 
time, research into the toxicology of the PBDE 
flame retardants. In Fiemaster, the toxicity is 
caused by four congeners (Sleight, 1998) that 
comprise only 15-20% of the mixture. These are 
2,4,5,3',4'-pentabromo biphenyl, 2,3.4,2',4',5'- 
hexabromo biphenyl, 2,4,5,3',4',5'-hexabromo 
biphenyl and 2,3,4,5,3',4'-hexabromo biphenyl. 
The precise mechanisms of toxicity of the halo- 
genated aromatic hydrocarbons are unknown. 
However, the polyhalogenated biphenyls are 
unique, as they are the only class in this group in 
which there is a single carbon-carbon bond 
between the aromatic rings. The two rings can 
rotate freely if the other halogens on the rings 
do not interfere with the rotation. Thus, 
3,4,5,3',4',S1-HxBB with no bromines ortho to the 
bridge carbon is very toxic. Whereas, 2,4, 
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5,2',4',S1-HxBB with two bromines on the carbon 
ortho to the bridge carbon cannot rotate freely 
around the bridge, does not bind to the TCDD 
receptor and is relatively non-toxic. So the toxicity 
of the PBB congeners appears to be related to 
the substitution pattern on the two aromatic rings. 

4.2. Human exposures 

Swedish research (ENDS, 1998; Meironyte et 
al., 1999) demonstrated that BFRs pose an in- 
creasing risk to human health. The level of BFRs 
in humans is an upward trend. One TeBDE con- 
gener was first detected in human milk in 1972 
and since then the level of these compounds have 
been increasing exponentiauy as the levels of 
PCBs and DDT are decreasing (Renner, 2WOb). 
A level of 4 ng/g lipid of TeBDE was detected in 
1997 (Meironyte et al., 1999; Hooper and McDo- 
nald, 2000) which is a concern for its consequence 
on health despite it being below levels which are 
shown to be detrimental to animal brain develop 
ment. Canadian research (Renner, 2000b) wm- 
pared levels of PBDE in human breast milk in 
1981 and 1992, an increase of nearly 2 orders of 
magnitude was observed, from 0.21 to 16.24 ng/g 
milk lipid. It is doubling every 5 years and even 
an immediate and complete ban will not stop 
levels from rising for some time. Hooper et al. 
(1998) found 10-120 pg/g fat of dioxin congeners 
in rural Kazakstan. 

Levels airborne PBDE have been observed in 
an electronics recycling plant (Sjodin et al., 2001) 
and in office dust in Sweden (ENDS, 1998). TBBA 
and two PBDE congeners were found, which 
probably originate from VDU screens and from 
office furniture. Workers exposed to DeBDE dur- 
ing manufacturing were examined (Bahn et al., 
1980) and were found to have a higher than 
normal prevalence of primary hypothyroidism and 
a significant reduction in sensory and fibula mo- 
tor velocities. It could not be confirmed whether 
these effects were due to exposure to DeBDE or 
PBB, which was also produced earlier in the 
plant. Ott and Zober (1996) reported morbidity 
during exposures (1975-1988) to PBDD and 
PBDF. Among potentially exposed men, 2,3,7,8- 
TeBDF/TeBDD concentration in blood lipid 

ranged from non-detected to 112 ng/kg and from 
non-detected to 478 ng/kg fat, respectively. The 
immunological studies showed that the immune 
system of exposed workers was not adversely af- 
fected by exposure to these substances for 13 
years. 

These findings are reported at a time when 
BFRs are reported to be causing problems in 
human health particularly the consequence of the 
presence of these compounds in a human body 
causing endocrine disruption and abnormal devel- 
opment in major organs (Cheek et al., 1999; De 
Vito et al., 1999). The endocrine system is a 
ductless network of various bodies (e.g. kidney, 
pancreas and glands) secreting hormones into the 
blood system. Any interference or disruption 
causes health problems (Mullins, 1984). A de- 
crease, absence or increase in the hormonal activ- 
ity could cause the disruption in the endocrine 
system (Laycock and Wise, 1984). 

Synthetic endocrine disrupting chemicals are 
persistent in world-wide population and can be 
passed from generation-to-generation. The prob- 
lem is magnified because the level of natural 
hormones required for various body functions is 
extremely low compared to the endocrine disrupt- 
ing pollutants present in living tissues which are 
at concentrations a million times higher than the 
hormone level. Exposure to these chemicals early 
in developing life (in the womb) can cause perma- 
nent abnormalities in the development of the 
brain. Dioxins, PCBs and BFRs are among the 
pollutants that cause endocrine disruption 
and are present in the environment. These 
compounds also interfere with the protein, 
transthyretin, which transports thyroxin around 
the body exposing it to the developing foetus 
causing interference in the development of the 
brain. Structural similarities between PBDEs and 
know immunotoxic halogenated aromatic com- 
pounds suggests that PBDEs might also effect the 
immune system. 

At the 'Dioxin 1998' conference on organo- 
halogen pollutants held in Sweden in 1998, 
Brouwer (1998) presented a review of the recent 
work on the endocrine disrupting effects of BFRs 
on the thyroid system. PBDEs, like many halo- 
genated organics, imbalance the level of the hor- 
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mone thyroxin when exposed to these com- 
pounds. At 'Dioxin (2000)', brominated flame- 
retardants were still high on the list of priorities. 

It has been suggested that TBBA may have 
endocrine disrupting properties. German scien- 
tists have already demonstrated that TBBA has 
estrogenic properties because it binds to estrogen 
receptors in breast cancer cells. Bergman (1989) 
also found that it binds strongly with the transport 
protein in the blood that normally binds the hor- 
mone thyroxin. This suggests that TBBA may 
interfere with thyroxins role in controlling growth 
and development. Hoque et al. (1998) concluded 
from an epidemiological study that exposure to 
PBB compounds may cause an increased risk of 
cancer of the digestive and lymph system. 

Another study by Femlof et al. (1997) ex- 
amined the effect of PBDEs on human lympho- 
cyte functions in exposures to determine the im- 
munotoxic potential of these substances. No 
effects on mitogen-induced proliferations or im- 
munological synthesis were observed. The study 
concluded that certain functions of human pe- 
ripheral lymphocytes, such as proliferation and 
immunoglobulin synthesis are insensitive to the 
direct action of certain PBDEs. 

Table 7 
Toxicological observations (WHO. 1994) 

Hardell et al. (1998) studied the role of PBDEs 
in non-Hodgkin lymphoma. The levels of TeBDE 
in fatty tissue were measured in 42 male and 
female cancer patients, 19 with non-Hodgkin lym- 
phoma (NHL), 23 with malignant melanoma 
(MM) and 27 controls without diagnosis of can- 
cer. The level of PBDE in the control group was 
similar to the MM group but higher than the 
NHL group. The MM groups occupations in- 
cluded professional car, bus and truck driven (at 
possible risk of exposure to PBDE flame-retar- 
dants used in vehicle manufacture). However, 
computer operators (at possible risk of exposure 
to PBDEs used in VDUs) had lower levels. Due 
to the small sampling numbers, the results were 
inconclusive. 

4.3. Some upenmental results on laborafov animals 

Different species of animals vary greatly in 
their susceptibility to the polyhalogenated aro- 
matic hydrocarbons (WHO, 1994). Guinea pigs, 
chickens and monkeys are very sensitive, rats, 
mice, cattle, sheep and swine have intermediate 
sensitivity and hamsters are highly resistant. PBBs 
can have non-lethal but toxic effects on farm 

Single exposure 
Rat 126-uXX) mg/g body wt. 

Rabbit 2CC-ZINO mg/g body wt. 

14 dayq produad no tmicity or 
pathological changes 
14 dam, no monality 

Shon.terrn exposure 
Rat 0,100, I W  mg/g body wt. No adversc effect on kidney. 

liver, sppcarance, food 
cnnaumption or weight gain. 
Sight increaac in bromine 
concentration in tissue 

Mouac 0,M. 50,100 mg/g body wt. No effect on health or body 
weight 

Longterm exposure 
Mouse 3200-6693 mg/kg body wt. 113 wc~lra, all killed. 

carcinomas increased in males 
Rat o,o.ol,O.l, 1.0 mg/kg body 2 years, no effect, only slight 

wt. increase in bromine 
cancentration in fatty tissue 
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animals which lowers food consumption and con- 
sequently milk or egg production and weight gains 
are adversely affected (Sleight, 1998). 

WHO (1994) produced some experimental data 
on the toxicity of PBDEs mainly with the admin- 
istration of deca-BDE. Laboratory mammals are 
given doses of commercial DeBDE and observed 
for different levels of exposures, as shown in 
Table 7. 

4.4. Calculation of toxic equivalent factors (TEF) 

PBDEs, DBDs and DBFs, PCBs and PBBs 
have been found to be toxic. The toxicity of these 
compounds varies with the substitution position 
of the chlorine and bromine on the two aromatic 
rings, and decreases with increasing number of 
bromine or chlorine atoms. 2,3,7,8-TCDD has 
been found to be the most toxic halogenated alyl 
hydrocarbon (Safe, 1990). 

Safe (1992) developed a method of relative 
toxicity's of individual halogenated aromatics rel- 
ative to TCDD (i.e. toxic equivalents) based on 
the common receptor-mediated mechanism of ac- 
tion of toxic halogenated aromatics and their 
stmcture-activity relationship. The derived toxic 
equivalents are used for hazard and risk assess- 
ment. Provisional TEF values have been recom- 
mended for the toxic aromatic congeners which 
are shown in Table 8. 

The TEF have proved to be useN in estimat- 
ing the toxicity of complex mixtures of chlori- 
nated dibenzodioxins and dibenzofurans (Barnes, 
1991). The above values may change with time as 
more bioassay data becomes available although 
an international consensus has formed about the 
TEF values for addressing environmental pollu- 
tion by toxic aromatic compounds. 

Table 8 
Proposed toxic equivalent fanon for the toxic halogenated aron 

5. Discussion 

The bioaccumulation oflower brominated con- 
geners is greater than those with a higher bromine 
content. The higher mncentration of TeBDE than 
other congeners in biological samples world-wide 
indicates selective bioaccumulation of this con- 
gener. One mechanism of this selection is that 
the TeBDE can pass through the membranes and 
get into the cell. The PBDEE with higher bromine 
substitution and, therefore, higher molecular 
masses cannot pass through the membrane and 
are 'filtered' out and accumulate in the environ- 
ment, In the river sediments from Osaka, Japan 
and marine core sediments from the Baltic Sea, 
DeBDE constituted a major part and penta and 
tetra were the minor components of the PBDEs 
concentration. The results of the concentrations 
reported so far are not always related to their 
source. The mechanisms of debromination are 
not yet fully understood, although it has been 
suggested that it may either be done by pho- 
tochemical processes or by metabolic biodegrada: 
tion. 

It has been suggested that the toxicity of the 
polybrominated biphenyls is related to the nature 
of the carbon bond to the phenyl rings, with no 
bromine ortho to the bridge carbon, it makes the 
designated carbon more toxic. This was observed 
during a study of carcinogenicity of PBBs on 
affected farm animals and the human population 
after the Michigan accident. The results implied 
that polybrominated compounds, due to the larger 
atomic sue of bromine than chlorine, are less free 
to rotate than chlorinated ones, and would be less 
toxic than chlorinated compounds. This is in con- 

latics (Safe, 1990) 

Congener TEF Cangcncr TEF 
~ ~~p 

PCDDs 0.W1-1.0 PCBs 0 . W - 0 . 1  
PCDFs 0.W1-0.5 PBBs Same values as PCBs 
Brominated and Same values as PCDPa 0.Mn 

bromo/chloro PCDDs and PCDFs camplanar and 
dibcnlodioxins and rnonc-onho co-planar 
dibenzofurans mngenen 
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trast to other theories that the lower chemical 
reactivity of polybrominated compounds will lead 
to an increase in their toxicity. The resistance of 
these chemicals to be metabolised will result in 
bioaccumulation and interference with biochemi- 
cal orocesses of cell division. DNA re~lication r 

and will encourage malignancy. 
The DTI (1999) report concluded that the ben- 

efits of using PBDEs outweighs the risks to hu- 
man health and the environment, although the 
data reported in this review demonstrates that the 
information on these chemicals is far from ade- 
quate at the present time and further studies are 
required on their use, transformation in nature 
and their impact on the environment. 
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-2 Flame Retardants 

I. lntrodudion 

PolybMihoblphrnyls (PBBs) and polybromodiphmylethen (PBDEs) are 
preshtly being used as flame retardants in electronic equipment, plastics, 
building materials, and c a g t s .  There are many standards and regulations 
applicable to flame retardants; those issued by the American Society for 
Testinb of Materials (ASTM) alone account for more than one hundred 
(Arias 1992). The advantage of these compounds for industry is their high 
resistance toward acids, bases. heat, light, and reducing and oxidizing com- 
pounds. However. this high resistance becomes a great disadvantage when 
these compounds are discharged into the environment, where they persist 
for a long time. Furthermore, brominated dibenzofurans and dibenzodiox- 
ins may be formed when these flame retardants are heated (Watanabe and 
Tatsukawa 1990). 

The, basic formulas of the PBBs and PBDEs are shown in Figure 1. 
Throughout this chapter, the systematic numbering system developed by 
Ballschmiter and Zell (1980) for the 209 theoretically possible polychlori- 
nated biphenyl (PCB) congeners has also been adopted for the correspond- 
ing PBB and PBDE congeners. 

PCBs may now be encountered globally, and they have caused one of 
the major environmental problems as a result of their chronic and diffuse 
input into the environment (Tanabe 1988). The similarity in molecular 
structure of the PBBs and, to a lesser degree, the PBDEs, with the PCBs, 
give rix to great environmental concern. Much of the quantities of PBB 
and PBDEs produced will eventually reach the marine environment, where 
they are Likely to accumulate because of their persistence or resistance to 
degradative proccssec. &cause of their environmental properties, the con- 
tinued release of PBBs and PBDEs represents an increasing risk to the 
environment. The purpose of this chapter is to present the existing data in a 
form that will lead to increased knowledge of this problem, eventually 
enhancing the proper measures. 

11. Analysis 
Because of the similarity of the character of PBBs and PBDEs to PCBs. 
the methods for analysis of PCBs, which are abundantly available in the 
Literature, will also be applicable to analysis of PBBs and PBDEs. The 
necessary modilications are described herein. 

A. Analysis of PBBs 

Extraction and cleanup techniques for the analysis of PBBs in fatty tissues 
and sediments are identical lo extraction and cleanup techniques for PCB 
analysis. Fehringer (1975) describes the extraction of PBBs with dichloio- 
methane from dry animal food. Cleanup is performed with Florisil col- 
umns. Soxhlet extraction with dichloromethane/n-pentane, followed by 
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meb ortho 0,670 m e h  

Fig. I. Basic formulas of brominatcd fire retardants: (a) Polybromobiphenyk 
(PBBs); @) Polybromodiphylahers (PBDB); (c) 3,3',5.5/-tdrabmmodiphcnyl- 
ether. 

cleanup through alumina columns and fractionation over SiOl columns, 
results in recoveries greater than 95%. Saponification (de Boer 1988a)#may 
be an alternative, but decomposition of some PBB congeners may occur as 
in the case of PCBs (van der Valk and Dao 1988). 

Gas chromatography (GC)  is the obvious method for the final analysis 
of PBBs. Several methods using packed columns are described by Fehringer 
(1975), de Kok et al. (1977). Sweetman and Boettner (1982). Domino et 
al. (1980). Mulligan and Caruso (1980). and Erickson a al. (1980)!, The 
most frquently used stationary phases are SE-30. OV-I, and OV-17. p e n  
temperatures vary between 240° and 300°C. The PBBs elute after the 
PCBs, but higher chlorinated PCBs may interfere with lower brominated 
PBBs. Polychlorinated terphenyls ( P m s )  may also interfere with PBBs 
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(Wester and de Boer 1993). The separation of PBBs on a capillary 10 m x 
0.25 mm i.d. OV-101 column is described by Fame11 (1980). 

For detection of peaks after separation, either an electron capture detec- 
tor (GC-ECD) (Fehringer 1975; Domino el al. 1980; Farrell 1980; Sweet- 
man and Boettner 1982) or a mass spectrometer (GC-MS) (de Kok et al. 
1977; Erickson et al. 1980) is most frequently used. MuUigan and Caruso 
(1980) used a plasma-emission detector. Because of ihe possible interfer- 
ence of PCB and PCT congeners, GC-MS analysis will probably be the 
most advantageous technique. The use of negative chemical ionization 
(NCI) as ionization technique for the GC-MS analysis is advantageous 
because of its high sensitivity for compounds with four or more bromine 
atoms (Wester and de Boer 1993). The sensitivity of NCI for these com- 
pounds is approximately 10 times better than that of ECD. The use of 
narrow bore (0.15 mm i.d.) capillary GC columns is advised to obtain the 
required resolution. 

As for all mixtures of  chemical compounds with a similar structure, only 
the quantification of individual brominated biphenyls (BB) conge- 
ners (instead of quantification on the basis of  technical mixture eqniva- 
lents) will allow a comparative study of the environments! occurrence. be- 
havior, and toxicokinetics of PBBs. However, no such results have yet 
been reported, although some individual BB congeners are available as 
standards. 

B. Analysis of PBDEs 

Extraction and cleanup techniques for the analysis of PBDEs in fatty tissues 
and sediments are similar to extraction and cleanup techniques for PCB 
and PBB analysis (see Section IIA). Watanabe el al. (1987) describe PBDE 
analysis in fish and sediments using an acetone/hexane extraction, fat re- 
moval by concentrated sulfuric acid, and cleanup on a Florisil column. 
Andersson and Blomkist (1981) describe PBDE analysis in fish by the 
subsequent use of a hexane/acetone and a hexane/diethylether extraction. 
fat removal by concentrated sulfuric acid, and cleanup on a silica column. 
The analysis of PBDEs described by de Boer ( 1989) is performed by soxhlet 
extraction with pentane/dichloromethane. fat removal over alumina col- 
umns, and fractionation over silica. In contrast to the PCBs and the PBBs, 
the more polar PBDEs elute in the second silica fraction together with some 
organochlorine pesticides. 

A multiresidue method including the analysis of PBDEs is described by 
Jansson el al. (1991). The PBDEs are extracted from biological samples 
with hexandacetone and hexane/diethylether. treated with sulfuric acid 
and cleaned by SX-3 Biobeads gel permeation and silica gel column chro- 
matography. However. the mean recovery of 2,2',4.4'-tetra-BDE for this 
method is only 49%. 

Both GC-ECD and GC-MS with electron impact (El) or NCI may be 
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used for the final analysis of PBDEs. On nonpolar-or moderately polar 
capillary columns. 2,2',4,4'-tetra-BDE and 2,2',4,4',5-penta-BDE elute 
late in the pas chromatogram of the second silica fraction betw-n p,p'- 
DDT and &hloronaphthalme. The plastidza di(2-ethylhay1)phtha- 
late. origjnating from septa, for example, may coelute with 2,2',4,4'-tetra- - - 

BDE. 
The technical mixture Bromkal 70 5DE is used as the external standard 

for quantification in most studies. For reasons described in section 11 A. 
there is a need for individual brornodiphenylnhers as analytical standards. 
but they are not commercially available. Wolf and Rimkus ( 1985) described 
the synthesis of 2,2',4.4'-tetra-BDE for the analysis of this congener in 
fish. 

111. Environmental Fate and Occurrence 
A. Use 

In the Netherlands, the annual consumption of PBBs and PBDEs is 250 
and 2500 tonnes, respectively; in Sweden. it is 1400-UXX) t/yr (Svensson 
and Hellsten 1989); and in Japan. between 1975 and 1987. the consumption 
increased from 2500 to 22,100 t/yr (Watanabe and Tatsukawa 1990). 

B. Environmental Fate 

Higher brominated compounds have a lower solubility in water than the 
corresponding chlorinated compounds. The volatility of PBBs is lower than 
the volatility of the corresponding PCBs. The vapor pressure (P,) of hexa- 
bromobiphenyl and hexachlorobiphenyl is 4.52 x lo-'' Pa and 3.94 x 
lo-' Pa, respectively. The P, of decabromobiphenyl is <7.4 x lo-'; and 
for dmchlorobiphenyl, it is 5.31 x 10.'' Pa. ~ i ~ h e r  BBs, as in flame 
retardants, attach strongly to sediment close to discharge points. Lower 
BBs have a greater solubility in water and are more easily distributed in the 
aquatic environment (Watanabe and Tatsukawa 1990). 

Both PBBs and PBDEs are slowly degraded in the environment. Since 
1970, limited in situ reductive debromination of Firemaster mixture seemed 
to occur in Pine River sediments (St Louis, Michigan, U.S.). In 1988, 
sediment cores contained 10-12% non-Firemaster PBB compounds. It a p  
peared that bromines were selectively removed from the melo and p r o  
positions. 

Microorganisms isolated from Pine River sediment were capable of de- 
brominating Fiemaster PBB compounds. Organic cocontaminants, petro- 
leum products, and heavy metals inhibited in sifu debromination in the 
most contaminated Pine River sediments (Morris el al. 1993). According to 
Watanabe et al. (1986). decabromodiphenylether dissolved in hexane can 
be degraded to  nona-, octa-, hepta-, and huabromodiphenylethers. Rnzo 
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el al. (1976) studied photodegradation of PBBs dissolved in hexane. PBBs 
with bromides at the orrho positions degrade most rapidly. Mills et al. 
(1989) carried out a photolysis experiment with hexa-BB components from 
PBB mixtures dissolved in hexane. It was found that these components 
could be transformed into tetra- and penta-BB components under the influ- 
ence of UV light. Buser ( 1986) has described the formation of bromodiben- 
zodioxins and bromodibenzofurans from PBDE by thermolysis. 

B ioa~mula t i on  and metabolism of PBBs and PBDEs in higher organ- 
isms are described in section IV. 

C. Environmental Occurrence 

Residua of PBDE found in samples from the environment are listed in 
Table I .  In sediments of the Baltic Sea, an increasing trend in the concentra- 
tion of PBDEs was observed between 1973 and 1990. This increasing trend 
is consislent with the temporal trend of concentrations in guillemot eggs 
(Sellstrbm et al. 1990). In recent years, levels of PBDE have been increasing 
significantly in the Baltic Sea. Lmels of PBDE in sediment from 1987 are 
about sixfold those of 1980 (total of PBDE congeners of Bromkal at 0.44 
and 2.9,ngIg 10, respectively ). PBDE levels are now of the same magnitude 
as PCB levels are (Nylund et al. 1992). 

In sediments of Osaka Bay in Japan. tetra-, penta-, and hexa-BDE were 
found, and in 7 of IS riverine and estuarine samples, deca-BDE was found 
in higher concentrations (Watanabe and Tatsukawa 1990). In mussels from 
Osaka Bay. only tetra-BDE was found (Watanabe et al. 1987). PBDEs 
were detected in the liver of cod from the North Sea. TBDE concentrations 
decreased from the southern to the northern part of the North Sea, but no 
temporal trend was observed between 1978 and 1987 (Fig. 2). 2.2'.4,4'- 
tetra-BDE was identified in fish from a sewage pond in Schleswig Holstein, 
Germany (Wolf and Rimkus 1985). In herring from the North Sea, 
2,2'.4,4'-tetra-BDE was identified (de BMr 1990). In a pike from south- 
west Sweden sampled in 1981, PBDE was found by Anderson and Blom- 
kist (1981) (Table 1). Sellstrbm et al. (1993) confirmed the atremely high 
PBDE concentration in the same pike and perch samples (2-35 mg/kg lipid 
weight) and showed that it predominantly consisted of 2,2'.4.4'-tetra- 
BDE. Other trout and bream samples from southern Sweden contained 
high concentrations of 2.2'.4,4'-tetra-BDE as well. PBBs and PBDEs have 
also been detected in fish-eating birds and seals (Tables I and 2). The most 
frequently oefurring PBB compound was hexa-BB. PBDEs were found in 
eels and livers of cormorants from Dutch freshwater areas (Rhine Delta 
and River Rur). With the exception of the River Rur, temporal decreases 
have been identified for PBDE concentrations in organisms from the Neth- 
erlands. The concentrations in eels from the River Rur have increased, 
possibly as a consequence of the use of PBDEs in German mining areas (de 
Boer 1990). 

Pijrrnburg et al. 7 

Table I .  P$LE concentrations in the environmenl (DW = dry weight; WW = wet 
weisht; 6pld = lipid basis). 

Concentration 
Matrix Location bglkg) Compound References 

Sedimmt Orata Bay Il-MDW tcva-, pcnta-. Walanabc and 
f l a w )  haa-BDE Tstrukaws 

(19901 

M d r  Oraka Bay 
(Japan) 

Cad l i v s  Nonhan North 
Sea 

- - 
- C h u p l  Nonh 

Sea 
- - 
- Southsn North 

Sea 
- - 
Haring Southan NorUl 

Sea 

U Rur Rivu 
Pike Southaol  

swc'h 
Pikc l iva Southwest 

s w d m  

Ed Soulhwrr( 
s 4 m  

Trout and bream South Swrden 

33-375 DW 

I5 WW 

26 lipid 

3 - 
54 - 

6- 
I70 lipid 

n-24 lipid 
Im lipid 

I .r x lo' lipid 
27 x Io'lipid 

110 x lo'llpid 

17 x lo' lipid 

1C&170 lipid 

. . 
Watrnabe and 
Tanukam 
(19901 
Waranabed al. 
(1987) 
dc Boa (1989) 

dc Boer (1989) 
dc Boa (1989) 

& B u r  (1989) 
dc Bw (1989) 

de Boer (1989) 
dc B a r  (1990) 

dc B a r  (1990) 
Sellstram d al. 
(1990) 
Sellnr6m d d. 
(195'3 , 
Sellstram d d. 
(1990) 
Scllrlr6m d d. 
(1993) 

Cormorsnr E v a  Rhine Wta 28 x lo' WW PBDE dc Boa (1990) 
BahicGuiUemm BsltkSea 2 x IO'lipid PBDE' Sellrtrcim et d. 

egg 
(1993) 

O s p w  - 0.16-1.9 X lo' PBDE' Sellstr8m d d. 
lipid (1993) 

Sul No* l o  Sca 51 lipid PBDE' Sellsodm a 4. 
(1993) 

Ballic Grey Seal - 728 lipid PBDE' Sdlstram el al. 

blubkr (1993) 
I Seal blubber Baltic Sea 730 lipid PBDE Andrr- and 

Blamkii (1981) 
I 
I - - 26 lipid tetra-BDE Andcnrrm m d  

Blomkirt'(1981) 

i 'Mainly Mr.-BDE. 1 
I 
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Fig. 2. Concentrations of 2.2'.4.4'-TBDE in cod liver from different regions of the 
North Sea (source: de Boer 1989). 

IV. Toxicokinetics 
A. Bioaccumulation 

The degree of  bioaccumulation is an important factor in the overall envi- 
ronmental risk of a compound. The accumulation potential of organic 
compounds bas often been estimated succssfully by measuring their parti- 
tioning u ~ f f i c i e n t  in a two-phase solvent system of octanol and water 
(K,). n-Octanol is used as a model compound that should mimic the lipid 

Table 2. Total @-) PBB and PBDE concentrations calmlaled as technical mixture 
equivalents in hming. A s ,  and sea birds (pg/kg lipid) (Source: Jansson et al. 
1987. 1993). 

- --  - - 

CPBB CPBDE 

Organism Area 1987 1993 1987 1993 

Hewing Baltic Sca 0.16 528 
Bothnian Gulf 0.09 I23 
Skagerrak 0.27 735 

Seal Baltic Sea 20126 W 728 
Kattgat 3 10 
Spitsbergen 4 40 
Northem Ice Sca 0.42 51 

Guillmot Baltic Sea 160 370 
North Sea 80 
Northem Ice Sca 54 130 

Seacagle BalticSea 280 350 

Table 3. Some log K, valua and log BCF (in Guppy. Poecilia 
reficuhfa) valua for PBBs (Gobas 1989). 

Compound i fog K- log BCF 

4,4'-di-BB 5.72 5.43 
2.4.6tri-BB 6.03 5.M 
2.2'.5.5'-tetra-BB. 6.50 6.16 

7.20 5.85 2,2'.4.4'$.6'-ha-BB 

pool in biota. Compounds with a high K, usually have a high affinity for 
animal lipids. 

Ammulat ion and  Excretion Dolo of PBBs. The log K, values and bio- 
concentration factors (log BCF) of some PBBs are given in Table 3. Gohas 
el al. (1989) reported BCF and K, values of polybrominated benzenes and 
biphenyls and could not detect a wrrelation between these values when K ,  
exceeded 6. Possible reasons for an incorrect determination of  BCF values 
are the elimination via f m s  or lower bioavailability due t o  absorption of 
the compounds to other molecules or to dissolved organic matter. 

Zitko (1977) and Zitko and Hutzinger (1976) studied the bioaccumula- 
tion of PBBs in young Atlantic salmon (Solmo solar). The PBB was s u p  
plied through the water and food. T o  establish hioconcentration factors. a 
mixture of  388 ,q PBB consisting of equal amounts of  three di-bromo, one 
Ui-brorno, and two tetra-bromobiphenyls was supplied t o  3 L water to 
which the f ~ h  were a p o s e d  for % hr. The biomagnification factors were 
measured in an experiment where the fish were fed with a PBB-spiked diet. 
The same mixture of PBB wmpounds was used. The bromine content of 
the food was 7.75 pg g -'. The reported bioconcentration an9 biomagnifica- 
tion factors are given in Table 4. 

Table 4. Biaoncentration and biomagnification fadon of PBBs on a 
wet weight basis in Salmon ( M m o  solar) (Sourn: Zitko and Hutzinger 
1976; Zitko 1977). 

Compound 

2,6di-BB 
2,Mi-BB 
3.M-BB 
2.5.4'-tri-BB 
2.2' ,4.5'-tetra-BB 
2,3'.4'.5-tNe-BB 
GH, 
Firmaster BP-6 

Bioconcentration Biomagnifiition 

1.2 x I@ 0.179 
1.3 x 10' 0.318 
63 x lo' 0 

425 X lo' 0.449 
314 x 10' 0.589 
110 x lo' 0.571 

0 0 
n.a. 1.00 
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For all PBBs, bioconccntration factors are three to four orden of magni- 
tude higher than biomagnification factors. 3.44-BB was not accumulated 
at all from the food and hardly from the water. The corresponding 3 . 6  
di-CB ahom the same effect (Zitko 1977). No a@anatMn was given for 
this phenomenon by the authors. 

Bmggeman et al. (1982) showed for PCBs that solubility of the different 
congeners depends on chlorine substitution at the ortho position. &cause 
3.4di-CB has no orrhbCI, low solubility of the congeners may be the 
reason for low accumulation. 

In Zitko's study (Zitko. 1977). compounds with a low bromine wntent 
biowncentrated more strongly from water than compounds with a high 
bromine content. PBBs with more than six bromine atoms were hardly 
biowncentrated at all. 

However. from food, compounds with one to four bromine atoms were 
accumulated more when the bromine content was higher. PBBs with six to 
eight bromine atoms were only accumulated to a slight degree from food. 

Zitko (1977) found hua-BBs in fish tissue after exposure to a diet spiked 
with only octa-BBs. This dehalogenation is not known for higher chlori- 
nated biphenyls. The accumulation of Firemaster from food appeared to be 
higher than the accumulation of other PBBs. 

The half-life for excretion from fish was determined for two PBB wnge- 
ners, Firemaster and OB (which is an octa-BB product) (Table 5). 

Amrmdation of PBDE. In Table 6. the log K, values of PBDEs are 
given. The accumulation of PBDEs with a low bromine wntent is greater 
than that of higher brominated compounds (Scllstr6m el al. 1990). This is 
apparent from the often-used PBDE mixture Bromkal 70-5 DE. PBDE 
concentrations insediments, and the PBDE pattern in herring and seais. 
Table 7 shows that the relative concentrations of tetra-BDE in seals is much 
higher than the tetra-BDE wntent in Bromkal and in sewage sludge. 

Higher brominatcd diphenylethen are decreased in fish and fish consum- 
ers relative to the concentrations in the commercial products. This was not 
in agreement with what was found with the PCB congeners. The relative 
conantrations of PBDE congeners in herbivorous mammals in Sweden 

Table 5. Biologid half-lives of PBBs in fih, following uptake from 
fwd 01 izitko 197n. 

Uptake 
from water U~taLe from f w d  

Pijnenburg a al. 

~ab lc  6. Log K, values of PBDE 
nvatanak and TaUukawa 1990). 

'. PBDE 

di-BDE 
tri-BDE 
t&-BDE 

- pblta-BDE 
he-BDE 
&a-BDE 
dm-BDE 

were the m e  as the concentrations in the commercial produm (Jansson el 
al. 1993). 

Comparison of agnrrnulation of PBB and PBDE. Norris et al. (1974, 
1975) studied the accumulation and ucretion of dm-BDE and octa-BB in 
rats. The laboratoj animals were fed for 2 yr with octa-BB or deca-BB 0.1 
mgkg fodder and during this period, at regular intervals, two animals were 
sacrificed. Deca-BDE caused an initial increase of bromine concentration 
in the liver, which did not increase further after 30 d. Bromine concentra- 
tion in fat tissue increased only slightly. Octa-BB caused a rapid increase of  
bromine in the Ever and in fat tissue; this increase was constant during the 
expriment. In an experiment with "C-octa-BB and "C-dga-BDE, the 
radioactivity of dcca-BDE disappeared after 2 d through the fcces. The "C 
of the octa-BB darcased to 33% during the rust day. Later, the radioadiv- 
ity decreased slowly, and after 16 d. 75% had disappeared. No toxic effects 
were found in the animals. The author concluded that dm-BDE does not 
accumulate, in contrast to octa-BB. The disadvantage of this study is that 
different numbm of bromine atoms were used. It may be that the differ- 
ence in behavior is a consequence of the unequal bromine substitution ahd 
not of the difference between bromobiphenyl and bromodiphenylether. 

Table I .  Percentages of PBDE wngmm of Bromkal 7&5 DE (SeLlstr6m et. 
al. 1990: Jansson ct al. 1993). 

2,2'.4.4'- pcnta-BDE 2.2'.4,4',5- 
tetra-BDE (not defined) penta-BDE : 

Bromkal W 5  DE 44 8 48 1 
Scwqe sludge 40 9 5 I 
Seal 89-92 3 4  2-6 
Heninn 62-80 6-1 1 9-2 1 
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No more general information is available about the differences between 
armmulalion factors of PBBs and PBDEs. It is known that PCBs and 
PCB& have accumulation factors of approximately the same magnitude 
(Zitko 1977). The validity of this relation is not confirmed for PBBs and 
PBDEs. 

Comparison of accumulation ojPBB. PBDE, and PCB. PBBs and PCBs 
with one to four bromine or chlorine atoms have accumulation factors of 
approximately the same magnitude, but PBBs with more than five bromine 
atoms accumulate less than the corresponding PCBs. Higher chlorinated 
biphenyls are persistent in fish. while higher brominated biphenyls are 
partly debrominated (Zitko 1977; Zitko and Hutzinger 1976). On the other 
hand, 2.2',4,4'.5.5'-He-BB was found to magnify by a factor o f  140 in the 
f w d  chain herring-grey seal (Jansson et al. 1993). 

B. Interactions with Cytochrome P450 

Inia qualitative sense, the structure-effect relationships for BB congeners 
show a high similarity with those of chlorinated biphenyls (CBs). Quantita- 
tively, bromine substitution appears to have a stronger effect than chlorine 
substitution on induction of the P4501A subfamily (3-MC type induction; 
Andres el al. 1983). This may be due to a higher affinity of BB congeners 
for the cytosolic Ah-receptor, because the same dose (150 pmol/kg, MW 
= 486) of BE77 caused an eight times higher induction of ethoxyresoru- 
fin-Odeethylase (EROD) activity than CB-77, while the affinity for the 
Ah-receptor was also eight times higher. 

2.3.7.8-Tetrachlorodibenzodioxin shows the highest affinity for the low 
capacity/high adivity cytosolic receptor protein. which triggers all subse- 
quent events; the activity of PBBs is three to four orders of magnitude 
lower. 

Interactions between PCBS and the cytochrome P450-dependent mo- 
nwxygenase (MO) systems were reviewed for fish-eating seabirds (Walker 
1990) and marine mammals (pinnipeds, cetaceans, and the polar bear) 
(Boon el al. 1992). 

The composition of Firemaster BP-6 and FF-I is given in Table 8. The 
amount of Firemaster BP-6 produced is higher than that of Firemaster FF-I 
(Safe 1984; Aust et al. 1987). 88-153 contributes more than 50% to both 
mixtures; it is a PB-type inducer, i.e., it induces the P4501!B subfamily. 
Mixed-type inducers present in BP-6 are BB-118 (2.9%) and BB-167 
(7.95%) (Robertson el al. 1980). The pure 3-MC type inducers 88-77, 
BB-126, and BB-169 contribute 0.16%, 0.08%. and 0.29% to this mixture, 
respectively. The contributions of individual congeners of BBs to BP-6 are 
very different from the contribution of CB congeners to any of the Aroclor 
or Clophen mixtures (Schulz et al. 1989). It has been shown (Aust et al. 
1987) that the BB congeners of BP-6 are entirely responsible for induction 

Table 8. Composition of Fumasta BP-6 and Firmaster FF-I (Source: Silbcrhoin 
a al. 19901.Sunzmatic aumbaiae. of iudividual coa%cacrs a(w the s y u m  dcvcl- 
oped for PC& by Ballschmita and WI (1980). 

. 

No. Structure BP-6 (5)- FF-I (qi) 

Di-BB 
I5 

Tri-BB 
18 
26 
31 
37 

Tetra-BB 
49 
52 
53 
66 
70 
77 

Pmta-BB 
95 
99 

101 
114 
118 
126 
Hua-BB 
138 
141 
149 
153 
1% 
157 
167 
168 
169 
Hepta-BB 
170 
172 
174 
180 
187 
189 
Oaa-BB 
194 
I% 
m3 

Total 
Approximate 
weight 
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of the MO system in rats; thus, there is no additional effect of impurities, 
such as bmminatcd d i h m f u r a n s  in the mixture. 

Another mixture of PBBs is Firemaster FF1. Next to BB-153, BE180 
domipates in this mixture, which is also a PB-type inducer. In general, the 
3-MC or mixed-type inducers show a somewhat lower contribution to this 
mixture compared with BP-6, with the exception of 88-170. 

P450 induction occurs at lower body burdens in infant compared to 
adult female rats: when I mg kg- '  was injected during a period of 18 d into 
the mother animals. it caused (a mixed function) MO induction in the 
sucklings but not in the mothers (Aust et al. 1987). 

Carlson (1980a.b) investigated the inducing potential of PBDB with a 
mixture of a low overall bromination (24% tetra-BDE congeners. MW = 
502; and505  penla-BDEcongeners. MW = 582). a higher overall bromina- 
lion (45% hepta-BDE congeners. MW = 662; and 30% octa-BDE conge- 
ners. MW = 822). and the deca-BBE congener only (BB-209. MW = 982). 
Both mixtures induced 0-ethyl 0-pnitrophenyl phenylphosphothionate and 
Uridinc Diphosphate-glucuronyltransferasc, which catalyzes the conjuga- 
tion of hydroxylated compounds to glucuronic acid (phase I1 metabolism). 
 nitroa an is ole demethylase and arylhydrocarbon hydroxylase were induced 
most by the mixture of lowest bromination. The dcca-BBE congener BE209 
did not cause any enzyme induction. A long-term study where rats were in- 
jected with a daily dose of 0.8-3 rmol/kg of both mixures for 90 d showed 
that the abovementioned enzymes were induced at a concentration of as low 
as 1 rmol/kg. Moreover. the enzymes remained induced even 3&60 d after 
the termination of exposure. These results demonstrate that these inducers 
are not only potent but that their effects may be long-lasting. 

I C. Biotransformation of PBBs 

I In vitro mefobolism and structure-efflecl relalionshipr. Aust et al. (1987) 
concluded that BBs with H atoms at an orrho- and rnera- (o,m j position. 
and a maximum of four bromine atoms, were metabolized by P4501A in 
microsomal systems of rats. Mills el al. (1985) drew similar conclusions, 
with the remark that bromine substitution would be necessary at least at 
one mela- orpara-position for metabolism to occur because 2.2'di-BB was 
not metabolized at all, whereas 2.2'.4.4'-tetra-BB was metabolized. Rates 
of metabolism decreased in the order 4.4'di-BB > 3.4.4'-tri-BB > 
3,3',4.4'-tetra-BB > 2.3.3'4'-tetra-BB > 2,3',4'.5-tetra-BB > 2.2',4,5'- 

tetra-BB. Thus, metabolism by microsomes from 3-MC-induced rats de- 
creased with increasing numbers of orfho-Br atoms and thus with an in- 
creasing energy barrier for a planar configuration. Such quantitative stmc- 
lure-activity relationships for PBBs are not available for marine organisms. 

In the case of PCB congeners with vicinal H atoms in the o.m positions, 
they appear to be always capable of being metabolized in the polar bear, 
and metabolized in seals and cetaceans only when a maximum of one or- 

Pijnenburg et al. I5 

tho-C1 is present, and persistent in seabirds (Walker 1990; Boon et al. 
1592). 

In contrast to the situation for 3-MC-induced rats, 2.2'di-BB was me- 
tabolized very rapidly by microsoma from PBinduced rats. According lo 
Mills el al. (1985) and Aust et al. (1987). congeners with vicinal H atoms 
at m g  positions are metabolized by P4501IB. The rates decreased in the 
order: 2.2'di-BB > 2;2'.4.5'-tetra-BB > 2.3'.4',5-tetra-BB > 2,2', 
4.5.5'-penla-BB. 

In the case of PCBs in marine animals, congeners with vicinal H atoms 
in the m.p positions appear capable of being metabolized by seabirds, seals. 
and the polar bear, but much lessso by cetaceans, which lack P45011B 
enzymes. 

Because different groups of marine animals show such a varying scope 
for metabolism of PCBs, it is highly unlikely that the structure-effect rela- 
tionships discussed above for the biotransformation of PBBs in rats also 
represent the situation in marine animals. Studies of these processes are 
urgently needed. 

In vivo metabolism. Metabolites of congeners from Firemaster were de- 
tected in pigs ( a  hydroxylated penta-BB) and dogs (2.2'.4,4',5.5'- 
hexabromobiphenylol) (Safe 1984). Zitko and Hutzinger (1976) reported 
a dibromodiphenylol in salmon. Of the more extensively studied PCBs. 
hydroxylated as well as methylsulfone metabolites have been reported (Jan- 
sson et al. 1987; Safe 1984). The metabolites are possibly formed via an 
epoxide, but this is not necessarily the first step (Bush and Trager 1985; 
Trager 1989) leading either to a hydroxylated compound (phenolic metabo- 
lite) or to binding of a reactive intermediate (epoxide) to glutathione 
(GSH). 

Millis el al. (1985) compared the toxicokinetics of the P4501A inducers 
3,3',4.4'-tetra-BB (BB77, MW = 486) and 3,3',4.4',5,5'-hexa-BB (BB- 
169, MW = 646). A single dose of 21.3 rm~l /kg  of a congener was admin- 
istered to one of two groups of rats. The concentration of BE169 in liver 
and adipose tissue and the activity of aryl hydrocarbon bydroxylase (AHH) 
reached a maximum 1 d after injection and remained at this maximum 
throughout the r a t  of the experiment. In contrast. the levels of BB-77 and 
AHH activity declined sharply after 2 d in the other group of rats. The 
decline of 88-77 was attributed to metabolism; in contrast to 88.169, 
BB-77 possesses vicinal H atoms. At the end of the experiment, livers of 
animals injected with BB-169 showed histological changes similar to tetra- 
chlorodibenzo-pdioxin (TCDD) effects, but the livers of BB77 injected 
animals did not, even though the affinity for the TCDD receptor proJein 
was 10 times higher for BB-77 than for BB-169. It may be concluded !hat 
metabolism of BE77 decreased its TCDD-type toxicity. I 

The rate of in vilro metabolism of BB-77 is inhibited by the addition of 
BB-169. At equal concentrations (3  pM), the metabolism of 88-77 is al- 
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most complaely inhibited (Mills a al. 1985) because BB-169 binds to the- 
enzyme receptors and cannot be metabolized and because vicinal H atoms 
are lacking. BB-169 induces both P45OIAI and IAZ, but only binds to IA2 
(Voorman and Aust 1987). The BB-l69/protein complex appeared to be 
more stable than P4501A2 by itself. The binding between BB-169 and 
P4501AZ was noncovalmt and could be broken down by extraction with 
dichloromethane. BB-I69 also inhibits the estradiol-2-hydroxylase activity 
of purified P450IA2 in n noncompetitive way (Voorman and Aust 1988). 

V. Toxicity of  PBBs 
A. Acute Toxicity 

The acute toxicities of a number of PBB and PCB mixtures are summarired 
in Table 9. Firemaster BP-6 appears to have a similar acute toxicity to rats 
as the PCB mixtures Aroclor 1254 and Kanechlor 500. 

Gupta el al. (1983b) administered a dose of 100 mg Firemaster BP-6 
kg-' to rats on 22 -ions over a period of 1 mon. After 90 d, all females 
had died, but 62% of the male rats still survived. In a similar experiment 
with a daily dose of 30 mg kg-', all animals of both sexes survived for 
90 d. 

B. Toxic Effects in Relation to Cytwhrome P450 Induction 

The toxicity of BB congeners strongly depends on their molecular structure. 
Induction of the P4501A subfamily of P45O is the precursor of a whole 
speslrum of possible e f fa t s  at more integrated levels of biological struc- 
ture: weight loss, thymus atrophy, and changes in the liver, such as prolifer- 
ation of the smooth endoplasmatic reticulum (location of the P450 system). 
increased RNA and protein wntent, decreased DNA wntent, ceU necrosis, 
Liver enlargement, and hepatic porphyria (Render ct al. 1982; Jensen a al. 
1983; Koster el al. 1980). 

Table 9. Amle toxicities of PBB and PCB mutura. AHH = aryl hydrocarbon 
hydroxylase activity (Sourca: 'Gupta d al. 1983a; 'Andra d al. 1983; 'Safe 1984). 

M i r e  Details LDJECJLC, 

R m a n a  BP-6 (PBB) 
Firemasla BP-6 (PBB) 
Firanaster BP-6 (PBB) 
Ardor  1254 (PCB) 
Kanechlor XI) (PCB) 
Wmnasta BP-6 (PBB) 
Hua-BB 
Fumasta FF I (PBB) 

Rat (FJ 
Rat FI) 
Rat 
Rat 
Rat 
Rat 
Rabbit 
Mink 

-- ~ ~ 

LD,: 65 mg/kg/dl 
LD,: 149 mg/kg/dl 

AHH adivity EC,: 5&55 mg/kg' 
AHH adivity EC+ 50-55 u@cg2 
AHH activity EC,: 50-55 mg/kg' 
Oral LD,: 21.5 g/kgJ 
Skin LD,: 5 g/kgl 
Food LC,: 3.95 mg/kg' 
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C. PBBs and Cancer 

The carcinogenicity of PBBs and PCBs has been reviewed by Silherhorn et 
al. (1990). The formation of tumors is a multistage process. The first phase 
is an irreversible mutation of DNA. the initiation phase. The growth of an 
initiated cell to a tumor is the promotion phase. There are strong indica- 
tions that PBBs. PCBs, dioxins. dibenrofurans, and related compounds are 
not mutagenic compounds but do  promote the carcinogenicity of mutagenic 
compounds, such as nitrosamine and certain polyaromatic hydrocarbons 
(PAHs) (Safe 1984; Jensen et al. 1983; Kavanagh el al. 1985). The latter 
may well bt of imporiance for the marine environment because halogenated 
biphenyls often co-occur with PAHs derived from oil or  cambustion pro- 
cesses. Tumor promotion has been reported for 3-MC type (BB-169; Jensen 
et al. 1983; Kavanagh el al. 1985) as well as PB-type inducers (BE153; 
Kavanagh et al. 1985). The tumor-promoting capacity of Firemaster BP-6 
is greater than that of its dominant congener. BE153 (Jensen et al. 1982). 

Safe (1984) and Aust (1987) reported liver cancer in rats from PBBs 
without the addition of an initiator, but the single doses of 200 mg kg-' 
and I g kg-'. respectively. were high. Initiating compounds may have been 
present in the diet, because in the second study. for example, neoplastic 
nodules were observed after 6 mon. which developed into malignant tumors 
after a period of 2 yr. (Jensen and Sleight 1986). 

D. Dermal Toxicity 

Like PCBs, PBBs cause chloracne; in monkeys, this occurred at a concen- 
tration of 50 mg kg-' in the diet (Safe 1984). After U) wk. exposure at a 
dose of 2 mg/animal twice weekly, Firemaster FF-l also caused skin papil- 
lomas in previously initiated mice (Poland et al. 1982). 

I 

E. Neurotoxicity 

Firemaster BP-6 caused chronic and subchronic neurotic symptoms, such as 
irritation, changed behavior and decreased muscular control (Safe 1984). 

F. lmmunotoxicity 

PBBs caused thymus atrophy. hypersensitivity, decreased antibody re- 
sponse, and decreased resistance against infections in guinea pigs (Safe 
1984). However. the mechanism.remained unclear. A decreased immune 
response in rats and mice occurred after exposure to Firemaster BP-6 at 
either 30 mg kg-' for 22 d or 10 mg kg- '  for 6 mon. Doses of 0.1-100 mg 
kg-' for 30 d resulted in a reduction of B- and T-helper cells (Aust el al. 
1987). In general, immunosuppression by PBBs occurs at levels that also 
caw a number of the other toxic effects described. 
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G. Effects on Reproduction and the Regulation 
of Steroid Hormones 

Be&& the plaienta is not an efficient barrier to PBBs and related lipo- 
phili~cdkhphnds, t h h e  enter the developing embryo during pregnancy. A 
second source after delivery is a mother's milk (Safe 1984). Over a period 
of 7 mon, a dietary concentration of 0.3 mg kg- '  of Firemaster FF-1 
caused a longer sexual cycle and decreased progesterone concentrations in 
monkeys. and weights of neonates decreased. A dose of 40 and 200 mg/kg 
Firemaster BP-6 administered to rats once during pregnancy caused no 
teratogenic effects. Malformations of fetuses occurred at single doses of 
400 and 800 mg/kg. The 800 mg/kg doses resulted in much higher fre- 
quency than at 400 mg/kg (Beaudoin, 1977). 

A dietary concentration of 103 mg PBBs kg- '  caused decreased egg 
production and nesting behavior in Japanese quail (Aust et al. 1987). New- 
ton a al. (1982) reported increased hydroxylation rates of testosterone to 
7a- and 68-hydroxytestosterone in rats fed 100 mg kg- '  PBB for 4 mon. A 
reduction of testosterone to dihydrotestosterone and dihydroaudrosterone 
also was found in microsomes from both sexes. 

Byrne et al. (1988) fed rats for 5-7 mon with doses of 1-50 mg kg-' 
food. Lowered concentrations of serum corticoid hormones were already 
observed at low doses of Firemaster BP-6, together with a decrease in 
weight of the adrenals. 

H. Influence on Vitamin A and Thyroid Hormone Regulation 

A single dose of 2 mg kg-' of 88-169 caused an increase by a factor of 2 in 
vitamin A breakdown products in urine and feces (Cullum and Zile 1985). 

Gupta a al. (1983a) found decreased serum TT4 and triiodothyronine 
concentrations after exposure over 125 d to concentrations of 0.1-i0 mg 
Firemaster BP-6 kg - '. 

VI. Toxicity of PBDEs 

Most toxicological studies concerning PBDEs are.conducted with a com- 
mercial BDE composition consisting of 77.4% dm-BDE, 21.8% nona- 
BDE, and 0.8% octa-BDEs (Norris 1974; Norris 1975; National Toxicology 
Program (NTP) 1986). Toxicity data of this BDE-mixure do  not reflect 
the toxicity of all BDE congeners. Absorption of this mixture from the 
gastrointestinal tract is low (approximately 1% in rats) and toxicity will be 
.low compared to that o f  other BDE congeners (see below). 

A. Acute Toxicity 
lntragastric intubation of single doses of up to 2000 mg kg- '  of commercial 
BDE to female rats did not affect growth rate, and no gross pathological 
effects were encountered during a 14-d post-treatment observation period 
(Norris et al. 1975). 
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In feeding studies, rats and mice of both sue s  were exposed to a range 
of 5-100 g kg-' of commercial BDE in the diet during 14 d and 13 wk, 
respectively. There wev  no effects on s u ~ v a l ,  body weight, or food con- 
sumption, and no grok or microscopic pathological effects (NTP 1986). 

In another study wiih rats (Noms et al. 1975). diet concentrations were 
0.1-10 g kg-' commercial BDE during 30 d. Concentrations of 1 and 10 g 
kg-' caused increased liver weight and a doe-related thyroid hyperplasia. 
Histopathological investigations revealed liver and kidney lesions at the 
highest concentration. A concentration of 0.1 mg kg-' commercial BDE in 
food, corresponding to 8 mg kg-'. body weight, is considered as an un- 
equivocal n0-CffM level. 

B. Toxic Effects in Relation to Cytochrome P450 Induction 

As is the case with BB congeners, the toxicity of BDE congeners strongly 
depends on their molecular structure. BDEs induce the same isoenzymes of  
cytochrome P450 as PBBs and PCBs. Possible effects are described in 
section V B. 

A dose of 0.1 mMol kg-' d - '  BDE (main components: 24.6% tetra- 
BDEs, 58.1% pcnta-BDEs, and 13.3% hua-BDEs) administered to male 
rats during 14 d increased cytochrome P450 more than an equal molar dose 
of a BDE mix consisting of 45.1% hepta-BDEs, 30.7% octa-BDEs, and 
13.0'70 nona-BDE; an equal mo lu  dose of high-purity deca-BDE did not 
significantly increase cytochromc P450. Peuta-BDE increased liver/body 
weight with 64%. ma-BDE with 45%. and dm-BDE with 25% (Carlson 
1980a). 

C. Carcinogenicity 

In feeding studies, female and male rats and mice were exposed to 25 and 
50 g kg-' commercial BDE in the diet during 103 wk, resulting in increased 
incidence of neoplastic nodules in livers of male and female rats. There was 
equivocal evidence of carcinogenicity for male mice as shown by increased 
incidences of bepatocellular adenomas and carcinomas. However, these 
were not increased in comparison with control groups of earlier experi- 
ments. Incidences of follicular sdenomas or carcinomas of the thyroid 
gland were only marginally increased. There was no evidence of carcinoge- 
nicity for female mice receiving commercial BDE. Effects observed in these 
studies were attributed to the less brominated BDEs of the commercial 
mixture (NTP 1986). ! 

D. Mutagenicity 

Commercial BDE was not mutagenic in bacteria, Solmonello fyphimuriurn, 
or in a mouse lymphoma assay. It did not induce chromosomal effects like 
sister-chromatid exchanges or  chromosomal aberrations in Chincse hamster 
ovary cells in vitro (NTP 1986). 
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onrmercial BDE did nor irritate t k  skin of rabbb and rats and was onky 
iifdIy irritating fo thc eyes of rabbits. External exposure caused no chior- 
rcne of the ear of rabbits (Norris el at. 1975 9. 

P. Effects on Rcprodclction, Embryotoxicity, and Teratogcnicity 

In stickEeba&s. Ck.sreros&ws ut.ulentus. Hotm es at. (1993) found a de- 
crrase in spawn+ success. Fe~nafe fish received a dietary dox  of approxi- 
matdy0.5 mg Bromkal [for composition, seeTabk7) in 3.5 mon (concen- 
tration in the rood 346 m g  kg-', w&h fish comuming 2% of their body 
*ueight/d). Uptake efficiency was approximaiely 20%. Only 2 of 1 0  fish 
spawned, compared with 8 of 10 ia the controls. 

Cornme~cial BDE djd not affect the rc~oduciivc apaeity of rats. Con- 
centrations in the dm oS 3.30, w ICO m$ kg-' &en 90 d &fore mating as 
well as during mating, gestation. and lactation bad no effects 00 lhc num- 
ber of pregnancies or on survival and weight of the neonate, (Nonis N al. 
1974). 

Oral administratjon of 2-13 mg kg-' body might pix d- '  of a PBDE 
mixture with a tawer overall degrn of brominatjon (0.2% penta-BW, 
8.6% hcxa-BDEs. 45% hepla-BDEs, 33.5% octa-BDEs, I J .Z% nona-BDE, 
and 1.4% deca-BDE) cm gestation days 7-19 to pregnant rabbits did not 
cause tnarogenic responses. At 15 rng kg-' slight Fetal toxicity was ob- 
served by an increase in thc itfcidence of delayed ossificatjon of fhe breast 
bone (Erstin et al. 1989). 

Commmial BDE causad no teratogenic response in fetuses of rats intu- 
bated with tQ-IWO mg kg -' d -' on geslaIion days6-15. Fetal toxicity only 
occurred ?rI IWO mg kg -' as subcutaneous edema and a ddayed ossification 
of nomSIy dtreopcb boos of thr fetal sku\\ {Norirs et al. 3973). 

VIE. Risk Evaluation and Recommendations 
Both classes of brominated fire retardants haw properties similar to those 
of rdated urmpaunck, such as the PC%. dibzudiaxins armd dibmznru- 
ram, and the PAHs. Thus, their toxicity is likely to intctfcre with t k  
lox'Kity of i h s e  related compounds hecause the important mechanisms of 
toxicity of PBBs and PBDEs are afw shown by them. 

The sdentifw hgsis far a risk evaluation of PB& and espesiaYy the 
FED% in the aquatic ermironmmt is very smatt. To improve this, more 
knowld[gc & required. especially in the following arcas: 

I )  their acluai concentrations in different compartments of the rnarinc 
environment, espaiatiy in sediments and different clesses of biota. As for 
all commercial mixtures of campounds with the same basic slrudure, only 

-'<';cainn of individual z r s n e r s  will allow camparative enuiron- 
-- =one of the individual BDE congeners and only 

wnae BB wngeuers arc yet available as analyticai starrdards, there i s  an 
urgent nmd for more. 

2) the toxicity mechsnkms of the individual congeners in marine ani- 
mals, including toricokinctic &%pets, in order to gain insighf into the toxic- 
ity of congener mbluru of the same class and congeners of the different 
cliufes oi r&uxl compounds. 

Because of the -city of data. it may bc only tentative& cowluded that 
the present concentrations of PBBs and FBDEs in marine food chains of 
the Bal~ic Sea, tbc Nonh Sea, m d  the Nonh Attantic Oxan  do not by 
theinsrlvrs ycr a p m  to rcprescnt a peal environmmtai risk. 

Despite this fad, their replimment by envirosuneutdty iicu harmful al- 
remalives is strondy recommended because they are oilen used in open 
systems. Much of the quantities of PBfl and PBDEs prodaced will thus 
eventudiy reach the marine environment, where they are likely to accumu- 
hle hecause of their resistann to degkgradatjve prwemcs. Finally, because of , 

their envisonmenfd propertis, the continued reisax of PBBs and PBDEs 
represents an increasing risk to marine organisms. 

Summary 

Data on two d m 8  of brorminaicd poiyaromatic name retardan& are re- 
viewed with mpb& ua azdpic.4 aspans. ~~currmce, fate, and toxicity 
in the environment. Conantratiom oi  brominaM fire retardsnis a n  quan- 
(ifled as tqeivalen(s of comrn~rciat mixtures. Because diffment congeners 
Wave differently in rhe environment and show barge differenas in mxic- 
ity. future studies w w M  benefit from the availabi5ty d analytical stan- 
dards of individual cnngeners. 

The main mvironmnbl properties and mcchaaisms of toxicity of the 
PBBs and PBDEs an similar lo tboose of the strueturaily rtlatep PCBs and 
dibex&ioxins. Alrhougb the prsent confentratians of brominattd fire 
rodardants do not yet appear to represtnt a major environmental risk in 
marine feed chains, their r e p l m n t  by envirmmeafaiiy ltJs harmful a(- 
lernatives is  recommended. 
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I. Introduction 

Recent decisions by the Swediih parliament and government to reduce the 
use of agricultural pesticides by 75% over 10 years have fcfeived interna- 
tional attention. Steps taken t o  reduce the risks c o ~ s t e d  with the use of 
nonagricultural pestiades, which constitute the majority of pesticides used 
in Sweden. have not attracted the same attention. The Swediih Ordinance 
on Pesticides defines the t m n  "pesticide" as 'a chemical product that is 
intended for use to protect against damage to property, sanitary nuisances. 
or other comparable nuisances caused by plants, animals, or microorgan- 
isms." The ordinance covers not only agricultural pesticides but also wood 
preservatives used by industry. Of 8914 metric tons of pesticide active ingre- 
dients (a.i.5) sold in 1993. 4856 tons (54%) consisted of creosote, a wood 
preservative used by industry. industrially used chromium compounds 
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1. BFRs - yesterday and today 

Fire has been a major cause of property damage and 
death throughout recorded history and to the present 
day. In fact, in the United States, over 3 million fires are 
reported annually, which result in 29000 injuries. 4500 
deaths, and direct property losses estimated in excess o f  
USSB billion (Gann. 1993). During the past several de- 
cades, modem technology has responded to this chal- 
lenge by i~itroducing heat resistant chemicals to reduce 
the chances of ignition and burning of a wide range 
of textiles, plastics, building materials, and electronic 
equipment used in commerce and in residential homes. 
By some estimates, the use of flame retardant chemicals 
has saved annually many lives and hundreds of millions 
of dollars in property damage (Spiegelstein, 2000). By 
the turn of this century. flame retardant chemicals had 
become the second largest additive used by the plastics 
industry, resulting, in part, to a market value for flume 
retardant chemicals estimated at nearly USS2.2 billion 
(Tullo. 2000). 

The earliest Rame retardant formulations date back 
to about 450 BC, when the ancient Egyptians used alum 
to reduce the flammability of wood (Hindersinn. 1990). 
By about 200 BC, the ancient Romans included vinegar 
with alum to further reduce fire hazards in wooden 
buildings (Hindersinn. 1990). 

Advancements of chemistry in modern times has re- 
sulted in the use of more than 175 ditTerent flame re- 
tardant chemicals, divided into four major groups: 
inorganic, halogenated organic, organophosphorus and 
nitrogen-based compounds and mixtures (EHC, 1997). 
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Halogenated organic flame retardants are generally 
classified as either chlori~~ated or brominated Rame re- 
tardants (BFRs). BFRs are further classified as either 
reactive or additive materials. The reactive BFRs, which 
include compounds such as the tetrabromobisphenol A 
(TBBPA) and derivatives, are chemically bonded into 
plastics (EHC, 1995). The additive BFRs, which include 
the polybrominated diphenyl ethers (PBDEs) and hexa- 
bramocylododecane (HBDD), are used as additives 
in a wide variety of polymers and resins (EHC, 1997). 
The additive BFRs generally are believed to be more 
easily released to the environment than the reactive 
BFRs (Hutzinger et a].. 1976: Hutzinger and Thoma. 
1987). 

PBDEs were the first group of BFRs to be detected in 
the environment. In 1979, the presence of BDE-209 
(deca-BDE) was measured in soil and sludge samples 
collected from areas surrounding PBDE manufacturing 
facilities in the US (de Carlo, 1979). Two years later, 
Anderson and Blomkist (1981) reported the presence of 
PBDEs in samples collected along the Visken River in 
Sweden. Jansson el al. (1987) first suggested that PBDEs 
were global contaminants by demonstrating their pres- 
ence in tissue samples of fish-eating birds and marine 
mammals collected from the Baltic Sea. North Sea and 
Arctic Ocean. Similar reports confirmed the widespread 
distribution of PBDE congeners in marine fish, shellfish. 
and sediments collected in the Pacific region and else- 
where (Watanabe et al.. 1987). PBDEs were also re- 
ported in cod liver and herring from the North Sea (de 
Boer, 1989), and in fresh water eels in the Netherlands 
(de Boer. 1990). StatTord (1983) confirmed the presence 
of PBDEs in North America, reporting elevated con- 
centrations of several congeners in the eggs and tissues 
of fish-eating birds from six US states and Ontario, 
Canada. Waldnabe el al. (1992) were among the first to 
suggest a global long-range transport process for PBDEs 
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based, in part, on studies of air particulate samples 
collected from Japan and Taiwan. 

In recent years, scientists and enviro~~mental  regula- 
tory agencies in North America and Europe have raised 
new concerns about thc presence of PBDEs in the en- 
vironment. Deep sediment core samples collected from 
the Bornholm Deep located in the southern Baltic Sea 
and analyzed by Nylund et al. (1992) indicate. in con- 
trast to other persistent organic pollutants such as  PCBs. 
dioxins, and DDT, that PBDE levels have increased 
exponentially since the late 1970s. And, nearly every 
environmental monitoring program conducted during 
the past decade has shown sharply increasing levels of 
PBDEs in wildlife, particularly in Nordic countries 
where this trend sharply contrasts with a general de- 
crease in the occurrence of dioxins, PCBs and some 
chlorinated pesticides in marine mammals and aquatic 
wildlife (Bergman. 2000; Hooper and McDonald, 2000). 
These observations are particularly troubling since 
PBDEs (BDE-47. -99. -100 and -153. in particular), 
similar to the dioxins and PCBs, are highly lipophilic 
compounds and readily bioaccumulate through the food 
web (Sellstrom et al.. 1993). 

A second concern among scientists and regulatory 
authorities, raised most recently, is prompted by evi- 
dence suggesting high levels of PBDEs in humans. 
PBDEs have been detected in human adipose tissue, 
blood serum, and in human breast milk (Stanley et al., 
1991; Klasson Wehler et al.. 1997; Noren and Meir- 
onytC, 1998). Studies of nursing Swedish women by 
Meironytl el al. (1999) suggest that the concentrations 
of several PBDE congeners in breast milk have doubled 
every 5 years over the past 25 years. The major route of 
exposure appears t o  be through the diet, although data 
o ~ i  this and other routes o f  exposure are limited at this 
time. A related concern is the increasing exposure of 
infants and young children to PBDEs and the uncer- 
tainties associated with the risk of adverse effects during 
early developmental stages. 

At present, much remains uncertain regarding the 
toxicity of PBDEs in humans (Darnerud et al.. 2001). 
There is limited evidence, both supporting and negating, 
the carcinogenicity of deca-brominated BDE (Kociba 
et al., 1975; NTP, 1986). There is general agreement 
within the scientific community that data are insullicient 
to fully evaluate deca- and other PBDE congeners as 
human carcinogens (IARC, 1990). The most sensitive 
end points of PBDE toxicity observed in ;inimal bioas- 
says appear to be effects on thyroid function, and par- 
ticularly induction of thyroid hyperplasia and alteration 
of thyroid hormone production (Fowles el al., 1994). 
These and related findings are consistent with adverse 
effects reported for other organohalogens such as PCBs 
(Brucker-Davis, 1998). Recent studies by Meerts et al. 
(1998, 2001) raise new concerns regarding the estroge- 
nicity of PBDEs. Several pure di- to hepta-brominated 
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PBDEs have been shown t o  act via a dioxin-like Ah- 
receptor mediated pathway in vitro as  either agonists or  
antagonists, prompting speculation that in vivo metab- 
olism of certain PBDEs may produce more potent 
pseudoestrogens (Meerts et al.. 2001). These and other 
effects and their significance should be the focus of ur- 
gently needed future toxicological studies with PBDEs. 

2. Overview 01 this speclal issue 

The manuscripts found in this special issue of Che- 
ti~osphrre provide a state-of-fhe-science understanding of 
the occurrence and significance to human health and 
wildlife posed by PBDEs in the environment. This issue 
is mainly dedicated to the technical session on BFRs 
held in August 2000 in Monterey. CA. USA as  p a n  of 
the 20th Annual International Svmoosium on Halo- , . ~ ~ 

genated Environmental Organic Pollutants and POPS. 
The work presented herein reflects the evolution of the 
scientific understanding of BFRs by scientists working 
in North America, Europe, and Japan during the past 
decade. The Annual International Dioxin Symposium 
and Periodic Technical Workshops and symposia hosted 
by Environment Canada and by Stockholm University 
have been important venues in this regard. 

Manuscripts are organized into five sections: Intro- 
duction: Analytical; Environmental levels; Environ- 
mental fate and sources; and Toxicology and risk 
assessment. in  the Introduction section, de Wit provides 
an extensive overview of BFRs in the environment, re- 
flecting the considerable effort undertaken by the 
Swedish Environmental Protection Authority in 1999- 
2000 (de Wit. 2000). 

The three manuscripts included in the Analytical 
section describe the chullenges posed by efforts to ac- 
curately measure PBDEs at trace levels in different en- 
vironmental compartments. No  longer regarded as  an 
undesirable interference in gas chromatography analysis 
for other organohalogens, considerable effort is under- 
way to establish an analytical protocol for PBDEs. 

Seven manuscripts are included in the Environmental 
levels section, reflecting a broadening of our under- 
standing of the occurrence of PBDEs in various geo- 
graphical regions and environmental compartments. 
These studies i~ddress the occurrence of BFRs in aquatic 
birds, fish, marine mammals, and wildlife, as  well as  in 
human tissues (blood serum and breast milk) from JII- 
pan, Europe and North America. The results, which 
highlight the similarities and diRerences in PBDE levels 
in biota and humans, support the hypothesis that long- 
range transport and inputs from local and regional 
sources are both important in the evaluation of PBDEs 
in the environment. 

Three manuscripts arc included in the Environmental 
fate and sources section. On-going work in this field of 
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study is focused o n  resolving two important  areas of  - 
uncertainty, the source(s) of  releases t o  the envirotimenl 
a n d  mechanisms for long-range global transport  of  
PBDEs. 

This special issue concludes with three manuscripts in 
the Toxicology and risk assessment section. T w o  papers, 
one  by Hardy and the second by  McDonald,  frame the 
opposing viewpoints in the  current debate concerning 
the toxicological significance t o  humans  posed by ex- 
posure to  PBDEs. T h e  third paper by Wennitig is one  of  
only a few risk assessment studies conducted thus  far; 
and  identifies the uncertainties a n d  limitations in ou r  
current  understanding o f  human exposure t o  the three 
predominant PBDE products sold commercially in 
Nor th  America and Europe. 

3. Closing 

As  co-editors of this s p c i a l  issue of  Chemosphcre, we 
are  especially grateful t o  the scientists a n d  peer-review- 
ers located in North America, Europe,  and the Asia- 
Pacific region who participated in the preparation and 
review of  the manuscripts presented here. We owe a 
special acknowledgement t o  Dr .  Kim Hooper  a t  Cali- 
fornia EPA (Berkeley, C A )  who initiated this process a t  
the Dioxin2000 meeting held in Monterey. California 
last August. Dr .  Hooper,  like many scientists involved in 
environmental monitoring and research, identified the 
need fo r  a forum t o  communicate the complex issues 
and common themes associated with understanding 
chemical behavior in the environment and its signifi- 
cance t o  both  human and ecological health. W e  trust 
this special issue of Chemosphcre contributes t o  that  
goal. 
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Abstract 

The polybrominated diphenylethers (PBDEs) are a dass of chemicals widely used as flame retardants. Concentra- 
tions of PBDEs in some human and marine mammal populations are increasing. The toxicological endpoints of concern 
for environmental levels of PBDEs are likely to be thyroid hormone disruption, neurodevelopmental deficits and 
cancer. Unfortunately, the available toxicological evidence for these endpoints is surprisingly limited. given their 
widespread use, bioaccumulativc potential, and structural similarity to thyroid hormones and polychlorinated biphe- 
nyls (PCBs). Available evidence suggests that the PBDE congeners likely to bioaccumulate (i.e., those obsnved in 
human tissues and other biota) have the propensity to disrupt thyroid hormones, cause neurobehavioral deficits and 
possibly cause cancer in laboratory animals. It is unclear whether current concenkations of PBDEs in human tissues 
would be expected to adversely impact human health. Since nearly all individuals arc exposed to low levels of PBDEs, 
the potential health impacts also should include assessment at the population level. This paper summarizes the available 
toxicological evidence for PBDE-induced thyroid hormone disruption, neurodevelopmental deficits, and, for some 
congeners, cancer, and provides a perspective on the potential risks of the PBDEs for human health. 8 2002 Elsevier 
Science Ltd. All rights resewed. 

Kejwordr: PBDE; PCB: Toxicity; Risk; Thyroid hormone; Ncurodevclopment; Caoccr; Review 

1. Background beluga whales in Canada (Stern and lkonomou, 2000) 
and in adipose tissue of seals neir San Francisco (United 

The polybrominated dipbenylethers (PBDEs) are States) (She et al., 2001). Over the past 20 years, con- 
widely used flame retardants whose concentrations are centrations of PBDEs also have been increasing as con- 
rising in human tissues and biota (Hoopcr and Mc- taminants in human breast milk samples from Sweden 
Donald, 2000). PBDEs and their metabolites are struc- and Gemany (NorCn and Meironytt, 2000; Schroter- 
mally similar to PCBs and thyroxine (Fig. I) and DDT Kennani et al., 20W). Similar concenlrations of PBDEs 
(Hooper and McDonald, 2000). PBDE residues are now have been reported in human tissue samples collected in 
found in sediments, marine mammals, fish, bird eggs and recent years from Spain (Meneses et al., 1999), Israel (de 
human milk, serum, and adipose tissue (reviewed in Boer et a]., 1998), Finland (Strandman et al., 2000). and 
Darncrud et al., 2001). Researchers have reported in- Canada (Ryan and Patry, 2000), with somewhathigher 
creasing PBDE concentrations over time in guillcmot concentrations in the Unitcd States (She at al., 2001). A 
eggs in Sweden (Sellstrom et al., 1993), in blubber of high degree of inter-individual variability was observed 

in the concmtrations of PBDEs in human adipose tissue 
samples, ranging from 17 to 462 ng/g lipid in the United 
States (Sheet al., 2001) and from 0.6 to 98 ng/g lipid in 

'Fax: +I-510-622-3187, Sweden (Hardell et al., 1998). The reasonfor the wide 
Cmail  &ex: tmcdonal@oehha.ca.gov (T.A. McDonald). variability is not known;but may be due to the different 
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PBDE concentrations in the air of rural locations in the 
Great Lakes region near Chicago (Strandberg e t  al., 
2001). PBDEs have also been measured in indoor air 
OPCS, 1994; Sjodin et al., 2001). Airborne PBDEs exist 
both as a gas and associated with particulate matter, 
dependent on several factors including the chemical 
properties of the congeners and !he environmental 
conditions (Strandberg et al.. 2001; Sjodin et a].. 2001). 

2. Lowdose toxicity 

Cunent concentrations of PBDEs in human tissues 
range from roughly 1 to about 400 nglg lipid (Hardell 
et at., 1998; Sjodin et a]., 1999; Sheet al., 2001) and may 
be rising rapidly in some populations (Ryan and Patry, 
2000). Based on available toxicity data and structural 
and mechanistic similarities with the PCBs, the toxic 
endpoints likely to be the most sensitive for the PBDEs 
are thyroid hormone disruption, neurobehavioral tox- 
icity and, for some congeners possibly cancer. Some 
evidence is available for estrogenic activity of PBDE 
(Thayer et at., 2000; Meerts et al., 2001), but more 
studies are needed to determine if low-dose exposures 
to PBDE have estrogenic activity in humans or other 
species. 

2.1. Thyroid efecrs 

The chemical structure of PBDEs closely resembles 
that of the thyroid hormones, 3,3',5-triiodothyronine 
fl3) and 3,3', 5.5'-tetrai~doth~ronine (thyroxine, T4). 
Thyroid hormones, like~metabolites of PBDEs, are hy- 
droxylated, halogepated-diphenylethers (Fig. 1). Recent 
in vitro studies have shown that hydroxylated metabo- 
lites of PBDEs bind with high affinity to thyroid 
hormone transport protein (i.e., transthyretin) (Meerts 
et al., 2000) and bind to thyroid hormone receptors 
TR-a1 and TR-P (Marsh et al., 1998). although the 
latter binding is with low affinity. Metabolism studies of 
2,2',4,4'-tetra-BDE in rodents resulted in the formation 
of five different hydroxylated tetra-BDE metabolites 
(om and Klasson-Wehler, 1998). Moreover, hydroxy- 
PBDEs and methoxy-PBDE have been detected in the 
hloo'd plasma of salmon from the Baltic Sea at concen- 
trations that were similar to those of the major PBDEs 
(Asplund et al., 1999) (Fig. 1). There are no toxicity data 
on methoxy-PBDEs. 

AU of the PBDE products (pentd-, octa- and deca- 
BDE (technical)) disrupt thyroid hormone balance, al- 
though the potency of the deca-BDE appears much 
lower than the rest of the class (reviewed in Hooper and 
McDonald, 2M)O; Darnerud et al.. 2001; Zhou et al., 
2001a). Penta-BDE exerted clear effects on the thyroid 

system of rodents, including decreased T4 in ra_,.and_. 
- mice exFoFdXallyfoi-14 d a F ( l 8  m a g )  (Fowles 

et al., 1994; Darnerud and Sinjari, 1996). hyperplasia 
among rodent following administration via the diet for 
90 days (10 m a g )  (Dow Chemical Company, 1991). 
and decreased T4 among mice 8 days aftef a single oral 
exposure (0.8 mgkg) (Fowles el  al.. 1994). 2,2',4,4'- 
Tetra-BDE, the major congener in most human and 
animal tissue samples, reduced thyroid hormone levels 
among female rats following oral administration foi' 14 
days (18 m a g )  (Hallgren and Darnerud, 1998). Zhou 
et al. (2001a) administered orally to female rats one 
of three commercial PBDE mixtures (penta-, octa- and 
deca-BDE (technical)) for 4 days at dosages of 0, 0.3, 1, 
3, 10. 30, 100 or 300 mglkg body weight. Dose-related 
reductions in' serum T4 levels were observed for the 
penta- and octa-BDE (technical), but not the deca-BDE 
(technical). Benchmark dose analyses of the data, 
modeled with a Hill equation, indicated that the 95% 
lower confidence bound on the effective dose resulting in 
a 20% reduction of senun T4 (LEDlo) was about 7 mgl 
kg for the penta-BDE (technical) and 5 mglkg for the 
octa-BDE mixture (Zhou et al., 2001a). In additional 
experiments initially reported by Zhou et al. (2000), this 
research group administered penta-BDE (technical) to 
pregnant rats from gestational day 6 to postnatal day 21 
at doses of 0, 1', 10, and 30 mgikg. Serum concentrations 
of T4 were depressed in a dose-response trend over all, 
doses in both the fetuses and dams on gestational day 21 
and in the offspring at postnatal day 4 and 14, although 
in pair-wise comparisons T4 concentrations in the lowest 
dose groups were not statistically diRerent from controls 
(Zhou et al., 2001b). 

T o  put these observations in perspective, coplanar 
PCBs (e.g., "dioxin-like" PCBs such as PCB 77, 126, 

.-169) reduce thyroid hormone levels in rodents at levels 
100-1000-fold lower ( ~ e o  et al., 1995) than those used in 
the PBDE studies. However, background tissue con- 
centrations of PBDEs in human populations are much 
higher than the concentrations of dioxins and dioxin- 
like PCBs. It should also be noted that rodents are 
generally believed to be more sensitive to thyroid hor- 
mone disruption than humans (US EPA, 1998), al- 
though wide variability in thyroid hormone status is 
observed in the general population (see below). Also. 
preliminary data suggest that PBDEs function additively 
to reduce T4 levels when co-administered with PCBs 
(Aroclor 1254) or chlorinated paraffins (Hallgren and 
Darnerud. 1998). 

The mechanism of thyroid honnone disruption by 
PBDEs has not been fully characterized, but may arise 
from at least two different mechanisms. First, PBDEs 
exhibit a moderate potential to induce liver enzymes o f  
different enzyme families, including cytochrome P450 
1Al induction (i.e., Ah-receptor- or dioxin-like in- 
duction) and cytochromc P450 28 induction (i.e., 
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many of the same neurological effects as non-coplanar 
PCBs (see belo~)~o_r~o~ubstituted, non-coplanar. . .- -- 
PCBs, which have low affinity for the Ah receptor, e'x- 
hibit a wide range of toxicities, including neurotoxic 
effects (Fischer et al., 1998; Brouwer et al., 1998). There 
is growing recognition that reliance on the use of toxic 
equivalency factors mi? based on relative Ah receptor 
activity fo r  the PCBs may be insufficient for endpoints 
such as neurotoxicity (Fischer et al., 1998; US EPA, 
2000). Non-coplanar PCBs comprise the greatest con- 
centration of PCBs in most biologicd samples. It has 
been suggested that a significant portion of the neuro- 
behavioral deficits associated with PCB exposure in 
monkeys and hunians may be due to non-coplanar 
congeners (reviewed in Fischer et al., 1998; Brouwer 
et al., 1998). 

There are at least three possible mechanisms by 
which PBDEs, like non-coplanar PCBs, can adversely 
afiect brain development: (1) thyroid hormone disrup- 
tion, (2) disruption of second messenger communica- 
tions, and (3) alteration of neurotransmitter systems. 
Evidence from animal studies suggests that all three 
mechanisms may be operative for the PBDEs. 

Thyroid hormone imbalance is a well-established 
mechanism of neurodevelopmental deficits in rodents 
and humans (Porterfield, 2000: Morreale de Escobar 
et al., 2000). Thyroid hormones regulate brain develop- 
ment in both the fetal and nmnatal periods (Morreale de 
Escobar et al., 2000). Thyroid hormones control prolif- 
eration of neuronal and glial ceUs, regulate neuronal 
migration and difierentiation, and regulate neuronal 
connectivity and myeliqation. They also control normal 
cytoskeletal assembly and stability, which is essential 
for proper neuronal migration and outgrowth. Thyroid 
hormones also regul$te the development of cholinergic 
and dopaminergic systems serving the ccrbral cortex and 
hippocampus (Porteffield, 2000). 

Both maternal and fetal thyroid hormone levels are 
important for proper brain development (Porterfield and 
Hendrich, 1993; Haddow et al., 1999; Pop et al., 1999; 
Morreale de Escobar et al., 2000). The mother is the 
only source ofthyroid hormone for the fetus during the 
first trimester and is the major source in the second 
trimester, two periods in which maternal thyroid ah- 
normalities in humans a n  well associated with reduced 
intelligence in progeny (reviewed in Mor~cale de Esco- 
bar et al., 2000). As noted above, exposure of pregnant 
rodents to PBDEs reduced thyroid hormone levels in the 
dams. fetuses and offspring (Zhou et al., 2000, 2001b). 

PBDEs may be functioning to perturb intracellular 
second messenger systems, as has b e n  observed for 
non-coplanar PCBs. These communication systems, 
which include the ca2+ homeostasis in neuronal cells. 
inositol phosphates and protein kinase C, play a vital 
role in neuronal growth and normal cellular physiol- 
ogy (Fischer et al., 1998). An initial report by Derr- 
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Yellin and Kodavanti (2001) suggests that this mecha- 
nism-is-operative-for-lower-molecular-weight-PBDEs; 
Penta-BDE (technical) (but not octa-BDE (technical)) 
stimulated the release of arachidonic acid through a 
phospholipase 2 @LA?)-dependent mechanism in cer- 
ebullar granule cells in viko, as has been demo6strated 
with neurotoxic PCBs. PLA, activity is associated with 
learning and memory, and arachodonic acid is a sec- 
ond messenger for synaptic plasticity (Derr-Yellin and 
Kodavanti, 2001). Additionally, chlorinated analogues 
of the PBDEs, namely di- to penta-chlorinated di- 
pbenylethers, showed equivalent or  greater activity to 
ortho-substituted PCBs in perturbing second messenger 
s y g e m  (Kodavanti et al., 1996; Fischer et al., 1998). 
Also, an initial report by Anderson et al. (2001) indi- 
cated that penta-BDE (technical) and PCBs inhibited 
phosphorylation of mitogen activated protein kinase 
(MAPK) in tissue slices from the hippocampi of rats. 
MAPK is a component of a key signaling pathway 
thought to bc related to long-term potentiation of nerve 
cells, learning and synaptic maturation. Disruption of 
this pathway during brain development is, believed to 
contribute to cognitive dysfunction in adulthood (An- 
derson et al.. 2001). 

The observed ne<rotoxicity in rodent studies of 
PBDEs could be a result of alterations in neurotrans- 
mitter systems (Eriksson, 1997), which may or may not 
be mediated through the thyroid system (Ponefield, 
2000). Viberg et al. (2000) noted that neurobehavioral 
responses following postnatal exposure to PBDEs were 
consistent with alterations to the cholinergic system. 
Clearly, more research is needed to characterize the 
developmental neurotoxicity of PBDEs. 
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2.3. Cancer 
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Although the more bioaccumulative forms of PBDEs 
(i.e., tri- to hexa-BDEs) have not been tested for carci- 
nogenicity, there is reason to suspect that they might be 
carcinogenic in standard two-year rodent hioassays. 
Only the fully brominated deca-BDE (technical) has 
been tested for carcinogenic potential and produced 
some evidence of carcinogenicity in male and female rats 
and equivocal evidence in male mice (Nl', 1986). In 
that bioassay, dose-related increases in liver neoplastic 
nodules (adenomas) wmc clearly related to d m - B D E  
treatment in both male and female rats. Acinar cell 
adenoma of the pancreas also were increased among 
high-dose male rats. Statistically significant increases in 
hepatocellular adenomas and carcinomas (combined) 
were observed in male mice relative to controls, but the 
increasu were within the range of historical controls. 
Marginal increases in thyroid gland follimlar ceU ade-- 
nomas or carcinomas (combined) were observed fo i  
male and female mice. Some concerns about the bio- 
assay were raised and considered by the NTP peer 
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worthy that a dose-related trend in reduced serum thy- . .  .. - - -  - 
roidho-rmone concentratrons was observed among the 
dams, fetuses and newborn rats. Additional thyroid 
function and neurodevelopmental studies in rats and 
mice are needed, and these studies should include the use 
of lower dose levels as weU as groups of iodine-deficient 
animals to better assess the risks to sensitive human 
populations. 

3.2. Po1enl;al health risks 

Since nearly all individuals are exposed to low-levels 
of PBDEs as evident by tissue monitoring data, the 
potential health impacts should include assessment at 
the population level. Thyroid hormone disruption is 
associated with many adverse health outcomes, includ- 
ing goiter, benign and neoplastic thyroid diseases, and 
neurodevelopmental toxicity (Hill et al., 1989; Morreale 
de Escobar et a].. 2000). The developing brain is sensi- 
tive to thyroid hormone disruption. For example, recent 
studies have shown that relatively small decreases in 
maternal serum T4, free T4 or other indicators of thy- 
roid abnormalities can have a negative impact on the 
intelligence and psychomotor skills of children (Pop 
et al., 1999; Haddow et al., 1999; Morreale de Escobar 
et al., 2000). It is clear that there is a distribution of 
individuals with varying degrees of thyroid competency. 
At any given time, a small fraction of the population is 
clinically hypothyroid, and a larger fraction has a 
moderate level of (non-clinical) hypothyroidism or 
thyroxinemia (Pop et al., 1999; Haddow et al., 1999; 
Morreale de Escobar et.al.. 2000). Intertwined with the 
distribution of thyroid. competency is the fact that a 
significant proportion of the population is iodine defi- 
cient (Hollowell et a t ,  1998). Theoretically, body bur- 
dens of PBDEs, PCBs, and chlorinated dioxins (which 
may function additively to disrupt thyroid hormone 
balance) could shift the population distribution slightly, 
pushing some fraction of the population towards in- 
creased risk. 

The health risks posed by PBDEs at low doses can- 
not be adequately characterized at this time. The most 
sensitive endpoints (i.e., thyroid hormone disruption, 
neurobehavior deficits and possibly cancer) associated 
with the most bioactive PBDE congeners (tri- to octa- 
BDE) have not been sufficiently tested. Studies that es- 
tablish a no-observable effect level for thyroid hormone 
disruption or for neurodevelopmental toxicity are nee- 
ded, as are animal cancer studies of the lower PBDE 
congeners (tetra- to octa-BDE). PBDEs have exhibited 
potential for induction of tbe cytochrome 1Al family 
(Ah receptor induction) and the cytochrome 2B1 family 
@entoxyresorufin-o-deethylase, P R O D  induction) and 
are shown to be Ah receptor agonists or antagonists in 
vitro, dependent on their bromine substitution (Meerts 
et al., 1998). Although dioxin-like activity appears to he 

!OW (?.lo?)-relative to-TCDD. Current-concentrations 
of PBDEs in some human populations (She et a]., 2001) 
are roughly 20,000-fold higher than TCDD (Hooper and 
McDonald, ZWO), a n d  are rising rapidly. Importantly, 
the effects of PBDEs, PCBs and dioxins on thyroid 
hormone disruption and enzyme induction may be ad- 
ditive (Hallgren and Damerud, l998), and may increase 
the overall risks of health effects associated with dioxin- 
like compounds. From a risk assessment perspectivs, 
considerable empirical and mechanistic evidence suggest 
that on a population level cancer risks of dioxin-like 
compounds are consistent with a linear-to-low-dose 
moael for Ah receptor induction, compelling the US 
EPA to employ such an approach for modeling the risks 
of TCDD (US EPA, 2000). 

Estimates of dietary intake of PBDEs in Sweden were 
about I-million-fold lower than the lowest dose which 
resulted in adverse effects in animal studies (-I m a g  
day, thyroid hormone reduction) (Damerud et al.. 
2001). Although this provides some comfort that current 
environmental concentrations are not involved in ad- 
verse health outcomes, many factors could considerably 
narrow that gap; For example, tissue concentrations 
among US populations are about 5-10-fold higher than 
in Sweden, and in each population tissue concentrations 
in individuals can vary more than SO-fold. In addition to 
dietary sources, there are non-dietary exposures that are 
the primary routes of exposure for some PBDE cong- 
eners, as evident by different congener patterns among 
persons of diRerent occupations (Sjodin et a]., 1999). She 
et al. (2001) reported that when PBDE congener pat- 
terns among seals and humans were normalized for 
2,2', 4,4'-tetra-BDE (PBDE 47). the contribution of 
certain penta-BDE congeners (PBDE 100, 153, and 154) 
was small in seals hut prominent in humans, suggesting 
selective bioaccumulation or that routes other than the 
diet contributed to human body burdens. Moreover, 
there is good evidence that humans also have direct 
dietary exposures to hydroxy-PBDEs at concentrations 
that are as high as the major PBDE congeners (Asplund 
et al., 1999). Activity of the hydroxy-PBDEs may be 
much higher than the PBDEs for thyroid'hormone dis- 
ruption (Meerts et al., 2000) and estrogenic activity 
(Meerts et al.. 2001). Additionally, humans are exposed 
to methoxy-PBDEs, possibly from environmental con- 
version of PBDEs, which are at concentrations higher 
than the major PBDE congeners and whose toxicity has 
not been studied (Asplund et al., 1999). . , . , 

Moreover, for TCDD, PCBs and presumably other 
bioaccumulative agents such as PBDEs, the daily intake 
for the fetus and infant is much higher than that of 
adults on a body weight basis. As evidence of fetal ex- - 
posures, humans at birth have tissue concentrations of 
TCDD that are up to 25% of maternal levels (Hooper 
and McDonald, 2000). Furthermore, lactational expo- 
sures of highly lipophilic compounds like the PBDEs, 
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Brominated Flame Retardants: A Novel Class of Developmental 
Neurotoxicants in Our Environment? 
Per Erlksson,' Eva Jakobasm,~ and Anden Frwlrlhssm' 
'Depanment of Environmental Toxicology. Uppale Unlversily. Norbyvllgan. Uppsala. Sweden; 'Department of Envlmnmental 
Chamlstry, StocWolm University, Stockholm. Sweden 

Bromlnated flame retardants are a novel 
p u p  of global envlmnmental contarmMnu 
(1.2). Wlthln hh grcup the potytmmlnaed 
dlphenyl ethen (PBDG) are used in large 
quantltias as name-retardant addltlves In 
poly%m, apeclally in the manufactm of a 
varlety of e lear ld  appltanea. Mudlng tele- 
vlrlon and mmputer caring, bulldins materl- 
als. and textlles (3.4. Because PBDG are 
m M ,  not drmically b m d ,  into the mate 
rid they are wed in.-they may m l p t e  fmm 
the material. One of the rsrllcst reporu of 
PBDE in our environment came in 1981 (3. 
Since then. PBDEs have heen shorn to'& 
penlrtent clnnwunQ that enpar to have an 

rnothen showed that the concentration of 
PBDEs has Increased continuously from 
1972 to 1997, w d  chme of o r a a n o c b  
~IW mmpoundr such m PCB and 6DT haw 
decreased (9.10. The concentratron of 
PBDL in 1997 wm rlUl lower than thme of 
PCBs and DDT. The concentration for 
PCBs wm 324 ne/g llpld, for DDT 14 ng/g 
Upld, and for PBDE. 4 ndg lipid. Havever. 
ofspslalmnambthetthePBDLrhowan 
wp&nttal increme fium 1972 to 1997 with 
a rate of Increase that doubled in 5-yaer 
i n m u  (9.10. 

In mammals, the fetua can be dlrutly 
erpored durlnn nermtlon vls m n t d  intake 

enlmals also acqulm many new motor and 
sensory abUlUes (1.3 and thelr spontanaaw 
motor behavior peaks (14). The  breln 
growth spurt is suoclated wlth numerous 
blochemica1 fhaneer that wnrform the feto- 
neonatal brain into that of the mafm adult 
(l5,lL1). One of the maor trammltter s y -  
renu that undergo rapld development ts the 
chollnerglc system, whlch Is Involved in 
many behavioral phenomena and cognlUve 
functloru (1Z16). 

In wveral reports we have shown that 
low-dose exposure to both pershtent and 
nonpenlstent envlmnmental agenu during 
the neonatal period d lmpu adult brain func- 
tion. Among the toxlcanu thet Induce such 
neurotoxic effects ere D D T  (19.2Q. 
pyrethrolds ( 2 0 .  organophosphate (21). 
nimtine (2.3, paraquat and hlET (2.3. and 
nnsln PC& (24. The lnducdon of behav- 
loral and chollnerglc disturbances in the 
adult anlmal hra oRrn been ilmlrat to a short 
period d m  ~ o n a t a l  development, amund 
postnatal day 10 (19.21.22). Those studler 
slso showed that the lnductlon of t h e  db- 
turbances occun at doses that apparently 
haw M pananent affect when a d m M r t d  
to the adult anlmal. Furthermore, the sxpo 
s u n  lml for nimtlne. PCB, and DDT wnm 
also in the same order of magnltude to 
whlch humans can be expowd (2022.24, 
Expmurr to PCB. DDT, or nlcouns during 
thls phme of development can slso lead to an 
Increased ausceptlbillty to toxlc agents s t  
adult q e .  Indlcadng that neonatal exposum 
to toxlc q e n u  can potentlate andlor modlfy 
the reaction to adult upo~ure to xe~blotlca 
( 2 5 2 a .  

In vlew of an lncreaslng amount of 
PBDEs end TBBPA in the environment 
and in mother's mllk, we undertook the 

invlronmeni dbpenlon s;rmlar to that of oitoxlc burins the neonatal prlod, present study to lnverdgate poslble bchav- 
polychlorinated blphanyls (PCBs) and ofisprlnn may bc conramlnatcd bv lnnallnn loral cffecu of PBDEs and TBBPA when . -  - 
dlchlorad~~han~ltr~chlorbethane (DDT) mather'; milk or by dlrs t  e r p m m  to xeno- glven durlng the rapld development of the 
(2.6). PBDE has been found In various blodca (11). In many mamrnallan specla a nmnatal mouse b d n .  
wlldllfe rDeela and In human t luuu (1.a. mold mwth of the b d n  occun durlnn 4- . . . " ". 
The PBDE mngenen that domlmte in envi- natal devefopment-the so-called braln A- mmrpandass to P, ruuron, Dsprunant 
ronmental and human sampler are 2.2'.4,4'- growth spun (12). In humans, thls period .r ~,,~lm,,,,,~,,~ T ~ ~ I ~ ~ I ~ ~ .  u p d l  Unlvcnfity, 
tetrabromodlphenyl ether (PBDE 471 and beglns during the thlrd tslmester of prsg- ~ ~ ~ b ~ ~ 8 ~ ~ ~  18A. S.752 36 Upplaia. Sweden. 
2.2'.4.4'.5-pentebromodlphenyl ether nsmy and condnuer throughout the Rnt 2 TslrplMs: 4 8  18 4712623. Fu: 4 6  18 518843. 
(PBDE 99). These agents togather with t e r n  yean of life. In m o w  and rat UL!S period b E-nuU: Pcr.E~@Etol.uux 
bromo-bls-phenol-A (TBBPA) have also neonatal, spanning the n n t  3-4 weeks of We thank A. Potternon lor axcaltsnt techaul 

been detected In human plasma samples llfe, durlng whlch the b d n  undergoa sev- zbrk ,upportad by gr,nU (6.9 and @mother's mlk (9.14. A audy on era1 fundamental phaur. such m a x o d  and svedWl E~~~~ prn,-,, - .nd 
censln organahlorlne and organobromlne dendrldc outgrowth end the atablbhment ~ ~ ~ n d a ~ o n  rorSv.tglc Env(mnmamd Raurch. 
conmmlnanu In mllk from natlve Swedlsh of neural connections. During thls period. b c t n d  4 October 2WO. aaspted 6 May 2001. 
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Materials and Methods 
Animals and Chemlfalr 
We used male NMRI mice to make this 
study comparable with our earlier studles. 
whlch were performed on male mlce. 
Pregnant NMRI mice were p u r c W  from 
Charles River. U p e a .  Sweden. Following 
panurluan, each litter, adJusted wlthln 48 hr 
to eight to ten mlce by euthanarla of remaln- 
Ing p u p ,  w kept together wlth its respec 
tlve mother in a pkUc a g e  In a mom with 
an amblent tempemture of 22.C and a 12 hr 
Ilght:12 hr dark cycle. At an age of 10 day. 
p u p  were expased to the vehlcle or the test 
compounds. To keep lltten and condiuons 
standardized and as c l m  to normal ar pmsl- 
ble durlng the neonatal perlod, we exposed 
both sexes. At 4 weeks male mice were 
w e d  and were placed and mksd In groups 
o f  four to seven in a roam for male mlce 
only. The snlmab were supplied with stan- 
dardized pllet fobd bctamln.  Stackholm. 
Sweden) and 180 water adtlblhun. 

The polybrominated dlphenyl ethers 
PBDE 47 and PBDE 99 ww ~ t h e s l z e d  at 
the Wallenberg ~ a b a r a t o i ~  (28.29). 
University of Stockholm. Sweden. 
Tetrabromo-bls-phenol-A (TBBPA) was 
purchased from Aldrich (Steinhelm. 
G m v )  and war recmtslll2ed from chlo- 
r o f o r m r ~ h e  purlty of the compounds 
exceeded 98%. The substances were dls- 
solved in a mixture of egg lecithln (Merck. 
Darmstadt. Germany) and peanut oll 
(Oleum wechld~ (1:lO) and then sonicated 
with water to yield a 20% weight:water 
(w:w) fat emulslon vehicle containing vari- 
ous conccntrntions of the compounds. The 
substances were admlnlstered orally, at a vol- 
ume of 10 mWkg body weight (bw), vla a 
PVC tube (diameter 1.0 mm) as one slngle 
dose on postnatal day 10. The amounts of 
the dlfferent compounds given were ar fol- 
lows: 2.2'.4.4'-tetrabromodlphenyl ether 
(PBDE 47). 0.7 mg (1.4 pmol). 10.5 mg 
(21.1 pmol)hg bw: 2.2'.4.4'.5-pentabro- 
modlphenyl ether (PBDE 99). 0.8 mg (1.4 
pmol). 12.0 mg (21 . I  pmol)/kg bw: tetra- 
bromo-bis-phenol-A (TBBPA). 0.75 mg 
(1.4 pmol). 11.5 mg (21.1 pmol)lkg bw. 
Mice serving as eontmls recelved 10 mWlrg 
bw of the 20% fat emulslon vehlcle in the 
same manner. Each treatment group com- 
prised mlce from 3-4 different Utten. 

&havioral Testa 
Sponranmur hhavlw. We tested sponta- 
neous behavlor in the male mlce at aaes 2 
and 4 months, as described prevl&rly 
(19.24. We tested elaht mice, randomlv - 
selected from three to four different littm. 
once only, and the tests were performed 
between 0800 and 1200 hr under the same 

ambient light and temperature condltlons. Hahlruatl~ r n p b l i l ~ .  Fmm the span- 
We measured motor actlvity over 3 X 20 taneous behavior tesr we calculated a ratio 
min In an automated devlce conslstlng of between the p r f o m c e  pr lod 40-60 mln 
cages (40 X 25 X 15 cm) placed wlthln two and 0-20 min for the three dlfferent varl- 
series of inIrared beam, (low level and hlgh abler: IacomoUon, nanng, and total acrlviry. 
level) (Rat-O.Mauc: ADEA Elekmn~k AB. We used the following calculation: 100 
L;ppJala. Sweden) (30.34 h o m o ~ o n  war lcounu IoeomoUon 40-60 rmn/counu lom- 
registered when the mouse moved horlzon- 
tally thmugh the low-level grld of Infrared 
beam. For d n g .  venicd movement war 
registered at a rate of 4 counts per second. 
whenever and as long ar a rlngle high-level 
beam was lnterrupted-the number of 
counts obtalned war proportional to time 
spent renrlng up. To mcarun total actlvlty, a 
pick-up (mounted on a lever with a counter- 
welghd wlth whlch the ten cage wm in mn- 
tact reglntered all types of vibration wlthin 
the test cage, such as mouse movements. 
shsklng (trernon), and ipoomlng. 

swim mace. We admlnktered the behev- 
lor t a t  to msle mlce at the age of 5 months. 
We rested 16-18 mice, randomly wlected 
from three to four different Unen, for Iwlm 
maze prfomunca. The swim maze was of 
Monir water man  type (34: a drcular gray 
tub. 73 cm In diameter, filled with water at 
23'C to a depth of 13 cm fmm the brlm. In 
the center of the northwest quadrant of the 
pml, a platform w submrged 1 on beneath 
the water surface. The platform formed 
of metal mesh and had a dlsmeter of 12 cm. 
We observed the muse's abllln, to locate the 

marlon 0-20 min). 100 (counts rearlng 
40-60 minicounts marlng 0-20 mln), and 
100 (count. total acdvity 40-60 mln/counu 
total actlvity 0-20 mln). lb ratlo war used 
to eMlyle alteration In habltuatlon between 
2-month-old and 4-month-old mlce. Thae 
data were sub~ected to a spUt-plot ANOVA. 

Swlm maze. The data imm day I to day 
4 were subjected to a split-plot ANOVA. 
Palwise tesung between PBDE 47.. PBDE 
99.. TBBPA-. and vehlcle-treated groups 
was performed wlth Tukey's HSD test. 
StatkUcd Maim for the behavioral data of 
day 5 war submitted to palred *test (dlffar 
ence between trlal 1 and vlal 5) and one- 
way ANOVA with palnvlw tesUng between 
PBDE 47-. PBDE 99.. TBBPA-. and vehl- 
cle-treated group. udng Duncan's test. 

Results 
There were no clinical rlgm of dysfuncuon 
in the treated mice throughout the experi- 
mental perlod, nor were Utae any dmlficant 
d w l a t l o ~ ~  in body welght gain in th; PBDE 
47.. PBDE 99-. and TBBPA-treated mice. 
com~ared with the vehlclstreated mlce. 

submerged platform for 5 day;, the anlmalr 
belng &en five ~IWS each day between 0900 S~ontaneou. 
and I400 hr. Befm the fini trial each day. Figures 1 and 2 show the results from the 
the marre wm plaad on the submerged plat- spontaneous behavior vsrlabla locomotlon. 
form f a  30 sp. It wr. then released from the rearing, and total actlvity in 2- and 4- 
south pmluon wlth Its hmd toward the ride month-old NMRl male mlce exposed to a 
of the tub and allowed 30 sec to locate the sinnle oral dose of elther 1.4 umol or 21.1 " r - 
platform. If the marre Med to h d  the plat- pmol/kg bw of one of the compounds 
form wlthln 30 sp. It war  laced on the olat- PBDE 47. PBDE 99. TBBPA. with eam- 
form. After each IJM, the Awe remalneb on 
the platform for 30 sec. The mlce received 
five ulalr p r  day on 4 m n v e u ~ ~  days. h 
the fifth day the platform war moved to the 
center of the northesat quadrant for revenal 
trials; othenvlle the pmcedwe war the m e .  
Latency to locate the platform comt l~ ted  the 
total rearch tlme of five trials, maximum 150 
sec. Trials 1-20 (davs 1-4) measured the 

rpondhg controls m k n g  10 dhq bw of 
the 20% fat emulsion vehlcle. Two monlhr 
after the exposure there were signlflcant 
treatment x time interacuoru [Al2.126) - 
12.30 F(12.126 - 13.38. n12 .126)  - 
10.451. for the locomotlon. rearlng. and 
total acUvity variables, respenlvely. PalnvlK 
testing amone PBDE 47, PBDE 99. 
TBBPA. and canml m u m  showed a a f -  

mouse's spatial learnlng ability and trials icant dose-related =;an; in all three"tesr 
21-25 (day 5) Its relearnina ability. The variables. In m n m l  mlce there wm a &umt 
experlmend deslgn OF the G l m  m L e  test decrees in aNvlty In all behavlod varlabla 
war the same ar lucd ~ U e r  In the experlrnent over 60 mln. Mlce receiving the hlgha dme 
w h m  mlce were upmal m the PCBs (24). of PBDE 99 (12 mg) or PBDE 47 (10.5 mgl 

Statistical Annlylir 
displayed dgnlficantly ley activity than mn- 
trols durlng the Rnt 20-mln perlad (0-20 

Sponlanmur hhvlor. The data were sub- min), but durlng the thlrd 26-mln perlod 
Jected to a split-plot snalyslr of varlance (40-60 mln) they were slgnlficantly more 
(ANOVA). Palwise tesung between PBDE active than the controls. Mlce receiving the 
47.. PBDE 99.. TBBPA-. and ~hlclrtreated lower dose of PBDE 99 (0.8 mg) showed 
@uup w performed with Tukey's honestly slgniflcantly less rearlng and total acuvlty 
sisnlficant difference WSD) tut (33). than controls durlng the finf 20-mln m o d  
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(0-20 mn) .  During the k t  20.mln p r l od  
140-60 mlnl lhae mlce were slanlflcantlv 
mom acdve ,han the mntmk kI z e  locomi- 
110" variable. I n  mice recelvlna TBBPA 
there wen no d&canr change in the he- 
abla locomotlon, rearlng, and to+ actlvlty 
c o m p d  with contmls. 

Four months after neonatal uporure to 

the dlfferent bromlnaled flame retardanu 
them wen all1 algnlficant treatment x Ume 
kIteraeUoru [F(12.126) - 21.41 F(12.126) - 
21.09, A12.126) - 27.121. for the laomo- 
tlon, rearlng, and total actlvlty variables. 
rerpectlvely (Figure 2). Palrwlse testlng 
among PBDE 47. PBDE 99. TBBPA and 
control group's showed a slgnlflcant dose- 
related change in locomotlon, marlng, and 
total activity. Pairwlse testlna between 
PBDE 99 and cantml groups showed a dg 
nlf icht dm-related change in all three t a t  
varlabla. Mice ncelvlng the lower and the 
hlgher d m  of PBDE 99 (0.8 m$ or 12 mgl 
were slgnlflcantly less actlve than controls 
durlng the k t  20-mln period (0-20 mln). 
but during the last 20-mln p r l o d  (40-60 
mln) they were slgnlflcantly more actlva 
than the mntmls. Mice racelving the hlgher 
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dme of PBDE 47 (10.5 mg) dlrplsyed dgnlf- no slgnlflcant change In habltuatlon ratlo 
lcantly less locomotlon, rearing, and total war observed. 
actlvlty than contmls durlng the k t  20-mln 
p r l od  (0-20 mln). but during the last 20- SWim Maze 
mln period (40-60 min) they were signin- Mice receiving the hlw d m  of PBDE 47. 
cantly mom actlve than the controls. In mlce PBDE 99, and TBBPA wem tared for nvim 
receiving TBBPA there wen no significant m m  performance. Figure 3 shows the per 

change In the varlabla locomouon, d n g ,  formance of 5-month-old mlca neonatally 
and ~otal actlvlty wmparsd with contmls. ex@ m PBDE 47. PBDE 99. TBBPA. or 

the nhlcle. D U N  lhe hequlrlUon N o d  of 
Habltuntlon Capahuity spaual l d n g  ablllty, mesrwrd fmm day I 
By snalyrlng the habltuatlon ratlo between to day 4, all mlcs, regardleu of treatment. 
performanca perlod 40-60 mln and 0-20 LmpmMd thew abUlty to laats the platform 
mln. we obtalned lnformatlon about the [F(3.161) - 215.46). Spllt-plot ANOVA 
ablllty to habltwte to a novel environment revealed no slgnlflcant treatment x tlme 
whlch can be used to analyze changes i n  Interactions among PBDE 47. PBDE 99. 
habltuatlon wlth age. The results from the TBBPA, and controls lF(8.161) - 0.541. On 
habltuathn ratlo, calculated fmm the soon- dav 5 the ~lstim ~ n .  relmtnl for &am- 
taneous behavlor variables lacamo;lon. In; by r e v k  vlh. In the k t  Vlal on day 
rearlng, and total acllvlty in 2- and 4 -  5, control mlce dlrplapd longerlalency than 
month-old NMRI male mice are glven in in the last trial on day 4. This Is nbrma~ 
Table 1. The habituation capability was behavlor h l n g  nleam(n$ beawe, IniUally. 
show  to algnlAcantly b S 0.001) decrcaw the mouse search- near the pmvlous plat- 
with age in mice upmed to PBDE 47 110.5 form l m t l o n  (34). However. controls dg- 
ma (21.1 umolll and PBDE 99 10.8 ma (1.4 nllicpntlv lmomvad thelr abllltv to find the 
p&l),and 12.0 mg (21.1 pm'l)l. ln-Ace new ~&uon'(~aired *tpt ~ l a l - I  W. vial 5. 
neonatally exposed m TBBPA or the vehlcle, p S 0.01), lndlcatlng normal mlearnlng in 

. . 
Flgurs 1. Spanlaneour behavlor of 2-monlh.old NMRI male mlce exposed at F I g m  2. Spontaneous behavlor In 4-mnth.old NMRI mle  mke exposed to a 
neonate4 day 10 to a s W  wel dose of PBM 47. PBDE 99. TBBPA, w the 20% slnola ua l  dose of PBDE 47. PBDE 99. TBBPk u the 20% fat ermkhm vehk!a 
fat ernulaloi vehlcle ~iallstlcal analyses ol bahavlaah data were Oone by at neonatel day 10 Stallsllcal analyses of oehavloral dala were done oy 
ANDVA Lslng a SPIII-plot aesl~n I331 PaIfwIS8 testing wlwwn PBDE. and ANOVA using a spl~t.plot design (331. Palwlse lestlng oelvmen PBDE. and 
TBBPA.exwsed and c ~ o l  mwps was petiumed wltn the T~key HSD ~ K L  TBBPA.exwsea and control nrww was Derfumea wlm the Tbkev HSD IESL 
The helghtof each bar repestjm ihe mean t SO of8 anlmls 
' p  r 0.05 and " p  < 0.m canpard to mmxi. 

The helghiofeach bar repeSem'themean t SO of8anlmls. 
. 

' p  r 0.& and "p < 0.01 cmpsrsd to cmnd. 
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Andlnn the new locatton of the ~latfonn, an 
Improvement that war seen in control mlce 
and mice -d to PBDE 47 and TBBPA. 

The m&e leaming/mmory test and the 
spontaneous behavior test reveal that PBDE 
99  is more potent in causlng neurotoxlc 
effects than PBDE 47. TW indlcater dlffer 
ences in neumfxldtv amon. dllferent PBDE 
congeru-.swh ~ 1 - h  sea d e r  
for dlfferent PCB connenen. In prevlous 
studles we observed aifered newireversal 
learnlna In nvlm-mtua prformance In adult 
mlu  n&.t.dy PCB 52 (.@ and 
PCB 126 (44 bu~ n a  after neonatal capawe 
to PCB 28 (381. Furthermore. In anlmslr 
showing defects in newirevenal learnlng, the 
nlmtlnk mapton In the brain wae eRgf6d. 
The behaviod prfonynw In tMks Rqulrlng 
attenlbn and rapld p m l q  of InfmnsUon 
In humans and new/revenal learnlng and 
worklng memory in anlmals may involve 
chollnerglc trmmnblon (43,  and the cholln- 
erglc w t m  h OM of the major m m l t t e r  
syltem that correlate clmely with cognldve 
functlon (43.46). Whether neonatal capawe 
to PBDE can sect chollnerglc mepton in 
the braln h therefore of speflal Interat and 
calls for furthrr studla, because In neumdb 
generative dlwawr. such ar Alzhelmer and 
Parkinson, there Is a change In chollnerglc 
nlcoUnlc reospton In the cerebd cortex and 
hippocampus (4'46). 

Do we havs a novel clau of developmen- 
ml neumtoxlwu In our anvlmnment? It h 
particularly worth notlng that neonatal 
e x w w  to PBDE 99, and to a lesser denm 
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milk far exceeds the contrlbutlon made by 
maternal-fetal transfer (44 .  Although the 
total amount of PCB in mother's mllk Is 
higher than that of PBDE. it h hponant  to 
compam the levels of alngle congcnen. The 
concentratlon of PBDEs found in natlve 
Swedlsh mother's mllk war 4 ng/g lipld In 
1997 (9.10. T h e  amount of PBDE 47 wm 
2.3 I& llpld and PBDE 99 0.5 ng/B Ilpld. 
The levels of PCB 52 In Swedlsh mother's 
mllk wm 1 ng/g Upld in 1996 and for PCB 
153 73 nala Upld in 1997 (9.10. Fmm the 
same s tudy(9  It h also worh noting that 
the amount of DDT, a wellknown neum- 
toxlc compound, war about 6 Umes hl&r 
than PBDE 47-14 nglg lipid. Human epl- 
damloloalc studles susnest that ~s r lna ta l  
exposura-to PCBs Eaniive deve~b~menta~  
neurotoxic effects (48-5fl. Expsrlmentel 
s tudh  In a n h a l s  have shown &t commer 
clal mlxture. of PCBs can cause behavloral 
abenatlom and changes In brsln n e u m m -  
mltter metabolism (52-54). Exposure of 
mlce, rats, and monkey to mmmmlal mix- 
twer of PCBs durlng dmlopment can pm- 
duce long-term naurobehavlorsl changer 
155.561. Recentlv. Rlcc and Havward (51) 
have &wn cogitlve defects In adult ;on1 
kep  exposed postnatally. fmm blnh to 20 
weeks of age, to a PCB mlnure repwnta -  
tlve of the PCB congemn typically found in 
human b m t  mUk. In our animal model we 
have seen that certain PCB congeners. 
known to be pnrent in the cnvlmnment and 
human milk, m e n  durlng a crltlcal phase of 
neonatal development, when the matwatton 
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els of certain PC&. In our eruller studies we exwsum to PBDE can cause slmilarltles in Ilsaacron RL and Jansen IF, ads) NOW Yerh:PIenum 
have seen that the amount of onho-subscl- 
turd PCB congenen. such ar PCB 52 and 
PC6 153, found In the braln 24 hr after a 
slngle oral admlnlstration to 10-day-old 
mlce Is about 3-5 per mllla of fhs admlnh- 
tend dme (24). Dam on actual tluue levels 
af PC& in Infants are few. The a m h u  of 
these dlfferent PCBs glven In our studles 
resulted in a braln Ussue concentratton ( D P ~  
levels) that c a i t a  of the SEXM order of nig- 
nltude O t n o d  in Infants less aS 1 yycar of 
aee (48. 

In human audles It h dlfficulr to dktln- 
gulsh between exposure of offspring by 
transplacental or by breast milk transfer. 
However, both human and animal dam fmm 
a d e t y  of specla ruggat that accumulation 
of hlghly penlstent chemicals Ingested vla 

behavloral dlsturbances as seen earller for 
PCBs Is of speclal Interest, not only for 
PBDE as a single agent but for posilble 
lnteractlve effects between these persistent 

environmental agents and the p&ent back- 
gmund levels of PCBs. Glvm the increarmg 
concentratton of PBDEr In mother's mllk. 
we call for future research into PBDEs as 
potential neurotodcants. 
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Abstract 

The presence of brominated flame retardant (BFR) chemicals, and particularly polybrominated 
diphenyl ethers (PBDEs), tetrabromobisphenol A (TBBPA) and hexabromocyclododecane (HBCD), 
has become of increasing concern to scientists over the past decade. Environmental studies conducted 
primarily in Europe, Japan and North America indicate that these chemicals are ubiquitous in 
sediment and biota. The levels of PBDEs seem to be increasing, and several trends, including in 
humans, indicate that this increase may be rapid. The occurience of high concentrations of certain 
PBDE isomers may be sufficient to elicit adverse effects in some wildlife. There is also concern that 
levels could cause adverse effects in sensitive human populations such as young children, indigenous 
peoples, and fish consumers. However, our knowledge about these chemicals, their sources, 
environmental behavior, and toxicity is limited, making risk assessment difficult. In this paper, the 
current state of knowledge is reviewed and areas for further research recommended to improve future 
monitoring and risk assessment efforts. 

Author Keywords: Brominated flame retardants; Polybrominated diphenyl ethers; 
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1. Introduction 

Flame retardants are substances used in plastics, textiles, electronic circuitry and other materials to 
prevent fires. Some of the technical flame retardant products contain brominated organic compounds 
including polybrominated diphenyl ethers (PBDEs), hexabromocyclododecane (HBCD), 
tetrabromobisphenol A (TBBPA) and polybrominated biphenyls (PBBs). The structures for these are 
shown in FjgJ. Many of these substances are persistent and lipophilic and have been shown to 
bioaccumulate. 

Fig. 1. The chemical stkctures of (a) PBDEs. (b) HBCD. (c) TBBPA, and (d) PBBs 

Some brominated flame retardants are additives mixed into polymers and are not chemically bound to 
the plastic or textiles and therefore may separate or leach from the surface of their product 
applications into the environment. Additives include PBBs, PBDEs and HBCD. Others, such as 
TBBPA, are reactive and are bound to the material chemically. However, some of the reactive flame 
retardant may not have polymerized and may be released to the environment. Knowledge about some 
of these substances is very limited and hinders environmental authorities from canying out adequate 
risk assessments. 

The major companies producing brominated flame retardants are Albemarle Corporation (previously 
Ethyl Corporation) (US), Great Lakes Chemical Corporation (US and UK), Dead Sea Bromine 
(Israel) and Eurobrom (Netherlands). Other companies include Riedel de Haen (Hoechst Group), 
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Ceca (ATOCHEM, France), Potasse ~, et Produit . Chimiques (Rhone Poulenc Group), Wanvick -. 

Chemicals (UK) and Albermarle S.A. (Belgium), as well as Nippo, Tosoh and Matsunaga, all fro; -- 

Japan (Arias; KEMl and YLHQ). The total world productionof all brominated flame retardants in 
1992 was estimated at approximately 150 000 metric tonslyear. Forty percent of the distribution was 
to North America, 30% to the Far East and 25% to Europe (w and KEMJ). 

The majority of environmental studies conducted to date have focused on PBDEs, and to some extent 
on TBBPA and HBCD. Other brominated organic substances are also of concern, such as 
polybrominated biphenyls (PBBs) and polybrominated dibenzo-p-dioxins and furans (PBDDIFs). 
Concern about PBBs was raised aRer a major poisoning accident in the US in 1973. PBDDIFs are 
formed, for example, when plastics containing brominated flame retardants are heated (welding of 
mats, melting of polymers). However, coverage of PBBs and PBDDIFs is outside the scope of this 
paper. Interested readers are referred to the following reports for PBBs @L!ZLm; WlQ and &) and 
recent reports on PBDEs and PBDDIFs by WHOIICPS for more information ( .WHO; WHO and 
WHO). 

1.l. Polybrominated diphenyl ethers (PBDEs) 

There are theoretically 209 PBDE congeners. Technical PBDE products are produced by brominating 
diphenyl ether in the presence of a catalyst. The major technical products contain mainly pentaBDEs, 
octaBDEs or decaBDE, but contain other PBDEs as well. The general compositions of the technical 
products are given in MIc-.!. The individual PBDE congeners are numbered according to the 
lUPAC system used for numbering PCBs based on the position of the halogen atoms on the rings. 

Table 1. The general compositions of PBDE-based flame retardant commercial products given in percent 
of BDE congeners present (Wt1_0ilCeS,.l994b) 

Annual worldwide production of penta-, octa- and decaBDE technical products in 1990 was 
estimated to be 4000,6000 and 30 000 metric tons, respectively (A.r.ks,l.9.$2). The estimated world 
market for PBDEs as well as TBBPA and HBCD in 1999 is given in Table 2 (www.bsef.com). 
Consumption of PBDEs for 1999 in the European Union was estimated to be 150 metric tons penta-, 
400 metric tons octa- and 7000 metric tons decaBDE technical products (De Poortere, 2000). 

Table 2. Estimated world market demand for PBDEs. TBBPA and HBCD in 1999 given in metric tons 

Accumulated amounts in electric products still in use in 1994 in the Nordic countries were estimated 
to be 250 metric tons of PeBDE and 5500 metric tons of OcBDE and DeBDE combined (H~cdel~nalm 
et.all,.lU!5). The estimated amounts supplied to Sweden alone in 1991 were 17 metric tons of 
PeBDE and 626 metric tons of OcBDE and DeBDE combined ( Hedelmalm et al.. 1995)). The 
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combined total annual amounts of penta-, octad and decaBDE technical products recently imported by 
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Sweden and the same amount was imported in plastics (KEMI. 1995). The amount of PBDE 
imported in ready-made products the same year was estimated by the Swedish National Chemicals 
Inspectorate to be approximately 400 metric tons ( KEMI. 1995). 

Table 3. The import of brominated flame retardants by Sweden in metric tons (National Swedish 

PBDEs are lipophilic and have some structural similarities to PCB and PCDDIF. Bromkal 70-SDE is . . 
one of several PeBDE technical products that contains lower brominated PBDEs such as 2,2:4,4'- 
TeBDE (BDE-47), 2 , 2 : 4 , 4 : 5 - ~ e ~ ~ ~  (BDE-99) (Sundstriim and Hutzinger. 1976) and 2,2:4,4:6- 
PeBDE (BDE-100), as well as two newly identified triBDEs, one additional tetraBDE, one additional 
pentaBDE, three hexaBDEs and one heptaBDE (S-iddin et al.. 1998). PBDEs were first discovered in 
Sweden in fish samples taken downstream from several textile industries on River Viskan 
( Andersson and Blomkvist. 1981). In some countries, industries are voluntarily replacing the lower 
brominated PBDEs with other flame retardants. PeBDE technical products are currently in the 
process of being banned within the European Union. 

PeBDE technical products are used in epoxy resins, phenol resins, polyesters, polyurethane foam and 
textiles (WHOIICPS, 1994b). OcBDE technical products are used in acrylonitrile butadiene styrene, 
polycarbonate and thermosets. DeBDE products-are used in most types of synthetic materials 
including textiles and polyester used for printed circuit boards ( OECD. 1994). 

1.2. Tetrabromobisphenol A (TBBPA) 

TBBPA is covalently bound to plastic and is used in electronic circuit boards. Annual worldwide 
production was estimated to be 50 000 metric tonslyear in 1992 (KEMI. 1994). Estimated 
accumulated amounts of TBBPA in products in the Nordic countries in 1994 were 4000 metric tons 
( Hedelmalni et al,_l995). The estimated amount supplied to Sweden alone in products in 1991 was 
334 metric tons. More recent information on market demand is givenin Table 2 and on the import of 
TBBPA by Sweden in Table 3. One moiety of TBBPA's molecular structure is similar to that of the 
thyroid hormone thyroxine, except that the iodine atoms have been replaced by bromines ( s e e u  
and FigL.?). The dimethylated derivative of TBBPA (MeTA) may have some use as a flame retardant, 
but may also be the result of methylation of TBBPA in sediment (w~tgngbe._c!a!:,_l.')~). 

Fig. 2. The chemical structures of the thyroid hormones 3,3:5,5-tetraiodo--thyronine (thyroxine or Tq) and 

its 5Ldeiodinated congener 3,3:5-trii~doth~ronine (T,). 
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1.3. Hexabromocyclododecane (HBCD) 

HBCD is produced by bromination of cyclododecane in a batch process. HBCD has been used for 
about 20 years. Approximately 11 000 metric tons are incorporated in articles made of polystyrene 
and in textile backcoating for the EU market. It is used in foams and expanded polystyrene. End 
products include upholstered furniture, interior textiles, automobile interior textiles, car cushions and 
insulation blocks in trucks and caravans as well as in building materials such as house walls, cellars, 
roofs and parking decks, against frost heaving in roads and railway embankments, packaging 
material, video cassette recorder housing and electric equipment (Margareta Palmquist, National 
Swedish Chemicals Inspectorate, personal communication). World demand for HBCD is given in 
T_abM2. The amounts of HBCD imported by Sweden for the last few years are given in Table 3. 

1.4. Polybrominated biphenyls (PBBs) 

In 1973, a commercial flame retardant containing PBBs was accidentally mixed into feed for dairy 
cattle, livestock and poultry in the state of Michigan, US (W and WHO). The feed was used 
widely, leading to widespread PBB contamination of milk, meat and eggs and poisoning in animals. 
Over nine million people were exposed to PBBs from food. Because of this widespread exposure, 
research was funded to better understand the toxicology of PBBs, and poisoned animals and exposed 
humans have been studied as well. The effects of PBBs were found to be essentially the same as 
those seen for PCBs. 

Technical hexabrominated biphenyl (HxBB) is banned in North America and in Europe. Technical 
decabrominated biphenyl (DeBB) production was terminated by the last producer in Europe in 2000. 

2. Brominated flame retardant chemistry 

Considerable work has been carried out to synthesize pure PBDE congeners for use as standards, for 
toxicology studies and in the identification of unknown substances in environmental samples. Within 
several research programs, a number of both unlabelled and radiolabelled PBDEs have been 
synthesized for these purposes (h; Jakobsson; Orn et al.. 1996; 0 r n  et al.. 1998; Om. 1997 and 
Marsh). This work is summarized in Bergman (1999') and in Table 4. 

Table 4. Names and congener numbers of  PBDEs synthesized m,,,,, 
2.1. Validation of synthetic substances 

Using synthesized single congeners of some PBDEs, it has been possible to better quantify the 
components of the technical product Bromkal 70-5DE and to identify the previously unknown 
Pel BDE ( 2 , 2 : 4 , 4 : 6 - ~ e B ~ ~ )  in this product. According to previously published results, Bromkal 70- 
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5DE consisted of 41% 2,2'4 4'-T~BDE 45% 2.2'4 4',5-P~BDE and 7% 2 , 2 : 4 , 4 : 6 - ~ e ~ ~ ~  . -- . ~ - - - -il_L 3 ~ 9- , . -- ~ ~~ - 
undstrom and Hutzinger. 1976). Using the new standards, it has been found that the composition is (S--." 

actually 37%, 35% and 6.8% for these three PBDEs, respectively (SjLjdlet.aL..,.~/lB). Bromkal70- 
5DE also contains 1.6% of 2 , 2 ; 3 , 4 , 4 ' - ~ e ~ ~ ~  (BDE-85) and 3.9%, 2.5% and 0.41% of HxBDE-153, - 
154 (2,2;4,4',5,6-HXBDE) and -138, respectively. A number of other standards that have been 
produced have also been, analyzed in order to use them in identifying and quantifying more PBDEs in 
environmental samples on a congener-specific basis. This has now led to the commercial availability 
of congener-specific standards for many BDEs. 

2.2. Physicochemical properties 

PBDEs have low vapor pressures and are very lipophilic, with logKows (octanol-water partitioning 

coefficients) in the range 5.9-6.2 for TeBDEs, 6.5-7.0 for PeBDEs, 8.4-8.9 for OcBDEs and 10 for 

DeBDE (Watanabe and Tatsukawa. 1990). Experimentally determined subcooled vapor pressures for 
several BDE congeners were found to be lower than for comparably chlorinated PCBs, and decreased 
with increasing number of bromines ( Tittelmier and Toniy, 2000). Halogen substitution pattern 
influences vapor pressure such that congeners with bromine substitution in the ortho positions to the 
ether bond have higher vapor pressures (Wong et al., 2001). TBBPA has a logKow of 4.5 

(WHOIICPS, 1995). The dimethylated derivative of TBBPA (MeTA) has a logKow of 6.4, making it 

more lipophilic than the parent compound (Watanabe and Tatsukawa, 1990). The logKow for HBCD 

is 5.8 (IUCLID. 1996). 

PBDEs are persistent, have low water solubility, high binding affinity to particles and a tendency to 
accumulate in sediments. HBCD also has low water solubility (lUCLID. 1996), and probably also 
has an affinity for particles and sediments. 

Studies of TBBPA in sediments have shown that a dimethylated derivative is also found (Sellstrom 
and Jansson, 1995). The origin of this methylated TBBPA is not completely understood; however it 
probably has some use as a flame retardant ( WJOIICPS, 1997), but may also be due to methylation 
of TBBPA by microorganisms in the sediment ( Watanabeeta!.,,.l983). Recent laboratory 
experiments have found that TBBPA can be microbially metabolized in a two-step process: reductive 
debromination under anaerobic conditions to bisphenol-A, and aerobic mineralization of bisphenol-A 
by a gram-negative aerobic bacterium ( Roncn and Abcliovich. 2000). The anaerobic step was carried 
out using sediment from a stream bed contaminated by chemical industry waste. 

Previous studies indicate that DeBDE is debrominated by UV light and sunlight to lower brominated 
PBDE (to TrBDE with UV light and to TeBDE with sunlight) but it is not known if this happens in 
the environment (Norrh; .Nod and .WataUe; Ulrika om, Department of Environmental Chemistry, 
Stockholm University, personal communication). 

More recent laboratory studies of the photolytic breakdown of DeBDE have shown that DeBDE in 
toluene and applied to silica gel is successively debrominated by UV light to lower brominated 
PBDE (down to TeBDEs) and that this occurs very rapidly (Sellstrom et a l . . m ) .  The half-life in 
toluene was less than 15 min. DeBDE-treated sand, exposed to UV light in the laboratory or to 
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sunlight outdoors ~ for different - - time . periods, .~- ~ . ~ showed ~- .  -- ~- that DeBDE . -  is photolytically - debrominated in 
the same manner as in solution and on silica gel, but that the debromination time course proceeds - 
more slowly for both UV and sunlight exposure (half-life of 12 and 37 h, respectively). similar 
results were obtained for sediment, with a half-life for DeBDE of 53 h for UV exposure and 81 h for 
sunlight exposure and with TeBDEs appearing at the longest exposure time (244 h). Results for soil 
samples treated with DeBDE and exposed to UV light in the laboratory indicated a half-life of 185 h 
and the debromination process was the same as that seen for all the other matrices tested. If this 
process is significant in the environment, it could lead to the formation of lower brominated BDEs, 
which are known to bioaccumulate. 

TBBPA is also photolytically decomposed when exposed to UV light, both in the absence and 
presence of hydroxyl radicals (Eriksson and Jakobsson. 1998). The main breakdown product'is 2,4,6- 
tribromo~henol. A number of other decomoosition oroducts are also found and some of these have 
been tentatively identified as di- and tribromobisphenol A, dibromophenol, 2,6-dibromo-4- 
(bromoisopropylene)phenol, 2.6-dibromo-4-(dibromoisopropylene)phenol and 2,6-dibromo- 1.4- 
hydroxybenzene. 

3. Analytical methods for brominated flame retardants 

In most analytical methods for brominated organic compounds, the sample is first extracted with an 
organic solvent. Lipids can be removed using sulfuric acid treatment or gel permeation 
chromatography methods. In some cases the extract needs to go through a further cleawup step using 
some form of column chromatography to remove interfering substances. The purified extract is then 
analyzed with gas chromatography using electron capture detection (ECD), mass spectrometry using 
the negative ions formed at chemical ionization (MS-ECNI) (Jansson; Jansson; Nylund; Sellstr and 
Scllstr) ........,... ~~ or high-resolution gas chromatography-mass spectrometry (HRGC-MS) ( .......... Sergeant; ~ ........ Alace; 
Ikonomou; Ikonomou; Mc~ronyt; Strandman; Strandman; Huwe; Luross; Ohta; Ryjn; She; Stern and 
Thomscn). The hlgher brominated PBDEs have longer retention times and are often analyzed using a 
shorter GC column ( m r  and U r ) .  For a more detailed review of analytical methods, see & 
Boer et al. (2000a). 

TBBPA is separated from the neutral components by treatment with a basic water solution. The pH 
of this water solution is then adjusted to be acidic and TBBPA is extracted with an organic solvent. 
Before analysis, TBBPA is derivatized to its diacetylated derivative. Dimethylated TBBPA (MeTA) 
is analyzed with the PBDEs (Selktrom and Jansson. 1995). 

Hydroxylated PBDEs are separated from the neutral components by treatment with a basic water 
solution and then derivatized with diazomethane. Methoxy-PBDEs are found in the neutral fraction. 
The analysis is carried out using gas chromatography-mass spectrometry or GC-ECD (Asplund; . 

Asp!~.nd and  wag!!!!^!). - .. 

4. Toxicology 

Thorough reviews of previous studies of the toxicology of PBBs, PBDEs and TBBPA can be found 
in the relevant WHO/IPCS reports (WHO; WHO and W!I!C?) and in Da.ms.curl and D a m c r d  for 
PBDEs. 
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4.1. Uptake, distribution, metabolism, excretion 

4.1.1. Mammals 

4.1.1.1. Lower brominated PBDEs 

The d~stribution of 14~-labelled 2,2:4,4'-tetrabromodiphenyl ether (BDE-47), 2,2:3,4,4'- 
pentabromodiphenyl ether (BDE-85), and 2,2:4,4:5-pentabromodiphenyl ether (BDE-99) has been 
studied in C57BL mice using whole-body autoradiography, as well as milk transfer studies during the 
neonatal period using liquid scintillation method to evaluate BDE-85 and BDE-99 (Darnentd and 
Ri&cig,.fi93). The autoradiograph findings indicate that the uptake from the gastrointestinal tract 
was effective. Organs and tissues with high radioactivity concentrations were the fat depots, liver, 
adrenal and ovary, lung and (shortly after administration) the brain. At longer post-injectton time, the 
apparent concentration in most tissues was considerably lower, and radioactivity was still present in 
white and brown fat depots. Studies in pregnant mice showed a low fetal uptake of the compounds. 
No significant difference in distribution between the three studied congeners was observed. Breast 
milk transport of the pentaBDE congeners was substantial and 30-40% of the administered single 

dose of radioactivity was found in the suckling offspring litter after 4 days. At thesame time point, 
the plasma levels in the neonates were more than two times that of the mothers', although the absolute 
levels were low. The concentration in tissues and milk was in about the same range as that earlier 
observed for PCB congeners of a similar degree of halogenation, when administered in equimolar 
doses. 

Uptake, distribution, metabolism and excretion of BDE-47 has been studied in rats and mice dosed 
orally with '4~-labelled BDE-47 (Klasson; om.  I997 and o m  and Klasson-Wehler, 1998). In rats, 
14% was excreted in feces and less than 0.5% in urine during 5 days. Of the amount excreted, 79% 
was the parent compound and 21% corresponded to metabolites. Treated rats retained 86% of the 
administered dose after 5 days and the highest concentrations were found in adipose tissue, where the 
I4C corresponded to the parent BDE-47. All tissues analyzed contained parent BDE-47. Liver also 
contained low concentrations of five hydroxylated metabolites. Two of these were found in plasma 
(~_r_n_anE1Xl;1.~on~Wehle_r,.!.9YX). 

In mice, 20% of the dose was excreted in feces and 33% in urine. Of the amount excreted, 15% was 
parent compound and 85% corresponded to metabolites. Treated mice retained 47% of the 
administered dose after 5 days and similar concentrations were found in both adipose tissue and liver. 
Covalently bound metabolites were found in liver (I 2% bound to macromolecules, 16% to lipids), in 
the lungs (28%) and kidneys (4%). Low concentrations of five hydroxylated metabolites were also 
observed in the liver. Three of these were seen in plasma as well (Orn and Klasson-Wehler. 1998). 
The conclusions drawn from this study were that BDE-47 was absorbed well by both the rat and 
mouse, but the rate of metabolism and excretion varied considerably. 

Tissue disposition, metabolism and excretion of BDE-99 has been studied in bile-cannulated and 
uncannulated male rats dosed orally with '4~-labelled BDE-99 (Ha-kk and !&EX). Feces was the 
major route of elimination in both groups (43% of the administered dose in uncannulated and 86% in 
cannulated rats after 72 h). Of the amount excreted in feces, more than 90% was parent BDE99. 
Cumulative excretion of metabolites in both groups of rats was less than 1% of the administered dose 
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14 . into urine and 3.7% into bile. In the uncannnlated rats, 6.3% of-the- C in urine-was protein bound - 

and was associated with alpha-2-microglobulin. In cannulated rats, 28.47% of the I4c in bile was 

bound to an unidentified protein of 79 kDa. In the uncannulated rats, 39% of the administered dose 
was retained and the highest concentrations were found in adipose tissue, skin and adrenals. 
Covalently bound I4c was observed in feces indicating the formation of reactive n~etabolic 
intermediates. Two monomethoxy pentabromodiphenyl ether metabolites and two de-brominated 
monomethoxy tetrabromodiphenyl ether metabolites were indicated in feces. Two monohydroxy 
pentabromodiphenyl ether metabolites, two dihydroxy pentabromodiphenyl ether metabolites and 
possibly two thio-substituted pentabromodiphenyl ether metabolites were characterized in bile. 

Seventeen PBDE congeners (BDE-15, -28, -30, -32, -47, -51, -71, -75, -77, -85, -99, -100, -1  19, -138, 
-153, -166 and -190) were incubated individually with rat hepatic microsomes from rats treated with 
beta-naphthaflavone (NF), phenobarbital (PB) or clofibrate (CLOF) (Meem and Mvl). The 
original congeners and the metabolites formed were then tested for their ability to compete with the 
thyroid hormone thyroxine (T4) for binding to human transthyretin in vitro. A number of 

hydroxylated PCBs are structural analogues of T4 and are known to compete with T4 in this system. 

The structural requirements for binding to transthyretin are hydroxy-substitution in paru or meta 
positions of one or both phenyl rings with adjacent halogen substitution (Lans, 1995). X-ray 
diffraction studies have shown that several phenolic organohalogen compounds bind with the 
hydroxy group in the central channel of the transthyretin molecule (Ghosh et al., 2000). 

Results showed no competition with the parent compounds, but considerable potency for several of 
the metabolites, indicating the metabolism of PBDE to hydroxylated PBDE (see S~ .~_ t~~n~4 .~2~ .~ l . . , 1 .  for 
results). No binding competition was seen for several of the higher brominated PBDE such as BDE- 
138, -153, -166 and -190 after incubation with the microsomes. This may indicate that these 
congeners are not readily metabolized. 

4.1.1.2. DeBDE 

The uptake of 1 4 c - D e ~ ~ ~  has previously been shown to be low following oral administration to rats, 
and between 90% and 99% of the dose was eliminated in the feces and gut @orris and El). A two- 
year feeding study of DeBDE in rats confirmed a low accumulation; however, the small portion that 
reached the adipose tissue, measured as the total bromine content, remained unaffected for 90 days of 
recovery( Kociba and NA). When was injected intravenously, 74% of the dose was 
found in feces and gut contents after 72 h. Of the excreted material, 63% was metabolites and 37% 
was the parent compound (El Dareer el al., 1987). Longer half-lives may be evident in humans. In 
occupationally exposed workers, both BDE-I 83 and DeBDE (BDE-209) were detected in serum and 
the estimated half-lives of these were 86 days for BDE-183 and 6.8 days for BDE-209 ( Hagmar et 
al. 2000b) ... .,. ........ : , 

4.1.1.3. TBBPA 

TBBPA fed to rats was eliminated primarily in feces (95%) and 1% was eliminated in urine within 3 

days (WHOIICPS. 1995). 14~-labelled TBBPA was fed to rats with and without bile duct cannulation 
(Larsen et a]., 1998). Bile, urine and feces were collected every 24 h for 3 days, after which the rats 
were killed and organs and tissues sampled. Three conjugated metabolites were found in the bile - a 

diglucuronide, a monoglucuronide and a glucuronide-sulfate ester. These represented 34%, 45% and 



21% of the radioactivity excreted in bile during the first 24 h, respectively. In the cannulated rats, 
-- -~ 

71% of the dose was excreted in thebile within 72 h. In uncannulated rats, 95% of the "c-labelled 
TBBPA was excreted in the feces as TBBPA. However, there was a delay in fecal excretion. This is 
the result of enterohepatic circulation of TBBPA where the biliary metabolites are deconjugated and 
reabsorbed from the lower intestine, reconjugated and re-excreted in the bile. About 2% of the dose 
remained in the uncannulated rat after 72 h and highest levels were found in the large intestine (I%), 
small intestine (0.6%), lung (0.2%) and carcass (0.2%). 

Uptake and distribution of I4c-labelled TBBPA in pregnant rats after oral exposure on gestational 
days 10-16 has recently been studied (Meerts et al., 1999). The major portion of radioactivity was 

excreted in feces (79.8%). Only 0.83% of the total administered dose was found in the tissues of the 
dams and 0.34% in the fetuses. Highest maternal levels were found in the carcass (0.37%) and liver 
(0.26%). 

In occup~tionally exposed workers, TBBPA has recently been determined to have an estimated half 
life in serum of 2.2 days, indicating rapid turnover (.Hagmar et a].. 2000b). 

4.1.1.4. HBCD 

Rats fed a single oral dose of I4c-labelled HBCD rapidly absorbed the substance (YugnQAt.~I_ah, 
1980). HBCD was readily distributed in the entire body with highest concentrations found inadipose 
tissue, followed by liver, kidney, lung and gonads. The half-life was 2 h. HBCD was rapidly 
metabolized and 72% of the dose was eliminated via feces and 16% by urine within 72 h. Four 
metabolites were found but no information on their structures was given. HBCD absorption followed 
a two-compartment open model system, with the central compartment consisting of blood, muscle, 
liver, kidney and other non-adipose tissues, and the peripheral compartment consisting of fat tissue. 
Elimination from fat was slower than for the central compartment. 

Rats fed HBCD daily for 5 days showed no urinary excretion of HBCD @yoich et al.. 1983). 
Average daily fecal excretion was 29-37% of the administered amount. HBCD was found to 

accumulate in adipose tissue in this study. Experiments using a loop of the upper jejunum suggest 
that HBCD can be absorbed from the intestine. 

4.1.2. Fish and shellfish 

4.1.2.1. Lower brominated PBDE 

A study of uptake, accumulation and excretion of BDE-47, -99 and -1 53 and several tri- through 
hexaCB congeners from water by blue mussels (Myiilus edulis) indicated that the uptake clearance 
rates were approximately 10 times higher for BDE-47 and -99 than for BDE-153 and the PCB 
congeners (Gus ta fs~ .~~~.~ l~ ,_I .999) ,  Several PCB congeners were included for comparison 
(tri-hexaCBs). Depuration rates were similar for all three PBDEs indicating no dependence on 

hydrophobicity, but were correlated to hydrophobicity for the PCBs. 

In a dietary uptake study of TeBDE, PeBDE and HxBDE, pike were fed with rainbow trout that had 
been injected with a mixture containing BDE-47, -99 and -153 as well as selected PCB and PCN 
congeners (Burreau et al.. 1997). The uptake efficiencies of all three PBDEs were high, with BDE-47 
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showingthehighestupBke (more_than-90%gf thegiven dose) from the gastrointestinal tract. Uptake- 
efficiencies for BDE-99 and -1 53 were 62% and 40%, respectively. The uptake efficiency of BDEr47 
was higher than for the tri- to hexaCBs and the hexa- to octaCNs tested. The uptake efficiencies were 
higher than expected considering the size and lipophilicity of the compounds. It was concluded that 
uptake of these substances from the gastrointestinal tract may be facilitated by cotransport with lipids 
and/or proteins through a mediated or evcn active transport mechanism. 

In a distribution study, several pike were fed rainbow trout previously injected with 5 PCi of I4c- 
2 , 2 : 4 , 4 ' - ~ e ~ ~ ~  (BDE-47). Pike were killed after 9, 18,36 and 65 days and whole-body 
autoradiography performed. The results showed accumulation of the labelled TeBDE in liver, gall 
bladder, kidneys, brain, chorion of the eye and perivisceral adipose tissue and along the spinal 
column (Burreau and b~reau). 

A s w  and Asolund have found hydroxylated and methoxylated PBDE in Baltic salmon blood - 
plasma, and Haglund et al. (1997) found methoxylated PBDE in ringed and grey seal, salmon and 
herring from the Baltic Sea. K~ei-k-egaard ... et . a1 ..( l999b) found methoxy-BDE-47 in pike from Lake 
Bolmen, a freshwater lake. It is not clear what the source of these are but one possibility may be due 
to metabolism either in the organisms or by microorganisms. Natural production by invertebrates or 
algae cannot be ruled out. 

4.1.2.2. DeBDE 

A major argument made by flame retardant producers for the use of DeBDE is that the molecule is so 
large that it is not bioavailable and therefore will not be accumulated by living organisms. To 
determine if this was the case, uptake of DeBDE from the diet by rainbow trout was investigated by 
feeding 10'mg DeBDEkgIday for 0, 16.49 and 120 days (Kierkeegaard et a]., 1999a). One group was 
treated with clean food for 71 days after 49 days of exposure to study elimination. Some biological 
effects were also measured. The DeBDE concentrations in muscle ranged from <0.6 ng/g fresh 
weight after 0 days, to 38 (i14) ng/g fresh weight after 120 days. Corresponding liver concentrations 
were <5 and 870 (52 19) n d g  fresh weight. A number of organic brominated substances, 
characterized as hexa- to nonaBDEs, increased in concentration with exposure length. 

After the 71 day depuration period, DeBDE levels declined, but the levels of some of the lower 
brominated congeners were unaffected during the same period. This may indicate that DeBDE is 
metabolized via a reductive debromination process to the lower brominated diphenyl ethers and/or 
that lower brominated PBDEs present in the technical product are selectively absorbed. However, no 
HxBDEs were detected in the technical product and there was a pronounced shift in increasing peak 
heights for the first-eluting congeners in the fish compared to the technical product they were fed. 
The estimated uptake of DeBDE was 0.02-0.13% based on DeBDE concentrations in muscle and an 

estimation of the concentrations of the metabolites formed compared to the total dose administered. 
Liver body index (indicating increased liver weight) and plasma lactate levels increased in fish 
exposed for 120 days and in the depuration group. The number of lymphocytes was significantly 
lower after 120 days exposure compared to controls. DeBDE did not affect ethoxyresorufiw0- 
deethylase (EROD), ethoxycoumarin-0-deethylase (ECOD) or transketolase activity and no DNA 
adducts were seen. 

4.1.2.3. TBBPA 
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compound is rapidly eliminated (WHOIICPS, 1995). 

4.1.2.4. HBCD 

The few available studies suggest that HBCD has a high bioaccumulation potential. In a study 
conducted in River Viskan, HBCD was found In both sediments and in pike (Sdlstromet al., 1998b), 
indicating that HBCD is bioavailable. It is probable that the levels found in pike are due to a 
combination of uptake via the gills and via food (gastrointestinal tract). In fathead minnow 
(Pimephalespromelas) exposed to HBCD in water for 32 days (AV thet al.. 1979), the 
bioconcentration factor after 2 ,4 ,8 ,  16,24 and 32 days of exposure was estimated to be 18 I00 (log 
BCF 4.26). 

4.2. Toxicityleffects 

More detailed reviews of the toxicology, including the toxicity and effects of PBBs, PBDEs and 
TBBPA, can be found in the relevant WHOIIPCS reports (WHO; WHO and WHO). 

4.2.1. PBDEs 

4.2.1.1. In  vitro 

A PeBDE technical product, Bromkal 70-5DE, has weak dioxin-like toxicity as measured in rat H-4- 
I1 E hepatoma cells (H.aanb1!erg~t..~l.,,l.3_991), Using a recombinant H-4-11 Erat hepatoma cell line 
having Ah-receptor-mediated expression of a luciferase reporter gene (the CALUX assay) (&& and 
m&), a number of individual PBDE congeners have been tested for their potency to 
activateldeactivate the Ah receptor ( m r t s  et al., 1998a). In order to study antagonism, the same 
PBDE congeners were also tested in the presence of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). 
Seven of the 17 PBDE congeners (BDE-32, -85, -99, -1 19, -1 53, -166, -190) tested showed ability to 
activate the Ah receptor. Potencies could only be determined for BDE-166 and BDE-190 and these 
are in the same range as the mono-ortho PCB congeners 105 and 118 (Sanderson et al.,&%). Some 
congeners such as BDE-85, -99 and -1 19 showed both agonist and antagonist activities depending on 
the concentration tested. Nine congeners, including BDE-15, -28, -47, -77 and -138, showed 
antagonist activities against TCDD. The observed antagonism may be due to competition between 
PBDEs and TCDD at the ~h-receptor  level. 

Studies of the potency of 17 PBDE congeners and their hydroxylated metabolites for competitive 
binding to human transthyretin in vitro have been carried out (Meerts and MaxLs). Transthyretin is 
the thyroid hormone transport protein present in plasma and has a binding site for the thyroid 
hormone thyroxine (T4) The parent compounds were incubated with rat hepatic microsomes From 

rats treated with beta-naphthaflavone, phenobarbital or clofibrate. The parent compounds and the 
metabolites formed from the different microsomal incubations were then tested for their ability to 
compete with T4 for binding to transthyretin. The results are given in Table -- 5 and show that a number 

of metabolites were potent competitors for transthyretin. The parent compounds showed no 
competition. For example, aRer PB-microsomal incubation of 2,2',4,6'- tetra^^^ (BDE-5 I), 
hydroxylated PBDE metabolites displaced T4 from transthyretin with fairly high potency (Meerts and 
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Mccrts). The results indicate that hydroxylated metabolites of PBDE may be p_otent c o m p e t i t o ~ o f T ~  
... . ~- ~. 

and could disrupt normal thyroid hormone function in wildlife and humans if present. 

Table 5 .  Inhibition of T4.transthyretin binding in vitro by PBDE metabolites obtained after incubation with 
rat hepatic microsomes induced by phenobarbital (PB), beta-naphthaflavone (NF) or clofibrate (CLOF) 

Inhibition potencies are given from the undiluted extract. ++ = 60% inhibition, t = 20% inhibition.. 
= 0-20% inhibition. Source: Meerts et al. (1998b). 

Transthyretin carries T4 in the plasma to the target tissues, where T4 is then deiodinated to 3,3:5- 

triiodothyronine (T 3 ) (Fig. . ... ... . ...... 2). T3 then interacts with two subtypes of thyroid hormone receptors 

(THRs) designated alpha and beta. The T3-THR complex can then bind to response elements on the 

DNA that regulate the transcription of thyroid hormone activated genes. T4 can also interact with 

THR but has only about 10% of the potency of T3. To determine the potency of hydroxylated PBDE 

to bind to THR-alpha and THR-beta, several brominated structural analogues of T, and T3 were 

synthesized: 4-hydroxydiphenyl ether, 4-hydroxy-2',4',6'-tribromodiphenyl ether (Ill), 3-bromo-4- 
, , ,  

hydroxy-2.4.6 -tribromodiphenyl ether (IV) and 3.5-dibromo-4-hydroxy-2',4',6'-tribromodiphenyl 
ether (V) (fig.3) (Marsh et al.. 1998). 

Fig. 3. Synthetic pathway and chemical structures o f  several hydroxylated PBDEs (M;1rsh~~ta l . , I9~X)  

The results showed that the highest affinity was found for the T3 analogue (IV), with the T4 analogue 

(V) showing about one-third of the affinity of the T3 analogue. The affinity of analogue III was low 

and was lowest for 4-hydroxydiphenyl ether (Marsh et a]., 1998). The brominated analogues had 
lower affinities than T3 and T4, probably because of the lack of the 4-carboxyl group. The results 

indicate that hydroxylated metabolites of PBDE may not only disrupt the normal transport of T4 to 

target tissues, but may also be able to bind to the thyroid hormone receptors, thus influencing the 
regulation of thyroid hormone dependent genes within the cell nucleus. 

Mitogen-induced DNA synthesis and immunoglobulin synthesis by human lymphocytes in vitro was 
examined after exposure to purified BDE-47 and -85. No effects on mitogen-induced proliferation or 
immunoglobulin synthesis were observed (ler~i!.of_et,al,,.J99_7). The results indicate that proliferation 
and immunoglobulin synthesis are insensitive to the direct action of PBDEs. Exposure to different 
PCB congeners (CB-77, CB-118, CB-153) also gave no effects. 



. - - - - - -. - -- .- . - 
BDE147w3Sshown to mduce a stat~st~cally s~gn~ficant Increase in lntragenlc recomb~nation when 
studied in one of two tested in viho assays using mammalian cells (Helleday et al., 1999). This may 
indicate that BDE-47 can induce cancer via a non-mutagenic mechanism, similarly to other 
environmental contaminants such as DDT and PCB. 

4.2.1.2. In  mammals 

Technical PBDE products are able to induce both phase I and phase I1 detoxification enzymes in the 
liver. Regarding the cytochrome P450 (CYP) mediated phase I metabolism, CYPl Al and 1A2 are 
induced as shown by the increased activity of liver microsomal EROD after Bromkal 70 (a 
commercial pentaBDE) exposure in Wistar rats (von Meyerinck et a].. 1990) and in H-4-11 E cells 
( Hanberg et a l . , m ) .  Other enzymes that are used as indicators of microsomal phase I activity were 
also induced bv PBDEs (technical pentaBDE ~ r e ~ a r a t i o n s  in rats) including benmhetamine N- . . - 
demethylation, p-nitroanisole demethylase, aryl hydrocarbon hydroxylase (AHH) and benzo(a)pyrene 
hydroxylase (Gin; Carlson and von). Some of the enzymes were induced in a long-term oral 
administration study in rats at a concentration as low as ca 1 b o l l k g  (technical pentaBDE), and the 
enzymes remained induced 30-60 days after termination of exposure (Carlson, 1980a). DeBDE seems 

to have low enzyme-inducing potency. However, as CYPl A1 and 1A2 are typically induced by 
halogenated dioxin-like compounds, possible contaminants with Ah-receptor binding affinity present 
in technical PBDE mixtures could be responsible for the enzyme induction seen in these studies. 

In interaction studies of PBDE, PCB and chlorinated paraffins (CPs), microsomal enzyme activities 
were studied in rats (Hallgren and D a r n c r u d , m ) .  The results showed that the pure congener BDE- 
47 increased EROD and MROD activities only somewhat (to twice the control levels), indicating that 
this substance has a low CYPlA1/2-inducing activity. In the same study, PCB (Aroclor 1254) 
markedly induced EROD and MROD. Earlier results on a commercial PBDE mixture (Bromkal70) 
showed a rather strong induction of EROD and MROD in rats, which suggests that the Bromkal 
mixture contained CYP lA112-inducing substances, probably present as contaminants (unpublished 
studies in Darnerud and Siniari. 1996). 

Regarding other microsomal enzymes, PROD levels (which mirror CYP2B activities) were measured 
in rats exposed to BDE-47 (.H.a!!gre~~a!~d.Da~nee~d,..l.99~). In this case the PROD levels were dose- 
dependently elevated up to 10 times in exposed animals, and the levels were about the same as those 
found after PCB.exposure. As the microsomal enzyme induction results are indicative of operational 
metabolic systems, PBDE may therefore, at least to some extent, be transformed by CYP2B in the 
phase I metabolism step. 

In studies on phase I1 induction, three different PBDE fractions, i.e. a low (24% tetra, 50% penta) and 
a high (45% hepta, 30% octa) brominated mixture, and the DeBDE congener only, were tested. Daily 
oral administrations (14 days, 0.1 mmollkg body weight) of both mixtures, but not DeBDE, resulted 
in a long-lasting induction of uridine diphosphate glucuronyl transferase (UDPGT) activity in rats 
(Carlson. 1980b). 

Short-term feeding studies using PeBDE in rats led to changes in the liver (increased weight, 
hepatocytomegaly) and thyroid (hyperplasia) (Great; Norris and a). No carcinogenicity studies have 
been performed for TeBDE or PeBDE. 

The Bromkal 7 0 - ~ D E  product causes decreased thymus weight and increased liverhody weight ratios 
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-- in mice, and decreases . in the . thyroid hormone thyroxine in rats and mice (Fcwles . .- -- . and . . Darnerlid). .. -- 

Decreases in thyroxine were also seen-when rats andmice were ireatedwith the single congener 
BDE-47, but no effects on thyroid stimulating hormone were seen for BDE-47 or Bromkal 70 
( Darnerud and Siniari. 1996). 

In subsequent studies the interactive effects of different organohalogen compounds (PCB, PBDE and 
CP) on thyroxine hormone levels and microsomal enzyme activities were tested (Hallgren and 
Damen~d. 1998). Female rats were orally exposed to single compounds or combinations daily during 
14 days. The results show that PCBs (Aroclor 1254) and PBDEs (BDE-47) significantly reduce the 
T4 levels in rats, in the actual exposure interval (6-1 8 mgtkg body weighvday), and that Aroclor 1254 

results in the strongest effect, when administering the substances orally in isomolar concentrations. 
EROD and MROD, but to a lesser extent PROD and UDPGT, activites correlated to T4 effects, 

which could indicate that glucuronidation of T4 is not a major factor in explaining the observed 

decrease in T4 plasma levels. Regarding the mixed BDE-47 + CP group, a synergistic decrease in free 

T4 levels, and increase in EROD activity, was observed. As organisms are exposed to these 

environmental chemicals as mixtures, the observed interactive effects are of interest. 

I t  is known that hydroxylated metabolites of PCB can compete with thyroxine for the binding site on 
the thyroxine-carrying protein transthyretin in plasma (Bro~!we.i..~t..a!.,,..!-990). The effects on the 
thyroid gland (hyperplasia, decreased thyroxine levels) seen with PBDE could also be due to effects 
of hydroxylated metabolites, which have been found as metabolites in mice, rats and fish. Some 
hydroxylated PBDEs have structural similarities to thyroxine. In preliminary experiments, 
metabolites formed in rat liver from BDE-47, -99 and -153 have been shown to be better competitors 
for the transthyretin binding site than the parent compounds, which indicates they could compete 
with thyroxine as well (Brouwer and Murk, personal communication, cited in Om. 1997). 

Short-term feeding studies with high doses of DeBDE in rats led to liver lesions and thyroid 
hyperplasia. Long-term exposure to DeBDE was also found toinduce thyroid hyperplasia, 
hepatocellular and thyroid adenomas and carcinomas in mice (Great and a t ) .  Workers producing 
DeBDE and decabromobiphenyl had a statistically significant increase in hypothyroidism (Bm 
a!,, .!.88?). 

lmmunotoxicity was studied aAer oral treatment with Bromkal 70-5DE or BDE-47 in rats and mice 
(.Bahlud and Thuvandcr, 1998). In mice, BDE-47 caused reduced splenocyte number as reflected in 
decreased numbers of CD45R+, CD4+ and CD8+ cells in spleens. In mice treated with Bromkal 70- 
5DE, absolute numbers of double negative thymocytes were significantly lower than in controls and 
mice also showed reduced production of IgG. No effects were seen in rats. Thus, BDE47 and 
Bromkal 70-5DE, which contains BDE-47, both seem to be immunotoxic in mice. 

Studies have shown that there is a critical phase in neonatal mouse brain development when the brain 
is particularly susceptible to effects of low-dose exposure to toxic substances such as PCB, DDT, 
pyrethroids, organophosphates, paraquat and nicotine (Eriksson,_l2,7). This critical phase is known 
as the "brain growth spurt" (BGS) and disruption leads to persistent disruption in adult brain function. 
The BGS occurs at different time points in different mammalian species ( Davison and Dobbing, 
1968). - In rats and mice it occurs in the first 3-4 weeks of life (neonatal period) whereas in humans it 

occurs during the third trimester of pregnancy and throughout the first 2 years. 
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To study possible neurotoxicity of b=minaKd fl~~r~ardant~,BDE~47~Bl3EI9'~GTBBPA were 
administered orally to neonatal mice on day 10 (Eriksson et a].. 1998). Doses administered are given 
in Table 6. Several tests of behavior, locomotion, activity and memory were performed with the 
treated individuals several months later. Results showed that BDE-47 and -99 both induced 
permanent aberrations in spontaneous motor behavior which worsened with age (Table 6). Similar 
effects have been seen in mice exposed neonatally to some ortho-substituted PCBs and co-planar 
PCBs in doses on the same molar basis (Eriksson; Eriksson; Eriksson and Eriksson). Neonatal 
exposure to BDE-99 also affected learning and memory functions in the adult animal. No effects 
were seen for TBBPA. 

Table 6. Neumloxicoloeical effects seen in mice several months after administration of  a sinele dose o f  
PBDE congeneys and TBBPA on day 10 after birth 

Results from Eriksson ct al.. 1998. + indicates permanent aberrations; - indicates no effects 

In a Follow-up study, Erikss.o.n..e!.aJ.~..(19~) investigated whether there is a critical time in neonatal 
mouse brain development for induction of the neurotoxic effects of BDE-99. One single oral dose of 
8 mgkg body weight ( I4  h o l k g  body weight) was administered to 3-day-, 10-day- and 19-day-old 
mice. Spontaneous behavioral tests were performed after 4 months. The mice exposed to BDE99 on 
day 10 showed significant behavior aberration, as was previously seen, and mice exposed on day 3 
showed similar aberration but to a lesser degree. The mice exposed on day 19 showed no significant 
change from the controls. 

Uptake and retention of BDE-99 in the brain was also studied by administering 14~-labelled BDE-99 
to 3-day-, 10-day- and 19-day-old mice (Eriksson et a1.%.!.999). The amounts of radioactivity found in 
the brain were measured at 24 h and 7 days after administration. The retention of BD599 was similar 
to what has been observed atter neonatal exposure to CB-52, CB-153 and DDT ( Eriksson. 1997). 
The retention of BDE-99 in mice exposed on day 3 indicates that the effects seen may be due to the 
amount still in the brain on day 10. The neurotoxic effects seem to involve changes in the 
cholinergic system as mice given BDE-99 on day 10 and then challenged as adults with a low dose of 
nicotine behave completely the opposite of controls. From these studies, i t  was concluded that the 
window for permanent effects of BDE-99 and BDE-47 is day 10 in neonatal mice ( Eriksson and 
Eriksson). -. 

Female rats given BDE-47 orally for a period of two weeks were then killed and the choroid plexus 
of the brain removed, homogenized and incubated with "'I-T 4 (Sin'ari et al., 1998). compared to 

controls, there was a dose-dependent reduction in the binding of  1 2 5 ~ - ~ 4  to the choroid plexus. In 

contrast, in vitro incubation of rat choroid plexus with BDE-47 revealed no competitive inhibition of 
labelled T4 binding. This indicates that BDE-47 metabolites can cross the blood-brain barrier and 

bind to the choroid plexus T4-binding sites. This in turn could cause the interference of T4 transport 

to the brain, with risks for effects on neural development. 

4.2.1,3. In fish 
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~icroinject ion of ~ r o m k a l j O - 5 D ~  in rainbow trout larvae led to weakly induced EROD activity 
(Norrgren et al., 1993). Three-spined stickleback fed Bromkal 70-5DE showed weakly induced liver 
EROD activity, fatty livers and a reduction in spawning success ( Holm et al.. 1993). Microinjection 
of BDE-47, BDE-85 or BDE-99 into newly fertilized rainbow trout eggs in an early life stage 
mortality bioassay showed no effects compared to 2,3,7,8-tetrachlorinated dibenzo-p-dioxin 

(H~.~n~~ng,et,al..,.I.?.96). However, 3,3:4,4-tetrabrominated biphenyl and 3,3:4,4:5,5Lhexabrominated 
biphenyl were 10-fold more potent than the identically chlorinated biphenyls. 

Rainbow trout were fed food containing either BDE-47 or BDE-99 for 6 and 22 days to study 
biological effects. Both congeners were found to significantly inhibit EROD activity in theliver with 
BDE-47 being most powerful in this effect (Tjarnlund et al.. 1998). A 35% reduction of GSH 
reductase was also observed after 22 days. Hematocrit and blood glucose also showed small but 
statistically significant changes after 6 days. No differences were seen in condition factor, liver 
somatic index, spleen somatic index, numbers of leukocytes, thrombocytes, granulocytes, 
lymphocytes or hemoglobin levels. When injected into fertilized fish eggs, no effects were seen on 
thiamine use. 

4.2.2. TBBPA 

4.2.2.1. In  vitro 

Studies of the potency of TBBPA for its competitive binding to human transthyretin in vitro have 
shown that TBBPA has the highest potency of all brominated and chlorinated substances tested so 
far. It is up to 10 times more potent than T4 (Meerts et al., 2000). However, this effect was not seen in 

in vivo studies in pregnant rats, see below ( Meerts et al.. 1999). 

TBBPA was tested for its activity in inducing intragenic recombination in two in vitro assays using 
mammalian cells but caused no effect (Helledav et al.. 1999). 

4.2.2.2. In  mammals 

TBBPA fed orally to mice and rats showed low or no effects on behavibr, weight gain, mortality, 
organ abnormalities or hematology (WHO/I.C.P_S_, ,1995). 

The thyroid transport protein, transthyretin, may play a major role in delivering T4 from the mother 

to the fetus across the placental barrier as well as across the bloodbrain barrier, where it is converted 

to T3, an essential hormone for normal brain development (Calvo and Southwell). TBBPA has been 

shown to competitively bind to human transthyretin in vitro with high affinity. To study the effects of 
TBBPA on thyroid hormone transport, including across the blood-brain barrier, pregnant rats were 

given I4c-labelled TBBPA on days 10-16 of gestation (Meerts et al., 1999). Blood plasma thyroid 

hormone and thyroid stimulating hormone levels were measured as well as 1251-~4-competition 

binding on maternal and fetal plasma transthyretin. No effects were seen on total T4, free T4 or total 

T3 levels in dams or fetuses. Thyroid stimulating hormone increased significantly in fetal plasma by 

196% but no effect was seen in dams. No I4c label was detected on transthyretin and there was no 



. -. shift . - in - binding . - - -- of 1 2 5 ~ - ~ 4 ,  which would - .  be expected if TBBPA - had bound to -- transthyretin. 
Therefore, TBBPA was concluded to not bind to transthyretin in vivo. No selective accumulation of 
TBBPA-related activity was found in the fetal brain. 

4.2.2.3. I n  fish 

Bluegill sunfish exposed to TBBPA in water became irritated and exhibited abnormal swimming 
behavior. Rainbow trout exhibited irritation, twitching, erratic swimming, dark discoloration and 
labored respiration. Fathead minnow showed reduced survival of young at hatch and reduced survival 
and'growth after'30 days (W.HO~l.CPS,.l.995). There is no information regarding uptake, metabolism 
or effects in vitro, in mammals or in fish of the methylated derivative of TBBPA (MeTA). 

4.2.2.4. I n  birds 

In a study of possible estrogenic activity in quail and chicken embryos, TBBPA was injected at doses 
of 15 and 45 Pglg egg (Be_rg,..?OQO). No estrogenic effects were seen; however the high dose was 
found to be embryolethal. 

4.2.3. HBCD 

4.2.3.1. I n  vitro 

The effects of HBCD on intragenic recombination were studied in two in vitro assays using 
mammalian cells (~~~ll&~~.~t . .a!~, . l .9~_9_).  HBCD caused statistically significant increases in 
recombination frequency in both test systems, indicating that it may induce cancer via a non- 
mutagenic mechanism, similarly to other environmental contaminants such as DDT and PCB. 

4.2.3.2. I n  mammals 

HBCD is not acutely toxic to rats or mice when given orally or in rats when inhaled. No acute dermal 
toxicity is seen in treatedrabbits. Chronic exposure in rats leads to increased liver weights and, in one 
study, thyroid hyperplasia. Chronic exposure in female rats led to inhibited oogenesis (Zeller and 
Kirsch. 1969). In chronic oral studies in pregnant rats, HBCD was found to suppress maternal food 
consumption and increase maternal liver weight in the highest dose group (1% of diet), but no effects 
were seen on the offspring ( 1 U C L I D . B ) .  The quality of most of these studies is, however, under 
question. 

5. Environmental concentrations 

5.1. Abiotic samples 

5.1.1. Air 

In 1979, DeBDE was identified in air particulates in the vicinity of plants manufacturing brominated 
flame retardants (Zweidinge~el.al., 1979). Watanabe and his coworkers found predominantly DeBDE 
in airborne dust from the Osaka region, in Japan (Wat;!nabe et a l . , m ) .  In samples from Taiwan 
and Japan in the vicinity of metal recycling plants, various tri-, tetra-, penta- and hexaBDEs were 
detected in air ( Watanabe et a].. 1992). Concentrations ranged from 23 to 53 pg/m3 in Taiwan and 
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7.1 to 21 pg/rn3 in Japan. . - .  - - - . . 

Air samples collected from two sites in Sweden during 1990-1991, Ammamas in the northern 

mountains and Hoburgen on the southern tip of Gotland in the Baltic Sea, had quantifiable amounts 
of BDE-47, -99 and -100 and HBCD in both samples (Berrander and &). Total PBDE levels were 
approximately 1 and 8 pg/m3 for Hoburgcn and Ammamiis, respectively. HBCD levels were 5.3 and 

~ ~ 

6.1 pg/m3, respectively. Highest levels of BDE-47 were found on polyurethane foam plugs (gas 
phase) while higher levels of BDE-99 and -100 and HBCD were found on filters (particulate phase). 
No DeBDE was found, but the detection level for DeBDE was much higher than for the lower 
brominated PBDEs. 

Air samples were collected at one rural site in southern England (Stoke Ferry) and one semirural site 
in northwestern England (Hazelrigg) during 1997 (spring, summer, autumn and winter) and analyzed 
for PBDEs (Pgers and Pcters). Detectable concentrations of tri- to heptaBDEs were found and the 
sum concentrations of BDE-47, -99 and -100 were 7-69 pg/m3 at Hazelrigg and 6-58 pg/m3 at Stoke 

Feny (A. Kierkegaard, Stockholm University, personal communication). PBDE has also been 
measured in several archived air samples from the Arctic (Alert, NWT, Canada, and Dunai Island, 
eastern Siberia) taken between January 1994 and January 1995 (Alaee et al.. 1999; M. Alaee, 
Department of Environment, NWRI, Canada, personal communication). The sum concentrations of 

several di- to hexaBDEs were 1-4 pg/m3 at Alert most of the year, but 28 pg/m3 in July 1994. Sum 

concentrations in air samples from Dunai were somewhat. lower than at Alert, with the highest level 

also found in summer (7-8 pg/m3). BDE-47 and -99 were the major congeners found. 

Air samples collected in the US from urban, rural and remote shorelines of the Great Lakes all 
contained measurable amounts of BDE-47, -99, -100, -1 53 and -154 (Dodder et al.. 2000). The 
predominant congeners were BDE-47 and -99. Highest concentrations were found near the city of 
Chicago and the total PBDE concentrations for all samples ranged from 6.9 to 77 pg/m3. 

I3ergm.n etal,.(l99Z) developed a sampling technique for sampling air particulates in the working 
environment. They determined a number of brominated flame retardants on air particulates in rooms 
containing computers and other electrical equipment. All particulate samples contained TBBPA, 
BDE-47 and BDE-99. The presence of these substances in air particulates shows that these 
substances are leaking into the indoor environment from electronic devices and therefore exposing 
humans. 

In another study, air was sampled in an electronics dismantling plant, in an office with computers and 
outdoors (Bergman; Sj and Sj) and analyzed for several PBDEs as well as TBBPA. The highest 
concentrations of all substances were found in air from the electronics dismantling plant. 
Concentrations in the office were not detectable or 400-4000 times lower and not detectable 

concentrations were found for the outdoor air. Mean concentrations found in air at the dismantling 

plant were 2.5 pmol/m3 (1250 pg/m3) for BDE-47,4.6 pmol/m3 (2600 pg/m3) for BDE-99,6.1 
pmol/m3 for BDE-153, 26 pmol/m3 for BDE-183, 38 pmol/m3 (36 500 pg/m3) for BDE-209 and 55 

pmol/m3 (29 900 pg/m3) for TBBPA (Bergman and 3). Samples were also taken near a plastics 
shredder at the dismantling plant to identify possible point sources ( Si and Sj). Concentrations of the 
PBDEs were found to be 4-10 times higher in the proximity of the shredder when compared to the air 



samples at other sites in the dismantling plant. 
-- .-. - .- - ~~ 

~ ~ . . 

5.1.2. Sewage sludge 

Sewage sludge samples collected in 1988 from Ryaverket sewage treatment plant in Gothenburg, 
Sweden, were analyzed for PBDEs. Concentrations of BDE-47, -99 and -100 together were around 
20-30 nglg dry weight (Nylund . eta]:, . 1992) .... .. with BDE-47 and -99 present at similar levels. The 

proportions seen in sewage sludge are similar to those seen in the technical PeBDE product Bromkal 
70-SDE. The levels were similar to those found in Germany by .Hage.nmabr.eta!,[!.992), who found 
tri- to heptaBDEs in sewage sludge, with concentrations of Te- and PeBDEs (not designated which 
congeners) of 0.4-1 5 nglg. 

In 1988, a sewage sludge sample was collected from a treatment plant receiving leach water from a 
landfill where wastes from a plastics industry using TBBPA are placed (Klippan). For comparison, a 
second sewage sludge sample was collected from a treatment plant (Rimbo) having no known 
sources of TBBPA connected to it -IJansson. The samples were analyzed for 
TBBPA and MeTA and results showed that MeTA was not detectable, but TBBPA levels were 56 
and 3 1 nglg dry weight. The samples were also analyzed for BDE4.7, -99 and -1 00. The sum of these 
three PBDE congeners in the Klippan sample was 45 ng/g dry weight and for the Rimbo sample, 1 19 
nglg dry weight ( Sellstrom. 1999). 

Sewage sludge samples collected in 1997-1998 from sewage treatment plants in Stockholm, Sweden, 

were analyzed for TeBDE, PeBDE, DeBDE, HBCD and TBBPA (Sell& and Smr). The results are 
given in Table 7. The concentrations of BDE-47, -99, -100 and -209 do not differ as much between 
plants as do those of TBBPA and HBCD. 

Table 7. Mean concentrations of several PBDEs (n=4), HBCD (n=4) and TBBPA ( ~ 2 )  in sewage sludge 
from three treatment plants in Stockholm in nglg dry weight 

K) 

Effluent  residue.^ from.several sewage treatment plants in the Netherlands contained median 
concentrations of BDE-47 of 22 nglg dry weight and for BDE-209,350 nglg dry weight (de Boer et 
al.JOO0b). BDE-99 and -153 concentrations were below the detection limits. 

5.1.3. Sediment 

Previous studies in Japan have found TeBDE, PeBDE, HxBDE and DeBDE in river sediments 
(Watanabe; Watanabe and Watanabe). Concentrations of TeBDE and PeBDE together were 21-59 

nglg dry weight. DeBDE was found in concentrations ranging from <2S to 1 1  600 nglg dry weight 
(Environmental Agency Japm,1991). 

The upper layer of a sediment core collected in the southern Baltic Sea (Bornholm Deep) was 
analyzed for BDE-47, -99 and -100 and contained 0.52 nglg dry weight (2.9 nglg ignition loss) (sum 
of three congeners) ay lund  et aI:,.1992). In another study, 20 surficial sediment samples taken from 
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numerous --- sites ~ in the Baltic Sea during ~ 1993 were analyzed ... for .-- BDE-47, ~~~ - -99 ---- and -100 within a - 
Helsinki Commission (HELCOM) sediment baseline study ( ~~nsspan~ .~anka ,an~ .aa ,_19~9) .  
Results showed low levels in all samples, from not detected to 5.4 nglg ignition loss based on the 
sum of three congeners. BDE-47 and -99 dominated and were present in approximately equal 
concentrations. 

In a study near a Swedish plastics industry using TBBPA, sediment samples were collected up- and 
downstream of the industry and these were analyzed for TBBPA and MeTA (Sellstrom and Jansson, 
1995) as well as for BDE-47, -99 and -100 ( Selk and Sfitr). TBBPA, MeTA and all three PBDE . 

congeners were found in higher concentrations downstream of the plant than upstream (.Table.(), 
indicating that the plastics industry was the most likely source for these substances. 

Table 8. Concentrations (ng1.g ignition loss) o f  TBBPA. MeTA and BDE-47. -99 and -100 in sediments . - -  - 
taken upstream and downstream of a plastics industry (S~llstr.o.m..~.n&J.ansso11,,.!9_95) a,,,) 

Surficial sediment samples were collected in 1995 at eight sites along River Viskan, where numerous 
textile industries are located. These industries have used various brominated flame retardants in 
production of textiles. BDE-47, -99, -100 and -209 as well as HBCD were quantified in the sediments 
and the concentrations increased further downstream as more industries were passed (Sellstrom et al., 
1998b). The concentrations of BDE-47, -99 and - I  00 together ranged from not detected to 120 ng/g . ...... ~~ .. ... 

ignition loss, BDE-209 ranged from not detected to 16 000 ng/g ignition loss and HBCD ranged from 
not detected to 7600 nglg ignition loss. The lowest levels of the PBDEs and HBCD were found 
upstream of the industries. This is the first time HBCD has been found in environmental samples in 
Sweden. 

A study of various contaminants in sediments collected from the mouths of major European rivers 
included several brominated flame retardants (K_ierIwga.ard; ?/an and SclHlr). Results are shown in 
FjgA. High levels of BDE-47 and -99 were found in two rivers in Great Britain (Humber and 
Mersey) and two in the Netherlands (sum of two congeners 1.61-1 3.1 ng/g dry weight). Highest 

2,2',4,4',5,5'-HXBB levels were found in the Seine (France), three rivers in the Netherlands and the 
rivers Schelde (Belgium), Forth (Great Britain) and Ems (Germany) (range 0.013-0.056 ng/g dry 

weight). Levels of DeBB were highest in sediment from the Seine (2.4-3.9 nglg dry weight). DeBDE 

(BDE-209) levels were highest in River Mersey (Great Britain), followed by the Schelde and River 
Liffey (Ireland) (range 34-1 800 ng/g dry weight). 

Fig. 4. Mean concentrations (nglg dry weight) of  HxBB. DeBB, BDE-47, sum of BDE-99 and -1 00, and 



BDE-209 in sediments from the mouths of several European rivers (&i&ew& and U r ) .  
. SI-IW~Southampton;NZRTS1OO=North-Sea-(reference site);NWW=Rhine;WWZ=Wadden Sea;--- 

NZRNW2=Nordwijk, Netherlands, and NZBCS=North Sea, Belgium. 

Allchin et al. (1999) carried out a survey of PBDE in sediments and fish (see Section 5.2.2.1) from 
several rivers and estuaries in the UK. Sediments were collected upstream and downstream of 
suspected sources including a manufacturer of PeBDE and OcBDE, several industries using PeBDE, 
several landfills receiving wastes suspected to contain PBDEs and a reference site. 

The highest concentrations of BDE-47, -99, PeBDE (DE-71) and OcBDE (DE-79) were found in 
sediments around or downstream of the manufacturing site at Newton Aycliffe on River Skeme 
(Table 9). The highest concentrations of DeBDE (DE-83) were found downstream of a sewage 
treatment plant on River Calder, but high concentrations were also seen on River Skeme downstream 
of the manufacturing site. The general conclusions drawn from this study were that the PeBDE and 
OcBDE manufacturing plant at Newton Aycliffe is a major source of PBDE on River TeesISkeme 
including the mouth of the river, which is 40 km downstream of the plant. Other sources are also 
implicated along other UK rivers although these could not always be identified. BDE-99 
concentrations were similar or somewhat higher than those for BDE-47 in most sediments. 

Table 9. Concentrations of BDE-47, -99, PeBDE quantified as the technical product DE-71, OcBDE 
quantified as the technical product DE-79 and DeBDE quantified as the technical product DE-83 in 
sediments from UK rivers (nglg dry weight) la (<, K) 
Data from Allchin et al. (199% 

Sediment samples collected in 1999 from several sites in the Netherlands contained BDE-47, -99 and 
-209 (de Boer et al., 2000b). Concentration ranges were 0.3-7.1 ng/g dry weight for BDE-47, nd-5.5 

ng/g dry-weight for BDE-99 and nd-510 ng/g dry weight for BDE-209. Suspended particulate matter 

contained nd-9 nglg dry weight BDE-47, nd-23 nglg dry weight BDE-99 and nd-4600 ng/g dry 

weight BDE-209. 

Sediment cores from a freshwater lake in Germany, the Wadden Sea and from Drammenfjord (Oslo 
Fjord) all contained measurable amounts of BDE-28, -47, -66, -99 and -100 (Zegers et al.,2000). The 
Drammenfjord and lake samples also contained BDE-153 and -154, and the Wadden Sea and lake 
samples contained BDE-209. 

5.2. Biological and human samples 

5.2.1. Terrestrial ecosystem 

5.2.1.1. Birds 

. Muscle samples from juvenile starlings (Sturnus vulgaris) (3-4 weeks old) collected from four 
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Swedish sites were found to contain sum levels of BDE-47, -99 and -100 of 5.7-13 nglg lipid (Scllstr . . ~- - ~ ~~ ~ ~. . ~ .~ ~. -- 

and w). The congener pattern was similar to that of Bromkal 70-5DE. No geographical trends 
were apparent. 

Chickens fed feed with or without dioxin-contaminated ball clay and chickens bought at a grocery 
store as a matrix blank were analyzed for PBDEs CHuwe ct a l . , m ) .  The congener profile was 
found to differ from that seen in fish and fish-eating animals; with BDE-99 being the dominant 
congener in all samples. The total PBDE concentrations (BDE-47, -99, -100, -153, -154, -183) in the 
store-bought chicken were 0.50 nglg lipid weight, while in the ball clay exposed/unexposed chickens 
the concentrations ranged from 3.6 to 35.1 ng/g lipid weight. PBDE levels in the ball clay were at 
background levels. BDE-I 83 was detected in all samples but at low levels. 

5.2.1.2. Mammals 

PBDE levels (sum of BDE-47, -99 and -100) were determined in rabbit (Otycfolagus cuniculus) 
muscle, moose (Alces alces) muscle and reindeer (Rangijer tarandus) suet samples collected within 
the Swedish Environmental Monitoring Program. PBDEs were not detected in rabbit, and levels in 
moose and reindeer were low: 1.7 and 0.47 ng/g lipid weight, respectively (Jansson; Sellstr and 
a). Again, the congener pattern was similar to that of Bromkal 70-5DE. These levels are 
somewhat lowerthan those found in cow's milk from Germany (four samples), which ranged from 
2.5 to 4.5 ng/g fat measured as Bromkal 70-5DE ( KCge-~,1')88). 

5.2.1.3. Humans 

Adipose !issue: Previously, DeBDE, as well as hexanonaBDE have been found in human adipose 

tissue samples from the US (Cramer and Stanley). The levels ranged from not detected to 1 nglg fat 
for HxBDE, 0.001-2 ng/g fat for HpBDE, and not detected to 8 nglg fat for OcBDE. NoBDE levels 

were estimated to exceed 1 ng/g fat and DeBDE levels were estimated to range between not detected 
and 0.7 nglg fat. BDE-47 concentration in the adipose tissue of a 74-year-old Swedish male was 
found to be 8.8 n d g  lipid weight ( Halrlund et rll.,=). Human adipose tissue samples from 77 
individuals in Sweden collected between 1995 and 1997 were analyzed for BDE-47 ( Lindstrom et 
al ,  1998). The means ranged from 3.8 to 16 ng/g lipid. 

Adipose and liver tissue from two Swedish males were analyzed for several PBDEs (BDE28, -47, - 
85, -99, -100, -153 and -1 54) (Meironvte Guvenius and N o r i . n , B ) .  The congener patterns in the 
two tissue types for each individual were similar. BDE-47, -99 and -153 were the predominant 
congeners with adipose BDE-47 concentrations of 2-2.4 nglg lipid weight, BDE-99 concentrations of 

1.6 nglg lipid weight, BDE-100 concentrations of 0.1 ng/g lipid weight and BDE-I53 concentrations 
of 1-1.3 nglg lipid weight. The sum of the seven PBDEs in adipose tissue was 5 ng/g lipid weight and 

for liver, 6 and 14 nglg lipid weight. 

Adipose tissue samples from 10 randomly selected individuals in Finland were analyzed for BDE-47, 
-99 and -153 (Strgndman et~a!,,..!.9??). Mean concentrations were 7.3 ng/g fat for BDE-47, 2.2 nglg 
fat for BDE-99 and 2.3 nglg fat for BDE-153. 

Adipose tissue samples from 13 individuals (three women, I0 men) from Tarragona, Spain, had mean 
BDE-47 concentrations of 1.36 nglg lipid weight, BDE-99 was 0.42 nglg lipid weight and BDE-153 



was 1.83 nglg lipid weight (Menescs -!,199')). 
- 

Breast adipose samples collected in the late 1990s in northern California contained measurable 
amounts of BDE-47, -99 and -153 (She et al.. 2000). ~ean'concentrations were 18 n d g  lipid weight 
for BDE-47,4.9 nglg lipid weight for BDE-99 and 2.2 ng/g lipid weight for BDE-153. 

Blood: A number of brominated substances have been determined in 40 human blood plasma samples 
from Sweden. All samples were found to contain both TBBPA and PBDEs (Klasson Wehler et al.. 
1997). TBBPA levels were in the low nglg range on a lipid weight basis based on semiquantitative 
analyses. Six PBDE congeners (tetrahexaBDEs) wereidentified and quantified: BDE-28, -47, -66, - 
99, -100 and -153. Highest concentrations were found for BDE-47 and -99 and these made up 70% of 
the total PBDE concentration in plasma. The mean concentrations of PBDEs were 2.1*1.4 n d g  lipid 
weight. 

Archived whole-blood samples from the German environmental specimen bank from 1985, 1990, 
1995 and 1999 were analyzed and found to contain BDE-28, -47, -66, -85, -99, -100, -153 and -154 
(Schroter-Kennani et al.. 2000). BDE-47 was the major congener found and mean concentrations 
were 3.9 ng/g lipid weight in 1999. The mean total PBDE concentration was 5.6 ng/g lipid weight for 
1999. The total PBDE concentrations were significantly lower in female blood samples. 

In a study of workers at a computer disassembly plant, workers in a computerized office and cleaners 
(control), BDE-47, -153, -154 and -1 83 ( 2 , 2 : 3 , 4 , 4 : 5 : 6 - ~ ~ ~ ~ ~ )  as well as BDE-209 (DeBDE) were 
found in blood plasma for all three groups (Sjodin et al., 1999a). The median concentrations (sum of 
five congeners) were highest in the computer disassembly plant workers (26 ng/g lipid weight or 37 
pmollg lipid weight), next highest in the office workers (4.1 nglg lipid weight or 7.1 pmollg lipid 
weight) and lowest in the cleaners (3.3 ng/g lipid weight or 5.4 pmollg lipid weight). The congener 
pattern was similar in the cleaners and the office workers, with BDE-47 as the dominant congener. 
However, the computer disassembly plant workers had highest median levels of BDE-183 (1 1 pmollg 
lipid weight), followed by BDE-153 (7 pmollg lipid weight), BDE-47 (5.9 pmol/g lipid weight) and 
BDE-209 (5 pmollg lipid weight). 

Stored serum samples collected from 12 US blood donowin 1988 were analyzed for PBDEs and 
found to contain BDE-47, -153, -183 and -209 (Patterson et al.. 2000). Concentrations were 
comparable to those found in Swedish cleaners (see above). 

Blood serum samples from 19 full-time computer technicians were analyzed and the serum 
concentrations of BDE-153, -183 and -209 were found to be approximately five times higher than in 
the cleaners and office workers in the above study (Hapmar et al.. 2000a). Median concentration (sum 
of five congeners) was 10.6 pmollg lipid weight. Highest concentrations were seen for BDEl53. 
TWO OcBDE congeners and one NoBDE congener were also detected. Positive correlations were 
seen between fish consumption and serum concentrations of BDE-47, -153 and -183 and between 
computer time and BDE-153 and - I  83. TBBPA was detected in serum from four technicians. 

BDE-47 was also determined in blood serum from persons with high fish intake or no fish intake to 
study the influence of diet on concentrations (Bergman and sj). The high fish intake group had 
median BDE-47 concentrations of 4.4 pmollg lipid weight (2.1 ng/g lipid weight), whereas the no 
fish intake group had median concentrations of 0.83 pmollg lipid weight (0.40 ng/g lipid weight). 
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Breast milk: PBDE levels in human breast milk have been determined-in 25 German mothers 
(Kriiger. 1988). The levels ranged from 0.6 to 1 1 nglg fat. In a recent study, Nor and Nor have 
performed a temporal trend study of PBDE in pooled breast milk samples from Swedish mothers in 
Stockholm (see Section 6.25). The PBDE level (sum of eight congeners) was 4 nglg lipid in the 1997 
sample. 

PBDE levels were studied in breast milk obtained from primiparous mothers (n=39; 22-36 years old) 

from Uppsala county, Sweden (Damerud et al.,JB&). The individual PBDE levels found in the 
breast milk were sums of the five most frequently found PBDE congeners (BDE-47, -99, -100, -1 53 
and -154). The women also answered a questionnaire focusing on the present pregnancy, including 
symptoms, dietary and other habits (including smoking and alcohol consumption). Regression 
analysis was used to describe a possible relationship between PBDE levels in milk and some selected 
parameters from the questionnaire answers. 

The observed mean value of the sum of eight PBDE congeners (CPBDE) was 4.4 nglg fat whereas 
the median was 3.4 nglg fat, which in part could be a consequence of a single, high peak value of 
28.2 ngfg in the breast milk from one of the women. BDE-47 was the major congener in the breast 
milk, comprising ca 55% ~ ~ C P B D E .  Significant relationships were found between milk fat levels of 
CPBDE and smoking @=0.001), and between milk fat levels ~ ~ C P B D E  and body mass index 
@=0.014). However, the present study found no correlations between PBDE levels and the mother's 
age, computer usage frequency, consumption of fish (total or specifically fatty Baltic Sea fish), 
consumption of alcohol, place of residence during the mother's own childhood and adolescence (in a 
fishing village or not), or the birth weight of the child. However, the number of observations in this 
study may have been too few to reveal significant changes regarding these correlations. 

New data from several other countries are now available. For Canada, the mean concentration for the 
sum of six congeners (BDE-28, -47, -99, -100, -1 53, -1  83) was 5.8 nglg lipid weight for samples 
from Ontario and Quebec from 1992 (Rym.andPatry.2000). Composite samples from 1992 
representing four regions of Canada and one representing all Canadian provinces had sum 
concentrations ranging from 2.6 to 19 nglg lipid weight, with the highest concentrations in the 
Maritimes region. Breast milk samples from Finland had sum concentrations (BDE-28, -47, -99, - 
153) ranging from 0.88 to 5.9 nglg lipid weight ( Strand~nan et al.. 2000). In Japan, breast milk 
samples were found to contain sum concentrations (BDE-28, -47, -99, -100, -1 53, -154) ranging from 
0.66 to 1.5 nglg lipid weight ( Ohta et al., 2000). Somewhat higher concentrations were seen in 
women with high consumption of fish (1.34 nglg lipid weight) compared to those eating less fish 
(0.71 nglg lipid weight). BDE-47 was the major congener in most of these samples but for Japan, 
BDE-153 levels were comparable in some samples. 

5.2.2. Freshwater ecosystem 

5.2.2.1. Fish and shellfish 

Freshwater mussels (Dreissenapolymorpha) were hung in nets at several locations in the Netherlands 
and then analyzed for BDE-47, -99, -153 and -209 (&Boer et al.,.2_OOOb). BDE-209 was below 
detection limits. Concentration ranges for the other congeners were 0.7-17 nglg dry weight for BDE- 

47, 0.4.1 1 nglg dry weight for BDE-99 and <0.1-1.5 nglg dry weight for BDE-153. 
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Levels of BDE~47~99Tfd~l~OO~deteiiiiiKdi~~itEfiSh-(Coregonus spp.)-frGiiLXe 
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Storvindeln (pristine mountain lake in northern Sweden), Arctic char (Salvelinus alpinus) from Lake 
Vattern (heavily populated lake in south-central Sweden with numerous municipal and industrial 
point sources) and in trout (Salmo trutta) and pike (Esox lucius) from several sites along Dalslands 
Canal in west central Sweden (Jansson; Se l sx  and Sell=). Samples were collected between 1986 
and 1988 and none of these sites have known point sources for PBDE. The whitefish sample 
contained the lowest levels, 26 nglg lipid weight, whereas the Arctic char sample contained 520 nglg 
lipid weight. BDE-47 was the predominant congener in both samples. The PBDE levels in pike on 
Dalslands Canal ranged fiom 180 to 21 0 nglg lipid and in trout the range was 280-1200 nglg lipid 

weight. The congener pattern was more similar to that of Bromkal70-5DE, with similar amounts of 
both BDE-47 and -99. The levels are of the same order of magnitude as in the Arctic char indicating 
spread by diffuse sources. Levels of PBDE (sum of BDE-47, -99 and -100) in pike from Lake 
Bolmen (see - Section -- 6.2.2) ---- for the years 1987-1988 were 85-170 nglg lipid weight, comparable to 

those from Dalslands Canal, and the congener pattern was similar as well ( Kierkegaard et al., 1993). 

In 1979 and 1980, high levels of TrBDEs-HxBDEs (950-27 000 nglg lipid) were found in fish 

sampled along the Swedish river Viskan, where numerous textile industries are located (Andersson 
and Blomkvist, 1981). BDE-47 dominated the congener pattern (70-80% of total PBDE). These 

industries have used various brominated flame retardants in the production of textiles. No PBDEs 
were found in fish caught at the same sites in 1977. The high levels of BDE-47, -99 and -1'00 found 
were later confirmed in a study where fish caught from approximately the same locations as sampled 
in 1987 were analyzed ( - Sellstr and - Sellstr). BDE-47 was the predominant congener (65-96% of total 

PBDE). Several different fish species were collected (pike, perch, bream, eel, tench, sea trout) in 
these studies. The large differences in PBDE concentrations that were found made it impossible to 
rule out species-specific differences in accumulation, thus making it difficult to draw conclusions ' , 

about the location of the sources along the river. 

New samples of pike as well as sediments (see Section 5.1.3) were collected along River Viskan in 
1995 in order to search for sources. Pike samples were obtained at only four of the eight sites. BDE- 
47, -99, -100 and -209 (DeBDE) as well as HBCD were quantified in the fish. BDE-209 was found in 
trace amounts in a few fish. The concentrations of the other substances increased further downstream 
as more industries were passed ( Sellstrom et al.. 1998b). The concentrations of BDE-47, -99 and - 
I00 together ranged from not detected to 4600 nglg lipid weight, with BDE-47 again being the 
predominant congener (50-90%). and HBCD ranged from not detected to 8000 ng/g lipid weight. The 

lowest levels of the PBDEs and HBCD were found upstream of the industries. This is the first time 
HBCD has been found in environmental samples in Sweden. 

In eels (Anguilla anguillu) from Dutch rivers and lakes ( I0  locations), levels of BDE-47 ranged from 
<20 to 1700 ng/g lipid and BDE-47 comprised 70% of the total PBDE (de-Boer,J990). Several 
species of freshwater fish from waters of North RhineWestphalia contained 18-983 ng PBDEIg lipid 

( m g e r .  1988). 

In a more recent study, bream (Ahramis brama) collected from several sites in the Netherlands had 
BDE-47 concentrations of 0.2-130 ng/g dry weight (de Boer et al., 2000b). The BDE-153 

concentration range was 10.04-4.1 nglg dry weight. BDE-99 was below detection limits. 
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Allchin et al: (1 999) c a E i e d 5 u t T i s u ~  of PBDE~i~Ediment~(iGSCEtioT5Il.:3) FrTomSSv%ral.UK 
rivers and estuaries and fish from the estuaries. Plaice (Pleuronectesplatessa), flounder '(Platichlhys 
Jesus) and dab (Limanda limanda) were collected in the estuaries of rivers with suspected sources 
including a manufacturer of PeBDE and OcBDE, several industries using PeBDE, several landfills 
receiving wastes suspected to contain PBDEs and a reference site. The results are given inTable lo, 
and these support the conclusions drawn previously for sediments - that a major source is the 

manufacturing plant on River Tees. The predominant congener in fish is BDE-47, particularly where 
sediments are highly contaminated. This is similar to the situation found in Sweden along River 
Viskan. It is also interesting to note that OcBDE, quantified as the technical product DE-79, is 
bioavailable and found in relatively high concentrations in fish exposed via sediments. 

Table 10. Concentrations of BDE-47, -100. PeBDE auantified as the technical oroduct DE-71 and OcBDE 
as the technical product DE-79 in fish from UK river estuaries (ngtg lipid weight) 

(<, K, . , 

No DeBDE quantified as the technical product DE-83 was detected in any sample. Data from Allchin ct 81. 

(12%). 

Loganathan et al. ( 1  995) found TeBDE to HxBDE in carp (Cyprinus carpio) from Buffalo River, 
E, an area around the Great Lakes showing environmental impairment. TeBDE dominated the 
congener pattem (94-96% of total PBDE) and TeBDE and PeBDE levels were 13-22 ng/g fresh 

weight. Asplund et al. (I 99%) found tri- to hexaBDEs in steelhead trout (Oncorhynchus mykiss) 
from Lake Michigan sampled in 1995. The sum of BDE-47, -99 and -100 was 2700 nglg lipid weight. 
Lake trout (Salvelinus namaycush) from several Great Lakes were also found to have di- to 
heptaBDEs with sum concentrations of 540 nglg lipid weight for Lake Ontario, 240 n d g  lipid weight 
for Lake Huron and 140 nglg lipid weight for Lake Superior (AJ1acg_e.al.,L929). Lake trout sampled 
from Lake Erie had 117 nglg lipid weight ( Lur_o,~set.a!.:.,.2!!(!?). Differences were seen in congener 
profiles for the different lakes which may be due to variations in local sources combined with 
atmospheric transport. 

In a recent study in Virginia, US, muscle samples from 253 fish samples representing 50 freshwater 
sites were collected and analyzed for PBDEs (Hale et al.. 2000). Approximately 85% of the samples 
contained measurable concentrations of BDE-47, the predominant congener, and concentrations were 
greater than I000 n d g  lipid weight at nine of the 50 sites. The highest total concentrations (up to 
57 000 nglg lipid weight) were seen in  carp downstream of textile and furniture facilities. BDE-47 
concentrations were higher than PCB-1 53 concentrations in 58% of the samples analyzed. 

Fish were collected from two US lakes, Hadley Lake, IN, near a potential PBDE point source, and 
Lake of the Ozarks, MO, with no known sources (Dodd_e_rkret.al.ZOQO). Mean total PBDE 
concentrations (BDE-47, -99, -100, - 1  53, - 1  54) were higher in crappie (Poxomis annuluris) and 
bluegill (Lepomis macrochiras) from Hadley Lake (1 500 and 1900 ng/g lipid weight, respectively) 
than from Lake of the Ozarks (340 and 390 nglg lipid, respectively). BDE-47, -99, -153 and - 1  54 
were found in Hadley Lake fish at similar concentrations and were the predominant congeners. BDE 
47 was the predominant congener in fish from Lake of the Ozarks. 



Muscle samples from ospreys (Pandion haliaetus) found dead in various parts of Sweden were 
pooled and analyzed for PBDE (Jansson; a r  and w). Ospreys feed on freshwater fish. The 
PBDE concentration was 21 00 nglg lipid (sum of BDE.47, -99 and -1 00) with BDE-47 dominating 
the congener pattern (86%). These high levels may reflect biomagnification and/or fish consumption 
along their migratory routes to Africa. 

5.2.3. Marine ecosystem 

5.2.3.1. Fish and shellfish 

Marine mussels (Mytilus edulis) were hung in nets at several locations in the Netherlands and then 
analyzed for BDE-47, -99, -153 and -209 (de Boer et al. 2200b). BDE-153 and -209 were below 
detection limits. Concentration ranges for the other congeners were 0.9-4.3 nglg dry weight for BDE- 

47 and 0.3-1.6 nglg dry weight for BDE-99. 

Hepatopancreas samples from Dungeness crab from the several sites on the Strait of Georgia, BC, 
Canada, were analyzed for di- to heptaBDEs (Ikonornou et al.. 1999). BDE-47 was the major 
congener found and the sums of BDE-47 and -99 were approximately 100-350 ng/g lipid weight. 

The sum of BDE-47, -99 and -100 in fall-caught herring (Clupea harengus) muscle from five sites 
along the Swedish coast ranged from 17 to 62 nglg lipid, with BDE-47 being the dominant congener 
(Sellstr and u). Similarly, BDE-47 levels in different age groups of Baltic hemng ranged from 
3.2 to27 nglg lipid with the sum of BDE-47, -99 and -100 ranging from 3.2 to 32 nglg lipid 
( Hldg!.u.nd..et.a12.,_19~). Lowest levels were in 2-year-old hemng and highest levels were in 5-year- 
old herring. Haelund et al. (1997) found a similar trend for methoxy-PBDE in their Baltic hemng 
samples. Strandman et al. (1 9991 also found increasing concentrations of BDE-47, -99 and - 153 with 
age in Baltic sprat (Sprattus sprattus, age 3-13 years) but not in herring. BDE-47 was the major 

congener found and concentrations ranged from7.6 to 24 nglg lipid weight for 1- to 3-year-old sprat, 
17 to 140 ng/g lipid weight for 3- to 13-year-old sprat and 7.6 to 24 nglg lipid weight in the hemng. 
Whole-body composites of herring were found to have BDE-47, -99 and -100 concentrations of 6.2, 
0.6 and 0.8 ng/g lipid and sprat had 4.3, 0.7 and 0.8 ng/g lipid (Burreau et al.. 1999). The levels found 
in Baltic herring are similar to BDE-47 levels of 8.4-100 ng/g lipid found by de and de in hemng 

from three regions in the North Sea. 

BDE-47, -99 and -153 levels in Baltic salmon (Salmo salar) muscle were 167, 52 and 4.2 nglg lipid, 
respectively (Hagluiid et al.. 1997). Methoxy-PBDEs were also found. In whole-body composites, 
BDE-47, -99 and -100 levels were 47, 7.2 and 6.3 ng/g lipid ( Burreau et a].. 1999). In another study, 
muscle, ripe eggs and blood plasma from Baltic salmon were analyzed for a range of organohalogen 
compounds including BDE-47, -99 and - 100 ( hplund  et al.. 1999a). The levels found are shown in 
Table 1 1. ~evera l 'h~drox~la ted  and methoxy-PBDEs were also found. Methoxy-PBDEs were found 
in all samples at similar concentrations to the PBDEs. Several hydroxylated PBDEs were found in 
blood samples at 20-30% of the methoxy-PBDE levels. 
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Table 1 I .  Mean concentraGons of PBDES in tissues from Baltic salmon (nglg lipid weight) 

. . 
Results from &w and a d  

Cod (Gudus morhua) liver collected from three regions of the North Sea had sum levels of BDE-47 
and -99 of 1.9-360 nglg lipid (de - and - de). BDE concentrations in flounder from several sites in the 

Netherlands were 0.6-20 nglg dry weight for BDE-47 and <0.01-4.6 nglg dry weight for BDE-99 (de - 

B,oe~.et.,al..,2~Q~b). BDE-153 and -209 were not detected. 

Watanabe et al. (1987) found PBDE in several marine fish and shellfish samples in Japan. TeBDE 
and PeBDE concentrations were between 0.1 and 17 ng/g fresh weight with TeBDE being the major 
component in the samples. A mussel sample from Osaka Bay was also found to contain DeBDE. 
Recently, market fish from Japan were analyzed for PBDEs. Results showed highest total PBDE 
concentrations (BDE-28, -47, -99, -100, -153, -154) in salmon, cultured yellowtail and wild 
yellowtail muscle (46.44 and 30.5 nglg lipid weight, respectively) and lowest concentrations in 
yellowfin tuna (1.9 nglg lipid weight) ( .Ohta...e!a1,,.2?00). BDE-47 was the predominant congener in 
all samples. In another study in Japan, several fish species were analyzed for 15 BDE congeners 
( Hori et al., 2000). -. - BDE-47 was the predominant congener and concentration ranges were 0.062.1 

nglg fresh weight. 

5.2.3.2. Birds 

Previously, Di- and TrBDE have been identified in black skimmer (Rynchops nigra) tissues and eggs 
in the US but no quantitative analysis could be performed due to lack of standards (Stafford, 1983). 
PBDE levels were measured in white-tailed sea eagle collected from the Baltic Sea and found to . . 
contain 350nglg l ip~d weight ( J~~nss~~..ct.a!,,..~98~). Common guillemots (Uria aalge) collected in 
1979-1991 from the Baltic and North Seas contained 370 and 80 ng PBDE/g lipid (Jansson et al., 

1987). . Brunnich's guillemot (Uria lomviu) from Svalbard in the Arctic contained 130 ng PBDEIg 
lipid (Jansson et al.. 1987). More recent results of PBDE analyses in guillemot eggs from the Baltic 
Sea are given in Section 6.2.3. 

Cormorants (Phalacrocorax carbo) shot under license along the coast of England, UK, had sum 
PBDE concentrations (BDE-47, -99, -100, -1 53, - 1  54) of 300-6400 nglg lipid weight in liver (Allchin 

et al.. 2000). BDE-47 was the predominant congener, followed by BDE-I00 and then BDE-99. 

Glaucous gulls (Larus hyperboreris) from Bear Island, Norway, collected in 1999 were found to 
contain 290-634 nglg lipid weight of BDE-47 and, in one case, 160 nglg lipid weight BDE-99 

5.2.3.3. Mammals 

Several species of seal from several different sites have been analyzed for PBDE. Female grey seals 
(Hulichoerusgtypus) from the Baltic Sea collected in 1979-1985 contained 730 ng PBDEIg lipid in 

their blubber (sum of BDE-47, -99 and - 1  00) (Ja.n_s_s.~.n; Scllsk and Sastr). Male Baltic grey seals had 



280 ng/g lipid weight of sum BDE-47, -99 and -100 and male ringed seals (Pusa hispida) had 320 
ng/g IipidXighTCATdersson and WIiKa~iKirrz)7BlibbWfrXBIiltic grey andTiwedseals - 

collected between 198 1 and 1988 were found to contain 41 9 ng PBDW g lipid and 350 ng PBDEIg 
lipid (sum of BDE-47, -99 and -loo), respectively ( Haglund et al.. 1997). Methoxy-PBDEs were also 
present in both species. 

Female ringed seals collected in 1981 from Svalbard in the Arctic contained 40-5 1 ng PBDE/g lipid 

(Jansson; Jansson; Sellstr and -1. Ringed seal from the Canadian Arctic had mean PBDE 
concentrations (di- to hexaBDEs) of 25.8 ng/g lipid weight (females) and 50 ng/g lipid weight 
(males) ( &ee et a l . , m ) .  Ringed seal collected in 1996 from Holman Island, NWT, Canada 
(Arctic) had total PBDE concentrations of 2.4-4.9 ng/g lipid for males and 1.2-3.4 nglg lipid for 

females, and for males, the concentrations increased with age (lkonomou et al.. 2000). Just as for 
many organochlorines, the lower levels in females indicate transfer to young. 

Harbor seal (Phoca vitulina) from the Baltic Sea contained 90 ng PBDE/g lipid as compared to 
harbor seal from the North Sea, which contained 10 ng PBDE/g lipid (&sson and M&). 
Andersson and Wartanian (1992) found 230 ng PBDE/g lipid in harbor seals from the Swedish west 
coast (Skagerrak). Recently, harbor seal from the San Francisco Bay area have been analyzed for 
BDE-47, -99 and -153 ( She et al.. 2000). Mean concentrations were 1 124 ng/g lipid weight for BDE- 
47, 107 nglg lipid weight for BDE-99 and 50 ng/g lipid weight for BDE-153. 

Blubber samples from three bottlenose dolphins (Tursiops truncatus) collected during a mass 
mortality event on the south Atlantic US coast in 1987-1988 contained 180-220 ng PBDE/g lipid 

(Kuehl et al.. 1991). Bottlenose dolphins from the Gulf of Mexico were found to contain up to 8000 
ng PBDE/g lipid ( Kuehl and Haebler. 1995). ds and de have found PBDE and PBB in the blubber of 
three sperm whales (Physeter macrocephalus), one minke whale (Balaenaoptera acutorostrata) and 
one whitebeaked dolphin (Lagenorhynchus albirostris) found stranded on the Dutch coast in early 
1998. Several harbor seals were also sampled. Sperm whales feed in deep water and the stranded 
whales' stomachs were empty, indicating that the exposure occurred in the deep Atlantic via the food 
web. The levels found are given in Table 12. Analyses included BDE-209 (DeBDE) but levels were 
below detection limits in all samples. 

Table 12. Levels of  PBDE in blubber (ng/g lipid weight) from several marine mammals collected along the 
coast of the Netherlands 

,, ,, . . 
Results from de_Baerct.al..L!.998b). 

Long-finned pilot whale (Globicephala melas) from the Faeroe Islands in the north Atlantic were 
analyzed for 19 PBDEs (Lindstrorn et al.,m). Highest concentrations were found in young males 
and females (3000-3160 ng/g lipid) compared to adult females (840-1050 ng/g lipid) and males (I610 

ng/g lipid). In a second study of long-finned pilot whales, a similar trend was seen with young 
animals having PBDE concentrations of 740 ng/g lipid weight, adult females having 230 nglg lipid 
and adult males having 540 ng/g lipid ( van Bavel et al.. 1999). 
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Harbor porpoises (Phocaenaphocaena) from British Columbia, Canada (Ik~mm.011-et~.a!,, 2000), and 
from the coasts of England and Wales ( Law et al.. 2000) have recently been studied for PBDEs. The 
total PBDE levels (trihepta congeners) in the British Columbia samples were 350-2300 ng/g lipid 

weight with BDE-47 being the predominant congener (range 50-1200 ng/g lipid weight) ( - Ikonomou 

et al.. 2000). Along the coasts of England and Wales, concentrations of total PBDE (sum of 13 
congeners) ranged from 440 to 7670 ng/g lipid weight, and BDE-47 concentrations ranged from 227 
to 6790 nglg lipid weight ( L3w et al., 22000). The highest concentrations were found in a male 
porpoise stranded at Tynemouth in northeast England. 

Beluga (Delphinaprerzrs leuca) from the Canadian Arctic had mean PBDE concentrations (di- to 
hexaBDEs) of 81.2 n d g  lipid weight (females) and 160 ng/g lipid weight (males) (Alaee et al.,J%99) 
Beluga sampled in 1997 from southeast Baffin (Cumberland Sound) had total PBDE concentrations 
of 15 ng/g l ~ p ~ d  weight, with a BDE-47 concentration of 10 ng/g lipid weight ( Stern and Ikonomou, 
2000). The sum of BDE-47 and -99 concentrations in a killer whale (Orca orcinus) from British -- 
Columbia, Canada, was 100 ng/g lipid weight (Ikonomou et all, 1999). 

The congener profile in all marine mammals studied shows highest concentrations for BDE-47. 

5.3. Bioaccumulation, biomagnification 

Bioconcentration factors determined in laboratory studies from water to Baltic blue mussels were 
found to be 1 300 000 for BDE-47, 1 400 000 for BDE-99 and 220 000 for BDE-153 (Gustafsson et 
al., ~ 1999). These were higher than for the tri-hexaCB congeners that were also tested. In a field study 

in the Netherlands, bioconcentration factors were determined using blue mussels collected from 
several sites along the coast and in the Schelde estuary ( .Bo.oij..qt..al,,.2~_0!)). Water concentrations 
were determined using semipermeable membrane devices. Maximum bioconcentration factors were 
log BCF of 9.0 for BDE-99 and -100 and approximately log BCF of 7.4 for BDE-28, 8.4 for BDE-47 
and 8.2 for BDE-153. 

When sediment concentrations were compared to those in pike collected at several of the samesites 
along River Viskan (see and 5.2.2.1), high fish-to-sediment ratios were seen for BDE-47 
(6.6-19), -99 (1 7), -100 (4.6-36) and HBCD (0.6-1 5) indicating that these are highly bioavailable 

( Sell.str.~mmet-a!~,~.Y98b). 

Bioaccumulation has been studied in zebrafish fed with dried chironimid larvae treated with BDE-28, 
-47, -66, -85, -99, - 100, - 138, - 153 and - 154 (Andersson el al., 1999). Highest accumulation was seen 
for BDE-47 followed by BDE-28. BDE-100, -153 and -154 accumulated to a lesser extent. BDE-99 
did not accumulate, which is not in agreement with the results ofGgstafgs?!~t,>l,(l9'!9) in blue 
mussels or with uptake efficiency data seen in pike by Burreau et al. (1997). 

Concentrations of PBDE in herring and their predators grey seal and guillemot, all collected in the 
same area of the Baltic Sea, have been compared to estimate potential biomagnification (Sellstrom, 
1996). The herring were caught in the autumn of the same year as guillemot egg collection (1987). 
The g e y  seal sample was a pooled sample from eight females found dead in the area during 
1979-1985. In a recent study, herring, sprat and salmon were collected from the Baltic Proper in 1998 

( O~lrrea11 et atII 1999). These were analyzed for PBDEs (BDE-I 7 + 25, -28, -35, -47, -49, -66, -99, - 



100 and -154) and nitrogen isotopes to study biomagnification. Salmon feed primarily on sprat and 
.. .- . -. , . - . - -- -. , -- - 

the l~pld weight concentrations in the two spectes can be compared. In a c o m p l F i i E t a r y S t U d ~ t ~ ~  
7 

herring and salmon from the Baltic Sea and zooplankton, small herring, largeherring and salmon 
from the Atlantic Sea (Iceland) were analyzed for several PBDEs (Burreau et al.. 2000b). The 
calculated biomagnification factors for these studies are given in Table 13. 

Table 13. Biomagnification factors of PBDE congeners in the the guillemot and grey seal (nglg lipid 
weight) compared to herring (nglg lipid weight) from the same area ofthe Baltic Sea (Sellstrbm. 1996), for 
Baltic salmon compared to sprat ( B!!~e_au and Burrca), and Atlantic salmon compared to small herring 

BDE-47 appears to biomagnify to the largest extent, which is in agreement with the results of uptake 
studies in fish showing highest assimilation efficiencies for BDE-47 from the gut compared to BDE- 
99 and -153 (Burreau et al.. 1997). Burreau et al. (1999) also calculated b talues (biomagnification 
potential) for all BDE congeners studied and found that these were all positive, meaning that all the 
studied congeners biomagnify. However, there were differences, with tetra- and pentaBDEs 
biomagnifying to a similar degree, the triBDEs biomagnifying somewhat less and the hexaBDE 
biomagnifying considerably less. 

Osprey have higher concentrations than most of the freshwater fish analyzed in Swedish studies but 
no firm conclusions about biomagnification can be drawn due to their migratory habits. 

(For an overview of this section see Table 14.) 

Table 14. Anoverview ofconcentrations of several PBDEs, HBCD and TBBPA in environmental samples: 
air in pg/m3; sewage sludge in ng/g dry weight; sediments in nglg ignition loss; biota in ng/g lipid weight 

otherwise stated) 

nd - not detkcted; dw - dry weight; fw . fresh weight. 

6.  Trends 

6.1. Spatial trends 

Results of PBDE analyses in surficial sediments from the Baltic Sea and the mouths of major 
European rivers indicates a gradient, with highest concentrations in southern Europe and lower levels 
in Scandinavia and the Baltic Sea (Kierke~aardand U r ) .  Results of PBDE analyses in freshwater 
fish in Sweden indicate that southern Sweden is more contaminated with PBDE than northern 
Sweden ( Sellstrij~n. 1996). de and &found a clear spatial trend for PBDE in cod liver in the North 
Sea, with decreasing levels from south (22360 ng/g lipid) to north (1.9-68 ng/g lipid). This was 
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attributed to major inputs from rivers . .. . in western . . Europe. ~ .. . A - . similar ~ - .  trend was seen -~ for hemng -- 
although the trend was not as clear due to their migration patterns (cle Boer- 1990). 

Fall-caught herring collected at five sites along the Swedish coast show that the lowest concentrations 
are found on the west coast (1 7 nglg lipid) and the highest are found in the southern part of the Baltic 
Sea (62 nglg lipid). The concentrations in the Baltic Sea then decrease from south to north up to the 
BothnianBay (30 nglg lipid) (S&% and S&%). This spatial trend isalmost identical to that found 
previously for PCB and DDT ( NV, 1988). 

A study of common guillemots collected in 1979-1981 from the Baltic and North Seas and Brunnich's 

guillemot from Svalbard in the Arctic indicated higher PBDE levels in the Baltic Sea (370 ng/g lipid) 
compared to the Arctic (130 nglg lipid) (Jansson et a)., 1987). Cormorant liver from the Rhine River 
delta have very high levels (28 000 nglg fresh weight) (de Boer. 1990). Similarly, harbor seal from 
the Baltic Sea had higher levels (90 ng/g lipid) than than those in the northern North Sea (10 ng/g 
lipid) but highest levels were seen along the coast of the Netherlands (600-6000 nglg lipid) ( de Boer 

et al., 1998b). Low PBDE levels are generally seen in Arctic ringed seals (2651 nglg lipid) ( Janssoil 

and - Alaee) compared to the Baltic Sea (320-350 nglg lipid) ( Andersson and Haglund). 

Together, these results indicate that southern European coastal areas are most contaminated by 
PBDE, followed by the Baltic Sea. A gradient is also indicated in northern Europe with levels 
declining from south to north, with lowest levels in the Arctic. These results are similar to those seen 
for organochlorine contaminants such as PCB and DDT. 

Data on spatial trends in North America are still sparse, but PBDE concentrations in harbor seal from 
northern California (S~cct1l,,-2000) and British Columbia are much higher than in ringed seal from 
Holman Island, NWT (Arctic) ( Ikonomou et al., 2000) indicating similar north-south concentration 

gradients as seen in Europe. 

6.2. Temporal trends 

6.2.1. Dated sediment cores 

At present, dated sediment cores are not available from different global locations to clearly establish 
the time period of first appearance of PBDEs in the different environments around the world. The 
best studied sediment core is a laminated sediment core collected from the southern part of the Baltic 
proper for analysis of a number of organochlorine contaminants as well as PBDEs (Nvlund et al., 
1992). The results provide a retrospective time trend from 1939 to 1987 ( F1g.2) and show that the . --- 
PBDE levels (sum of BDE-47, -99 and -100) have increased, particularly after 1980. PBDE level in 
the sample from 1989 was 2.9 n d g  ignition loss. 

Fig. 5. Concentrations of PBDE in different layers of a sediment core representing the years 1939.1987 

( N u n i l  ct ;~l.. 1992). 



Analysis of sediment cores (dry weight basis) from Drammenfjord, Norway, the German freshwater 
lake Woserin and the Wadden Sea show that the lower brominated BDEs appear in the 1960s and 
BDE-209 appears about 10 years later (Z.egers_etl4!,.,.2-QQ!)). Preliminary results from the core from 
Drammenfjord show increasing trends for BDE-47 from the 1940s and for BDE-99, -100, -1 5,3 and - 
154 from the 1950s up to 1999 (BDE-209 not yet analyzed). In the core from Lake Woserin, lower 
brominated BDE congeners appear in the late 1950s and increase until.the late 1970s when they level 
off, just as BDE-209 first appears.   he preliminary results from the Wadden Sea core also appear to 
show levelling off. Definite statements await final analysis of total organic carbon in these samples. 

6.2.2. Fish 

Pike are collected yearly from Lake Bolmen within the Swedish National Environmental Monitoring 
Program for contaminant analyses. Samples are also banked at the Environmental Specimens Bank at 
the Swedish Natural History Museum in Stockholm. A retrospective time trend for PBDEs was 
determined by analyzing BDE-47, -99 and -100 in pooled samples for most years between 1967 and 
1990. For the years 1974, 1981, 1987 and 1991-1 996, 9-1 1 individual muscle samples were analyzed 

for each year. The results show significantly increasing trends for the three congeners from 1967 to 
the early 1980s. The trend for BDE-47 is shown in EigA. From 1982 to 1996, there are large 
between-year variations; however, there seems to be a tendency towards a fairly even trend level with 
no indication of decreasing levels (Kierkeeaard and Kierkeeaard). The predominant congener is 
BDE-47. The PBDE level (sum of BDE-47, -99 and -100) was 100 ng/g lipid weight for 1996. Based 
on the established time trend, yearly analysis of PBDEs in pike from Lake Bolmen is now included 
within the National Environmental Monitoring Program. 

Fig. 6 .  Concentrations o f  BDE-47 in Lake Bolmen pike (~ierke~n~rd&ol, , . .1922b).  The line represents a 
three-~oint runnine mean smoother (p<0.001). Circles represent arithmetic means with ban indicating 95% - 
confidence intervals. 

-- - - 

Methoxy-BDE-47 was also analyzed in the pike samples and the temporal trend for these is shown in 
F U .  The concentrations show a significantly decreasing trend. The origin of this is not known. 
Biogenic sources from primary producers could be one explanation; however, from 1966 to 1997, 
this lake has had an increasing eutrophlcat~on trend (Kierkerraard et al.. I999b). 
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Fig. 7. Concentrations of methoxy-BDE-47 in pike from Lake Bolmen (Kieckegaard-ela!..-I992b). The 
curve represents a log-linear regression line 01<0.001). Circles represent arithmetic means and bars indicate 
95% confidence intervals. 

A retrospective temporal trend study was performed using roach (Rutilus rufilus), which are collected 
yearly from Lake Krankesjon, a eutrophied lake, within the Swedish National Environmental 
Monitoring Program for contaminant analyses. Samples are also banked at the Environmental 
Specimens Bank at the Swedish Natural History Museum in Stockholm. A retrospective time trend 
for PBDEs was determined by analyzing BDE-47, -99 and -100 in individual samples for several 
years (1980, 1983, 1985, 1988,1990, 1992, 1994 and 1996) ( W g a a r d  et al.. 1999b). The 
concentrations in roach were generally lower than in pike and there was considerable betweemyear 
variation as well as variation within years. No significant trend was detected. No methoxy-BDE-47 
was detected. 

A retrospective temporal trend study was performed using archived lake trout samples from Lake 
Ontario for the years 1978, 1983, 1988, 1993 and 1998 (Luross ct a l . , .W) .  The results show a 
dramatic increase in total PBDE concentrations over time ( Fig. 8). 

Fig. 8. Mean concentrations of total PBDE in lake trout from Lake Ontario (L,u_r_o_s~e~a!:..ZQO0) 

6.2.3. Guillemot eggs 

Samples of guillemot eggs (St. Karlso, Baltic Sea) are collected yearly within the Swedish National 
Environmental Monitoring Program. Samples arc also banked at thc Environmcntal Specimens Bank 
at the Swedish Natural History Museum in Stockholm. A retrospective time trend for PBDEs was 
determined by analyzing BDE-47, -99 and -100 in pooled egg samples from the specimen bank for 
most years between 1969 and 1990 (Sellstr; Sellstr and m r ) .  Samples from 10 individuals were 
analyzed for the years 1975, 1989 and 19921 997. The results show significantly increasing trends for 

these three congeners from 1969 to the beginning of the 1990s. The results for BDE-47 and -99 are 
shown in fid. There is large between-year variation after 1990, but statistical analysis indicates 
that PBDE levels have declined for the period 19921997. The predominant congener is BDE-47 and 

the PBDE level (sum of BDE-47, -99 and -100) in 1997 was 190 nglg lipid. Based on the established 
time trend, yearly analysis of PBDEs in guillemot eggs from St. Karlso is now included within the 
National Environmental Monitoring Program. 



Fig. 9. Concentrations of BDE-47 and -99 in guillemot eggs collected from St. Karlsii (Sellstr; Selllt and 
e). Circles represent the arithmetic means and bars indicate 95% confidence intervals. The line 
represents a five-point running mean smoother @<0.001). 

A temporal trend for HBCD has also been studied in the same guillemot samples as were analyzed 
for PBDEs (Kierkegaard et al.. 1999b). The trend shows an increasing tendency from 1969 to 1997. 

6.2.4. Marine mammals 

Archived samples of blubber from ringed seals from Holman ~sland, NWT, Canada, collected in 
198 1, 1991 and 1996 were analyzed in a retrospective temporal trend study (Ikonomou et a l ,  2000). 
The age-adjusted means for total PBDE concentrations increased from 1981 to 1996, from 
approximately 0.3 ng/g lipid weight in 1981 to 3.6 ng/g lipid weight in 1996. 

A retrospective study of beluga from southeast Baffin, Canada, was performed using archived 
blubber samples from 1982, 1986, 1992 and 1997 (Stem and Ikonomou. 2000). Total PBDE 
concentrations increased significantly from 1982 to 1997 ( Firr.). Increases for this time period 
were 6.5 times for BDE-47, 10.3 times for BDE-99,7.9 times for BDE-100,30.6 times for BDE-154 
and 6.8 times for total PBDE. 

Fig. 10. Concentlations of total PBDE in beluga from southeast Baffin, Canada (Stern and lkononioo, 
2000). Figures represent age-adjusted least square means. 

6.2.5. Human samples 

Pooled human milk samples collected during the period 1972-1997 from native Swedish mothers 

living in the Stockholm region were analyzed for eight PBDE congeners (F~g,.l..l.). All eight PBDEs 
were present in most samples and the predominant congener was BDE47 (Meironyt and Meironyt). 
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Fig. 11. Brominated diphenyl ethers in pooled samples of human milk, sampled 19721997 (McironytC ct 

al..) . 

The results show an exponential increase of PBDEs in human breast milk from 1972 to 1997 with a 
doubling rate of 5 years (NV and Nor) ( fir.).  The PBDE level (sum of eight congeners) was 4 
ng/g lipid in the 1997 sample. This time trend differs considerably from those of pike and guillemot 
collected in Sweden, which have levelled off or may be decreasing. This may indicate that the current 
exposure in humans may not be from just diet. Possible other routes of exposure could be the 
presence of brominated flame retardants in the work and home environment. 

Fig. 12. Concentrations of PBDE (sum of eight congeners) in pooled human breast milk samples from 
different time periods (Nor and Nor). 

A retrospective study of archived human blood samples analyzed for the years 1985, 1990, 1995 and 
1999 in Germany showed an increasing temporal trend (Schroter-Kermant.et a l ,  2000). Total median 
PBDE concentrations increased from 3.1 ng/g lipid weight in 1981 to 4.7 ng/g lipid weight in 1999 
( D m ) .  

Fig. 13. Median PBDE conccntrations in blood samples from Germany ( S _ c h r & r : K ~ r ! ~ n i c f j l : , ~ ) .  

7. Summary and conclusions 

At present, inventories of environmental sources of PBDEs, HBCD and TBBPA have not been 
completed in Europe or North America. Sources are widely believed to include leaching of these 
chemicals from a wide range orplastics, electronic equipment and textiles. In the US and the UK, 



sources also include industrial facilities that produce BFRs as well as consumer manufacturing 
f a c i l i t i G t h z B F R S i e i d e  range of consume~dEtS-ATimTnt~chXKddiTtCb3ttF ~ - - -  .. 

identify sources and to quantify emissions and sinks. The presence of PBDE in samples from living 
organisms in the Arctic and the presence of PBDE in air samples from Sweden, England, the US and 
Arctic Canada indicate long-range transport of PBDEs in air. The presenceof BDE-47, -99 and -209, 
TBBPA and HBCD in sewage sludge indicates discharges to municipal sewage treatment systems, 
either from households, traffic andor diffuse releases to the environment. Lower brominated PBDE 
have been found at low concentrations in sediments from the Baltic Sea but, together with DeBDE, in 
higher concentrations at the mouths of some European rivers, in several UK rivers and in the Swedish 
River Viskan. 

Levels of BDE-47, -99 and -1 00 are low in mammals and birds at low trophic levels in the terrestrial 
ecosystem. Higher concentrations of these PBDE congeners have been found in biota samples (fish, 
birds, mammals) in aquatic and marine ecosystems. A spatial trend is apparent with highest levels in 
biota from the Netherlands coast followed by the Baltic Sea, with lower levels in the North Sea and 
lowest levels in northern Sweden and the Arctic. The spatial trend is very similar to that found for 
PCB and DDT. A similar spatial trend seems to be indicated along the Pacific coast of North America 
compared to the Canadian Arctic in marine mammals. 

BDE-47 is the predominant PBDE in environmental samples collected from areas affected by general 
pollution (Lake Vattern, Baltic Sea, River Viskan, Great Lakes), whereas the congener pattern is 
more similar to the technical product Bromkal 70-5DE in sewage sludge, sediments and fish from 
background sampling sites. The highest concentrations of BDE-47 in Sweden are found in fish 
collected along River Viskan, where several textile industries are located. Even higher concentrations 
have been seen in the US near a furniture manufacturer (Renner.2000). Sediments from River Viskan 
have also been found to contain DeBDE and HBCD, and fish also contain HBCD. High 
concentrations of especially BDE-47 are also found in fish-eating birds and mammals, possibly due 
to bioaccumulation and biomagnification since this congener has.the highest bioavailability. In fish 
from the UK, highest concentrations of BDE-47, -99; OcBDE and DeBDE are found in estuaries of 
rivers with manufacturing plants or user sites upstream. In North America, highest concentrations of 
BDE-47, -99, -100, -153 and -154 are found in lakes that are heavily industrialized and near. 
manufacturers and users. 

Lower brominated PBDE, OcBDE and HBCD are bioavailable from sediment, as indicated by their 
presence in fish. Uptake from the gastrointestinal tract of rats, mice and fish is high for lower 
brominated PBDE. High rates of transfer are also seen in neonatal mice via breast milk. Species- 
specific differencesare seen in metabolic capacity however. Metabolism seems to result in the 
formation of hydroxylated PBDE. HBCD is also rapidly absorbed from the gut in rats. Uptake from 
the GI tract of fish is low for DeBDE, but metabolic debromination to lower brominated PBDE may 
occur. 

BDE-47, -99 and -100 biomagnify in fish-eating birds and mammals. BDE-47, -99 and -100 have 
been found in human and Baltic salmon blood. In general, considerably more is known about PBDE 
levels in European wildlife than in North America and elsewhere. With many more studies planned 
or currently underway in Canada, Japan and the US, our understanding of PBDEs is likely to improve 
considerably over the next few years. 

PBDEs have been found in human adipose tissue, blood and breast milk. Higher brominated PBDEs, 
including DeBDE, have been found in human adipose tissue and in blood. Highest DeBDE 
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bioavailable-in fish. 

Several hydroxylated and methoxylated PBDE (Te- and PeBDE) have been found in salmon, herring, 
ringed seal and grey seal from the Baltic Sea and methoxy-BDE-47 in freshwater pike. The origin of 
these is not known. 

Several lower brominated PBDEs, including BDE-47, -99 and -100, have been shown to activate and 
inhibit the Ah receptor. Bromkal 70-5DE, a PeBDE product, has been shown to induce Ah-receptor- 
mediated liver enzymes such as EROD, in viho as well as in vivo in rats and rainbow trout. BDE-47 
and -99 have been shown to decrease EROD activity in rainbow trout liver however. Hvdroxvlated 
PBDE and TBBPA are potent competitors for trans;hyretin, the plasma protein responsible f i r  
transporting thyroid hormones in the plasma. Brominated structural analogues of thyroxine and T3 

also interact with thvroid hormone receptors. Rats and mice treated with Bromkal 70-5DE or BDE-47 
had decreased thyroxine levels as well as changes in immune response. Oral administration of BDE- 
47 or BDE-99 to neonatal mice on day 10 induced permanent aberrations in spontaneous motor 
behavior which worsened with age. Neonatal exposure to BDE-99 also affectkd learning and memory 
functions in the adult animal. 

Therefore, these substances have a potential to induceldown-regulate liver enzyme production, 
negatively influence the regulation of the thyroid hormone system and induce immunotoxicity. They 
also induce neurotoxicity when administered at a sensitive period of brain growth. 

Based on levels of PBDE in fatty Baltic Sea fish and available toxicological studies, the Nordic 
Council of Ministers performed a risk assessment for human consumption, and recommended a no- 
effect level (NOEL) of 2 mgkg body weighdday (Damen~d et a[.. I99&). This was later revised 
based on new toxicological data to a lowest-observed-adverse-effect level (LOAEL) of 1 mgkg body 
weighdday ( Darnerud et al.. 2001). 

The time trends studied all indicate increased levels of PBDEs id environment since the 1970s. Some 
differences are seen between Europe and North America. In North America, temporal trends in lake 
trout from Lake Ontario, ringed seal and beluga from the Canadian Arctic all indicate steady and 
continuing increases in PBDE concentrations, with no indications of levelling off. The trends in 
Baltic guillemot indicate that levels of BDE-47, -99 and -100 have begun to decline in the Baltic Sea 
since voluntary withdrawal of use in a number of countries, but that levels of HBCD are increasing. 
The temporal trend in pike from Lake Bolmen, Sweden, and the sediment cores from Lake Woserin 
and the Wadden Sea indicate a levelling off of PBDE levels. The temporal trend in the Drammenfjord 
sediment core indicates continuous increases and the Swedish human breast milk trend indicates that 
levels are increasing exponentially, doubling every 5 years. Temporal trends in human blood from 
Germany also indicate continued increases in concentrations with time. These differences may reflect 
differences in exposure routes. Lake Bolmen receives its input of contaminants from long-range 
transport in air. The Baltic Sea is affected by both long-range transport as well as direct releases of 
contaminants into the environment from cities and agriculture. These results may indicate that 
humans are exposed to these substances not just from the diet, but also from current exposure to 
electronic appliances and textiles containing brominated flame retardants in the home and work 
environment. The continuous increasing trends in North America may be more reflective of the fact 
that PeBDE technical products are still being used to a larger extent than in Europe. 

PBDE, TBBPA and HBCD are present in the environment. They are taken up by living organisms, 



and lower brominated PBDE biomagnify. TBBPA and PBDE and/or their metabolites have been 
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particular indicates that this increase may be rapid. This could lead to levels high enough in wildlife 
and/or humans to cause effects. The results presented here indicate that brominated flame retardants 
may be a new "PCB problem". BFRs are in widespread use and only a limited ban of PeBDE 
technical products within the EU in the next few years is pending. There is therefore an urgent need 
to fi l l  the following research gaps in order to perform adequate risk assessments so that further 
remedial actions can be taken. 

With the availability of congener-specific standards, it is imperative that physicochemical properties 
of specific congeners be determined in order to model and predict their environmental behavior. Pure 
standards are lacking for many BDE congeners making it impossible to identify and quantify many 
BDEs found in environmental samples. Efforts are needed to synthesize more congeners, both 
unlabelled and radioactively labelled, for quantification and identification purposes as well as for 
experimental studies including physicochemical properties, degradation rates, toxicokinetics and 
toxicology. 

Toxicokinetic data is very limited, both as to the substances tested (BDE-47, -99, -153 primarily) and 
the animal species used (rats, mice, fish). There is some data for BDE-209 and TBBPA, but very 
little for HBCD. There is no data for other BDE congeners. There is little toxicokinetic data for 
humans and there have been no toxicokinetic studies in birds or in more ecotoxicologically relevant 
mammals. Some BDE congeners may be metabolized to biologically active hydroxylated BDEs, but' 
DeBDE may be debrominated to lower brominated BDEs. More toxicokinetic studies of specific 
compounds are therefore needed and more species need to be used to understand species-specific 
differences in accumulation and metabolism. More experimental studies of bioconcentration and 
bioaccumulation are also needed in order to understand the higher uptake efficiencies and 
accumulation behavior of some brominated substances as compared to organochlorines. 

Only technical products (PBDEs, TBBPA and HBCD) and a few BDE congeners have been tested 
for in vitro toxicity in a few systems. In vivo studies in rats and mice support the in vitro results 
obtained for liver enzymes and thyroid effects, but have so far only been carried out for technical 
products and BDE-47. No carcinogenicity studies have been canied out for the few substances 
studied so far for intragenic recombination. Earlier toxicity studies of HBCD are of poor quality and 
new studies need to be carried out. In vivo studies also indicate that PBDEs may be immunotoxic and 
BDE-47 and -99 have been shown to cause permanent neurobehavioral changes. There is very little 
data on possible reproductive effects and no information on possible second-generation effects of 
these substances. There is therefore an urgent need to perform more in-depth toxicity studies on more 
BDE congeners, including the higher brominated congeners as well as HBCD and TBBPA. Much of 
the data implicates hormone disruption and further studies of other hormonal systems are also 
needed. The metabolites/substances responsible for thyroid effects need to be identified and studied 
further. The results for TBBPA, showing strong TTR binding in vitro but not in vivo, need to be 
followed up for BDE congeners that also are potent in vitro TTR binders. More BDE congeners need 
to be tested for intragenic recombination or other types of non-mutagenic carcinogenicity. 
Neurotoxicity seems to be one of the more sensitive effects and more congeners, particularly more 
highly brominated BDEs, should be tested. The mechanism for neurotoxicity needs to be elucidated. 

The database on environmental levels and trends needs to be expanded geographically as little data is 
available outsideof northern Europe and Japan, and more BDE congeners, including higher. 
brominated congeners, and other BFRs need to be included. More data for all matrices are needed- 
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air, sewage sludge, sediments, soil, biota from higher trophic levels in the terrestrial environment, 
- .  . - - - - - - - - . -- - - - - -- - 

such as birds of prey, piscivorou~birds and mammals known t'o be hard hit by other organohalogens - 
in aquatic and marine environments and higher trophic level predators in the marine environment. 
More efforts are needed to determine the environmental occurrence and behavior of DeBDE, the 
most widely used PBDE technical product, and its possible photolytic breakdown products. 

Temporal trend studies of lower brominated BDEs in the environment indicate differences in inputs 
at different geographical sites. More temporal trend studies are needed on an international basis to 
better understand this and to aid modellers in determining fluxes. No temporal trends have been 
carried out in the terrestrial environment. There are no temporal trends for TBBPA or higher 
brominated BDEs (Hx-DeBDE), and only one for HBCD. It is imperative that archived material be 

analyzed for as many BFRs are possible in order to quickly establish temporal trends for these as 
well. Analysis of more sediment cores globally is also a priority. Monitoring programs should 
include as many of these BFRs as possible in order to follow trends in the future. Correlation studies 
need to be carried out to see if adverse effects are already occurring due to high BFR concentrations 
in some species. 

More research is needed on levels and temporal trends in humans. At present, it is not possible to 
properly quantify human exposure as we do not know the exposure routes for these substances in 
humans. We know virtually nothing about concentrations of these substances in different types of 
food. A few studies indicate that fish intake may be important for human levels of BDE-47; others do 
not support this. Occupational exposure via electronic equipment may be important for levels of 
some higher brominated BDEs. There is thus an urgent need to quantify intake via different types of 
food, via exposure from flame-retarded electronic equipment in the workplace, textiles, furniture, 
home environments, etc. The exposure routes may be different for different BFRs and this is also 
important to determine. Exposure routes for nursing infants and children are also important to 
establish. The increasing temporal trends seen in humans need to be confirmed in other countries and 
monitored closely. If possible, studies should be made attempting to link temporal trends with 
production/use trends in different regions to try to explain the differences that are currently seen 
globally. 
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Polybrominated diphenyl ethers IPBDEsl are used as flame retardants in piastics Iconcentration, reviews risks f r om PBI)Er, w i r h  special 
530%) and in textile coatinos. Commercial products consist predominantly of penta-. Ma-,  and emohasir on dierarv risks. 
oocaoromonpnony olnor m k'.ros, anu gcua P B X  orou~::o- s iluo.1 40 000 tons pol yoar 
PBUEs aro ooacc.m~ateo ano uomagn I eo n tne en, ronTent, an" cornoarat .o gn ouo Chemical and Physical 
ohen eo.no n aq.at c ootopos from o tieront parts of :ns *or o DJ ny rne m 0.1970-1980s tnore Propertias of PBDEs 
was a substantial increase in the PBDE levels with time in both sedments and aquatic biota. 
nnoroas tno atost Snoosn oata pgc ano g. smol ogg may rocate tnal eres are d l  sloauy 
state or aro oocroasng none.or axwnenta r ncieasny P B X  e m s  narc noon oosowoa ,n 
~r>o!r>er's m n 0-r  ny '972-1997 Basru on 0.05 n 'ooo 1,s- 1999 tnc 3 0 1 8 ~  "laro 0' Pb>E n 
Sweden has been estimated to be 0.05 ug per day. Characteristic end polnts of animal foxicily are 
heoatotoxictv. embrvotoxicitv, and thvroid effects as well as maternal toxicitv durino oestation. - - 
~e'centiy, behaviorai'effects have been observed in mice on adm~n~straton bf PBDEs during a 
critical period after birth. Based on the critical effects reponed in available studies, we consider the 
lowest-observed-advers8%ffe~t level ILOAELI value of the PBDE group to be 1 mflddav (primarib 
based on effects of pentaBDEsl. In conclusion, with the scientfic~nowiedge of today end based on 
Nordic intake data, the posslble consumer health risk from PBDEs appears lkmited, as a factor of 
over l o8  separates the estimated present mean dietary intake from the suggested LOAEL value. 
However, the presence of many and important data gaps, including those in carcinogenicity, 
reorod~ction. and develoomental toxic~tv. as weil as addttional routes of exoosure. make this 
C O ~ C  .S or on, Ole m nan, Moroovor tnc I mo lrono o! PBDEs o n.man oreast m r s aarrn ng tor 
1.m I.I.'~ t e f  .voros orom ?at00 001 on" rcn-ontd e*pu,.m 'arne rcafoait r.man 
organona ogon compo.nos. lo* c ry - Envron nwltn Perrwct 109 S.PP 1849.68 2001. 

The prsence of perrirrenr man-made chemi- Thcre are signiiicnnr nmounrr o f  ocher 
alr in our enviranmmr is nor a new problem. chemicals in our environmen rhar we know 
I-lowever, it was not undl rhe beginning o f  rhc ias ahour, and one such group i s  the bromi- 
1960s rhar environmental pollutants aroused nared tlnme rer;trdanrs. Even today, limited 
debare and concern. Since rhen, a large num ;,mounts of dara are available on these com- 
ber o f  chemicals havr brrn identified in  envi- pounds. wirh renrd  ro rhdr prexnce m d  Iw -  . . - 
ronmenral sampler, and rhe rime rrends o f  els in v:~rious products ~nvironmenral levels, 
rheir concenrnrionr have k e n  the subimt of rransformarion producrs, disposition, and 
continuous inrerest. Apart from the h e ~ v y  roxic effacrs. Fkrlier overviews ihave cornpiled 
merds, the group afchlorinard hydr~arbons the presenr knowledge abour brominated 
includes many oolluranrs reezrdrd as maior flame retardants (/-a. 

The generd chemical formula o f  a PBI IE i s  

C12H(94JBr(t.1,J0, with rhe sum of H and 
I3r atoms always equal to 10. Structure for- 
mulas aregiven in F i u m  I. 

The rheorrricd number o f  possible con- 
genes is 209 and is divided inro 10 congena 
groups (mono- t o  decabromodiphenyl  
erhers). However, compnundr with lerr rhan 
four bromine atoms are generally nor found 
i n  commercial PHDE p r d u c r r  The  n u n ~ k r  
o f  PRDE congeners ,used in commercial  
producrs, and rhris found in environmcnral 
snmplm, is  quire small compared ro the num- 
ber of PCB congeners commonly found. 
I'BDE congeners are ofren numbered accord- 
ing to the lnrernarional Un ion of Pure and 
Applied Chemistry (IUPAC) rysrem origi- 
n ;~ i ly  designed for PCHs (8). Commercial 
PBDEs arr quire rs isrmr ro physical, chemi- 
cal, and biologic degradation. The  boi l ing 
pninr o f  PBDEs is benveen 310 and 425°C 
and their vapor prenure i s  low ar room rem- 
perarure PBDEF are lipophilic, and rheir soi- 
ub i l i ry  i n  watcr is low, especially for [he 
higher braminared compounds. T h e  n- 
octanol-warer partition coeficienr, lag I',,, 
ranges benven 4.3 and 9.9. Physical proper- 
rier are m m m r i v d  inTable 1. 

Analytical Methods 
Exrracrion methods normally used far envi- 

. . . . 
n a r d  dihemodioxins ( ICDDs) and dibenzo- 
furans (PCDFr),  the rwo latrer groups 
generally called dioxins. The PCBs and diox- 
ins and rheir harmful rffecrs on nature and 
man havr been extensively reviewed. Today 
the effects o f  there rubronccs arc quire well 
known. :drhood~ rheir n~echanirm(s) o f  m i o n  
remains largely unsolved. Ihe roxicity o f  rhse 
chemiols and their praence in certain food 
items. rnosrlv o f  animal ariain, have rcsulred , 

in i n r rdwr ion  of dierary rsrricdons md m- 
nmmrndarions by fml administrations in  dif- 
furenr countries. Continuous monitoring of 
rhe environmenral levels o f  rhese chcmiwls 
har shown a decreasing trend i n  their occur- 
rrnae over the last 10 years or more in many 
Wesrern counnis. 

- .  
flame rerardanrs. 'The compounds are morrly 
found i n  ready-made plasric producrs. 
PBDEr are used in large quanrirks worldwide 
and are peristenr i n  rhe environmenr, possi- 
bly bemuse the compounds are in the rech- 
norpher r  and w i l l  be released i n r n  rhe 
rnvironn~enr for years ro come. O w r  rhe lasr 
10-15 years, rhrre havr been indications of 
incrmsed environmental and human lwels of 
rhex cnmpounds, although the lcvds are sriil 
lower rhan rhore for  PCBs and 130.1'. 
Therefore, ir is imponnnr to summarize rhe 
present stare o f  knowldge about the envimn- 
menrd occurrence human eTosure and rm- 
iciry o f  PRDEs to a s e s  health consequences 
from rhc prsent and futureuse o f  thk  gmup 
o f  brominared compounds. Th is?r r ic lc  

n~erhods o f  cleanup are used depending the 
nature of other compounds analyzed and rhe 
rype o f  analyric method. Among rhese p r x e -  
dures are sulfuric acid cleanup and different 
types o f  column separations (r.g.. silica gel, 
aluminum oxide, and aei permearion chro- 
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ch romarogmphy  ( C X )  ;in;ilyris is norm;l l ly 
done  on capi l lary  co lun ln r  w i t h  merhy l  or 

tncrhyl p lus 5Yn phcny l  p ~ c k i n g  subsrrares. 
D~.cecrion is !made on an r l r c r r u n  capture 
dcrecrar ( m a r s  s p e c r m m e r t y ~ l r c r r o n  impact  
i o n i ~ a r i o n  or -5 spectmmmry-el~xrron cq>- 
lure negarive ionir; l r ion). T h e  h igh-brumi-  
n;xrrd d iphenyl  crhcrr w i r h  longer rerenrion 
r imes arc a n a l ~ c d  us ing ;I shorter GC col- 
umn. More derai ls on I 'HDE in;alysis ore 
g i v e n  i n  l n t e r n a r i o n a l  I ' r o g r a m m e  on 
C h c m i n l  Safmy (II'CS) (3 and  by  Sel lsrr i i~n 
( 1 0 , I I ) .  See also Om (121, H a g l u n d  et  ;,I. 
(131, a n d  Sel ls r r i im er al. ( I 4  for fur rhcr  
d rn i l s .  

P u r e  I 'RDE-congeners  are needed  ro 

u n r q u i v o c o l l y  i den r i f y  a I ' B D E  congener. 
Om et  al. ( 1 5 , l O  have dear ihed rhc r y n r l r -  
sir :and characrerinr inn o f  rrrra-, pun=-, and  
hem-bmmndiphenyl ethers. l l ecwcry  experi- 
ments on rcr raBDE ( D E 4 7 )  and  txnc.=HDFs 
( D E - 9 9  a n d  DE-1001 show char ncceprable 
recoveries arc made i n  fish (1 11-1 14%) a n d  
in sedimenr (106140%)  (14). 

Figure 1. Gensral structural formula of PBDEs 

111 cxl>criment;J srudics, ir is also henefici;xl 
to use synthesized I 'BDE congeners o f  h i g h  
purity ro circumvenr i m p u r i t y  problems. I n  
c n m m e r c i l  I 'BDEs rhe presence of  conrami- 
nanrs m i g h r  o rh r rw ise  atFccr rhe resulra of 
srurlier. Consequcnrly, i r i s  imponanr ro k m ~ w  
rhe i m p ~ i r i r y  profiles of rhe P R D E  preprra- 
r i o m  heing srudrd.  Up m now, such &ra ;,re 
ofren missing. One rypc o f  con raminmn rllar 
coold b e  found arc rhe I'H13Ds and  Pl3l)Fs. 
'I'here compoundr  cou ld  b e  fo rmed  d u r i n g  
hear ing  o f  I ' B l I l i  mixrurcs,  bur r h e  t o x i c  
2.3.7.8-suhrrituted compounds seem t o  be 
p r o d u d  in minure amouns  (17.18). 

Production and Use of PBDEs 
C o m m e r c i a l  P R I l E s  arc syn thes ized  b y  
hmminar inn of d i p h m y l  crhrrs o n d m  cnndi- 
r ions resu l r ing in m ix ru re r  of b r o m i n a r e d  
d iphcny l  crhers. 'l'hc commerc ia l  producrr  
p r e d o m i n : ~ n r l ~  ccrnsisr of penrn-, hepm-.  
ocra-, a n d  d e c ~ h r o m o d i p h e n y l  e thers .  
Chemica l l y ,  rhe  p e n r a b m m o  p r o d u c t  is a 
m ix ru re  p r i m a r i l y  o f  r r r ra  a n d  penra coo- 

gcnrrr. and  the o c r ~ b r o m n  producr  conrisrs 
tna in ly  of lhrpra and  ocra congeners ('l';~blc 
2). Consequently, almonr no data are avail- 
able on n~ono-,  rli-, rr i - ,  lhexa-, and  nona- 
r l i pheny l  crhers. T h e  n u n ~ b e r  o f  d i f f e rcn r  
congeners found  in each cotnmercial p r o d u n  
is relatively small. T h e  composir ion of  cnm- 
mcrcial h r o < n i w r e d  d iphenyl  erhcrs is g ivcn 
i n  Table 2. 

Table 1. Phvslcal oroosrtles for some PBDE conrrener arou~r! . . ,  - - .  
TetraBDE PentaEDE OctaBDE DecaBDE 

Chemical formula c,~HfiO@r, C,ZHSO@~, C~ZH~O@~B C120Br10 
Molecular mass 485 8 564 8 6015 959 2 
Vapor presrurslPa1 2.7-3 3 x IDd 79-73 x lU5 1.2-2.7 x lU1 < I x 10d125'C) 

12O"Cl 12O0Cl 120"CI 670 1306"Cl 
Melting point i'CI 79-82 IBDE-471 92 l8DE-991 - 200 290-306 

QlLqRIRnF.lnnl 

I ' B D k  ;;Ire uscrl o n l y  ibr flame retardant 
pulymer. l'he rat iorule for using hrominarrd 
compounds as flc~rne rcrardanrs is based on 
r h r  ab i l i ty  o f  halogen atoms, gencmrrd from 
rhe rhe rma l  decompos i r i on  o f  t he  b r o m o -  
o r g n i c  compound, ro chcmicd ly  reduce ;and 
rct;~rd rhe dcw lo l~ tnenr  01-fire. F x t a r r  C~vr>r- 
i n g  rhe use of I'I3I)Er are r h k f o r c  r h c  h i g h  
h rnmine  conrrnr (wh ich  means good  fl;~rnc- 
remrdanr properrics), rhermal  srahility, a n d  
relar iwly l o w  cmr. T h e y  are u r c d  as addirivc 
flame rec ;~rd~t~ f s  itt concenrrations of 5-.U1% 
i n  many  d iEerrnt  polymers, resins and  sub- 
srnres and  common plst ics, including acry- 
l on i t r i l e  butad icnc srvrrnr and  h i a h  im~x,cr " .  
polysryrene (191. Addi r ive flame rerard;inrr 
leach and  escape f r o m  rhc f inished polymer . . 
pmducr  more r s i l y  rhan re;lirive 1l;me re(;"- 

danrr. Examples of p r d u c r s  conraining flame 
retardants, a n d  especially I'RDEs, i nc lude  
tmany components o t~e lect ron ic  dcvicer, c.g,. 
cabinerr for a n d  c i r cu i t  hoards in person;xl 
computers and  re l cv i i on  C I W  ssers and  "mi- 
ous ocher p r d u c r s  (elecrrtal  cahlrr, rwirchrs 
and capacitors), b u i l d i n g  materials, and  rex- 
riles (F igorr  2).  T h e  rcchnicd decll3l)Fs h:avc 
the  widest indusrrkd use. More der l i ls  a l n u r  
rhe use of PHDEs in v ~ r i o u r  resins or poly- 
nters a n d  the  a~r, l ic;~t ions o f  rhesc I'RDK- . . 
canraining rrrinr are given in Tables 4 and  5 
in IPCS (2). 

T h e  ;annual world u roduc r ion  of fl;imc 
retardants is roughly 600,000 metr ic  rons, of 
wh ich  abour 60.000 tons i r e  chlorinaral nnrl  
150,000 i r e  bromitv.~trd campounrls. O f  rhe 
brominared products. %bout on r - rh i rd  con- 
ra in  r e r n h r o t n o b i s l ~ h m o l  A (1'HRI'-A) ;and 
derivat ives, anorher  r h i r d  c o n t a i n  var ious 
h r a m i n c r ,  i n c l u d i n e  o o l v b r o m i n a r e d  - .  ' 
biphenyls (PHBrl, :tnd the l;irt r h i r d  conrain 
I'RDEr (Z(4. 

In 1990, global p ra luc r ion  o f  P H D E  w r  
40.000 rons per y n r ,  o f w h i c h  apprnximarcly 
Ill% war cornmrlri;d pnra - .  15Yo o r - ,  and  
75% d e c a R D E  ( 2 0 .  T h e  global producr inn 
f i gu re  lhnvc srayed ;lr approximately rhe szme 

lcvelr for more  rhan 10 years, b u t  there has 
h c t n  a shif t  in use rnward rhe h ieh r r  bromi-  

-. - - , - - - . - - , 
Boiltng point loci - > 300°C ldecompo- - IDecompositoni 

rit,nnl 
Watsr solubility ( ~ g l l )  - o ~ % ~ ~ o . c I  - 120-30?1 
Log KO, 5 9-6 2 6t-70 64-89 10 
- " ""'I.," Q." " I r,., r 

'lala !(om YCS 21 T i  rllom I0 I! mo MC) 2d 
" 

n;trcd preparaions. Consalurnr ly ,  the use of 

Unknown 7 6 
TriBDE 0-1 
TetraBDEL 41-41.7 24-38 
PentaBOEd 44.4-45 50-62 
liaxaBDEB 6 7  4-8 10-12 
HaptaBDE1 43-44 
OctaBDE 31-35 
NonaBDE 9-11 0 3-3 
DecaBDEg 0-1 97-98 

'Data lrom IPCS 121 LNo longer commercially proitvred lnrludlng 2.2'.44'-terrabramodph~nyl slhei (WOE-471. including 2.2'.3.3'.4- 
penlsblomodphenyl elher IBOE~821. 2.2'.3.4.d'penlahromodiphsnyl elher 100E851. 2.2'.4.4',5.pnnlabromoddph~nyl ether 180E-991. 
and 22'.4.4',8-penlabromodlphenyl elhsr [WOE-I001 'Including 2,Z'.4,4',5,5'-hexahr0mmd1phenyl ether [WOE-I531 and 2.T.4.4'5.6'- 
h~xilhmm~drphenyl slher (BDC-1541 including 2.2',3,4.4'.5',6-heplabromodnphhnyl sther [WOE-IBlI qncludlng 2,2'.3.3'.4.4'.5.5'.6.6'- 
decahiomodiphsnyl slherl00E-2091 

Figure 2. The rslative amounts of flame rstardants (all 
types1 used in di l f~rent sectors Data from Pijnsnburg 
et al. (3  
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B D E 4 7 t 9 9  levels were always considerably 18-983 pg I'HDI-/kg lipid, and Balric and 
lower r h n  rlmse o f  BDE209. North Sea fish 12-57 and I-120 p d k g  lipid, 

Biota. Auuaric oreanisms. In 1981. fish rrsorcrively, quanrified w i th  Bromkal 70- 

were 27 m g l k g  l i p i d  in muscle and 110 
mg/kg l ipid in liver. The warrr sprem w:s ar 
rh~r ri1l-e remiving efHuenr warer f r m  nctrby 
rextile facroria. I.arcr analysis of I'IIDEs and 
H B C I I  in fish from rhe River Viskan i d -  
cared lower I'BDE lrvelr (maximum PHDE 
lrvels 4.6 mg /kg  l ip id;  r u m  o f  BDB-47,  
BDE-99, and BDE-100) (14). Concomiranr 
analysis o f  srdimcnr samples showed rhar 
retra- ro penrzB1IEs and H B C I I  are nluch 
tnore bioavailrble rhan rhc full-brominared 
llDE-209. 

A number of spccirr from Sweclirh F ~ o n a  
were :tn;dyed for rhc presence o f  I'HDFs (sum 

of BIIE-47, BDE-99, and BDE-100) from 
1979 ro 1988 [(41-30;Table 31. l l l e  highat 
levels were found in fish f rom waters w i rh  
known or suspmred local snuraes o f  conrami- 
~narion. However, firh from orher sampling 
rpors also mnrained mrasur~ble I~vrls. It is mi- 
dent t lu r  animals (homing and sml) fmm rhr 
Hdric Sea conrain higher lwels o f  PBDEs thm 
rhe sune or similar s p i e s  from ocher wren.  

Herring collocred during 19R5 from three 
Nor rh  Sea regions and from rhe Srrairr o f  
Dover  (between H a l l a n d  and Un i r cd  
Kingdom) conrainrd nn avenge o f  8.4-100 
pg U13E-47lkglipid. Eels from Ducch riven 
;and laka (10 locarions) conrained from s 20 
o 1,700 p g  B D E - 4 7 l k g  l i p i d  (37).  
Freshwarrr fish o f  v;iriour species from rhe 
wntrrs o f  Norrb-Rhine Werrfalia conrainrd 

. ~ .  
levels o f  P I l l IE r  wcre occaaion~l ly found 
(36. Conmnrrarirrns ranging from 0.1-14.6 
pg/kg wcr weighr wrre observed for rerra-. 
penra-, hexa-, and decall l IE, rcspecrivrly. 
I'BDF! were derecrrd in borrleno.e dolphins 
ar levels u p  ro 8 mglkg l ip id  (39. Pll13Es 
have dso bcrn focind in rhc blubber o f  pilor 
whaler caughr o f f  rhe coast of t h e  Faroe 
Islands from 1994 m 1996 (40) Nincreen 
rerra- ro hexaHIIEs were identif ied in rhe 
pilor whales ar mean coral levels o f  abnrtr 1-3 
mg /kg  l ip id ,  depending on sex and age. 
RDE-47 and BDF.-99 accounted for abnur 
7096 o f  rornl 1'BDF.s. 

Hnglund and co-workers ( 1.3) reporred 
I'BDE levels in fish :rind seals crughr in the 
I3alric Sea. In herring (different age gmups) 
and i n  salmon muscle, r h r  BDE-47 lrvelr 
wrre 3.2-27 and 167 pg/kg l i p i d  weighr. 
rapecrively. The= RDE values in herring are 

lower r h m  those ctrl irr analyzed hy J;znrsson 
and SellsrrBm and rhrir cn-worken (35.30. 
PRDFJ and orher orpnohalogen compounds 
were ibund in sea-run Bdtic salmon from the 
River Daldven (ror;~l I'BDE levels abour 300 
p d k g  lipid) (40 .  'I-he pmence o f  mrrhyl;aed 
;md phenolic I'BDE derivara ar l rwls similar 
ro chose o f  rhe major PRDE congeners was 
also reported (13.~11). Stnndrnan and ca- 

workerr (423 showed rhar che rorr l  PHDE 
(HDE-47. BIIE-99, llDF.-153) levels in 1l;ddc 
herring were 13-24 p d k g  l ipid wcighr and in 

Tabls3. Swedsh PBDE levels n sediment and biota, 1979-1988a 

No. of 2.T.4.4'- 2.2'.4.4'.5- Unknown Sampling 
Sample samplesb tetraBDEC penra8DEb pentaRDEb ysar 

Aquatic organismsd 
Whitefish. freshwater 35 15 7.2 3 9 1986 
Arcrlc char. Lake Vattern 15 400 64 51 1987 
Herring. Skagerrack 100 59 98 4.7 1987 IApriIl 
Hsrring, Baltic proper 60 ' 450 46 32 1987 IJunei 
Herring. Baltic proper 10llnl 38 17 6 1987 ISspti 
Herring. Bothnian Sea 100 82 27 14 1986 INovi 
Bream, River Viskenc 2 lini 250,750 2 3. 2.4 11.37 1987 
Perch. R~ver Viskan' 2 lini 2.200 380 230 1987 

24 000 9.400 3500 
Plke, River VlskanC 2 linl 2,000 78. 170 1987 

6 500 1.100 640 
Plke, Dalsland Canal 9 12 x PI 94-98 60-74 25-36 1988 
Trout, Dalsland Canal 22 in, pi 120-460 64-590 37-150 1988 
Grey seal, Baltic Sea 8 IPI 650 40 38 1979-1985 
Rlngsd seal. Svalbard 7 (PI 47 1.7 2.3 1981 

lerresfriellavian otganlsmsd 
Rabbit 1 5 1 ~ 1  < 18 < 0.3 <02  1986 
Moose 131~1 0 8 0 6 ,O 2 1985-1986 
Reindeer 31 (PI 02 03 < 0.1 1986 
Starling, young 4 (in] 2.7-7.8 23-42 06-1.1 1988 
Osprey 351~1 1,800 140 200 1982-1986 

Abbreaatons p. pooled sample: in, individual sample. 
%la iron, Janrsan s l  al (34.33 and Ssllrtiem 13bl %mncnnlrationr in u@/k~ Ipid weoh, Ised8maal: uglko ionitcon loss1 rEtlluantr 
trom induntry i ring llame ielardancr reach [he Vtskan~HdggAn ilver ry$lernr %4u$cle samples laken lor analyfis, except tor reindeer 
I ~ u e l l a n d  real lblvbbsrl 

rprar 22-14? pg l kg  l i p i d  wr ighr.  In  this 
srudy, analysis of  dilfirenr :age grol~p o f  ll:~ltic 
fish susaests an arc-rrlarrd accumulation o f  
P B D I ? ? ~ ~  rrh. lady b r  (Figure 3). I'B13E con- 
cenrratinns (sum r r f  BDE-47, BIIE-99. :and 
IIDE-153) showed i n  age-related incre;is. in 
I -  ro 3-ymr+ld l3;tlric herring, as well a in  3- 
rq 13-yeardld rpr;u (42). I n  spnr. rhe ;xccu- 
rnulatinn seemed r u  lwel  o f  at 8 y- of :tgc. 
Also. Haglund er XI. ( I 3  found an age-mlared 
I'BDE upeke (Figure 3). 

Recenr srudies from rh r  American conti- 
nenr have shown relatively h igh levels o f  
I'B131:s in ccrrain r;imples from rhe aq~x;tric 
envircmmenr. Can;adim sample o f  crab, firh. 
and marine tnamm;ds all conrainrd I'HlIl:.s, 
;and rhc lhighwr levels were found in porpise 
from British Columbia waters (peak vdue, 
1,400 pg B13E471ly: lipid) (43). I'IlDE lcvels 
in fish from rhr Grmr laka were ana lyz~ l  in 
nw srudies. One study (4.n b u n d  mtal I'HIIE 
levels of 135-545 (@kg l ipid in Grrar l;~kes 
lake rrour. and rhc orher ( 4 3  found ahour 
3,000 pg I'HDEIkg l ip id  in Lake MichiVn 
rreelhcad rmur. On s wet weight basis, rhr  
I.& Michi&," fish conraincd almosr 6 times 
more I'HDE (41 lrglkg wer weighr) than rhe 
Halric stlmon (7 pdkg  b h  weighr). 

Trrresrriallavian organisms. The osprey 
(/'andion haliarttrr). r bird char feeds exclu- 
sively an fish, i s  rhc only nonaqunric sprcies 
listed in  Tahlc 3 r h r  lhar relarively high PHIIE 
l ~ y e l s  (30.  In :~ddirion, egg fmm rhe fish-CIC 
ing guillrmor conrain relarively high lwels o f  
I'BDEr. Apart from there species, samples 
from ;all orher nan;tquaric ;,vim or rrrresrrial 
wi ld- l iv ing species (r.g.. moose, reindrcr) 
showed low or nonrlcr~rcahle PBDE levels. 

Trend Studies 
Time rvend A rrrruspecrivr r ime rrend o f  
I'UDE lwe ls  w consrrucred (10.46 rhrcxtgh 
I:tmin;trcd sediment cores collcctrd i o  rhe 
IIarnholm I I e rp  (sourhem pan o f  rhe H;tlric 
I'roprr). I n  conrrasr ro orher environmcnral 
po l lu r l r~ t r  such as I'CBs and DIYI', PRI3F.s 

- 
c w-  
2 
g 40- 

m 
0. 0- 
0 2 * 6 8 1 0 1 2 I I  ", 

Age lyearsl 

Figure 3. Age-related accumulation of PBOEs [sum of 
BDE-47. -99 and -1531 n Raltic herring and sprat. Data 
from pooled sample analyses in Haglund st al. 113 and 
Strandman st al.1421 
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data. All P1313E congeners amlyled were bio- 
magnified. The tetra- and penr:tBI3Es were 
biotnagnificd ro approxim~rrly rhe same 
degree, rhe rriBDEs slightly less and rhe 
huwllDEr considerably la. 1'mlimin;uy data 
indicare rhnr rhe rri-, rerra- and pet1ctlll3Es 
arc hiomagnified mnrc cficirnrly rh;an any 
PC13 congener. 

I r  can be concluded, rherefore, rhar 
I'H13Es hioaccumul;~rc in biorz and rhar rhc 
exrcnr ofaccumulation is inversely rclared ro 

' rhe degree o f  brominarion. Available data 
indicate hinmagnific;arion of PHDEs in rhe 
food chain. 

Environmental Transformation 

Microbiologic degradation No hiornns- 
forn~arion producrs o f  HIIF.-209 were 
dererrd in sedirnrnr rampla afrm incuhorinn 
for 4 monrhs (0 .  For nrhrr flamc-remrdanr 
I'BDEs. <no datx ;are awilable. On  rhe orhcr 
h n d ,  low-hrominared di~henvl rrhers, nor 

bur rhcsr congeners were not used ;lj a cxlron 
sour= for rhe bacreria (624) .  Even rhough 
IJDEr wirh l e s  th;m four bromine acorn are 

nor used flame reordanrr, rhev have been 

Thus, conri~ltmrior of rhe rimo rrerld studis 
i s  implmalr. 

Human Exposure to PBDEs 
As pointed our previously, rhe environmmrd 
fare of PBI3Es appmrs similar ro rhe hrr of 
orhcr persisrenr envirnnmrntal pollor:tnrr. 
I'CHr, for example. On rhr llarir of several 
years of PC13 monitoring, it has been rrrah- 
lishrd char rhr main roure of human cxlmsulr 
ro I'CHs i s  via food. Food of animal origin 
wirh high f.nr content. e.g., farry fish, mrar, 
and daiw ~rodurrs  ;are maior conrrihlrnrs ro . . 
dicrary exposure. Ilecause of the similarity 
between I'CRs and I'BI3Er in rheir mviron- 
mcnral distrihurinn. ;~rrenrinn also should he . . 

Sm:~ll ;tmounrs of d;,r;~ ;are ;ivailnble on trans- d;tra, microbial dcgadarion of I'H13Es seena focused on rhcse food irenlr when assessing 
fortnation of PB131:r i n  rhr e,~vironmrnr. to da r t r l  on rhe rleerce ofhrominrrion, :and exposure to I'HDEs. For anorher ~ersirrrnr 

/no'nrrrrrion. ltlcinerariot~ of wasre con- 
raining PBIIEs may rcsulr in formarion of 
I'BI3Ds and PRDFs (17.18). 'l'hese com- 
pcxxndr are rtr~tctur~l ly similar ro rhr carre- 

rpondiig chlnrinared compounds more roxic 
rhan I'BDEs. :tnd very persisrenr in rhe envi- 
ronmenr. Formarion of rhrre compounds 
depends largely on cornhuaion condiriot~s. In 
;t modern waste incineraror with wcll- 
conrrolled hurning conditions, emission of 
brominared dioxins and funm is very low. In 
a Swedish srrldy (58) on incinerator plants 
wirh well-controlled comburion conditions 
and efficient flue gas cleaning, no unaccepr- 
able environn~enrd risk w found ro hc mao- 
ciarcd wirh combusrinn o f  PRDFT:,conr6ning 
rnarcrialr. On  rhr orhrr hand, unconrrolled 
f irs i r  warre disposd sires may lctd ra forma- 
tion :tnd release of PHIIDS and I'BDFs inra 
the rnvironmcnr (3. 

Phorodegmdarion. Waranahc and 
Satsuktwa (554 showed char dchrominarion 
o f  dccaRDE, dissolved i n  organic solvenrs, 
occurs in u1rr;wiolrr (UV) lighr ;and sunlight. 
leading ro fbrtnarion o f  lower brominarrd 
Bl3I:s and v~rious PRI3Fs wirh 1 4  bromine 
;trams. Formarion o f  PBDI:a seems ro 
occur only from low-l,raminared diphenyl 
rrhers, bur nor directly from dec~BI3E. 
I'hnrodegmdarion ofdecaBDE dissolvurl in 
warer was also shown ro occur, but no lowrr- 
hro~ninared diphenyl ethers were dcrrcred 
;among the degradation producrs (54.60. 
Sellsrriim and co-workers (61) studied rhe 
phorodegradarion o f  decaBDE in various 
marricer (rolurne, sil ica gel, sand, soil, and 
srdin~enr). l'hry ~howal  rhar the lime course 
ibr decaBDE debronin:xrion and form;~rion/ 
dehrominarinn of lower-hromin;~ted diphenyl 
crhers was rapid i n  roluene, wherr;~s rhe 
drgr;tdarion process in orhrr nlerrices was 
considerably slower (11;ilf-life o f  decsHDE 
exposed ro UV lighr in rolumr ;tnd sand w a  
15 min and 12 hr, reipccriwly). 

PBDEs in the Environment: Summary 
and Condusions 
I 'HDh b v e  been dcrecred in air stmpla, even 
from remore a m .  Analyses of ownisnx from 
rcrrrsrri;tl ecosystems indicarr low levcls o f  
I'HDEs bur considerably h i~he r  levels are . . 
found in ;aluaric cnvironmmrs. I n  sedmcnrs 
rhe h i g h e r - l i e d  cotnpoutds are prlv:t- 
lenr, bur in bion rhse congeners are normally 
below the limir of rlerecrion. This indicares 
rhar rhe hioaccumul;~tion of highly brominared 
I'RDFs ( e i ~ i a l l y  dealll3t) is  low. Microbial 
dcgradarion of drcaPRDE i s  inegligible. 
wh r r r ; ~  pbomdcgr;ldarion o f  decaBDE may 
genemre lower-hrominared PIlDFs. 7hus rhe 
lower brominated I'BIIFi, rerraBlIEs, and 
1>cr1caH13Es prcdonlinare and accumolare in 
biora. The ctpr:tkr cffirciuncy o f  RIIE-47 in 
fish i s  vcrv hieh, hur an  increase in PBI3E . - 
hrominstion will gr;idually drcrr;,se uprakc. 
Accumularion of I'IlI3Fs iin fish a p w n  ro be . . 
agr-relared. The highcsr concenrrarions ;arc 

found in top prml;aon of ;tquatic eaeysrcna. 
suggesring rhe biomagniticarion porenrial o f  
rhese compounds. ' T e r r ~ -  ro hexaBDEs ;art 

probably the principal congeners to which 
humans are exposed via food. On a congener 
basis, rhc lcvels of I'BDF-q in rhrsr ramples 
co~,old hc similar ro rhosc o f  rhe mom frrqucnr 
I'CH ccmgners hut llecnuse fewer congnerr 
are preEnr, roral I'BDE lcvrlr are lower than 
mral PCH levels. Ohsened a~arial differenca 
in cnvirnnmenr;!l I'BIIE lcvels may rcflecr 
ernirsionr from regional or point sources. 
Series of snmplcs from sedimenrs, g~tilletnnr 
eggs from rhe H;alric, and banked nmples o f  
pike from a Swedish lake hwe been used for 
rime-rend ;~n:dyses of PHDE Icvels. Uncil rhc 
lace 1980s. PBDE levels in lmrh sedimenr and 
biora generally showed an incre~ring rrend. 
However, rhe nmsr reccnr biologic samples 
(1990 and oow;lrd) indicate som~ll lar lower 
I'H13E levclr, although rhr variarion i s  large. 

exposure i s  ruspccted ro occur through con- 
sumprion o l  foods ofanimal origin ((in. 
I-lawever, ~ lnr i l  reancly very frw esritnata of 
humn dievary PBDE inmke have been made. 
In addirion, lirrle is known of orhrr roura of 
hunxtn expnsure and their imporrance in roral 
humn  exposure to I'B13Es. 

PBDE k l s  in Food 
Firh. Several fish species consu~ned hy man 
have keen analyred for I'BDFs. lnrge vari;trions 
in 1'1113E levels ohselvrd in frahmrer tish nlav 
resulr fmm widely wrying degrees of conmmi- 
nation. PRDE levels in fsh -pled in Swedish 
l a b  ;and rivcn (pi&, perch, l~ram, and rrour) 
v;aricd from 26 to  36,900 &kg l ip id 
(1433.30. In Gerrn;tn frahwtter fsh, rhr Irv- 
r l s  wried lrrwren I8 ;~nd 983 pg/kg Fnr (2.38. 
and in RI fmtn Dutch wrers  r lu  v~riarion in 
R13E-47 lcvelr war < 20-1.700 pg/kg lipid 
(53. 1-lrrring (Norrh Sca. Hdric Sa), s;,lmon 
(Dalric Sa), ;and cod liver (Norrh Sea) have 
been andyed in srudio of marine and hrack- 
ish-wncr fish (13.36.3241.52). R:dric herring 
conrained 24-528 pglkg lipid, whereas 
Swcdish west c o s r  herring conrained 17-74 
pg!kg lipid (Swcxlish hcrring ;ao;dyss: sum of 
rhree congeners) and rhe Narrh Sea herring 
9-100 pg HDF;47/kg lipid (363A. Lwrlr in 
llalric herring are getlcctlly higher thm rhosc in 
Arlanric herring. A rinnilar difference was 
shown earlier for PCRs (60, which rcflrcrs, 
among other rhing, rhc litnired wrer rxch;tnge 
beween rhir inland s e t  ;and the man. 

Dairyproductx I'RDE lcvrlr of 2.5-4.5 
pg/kg tnlilk far, decc~~~litled co be Hmmktl 70- 
5DE, have hrrn cellorred in cows' milk in 
Gernuny (38). Lwels in mixed dairypmdurrr 
from 1999 Swcdish nl;,rket b;tsker s;lmplrs 
(rum of levels o f  B131:-47, -99. -100. -153, 
and -1 541, however, are considerably lower, 
wirh n nlnn value 01-0.36 pdkl; milk 6r (63. 

Morher3'milk. I'RIIE levels in morhcn 
milk have been rrudicd i n  a survey o T L i  
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German morhers (M. Levels varied bcmen 
0.f-l l pdkg (i.e..600-1,100 ng/w milk Far. 

13amerud and m-uorkeo (69) rrudied 39 
primiparous women from Uppsala counry, 
Sweden, and analyzed the five mosr fre- 
qucnrly found PBDE congeners in rhdr milk 
(RIIE-47. -99. -100. -153. and -154). The 
me;") value was 4.4 odke l id  and rhe mngc , -  - . 
1.1-28.2 pglk& Milk PBDE levels correlar;h 
positively and sienificanrly with mothers' " 
snlnking habirs and body mass index. 
However, no correlarion was sccn between 
PBIIE and mothen' ages, consumprion o f  
fish, places of residence during childhood or 

adulrhood, birth wrighrr, or frequency o f  
usingcampurers. 

In anorher Swedish srudy, a rime rrmd wa3 

cretred wing nmpla ofbreasr milk ml- 
lrcred fram 1972 ro 1997 (51 )  The mean 
I'BIIE level ( S U ~  of right different congeners; 
predominantly BDE-47) in milk from 1997 - 4 &kg, quite similar ra rhc above repon 
by Darncrud er XI. (68). Cnncenrrnrions of 
PRDEr in milk showed a strong rime-depm- 
dcm in-, wirh a doubling in levelr wirhin 
5 ywrs (Figure 4). In mnmmr, riiue levrls of 
most hslogenared aromatic hydrocarbons of 
concern(e.g., PCB, DDT) were declining. 
Thus, fhrure levels of PBDE in milk may 
cclipse rhore dPCB iftrends onrinue. 

PBDE levelr derecrrd in morhers' milk 
are, on a lipid basis, gmcrdly within the m e  
range as those a b s e d  in humn  adipose r i i -  
sue sample* from rhe Unired Stares and 
human serum samples from Sweden (see 
"PI1DE Lewk in Humnr"). 

PBDEcfmrn otlwrfbodprrpr. Except for 
the low lcvcls of PI3DEs found in samples 
fmm animalr living in the wild (36) (Table 3). 
lirrle &ra arc ahlable on PR13E levels in mat  
and eggs. However, preliminary dara from 
,nixed mrar from Sweden (marker- 
baker smpla) reraled a man  level of 0.36 
pglkg hr (0. The man level in S d u h  eggs 
(from the same snrdy) - 0.42 d k g  Fnr. 

Estimation o f  PBDE Exposum 
~ m m $ k  Darnend et al. (69, wing primar- 
ily Nordic dara, estimared rhe exposure o f  
I'RDEr from? food in a r e p n  ra rhc Nordic 
G,uncil ofMnisrrrs (63. Their arimarer %re 
b d  on the upper nnge of r o d  PBDE levch 
in herring caughr i n  the Baltic Sca (367, i.e., 
528 d k g  lipid (ofwhich 450 p@g wus BDG 
47 and rhe remainda w o  penraRDF!). The 
rord PHDE in& can be csrimared by wwn- 
ing a similar relarive inrakr from ditkrenr 
dierarymurca, ar &scribed ezrlicr in a Swedish 
errimarion for PCBs (66). Consequenrly. 
;tccording ro rhir very approximare nliularion. 
the roral PBDE inrake for the Nordic con- 
sumer would h 0.2-0.7 &day. 

A Swedish intake esrin~are wns made 
rccenrly (67) on the basis of PBIIE levels 

Occurrence, dletary exposure, and toxkology of polybrornlnated dtphenyl ethers 

(BDE-47. -99, -100, -153, and -154) in mar- 
ker brskcr samplrs from 1999. I'rovisions 
from eighr grocers in four major Swedish 
ciries were receival and divided inro sclecred 
groups Within thae groups each fwd item 
war added in an :,mount &remind fran per 
capita consumption srarisrics. Andyies of the 
homogenarrs were performed and sumPBIIE 
levels were obrained by addirian of congener 
levels, assuming chic levels below rhc limir of 
quanrificariol (I.OQ) were equal ro one-half 
of rhir limir. 'l'hr roral PBDE intake war 
obtained by adding intake from rhe fish, 
mear, dairy products egg-, Farsloils, and pas- 
cry food groups (i.e., rhe product groups 
assumed ra conrribure mosr ro roral inrkc). 
Using chis merhod, roral PBDlS inrake in 
Swedcn was esrimared ro be 51 nglday. 
Almosr half cord innke originated from fish 
pmducrs: mcnr, dairy producrs, and farloils 
contributed approximarely 15% each. Total 
PBDEinrakews4-14 rima below arimares 

n mom complere wr of occurrenc~lml dnra 
However, this esrimnre should be supple- 
mented by studies from ocher countries and 
by using orher merhodr of estimating inmike 
to obtain a more complere picture of rhe 
inrake of PBDEs 6om fwd. 

From motherr' milk. l'he morr recent 
humzn milk dnra come from rwo Swedish 
surveys (51.68). l'he mean PBDE levels in 
rhese nvo srudis ar<almorr idenrkd, giving a 
coral mcan value of 4.2 &kg milk far. To 
esrim.arr the I'IIDE incnke in inhnrs, con- 
sumption dara from Ahlbnrg and co-workers 
(70) wae used. The cdculared I'BIIE in t~kc  
using rhese predictions (3.7"" fnr in milk: 
consumprion of 0.7 L milk daily fnr 6 
monrhs) i s  0.1 I pg/day from mothers' milk. 
or 20 pg in 6 months 

Orhcr porrible rourrr of cxporuvc. I r  
appears ohvious chat rourca orher than fmd 
rignifiworly inflt~cnce coral PBDE intake in 
humans. There is, however, almost a mmplerr 
lack of dara on thes orher sourca of human 
exposurn. Emission of PRDFJ from elenmnic 
apparatus like compurcrs and 'IV scrs ape- 
cially fmm warm devices afre ~rolonged use, 
are aupend. In an experimenr with a TV set. 

Ball er al. ( 70  derecrcd I'H13Es in air dnwn 
from a warm 'IV. In Dainerud'r previously 
cited srudy (68) on PBIIE milk levels from 
primiparous women, lhowewr, no corrrlarion 
was found berween frequency of compurer 
usage and PRDE milk levels. Bac:use of rhere 
conflicting resulrs, rhc use of  coonpurers and 
TV sets as sour= for human expoiurn should 
he firmher invarigated. 

Sjhlin er nl. (74, in a recmr publicarion, 
monirored rhe occuparional exposure ro 
PBDFA. Subjccrs working at a Swedish dis- 
mantling planr lhrd significlnrly lhigher serum 

levels o f  all studied I'BDE congeners com- 
pared ro borh horpiral cleaners and office 
clerk using compurerr (see "I'HDE Levels in 
Humans"). Ir was cdncluded char exposure 
from daily compurer work in a n  oftice does 
nor appear m increuse =rum PBDE Iwelr. 

PBDE Levels in Humans 
I'RDEs were derecrrd (up ro 5 &kg dry 
weighr) in 2 of 40 hair m p l a  from Amer i~n  
cirizens living in an area where PBDEs are 
manuhcrured. m r d i n g t o  DeGrlo (73). 

I n  rwo studies from rhe Unired Stares 
(74,75), PBDEF wee dcmced in human adi- 
pose risrur sampler collected in 1987. The 
presence o f  I'BDEr war drmonrrrared i n  all 
satnples (48 composire sampler from 865 
individuals). These srudies also showed a 
large variation in PRDE levels heween indi- 
viduals (hrxaBDE, not detected-l pglkg 
l ipid; heprallDE. 3 ng-2 pglkg lipid; 
ocraBDE not detecred-8 pdkg far; no con- 
gener specificarion - pramred). 

I'RDE levels i n  adipose rirsue were 
reported in rhree Swcrlish srudirs. In a male 
Swde 74 ynrs of a s .  a level of 8.8 pg HDE- 
47Ikg lipid w;s rrporrrd (13,  In the second 
study (76). : td ipo~ rkue  From 77 individuak 
o f  borh sexes, 28-85 years o f  age, some o f  
whom were wncer patirnrs, were analyrd. I n  
pemm wirhour malignancies, the mean R D E  
47 level was 5.1 pglkg lipid, but in parienrs 
with "on-Hulgkin lymphoma (NHL) i t  was 
13 ttg/kg lipid. (According to rhe aurhors a 
connmion b e m n  PDDEs and NHL cannor 
he rrduded.) In rhe rhird Swedish rrudy, bcl~cls 
of w e d  P1113Es in adipose and hepatic tissue 
from w o  male ruhiecrs (66 and 78 years of 
age) were reporred (77). Thc mean levels o f  
BDE-47 in these N O  ryper of tissue were 2 
and 2-5 pdkg lipid. m p i v e l y .  In  a Finnish 
srudy (42). the PBDE levelr (sum of RDE-74, 
-99,and -153) i n  adipose rirrue from ran- 
donlly selccred individuals (Yrffl yean of age) 
ranged From 6.2 ro 22 pdkg lipid. 

Srudies an human blood have demon- 
srrarcd chat 2,2',4.4'-rerraBDE i s  rhe major 
PBDE congener (of six congeners analyedl 
in serum samples from Swedish blood donors 
( n  = 40; sampling ya r  1996) (78). The mean 
rerumlevel ofsumPBDE was 2.1 * 1.4 pglkg 
lipid, which i s  appraximarelynvo orders of 
magnirude lower than char ofsumPCBs 

Raulrr fram andyiis of I'BDEr in Swedish 
brmr milk we prewnted abnw ("PBDE Lmels 
in Food") (51.68). PBDE levels in lipidr are in 
rhe same nngc as those for adipore t k u e  and 
Wood from Swedish individuds. 

In a rrudy an Swedish dismanding plant 
workers. levels o f  five PBDE congeners 
IBDE-47. BDE-153, BIIE-154, BDE-183 
(2,Y.3,4.@.5'.6-hrfr.lRDE), and BDE-2C31 
were men~~lred i n  serum (72). Among rhe 
dismanrling workers hepraBDE congener 
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H I lE- I83  was rhe mosr ibundanr ar  the 
me;m concmtmrioo of8 &kg lipid, ;and;dso 
rhc mean conccnrmrion of UDE-209 was as 

high as 5 pglkg lipid. T)u suml'HDE levels in 
groups of lhrtipiral cle;,ners, cornpurer clerk. 
and electronics dbmanrlers were 3, 4, and 26 
pglkg lipid weight, respecrively. Therefore, 
occupacian;tl exposure in dism;tnrling pliinrr 
may conrributrsignilic3nrIy ro human cxpo- 
rurc ro PHDh. Ncwrrhderr, I'HDE levels of 
rhe dismantling workcrs are srill rarhcr low 
compared ro PCB serum leve l s  (26 yg 
rumPRDE arul 270 pg I'CB-I53 per kglipld, 
rapccrively). 

Human Exposure to PBDEs: Summary 
and Condusions 
Suflicienr dar:? are :xv:tilahlr on I'BDE levels 
in fish, whrrras less is  known ;thour I'B1lE 
levcls i n  ocher major food groups or nbour 
possible differences in food levcls herween 
C O L I I I I ~ S  Or ~ E $ Z ~ O ~ S .  

fwd  robe 51 ng/day. The inrake from morh- 
ers' milk during lacr;arion, using dam f iom 
Swrrlirh srudies, war esrim:tred ro be 110 
nglday. These csrimsres should be supple- 
menrcd hy srudies hlrn ocher counrries and 
by using orher merhds ro esrimare inrctkr ra 
ohrain a more complac picture of the inrake 
of I'RDFJ from fmd. 

Analyric data on human blood, adipose 
tissue, and milk havc crlnfirmcd char PB13Er 
nre ;also prescnr i n  the human hody. The 
tmnjor roure of humn  exposure appears to be 
via food, although or11r.r rourcs of exposure 
cnnnor be cxcloded. Workers exposed rn 
I'HIlEs during compctrrr dismanrling were 
shown ro have significtnrly higher blmd Irv- 
r l s  o f  scvcral I'IIDE congeners lhan inonex- 

S U ~ ~ C C I S .  Availzhlr dam grnerixlly 
supgcsr char currenr llvelr of PD13E arc more 
rhan a n  order of magnirude lower rhan rhore 
of I'CBs. Howwer, arrenrbn musr be paid ra 
exposure of inhntr fmrn canrinourly incrws- 
ing lrvds of I'RIlEr in inorhers' milk 

Toxicokinetics 
Experimental Animals 

Abrorprion and rlinri~rrtion/rtrcntion. Oral 
;~dminiscrarion o f  '"C-lahelcd drcaBDE 
(UDB-Z9) to rnrs res~llrcd in fec;tl cxcrcrion 
of > 90Wo of rhr dose 2 clap dcfrrr adminisrra- 
rion. FJimimtion in urine and in expired air 
w;ts l e s  than I %  over ;I prriorl OF 16 days, 
and nccrssiblr data seem to ruggrrr minimal 
absor~rion o f  decaBDF. from rhe gasrroin- 
rcsrinal rracr (54.60.79. In a carcinogenicity 
rrudy (80). '"Glabelcd decaBDE was givcn 
i n  rhc d i r r  ro rarr rn quantify decaRDE 
;absorption From rhe g;~srroinrcsrinal rract. 

llrsulrs indicated chat for a l l  dose levcls 
(250-50.000 mglkgl more rhm 99% of the 
r:xdiulcriviry r r c o ~ r r d  war eliminared in rhr 
feces wirhin 72 hr. Urinary excrrrion 
accounted for ibaur 0.01'k or less o f  rhc 
dare: risrue levels o f  radioactivity werr near 
 he linlir o f  derecrion, and in rhr liver, rhe 
r;tdio~criviry was confirmed as dccaBDE. 
Similarly. El Dareer and co-workerr (81) 
showed that c 1% o f  the dose o fa  radiola- 
heled dec;tlIDE givcn olally ro mrs wm found 
in risua (;~hout htlf in rhe liver) deer 24 hr. 

I n  a 2-year accumulation srudy, rats were 
,n;iintaintd on dilns providing up ro ;tpproxi- 
marely 1.0 mg rechnical decaBDE1kg body 
wcighr (hw) per day (ofwhich 77.4% \w rhr 
~IccaRDli congmcr. 21.84, nonalllll;., and 
11.8% ocr:tlll)E). Selrcrrd <isuti were ; m d y d  
fi)r coral brotnine conrmr.  I n  mosr rissucs 
(serum, liver. kidt>evs, skeletal rnosclc, and 

exrcnr rhan highrr-bmminared compounds. 
This is also cvidenr from comp;xrison o f  rhe 
Bmnlhl 70-5DE m~npsirion with h e  PII13E 
parrcrn in herring and sed: conccnrmions of 
retr:ilIllE (LI13lS47) ;,re incra~sed in biora in 
relation to orhrr congmrrs. Canvrrsely. the 
rel;$rive concrnrrarions were rhe sanlc i n  
Bramkd 70-51lE and in samples from hcrhiv- 
arour mammals i n  Sweden. According ro 
Zitko (83 ,  compounds with low bromine 
conrenr i r e  bioconcenrrared tmore arrongly 
from warer rhan coo,paunds wirh high 
bromine conrcnt. For example, PBBs wirh 
nmre rhan six hrolninc arolns wcre scarcely 
biocanrentctred: similar condirionr may ;tpply 
for PHDEs. In conrmr, half-liva of I'BDF! in 
adipa~c rissuc of mrs incrase with rhe degrcr 
of bramination (84. I t  cm be concludrd rlur 
absorprion o f  I'BDEs, which favors lowcr- 
brominarrd congener crnum, i s  :an irn~orc;anr 

- 
concenrmrion w.1~ l-fold r b r  of controls (0.1 on rhc orher lh:~nd, may be slower for higher- 
mglkg bwlday). llcgarding eliminarion, rhe bronlinared corn~mun~ls, alrhough r h q  are I= 
trnadenre bromine accumulation in the adi- accumularive. I-lowever, dara are soarse i a t l c l  

pose tissue rrmaincd u a f k r r d  during 90 dap wmwl~ar conrr;dicrory. 
ol.recovcly, wherex~ bromine WLS clc~rrd from Di~m'burio,~ T'issuc dirtriborion of "'C- 
rhe liver within 10 d;tvr of rmovrrv (RZ.R31. dcaHDE was srudird in rars 16 davs alier a , . 

The% dara supgrsr that the bioaccumula- 
r i m  porenrial ofdrcaBDE is low, bur thc 
rerenrbn in body t i c  may he pronounred. In 
comparison, rhe hioaccumularion o f  an 
c~cmbrotnobiphenyl (belonging ro the PRB 
group) was much more pronounced (73. 
I'mible rnerabolisrn andlnr detrominarion of 
<l~c;~UllF. may inru-kc with the rcatlr. 

Von Mcyerink :and ceworkers (8.0 scud- 
i rd  rhe rerrnrion ofdifferenr fractions o f  
Ilromkd 70 in perirenal 'tr froiom mrs. I l ronk~ l  
70 (mainly pmmlIlIE) wts given as a single 
oc~ l  dnre of 300 mg/kg bw. and rhe nrs were 
killed akcr 1-10 wmkr. Concrnrnrions of rhe 
ditFu-mr I ' l IDf i  were malyrad by high pprrr 
sure liquid chmnl;xrography, and gas chro- 
marogr;lphy-mass specrroscopy was used ro 
confirm rhe degree of brominarion (rhr srercn- 

chcrnisrry of the individual compounds was 
nrrr rlucid;tred). tlalF-liver For rwo hcx;tHDE 
congeners were 50 ;tnd 105 days, rapectively, 
and lor w o  differenr penra congeners. 42 and 
25 days. kl;tlf-lifc o f  rrrraBIlE(r) was 19-30 
dctys, depending on scx of rhe subjccr. Hdf-life 
WLS rhornr in mala r h n  in females. 

In a hin;,ccumul;trion srudy in pikc ( f i m  
hcitl i)  (50, 12 dinerent halogenated diara- 
msric compounds, including rhrre I'BDE 
congeners, werr ;administered i n  feed. 
Gasrrainlcsrinal bioswilabiliry was 95% far 
BIIE-47 (higher For a l l  compounds rrudird). 
60% for U13E-99. :and 404, for BI lE- I  53. 
indicaring ;t clear decrease in upr:ake wirh 
incrmring bromiturh~n. 

Generally, lower-braminared I'HDEs 
appear ro lc accumol:~red in hiom ro a grcarcr 

single oral dou (54,@1,79. Rarlio~criviry w:= 
observed only in the adrmal glnnds (O.(ll'% 
o f  administered dosc) and in the splcrn 
(0.ffiYn of adminiqrerd dose) hut nor in ;any 
nrher rkue audird. 

I n  rhe above-menrionrd high-dore expcri- 
lnenr wirh oral "C-dewRDE (80). rhc liver 
contined abou~ 0.5 and 0,01641 of rhe dmc 
24 and 72 hr, rrs~ecrivr ly, after dosing. 
Radioacrivity exrracrcd from rhr liver war 
found ro be mainly rhc unchanged colnlm- 
nenr. Tncer  n f  rhe 1;xhel were found in the 
kidneys spleen. lung, h r i n ,  muscle, far. :and 
skin. Ilisrrihurinn dnra ;lfrer inrr;avenour (iv) 
injection of lahrlrd dccaBDE indicare rh;xr 
feces collected during chis period and rhr 
conrmrs of the inreaincs :drogrrher conraincrl 
74% of rhe dose, sugrsring considerable hil- 
i q  acretion. Radioacrivity was also d e m r d  
in thr liver, kidntyr, ;and lungs ;and ar lnwcr 
concenrr:ttions in muwlr. skin, and far. 

In a campararive rrudy on r~diolabrlrd 
BDE-47 in rars and mice (12.10, an effcfenivc 
~hsorpcion and iccun~uLrion in ;idipase tis- 
sue was shown. 'l'hr rrudy also indicated a 
marked species differerre in degree of rrren- 
rion. In raw 86Yo o f  rhc om1 dose (approxi- 
marcly 30 pmollkg hwz14.6 mglkg bw) war 
retained in rhe body wirhin 5 days, compared 
to only 47% in mice. Rrlioacriviry was almut 
3 rimes higher in far rhan in liver i n  raw. 
wherras in mice rhe levcls in rhe w o  rissucs 
were a~rnparablc. 

Mnubolirn. In  srudks hy Norris and cc- 
workers (54.Wl.79, mrs were injecrd iv wirh '"- rlccaBDE. ;after wlrich the radioacrivc 
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compounds in feces were analyzed. O f  the 
excreted fecal label. 63% wrre unidentified 
merabalite(s) o f  decaBDE and 37% werr 
unchanged drcaBI3E. El Doreer and co- 

workers (81) obraincd similar rerulrr. They 
suggested that extensive metabolism of rhe 
orally administered compound m i ~ h r  take 

in fees snd r&ues, ;lrhaugh H D W 7  w the 
major compound dermal ( 12.16). A marked 
difference was found i n  urinary excrcrion 
between the mourc nnd rat. Within 5 days, 
r x s  excreted < 1% and mice exrrmd 33% of 
the dose in urine (the mrrsponding @re for 
feed eurrion, indudng nonal,rorbed mater- 
ial, were 14 and 20%. repeaively). The label 
in rhe mauu urine wa highly hydrophilic and 
labile, and no specific merabnlires could be 
idenrificd. No  dehrominarion products of 
1'1113% wrre fo~md. Thus, the merabholism of 
1113E-47 seems limited, ar lcnsr in rnrs, bur 
rhere are marked rmies differences in rodenct 

demerhylase. ;~rylhydrocarbon hydroxylase 
(AHH). and bcnzo[a]pyrenr hydroxylnse, 
werr also induced by PBDEr (technical 
penraRI3E prcp;~nrions in cars) (8488.89. 
Some of the enzymes were induced in a long- 
term or$ adminirrntion study at dmes as low 
as approximarcly I i~mollkglday, and rhe 
enrymc acriviria continued 30-60 days after 
rerminarion of rhe exposure (8% The full- 
brominared decaBDE, however, appears to 

have low enrymc-induchg potency. 
The effcos of RDE-47 and Aroclor 1254 

on micrmomrl enzyme induction w sn~ded 
i n  Sprague-l3awley rnrs (9d.  Induction o f  
ER013 and 7-mrrhoxyrsorufin-Odethylase 
acrivitia by B131i-47 w;u limircd in conrrnrr 
to the markcd inducrion (> 100-fold) i n  
Aroclor-exposed animals. The effect on rhe 
penroxyresorufin analog, known ra describe 
CY1'2B activity, was. on the other lha~~d, 
almorr rhc same afrer rrearmrnr with both 
BDE-47 and Aroclnr 1254. I f  inducrion 
cap;~ity is  indicative of merabnlic parhways of 
rhese comwrund3, the CW2R cnzvmes may 

resulred in long-lasring indunian o f  uridine 
diphmphate ~lucurmylrranrfw;lse (UI3PGT) . . - 
acrivity in rats (88) 

Human Data 
As menriond previously, PI1DFj am fmnd in 

human blood and tissues and in human breast 
milk. 13ara show rhar I'HDEs are  also 
absorbed and rerained in man and chat B D E  
47 is rhe mosr ahundanr congener in most 
ciues. Today, dara ;are r m  lixniced ro rsrimare 
the deeree of human hioavilabilitv and bioac- - 
cumularion. Howewr. Sj6din ( 98  estimated 
the elimination half-lives o f  cerrain PBDE 
congnerr in humans. Czlculariow were bawd 
on hlood levels taken before ;md h e r  -cation 
of worken in nn rlecrronics dis~nanrline ~ l an r  - .  
(723. By rhis method, the arimard hdf-lives 
of BDE-I83 and B13E-209 were ser ro 86 
'lays and 6.8 days, respecrivdy. The levels of 
BDE-47 and B13Fr153 were also dmermined 
i n  the same manner. bur because no clear 
dccrease during vacation could bc observed. 
rhe half-lives could not be arimard. 

- 
Limirrd metabolism nnd excrerion of 

anorher I'RDE congener, BDE-99 (a 
prnnHI3E). was olwerved in rats (80.  Small 
amounlr ofmonohydmxylrred meebolira of 
pcnra- and rerraBDE were detected in feces. 
which indicars in rim debmminarion. Mono- 
and dihydmxy pennRD% as well as two thio- 
subtinttad pnoBI3F~ were dermal in bile. 

Methnxykred I'HDE congners have been 
identified in Swedish fish and seal samples 
(13). These compounds may have been 
formed by it, viuo ~netl~ylarion of lhydroxy- 
l a t d  PRDE merabolirer On rhe other hmd, 
microbial formarion or ocher hiagenic sourca 
arc also possible. 

I n  a toxicokineric rrudy (531, rainbow 
trout were adminisrered rrchnical decaBDE 
(containing small amounts of nona- and 
ncraBl3E) in the dicr. PBDFs levels in muscle 
were monirorcd during a dcpurarion period 
in clean mrer. The analysis revealcd decres- 
ing levelr o f  decallDE, whereas levels of 
ODE-153 increased continuously during the 
dcpurarion period. The rtsulrs indinre met;>- 
holic debraminarinn o f  decaBDE to BDE- 
153 in firh. 

Microromal enzyme induction. PBDEs 
;are able ro induce h t h  phase I and phase I1  
xenabotic membolizing enzymes. Regarding 
the cytocllrome 1'450 (CW)medLred phase 
I merabolism. CYPlAl  ahd C Y P I U  were 
induced, as indicated by rhe increared acrivity 
o f  liver microromal 7-rthoxyrerorufin O 
deerhylase (EROD) acriviry after Brolnkal 70 
exposure in Wtsrar rats ( 8 4  and in H-4-11 
cells (87). The orher enzymes used ;a indicn- 
rorr of microsomal phase I ~ c r i ~ i r y ,  
benzphm;unine Ndonerhybe, pnirrmnisole 

. - 
heparoma cell line H411E wirh a luciferare 
reporter gene, several PRDE cnngmers acred 
as Ah-rrcrpror ;,gonisrs (91). 111 rhis model 
parencicsof rhr agonias were comparable to 
rhorr o f  some mono-orrho IICBr. Some 
PBlll! congeners also had anrqpyonisric effocrs 
on TW3Dinrluced lucifrrare production. 

Halogenated dioxinlike campazndr rypi- 
cally induce CYI'IAI and 1A2. Therefore. 
enzyme induction may be due to impurities 
wirh Ah-receptor binding aftinity present in 
rechnic;tl PBDE mixnlres. Ir was shown rhar 
PCDF im~ur i r ier  ar concentrations < I %  

. , . , 
generr (94.  This rrudy demonsrrnted rhar in 
studis wirh h;llogenmed 13Fs, ir i s  irnporonr 
ro conrml rhe prerencr of  potent dibenmfunn 
and dibenzalioxin impurities, which even ar 
low concenaations can accounr for consider- 
able biologic activity attributed ro h e  relatively 
high dmaga required far DEa. The ourcame 
of rhis srudy i s  in agreement with arrucrural 
conddentinnr n~ga t i ng  char the nonplanariry 
o f  halogenated DEr results in a low binding 
affinity to the Ah reepror (93. Nevertheless, 
some rrudies have shown rhar pure PC13Es 
indeed are weak inducers o f  microsomal 
EROD and AHH arriviries in a congener- ;utd 
conbrmation-specific manner (H-97). 

In srudier on  hare I1 induction. three 
diffcrcnr PI3I3E fractions werr read: i.r., low 
(24% rerra, 50% penra) and high (45% 
hepra. 30% ocra) b;ominared mix~res,  and 
the decaBDE congener only. After daily o d  
administnrions (14 days. 0.1 mmollkg bw). 
borh o f  rhe mixtures, bur nor rhe decaRDE, 

. 
brominarion. This rueeerrion conrnsrr wirh -- 
results in rnrs, where the rwene seems ro be 
rruc, at leasr regarding rerra- ro IhcxaRDEr 
(84. Rcsulrs on elimination o f  PRDEs . . 
increase wirh degree of brominarion i n  
humans i r e  quire differenr rhm rhme found 
for I'BBs and PCBs, where increaser in 
halagrnarion generally extend elimination 
half-lives. 

Toricokinetic~; Summary and 
Conclusions 
DecaBDE i s  minimally ;absorbed from the 
gasrroinresrinal rnct o f  rn:arnmals because of 
irs relatively high-molecular mass, and therr- 
fore i t  ir unlikely to binaccumulare. In firh, 
howevw, uprake of dacaBDE and rubcquenr 
dcbmmination to lower-bmminared PBDEr 
has been demonstrated. There is no informa- 
rion on uprake or eliminarion ofocraBDEr in 
mammnls. OcraBDEs are found in human 
adipose risrue and in aquaric srdimcnts, but 
bioaccumulation ir nor likdy ro be subsranrid 
because of low absorprion.. PenraBDEs are 
found in biota. scdimenr, and sewage sludge 
rmples.They are likely robe persistent and 
ro bioaccumulare, md  hioconcmtration Fac- 
ror of > 10.000 has been drrcrmined for carp. 
A commercial rerraRDE mixrure accumulars 
and is persisrent i n  many organisms in (he 
environment. 

Pmra- and retnBD% are quitire peoirrenr 
i n  the environment. Some mammalian 
uprake and eliminrrion studies sugest effm 
ti= absorption and only moderare retenrion. 
Considerable species ditGrences have been 
reported in merabolism and excretion of the 
rernB13E congener RDE-47. The rat appmrr 
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i n f i l r m a r i o n  on subchron ic  and c h r o n i c  raxic-  ( T a b l e  4). T h e  low r o x i c  p o r e n c y  of fully apprarcd ro b e  m a r e  r o x i c  aher oral a d m i n i s -  
icy, n r d n o g e n i c i r y ,  andterarogenic i ry  i s g i v e n  b r o m i n a r r d  R I ) E - 2 0 9  i s  l i k e l y  r o  hc  t r s r i o n  t h a n  o c t a -  a n d  decaR1)Es. ;as r h e y  
in T a b l e  5. e x p l a i n e d  by p o o r  a b s a r p r i o n  afcer o r a l  c a u r r d  c lea r  s igns  of t o x i c i r y  a n d  m o r t a l i r y  

Arne mxiriryandlarnlirrirmion In gen-  a d m i n i r r r a t i o n  (54.60.79.8l7). Ava i lab le  d a m  p r i m a r i l y  a t  high doses ( o n 1  LDso in rats 
ural ,  t h e  a c u r e  r o x i c i r y  of PHI)b ( a d m i n i s -  are n o r  sui rable for uw in wen l i m i t e d  srruL; 0.5-5 g l k g  or 7.4 g/kg, d e p e n d i n g  on r h e  
r e d  oral ly ,  d e m a l l y ,  or b y  i n l u l a r i o n )  is l o w  r u r e - r n x i c i t y  c o r r e l a r i o n r .  P e n r a A D E r  s r u d y ;  T a b l e  4). T h e  c l i n i c a l  s i g n s  were 

Table5. Summeryof tho rspeareli dose toxicity, carc~nogenicty and special toxicity studies on PBDEs. 

Study 

OecaPDE 
Subacute toxicity 

114daysl 

Subacute toxicity 
120 days) 
130 days1 

Subchronic toxic~ty 
113 weeksl 

Chronic toxicity, 
carcinogenicity 
(103 weslrsl 

OctaBOE 
Subacute toxicity 

128 days1 

Subchronictoxicity 
113 weeksl 

Species Istrain) 

Mouse186C3F11 

Rat IFischsr 344iN) 

Rat ICharIss R~ver CDI 

Rat lSpragus.0awlsyl 

Mouss 1B6C3F11 

Rat IFischsr 344iNI 

Mouse 166C3F,I 

Rat IFischst 3M/NI 

Rat ICharles River CDI 

Rat ICharler Rivsr CDI 

Rat lcharlss Rivsr CDI 

PBDEIpurityl 

DecaBOE 199%) 

DecaBDEI99%1 

DecaBDE icommsrciall 

DscaBDE(77.4%l. 
NonaBDE1218%i, 
OctaBDE 108%) 

DecaBDE 1, 97%I 

DecaBDE1>97%I 

DecaBUE 194-99%) 

Dosage 
lmgkg  bwldavl Effectsldose level for o b s a ~ s d  effect) 

in dist: 0.3.000.7.500 No compound-related sffscts 
or 15,000' 

In diet: 0. 500.2.000 No compound-related efincts 
5.000 or 1 0.0008 

In dnt: 0. 10, or 1 0 0 9 0  compound-related sffscts 

In dlet 0.8.80. or 800 Thyroid - hyperplasla I 2  80). Iver - snlargsd ( 2  80). 
kidney. hyatlns dsgensratlon I2 801, hsmatocrlt 
and red cell count - decreased 18001 

In diet: 0. 465, 930. No compound-related effects 
1 R7S R 750 or 7 5nOa . , . . . , . , . . . , . . . , . . . 

In dist: 0. 310. 620. No compound-related sffectr: livsr weights not recorded. 
12502.500. or 5.000' in rubreouent studies: liver - enlamed 12 2.5001 . . 

in d~et:'0.3.200, or Liver - hypsrlrophy. granulomas, ad~nomas, 
6,650 lmalesl, 0, 3,760. carcinomas 11" malss23.2001: thyroid - folllcutar 

lymphold tissue - hyperpiasia lln males 2.240; 

Relerence 

180 

I 8 0  

121 

12.54.751 

In diet 0, 10, or 1008 Liver. enlarged, cytopiasm~c eosinophil~c round 121 
bodies 12 10); thyroid - hypetplasia? 11001 

In dist: 0. 10. 100. or Llver - h e ~ t o c y t n s  nnlargsd with cytOPlaSmi~ ~~S inoph i l i c  12) 
1.000' round bodes 12 101, whole liver snlargsd 12 1001. 

hepatocytes vacuolized with focal necrosis11.000) 
In dist: 0. 10.100. or Liver - snlargsd. cytoplasm granular I 2  101, hspatocytes 121 

1.000' vacuolized. hyaline intracytoplasmic inclusions, hypsr- 
plastic nodules 12 1001, accentuated lobulation, 
ysllowish mottlng, brownish d~scoioration. focal 
necrosis. centrilobular fibrosis, pigmented Kupfer cells 
11,0001: thyroid. enlarged 12 1001, cellular changes 
/1,0001; kidney - anlarged, cortical rsgensratlvs tubuies. 
a sings case of tubular nephrosis 11.0001; hsmoglobln. 
hematocrit, eryhrocyte count - decreased I1 .OW), blood 
glucose - dscrearsd (1,000): urine - orange discoloration 
11,000). bw gain - decreased 12 1001 

PentaBDE 
Subacute toxicity Rat (Charles River CD) PsntaBDE'lcommerciall In diet: 0, 10, or 100a Liver - enlarged, cytoplasmic eosinophiiic round bodies 121 

128 days) 12 101; thyroid. follicutarhyperplasial I> 10) 
Subchronlctoxicity Rat1Sprague.Dawlsy DE-7Ib In dint. 0.2.10, or 100 Serum thyroxln -decreased 12 101; thyroid hypsrplasia - 121 

190 days) CDI 12 101, liver - enlarged. hspatoqomegaly 12 10); liver and 
urine porphyrins - inrrsarsd11001; serum choinsterol - 
incrsared 11001; food consumption - decrsased 
(in females 1001; b w -  dscrearsd 11001 

Special single dose Mouss lC578U61 DE.71b By gavage: 0.0.8.4, Ssrum thyroxin- decreased 12 0.811 I104  
toxicity 20, 100, or 500 

Speclal repeated doss Mouse (C57BL/61 DE-71b By gavugs: 0, 16.36, Ssrum thyioxin - dscreased 12 161 1104 
toxicity114 days) or 72 

Mouse lC578U6 Bromkal70.5 DEc By gavage 0. 18. or 36 Ssrum thyroxin - decreassd I Z  181 1130 
Liver somatic index- increased 136) 

Rat ISprague-Dawla/l Bromkal 70.5 DEc By gavage: 0, 18, or 36 Serum thyroxin - decreased 12 181 1130 
Liver somatic index. increased 1361 

TetraBDE 
Special repeated dose Mouse/C57BU6) 2.2',4.4'-TetraBDE Bygavage: 0 or 16 Serum thyroxin - decreased 1181 1130 

tox~ci ty( l4 days1 1, 98%) L~ver somatic index - increased 118) 
RatlSprague-Dawlql 2,2',4,4'-TetraBDE By gavage. 0, 1.6. or 18 Serum thyroxin. decrsassd l l B l  I%? 

1, 98%) 

I. I, war nolrlsar forlheauthorsoflha originai raparl whelhsr or nolihscompound war compound islaed 
.The daily dose lkn m@g bwldayi i s  arlimal8d barad on dlslaiy PBOE concanlrattmns and lhs generally used avsrags daily food conrumption of 10 giday in young rsl. 20 giday in older rats, and 3 alday 
in mice QE-11 is primarily a mi'turs 01 istra-, psnta-, and hsxaB0E containing tow isvslr 01 s i -  1, 1%) and hsptaBDE 1<2%1 la qromkat 70-5 DE is a cornmarrial mixture containing about 60% 
psntaBDEonddO% tstraBDE14 
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reduced growth,  diarrhea, pi loerrcr ion.  
reduced acrivity, clonic peoisrunr rrclnon o f  
forclimbr, red rraining around eyes and nme. 
and conrinuour chewing. Acure roxiciry of 
' l i l l l3E (puriry and iwmer proiilc nor spuci- 
fied) has only been studied in mice after 
inrraperirorle~l ( ip) ;~dminisrr:~rion (2.99). 
The i p  LDrll wlue of 125 mglkg clearly was 
lower rhan those rellorred for rh r  highrr-  
b rom ina r rd  congeners in rars afrcr oral  
adminisrrarion. This difference, howcver, 
does nor conclusively reflect a higher potmcy 
ofdiHDE; ir m y  havc rsulrcd from different 
roures o f  arlminisrmion and differcnccr in 
spmia sensiriviry. 

Skin and cye irrirarion srudics wirh ocra- 

and denBDb rwedcd only slighr or no l o a l  
irrir;~rion in nhbirs (2,54,75)). I3eaRl3E was 
nor chloracncgrnic i n  rabbis (2. In  human 
volunrocrs dewBDEdid nor caua skin irrira- 
rinn or skin sensitiurion (2.54.75. 

Subnn~re/subehrorric roxiciry. Suhacurrl 
suhchronic or;d roxicicy studies in rats have 
been carried our w i r h  drca-, octa- and 
ptnrnBDE prrparariot~r (Table 5). In g e ~ r n l .  
effects were less pronounced wirh decaBDE 
rh;tn wirh rhe orhcr rwo congcnrr groups. 
T;lrger orgns were liver, kidney, and rhyo id  
glrnrl. These organs were genemlly enlarged 
with or withour samc rlcgenemrive c11;tnges. 
I n  addir ion,  heparocellular ,necrosis was 

ohr rvcd in horh oral and inhnhrion rnxiciry 
studies wirh ocraBDFr. Toxic rffecrs were 
nored ar daily dienty doses o f  10 mg/kg bw  
and al,ove h r  penra- and onaBDli. D x d 3 D E  
was effective sr 80 mglkg bw  in one srudy, 
whrrear another study showed cffactr only ar 
much higher dcarr or no &s ;a all (54.72. 

P~rplyrin~egcnic acdliry. Chmnic hepric 
porhyria i s  a condit ion characterized by a 
liver disorder resulting in producrioo and 
excrerion o f  excess porhyrins. A commercial 
acraRI3E prcparai ion (10 pglrnl.) was 
srrongly porphyrinogenic in culrured chick 
rmbcyo liver cells after incubation for 24 h r  
(1001. Exposure o f  rars ra a commercial 
penraB13E in rhe dier (100 mglkg bwlday) 
for 13 we& resulted in  highly increased liver 
; ~ n d  u r i ne  concenrrarions o f  porphyr ins 
[unpublished d;tra, circrl in II'CS (211. Ir i s  
inreraring to nore char ocra- and pencaRl3F~ 
share the parphyrinogcnic acriiiry of dioxirlr. 
PCRs. m d  PI1Bs (101-103. 

In,munormicinr I n  a srudv hv Fowles and . . 
co-wnrkrn (10.0, imn~unologic (Ind other) 
effecrr o f  rhe I 'BDE trrepararion DE-71 [a  . . 
mixrore o f  rerra-, prnr:t-, and hemRDE wirh 
l o w  luvels o f  r r i -  (< IC%) and IhepraBDE 

. . 
mice were or.~lly exposed ro single I3E-71 
doses o f  up to 500 mglkg, or ro subcronic 
daily closes o f  72  mglkg hw  over a 14-day 

lwrcod, rording 1,000 mglkg bw. Suppmsion 
o f  ihe auri-SKDC responsr was seen only in 
rhr mice exposed ~~~lxhron ica l ly ;  rhis upmure 
;dso resulccd in drcressed rhymus weight. N K  
ccll acriviry was nor dreml. 

Imo~u t~o rox i c    or en rial o f  Bromkal 70- 

comparcd wirh char o f  a commercial I'CB 
17rrpararion-Arlrclor 1254-in Sprague- 
I3;twley ctrs and C57BL mice (103. I h c  ani- 
mals were given rhe preparations at 10-36 
n>g/kg hwlday for 14 days by  oral gavage. 
Mice we= ;also exlr,sed to B13E-47 ;tnd PCH- 
105. T h e  scudy showed rhzr rhr exposure ro 
PCBs inducer cenain immunologic alraarions 
in both species h ~ l r  signs o f  immunornxiciry 
alicr I'BIIE cxposurc were observed only in 
mice. Ihc rrducrion in  r p l e n q e  n u n l b n  in 

mice w;ts markedly decreased zftcr HI3E-47 
exposum ( I8  mglkglday). Mormver. Hramkd 
70 rwarmcnr ar 24 n d k g  mulred in dcr-I 
prodmion o f  lgG ;antibodies from pnk~weed- 
srimulard splenocyrr culruns a viw. 

In  an irr virro srudv on colrurrd human 

. . . .~ .~ . . 
pcnraCR (I'CH-105). 2,3',4,4',5-penraCB 
(I'CB-I 18). and 2,2'.4.4',5.5'-hexachloro- 

cztnrly alrcmd rhe proliferari\e response corn- 
p;xred wirh conrrol cells. Nor  even the I'CHs 
a f k e d  rhc l y m p h o ~ e  proliferarive re~ponu, 
although I'CBs ;tn: commonly known rn be 
immunaroxic in "itlo. The known discrepan- 
c i s  knvcen in uivo and in v i m  cffeccr o f  p l y -  
11:tlogennred aron l i~ r ic  hydrocarbons on 
intlnunolagic par;lmrrers may be :t resulr o f  
indirect  effrcrr 01- rhere compounds o n  
immune fi~ncrion it, uiw, e.g.. via posihle Ah  
recepror-cnediared hormone interacrions 
( 1 0 3 .  Canrcqucnrly, if I'H13F.r and I'CHr 
: l i t k c  rhr irnmune system via rhr ramc mrcha- 
nirn~(s), chis merhod may have linlirerl rele- 
vance for predicting rhe immunologic rffecrs 
o f  I'BDFA in uiw. 

T h e  immunon~ppressive porencics o f  
eight iranlrrr o f  rrrr;t-, pmr:t-, or hcwchlori- 
nared DFA were determined using rhe maua 
splenic plaque-hrming cell (I'FC) raponse ro 
shecp red blood cell antigens (93 .  The  iso- 
rncm dme d c m d r n r l v  decrolsed rhe number 
o f  l'l:0, with E13rl vdua b e m e n  0.14 and 
> 151 malkr: (aiven ;u a sinJc ir, dose). The - - -  " .  
imnnunotoxic effecr Ztppers to be highly iso- 
tncr specific, as rhcrr were rennrkablc differ- 
ences betwern differcnr isomers of pmra- 2nd 
hcx~chlarinared Dh. 

Reproducdve and ANrlopmrnal ron'ei'y. 
Krproducrivc roxiciry o f  I'IIDEs has been 
srudicd using commercial deca-, ocra-, and 
penr;tBDE prrpar;nrions and Sayrcx I I I, a 

can>rnercial inixrurr o f  PBD12.s conraining 
several congcncrr from pmra- to draBD1: of 
which rhe hepra- and ocraB13Es are nlrrrr 
abund:tnr (45 and 34% o f  al l  congeners, 
rapeaivcly) Oltble 6). Oneof the srudirs is a 
rat reproductive pcrfi,rmancc srudy w i rh  
decallDE Al l  orhrr srudia are remagrniciry 
srudics, and only Sayru I I I has been srudied 
in  b r h  rars and rahbirs. 

Effcas o f  deaRDE on reproducrive per- 
formsnce were srudied i n  male and fem;llc 
Sprague-Dawley (Sparran) cars given cot"- 
mcrrtd decnlll3ii in rhc d i n  in dm- of0, 3, 
30, nr 100 mglkg hwlday (2,5479, Gmup 
sizes were 20 ntales and 40 femals (conrrol 
group), 10 males and 20 fenlaler (the low- 
;and mid-dose group) :nod 15 trr~les and 30  
females (rhe highru-dorc group). Treacn~cnr 
began 60 days hefnre nlnring and conrinucd 
rhroud~our gurarion and lactation. No rrmr- 
menr-reltted chrngcs wcre replned in wpm- 
ducrbc perfortmnce or rmturarion o f  poIx. 

In a rrrarogeniciiy srudy with Spragtic- 
Ilawley (Sparctn) cars, commercial decalll3E 
war given in doses o f 0 .  10. 100, or I,OOO 
mglkg bwlday by oral gdvage on grsmrional 
days (-15; ferusa were collcred by ces3re;ln 
srcrion on gsrsrional day 21 (2.5479. No 
nuternid roxic eticrs in r u m  ofc l in iu l  signs. 
body weight gain. fmard consumprion, or liver 
weighrr werc nhscrved. Similarly, rhc nurnhrr 
o f  corpora luren. posirions and numbers of 
fetuses i n  z'rrru, indiv idual  fcrul weights, 
crown-lump lengrhs, and sex rarios were nor 

affecrrd by  rhe rrrarmenr. However, rigniti- 
clncly increucd it~ciclleoces of T C S O ~ ~ I ~ O ~  WLYC 

obsecvrd :tc rhe lower dmc levels bur nat ar r l l r  
1,000 mg/kg hwlday dose. I n  rhe ;~bsence o f  
tlumeric ;lr well :IS lhisroricd cconrrol dara, rhc 
porsihiliry o f  cmhtyolerhaliry cmnor be mdcd 
our. No cxrernd abnormalirirs wure obsc~vrcl 
in feruqes, bur soft risauu :and skdectl rxamina- 
rions revealed an  increas~.d numl r r  of l irren 
w i rh  pups w i rh  subcuraneous edema and 
delayed ossification o f  normally dcvelopcd 
hones of [he skull ar rhe dose level of 1,000 
mg/kg bwlday. Analysis o f  marerrnl and fewl 
livers fbr bromine concenrrarion (reflecting 
liver concenrcxrion of ducallDF) showed sig- 
nific'anrly increased concrnrrarions only i n  
maternal livers ar rhe 1.000 mglkg bwld ;~y  
close. Al though rhis srudy is inadequarely 
reporred, ir r u g s r r  rhtr dcaBDE is nor rrr- 
arogenic bur ch-arly fcrnroxic ar rlmc lwr i r  nor 
marernlly nnic. 

Ter~rogeniciry of a commercial ocraB13E 
prrpar;~rion was srudied in rars (strain and 
numhrr of mim;tls nor specified) receiving rhe 
r a r  compound 1~g~v ; tge  ar 0, 25. 10. 15. 25. 
or 50 m d k g  bwlday on gsrarional days 6 1 5  
(2). Rednced m;ttrmd hcrdy weidlr gain and 
slightly increased cholesterol levels, bur no 

hirroparhologic changes in livers or kidneys 
were ahsrrwd nr rhc 50 nxglkg bw1d;ty. 711ese 
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Occurrence, dietary exposure, a n d  toxlcology o f  po lybromlnated d iphenyl  ethers 

rnarernal effccrswere m a i s r e d  w i rh  marked 
fern1 roxiciry ar i n d i w r e d  b y  increased n u m -  
bers of late reulrpcions, significantly reduced 
mean fen1 weiahrs. severe aenrrali2ed edema - - 
(anasarca), reduced ossifiwrion o f  the skull, 
a n d  various unass i f i r d  boner. In addi t ion,  
drvelopmenral variar ionr such as bent  l i m b  
boner and  benr r ibs were rcpnrred ar rhe 5 0  
m g l k g  b w l d a j  d o r e .  No treatment-related 
cffccts were observed ar 15 mg/kg bwlday or 
lower, hut the  f indings ar 2 5  t n g l l y  bw lday  
were n o r  discussed. There fo re ,  t h e  no- 
observed-effect level (NOEI.) for marcma l  
r o x i c i t y  is 2 5  m g l k g  b w l d a y  a n d  for feral 
e&rr 15 m d k g  bwlday (2. 

Tenrogenic i ry  o f  rhe commercial Sapex 
I I I mixture war s r u d i d  in four groups of 25 
Charles R ive r  (Spngue-Dawley) rats (63). 
T h e y  were adminisrered corn o i l  rurpendonr 
o f  rhe resr suhrancc by g a w s  at  0, 2.5, 10, 
or 2 5  m g l k g  bw/d:ay on gesrar ienal  day r  
6-15. Fetuses were examined on day 2 0  fo r  
gmss visccral md rkcleral nbnormaliries. T h e  

tea  srthsrance was found  r a  be more roxic ro 
rhe frnrscs r h m  a, rhe dams. I t  rcsulred i n  a 
dose-dependent  r e d u c r i o n  o f  feral b o d y  
weiahr ;ar rhe nuo h i a h a r  dose levels. A r  2 5  - - 
m g l k g l d a y  i r  also increased the  n u m b e r  o f  
early a n d  lare rcrorprions, delayed skeleral 
ossific.~tian, and  induced feral malformarions 
such as enlarged heart and  rear l i m b  malfor- 
mations ( t w e  of malbrmar ion n n  specified). 

Ter ; tmgenic i ry  of Sayrex I 1  I war also 
srudied in groups of 26 N e w  Zrll;\nd w h i l e  
rabb i r s  b y  r h c  13ow C h e m i c a l  C o m p p n y  
(108). T h e  nhh i r s  wete administered the rest 
auhsencc b y  gav:ige ar 0, 2 ,  5, or 15 m g l k g  
b w l d a y  on ~ e s m r i o n a l  dayr 7-19, a n d  rhe  
feruses c a l i e c t c d  on ger;arional.day 28 .  
Approximately lhdf of rhe Fetuses in each lir- 
rer were r a n d o m l y  assigned for sofr r i r rue  
examinat ion.  In addi r ion,  a l l  ferorer were 
examined for skcleral alterations. Mare rna l  
b o d y  w e i g h t  s h o w e d  a d o s e - d c p e n d r n r  
d e c m w  that war srarirtically significant on l y  
ar 15 mg/kg hwlday (93% ofconrro l  weigh(). 

Also, rhe absolure and b o d y  weighr-relared 
l iver w e i h r s  wcre incrnsed at  this dase level. 
O n e  r&ir at 5 mg /kg  bw lday  and  nva r a b  
bits i t  15 m d k g  bwlday delivered their litrets 
p r i o r  to ges&innal d;,; 28. I n  addit ion, one 
rabbi r  a t  15 m g l k g  b w l d a y  was k i l l ed  afrer 
exhihir ing signs o f  abortion. Th is  animal had 
mult iple rpsorption sires i n  rhe urelus. Except 
fo r  these animals, t he  n u m b e r  of resorpdons 
W ~ S  not affected b y  the rrearment. Signs o f  
fera l  r o x i c i t y  were s l ighr  (nons ign i f icanr)  
decreases in feral b o d y  weighrs ar 5 and  15 
m g l k g  b w l d a y  a n d  increased incidences o f  
de layed oss i f i ca r ion  o f  rhe  hyo id ,  d e n t a l  
p m c e n  (ar 5 mg/kg/day only), md rrernebrae 
ar 2. 5. a n d  15 m g l k g  b w l d a y  (sratisricslly 
s ign i f i can t  o n l y  s t  1 5  m g l k g  b w l d a y ) .  
Trearrnenr- re lared feral var ianrs  i n c l u d e d  
increased incidents of rer ronval  ureter and  
fused srernebrae at  a l l  dare levels o f  Sayrex 
1 1  1, w i t h  t h e  m a x i m u m  i n c i d e n c e  ar 5 
m g l k g l d a y  (srarirrically signif icanr).  These 
var innrr  were abrenr  f r o m  rhe  concurrenr 

Table 6. Summary of the reproduction and devalopmantal toxicity sludisr on PBDEs. 

Dosage 
Study Specisslstrain) PBDE l p u h l  lmglkg bwldayl Effscr ldoss svsl for ob rs~ad  effect] Refarenca 

D8caBDE 
Reproduct~va Rat iSprague.Dawlay] O8caBOE 177,4%1. In diet: 0.3.30, or 100 No compound-rslatsd effects 

eariormance NonaBDE 121 0%). 
OclaBDE 108%1 

Taratoganicily RatiSprague.Oawlsyl DecaBOE177.4%] By gavage 0, ID, Fatal toxicity- rasorptions11001, subeutanaous 12.54,791 
NonaBDE lZl.B%l 100. or 1000 adsma, delayed oss~ficatlon 11.000) 
OctaBOE 108%1 

OctaBDE 
Teratogsnic~ty Rat {not spscifiadl 

Taratoganicity flat ICharlas Rivor Crb: 
COBS CD ISDI BRI 

PentaBOE 
Teratogsnicity Rat lnot spscified) 

Special MousalNMRll 
davalopmantal 
toxicltv 

DE-79 By gavags: 0.25.10 Fetal toxicty - late rsrorptions. weight dscrsased, 111 
15.25 ,or 50 anasarka, bent limp banas, reduced ossification. 

bent ribs 1501; maternal toxicity - bw 
dacraasad, serum cholesterol increased 1501 

Saytax 111' By gavags. 0, 25.10, Fatal toxiclty - weight dscrsasad IZ 10, rosorptions 164 
or 25 dslayad ossification 1251: fetal variatlonsl 

malformations. enlarged hean, rear limb 

Saytsx llld By gavage: 0.2.5. or 15 
,. ...,....... 

Ipta in., 1, - nob,C: 015 1:al ~n 2 2  n~cj11 
aerraaseo > 5, lasnrpl cns7 15, lsla ,a, at onsl 
m3 lolmal ons . lellotara .rela( 2 51 f.seo 
s'nln<.112P 5 lllllbln0 IOL  C I. - " A  - ~ -  ~ ~ ~~ 

gain decreased, iiver anlargedi151 

PantaBDEicommerciail By gavags: 0. 10, 100, Maternal toxicity. bw gain decreased la 
or 200 (Z 1001, fetal toxicty - weight dscreasod12001 

2.2'. 4,4',5PenlaBOE By gavaga: 0.08. or 12 Davalopmantal naurotoxicity - impaired lllll 
on postnatal day 10 habituation ilocomotion. rearing, total activity1 

in adulthood; worsens with aging: impairad learning 
and memory functions 1121 

Spacial Mouse lnot specified) 2,2'.4,4'.5-PenlaBDE By gavags. 0 or 8 on Developmental nsurotoxicil/. - impaired 1114 
dsvslopmsntal postnatal day 3, 10. rpontansous motor bshavibr in adulthood: 
toxicity or 19 nicotne.induced hypoactivityl81 

Spacial Ratlnot spac~fiad] DE-71b By gavaga 0. 1. 10, Offspring toxicity- serum thyroxin decreased 12 I1 I1311 
davalopmantai or 30 lo dams on Maternal toxicity - serum thyroxin decraased 1301 
toxicity gestational day 6- 

postnatal day21 
TetraBDE 

Special MousalNMRll 2.Y.4.4-TalraBOE By gavage: 0.01, or Davalapmantal neurotoxicity . impairad 11111 
dsvslopmantal 10 5 on postnatal habituation llocomotion, rearing, total 
toxicity day 10 activilyl in adulthood: worsans with aging 11051 

5 8 ~ 1 8 ~  111 11 o c~rnrnsr~ist mixture ronlnlning pentaBDE, 02%; hsxaBOE, 8 6%, heplaB0E. 45%: omaB0E. 33 5%: nonaB0E. It.?%, and dscaBDE. 1.4% la 'DE-ll ir primarily a mixture at etra., penta. 
end hexa8OCcontalning low lsvslr o l  tri.l>l%)and hsptaBDE IbZ%lI?i 
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controls, bur  rh ry  were repnrrcd ro have 
occurrrd at relatively high frcqurncirs :among 
some hisroric;~l conrrolr. This fncr and rhe 
lower incidence ar 15 mg/kg bw/day cnm- 
pared ro 5 mglkg l>w/day led rhc nrlrhors 
( l o @  ro consider these ~ r i a r x ~  spn ranmus .  
Nevcrrhelesr, we consider rhar the results 
indicjre a Pt3l)E-indued incc;~sr in rhcinci- 
dence of fetal variations. Isolared incidcnca 
of fcral malfnrmarinnr were observed in a l l  
grcrups including conrrds, hut rhey were not 
considered ro reprrsenr a reramgenic etFecr. 
We concluded rhar Sayrcx I I I caused feral 
toxicity and varianrs ;ar matern;illy nontoxic 
dose levels. 

A renrogrniciry srudy wirh a commrrclal 
pen~aRIJE prepararion war wrricd out in rats 

(src~in and n u m k r  of;mimJs nor specified) 
(2). The  rest compound was suspended in 
corn oil and given by pvage a t  0, 10, 100, or 
200 mglkglday on gesratiotlal days 6-15. 
Maternal body weighr gain was dec racd  at 
100 and 200 mg/kg/rlay, and a slight (non- 
significanr) rcducrion o f  feral hody wcighr 
was nh rewd  ar 200 mdkddav. 

Trarmenr of  pregnanr mice and nrs wirh' 
cenlin pun. I 'CDE congeners on gesrarional - 
days (-15 rsulred in embryolerl~zlir~ as indi- 
cared by  rhe decreased number o f  lirrers or 
pups horn to dams ;~dminisrrred rhc 100 
mglkgldsy dose (109). I n  mice, rh r  morr 
pnrenr congeners were 2,3'.4'.6-rcrraC13E 
;and 2,2',4.5.6'-penraCDI:., hur also 
2,2',4,4',5.6'-hexaCI)E and 2,2',4.4'.5.5'- 
hrxnCDE cmred a slight bur srarirrically sig- 
nit icanr effecr. T h e  orher f i ve  congrncrs 
srudicd d id  nor show ;any signs of r n~b ryo -  
rmiciry ar dnre l cw ls  up ro 100 mg/kglday. I n  
rats. 2,3'.4'.6-rcrniCDE.. 2.2',4,5.6'- 
pennCI3E 2nd 2,2'.4,4',5,6'-hexi1CDE were 
rrudicd: a l l  were emhryornxic in rerms o f  
number o f  pups born  or pup  wcighr. N o  
srrucrural hallmarks in the PCI IE  malrc~t le 
relared to embryotoxiciry could be rrrrahlished. 
Howewr, a common fc:irure o f  the congeners 
causing prenaral morr;aliry was ;ar least two 
chlorine suhrrirucnrr ;tr rhe onho position 
(alrhough nor a l l  congrncn wirh rhh propcrry 
caused prenactl mon;tliry). lnducrion of CYP 
rnryr~~cs did nor carrrl;~re well wirh.rhe ability 
o f  rhe congenets ro wuw emb~yoroxicity. 

lleprnducrion and ~levelopmenral roxicity 
scudis showed that in general f n u c r  are more 
5ensirive ro Pl313Es chat> rochers. ;and rlwr the 
incrrzscd incidence o f  d ~ v c l o p m r n d  varianrs 
is n frequent feral eifpr. Although i r i s  k n o w  
that maternal toxicity c:m i n f l u m e  fetal a s -  
fic;aion (110, rhe frr;~l clfects reern to appear 
in lower doses r h v l  those indiwrive o f  marrr- 
nal roxiciry (rwnifesred r s  decre;srd hw  gain 
;xnd incleased liver w ighr  in  some aqa).  

Nruromn'n'ry. The dewloping cenrctl nrr- 
VOLE rysrem i s  a Pormrbl r;uger for roxiciry of 
I'B13Er. Nennlral  micc givcn a single oral 

dose o f  l l l l E 4 7  (10.5 m d k g  bw) or I3DE-'r) 
(12.0 mg/kg bw) nn p s r l ~ ~ r a l  day 10 (coinci- 
dcnr wirh the r;lpid brain growrh pe r i d )  had 
lxrmanenr impairn~enr o f  spontaneous moror 
behavior in ndolthcnd (110. The l:nrrcr con- 

gener also aifecrd learning and memory fun'- 
rionr. Funher scudis wirh HDb99 confirmed 
rhcse permmnmr Ihchavioml effects (lI2.113j. 
Furrhcrmure, studies w i rh  ' 4 C - ~ 1 3 E - 9 9  
revealed cnncenrr;arions in the bn ins  o f  10- 
day-old rnicc similar ro chose ohscrved for 
crrher suhrrances ( D D T  nod cerrnin PCB 
congeners) char induced rhc same rype o f  
hchavionl cffecrr in rarlier srrtdies The n r u  
rcdcvrlopmental nxiciry o f  I'HDEE apklears m 
involw c h ~ n g a  in rhe cholincrgic syrrrm and 
m:ty also he related ro slrcred rhyroid home- 
osraais. The lnrrrr lhyporhesir is  based on rhe 
facr char br:nin devclopnrnr i s  highly depen- 
dent on rhyroid hormones (114). PClh  and 
I'C13Ds char, like I'BDFJ. ;tltrr rhc rhyroid 
hormone 1homeosr;ais have heen suaesred ro 
disrupt bmin devrlopmenr, resulring in per- 
manent ncumlogic <bmage (115.116J. 

Gororoxieiry. 'She genoroxic potential of 

cornmerci;~l grade &,a-, ata-,  and pcnr&DF~ 
h:ts been ew~nined in several, mosrly u,npub- 
lishrd, r t ~ td i r r  (2). Mutagenicity rcsrr carried 
our on four rrninr nf &honrlkz tyhimta~tm 
with a tmhnia l  prcdncr o f  decnRDE ( H F O  
102) and commercial decnRDE w i rh  and 
wirhour merabolic activation were negative. 
Similarly, srudius in  rukaryoric cells urilizing 
yeast (Snrrhnromyrrr <erroiriar) and rhe 'TK 
locus o f  rhe motlre lymphoma cell l ine  
1.5178Y wirh and wirhour m e r h l i c  acriv;aion 
were negrive. Corncncrdal dewRDE did nor 
induce chromosoml ahrnrions or sisrrr chro- 
m;~ride exchanges in Chinese hamster ovary 
cells wirh or wirhnur menl>olic acrivarion. 
Kr~u l r r  were also ncparive in ~yrogenrric exam- 
in;ainn rrf hone marmw cells from pdrrnr rats 
exposed ro dewHDF. (nr dose levels up ro I00  
mg/kg/day in  a repmlunion srudy) and rheir 
wclnlings (M.79. 

A comntercial ocraBI3E prepanrion was 
found m k negarive in  unwhrduld D N A  vn- 
rh~sis assay in rhc human fihmhlasr cell line 
WI-38 wirh ;and wirhour mcralalic acri~trion. 
Ir tneirher ihduced mucarions in S. ryphinanrrirrm 
or S. crrrsiriar nor caused sister chromaridc 
c x ~ l u n ~ n ~  in Chinac h.mrer ovary cells wirh 
or wirhour incrabolic acrivarion. Murqcnicity 
rrodirrr wirh a commercial pcnraBDE prcpwa- 
rion in  four srnins o f  S typ/,i?mnn,irirnn~trl in  S. 
cm~i r ia rw i rh  w d  wichour mnbol ic  acrivarion 
were all negative (2). 

In rwo ;assays for intragcnic rcco~nhina- 
rion ar an endngeno~ts mammalian cell locus, 
lower-brominared I IEs (2-mnnobromoDE 
and 3.4-dihrornollF) as well .u orher bromi- 
nilrcd Hanr rerardanrr CTBB1'-Aand HHCD) 
significanrly increstxi rhe recombinarion f re 
qocncy ( / l a .  The possible rnlr o f  chis typ: 

of increased in rngeo ic  recombination i n  
hum;tn diseases remains to he c1;lrifird. 

In conclusion, rhsc  arudies, alrhougl~ nor 
complere stare-of-rhe-;~rr gennroxiciry r e r  
barreries, suggcsr rh;tr none o f  rhe I'HI3Es 
exanlincd are gcnoroxic. However, rhe pmri- 
ble increase in  inrragenic recombinarion. 2s 
observed for ihelow-hn>minated I)&, should 
be nored. 

Cnrcinogeniciry. Rodent carcinogeniciry 
bioassays have hern  carried our only filr 
dewl3l IE (2.1 18). A mouse scudy and a rar 
study have heen reported in rhe National 
Tox ico logy 1'rngr;trn (NTI') rcporr ( H O )  
(Tal,lr 4). and a mr r rudya f l im i reddue  h;. 
been conducrcd by  the D o w  Chemical 
C a n y n y  (83). 

In rhr NTI' mouse srudy (80 ,  dec;al3lJE 
(purity 94-99Yo: no hrnminared dioxins or 
furws found) lnlixed in rhe diet w;ur givcn to 
g m u p  o f50 nwle and 50 IGmale I%C3FI inice 
for 103 weeks; a l l  survivors were k i l led ;at 

1 12-1 13 wecks oFagr. 'She concrnrration of 
decnHI3E in the diet w;s 0, 25, ;tnd 50 g/kg. 
The average daily exprsure ro drcaHDE was 
esrimared to be 3.200 ;md 6,650 mg/kg hw/d:ay 
in  low- and lhigh-&se m;~lcs, rapccrively, ;xnrl 
3,760 and 7.780 mglkg bwlday in law- itnd 
high-dare fenwlrr. Body weighr dewbpmcnr 
and survival of dec;nHDE-rrenred mice were 
compnble ro rhaje in cnnrmls. Liver gr~nulo- 
mas were oharvrd in low-dore malcr and liver 
hyperrrophy i n  low- ;~nd high-dose m;tlcs. 
Significwdy incrrarcd cnnlhined incidence o f  
heparacllular sdenmn;~ and carcinomas w:u 
ohse~vcd in male mice (8150 in controls. 22/50 
in low-dose, and 18/50 in high-dose males; 
trend nor significanr), whereas the combined 
incidenca of rhyroid follicular cell  denom om as 
:tnd c ~ r c i n o m u  in malm (0150 i n  conrrols, 
4/50 in bwdnse. m d  3/50 in high-dow m l a )  
and fcrnalcs (1150 in conrrols, 3/50 in low- 
dore, ;and 3/50 in high-dose fei.maler) were 
incrosed only ~nonsignif iunrl~. 1:urrkrmnrr. 
hllictll;xr cell hyllerplasia wu incrmsrd i t  bclrh 
dose lcvels in males and fenwles. 

I n  a srudy b y  rhe D o w  Chemic;xl 
Company ((13, groups o f  25 nn~ale and 25 
female Sprague-Dawlcv rats were givcn . 
"decri l l l lE" (conraining decaB13E 77.4'Yu. 
nnnalll3E 21.896, and ocraHDE O.8Yo) in rhc 
diet fbr 100-105 wrrkr. '1%" dose ImrL  were 
0, 0.01. 0. I, and I mglkdday. Tk rremmrr>r 
d id  nor have any influence on survival n r L . r ,  

:Ippe;lr:lncs body weights, feed consumpriun. 
hematology. ttrinalysis, or organ weights. 
'There were no orher disccrnble roxic effmls. 
and no significmr diflrrcnces i n  number of 
cars developing rumors bcrween the groups. 
'She 1nternation;rl Agency far Kcsearch on 

Cancer ( IARO Working <;coup la inred our 
chat rhr. d m  levels *re very low (2). 

I n  rhe N T P  n r  study (KO, groups of 50 
rnr lc ;,nd 50  female I'ischer 3 4 4 / N  rzrs 
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received decaBDE (purify 94-99%: no 1254 treanenr (Inch given ar a single dasc of disrupt rhe rrnnsporrsrion o f  rhyroid hor- 
brominared dioxins or furans found) mixed 300 nlglkg bw). However, Hnllgren and mone by displacing rhun from rhe rhyrmin 
in rhedier for 103 weeks, all rurvivon were Darnerud (90) observed a much weaker plasma rranrporrer, rransrhyrrrin (TI'R). A 
kinl~.d :I< I 1 1 - 1  12 ueuk. oi . lgc.  7hc ;w;cn- ~r~dc.cr:<ul hy l\l>F.-47 rnan Aroclur 1254 pn.lin~.nnry rrt.,Iy rrvedrd rh.lr iwcrd mire- 
rr.ul.an ot"Iec$\l)li in rhr dirt WAS O 25. tnd when ~ v c n  crsls rn nr, .n ~omol;,r cllru,. sz~nn: i l  l'l\l3l,. ~nc~~ lx~ . i tes  [ I IW 'iten~~tiecl) .arc 
50 g/kg dier, and the errimarer for average 
daily doses o f  decallDE were 1,120 and 
2,240 mglkg bwlday in low- and high-dose 
mnler. rerpecrively. and 1.200 and 2.550 
mg/kg bwldny in law- and high-dose fmder. 
respectively. Body weights of rhe draBDE- 
rreared rarr were nor significantly different 
from chose of conrrols. Aha  week 75 survival 
rates of rhr rrcared groups were lower rhan 
rhore of conrrals. In  high-dose mda, rhrom- 
bosis and drgenerarion of the liver, fibrosis of 
rhr spleen, and lymphoid lhypcrplasin were 
observed. The incidences of neoplastic nod- 
u la  of rhe liver (adnlomas) were rignificanrly 
increased in borh males (1150 in conrrolr, 
7/50 in low-dose, and 15/49 in high-dose 
males; p < 0.001, incidenral rumor test for 
trend) and femdes (1150 in controls. 3/49 in 
low-dose, and 9/50 i n  high-dose females; 
p - 0.002, incidenral rumor rerr for trend). 
However, no differences i n  incidences of 
heparocellular carcinomas were detected 
among the groups. Significantly increased 
incidences of acinnr cell adennlnar of rhe pan- 
crras war o h s e d  in m d a  (0149 in conrrols, 
0150 in low-dose, and 4/49 in high-dose cars 
p = 0.017. incidenral rumor rest for trend). 
Addiriondly, high incidences of mononwlear 
cell leukemia were observed in treated and 
cnntrd rats of both sexes. 

These srudies have led ro a conclusion 
rhar rhere i s  limited evidence for c;trcino- 
gcniciry of declBDE in expcrirnenrd nnimalr. 
;and rhar decaBDE i s  nor classifiable ns ro i t s  
c;nrcinogenicity to humans (Gmup 3) (118). 
The lack of genoroxicity suggerrr chat rhe 
mechanism of rhc pnsaiblc c;trcinogmiciry of 
decaBDE would be epigenert. 

Ah rrre~tor-mrdiotrd effects. Polvhala- - 
grnarrd aromatic hydrocarbons exert many 
different mechanisms of roxiciry. One they 
share in common, however, may be the Ah 
rrreptor (AhR) binding effccrs (96). The k s t  

chracraivd and one of rhr most semirive of 
rhe AhR-mediated phenomena i s  rhe induc- 
tion of isorn~ymcs CYPlAl  and CYPIA2, 
bur rhe role ofAhR in mediaring roxic eKeas 
i s  less understood. Recenr studies i n  AhR- 
deficienr mice. hwwer,  srrongly supgat r h r  
ar leasr I'CDDinduced rhyrnic atrophy and 
rhe most characrcrivic liver lesions would be 
mediated 13, rhe AhR (119. 

Several studies have shown rhar I'BDEs 
nlav induce wveral tnicraomal enzvme activ- 

- 
The AhR agonirr and anragonkc activiria 

of a series of 17 PDDE isomers were recmrly 
studied using n reco~nhinant H41IE rar 
heparoma cell line wirh a lucifer:ue reponer 
gene, the CAI.UX-asmy (91). Seven o f  the 
congeners induced lucifrrnse expression. 
whereas nine conaeners decreased TCDD- - 
induced luciferase expression. Thus, some 
pure I'BIIE conwnas act4 via rhr AhR sip,- . 
nd rnmducrion parhwty as anr;lgoninr, ago- 
nkts, or borh. Their porcnda, however, were 
noproximately six orders of magnitude lower . . 
r h n  char of:I.~13~ bur compakble ro rhose 
o f  some mono-orrho PCBs such as PCB-105 
and PCB1 18 (120). The above srudies sug- 
gesr rhar PBDEs may have cerrain AhR bind- 
ing acrivirier, alrhoughrerulrr deviate. 
However, i t  seems less likely rhnr the AhK 
would h;we any major role in mediaring toxic 
effects of pure PBDFs. 

Effects on thyroid hormone,. Several 
rrudies have dcrnonsrratcd rhar exposure to 

dioxins and rdatd con~poundr are assockred 
wirh complex alrenrions in rhyrnid funmion 
(121-129. These alrw~rions include two dif- 
ferent basic mechanisms. First, rhere i s  
increased eliminnrion o f  rhyroid hormones. 
especially rhyroxin (T4), primarily because of 
induced acriviry o f  UDI'C;T in liver, which 
leads to acceler~red hepatic cleannce of 'r4. 
This has been reflected conisrrnr ly  i n  
decre~red serum levels o f  roral and free '1'4. 

Alrerarionr o f  5'-deiodinase ncriviries may 
also change renun and tisue levels o f  rhynid 
hormons (124. Second, many organohalo- 
gen compounds srrucrurlly rexmble rhyroid 
horn~ones and rherdore compere for hindina 
to rhyroid hormone reaepron and rranrporrrr 
proteins (121,125120. In fact, lhalopnared . 
DEs appear ro bind ro rhc rhymid hormone 
recepror wirh higher affiniry rhan planar lig- 
andr do (93), and rhaebrc PBDFJ are likdy 
ro he more potent thyroid agonisrs (or anrag- 
onisrr) compared wirh many orher classes of 
organohalogen compounds. Hydroxylared 
PBDE merabolires are of parricular inrrrcrr 
bwause rhyroid hormones are also hydroxy- 
halagemred DFJ. Hydroxylated PBDE con- 
gencrs 4'-OH-1,3,3'.5-rcrraRDE and 
4'-OH-1,3.3'.5,5'-pcnraBDE rhar rhroreri- 
cally show rhc highest strucrural rimilariry 
wirh rriiodorhyronin (TJ) and T4, respec- 
rively, have rhr lhighar binding affinities to 
the rhvroid hormone receptors (I27j. The 

porenr compedrors o fT4  binding ro human 
TTR (128). Inreresringly, n~erabolism o f  
BDIG47 by phenabarbital-ir~duced micra- 
somes (mainly CYP2B) rerulred in a srrong 
incie;tre in 7 T R  binding, whereas P-naph- 
rhoflavone-induced rnicrosomer (mainly 
CYPIAI) did nor. Binding ro'I1'K has been 
shown ro be n genenl properry for hydroxy- 
latcd mrr~hol i tes o f  PCBs and o f  other 
orgnohalogen canpounds (123,129. 

Recent studies have shown chat PBIIEs 
share rhe general propcrry o f  several 
organohalogen compounds in lowering the 
serum roral and free T 4  i n  mice and rats 
(90.104 13fh. Significanrly decreased serum 
1'4 concerirr~tians were found in C57BUG 
mice rreared orally wirh a commercial , 
penrallDE mixture (ill?-71), borh afrerexpo- 
sure ro a s in~le dose of 0.8-500 mp,/kp, bw 
and aher dairy exposure for 14 days~ro;ord 
doses of 250-1.000 mg/kg bw. i.e., 18-71 
mg/kg bw/day (104.  Similarly, Sprague- 
Dawley nrr  and C57BU6 mice given daily 
oral dasa of Bromkd 70 for 14 days i r  rord 
dose levels of 0, 250, or 500 mg/kg bw (0, 
18, or 36 mglkg bwlday) rhowed significant 
dose-dependent decreased levels of plasma 
r o d  T4 ((N(4. Rats proved ro be more senri- 
rive rhan mice. The plasma rhyroid- 
rrimularing hormone conccnrrarions were 
largely unaffecred. Thc pure congener BDE- 
47 was eqd l y  or more porenr in decrearing 
serum roral T4 than the commercial 
pmmfiDE in mice suggesting thar rhis rffscr 
i s  nor caused bv impurities of rherechnical 
grade PBDE mkrur; In  addition, rhe rechi- 
cal aradc PCB mixrure Aroclor 1254 (con- " 
raining abnur 5% penraCH) and rhe pure 
congener I'CB 105 (a nldnc-ortho PCB wirh 
same AhR binding affinity) were slightly 
more paent than the PBDEr in causing rhes 
effecrs i n  mice. I n  continued studies an 
Spmgue-Dawley mts, daily oral doses of 
BDE47 for 14 days rcsulrrd in significantly 
decrescd serum levels of fm T 4  levels ar 18 
mg/kg bwlday and gave a NOEI. for this 
effrcr o f  6 me/kc bw/dav (YO). Moreover. 

W "  

BDE-47 induced a synergisric effecr wirh 
remnical prrpararions of PCDs or chlorinated . . 
paraffins in deaeasingT4 levels. 

In  addition ro rhr decreased T4 obre~ved 
after rrearmenr wirh lower bromimred DEs. 
indirecr evidence suggurrr rhar decaBlIE may 
also affecr rhvroid function. Increased inci- 

- . ' - - .  
and co-workers (84) the same levels of rhe endogenous ligands 'I., and T4. Another cell adenmas and carcinomr were olaerwd 
I X O D  induction were obse~ved aher expo- porrnrially significant property o f  hydroxy- in decaBDFraeated mice in the NTP arcino- 
sure of r;trs to pcnraBIIE as afrer Aroclor lared PBDE nlerabolires i s  rheir ability ro geniciry bioassay (80. Furthermore. worken 
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Ava i lab le  w i d r n c r  supgats that in sp i re  o f  
c e r t a i n  s r r u c r u r a l  s i m i l a r i t y  to d i o x i n s ,  
I'HDFJ arc weak agon i r rs  o f  t h e  AhK. In  Facr, ' 
o b n r w e d  A l l R  ef fecrs (cg.. C Y P l A l  induc- 
t i o n )  m a y  h e  a t  leatr  pa r t l y  a t t r i b u r d  ro r h d r  
h i g h l y  p o t e n r  p ~ l y h a l o ~ e n a r e d  d i o x i n  or 
furan i m p u r i t i e s .  T h i s  coupled with r h e  lack  
of o b v i o u s  d i o x i n l i k u  r o x i c  effects ruggesrs 
r h a r  t h e  p r i m a r y  m e c h a n i s m s  of r o x i c i t y  o f  

FBI)I% are d i f f r r e n r  from r h o s c  o f  d i o x i n s .  
However, i r  ;appears l i k e l y  r h a r  lhalogenared 
DEE a n d  r h e i r  hydmnilnrPd m r r a b a l i r e s  bind 
ef fec r i ve ly  ro r r a n s p o r t  p r o r e i n s  For r h y r o i d  
h o r m o n e s ,  a n d  r h a r  a l r e r s r i o n  of t h y r o i d  
h o m e n s r a r i r  hy chis and p e r h a p s  a lso  o t h e r  
mechan isms m a y  represent  an imporrmr ;tnd 
c h a r a c t e r i s t i c  m e c h a n i s m  o f  t o x i c i t y  o f  
PBI~FJ. 

T h e  m m r  sensir ive end p o i n t s  o f  t o x i c i t y  
d c r e r m i n i n g  L O A E L  a n d  NOEL valua w e r e  
t h e  h e p a r o m e g a l y  with c y t o p l a s m i c  eos ino-  
p h i l i c  "round bod ies , "  f c r a l  a n d  m a t e r n a l  
t o x i c i t y ,  a n d  d is tu rbances  of  r h y r o i d  h o m e -  
osraris. A lso ,  r h e  r e c e n r l y  d i s c o v e r e d  neuro- 
rnxic ef fec t  of severa l  PllDE congeners a t  
re la r i ve ly  low levels s h o u l d  be n o r e d .  T h e s e  
effeas and t h c i r  r igni f icana:  r h a d o r c  s h o u l d  

Tabla 7. NOELand LOAEL valuer of orally administered PBDEs in diffsrent toxicity studies. 

NOELlmglkg LOAEL ImgRg 
Study Spacles PBDElpurityl bwldayl bwidayl Effect Reference 

- 

DecaBDE 
Subacute toxic~ty Mouse DsaBDEI%%I 15,000 - - 

114 days1 Rat DecaBDE199%1 10,000 - - 
Subacute toxicity 

128 days1 
130 days) 

Subchronic toxiclty 
113weeks) 

Chronic toxcity. 
carcinogenicity 

OctaBDE 
Subacute toxicity 

128 daysl 
Subchronic toxicity 

113 weeksl 
Tsratogsni~ity 

PsntaBOE 
Subacute toxicity 

128 daysl 
Subchronic toxicity 

190 days) 
Teratogsllicily 

Special development 
to~ic i ty  lmaternal) 
exposure on GD 6 
PNn 711 

Rat D8caBDE lcommarciall 100 
Rat DecaBDEl77.4%1, nanaBDE 8 

121.8%1, octaBDE 10 8%) 
Mouse DecaBOEI,91%) 7.500 
Rat DacaBDE b 97%) 5.000 
Mouse DncaBDEi94-99%1 - 

Rat D8caBDEl94-99%) - 
Rat DecaBDE 177.4%). nonaBDE 100 

121.8%), mtaBOE IDE%I 
Rat DacaBDE 177.4%). 

Rat 

Rat 

flat 

Rat 

Rabbit 

Rat 

Rat 

Rat 

Rat 

PantaBOE lcommsrciall 

DE-71a 

PsntaBDE lcomrnorciall 

OE-7In 

- 121 
Thyroid - hyparplasia 154.79 
Llvsr - enlarged 

180 
180 

L i v ~ r .  hypsnrophy, granulomas adenomas. 1867 
carcinomas, thyroid - iollicular cell hyperplasia. 
adsnomas, carcinomas 

Livsr - adenomas 180 
15479 

Fetal toxicity 
Malarnal toxicity 

- 10 Liver - hspatocyfas enlarged. cytoplasmic 
eosinophilic round bodies 

- 10 Liver- enlarged 

15 50 rstal toxicity 
25 50 Maternal toxicity 
2.5 10 Fetal Toxicity 
25 - Malernal toxicity 
- 2 Fetal toxiclty 
5 15 Matsrnal toxicity 

- 10 Lwer - enlarged, cytoplasmic susinophilic 
round bodies: thyroid - folicular hypsrplasia? 

2 10 Serum thyro~in - decreased, thyroid hyosrelasia; 
Ilvsr - enlarged, hepacytomsgaly 

100 200 Fetal toxlc8ty 
10 100 Maternal toxlclty - 1 Offsprang toxlc~ty serum lhyroxln decreased 

10 30 Maternal toxicity: serum thyroxin 
decreased . . . - - . , - - ~  - - ~ ~ -  

Spacial single doss Mouse DE-71a - 0.8 Serum thyroxin -decreased IIOd) 
toxlcity 

Spacial repeatad Mouse Bmmkal 70.5DEF - 18 Serum thyroxln . decreased 1130 
doss toxicity114 days) Rat Bromkal 70-5DEc - 18 Serum thyroxin. decreased 1130 

Special devalopmental Mouse 2,2'.4.4',5-PsntaBOE 0.8 12 Developmental neuroloxicity i l l 1 1  
t0x i~ iN.  ~ i n o l a d o ~ ~  
O ~ P N Q I O -  ~~~ 

Spsclal davelopmental Mouse 2.7.4.4'5-PanlaBDE - 8 Developmental nsurotoxicity 1113 
toxlcity, sing18 Uoss 
onPND3. 10,or 19 

TetraBDE 
Special repeated dose Mouss 2,2'.4.4-TelraBDE - 18 Serum thyroxin - decreased 1130 

toxicity114 days) Rat 2.7.4.4'-TatraBDE 8 18 Swum thyroxin - decreased 190 
Special dsvtllopmmtal Mouse 2.T.4.4'-TstraBDE 0 7  1 0 5  Davalopmsntal nsurotoxicity 11111 

toxicity, single qoss 
on PNO 10 

AUOIP. dl.onl GO ~e!~aiona "a, Phn pertnaca la, 
C i , l a ~  Ill r d r n n n p r . i  n i ~ . ~ s r r n ~ . .  in:prqa80c 02% relrenI se% neec~8cc 15% orm80~ 315% noln0OI 11 2% ma .~era50t 14% rl 9[ 1 1  r p!rn?,*, nrn.t.rp~l~are P P P I ~  
11.1ret.di1I n n , J 1 1 1 ~  oh G . . ~ : ~  , .I% n r r z r n 8 r c  ;25 1 Z,om,u I .  5'; I or I I a r , .  m ,  i t  . o .n~ .~ .qs - l  I:.* 1 I l ~ ~ ' . R ~ ' 3 ? - : 0 r  i l f s 0 . q ) '  a 
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Darnerud et al  

he addrersrd in furlhcr roxicologic srudies < m a -  and pcnralIDEs). A LOAF.1. o f 8  mg/kg ;and enzymes involved. 'Shc following ch~r;~c- 
with I'RDEs. hw wcs seen in m icesuh i s td  to neunrtoxic- rerirric and critical cnd uoinrs o f  PHIIE toxic- 

Toxicologic Evaluation 
P131IEs arc accumu1:~ring in redimenr and 
biora and ;tppar ro bioconce~rraie :lr least in 
~qo;,ric ecosysrerns. I<elarivrly h igh lrvcls 
could be frrund in litcry fish. I3,lric herring. 
for cxamplc. Howrvcr, analyses o f  rerrerrri;~l 
m;mmmals reveal low I'BDE levels. This may 
in>ply rhnr for humans exposure ro I'HDEs 
d i r c r l y  from rhe environmenr is  low (excepr 
for occuparional expmore), bur expwum my 
occur indirccrly rhmugh the intake of fcmd 
from aquaric rcosyrrems An arm of concern 
i s  rhc incrr;tsing exposure o f  int'anrs ro  
PIIlIFs during lactarinn because o f  increasing 
I'RIIE lwe l s  in morbcrs' milk. Alro. rhr pny- 
sihility o f  long-rerm exposure from elcrrronic 
equipnlenc such as L.nrnporers should how- 
ever nor bc ignored. Data on I'BDE leveb i n  
human cissues and fltlids ruggesr a n  incrcas- 
ing rime trcnd, althoutgh levels are s t i l l  con- 
sidcrahly lower than those o f  P a r .  

Dara on rodcnrs suggea rhar elirninarion 
o f  I'I3DPk <tom the body is sp~cies deFundenr 
(urinary evmrion of JIDE-47 i s  rnocll highcr 
in mice rhan in rars). N o  clear di f ferc~rrs in 
body disrriburion berween dif ferrnr con- 

geners i s  reen in mice. Hydroxylared I'HDE 
mecthnlircs were derccred i n  rhr mrruse ;~nd 
rhc car. 'l'be roxic porcncy o f  rhcse metaho- 
l i t r r  i s  unknown, bur i r  i r  ruggertcd chat 
hyciroxylarcd I'CB mcrabolircs mimic horh 
rhyroid hormones and csrrTcns. There i s  w i -  
drnce rhar drbrominarion ofl'lIDEs ro lower 
hronlinared 13F~ occurs in  mdenrs and kh. 

As nonpl;tnar cornPoon&, I'BDFs do nor 
hind ro rhe AhR wirh high ;~t l in i ty or exerr 
dioxinike roxicity. I'm of rhr observed l im- 
ited CYI ' IAI  induction <nay Lw explain4 by 
parmr halogensred dioxin and furm impori- 
ries which. cvcn if prescnr only ar low con- 
cenrmrions, may become signi f icanr in 
cxcrcing thsc  cffecr~. 

Effecn on thyroid filncrion, experimcndly 
observed pr imari ly ;as hypothyroidism. 
:app?r m be ansirive end p in rs  o f  PHDE rox- 
iciry. Inreresringly, primary l~ypnrhyroidism 
h a  :dso been mporrc<l it, htrnuns h e r  lwsible 
occul~ational rxpomrc. Ocher rffrcrs include 
hep~n~roxiciry, develnprnemal nrurornxicity, 
;and emhryoroxicity as well a m;arernal roxicity 
during gestation. Feral r l f ~ r r  ohserved in  sw- 
cr;d srudirs were delayd osific,rion of lmnrr, 
bent ribs and bones. ~ n d  drcrearrd feral 
weight. Although nor severe, such rtTccrs if 
forind ;tt relatively low eposurr lavels a: ctuse 
for concern. Currcnrly rhrrc ;,re no rcporrr 
:tbour cffem of PRDE exlmsure on ihe htmman 
ferusloffspring. However, rhe posribiliry of 
thoe effects on humar~v should lx considcrrd. 

The  NOI:I. values for fer;tl rffecrs were 
found :a c 2 to 15 mg/kg hwlday (commercial 

i ty rests (BDE-99). Also, the effrcrs on liver 
;and rhymid hormoncs occurrcrl a r  rel;lrivcly 
l o w  closes (NOEI.  2-18 m g l k g  b w l d ~ y ) .  
Effars on rhFoid hormones were observed ar 
an w u n  lower dose. 0.8 mglkg hw (bur in the 
ixhsence O F  dose-rnponse corrrlarion), b y  
Fowler and cn-workerr ( IW. I n  a recenr pre- 
1imin;ary srody in rarr, exposure ro a com- 
merici;tl PBDE mixcure r a u l r d  in a LOAEL 
o f  I mglkg bw hared on rhyroid hormone 
effecrs. C ~ n s e ~ ~ l e n r l y ,  if rhe mosr sensitive 
end points are chosen (Jlrhough partly hared 
on a pre1imin:try report  on a rechnical 
penmlIl)E), 3 I.OAP3. v;ilue of I mglkglday 
i s  reasonable for ca<npouodn or mixcures 
belonging ro rhe PRI IE  group. Using a n  
rxrmpolarion facror o f  10, a N O E L  of 0.1 
mg lkg lday  cou ld  he suggcsrrd for  r h r  
PBDFA. Morestudies are needed. bwevrr, to 

provide a bcrtcr basis for risk ;assessment of 
PRIIEs and for produc ing a mare so l id  
I-OAEI. m d  NOW-. 

The preliminary csrill~zred dier:$ry PI3DE 
innke o f  51 ng/dny equals 0.7 nglkgld~y lor a 
person weighing 70  kg. Comp;lriron of rhr 
csrirnarrd dierary inrake wirh the prrsrnrrd 
1.OAF.l. value of 1 n~g l kg lday  rerulrs in a 
safery kctor o f >  10%itl1 r c p d  to the mcnn 
PRDE cxpsure from focxl. Howcwr, sp~r ia l  
dietary hatits or ocher r p  d P H I I E  expure  
may decrae chis d e t y  Factor considerably. 

Data Gaps and Future 
Research Needs 
Ir is  imporrant ro krrow the puriry and inlpu- 
riry urotilcs of I'RIIEs used for kinetic and . . 
toxicity srudies: rhcre dam r h o d d  always he 
;~vailahle. I'o ;avoid i rnpur i ry problems, . . .  
rrudics using isonlur-rpecific pure congeners 
should br m a > o r ~ g 4 .  

Furrhm sruclics on I'HDE time rrends ;are 
n d d  ro cotlfirnm and cxrrnd e;rlirr observa- 
tions. Ikrulrs from ongoing amdies are impor- 
rant in ;assessing resource nerrls for future 
I'HIIE srudw. Ir is  currently known rhar cer- 

rain PRIIE congeners uccwnulre in  rhe cnvi- 
ronrnenr, where orhers do nor, hur rhe reeon 
for chis discrep;tncy ir no r  undrrsrood. 
Therefore. environmental transformaric>n 
studies itre ncedcd ro examine, for emml,le. 
the degradation o f  drcaB13E ro penra- :tnd 
mn l IDFs .  It is  also imporranr rocdlecr nwre 
dara on human exposure, especi;tlly rhrough 
food. Ixtt illso through other rurrrs. 

.here nil1 are luge  gaps in &ra concerning 
I'RDE toxicity. G r n r d  roxicity srudies should 
be pr r l j rmrd on sprcific congeners o f  inlpor- 
rance in rerms of envirnnmenral levels ;and 
hi~mccumtllarion, c o n p e n  such as BDE-47. - 
99. -100 and - 1  53. There are also large dam 
gaps i n  rhe field of roxicnkinericr, i.e., rhe 
rnet;ibolism of I 'HI~Es, tneraholires fornlecl, 

i ry should be srudicd further: mecll;tnirms of 
rhyroid toxiciry, pnraiblr effects on ocher hor- 
monal sysrmms, 3 r d  r rp rdr r r ion  m d  develol,- 
menral mxiciry. ' l h c  larrcr should concenrr;nrr 
cspecixlly on rnulrigcnenrion srudiw ;and prri- 
and postwarn1 raxiciry and indude nrumroxic- 
i ry models. I r  i s  also imporrant to perform 
cancer bioasa)n on clx retr.i- and penrnRDI<s. 
;u these I'IIDE group are biaav;lilable and ;,re 
oftm foond in highrr concentmtinnr in rhe 
environrnenr [ban decaBIIE. Finally, srudies 
on rtmmtrc-acriviry rclarionrhips and inter;,c- 
rionr (including synergism. ;mragonism, end 
interactions wirh o ~ h r r  h;dogenarcd ;aronnric 
hydr-lnns) of I'I3DE arc irnporranr for rhe 
roxicologic d u a r i n n  o f  PHDFJ. 
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Abstract 

Bmminated flame retardants (BFRs) are ubiquitous industrial chemicals, and many of them are produced in large volumes. Due to this 
fact. several BFRs arc found in quantifiable levels in wildlife, as well as in humans. However, we are still lacking information on the effects 
of BFR in wildlife and, especially, in man. This review summarises the biological effects of polybrominated diphenyl ethers (PBDEs), 
tehnbromobisphenol A (TBBPA) and derivates, hexabmmocyclcdodecane (HBCD) and polybrominated biphenyls (PBBs), however 
excluding other aspects such as environmental levels. These BFR groups were selected because of a large volume production (PBDEs. 
TBBPA and derivates), and availability of some toxicity data in spite of much lower production volumes (HBCD and PBBs). Ln addition. the 
increase in levels of PBDEs in human (breast milk) and wildlife samples during later time made it especially intnrsting to include this BFR 
group. PBDEs: The commercial PBDE pmducts predominantly consist of so-called penta-, octa- and decabmmodiphenyl ether pmducts. 
Each product consists of a rather narrow range of congeners and is named after the dominating congener as regards the bromination pattern. 
Generally, the PentabDEe seem to cause adverse effects at the comparably lowest dose, whereas much higher doses were needed for effects 
of the DecaBDEs. The critical effects of PentaBDEs are those on neumbehavioural development (from 0.6 m a g  body weight) and, at 
somewhat higher dose, thyroid hormone levels in rats and mice, of OctaBDEs on fetal toxicityhemogenicity in rats and rabbits (fmm 2 mgl 
kg body weight), and of DecaBDEs on thyroid, liver and kidney morphology in adull animals (from 80 m a g  body weight). Carcinogenicity 
studies, only performed for DecaBDEs, show some effects at very high levels, and IARC (1990) evaluates DecaBDEs not classifiable as to its 
carcinogenicity to humans. TRRPA: The toxicity of TBBPA in the experimental in vivo studies is suggested to be low. In most reported 
studies. only doses in fig body weight were effective, but at least one study suggested renal effects at around 250 rngkg body weight. 
Although difficult to include and interpret in a quantitative risk assessment. the in v i m  effects on immunological and thymid hormones, as 
well as binding to erythrocytes should be noted. Before a solid standpoint could be reached on TBBPA toxicity additional studies must be 
performed. This shtement is even more valid regarding the TBBPA derivates, where there is an almost complete lack of toxicity data. HBCD: 
Also in the case oFHBCD, relevant toxicity studies are lacking. Based on the present animal studies, a critical effect is seen in the liver and on 
thymid hormones (LOAEL 100 mgkg body weighuday). However, in a recent short paper behavioural effects in mice pups were observed 
already at 0.9 m a g  body weight, and behavioural effects may be a sensitive endpoint for HBCD. as well as for other BFRs. PRBs: Due to 
the Michigan accident in 1973-1974, many toxicity studies on PBBs are available. The critical experimental effects are those on 
reproduction and carcinogenicity, and a NOAEL of 0.15 m a g  body weighUday could be suggested based on the cancer effects. In man no 
unequivocal effects have been observed, although in some studies neumlogical and musculoskeletal symptoms were suggested. Based on the 
carcinogenic effects in animals, a human TDI of 0.15 ~ g k g  body weight has been presented. 

To conclude, the toxicity data are almost entirely based on experimental models. There are differences among the BFR groups, as well as 
within these groups, both regarding type of toxiceffect and at what dose it appears. As BFRs will continue to appear both in industrial 
applications and, even if the production has ceased, in our environment, there is a continued need for effects studies on BFRa. 
0 2003 Elsevier Science Ltd. All rights reserved. 

K w n i r :  Bmminatd nome retardan@; Man; Wildlife 

1. Ovewlew several BFRs are found in quantifiable levels in  wildlife as 
well as in humans (e.g. D e  Wit, 2002). However, we still 

Brominated flame retardants (BFRs) are ubiquitous know little about the effects of BFRs in wildlife and in  man. 
chemicals with large and global industrial use, and many Among the B F b ,  the best environmental and human risk 
of them are still produced in large volumes. Due to this fact, assessment data are available for polybrominated biphenyls 

(PBBs) and polybrominated diphenyl ethers (PBDEs). The 
Tcl.: +46-18-171452; fax: +46-18.105848. interest for PBBs stems mainly from the contamination 

E-mail oddms: per.oledamm@alv.se (P.O. Damemd). incident in Michigan 1974, where PBBs b y  accident were 
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given to farm animals. As a result, individuals living on 
affected farms and consumers of contaminated farm prod- 
ucts were exposed to these compounds for months before 
the mistake was discovered. Regarding PBDEs, the high 
production volume and the structural resemblance to other 
well-known environmental contaminants such as polychlori- 
nated biphenyls (PCBs) are two main reasons for environ- 
mental and health concern. Several BFRs are accumulated 
in biota, and in many cases the highest levels in wildlife are 
found in the aquatic environment. In the PBDE example, 
water-living mammals (e.g. whales), fatty fishes andlor 
fishes near point sources of contamination could reach very 
high levels. PBDEs and occasionally also other BFRs are 
found in human breast milk and adipose tissues in several 
western countries, and the PBDE levels in both biota and in 
breast milk have increased in later time. This article will 
give a brief overview of the effects that have been observed 
or proposed to be related to BFR exposure, and will focus 
on data relevant for human risk assessment. 

2. Deflnitlon of study area 

BFRs are produced in a volume of ca. 150000 tonslyear 
(OECD, 1994). Of the total BFR volume produced, about 
one-third consist of PBDEs, another third consist of tetra- 
bromobisphenol A (TBBPA) and derivatives, and the last 
third contain various other brominated compounds, two 
examples being PBBs and hexabromocyclododecane 
(HBCD). In this last group, IPCS have registered over 30 
brominated compounds with flame-retardant usage (IPCS. 
1993). Of these, most of them have an ammatic stmcture, 
hut also aliphatic, cycloaliphatic, heterocyclic and bmmo- 
phosphorous compounds are listed. However, the majority 
of the compounds in the latter group are used, if at all, in 
small quantities and little is known of their possible effects 
in biological systems. Because of earlier usage and the 
Michigan contamination accident, the PBBs are rather well 
studied. As regards the HBCD, high levels (compared to 
other BFRs) have been found in aquatic biota from polluted 
areas (e.g. Sellstrom et al., 1998). 

This article summarises the biological effects of PBDEs. 
TBBPA and derivatives, PBBs and HBCD. The decision for 
selecting these BFR compounds for review was made based 
on large volume production (PBDEs, TBBPA and deri- 
vates), and availability of exposure and toxicity data in 
spite of much lower production volumes (PBBs and 
HBCD). In addition, the increase in levels of PBDEs in 
human (breast milk; Meironyth Guvenius. 2002) and wild- 
life (Ikonomou et al.. 2002) samples during later time made 
this BFR group of special interest. It should be noted that 
only data on the toxic effects of the mentioned substances 
will be discussed in this chapter, and not environmental 
levels, toxicokinetic properties, or some other aspects of 
them. Moreover, there will be a focus on effects that are of 
importance for human risk assessment, i.e. mainly mamma- 

lian toxicity studies, and nonmammalian effect data will be 
reviewed in less detail. Lastly, the present compilation will 
not try to include all the published articles in this area, but 
will primarily concenhate on those critical studies that will 
be of main use in the risk assessment of these chemicals. In 
case of enzyme induction, it is doubthl if these effects could 
be considered as adverse, and microsomal enzyme induction 
will therefore not be considered to be an important critical 
effect in the risk assessment of PBDEs. 

3. Data search methods 

In this review, I have compiled data and used references 
from the available IPCS documents for each flame retardant 
group (PBDE-IPCS. 1994a; TBBPA-IPCS, 1995; 
PBB--IPCS, 1994b).The KEMI draft document on HBCD 
(KEMI, 2002) has also been very valuable. In addition, 
other available reviews on flame retardants (Darncrud ct al., 
2001; Pcltola and .YIH-Mononen, 2001; De Wit, 2002; 
Hardy, 2002) have been used. New stydies have been found 
bv the selected searchine in useful databases. e.e. the . - 
~ a t i o n a l  Library of ~ e d i c i n e  PubMed Service and 
iNFOTRIEVE@. 

4. PBDE 

The commercial PBDE products predominantly consist 
of so-called penta-, octa- and decabromodiphenyl ether 
products. Each product consists of a rather narrow range 
of congeners and is named after the dominating congener as 
regarding the bromination pattern. PBDE congeners are 
often identified by the IUPAC nomenclature originally 
invented for denomination of PCB congeners (Ballschmiter 
and Zell, 1980). Today, decabromodiphenyl ether @eca- 
BDE) is the largest product on the market and makes up 
over 80% of the total production of PBDEs, whereas 
pentabromodiphenyl ether (PentaBDE) and octabromodi- 
phenyl ether (OctaBDE) products constitute about 12% 
and 6%. respectively, of the total PBDE production 
(www.bsef.com; De Wit. 2002). Examples of products 
containing PBDEs are various plastic components in elec- 
tronic devices (e.g. cabinets, circuit boards, cables, switches, 
capacitors) and in cars and in building materials, and 
textiles. 

Most of the toxicological effect studies in experimental 
systems have used the commercial PBDE mixtures, but 
there are also examples of studies performed on single 
congeners. A general problem with the use of commercial 
PBDE product mixtures, as well as with many other 
commercial organohalogen products, is the comparably 
low purity of the mixture and the lack of knowledge on 
the nature of possible interfering compounds. Another 
problem is the possibility of transformation of PBDEs 
during combustion, etc. into other products of which some 



are more toxic than the original products (e.g. brominated 
dibensofurans and dioxins). Transformation as well as 
toxicokinetic aspects will however not be dealt with in this 
particularreview. 

Below are summaries of the data on toxicity and similar 
effects (e.g. enzyme induction) from studies on commercial 
PentaBDE (tetra- to hexa-congeners), OctaBDE (hexa- to 
nona-congeners) and DecaBDE (nona- and deca-congeners) 
products. Many of these results are described more in detail 
in earlier reviews. The reader is referred to these reviews, or 
further to the original articles, to obtain more details (e.g. 
IPCS, 1994a; Damcmd ct al.. 2001; Peltola and Y l b  
Mononen, 2001; De Wit, 2002; Hardy, 2002). 

4.1. Effects in mammals and related experimental systems 

4.1.1. PentaBDE 
PentaBDE gave a low acute toxicity in experimental 

animals (rats, rodents) and the oral LD-50 in rat was in 
the range 0.5-5 g k g  body wt. (IPCS, 1994a). The clinical 
signs were reduced gmwth, dimhoea, piloerection, reduced 
activity. tremors of forelimbs, red staining around eyes and 
nose, and continuous chewing. The porphpgenic activity 
was relatively high according to studies in which the 
concentration of porphyrins increased considerably after 

' oral dosing with the commercial pentaBDE product DE-71 
(mixture of tetra-, penta- and hexaBDE) at 100 mgkg body 
wt./day for 13 weeks (IPCS, 1994a). No mutagenic potency 
was observed in Ames test models using several different 
Salmonella strains with and without microsomal activation 
(IPCS. 1994a). 

After repeated dosage with PentaBDE products, several 
morphological effects were observed, such as changes in 
hepatic and thyroid size and histology. In two studies of 
commercial PentaBDE mixtures in rats, these effects 
appeared at the 10 mgkg body wt. dose (Great Lakes 
Chem.; IPCS. 1994a). Immunological effects were sug- 
gested in mice after exposure to commercial DE-71 mixture 
(72 mgkg body wt. for 14 days); suppression of the anti- 
SRBC response was observed, as well as a decreased 
thymus weight (Fowles et al.. 1994). The PBDE congener 
BDE 47 markedly reduced the splenocyte numbers in mice 
(C57BL) after daily oral administrations of 18 mgkg body 
wt. for 14 days (Damcmd and Thuvander, 1999). In the 
same study, Bromkal 70 reduced IgG antibody production 
from pokeweed-stimulated mouse splenocycte cultures ex 
vivo, whereas no immunological effects were seen in rats. 

Commercial PeBDEs affected t h p i d  hormone homeo- 
stasis, and both technical products and pure tetra- and penta- 
congeners (the latter at doses of 10-18 mgkg body wt./day 
for 2 weeks) produced effects on serum thyroxin levels in 
rats and mice (Great Lakes Chem., PCS, 1994a; Hallgren et 
al., 2001; Zhou et al.. 2001; Hallgren and Damemd, 2002). 
In one study on mice, effects on thyroxin were observed 
already at single dose of 0.8 mgkg (Fowles et al.. 1994). 
although with lack of dose-response effects relationship. 

Microsomal enzyme induction was seen in several stud- 
ies after administration of pentaBDE products. Induction of 
several CYP isozymes was indicated by use of substrates for 
specific enzymes, and increases in EROD, MROD and 
PROD activities were suggested at BDE 47 doses from 6 
to 10 mgkg body wt./day (Zhou et al., 2001; Hallgren and 
Damemd, 2002). In a rat hepatoma cell line (H4IIE). some 
of the pure PBDE congeners acted via the AhR signal 
transduction pathway as agonists, antagonists, or both. Their 
potencies were approximately six orders of magnitude lower 
than that of TCDD but comparable to those of some mono- 
ortho PCBs such as PCB 105 and PCB 118 (Sanderson et 
al., 1996). In studies byChen et al. (2001), pure PBDE 
congeners and commercial PBDE mixtures had Ah receptor 
binding affinities lo-' to lo-' times that of 2,3,7,8-TCDD. 
Interestingly, binding affinities for PBDEs could not be 
related to the planarity of the molecule, possibly because 
of sterical reasons. 

A commercial PentaBDE gave rise to maternal and fetal 
toxicity (chiefly manifested as a weight decrease) in ratsat 
rather high doses (100 and 200 mgkg body wt., respective- 
ly, on gestation days 6-15) (BFRIP; IPCS. 1994b). The 
effects on thyroid hormones, mentioned above in adult 
animals after PBDE exposure, could also be seen in off- 
spring to PBDE-dosed dams: In rat pups to DE-7 1-exposed 
dams, decreased thyroxine levels were seen at 10 mgkg 
body wt. upon gavage on gestational day 6 to postnatal day 
21 (Zhou et al., 2002). The effects were seen at PND 4 and 
14, but a reduction in t h p x i n  was also seen in fetuses on 
GD 20. At lower doses (from 0.6 to 0.8 mgkg body wt.), 
the pure pentaBDE congener BDE 99 caused impaired 
habituation and impaired leaming and memory functions 
in mice pups after oral administration (to pups) at day 10 
after parms (Eriksson et al., 2001). At a higher dose, BDE 
47 also caused similar effects. Branchi et al. (2002) showed 
similar effects on spontaneous motor activity in mice after 
perinatal exposure to PBDE 99 (from 0.6 mgkg body wt., 
GD 6-PND 21). Also in adult mice, behavioural effects were 
observed, following neonatal exposure to BDE 99 during a 
critical period (Eriksson et al., 2002a). 

No cancer study has been performed on PentaBDE. 

4.1.1.1. Critical e&cb of PentaBDEs. For PentaBDEs, 
the critical effects among the available studies seem to be 
developmental neurotoxicity and, generally at somewhat 
higher doses, altered thyroid hormone homeostasis. Regard- 
ing the neurotoxicity in mice, no clear mechanism could be 
defined but effects of the PentaBDEs both via thyroid 
hormone disruption and directly on signal transmission in 
brain have been discussed. For example, PBDEs as well as 
other BFRs, were capable to induce cell death of cerebellar 
granule cells in culture (Reistad el al., 2002). PBDEs were 
also shown to release arachidonic acid in cerebellar granule 
cells via a phospholipase A2 pathway, and PLA2 has been 
associated with learning and memory (Kodavanti and Derr- 
Yellin, 2002). As concerns the thyroid hormone effects 
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observed in the rodent model, a suggested mechanism is 
binding of PBDE metabolites to the thyroxin-transporting 
protein TTR, thereby decreasing the thyroxin levels in the 
blood and peripheral organs (Brouwer et al., 1988, 1998). 
An additional explanation to the hormonal effects is that 
thyroxin will be degraded faster due to PBDE-induction of 
the phase 11 enzyme UDP-GT (Bastomsky, 1974; Zhou et 
al., 2001) and therefore excreted at a higher speed. The 
thyroid effects seem to occur at lower PBDE exposwe levels 
during early developmental stages. During these stages, 
thyroid hormones play an important role in the development 
of vital organs, including the brain. 

To summarise, the LOAEL value for PentaBDE could be 
set to 0.6-0.8 m a g  body wt., based on the most sensitive 
effect observed, neurobehavioural effects during early de- 
velopment. However, it is not known what these observa- 
tions of altered spontaneous activity in neonatal mice means 
in terms of human risk assessment. Also, gaps in our 
knowledge make this evaluation only preliminary. For 
example, the lack of carcinogenicity data is unsatisfactory, 
and more should be learnt about reproductive and immuno- 
logical effects. For the future, such studies should be given 
high priority, especially as the tetra- and pentabrominated 
congeners in most cases are the main PBDE congeners 
found in biota and in man. 

4.1.2. OctaBDEs 
Similar to the pentaBDEs, the acute toxicity of the 

OctaBDEs preparations is low. The dermal (rabbit) and oral 
(rat) LD-50 values range between > 2 and >28 p/kg body 
wt. (IPCS, 1994a). Low skin and eye irritation are reported 
(IPCS, l994a). Although being a nonmammalian model, the 
porphyrinogenic potential was reported strong in cultured 
chick embryo liver cells after incubation at 10 pglml for 24 
h (Koster et al.. 19RO). Regarding genotoxicity, OctaBDE 
caused no effects, either in Salmoneila mutagenicity tests or 
in unscheduled DNA synthesis assay (IPCS. 1994a). More- 
over, no effect on sister chromatic exchange in Chinese 
hamster ovary cells was observed. 

In subacute toxicity studies in rats with a commercial 
OctaBDE, morphological effects on the liver (enlarged with 
eosinophilic round bodies) were observed at the 10 mgkg 
body wt. level (estimated from dietary OctaBDE concen- 
trations) (Great Lakes Chem.; IPCS, 1994a). Effects on the 
thyroid as well as on the liver (necrosis) was observed at 
higher levels. A subchronic (13 weeks) toxicity study in rats 
revealed a similar liver effect at 10 mgkg body wt. and at 
higher doses effects also sere observed in the thyroid. 
kidney and haemological system. Similarly to PentaBDEs, 
no carcinogenicity study has been reported on OctaBDEs.' 

In the rat, fetal toxicity was seen after administration of 
OctaBDE preparations (DE-79 and Saytex I l I) by gavage 
to the mother (IPCS, 1994a; US EPA, 1986). The fetal 
effects, namely late resorptions, weight decrease, reduced 
ossification, bent ribs and limp bones, and rear limb 
malformations, started to appear at 10-25 mgikg body 
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wt., whereas maternal toxicity (weight decrease, effects on 
cholesterol levels) were seen at a higher dose. In rabbits, 
similar foetal toxic effects were seen after Saytex 11 1 
administration, however in this case effects were seen at 
lowerdoses; delayed ossification occurred at 2 mghody wt., 
and weight decrease and fused sternebrae at 5 mgkg body 
wt. Also in the rabbit, maternal toxicity was observed at 
OctaBDE doses higher than those giving fetal effects 
(maternal body weight gain decrease and liver enlargement 
at 15 m a g  body W.) (Breslin et al., 1989; commented in 
Darnerud et al., 2001). 

4.1.2.1. Critical effects of OcfaBDEs. Morphological 
effects in the liver of adult rats were seen after dietary 
OctaBDE administration at 10 mgikg body wt. Higher doses 
also affected the thyroid gland, kidney and the haemological 
system.Fetal toxicity of OctaBDE was manifested as weight 
decrease, reduced ossification, bent ribs and limp bones/ 
fused sternebrae, in the rat and the rabbit, and in the rabbit 
these effects began to appear at 2 mgikg body wt. (Brcsliti 't 
al., 1989). The maternal effects in the rabbit started at 15 
mgikg body wt. 

Thus, it could be concluded that OctaBDE toxicity is first 
seen at early developmental stages, and that the effects are 
suggested to appear at 2 mg/kg body wt. (=LOAEL) in 
rabbits, and at somewhat higher doses in the rat. The 
correspondence in effects in the rat and the rabbit study 
increase the impact of these results. As noted for the 
PentaBDEs, no carcinogenicity study has been performed 
on OctaBDEs, and there is also a lack of data on many other 
endpoints. 

4.1.3. DecaBDE 
The acute toxicity of DecaBDE products is low, oral and 

dermal LD-50 values varying between 2 and 5 g/kg body 
wt. (IPCS, 1994n; Norris et al., 1975a.b). Skin irritation and 
chloracnegenic activity were negative, whereas a transient 
eye irritation (redness and chemosis) was observed after 
Saytex 102 application. Studies of mutagenicity and chro- 
mosomal aberration were all negative. The porphyrogenic 
activity was also negative. 

In the subacute/subchmnic studies performed, effects of 
DecaBDE were first seen at 80 mg/kg body wt. (thyroid 
hyperplasia, liver enlargement and hyalin degeneration in 
kidney in rats; dose estimated from dietary intake), whereas 
hematocrit and red cell count were affected first at 800 mg/ 
kg body wt. (IPCS, 1994a; Norris et al., 1975a.b). 

In chronic toxicity studies (103 weeks) in rats and mice, 
the tumour incidence was observed after DecaBDE (com- 
mercial, 94-99% pure) exposure via the diet (NTP, 1986). 
At the doses (ca. 1200 and 2500 mgikg body wt./day) given 
in rats, a dose-related increase in hepatic adenomas and an 
increase in pancreatic adenomas at the high dose were 
observed. In mice, the combined incidence of hepatocellular 
adenomas and carcinomas was increased, although not dose- 
related (doses ca. 3500 and 7000 rng/kg body wt.1day). 
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Also, the combined incidence of thymid gland follicular-cell 
adenomas and carcinomas was slightly increased. In an 
additional cancer study in rats, no effects were observed 
(Kociba et a]., 1975). Regarding the latter study, the IARC 
Working Group pointed out that the dose levels (corres- 
ponding to 0- 1 mf lg  body wt./day) were very low. 

No reduction in reproductive performance was seen after 
DecaBDE exposure in the diet @ecaBDE product: 77% 
decaBDE, 22% nonaBDE, I% octaBDE). In a teratogenicity 
study in rab, the same DecaBDE substance was given by 
gavage at eestation days 6-15; at 100 mf lg  body wt. 
resorptions were observed, and at 1000 mf lg  body wt. 
foetal subcutaneous edema and delayed ossification were 
registered (both studies: IPCS, 1994a; Noms et al., 1975a.b). 

4.1.3.1. Critical effects of DecaBDE. The effects of Deca- 
BDE products in mammalian models seem rather modest. 
Effects are first seen in a subacute study in rats at about 
80 mf lg  body wt. (=LOAEL) (thyroid hyperplasia, 
liver enlargement and hyaline degeneration in kidney). 
At 100 mg/kg body wt., foetal resorptions were registered 
in rats. 

The carcinogenicity study of DecaBDE in rats and mice 
is important, being the only study of tumour induction 
performed on PBDE. In this study, adenomas and carcino- 
mas are indeed observed, but at very high doses (1200 mp/ 
kg body wt./day and above). Hypothetically, another dosing 
regimen (narrower dosing intervals) might have resulted in 
carcinogenic effects at lower doses. 

4.2. Effects in other animalr/in wildlqe 

Effects af PBDEs have been reported in algae, inverte- 
brates and in fish. In fish, Bromkal 70-5 DE induced CYP 
enzymes (EROD), generated fatty liver and reduced spawn- 
ing success (Holm et al., 1993). Hornung et al. (1996) tested 
pure PBDE congeners on fish eggs (by microinjection) and 
saw no effects. In a study on rainbow hout, BDE-47 and -99 
were given in the feed to rainbow hout (Tjimlund et al., 
1998). The result was a reduction in GSH reductase, 
haematocrit and blood glucose values. The effects of the 
congener BDE-47 on the calanoid Acartia tonsa were 
studied by Breitholz et nl. (2001). In the 48-h acute toxicity 
test and larval developmental test, the 2- and 5-days LC-50 
values were 2.4 and 0.013 mgA, respectively. In addition. in 
reports not generally available, toxic effects of a tetra- to 
hexa-BDE mixture induced toxicity in a Daphnia test 
model. The NOEC values in a 48-h acute toxicity test and 
a 21-day life-cycle study were in both cases about 5 pgll 
(ClTl. 1882; Dottar and Kreuger, 1998; both in Peltola and 
Ylii-Mononen, 2001). 

4.3. Effects in man 

Few studies have been performed where effects of PBDE 
have been studied in humans. 

. --. - ~ --- - . ~ ~ .~ 

In huo separate studies, the skin sensitisation potential of 
commercial DecaBDE products was followed in human 
volunteers (Norris et nl., 1975a,b; IPCS, 1994n). Neither 
of these studies revealed any evidence of skin sensitisation. 

Four epidemiologic studies have been performed in 
working places where flame retardants were used (PCS, 
1994a). The workers were potentially exposed to bromi- 
nated flame retardants, including PBDEs and possibly also 
to PBDDs and PBDFs; the quality of the studies was not 
assessed. According to these studies, no adverse effects 
could be related to exposure to these chemicals. In one 
occupational study, where workers were exposed to PBBs 
and PBDEs during manufacture, higher-than-normal prev- 
alency of primary hypothyroidism and significant reduc- 
tions in conducting velocities in sensory and motor neurons 
were reported (Bahn et al., 1980). Apart from these find- 
ings, no other neurologic or dermatologic changes were 
seen. No decaBDE could be detected in the serum of 
exposed workers, and it could not be concluded that the 
observed effects were caused by the PBB and PBDE 
exposure. 

In a study of male fish-eaten from the Baltic region, 
consuming 0-32 mealdmonth, a number of hormones were 
measured in the blood and compared to the levels on some 
selected environmental contaminants, including the PBDE 
congener BDE 47 (Hagmar et al., 2001). AAer adjuslment 
for age, there was a significant association (negative corre- 
lation) between plasma BDE-47 and TSH. The authon 
stated that some significant correlation will occur h m  pure 
chance, and it was concluded that high consumption of 
organohalogen-polluted fish may not appear to affect plas- 
ma levels concentrations of pituitary, thymid, or testosterone 
hormone levels in male adults. 

4.4. Levels in man 

Apart from these few reported effect studies, many 
observations of PBDE levels in human have been made. 
In occupationally exposed worken, PBDEs were detected, 
and significantly higher levels were recorded in workers 
exposed to these compounds during computer dismantling 
(Sjodin et al., 1999; Thomsen et al., 2001) and ~ b b e r  
manufacturing (Thuresson et al., 2002) and in computer 
technicians (Jakobsson et al., 2002). However, also in 
humans with no occupational exposure, detectable PBDE 
levels in serum have been observed (Sjodin et al., 2000; Van 
Bavel et al., 2002; Petreas et al., 2002; Lee et al., 2002). 
PBDEs have been detected also in adipose tissues (Meir- 
onyte Guvenius et al., 2001; Choi et al.. 2002; Covaci et a]., 
2002; Crhova et al.. 2002; She et a]., 2002). In several 
studies, PBDEs have been found in breast milk from the 
mothers representing the general population (Meironytk et 
al., 1999; Lind et al., 2003; Ohta et al., 2002; Ryan et al., 
2002), and very high PBDE levels were registered in a 
pooled breast milk sample fmm USA (Piipke et al., 2001). 
However, human PBDE levels, and more specifically time 
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trends and spatial trends in breast milk, will be discussed in 
other parts of this issue. 

4.5. General PBDE conclusion 

To conclude, exposure to PBDEs gives rise to adverse 
effects in experimental in vivo models, and depending on 
type of product different effects are seen, occurring at 
varying dose levels. Generally, the technical PentaBDE 
products seem to cause effects at the comparably lowest 
dose, whereas much higher doses were needed for effects 
of the DecaBDEs. Indeed, DecaBDES are generally con- 
sidered to have the lowest toxicity of these three compound 
groups. The critical effects of PentaBDEs are those on 
neurobehavioural development and, although somewhat 
less sensitive, thyroid hormones in offspring (from 0.6 to 
0.8 and 6 to 10 mgikg. body wt., respectively), whereas 
OctaBDEs primarily give rise to fetal toxicityheratogenicity 
in rats and rabbits (from 2 mgikg body wt.) and DecaBDEs 
cause certain morphological effects in the thyroid, liver and 
kidney of adult animals (from 80 mgikg body wt.). Carci- 
nogenicity studies on decaBDE, revealing some effects at 
high very high doses, have resulted in an IARC classifica- 
tion stating limited evidence for carcinogenicity of deca- 
BDE in experimental animals (IARC, 1990). The overall 
IARC evaluation says decaBDE is not classifiable as to its 
carcinogenicity to humans (Group 3). We know very little 
about human effects of PBDEs, and have to base our risk 
assessment chiefly on animal models. What we know is 
that humans in general, at least in Western countries, are 
exposed to PBDEs and that human tissues contain measur- 
ablePBDE levels. If these levels are high enough to cause 
adverse human effects is unknown, but we know that the 
lowest body weight-related dose levels that cause effects in 
animals are much higher than available estimations of 
human dietary intake. Thus, a factor of 10 X 6 differs 
between these two exposure levels, based on Nordic and 
Canadian human intake data (Damcrud et al., 2000; oral 
information from Dr. Ryan, Canada and Dr. Kiviranta, 
Finland, at the BFR Workshop in Stockholm 2001). How- 
ever, we know very little of PBDE toxicokinetics in man, 
and the actual margin of safety may be much smaller if 
based on body burden levels or concentrations in target 
organs. Also other data gaps in our knowledge of PBDE 
toxicity make .this conclusion preliminary. Toxicity gaps 
that should be filled are, e.g. the carcinogenic potential of 
other PBDE compounds than DeceDEs, more data on 
reproductive and immunologic effects, the mechanism of 
PentaBDE neurotoxicity and the possible relation between 
the observed thyroxin effects and other endpoints of 
toxicity. Another area where data is missing and which 
has purposely been omitted in this review is the degrada- 
tion of PBDEs to lower brominated PBDE or other bromo- 
organic compounds. This transformation could in some 
case produce products with a higher toxic potency than 
the initial compounds. 
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5. Tetrabromobisphenol A VBBPA) 

5.1. Effects in mammals and related experimental systems 

The acute oral toxicity of TBBPA for laboratory animals 
is low. The oral LD-50 for the rat and mouse and rabbit was 
>5 and 10 gikg body wt., and the dermal LD-50 in rabbits 
was >2 glkg body wt. (IPCS. 1995). TBBPA was not 
imtating and gave no sensitization reaction in animals tests, 
and only upon dermal exposure on abraded skin up to 2500 
mg TBBPAIkg body wt. a slight skin erythema was seen in 
rabbits (Goldenthal et al., 1979; IPCS, 1995). After a single- 
dose TBBPA, moderate microsomal enzyme induction was 
observed in liver (Gustafsson and Wallen, 1988). 

TBBPA was not mutagenic in various studies with 
Salmonella lyphimurium strains, with metabolic activation 
by an S9 mix of Aroclor-induced rats and hamsters (IPCS, 
1995). TBBPA caused no effect on induction of inhagenic 
recombination in two in vitro mammalian cell assays (Helle- 
day et al., 1999). In an in vitro model for immunotoxicity, 
TBBPA and also TBBPA bisallylether reduced CD25 (IL-2 
receptor-alfa-chain), an inducible receptor chain essential 
for proliferation of activated T cells. The immunosuppres- 
sive effect was suggested not to be mediated via the Ah 
receptor (Pullen and Thicgs. 2001). 

TBBPA was shown to be an effective binder to human 
transthyretin (TTR) in vitro, with ca. 10 time higher potency 
than thyroxin, the natural ligand (Meerts et al., 2000). In the 
same system, pentabromophenol also bound effectively to 
TTR (7 times T4). On the other hand, PBDE congeners as 
such did not compete with T4 for ll'R binding, but were 
active only after microsomal biotransformation to their 
hydroxylated counterparts. When Meerts et al. (1999) stud- 
ied the effects of TBBPA in an in vivo model, no effect of 
this compound on thyroid hormones in pregnant mice could 
be seen (see below). 

An in vitro study of TBBPA on the function ofbiological 
membranes resulted in haemolysis of human erythrocytes 
and uncoupling of the oxidative phosphorylation in rat 
mitochondria, suggesting that TBBPA primarily alters the 
permeability of biological membranes (Inouye et al., 1979; 
IPCS, 1995). In study on the disposition of TBBPA in rats, it 
was seen that the level of I4c-TB!3p~ radioactivity was 10 
times higher in erythrocytes than in plasma 72 h after the 
administration (Szymanska et al., 2001 ). The authors sug- 
gest that the erythrocyte labelling represents TBBPA metab- 
olite(~). 

In several subacute or chronic exposure studies (oral, 
dermal, inhalation) of TBBPA in rats, no effects were 
observed (including body weight, haematology, clinical 
chemistry, urinalysis, organ weights, and gross and micro- 
scopic examination). In the dermal study, only slight ery- 
thema was noticed in rabbits. In an oral 90day study on 
mice, 700 mgkg body wt. did not cause any detectable 
adverse effects, whereas 2200 mgikg body wt. resulted in 
decreased body weight, increased spleen weight, and re- 
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duced concentration of red blood cells, serum proteins, and 
serum higlycerides (Tobe et al., 1986; IPCS, 1995). In a 
study on rats, which were orally administered TBBPA in 
daily doses up to 250 mgkg body wt, for 1 to 4 weeks, 
certain parameters suggest a slight renal impairment (sip- 
nificantly increased elimination of renal epithelial remnants 
in urine) (Frydrych and Szymanska, 2001). However, the 
results of this study are somewhat difficult to interpret. No 
carcinogenicity or long-term toxicity studies on TBBPA 
were reported. 

In two teratogenicity studies in rats, no teratogenjc 
effects were observed. However, in one study, three of five 
dams died in the highest (10 gikg body wt. during day 6- 
16 during gestation) dose p u p  (IPCS, 1995). In another 
study, TBBPA was given to pregnant rats on days 10-16 of 
gestation (Meerts et al.. 1999). and effects on thyroid 
hormones (incl. TSH), and on competitive binding to fetal 
and maternal transthyretin (TTR) were studied. No effect 
was seen on T4 and T3 levels in dams and fetuses, whereas 
TSH levels were significantly. increased in fetuses but not 
in dams. Result from the '251-~4-binding study showed no 
shift in binding, suggesting no TBBPA-related binding to 
TTR. Consequently, TBBPA was concluded not to bind to 
TTR in vivo. The difference between in vitro and in vivo 
effects (a shong effect observed of TBBPA on TTR in 
vim) may have several explanations, and may well include 
toxicokinetic factors; a rapid excretion of TBBPA would 
prevent the formation of high enough plasma levels to have 
effects on the T4-'ITR complex. 

5.2. Effects in other animalshn wildlife 

In fish, the acute 96-h LC-50 values of TBBPA for three 
species of fish was about 0.5 mg/l. Effects observed during 
the experiments were irritation, twitching and erratic swim- 
ming (bluegill sunfish, rainbow trout) and reduced survival 
and reduced growth of young individuals (fathead minnow) 
(IPCS. 1995). In effect studies in marine and freshwater 
algae, TBBPA was toxic in some marine species. a B P A  
affected the reproduction of Daphnia magna and was toxic 
to Mysid shrimps (LC-50 about 1 mg/l). . , 

TBBPA had no estrogenic activity in quail and chicken 
embryos, but resulted in embryolethality at high doses (Berg 
et al.. 2001). 

5.3. Effects in man 

In humans, no skin irritation of sensitisation was ob- 
served in 54 human volunteers (Dean et al., 1978a; IPCS, 
1995). Apart 6om that, no epidemiological or other data on 
effects of TBBPA of humans are available. 

5.4. TBBPA derivates 

Concerning TBBPA derivates, very few toxicity studies 
are available, but there is also a lack of other important 

data concerning their physical and chemical properties, 
production and use, environmental transport, etc. Because 
of this lack of data, these compounds were not evaluated 
by IPCS (1995). The TBBPA derivates (mentioned in 
IPCS, 1995) are dimethylether, dibmmopropylether, bis(al- 
lylether), bis(2-hydroxyethyl ether), brominated epoxy 
oligomer, and carbonate oligomers. Where acute toxicity 
data were present, the derivates had only weak effects. 
Mutagenicity tests (S. typhimurium shains without and 
with metabolic activation) were mostly negative but in 
one case, TBBPA dibromopropylether, positive in S. 
typhimurium strains TA 100 and TA 135 (IPCS. 1995). 
However, using the same substance the results of an 
unscheduled DNA synthesis and an in viao sister chro- 
matid exchange were negative. 

5.5. TBBPA co~clusion 

The toxicity of TBBPA in the tested experimental sys- 
tems is suggested to be low. In most of the reported 
mammalian studies, only doses in gramkg body wt. were 
effective. However, studies by Frydrych and Szyrnanska 
(2001) suggested that lower doses (250 mgkg body wt. and 
lower) could result in a slight renal impairment in rats, 
although the study was difficult to interpret and should be 
repeated. Some of the in v im  studies could also be of 
interest in risk assessment aspects, and both the immuno- 
suppiessive~effect, the in vitro binding to TTR (a T4 
hansporter in blood) and the binding to the erythrocytes 
should be noted. Before a definite standpoint could be 
reached on TBBPA toxicity, additional toxicity studies must 
be performed, including those on reproductive, immuno-, 
neumbehavioural and kidney toxicity. Because of the lack 
of toxicity data on the TBBPA derivates, little can be 
concluded on the possible risk from exposure to these 
compounds. 

6. HBCD 

Hexabromocyclododecane (HBCD) is an additive flame 
retardant used in the polymer and textiles industries. The 
major use of HBCD is in polystyrene, which is largely 
used in insulation panels and blocks for building con- 
shuctions. HBCD could reach the environment by these 
products being incinerated, recycled or dumped at waste 
sites. ' 

HBCD is reported to be absorbed from the gasho- 
intestinal tract and it could be hypothesised that food 
intake is the largest single source of human exposure to 
HBCD. In experimental studies, HBCD has been found 
in several organs after oral administration, and the 
substance accumulates in adipose tissue after adminisea- 
tion. Several (unidentified) metabolites are also shown in 
experimental studies (Yu and Atallah, 1980; KEMI, 
2002). 
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6.1. Effec~i in mammals and related experimental systems 

Toxicological effects of HBCD have been investigated in 
several studies, of which many are internal reports. Accord- 
ing to KEMI (2002). the acute toxicity have been studied 
after dermal (rabbit), oral, (rat and mouse) and inhalation 
(rat) exposure. In the dermal studies, essentially no effects 
were seen afier application of up to 20 gikg body wt. In the 
oral studies, no increased death rate could be observed, and 
the LD-50 was defined to >6400 mgikg body wt. in mice 
and >I0000 mgikg body wt. in rats (EPA, 1990a; Wilson 
and Lcong, 1977; both in KEMI. 2002). In some studies, at 
higher levels the animals showed some toxic signs, i.e. 
hypoactivity, comeal opacity, ptosis, and diarrhoea, as well 
as some decrease in body weight gain. AAer inhalation, a 
slight dyspnea was seen in rats at 200 mgil air (Wilson and 
Leong, 1977; KEMI, 2002). To conclude, the acute toxicity 
of HBCD seems low. 

In a number of eye and skin irritation studies on rabbits 
and guinea pigs, the substance was concluded not to be 
irritative or corrosive to the skin, and a very mild eye 
irritant. However, two of three studies showed that HBCD 
induced a dose-related sensitisation at higher doses afier 
intradermal and topical application on guinea pigs. Muta- 
genicity studies (Ames test and in vitro test of chromosomal 
aberrations) showed no mutagenic potency of HBCD. 

Regarding repeated dose toxicity of HBCD, hvo 28-day 
and two 90-day studies have been presented (Chengelis, 
1997; Zeller and Kirsch, 1969, 1970; Chengelis, 2001; 
KEMI, 2002). In all these studies, the liver was defined as 
a target organ, and the effects observed were increased liver 
weight, microfoliar hyperplasia, and lipoid phanerosis. 
Based on the 90-day study by Chengelis et al., a LOAEL 
of 100 mgkg body wt. was proposed based mainly on 
increased liver weight. In the same study, serum concen- 
trations of thyroid hormones (T4 and TSH) were also 
affected at the 100 m a g  dose. In addition, in the 28-day 
study by Zcller and Kirsch (1969) thyroid hyperplasia and 
inhibition of oogenesis was seen, although at higher doses 
(effects seen at 500 and 2500 mgikg body wt. dose, 
respectively). 

In an 18-month study carc~nogenicity on mice, a large 
number of organs and tissues were monitored for possible 
tumours or neoplastic changes (Kurokawa et al.; cited in 
KEMI, 2002). Certain changes were seen in the liver only, 
and both gross findings (liver nodules) and histopathology 
(necrosis, fatty infiltration, altered foci and hepatocellular 
tumour) were generally most pronounced in the medium- 
dosed group (130 mgikg body wt.; compared to 13 and 
1300 m a g  body wt., and control). In spite of inconsisten- 
cies in the dose-effect relationship in the cancer study, 
available data suggest that the carcinogenic risk of HBCD 
should not be overlooked. However, the lack of mutagenic 
effects suggests an epigenetic factor behind the increased 
tumour incidence, and an effect threshold could thus be 
proposed. From the tabulated data of the carcinogenicity 
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study on mice, one of the observed effects seems to occur 
more frequent already at the 13 mgkgdose, although no 
statistical evaluation was presented. At the highest dose, 
1300 m a g  body wt., the levels of all these parameter 
decreased. To conclude, the carcinogenic potency of HBCD 
on the liver should not be disregarded but several factors 
(lack of shict dose-effect relationship, lack of effects in 
female mice, the studied mice strain, B6C3F1, is a sensitive 
strain for development of liver neoplasms) make this study 
questionable as a tool for carcinogenicity assessment. 

In a 28-day study on reproductive effects of HBCD, high 
' doses were shown to inhibit oogenesis in rats (Zcller and 

Kirsch, 1969; KEMI, 2002). In the males, no effects of high 
HBCD doses were observed on testes and epididymis. 
Based on the oogenesis effects, a NOAEL was set to 2500 
mgikg body wt./day. Studies on the developmental toxicity 
in rats, administering HBCD on days 0-20 of gestation in 
doses up to 750 mgkg body wt./day showed a slight 
suppression of maternal food intake, and a certain increase 
in maternal liver weight. Based on these effects, a maternal 
NOAEL of 75 mgikg body wt./day was obtained. However, 
no foetal abnormalities were seen and the number of live- 
born was unaltered. To conclude, available HBCD studies 
indicate a low foetotoxicity and teratogenicity, but that there 
is a need for further studies. 

In a recent extended abstract, Eriksson et al. (2002b) 
exposed neonatal NMRl mice for HBCD on day 10, as a 
single oral gavage dose (0.9 or 13.5 mgikg body wt.). At a 
later timepoint (3 months), behavioural studies were con- 
ducted in which locomotion, rearing, and total activity were 
recorded. The mice in the exposed groups were initially less 
active but became at later measurement periods more active 
than the control groups, and these effects were dose- 
response related. Based on this short paper, a preliminaty 
LOAEL of 0.9 mgkg body wt. may be set for these effects. 

6.2. Effects in other anirnals/in wildli/e 

In general, toxic effects in the aquatic systems tested 
were hard to find: No toxic effects were seen in algae, in 
Daphnia (short-term test), and in fish. However, in a chronic 
study on Daphnia (21 days of exposure) the LOEC value 
was quite low (5.6 pM) (Dottar and Kreuger, 1997). 

6.3. Effects in man 

No human data are available except for a patch test in 
which patches with 10% HBCD were applied for 48 h, with 
no skin reactions on any subject (EPA, 1990b; KEMI, 
2002). 

6.4. HBCD conclusion 

To summarise the HBCD data, there is a lack of relevant 
studies of high 'quality that could form a basis for a risk 
assessment for this compound. In a human test, HBCD 
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induced no skin reactions in a patch test. Based on available 
animal data, the critical effects are found in the liver: There 
was an increased liver weight and hepatic "lipoid phane- 
rosis" in a 90-day feeding study on rats (LOAEL 100 mg/kg 
body wt.lday), and effects on thyroid hormones were 
observed at the same dose level. Due to the many short- 
comings of the carcinogenicity study on mice by Kurokawa 
et al., this study is of limited value and must be repeated. 
However, mutpgenicity studies are negative which suggest 
that the carcinogenic effect, if any, has an epigenetic 
mechanism. In a recent short paper, a behavioural study in 
mice showed effects already at 0.9 mgkg body wt., when 
HBCD was given on day 10 and testing was performed at 3 
months after birth. Thus, behavioural effects may be a 
sensitive endpoint for HBCD, as have been shown for other 
flame retardant substances. Other types of behavioural tests 
should therefore be conducted on HBCD. 

7. PBB 

Polybrominated biphenyls (PBB) are identical to their 
chlorinated counterpart PCB, except for type of halogen 
atom present in the molecule. Thus, theoretically PBB 
should have a similar pattern of toxicity compared to 
PCB, apart 'om the change in effects that the chlorine- 
bromine substitution brings about. Consequently, the planar 
PBBs are most toxic (as they bind t o  the Ah receptor), 
whereas mono-ortho congeners are intermediate and di- 
ortho congeners least toxic. Indeed, 3,3',4,4',5,5'-hexabro- 
mobiphenyl was found to be the most toxic PBB congener 
in several systems, but this congener is present in low 
concentrations in technical PBB mixtures. Generally, the 
number of congeners in commercial mixtures is smaller in 
comparison to PCB, and most of the reported studies have 
been performed with use of the commercial mixture Fire- 
Master (FM), or with similar hexabromobiphenyl mixtures. 
The cause for the comparably large number of studies on 
FM is the accident in Michigan 1973-1974, when FM was 
inadvertently added to animal feed. FM contained (in 
average) '  60-80% 2,2',4.4',5,5'-hexaBB, 12-25% 
2,2:3,4,4:5,5'-heptaBB, and smaller amounts of lower bro- 
minated compounds (IPCS. 1994b). Therefore, when noth- 
ing else is stated, in the present text the term PBB is equal to 
FMhexaBB. Today, with the recent closure of the decaBB 
production in France, the PBB production in the world has 
ceased. 

Much of the toxicological data gathered on PBB up to 
the early 1990s is compiled in IPCS health criteria docu- 
ment on PBB (IPCS. l994b). 

7.1. Eflecfs in mammals and related experimental system 

The acute toxicity of commercial PBB mixtures is low 
(LD-50>1-21 g k g  body wt.) in rats, rabbits and quails, 
following oral or dermal administration (rats: e.g. Gupta and 
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Moore, 1979). Generally, repeated dosing induced toxic 
effects at a lower dose compared to single (bolus) dosing. 
Effects, including death, were delayed after PBB (hexabro- 
mobiphenyl) administration, and signs of toxicity include 
reductions in feed consumption. Thus, a "wasting syn- 
drome" is developed as an early indication of toxicity, 
and at death, the loss in body weight can be 30-40%. 
These effects are not seen in the few studies performed on 
octa- and deca-BE. 

Eye and skin initation testdsensitization tests gave no, or 
only mild, reactions with use of the OctaBB and DecaBB 
preparations. Various assays for the detection of mutagenic- 
ity or genotoxicity generally failed to show any effect with 
individual PBB congeners or commercial mixtures. How- 
ever, in some tumour-promotion models, FM and certain 
pure PBB isomers were effective, but the results from 
different models were somewhat contradictoty. 

Rhesus monkeys are among the species most sensitive to 
FM, and at long-time exposures of 1.3-300 mg FMkg feed, 
they developed a number of symptoms, including weight 
loss, clinical chemistty changes, hair loss, skin lesions, 
oedema, etc. (Allen et al., 1978). In rats, repeated PBB 
(OctaBB and FM) exposure to low doses increased the liver 
weight, whereas a decrease in thymus weight was seen after 
FM exposure. Histopathologic changes in these organs were 
also noted. The morphological effects of PBB were most 
prominent in the liver, and were shown as liver enlargement, 
hepatocyte swelling and vacoulation, proliferation of ER 
and single-cell necrosis (e.g. Gupta et al.. 1983). Histopath- 
ological effects wire also seen in thymus, and it seems to be 
more toxic PBB congeners that give rise to the most severe 
effects, observed as body, thymus (decrease) and liver 
(increase) weight chances as well as morphological changes 
in liver and thymus. 'Atrophy of the thymus is a frequent 
observation following PBB exposure. In the liver, induction 
of mixed function oxidase enzymes has been much studied, 
and FM is considered to be a mixed-type inducer of hepatic 
microsomal enzymes. 

PBBs interact with the endocrine system, and exposure 
resulted in decreases in serum T3 and T4 in rats and pigs 
(Byrne et al., 1987; Werner and Sleight, 1981). Vitamin A 
levels were shown to be strongly influenced by the PBB 
exposure, and also steroid hormone levels were reported to 
be altered (e.g. Bonhaus et al., 1981). PBB resulted in 
porphyria in rats and mice at 0.3 mgkg body wt. (NOEL 
0.1 mgkg body wt./day) (e.g. Gupta et al., 1983). 

In in vivo long:term toxicity studies, the liver was shown 
to be the principal site of tumour formation after PBB 
exposure. The incidence of hepatocellular carcinoma was 
increased in both rats and mice receiving PBB (FM and 
technical NonaEiBj in doses from 0.5 and 5 mg/kg body wt.1 
day for 2 years and 18 months, respectively (NTP, 1993; 
Momma, 1986; IPCS, 1994b). 

Adverse effects of PBB on reproduction, such as resorp- 
tions and decrease viability of offspring, were observed in 
many species, and in the mink tliey were seen at a dietary 



concenhation of 1 mgkg (Aulerich and Ringer. 1979). In 
Rhesus monkeys, decreases in the viability of the offspring 
were observed following a 12.5-month exposure via the 
diet, corresponding to an approximate daily dose of 0.01 
mg/kg body wt. (Allen et al.. 1979). 

7.2. Effects in other animals/in wildlife 

In short-term tests, the immobilization of D. magna by 
decabromobiphenyl was investigated. The EC-50 (24 h) 
value was reported to be 66 mgll, but could be questioned 
because of low solubility of the substance (Atochem, 1990; 
IPCS, 1994b). 

In hens, egg production and hatchability were affected at 
30 mg PBBkg feed (Ringer and Polin, 1977). In the same 
species, PBB resulted in increased mortality and reduced 
growth rates (Cecil and Bitman, 1978), and embryonic 
death. Japanese quail seemed somewhat less sensitive to 
these effects. 

7.3. Effects in man 

Human effects have been studied mainly in two 
separate epidemiological studies (reviewed in IPCS, 
1994b), in which a number of endpoints were studied, 
e.g. cutaneous effects, liver function, porphyrin produc- 
tion, neurological effects, immune function and pediatric 
aspects. In the Michigan study (Michigan Depamnent of 
Public Health), there were no general pattern of differ- 
ences between "contaminated" and "noncontaminated" 
farms, and no unusual abnormalities of a number of 
examined organs or tissues were noticed. When compar- 
ing groups with different levels of exposure, there was no 
positive association between serum concentration of PBB 
and reported symptoms/disease frequencies. In the other 
study, from Wisconsin (Environmental Science Laborato- 
ry), the incidence of symptoms was greater and the 
greatest differences were in the classification of neurolog- 
ical and musculoskeletal symptoms. In spite of that the 
two studies could be interpreted somewhat differently, 
both studies showed that there were no positive dose- 
response relationship between the PBB levels in serum 
and adipose tissue, and the prevalence of symptoms. In 
one case, neurological performance tests gave a negative 
correlation between serum PBB levels and performance 
test scores, and subtle neuropsychological effects in the 
offspring to exposed individuals were also suggested; 
however, these effects have been questioned by other 
experts. In a recent study, the cancer risk in the MDPH 
cohort was followed 1973-1993 (Hoque ct al., 1998). 
The authors found a serum PBB dose-response-related 
cancer risk of the digestive system, after adjustment for 
several possible confounders, and also the risk for lym- 
phoma showed a dose-response relation. However, there 
was no increased overall cancer risk related to higher 
PBB serum levels. 

- - - . - -  

7.4. PBB conclusion 

Results from animal studies have shown that the repro- 
ductive effects in monkeys and the carcinogenic effects are 
those seen at the lowest administered dose. In the 2-year 
NTP carcinogenicity study, a daily dose of 0.15 mg/kg body 
weight did not result in any adverse effect, whereas higher 
doses induces tumours. Thus, a NOAEL of 0.15 mg/kg 
body wt./day could be suggested on the basis of this study. 
As PBB probably cause cancer by an epigenetic mechanism, 
an uncertainty factor (1000) was used to obtain a tolerable 
daily intake; this will result in a TDI of 0.15 pgkg body wt. 
(IPCS, 1994b). This could be compared to an estimated 
daily intake for adults in the general population, 2 ng PBBI 
kg body wt., and for infants receiving human milk, 10 ngkg 
body wt. (IPCS, 1994b). 

8. General conclusion 

In this article, I have only discussed the toxic effects of 
the compounds and not the exposure. However, it must 
always be remembered that the risk for health effects from 
exposure to chemical compounds, in this case brominated 
flame retardants, is a combination of the intrinsic toxic 
potential of and the actual (target tissue) exposure for the 
compound. 

The BFR compounds1compound groups discussed above 
do in most cases belong to a similar structural group, i.e. 
they contain two ammatic bromine-containing rings (with 
the exception of HBCD). Indeed, this structural resemblance 
also affects the toxic potential, and several congeners bind 
to the dioxin (or Ah) receptor. This is for instance the case 
with the hexabromobiphenyl (3,3:4,4',5,5' -HBB). In prac- 
tice, these "highly toxic" congeners play a little role, as 
they often are present in low levels. However, in the case of 
HBB the observed carcinogenicity could very well be Ah- 
receptor mediated. Other similarities in effects of the BFRs, 
that could in some cases be structure related, are the 
neurobehavioral effects, the effects on thyroid hormone 
homeostasis and the effects on the liver. There are however 
also rather distinct differences between the members of the 
BFR groups, and TBBPA seems to have a comparatively 
low toxic potential, compared to the other groups. There are 
also differences within each BFR group, regarding both 
target organsltissues and effective dose, and one example is 
the PBDEs. The differences could partly be caused by the 
differences in uptake, distribution and elimination, parame- 
ters that will not be discussed in this presentation. 

Lastly, there are several and important data gaps that 
have to be filled before we could perform solid risk assess- 
ments of the different members of the BFR. These gaps 
include, among other, carcinogenicity, neurotoxicity, immu- 
notoxicity and reproduction toxicity studies. As stressed in 
the Summary session of the Dioxin 2002 Conference in 
Barcelona, effect studies are highly needed. 
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A review on human exposure to brominated flame retardants-particularly 
polybrominated diphenyl ethers 
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Bmminsted flanic retdanta (BF&) have bem and arc still heavily used as additive a rcactive chemicals in polymers and textiles. Only a 
few of the BFRa have been asseased in human subicdta with a maior data set on internal exwsures ~ wlvbmminated dinhenvl ethm . . . . 
(PBDEs). Innrasing PBDE levels have been obsnvCd in mothers' milk fmm Sweden aa well in blood from Ocrmany and Norway. The 
levels m in general Iowa than PCB levels. Howcvn; the PBDE wncenWtions found in the North Americana m considerably higher 
compared to European subjects. The PBDEs arc dominated by 2.2'.4,4'-tc~mmodiphenyl etha (BDE47). Decabmmodiphmyl ether 
(BDE-209) is reported both in the genml population and in occupationally exposed persons showing tho bioavailability of this high 
molecular weight wmpound While the lower md medium bmminatcd diphenyl ethm arc penistent, BDE-209 has a fairly short half-life of 
appmximatcly2 weeks. Tcbnbromobisphenol A(TBBPA) is readily eliminated in hum- showing a half-life of about 2 days. Still, TBBPA 
is accumulated in human8 but a continuous exwsurc to this BFR is rcauired to maintain e ccrtain level in the human subiat. TBBPA ha6 not &' brrn detected in the genml population but t i  people exposed at woi .  The c m t  revim addresses human expos&mutcs and levels of 
B r n .  
Published by Elsevier Science Ltd. 

Kcywonir: Human; Bmminated R a m  retardants; Palybrominated diphenyl elhen 

1. Background 

Flame retardants (FRs) are incorporated into potentially 
flammable materials, such as plastics, rubbers and textiles, to 
slow down andlor inhibit the initial phase of a developing 
fire. Thus. FRs perform an important service in our modem 
society. by reducing the number of fins and limiting the 
consequences of fins that do develop. Common applications 
of FR chemicals include the plastic housings of electronic 
appliances and in printed circuit boards as well as in 
upholstery and construction materials (OECD, 1994; 
WHO. 1994b). Historically, during the second half of the 
17th century inorganic compounds, such as ammonium salts, 
were used for protecting textiles and propetty of the famous 
French kimg, Ludwig XIV. The need for flame retmlants 
increased with the inventions of polymers and modem 
materials. New tire retard'ig compounds were developed, 
including inorganic compounds as well aa organohalogen 

Conepondin8 author. Tel.: +I-770.4884711. 
E-mail addms: aajodin@cdc.gov (A. SjBdin). 

chemicals, organophosphate esters and less common nitro- 
gen containing compounds (WHO. 1997. 1998). These 
chemicals are divided into two major groups: reactive and 
additive FRa Reactive FRE are covalently bonded into the 
polymer mabix and these chemicals pose a different expo- 
sure problem than additive chemicals which form no chem- 
ical bonds with the materials. 

FRs are a diverae group of industrial chemicals, which 
include more than just PBDEs. Chemical and physical 
properties for selected brominated flame retardants (BFRs) 
are summarized in Table 1; their chemical structures are 
shown in Fig. I .  Approximately 75 different chemicals have 
been used as FRs (WHO, 1997). Reactive BFRs are mixed 
with the plastic before polymerization to form covalent 
bonds and become a part of the polymer matrix. Additive 
BFRs, however, are mixed with the polymer. This makes 
additive FRs much more likely to leach out of goods and 
products during their lifetime. Polybrominated diphenyl 
ethers (PBDEs) (WHO, 1994b). polybrominated biphenyls 
(PBBs) (WHO, 1994a) and hexabromocyclododecane 
(HBCDD) (WHO, 1997), cf. Fig. I, are examples ofcommon 
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Table 1 
Chemical and physical prnpcrtia, for same scloclcd brnminatcd flame rerardanfs. and for comparison 2.2',4.4'>.5'-hexachlombiphmyl 

Compound (abbreviation) Formula Molecular Vapor presure log K, pK. LiteraNrc referacn 

c- 
maas (amul (Pal 

BmrninoredJarne retordonu (BFW 
Tetrabmmodiphmyl ether (ULmBDE) Ct2H6Br4O 485.8 (2.6-3.3) X lo-', 5.9-6.2 Wstannbe and Tatsukaws. I989 

25 'C 
Waannbe and Tafsukawo. 1989 

Hcxabmmcdiphmyl ethn OlcxaBDE) CllH1Br60 643.6 (4.2-9.4) x 6.9-7.9 Watanabe and Talsukawa. 1989 
25 "C 

Ocfabmmodiphmyl ether (ocfaBDE) C,IH,BRO 801.5 (1.2-2.2) X lo-'. 8.4-8.9 Watanabe w d  Taeukawa. 1989 
25 'C 

Decabmmodiphmyl ether (decaBDE) C12Brla0 959.2 c lo-', 20 'C 10 WHO. 1994b 
< 100.250 'C 
270.278 "C 
670. 300 'C 

Hexabmmobiphcnyl (hcxaBB) Ct2H4Br6 627.6 8.0 X lo-*. 25 "C 7.5 Watanabe and Tatsukswa, 1989 
Decabmmbiphcnyl ( d d B )  C12Brlo 943.2 c 1 . 3 x 1 0 ~ ~ . 2 5 ' C  8.6 Watanabe and Tnlsukaws. 1989 
1,2-~is(2,4,6~tribmmophmoxy) CI~HIBra02 687.6 not available 8.9 Watanabe and Tatsuhwa. I989 

ethane (BTBPE) 
Tetrabmmobiapheml A VBBPA) C,,HtzBr4C, 543.9 c 100,20 'C 4.5-5.3' 7.7 Md WHO, 1995 

8.5 

hher o=aganohologen ~ b s t a n c u  (OHS) 
2,2.4.4',5,5'-Hexschlombiphcnyl (CB-153) C12H4Ch 360.9 7.0 x lo-', 25 *C 7 WHO. 1993 

' pH not givan. 

additive FRs. Tetrabromobisphenol A (TBBPA) can be (Price, 1989). The amount of FRs in any one product 
used as either an additive or a reactive FR (WHO, 1995). depends on the type of application and need for fire (:- , 
Organophosphate compounds have also been used as flame protection. In polymeric materials, between 5% and 30% -, 

retardants (WHO, 1998). Inorganic compounds, such as by weight, has been reported to consist of FR chemicals 
antimony oxide (Sb~03). are commonly used in combina- (WHO. 1994b). 
tion with BFRs and organophosphate FRs, due to a 
synergistic effect that enhances the flame retarding effect 1.1. Commercial production of PBDEs 

PBDE PBDEs are commercially produced with three degrees of qOp qp "' bromination, i.e., pentaBDE, octaBDE, and decaBDE, indi- 
cating the average bromine content. Brominated ammatic 
compounds are commercially pmduced by catalyzed direct 

m,.,o W3.m bmmination. Since this method is nonselective, mixtures of 
homologues and isomers are formed; theoretically 209 

TBBPA Br BI HBCDD PBDE congeners can be formed. Commercially produced .aBr PBDE mixtures contain a limited number of PBDE con- 
geners and are less complex than the corresponding techni- 
cal polychlorinated biphenyl (PCB) mixtures depending on 

HO major steric hindnrnce from the large bromine atom. Com- 
mercially produced pentaBDE for example is dominated by 
two major congeners, representing - 70% in total of the 
product by weight (Sjodin et al., 1998). 

The global demand for PBDEs has been estimated to be 
close to 70,000 metric tomes in 1999 (13%. 6% and 81% 
were pmduced as penta-, octa- and decaBDE, ,respectively) 
(Bromine Sc~ence and Environmental Forum, 2000). The 

0, percentage of the world wide demand used in North 

Fig. 1. SttucNd formulaa of common chemicals applied aa flame 
imerica 1999 corresponded to 98% for pentaBDE, while (, 

d8. PBDE, p o l y b m m i d  ,jiphnyl ethm; PBB, polybmmina& the coms~onding figures for and decaBDE were 36% 
biphenyls: TBBPA, tebabmmobisphmol A: HBCDD, haabromocyclado- and 44%. respectively (Bromine Science and Environmental 
dkanei BTBPE. 12-bii(2.4.6-fribmmophmox~) ethane. Forum, 2000). These numbers can be compared to data fmm 



, 1992 showing an estimated global demand of 40.000 metric 
. m e s  annually for PBDE oC which 10% was penta, 15% 

was octa and 75% was decaBDE (WHO, 1994b). These 
data, although limited, show a considerable increase of 
PBDE use worldwide and a substantial use of the pentaBDE 
mixture in North America 

1.2. PBDE environmental levels 

PBDEs (produced since the 1970s) were first reported as 
an environmental contaminant in the River Viskan, in the 
early 1980s (Andersson and Blomkvist, 1981). Since then, 
they have been found in most environmental compartments, 
including aquatic and terrestrial ecosystems. These include 
'sediments (Watanabe et al., 1987; Yamamoto et al., 1997: 
Sellstrllm et al., 1998, 1999; Sellstriim 1999). fish (Sell-. 
shiim et al., 1993; Asplund et al., 1999a.b; Dodder et al.. 
2002; Hale et al., 2002; Luross et al., 2002), mussels (Booij 
et al., 2002) and Guillemot eggs (Sellstdim 1999) as well as 
Rein Deer (Sellstr8m et al., 1993). Although most published 
data originate from the Scandinavian countries, PBDE 
levels appear to be much higher in North America than in 
Europe, at least in certain area, such as the Great Lakes. 
This is illustrated by the sum of sPBDE (6 hi- to hexaBDE 
cong&ers quantified) concentrations of 3000 nglg lipid 

:weight (1.w.) in Steelhead tmut (Asplund et al.. 1999b) 
and sPBDE (6 tetra- to hexaBDE congeners quantified) of C?, 

+ '  2440 ng/g 1.w.h Salmon (Manchaster-Neesvig et al., 2002) 
taken Eum Lake Michigan. These results am in contrast to 
Salmon caught in the Baltic Sea, which have been reported 
to have a sPBDE (6 hi- to hexaBDE congeners quantified) 
concentration of I80 ng/g 1.w. (Asplund et al., 1999b). 
Furthermore, data on hemng gull eggs collected at several 
locations in the b a t  Lakes region show a rapidly increas- 
ing trend of tm- to hexaBDEs (Norahom et a].. 2002). The 
sum PBDE level in hening gull eggs collected at Shelter 
Island in Lake Huron was reported to be 23, 142 and 633 
ng/g (wet weight), for the years 1981, 1990 and 2000, 
respectively, which comsponds to a doubling in concen- 
tration every 5 years (Norstrom et al., 2002). By contrast, 
the sum PBDE (BDE-47, -99 and -100) level in guillemot 
eggs collected at Store KarlsB in the Baltic Sea has been 
reported to be 190 ng/g 1.w. (23 ng/g wet weight) in 1997 
(Sellstrllm. 1999). Commercial production of PBDEs ceased 
some 20 years ago in the Great Lakes region. Within the 
United States, current commercial production of PBDEs is 
localized in Arkansas (Hardy, personal communication). 

-1.3. Other BFRP of environmental concern 

TBBPA is a phenolic, weakly acidic and hydrophobic 

( 
compound (pH dependent), cf. Table 1. The worldwide 
demand for (TBBPA) and its derivatives has been estimated 
to be appmximately 120,000 tonnes annually (Bromine 
Science and Environmental Forum, 2000). The primary 
use of TBBPA is as a reactive FR in epoxy and polycar- 

hlcmotionnl29 (2W3) 829439 83 1 
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bonate resins. These polymers are typically used in, among 
other things, printed circuit boards and various elatmnic 
equipment. Approximately 10% of total TBBPA produced is 
used as an additive FR in acrylonihile-butadiene-sme 
(ABS) resins as well as in high impact polystyrene (WHO. 
1995). 

TBBPA has been reported in river sediments in Japan in 
1983 (Watanabe et al., 1983) and later in river sediments in 
Sweden (Sellshiim and Jansson, 1995). TBBPA has tiuther 
been identified and quantified in workers occupationally 
exposed to BFRn (Hagmar et al., 2000). cf., occupational 
exposure below. TBBPA has, to our knowledge, not hitherto 
been reported in human foodstuffi. 

Polybrominated biphenyls (F'BBs) (Fig. 1) represent a 
class of BFRs that are no longer commercially produced. 
The last known commercial production of decaBB ended in 
France in year 2000 @e Poortere, personal communication). 
Commercialproduction of hexaBB in the US ended in 1974 
following an accident in the state of Michigan were animal 
feeds were contaminated by a hexaBB product, called Fire 
Master BP-6, cf., accidental exposure below. 

Another BFR, HBCDD (Fig. I) is mainly used in 
polystyrene foam and in back coating layers of textiles as 
well as in high impact polystyrene. HBCDD h p  been 
identified in sediments and fish from contaminated rivers 
(Sellstdim ct al., 1998). 

Reports about 1.2-bis(2.4.6-tribmmophenoxy) ethane 
(BTBPE), cf. Fig. I, in the scientific literature am scarce, 
no reliable information about pmduction volumes or envi- 
mnmental levels is available. BTBPE was reported in air 
samples collected in the vicinity of a manufacturing plant in 
1976 and 1977 (Zweidinger ct a]., 1977). More recently, 
BTBPE was identified in indoor air at an electronics 
recycling plant (Sjlldin et al., 2001). However, it was not 
detected in the workers blood, cf., occupational exposure 
.below. 

2. Human erpoaure to BFRa 

2.1. Routes of exposure 

BFRs make their way to human populations primarily via 
food intake in cases when the compounds are persistent 
enough to be biomagnified in the food web similarly to 
other persistent chemicals as has been shown for BDE-47 in 
humans consuming large quantities of Baltic Sea fish 
(Sjlldin et al., 2000). This means that fatty fish from 
contaminated areas are a major source (Sjiidin et al., 
2000; Sj6din. 2000) and mother's milk is a source (Meir- 
onyte et al.. 1999; Meironytk Guvenius. 2002) for the 
nursing child. Nonpersjstmt BFRs, such as TBBPA, other 
phenolic BFRs and esters, do not biomagnify hence leading 
to d imt  exposures via inhalation being the predominant 
mute of exposure. However, the exposures are only of 
significance if there is a continuous (persistent) exposure 



of the subject. Also, the presence of persistent BFRs in 
ambient air in indoor work and/or home environments may 
cause a nonnegligible exposure of these chemicals in 
humans as discussed below. Dermal uptake of BFRs seems 
less likely; at least this is not believed to be a major route of 
exposure. 

2.2. General population 

It has been estimated (in Sweden) that 50% of the overall 
PCB intake, occurs via intake of various kinds of fish 
(Darnerud et al.. 1995). The remaining exposure to PCBs 
occurs through consumption of meat and diary products. 
This is most likely the case for PBDEs as well, as indicated 
by a cohort in Sweden showing a strong association 
between consumption of Baltic Sea fish and semm PBDE 
levels. Swedes who did not consume fish had a median 
PBDE level of 0.4 ng/g 1.w. (<0.1-2.5; 10-90 percentile) 
compared to 2.2 nglg 1.w. (0.96-5.7; 10-90 percentile), for 
the high consumers of fish who ate between 12 and 20 
meals of fany Baltic Sea fish per month (Sjodi et al.. 2000). 
Intenstingly, when analyzing the correlation of an individ- 
ual's age versus PBDE concenhation (Fig. 2). there was no 
significant relationship with age even though an increase in 
overall PBDE concentration was observed with increased 
consumption of fish. On the other hand, a significant 
correlation with age was found for 2,2',4.4',5,5'-hexachlor- 
obiphenyl (CB-153) for groups with moderate to high 

consumption of fatty Baltic Sea fish. CB-153 represents a 

been present in the Baltic Sea environment since the 1960s 
c stable and persistent environmental contaminant, which has .. 

(Bignert et al., 1998). The lack of a correlation with age for 
PBDEs may indicate that levels of PBDEs are increasing in 
the Scandinavian environment and in the fish consumed. 
Time trend data 6om the Scandinavian countries support 
this assumption showing an increasing PBDE concenhation 
in humans and wildlife, cf. temporal PBDE trends below. 

2.3. Human levels and mndr 

Time trend studies of PBDEs have been performed by a 
few authors using different matrices, i.e., breast milk (Meir- 
onyte et al., 1999; Meironyte Guvenius, 2002), whole blood 
(Schmter-Kermani et al.. 2000) and s e w  (Thomsen et al.. 
2002). The results from these studies are summarized in 
Table 2 and Fig. 3. As seen in Fig. 3. the concenhation of 
BDE47 (the dominating congener in non-occupationally 
exposed subjecta) increases in the general European pop- 
ulation &om the early 1970s until the mid-1990s. Interest- 
ingly, one of these studies (Meironyte Guvenius, 2002) 
shows a decrease in concentration starting in the latter part 
of the 1990s. Finding a decreasing trend of PBDEs in 
Sweden is encouraging news and is further supported by 
data on Guillemot eggs from Stora Kalsti in the Baltic 
proper (Sellstr6m. 1999). which also show decreasing levels E:., 
of PBDEs. However, the trend-line on Guillemot eggs starts 
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BDE-47 -.- 2-11 Fatly Uah m a b  p a  month 
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Fig. 2. Plaama levels (ng/B lipid weight) of 21,4.4'-lelrabmmodiphmyl ether (BDE-47) and 2,2',4,4',J,Y-hcxaehlorobiphcnyl (CB-153) in relation la ngs in ( three m w  of mm with difkml consumption of faUY fish fmm the Balk k mnw or low (0- I mtaWmonth), modem& (2- I l mdaldmon6) and hinh (> 12 '. - .  
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and R.3O.CQ. pW.% R.=0.22. p-0.20: and R=0.71, p<O.WI for CB-153 far low, modaate and high MMumption, napetively. Data fmm SjMin at al. 
(20001. 
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Fig. 3. Published time mda of 2.2.4.4'-mbmmodiphcnyl etha (BDE 
47) in E u m p  uing different mauicca, i.8.. brewt milk (Sweden) 
(Meironpi el ai.. 1999, Meimn* Guvcniua. 2002). m m  ~ o m a y )  
(Thomaen el al.. 2002) and whole blood (Onmany) (SchrBtcr-Kcrmani 
n al.. 2MM). Lipid adjusted valuca (nglg lipid weight) arm used to 
minimiza matrix d i l f m n .  

to decrease in the mid-19808, indicating a potential lag-time 
of a decade before a positive effectin the environment was 
translated to decreasing levels in the human population. 

The results from several studies originating 6um North 
America are shown in Fig. 4 (Ryan and Patty. 2000; SjLidin 
et al.. 2002; PUpke et al., 2001; Betts, 2002; She et al., 
2002). These studies wen never intended to be a determi- 
nation of temporal trends. Different matric~l and locations 
in North America were used but when comparing dara on a @3 , , 

1.w. bas~s the assumption can be made that differences in the 
manic? are minimized As shown in Fig. 4, it may be 
speculated that the conmhations of PBDEs are increasing 
with time also in North America. Strikingly, the concen- 
trations are higher in the U.S. samples, repnsenting humans 
from North America, than in the European populations 
studied so far. The levels in breast adipose tissue taken 
from women living in San Francisco Bay area (She et al., 
2002) in 2000 are almost two orders of magnitude higher 
than what has been reported in human milk from Sweden 
(Meironytk et al.. 1999). The last data point originating from 
Canada.in 2002 (Ryan et al., 2002) is much lower than what 
is determined for other locations in North America during 
proceeding years. No firm conclusions from this observation 
can be drawn since the amount of data is still limited. 
Further information on variationbetween different locations 
in North American as well as studies designed to assess time 
trends are needed before any conclusions can be drawn. 

The reason for the apparent higher concenhations in 
North America is unknown. One explanation may be that 
the main use of the commercial pentaBDE is within the 
North American continent (Bromine Science and Environ- 
mental Fonun, 2000). This product is the one in which the 
congeners most commonly found in humans and wildlife am 
present. 

(- It must be pointed out that most studies have included 
only low to medium bmminated diphenyl ethers thus not 
including any results on decaBDE even though these studies 
are in progress. DecaBDE is present in human subjects 

without known exposures to this major PBDE product. 
Levels of BDE209 (decaBDE) have been reported to range 
'om <0.3 to 9.3 ng/g I.w., in the Swedish general p o p  
ulation (Sjiidin et al., 1999; Thuresson et al., 2002). 

2.4. Dietary exposure 

Recently, it has been reported that PBDEs are present in 
c h i c h  originating from North America However, the 
levels in poultry (1.8-39 ng/g 1.w. for the sum of !ii- to 
decaBDE (Huwe et al., 2002)) are still much lower than 
what is reported in fish (Asplund et al., 1999b; Manchaster- 
Neesvig et al., 2002). Nevertheless, poultry may be a 
contributing factor to PBDE exposure for people with a 
low dietary intake of fish. Tri- to hexaBDE levels in 
spinach, potato and carrot have been reported in Japan to 
be 134.47.6 and 38.4 ng/g fnsh weight (Ohta et al., 2003, 
respectively. The same article also reported 63.4 ng/g in 
pork, 16.2 ng/g in beef and 6.25 ng/g in chicken. 

The total daily intake of P B D b  has been estimated to be 
44 ng/day in Canada by compiling PBDE concentration data 
from 40 common commercial fwd items and food con- 
sumption data (Ryan and Patry, 2001). 

Relatively high levels of PBDEs have been found in 
sewage sludge destined for land-applications, i.e.. biosolids, 
in North America. Eleven samples of biosolids destined for 
land-application bad levels of 1100-2290 nglg of teha- to 
hexaBDE and < 75 to 9160 ng/g of decaBDE (Hale et al., 
2001). A potential mute of h u m  exposure to PBDEs is the 
application of biosolids in agricultural arcas; this route of 
exposure should he investigated furrher. Over half of the 6.9 
million tomes of biosolids gincrated in 1998 by U.S. 
wastewater treatment plants were land-applied (United 
States Environmental Protection Agency, 1999). 

Fig. 4. P u b M  lavcL of ~,,4,4'.fmabmmodiphmyl nhu in variow 
mabia8 fmm N o d  America, proentcd in relation to year of m p l e  
colltclion. Lipid adjuted valun (nglg lipid weight) are u d  m minimize 
matrix diffcrmcn. enor ban indicare the range of data liom Bern (2002). 
She n at. (2W2), SjMin ct al. (2002). PBpkc ct 81. (2001). Ryan and Paw 
(2tWO) d Ryan cr al. (2002). 
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Fig. 5. Median concentrarion of polybmminated diphenyl cthm (PBDEa) 
in three wcupstional p u p s  in Sweden: hoapital cleanen (conml; n=20), 
compum tshnicima (n= 19) and elecho~ca dismantling w o k m  (nP 19). 
enor bm indicate range, maximum value given in parcntheais when off 
scale. Mvch of aigniRcancc (Mw-Whitnoy U-tnt) an w m p a d  to 
conml p u p  m indicated; *p 5 0.05, "p S O.WI. BDE47. 2.2.4.4'- 
tetraBDE; BDBI 53. 2.2.4,4'.S,S'-huaBDE; 2.2.4.4',5,6'-hcxsSDE (BDE 
154); BDE-183. 22'.3,4.4'.5',6-hcptaBDE: BDE-209. 2.2.3.3'.4#.5.5',6,~- 
dsaBDB. Dam fmm SjMin el al. (1999) and Jnkobswn et nl. 
(2002). 

2.5. Occupational exposure 

In Sweden, occupational exposure to PBDEs has been 
identified among electronics mycling personnel (Sjodin et 
al., 1999), technicians responsible to repair and maintain 
computers (Jakobsson et al., 2002), cf. Fig. 5 ,  workers 
adding decaBDE during rubber manufacturing (Thuresson 
et al., 2002), and employees working at facilities manufac- 
turing electric cables using the same rubber (Thursson et 
al., 2002). 

The recycling workers performed manual dismantling of 
computers as well as other electronic devices such as tele- 
vision sets, stereos and machinery such as mail sorting 
equipment. This equipment was dismantled with the aid of 
pneumatically operated power tools, which mobilizes large 
quantities of the dust accumulated within the electronic 
equipment. The dismantled materials from computers, mon- 
itors and television sets were sorted into several fractions: 
plastics, metals, circuit boards and picture tubes. Respirators 
were not worn at the plant with the exception of a single 
employee operating a shredder used for grinding plastics 
into small pieces (1-5 cm2). Air concentration measure- 
ments inside the plant (Sj6din et al., 2001) revealed much 
higher concentrations of BDE-183 and BDE-209 in the air 
(19 and 36 ng/m3, respectively) than those determined in 
common office environments (0.0082 and 0.083 ng/m3 for 
BDE 183 and BDE-209, respectively). These findings 
demonstrate that there was occupational exposure at the 
recycling plant to BDE-183 and BDE-209 (Fig.,S) and to a 
lesser extent exposure to BDE-17, BDE-153 and BDE-154. 
These findings are consistent with the known uses of PBDEs 
@entaBDE mainly in polyurethane foam and upholstery, 

while the main uses of octa- and decaBDE is in plastics). A 
similar exposure situation has been identified at an elec- 
tronics recycling facility in the Stockholm area, Sweden 

(- 

(Hovander et al., 2001). 
Although levels of PBDEs in the recycling workers were 

elevated above the controls, the levels are still lower than 
PCB-153 (a most persistent PCB congener). The median 
levels for the sum of PBDEs and CB-I53 were determined 
to be 26 and 270 ng/g I.w., respectively (Sjodii et a).. 1999). 

Air concentration measurements at the electronics 
recycling plant also revealed surprisingly high concentra- 
tions of BTBPE (20 ng/m3), TBBPA (30 ng/m3) and 
2,2',3.3',4,4',5,5'-decabmmobiphenyl (BB-209; 36 ng/m3) . 
in the electronics dismantling area. ~ollbw-up studies also 
revealed the presence of TBBPA (Hagmar et al., 2000; 
Sjodin, 2000) and 88-209 (Sjodii, unpublished) in senun 
drawn from workers engaged in electronics recycling. 
Interestingly, BTBPE was not detected in the workers 
serum (SjBdin, unpublished). This may be a result of a 
rapid metabolisni'of BTBPE which has been indicated in 
rats given BTBPE orally (Nomeir et al., 1993). 

Occupational exposure has also been studied for a 
limited number of electronic recycling workers (n=5) in 
Norway (Thomsen et al.. 2001) (Fig. 6). Although BDE-209 
was not included among the reported data, the exposure 
seems to be less pronounced in this occupational setting. It 
is possible that this is due to the fact that respirators were 
used by these workers. 

Another study of workers repairing and maintaining 
computers, at a hospital in Sweden. (Jakobsson et al.. 
2002) showed significant exposure to PBDEs, as illustrated 
in Fig. 5. These findings indicate that exposure to PBDEs is 
not only limited to dismantling of electronic goods but also 
encompasses repair and maintenance work on computers 

Fig. 6. Average mncnlration of polybmminated diphcnyl d m  (PBDEd) 
in fhrcc occupational Bmup in Noway: laboratory pnsonnel (mnml; 
n -  5). circuit board pmdwm (n=5) and CISE~NCI  mycling workm 
("-5). Ermr b m  indicate m g c .  O~nly levels of BDE-I 53 w m  found to be 
significantly difimt when comparing the p u p  of clsmnica d i s m ~ t l m  
and the wnml p u p  (p-0.05). Dara fmm mfcrmce Thomm el al. 
(ZWI). 



which significantly increases the number of people with 
potential exposure to PBDE. Worth noting is the similarity 
i n  the congener pattern Found in recycling plant work- and 
in computer technicians, indicating that the mutes of expo- 
sure are similar although resulting in.lower absolute serum 
concentrations for the computer technicians. 

A possible mute of occupational exposure is inhalation 
of particulate matter, i.e., dust, originating fmm the aged 
electronic devices, which is then mobilized by human 
intervention. Thin assumption is consistent with air concen- 
tration measurements in which the vast majority of PBDEs 
were found in the patriculnte @action of air as opposed to 
the semivolatile fraction (Sjiidin et al., 2001). 

2.6. Half-lives of BFRs in humans 

The half-livesof higher bmminated PBDEs and TBBPA 
has also been estimated in the Swedish workers engaged in 
the recycling pmcess (Hagmar et al., 2000; ~j idin.  2000) by 
repeated sampling of blood during the workers vacation. 
The half-life estimated for BDE-209 was in the range of a 
week. while the corresponding figure for BDE-183 was 
estimated to be 3 months (Hagmar et al., 2000; Sjiidin, 
2000). The half-life of BDE-209 is short and hence indicates 
a quite rapid metabolism of BDE-209. The BDE-209 
metabolite6 are still not known even though some indica- 

, , nons of their identities have been reported (Miirck and G '  Klasson Wehler. 2001). 

Also, the half-life of TBBPA is sdort, estimated to be 2 
days (Hagmar et al., 2000; Sjiidin, 2000), which is not 
surprising since TBBPA is a phenol which is rapidly 
conjugated and subsequently excreted (Hakk et al., 2000). 
although, evidence for enterohepatic circulation has been 
reported. 

2.7. Accidental exposure 

The only known accidental exposure to BFRa occurred in 
1974 in the state of Michigan (Fries. 1985). The flame 
retardant "Fin Master BP-6". consisting of polybmminated 
biphenyls (PBBs), was discovered to have been accidentally 
exchanged for a dairy feed additive (magnesium oxide) at a 
manufacturing plant. This accident lead to a widespread 
contamination of animal feeds, livestock and food products. 
A large number of cattle, pigs and chickem had to be 
slaughtemd as a consequence of the contamination. Esti- 
mates of the amount of PBBs introduced into the feeds 
ranged tium 225 to 450 kg, although, it could have been 
more (Reich, 1983). The accident resulted in high PBB 
serum concentrations being detected in Michigan dairy 
farmers. No PBBs were detected in residents from the 
neighboring state of Wisconsin (Bekesi et al., 1978). Among 
the reported symptoms were: tiredness, fatigue, loss of 
appetite, weight loss, pain and swelling of joints and 
abdominal pain (Anderson et al.. 1978b). Effects on liver 
function were also observed (Anderson et al., 1978a). This 

accident resulted in the cessation of production of hexabm- 
mobiphenyl inside the US while octabromobiphenyl and 
decabromobiphenyl continued to be produced until 1979 
(WHO. 1994a). 

Recently, surprisingly high levels of BB-153 were de- 
tected in archived serum samples collected in Illinois in 
1988 (Sjiidin et al., 2002). A median level of 12 nglg 1.w. 
(range 2.6-53) was repolted in these samples which was 
significantly higher than the levels of PBDEs found in the 
same samples. Blood samples taken fmm Michigan resi- 
dents in the same year still contained detectable levels of 
BB-153 even though the use of PBBs had been banned soon 
after the accident (Blanck et al., 2000). The long median 
half-life of BB-153 (29 years in humans) (Blanck et al., 
2000) indicates that the samples drawn in Illinois could still 
have detectable levels of 88-153 in 1988 even if the 
individuals were exposed in 1973 or 1974. On the other 
hand, the Illinois residents could also have been exposed 
through various consumer materials impregnated with fin 
retarding PBBs. 

At least one order of magnitude higher levels of PBDEs 
have been found in the North American population as 
compared to European populations. Concentrations of 
PBDEs in Steelhead trout and salmon fmm the Great Lakes 
region were also significantly higher than Salmon taken 
from the Baltic Sea. These results call for intensified 
research to determine the mutea of expome within the 
North American general population. Traditionally, exposure 
to organohalogen compounds has been primarily through 
the consumption of contaminated food. However, h the 
case of PBDEs that are currently being used in our modem 
indwr environment, the exposure situation may be much 
more complex; sources such as inhalation and dennal 
exposure may also need to be taken into account. Then 
may also be subgroups within the genenil population that 
are at an incnased risk of PBDE exposure in much the same 
way as the electronics recycling workers in Sweden. 
Limited data on BDE-209 is a major data gap. Similarly, 
there are no data on other BFRa in humans which is a major 
drawback when hying to assess human exposure to BFRs. 

We are gnrtefil to Richard S. Jones for reviewing the 
manuscript for grammatical errors. 
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Abstract 

Polybrominated diphcnyl ethers (PBDEs) were identified in fish collected from the Detroit River. MI and Des 
Plaines Rivers, 1L. In the Detroit River fish, carp and large mouth bass, the congener patterns were dominated by the 
2.Z1.4.4'-tetrabromo (BDE-47) congener; however, in Des Plaines River carp the dominant isomers were the hepta- 
bromo congeners BDE-181 and BDE-I83 and lesser amounts of another heptabromo congener. BDE-190, and two 
hexabromo congeners. BDE-I54 and BDE-153. Three possible sources exist for these lesssommonly identified PBDE 
congeners: (a) waste discharge from manufacturing or discarded products near the river. (b) public owned treatment 
work (POTW) effluents which constitute more than 75% of the Bow in the Des Plaines River. (c) or formation of these 
congeners by debromination of in-place deposits of decabromodiphenyl ether. Average concentration totals (sum of 
concentrations for seven of the dominant PBDE congeners) were similar on a wet weight bases for the carp (5.39 ngig 
wet weight) and large mouth bass (5.25 ndg) in the Detroit River samples; however, the bass were significantly higher. 
p = 0.01, when compared on a lipid basis (bass-163 ngig vs, carp-40.5 ngig lipid weight). Some of the PBDE congeners 
were positively correlated with increasing lipid levels in both fish species. Average total PBDE concentrations in the 
carp from the Des Plaines River (12.48 ngig wet weight) were significantly higher. p = 0.01. than in carp from the 
Detroit River. The residues were isolated using standard organochlorine methods for fish and analyzed using gas 
chromatographylmass spectrometry-negative chemical ionization methods. 
Published by Elsevier Science Ltd. 

Keywords: Polybrominaled diphenyl ethers; Carp; Dclrair Rivcr; Dcs Plaines River: Large mouth bass 

Polybrominated diphenyl ethers (PBDEs) are an 
emerging environmental contaminant that appears to be 
ubiquitous in the environment (Alaee in Renncr. 2000a; 
Strandberg et al.. 2001) and magnify in fish tissue (Alaee 

'corresponding author. Tcl.: +I-301-504-6398: fax: +I-301- 
504-7296. 
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et al., 1999; Hale et al.. 2001a.b; Manchester-Necsvig 
et al., 2001). The majority of PBDEs so far identified in 
the environment are composed predominantly of the 
tetrahromo congener. BDE-47 (2.Z1.4.4'-tetrabromi- 
nated dipheyl ether) and lower levels of two pentabromo 
congeners. BDE-99 (2,2'.4.4'.5-pentabromodiphenyl 
ether) and BDE-100 (2.2'.4,4',6-pentabromodiphenyl 
ether). Usually the hexa- and heptabromo forms are only 
minor components in environmental samples, except at 
locations near known sources of contamination, e.g. a 
contaminated river in Sweden (Sellstrom et al.. 1998) 

0045-6535102/$ - see front matler Published by Elsevier Science Ltd, 
PII: S0045-6535(02)00398-3 
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and a former manufacturing site in Indiana (Dodder 
et al., 2002). The typical distribution of congeners found 
in biological samples has been likened to the composi- 
tion in the "pentabromodiphenyl commercial product" 
by Strandberg et al. (2001). BDE-47 typically provides 
50-60% of the total mass; and BDE-99 accounts for 35- 
40%; while the other congeners account for less than 
10% of the total. Swedish researchers have been studying 
the environmental occurrence of PBDEs for several 
years (de Boer. 2000). A clear trend towards increasing 
levels with time has been discovered in mother's milk 
samples in Swedish women (NorCn and MeironytC, 
2000). While Canadian researchers have been collecting 
data on PBDE levels in fish for several years (Great 
Lakes and coastal waters near Vancouver) (Sergeant 
et al., 1998; Alaee et al., 1999; Ikonomu el al., 2002; 
Luross et al.. 2002). the US has only recently begun to 
monitor the levels in fish (Loganathan et al.. 1995; Hale 
et al.. 2001a.b: Johnson and Olson. 2001; Manchester- 
Neesvig et al.. 2001; Dodder el al.. 2002). 

PBDEs are used in commerce for several applica- 
tions; they are especially noted for their fire retard- 
ing properties. Hale et al. (2M)lb) revealed a largely 
overlooked source arising from the use of the penta- 
bromodipenyl commercial product as an additive in 
upholstery foams. Another important source of release 
is their use in plastic components of computers and 
televisions, especially circuit boards and other electronic 
components and as a flame retardant in textiles. In- 
creasing levels that are apparent in the environment 
have been attributed to several causes including in- 
creased disposal of outdated electronic equipment and 
volatile losses from product's in use (Danish Environ- 
mental Protection Agency in Renner (2000h)). One 
newer area of speculation is the possible contribution of 
lower brominated PBDEs to the environment by the 
debromination of the decabromodiphenyl form. BDE- 
209, which is the most heavily used product in commerce 
(Kierkegaard et al.. 1999). Strandberg et al. (2001) has 
suggested that photolytic degradation of congener BDE- 
209 to lower brominated forms may be taking place. 

This study was carried out to determine the levels and 
patterns of PBDE congeners in fish collected near sus- 
pected areas of high release, particularly effluent-domi- 
nated waterways in industrialized areas of the Great 
Lakes. 

2. Methods 

The fish analyzed in this study were obtained in May 
and June of 1999 from two major river systems, the 
Detroit River. MI, and the Des Plaines River, IL. These 
sites were selected because they have high levels of in- 
dustrial and municipal effluents contributing to their 
Row. Carp and large mouth bass were collected from the 

Des Plaines River Sites Detroit River Site 

Fig. I .  Sampling sites (X) at collection locations. 

Detroit River in the western branch of the Trenton 
Channel close to the southern tip of Grosse Ile. Fig. 1. 
Carp were obtained from two locations on the Des 
Plaines River, the upper site was near Riverside, IL 
(approx. river mile 318) and:the lower site was near 
Joliet. IL, MP 281. Fig. I. The fish were collected by 
electro-shocking. The stunned fish were netted, held in 
live tanks until return to shore where each individual fish 
was weighed, measured and subjected to external and 
internal examinations. For storage, the fish were wrap- 
ped in aluminum foil, placed in 4 mm thick polyethylene 
bags, and maintained chilled on dry ice until delivery to 
the laboratory where they were frozen at -30 OC and 
held until homogenized for contaminant analysis. 

The entire fish was homogenized and subsamples of 
the homogenate were placed into certified chemically 
cleaned I-ChemQ jars (TM 300 series), capped and 
stored frozen until prepared for extraction. At extrac- 
tion, tissue was thawed but kept cold and rehomoge- 
nized. Surrogate standards (PCB #65. 166) were added 
to a 10 g subsample and then mixed with 40 g of sodium 
sulfate (previously dried by heating to 140 'C overnight). 
The mixture was stirred until it was dry and free-flowing. 
Contaminants were extracted by column elution meth- 
ods (Schmidt, 1997a,b) using 10% ethyl acetate in pe- 
troleum ether. solvent exchanged into ethyl acetate and 
brought to a final voliime of 10 ml. A volume of sample 
extract, equivalent to I g tissue, was pipetted into pre- 
weighed aluminum drying pans for computing the per- 
cent extractable lipids. 

An aliquot of each sample was loaded onto a 
52 cm x 1.27 cm i.d. gel permeation column (01  Ana- 
lytical Envirobeads' S-X3 select) and cleared of lipid 
interferences using 1.48 nlUmin ethyl acetate as the 
eluting solvent. The first 41 ml fraction of eluant. con- 
taining the lipids, was discarded. The following 62 ml 
were collected. I ml of iso-octane was added and this c.. 
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fraction was concentrated to I ml. To remove remaining 
trace amounts of lipids, the concentrated sample was 
eluted with 7% ethyl acetate in hexane through a clean- 
up column packed with Florisilg and 0.1 ml of 4.5 M 
sulfuric acid. Extracts were concentrated to I ml and 
internal standards were added (PCBs #I36 and #204) 
(Schmidt, 1997h). A preliminary fractionation test was 
performed to verify that PBDEs eluted with the pesticide 
fraction and no interference was observed from bromi- 
nated biphenyls. 

2.1. CCIMSINCI analysis 

An HP 5973 GCIMS was utilized for analyte sepa- 
rations and quantification. It was equipped with a DB-5 
gas chromatographic column. 30 m x 0.25 mm id.. 0.25 
pm film thickness, obtained from J&W Scientific. He- 
lium was used as the carrier pas, and methane was used 
as the MS-reagent gas. The column temperature was 
programmed as follows: initial setting was 80 "C (held 
for 2 min), then increased at 10 "Umin to 300 'C (held 
for 10 min). The injector temperature was 280 'C. the 
interface was 280 "C, and the temperature of the ion 
source was IS0 O C .  PBDEs were quantified using bro- 
mide ions (Mlz = 79.81). The detection limits (ndg fresh 
weight) for the respective analytes are as follows: 0.30 
for BDE-47; 0.25 for BDE-99, BDE-IW, BDE-153, 
BDE-154; and 0.2 for BDE-181, BDE-183 and BDE- 
190. 

2.2, Quality assurance 

In parallel with the above analyses, blanks (corn oil) 
and performance check fish were analyzed with each 
sample hatch (e.g. this same check fish sample has been 
extracted by our laboratory with every organochlorine 
batch of fish that is run since the mid 1990s (Chernyak 
et al.. 1998) and PBDEs were added to the list of orga- 
nochlorine analytes in 2000). Linearity. drift check (re- 
peat analysis of a standard injected every fifth sample). 
and spike recovery analyses using the check fish were 
also carried out. Spike recovery was 95-1 10%. surrogate 
recoveries were 90%. blanks were clear of interferences. 
and drift checks and individual BDE-congener precision 
checks were all below 1O0/o. PCB, toxaphene and pesti- 
cide standards were also run using these methods; no 
interferences from these analytes were detected. 

3. Results and disrusslon 

During initial examination of the samples for PBDE 
the various fish extracts were screened against a stan- 
dard which contained 40 different PBDEs ranging from 
I bromo up to 7 bromo-substituted diphenyl ethers, 
Cambridge Isotope standard # EO-4980. From this 

initial screening those peaks were selected for exact 
quantification that represented more than 5% of the 
total. The quantities of individual PBDE congeners in 
the each individual bass (Table I )  and carp (Table 2) are 
provided along with statistical data summarizing their 
average per-site concentrations and relative abundances. 

PBDE totals: The average total concentrations (wet 
weight basis) in carp and bass from the Detroit River are 
very similar; e.g. bass, 5.25 and 5.39 ng/g in the carp. If 
concentrations in these two fish species are expressed on 
a lipid-normalized basis, there was a greater average 
level of PBDE in the bass (p = 0.01), 163 (164) ng/g 
lipid than the carp, 40.7 (f 8.2) ng/g lipid. There was a 
weak correlation of lipids with level of total PBDE in 
the large mouth bass: and this was especially true for 
the female fish, R' = 0.673. This correlation was even 
stronger when only congener BDE-47 was considered in 
these female fish. R' = 0.88. There was no correlation of 
lipid content vs. PBDE levels for the Carp at any loca- 
tion except for the lower Des Plaines siie. Here, there 
was a positive correlation between lipid in female carp 
and the two heptahromodiphenyl ethers (BDE-181 
(R' = 0.75) and BDE-183 (R' = 0.70)): There was no 
clear correlation of PBDE with weight or length for any 
of the fish and at any of the sites. There was a significant 
difference (p = 0.01) in average total concentration of 
PBDEs in fish collected from the Des Plaines (total 
PBDE 12.48 (f4.2) ng/g wet weight) vs. those collected 
in the Detroit River (total PBDE 5.4 (f0.62) ng/g wet 
weight). These differences are accounted for almost en- 
tirely by the higher levels of the higher homologues (153, 
154, 181. 183 and.190) in the Des Plaines fish. both at the 
upper and lower locations. The lower Des Plaines River 
had the highest average level of these higher brominated 
congeners Table 2 (Fig. 2). There was little difference in 
the percent composition for the two Des Plaines River 
sites, respectively, the heptahromo congener for the 
upper vs. the lower site were, 55.7% and 48.4% and the 
hexahromo congener was 20.1% and 21.4%. Since 
the lower site was about 36 miles farther downstream of 
the upper location. it would seem there are multiple 
sources of the PBDE releasing these higher homologue 
patterns into the Des Plaines River. 

The average total concentration of PBDEs in all of 
these fish are low compared to measurements in the 
literature. Hale et al. (2001b) reported that over one-half 
of the fish sampled from two major Virginian watershed 
had >I00 pglkg wet weight BDE-47 which was the 
major congener found. Johnson and Olson (2001) found 
that total PBDE concentrations ranged from 1.4 ng/g 
(wet weight) in rainbow trout from a remote location to 
1.25 ng/g collected in an urbanized area of the Spokane 
River; however, most of their remaining data were in 
the 20-300 nglg wet weight range. Dodder et al. (2002) 
reported levels ranging from 6.9 to I8 ng/g wet weight 
for various fish species, smelt, blue gills, crappie from 
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Table I 
Concentration PBDE's by individual congener amounts in large mouth bass collected from the Detroit River near Grosse Isle. MI 

ID weight ~~~~~h ~ i ~ i d  sex Congener breakdown (nglg wet weight) Total Total 

(g) (mm) ('5) PBDEs PBDEs 
BDE- BDE- BDE. BDE- BDE- BDE- BDE. we t '  lipidbasis 
47 99 100 153 154 181 183 weight (nglg lipid 

weight) 

54 784 355 5.2 M 1.94 0.3 0.33 0.49 0.4 0.32 0.36 4.14 86 
55 315 432 5.0 M 2.7 0.93 0.75 0.68 0.56 0.32 0.36 6.3 126 
56 261 342 3.5 M 1.68 0.55 0.53 0.4 0.3 0.15 0.11 3.72 106 
57 192 414 3.7 M 1.59 0.32 0.34 0.33 0.33 0.15 0.19 3.25 86 
59 1450 352 3.8 M 4.23 0.41 0.41 0.56 0.56 0.36 0.28 6.81 179 
60 '625 408 5.8 M 6.11 0.92 0.75 0.56 0.56 0.36 0.33 9.59 152 
61 668 276 2.0 F 2.25 0.3 0.33 0.4 0.48 0.39 0.36 4.51 251 
62 280 265 3.1 F 4.37 0.33 0.32 0.35 0.33 0.15 0.12 5.97 166 
64 1263 342 3.6 F 6.22 0.35 0.33 0.33 0.3 0.28 0.35 816 221 
65 577 334 2.3 F 0.92 0.23 0.26 0.26 0.3 0.1 0.11 2.18 91 
68 689 266 1.6 F 0.96 0.33 0.33 0.35 0.44 0.23 0.34 2.98 213 
70 1267 233 1.4 F 0.65 0.76 0.66 0.61 0.59 0.36 0.22 3.85 275 

Percent composition 53.4 9.1 8.5 8.4 8.2 5.0 5.0 
Average 2.80 0.48 0.45 0.44 0.43 0.26 0.26 5.25 163 
%RSD 70.1 52.8 40.3 2 9 . 9 ,  27.3 39.1 40.2 2.00 40.7 

background locations and higher levels (65 ng/g wet 
weight) in fish collected from a location near a PBDE 
manufacturing facility. Dodder el al. (2002) also ana- 
lyzed two carp fillet from a site near a manufacturing 
facility and found concentration ranging from 6.2 to 20 
ng/g wet weight. Loganathan el al. (1995) found carp in 
the Buffalo River to have levels from 13 to 23 ng/g for 
total PBDEs. Manchester-Neesvig et al. (2001) found 
congener BDE-47 averaged 52 ng/g wet wt. for coho 
salmon collected from Lake Michigan. Asplund et al. 
(1999) reported values on a lipid basis for Steelhead that 
would yield wet weight values of 53 ng/g, and for Baltic 
salmon this would be 21 ng/g. None of the fish studied 
here contained single congener amounts approaching 
these values. 

The positive relationships between increasing lipid 
levels and increasing amounts of PBDEs which were 
observed in the large mouth bass in the Detroit River is 
not surprising since PBDEs belong to the class of com- 
pounds which are known to biomagnify and these 
compounds tend to accumulate to higher levels in lipid 
reserves (Burreau et al.. 1997). The fact that this rela- 
tionship was strongest for the female fish may have 
something to do with the fact that these fish were all in 
spawning stage and ripe with lipid-rich egg masses. 
Burreau et al. (2000) also showed that BDE-47 has the 
highest biomagnification potential and this supports our 
observation that the lipid correlation improved when 
this congener was plotted separately. The positive rela- 
tionship between lipid amounts and increasing levels 
of the two heptabromodiphenyl ethers. BDE-181 and 

BDE-183, that was observed only in female carp and 
only at the Des Plaines site is a bit more puzzeling. Es- 
pecially since Burreau et al. (2000) determined that the 
biomabification potential for hexaBDEs is consider- 
ably less than what they found for the tetra- and pen- 
taBDEs. While Burreau and associates (1999) did not 
test for the biomagnification of heptabromo BDEs, it 
could be assumed that this congener would have an even 
lower biomagnification potential than the hexaBDEs 
because of its higher bromine substitution. Why the fe- 
male carp at this location showed a positive lipid cor- 
relation that was not displayed by the other congeners. 
seems to contradict Burreau's findings. The fact that 
only females exhihiled this positive correlation, how- 
ever, probably has something again to do with the fact 
that these fish were in spawning stage. 

PBDE congener patterns: The relative proportions of  
the seven congeners (BDE-47. BDE-99. BDE-100. BDE- 
153. BDE-154. BDE-181. and BDE-183) which were 
present in the carp and large mouth bass collected at the 
Detroit River site were very close between the two spe- 
cies. They were 53-56% for congener BDE-47; vs. 18% 
for the sum of the two pentabromo congeners (BDE-100 
and BDE-99); and 17% for the hexabromo congeners 
(BDE-154 and BDE-153) (Tables 1 and 2). This pattern 
is very typical of  those reported by other researchers. 
For example Dodder el al. (2002) observed a similar 
composition of PBDEs in fish representing background 
levels for their collections and Manchester-Neesvig et al. 
(2001) reported the relative amounts of PBDE congeners 
in Lake Michigan salmon as 56% tetra congener. 21% 
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Table 2 
Concentration of PBDE's by congcncr amounts in carp collected from the Dctroit River. MI, and the Des Plaines River. IL 

ID weight ~ ~ ~ ~ t h  ~ i ~ i d  sex Conger composition (nglg wet weight) Total Total 
(B) (mm) (''4 PBDE PBDE 

ED@- BDE- BDE- BDE- BDE- BDE- BDE- BDE- wet lipidbasis 
47 99 100 I53 154 181 183 190 weight(ng/glipid 

weight) 
Dvrruir Rioer, 
33 2892 
34 2244 
35 2899 
36 5572 
37 2776 
38 2581 
39 3136 
40 1853 
43 3078 
44 3082 

from rr!ourh of Rouge Ricer and near Crorse Isle. MI 
'659 12.3 F 3.7 0.55 0.5 

Percent cimposition 
AVO 

De* Ploiner Rilier (Lower) downstream of Jolief. IL 
96 2457 540 3.4 M 3.9 0.52 0.45 
97 1433 451 5.64 M 1.93 0.49 0.44 
98 2251 532 4.75 M 3.62 0.54 0.47 
99 3942 634 11.0 F 3.88 0.51 0.44 
100 1502 467 9.21 F 1.76 0.48 0.43 
101 2283 551 2.27 M 3.35 0.53 0.43 
103 1691 480 4.26 M 2.52 0.52 0.45 
105 1257 423 22.5 F 1.37 0.47 0.45 
106 1086 419 4.47 F 1.53 0.44 0.44 
107 1561 437 5.76 F 1.54 0.45 0.44 

Percent composition 
AVO 
'XRSD 41.2 6.9 2.6 24.9 39.7 25.9 17.7 61.9 ,20.0 68.3 

Der Pbines River (Upper) neur River.ridr. IL 
87 2823 590 11.3 M 1.12 0.48 0.47 0.52 0.72 1.21 1.15 0.91 6.58 52.2 
88 2823 590 13.5 M 1.29 0.49 0.48 0.64 0.74 1.33 1.13 0.95 7.05 47.3 
92 4388 575 3.75 F 0.72 0.48 0.48 0.38 0.54 . 1.01 1.02 0.88 5.51 134.4 
93 5987 680 14.4 F 2.21 0.53 0.51 1.11 1.92 2.22 1.94 1.12 11.56 79.2 

Percent composition 17.4 6.4 6.3 8.6 12.8 18.8 17.1 12.6 
AVG 1.34 0.50 0.49 0.66 0.98 1.44 1.31 0.97 7.68 78.3 
%RSD 47.2 4.81 3.57 47.8 64.6 37.1 32.4 11.1 34.8 107.5 

penta and 10.2% hexa. I t  however should be recognized 
that these researchers may not have looked for any 
homologues higher that the 154 congener. 

In comparing the PBDEs compostion in carp at the 
two locations. Des Plaines River vs. the Detroit River, it 
is clear that different congeners were present in fish 
collected at the Des Plaines River site (Fig. 2). Rather 
than congener BDE-47 being the major congener in the 
Des Plaines collections, congeners BDE-183 and BDE- 
I81 were predominant, e.g. 20% and 22% respectively of 

the total'PBDE concentration. Furthermore congener 
BDE-190. also a heptabromo congener like BDE-I83 
and BDE-181, was measured here at 12.4% of the total 
amount of PBDE. This congener was not even found in 
the Detroit fish samples (detection limit 0.2 nglg). The 
likeliest explanation for the occurrence of these cong- 
eners in fish obtained from the Des Plaines River would 
be discharges from a manufacturing facility(ies) that use 
products containing these congeners or discharges from a 
waste facility(ies) that may be leaking these components. 



Fig. 2. Average cangener-specific PBDE concentrationli in carp 
collected from the Detroit River. MI ilnd the Dcs Plhines River. 
IL. 

Office and business equipment housings are often made 
with a polymeric acrylonitrile butadiene styrene mate- 
rial that is composed 12-18% by weight of commercial 
octaBDE (OECD. 1994); and these octaBDE mixes 
contain mostly BDE-183 (Sjodin, 2000). Three of these 
octaBDE commercial products were also determined by 
SjGdin to contain lesser amounts of three octaBDEs, a 
nonabrominated dipheyl ether and BDE-I53 and BDE- 
154. There are other technical PBDE products besides 
the octaBDE that have been reported to contain higher 
levels of congeners other than BDE-47. For example 
one particular pentaBDE, technical mix (DE-71'). was 
characterized by both Sjodin (2000) and Dodder el al. 
(2002) to contain higher levels of the BDE-99 congener 
than the BDE-47 congener and lesser amounts of BDE- 
100, BDE-153 and BDE-154. This technical mix added 
to the octaBDE mix discussed above could possibly 
account for at least the BDE-183, BDE-153, BDE-I54 
and BDE-100 congeners that we found in the Des 
Plaines carp 

Possible sources for the other heptabromodiphenyl 
ethers, BDE-181 and BDE-190, that were found in the 
carp in the Des Plaines River are less obvious, especially 
since no commercial products have been documented as 
containing major quantities of these congeners. Some 
researchers have postulated that debromination of 
decaBDE (a major product used in commerce (Renner. 
2000b)) can result in the occurrence of lower brominated 
congeners in the environment. Kierkegaard el al. (1999) 
noticed a progressive increase in concentration of spe- 
cific hepta and octaBDEs after feeding rainbow trout a 
commercial decabromobiphenyl ether mixture, the deca 
congener itself, BDE-209, however, did not bioaccu- 
mulate. The assumption by these researchers was that 

these congeners were resulting either from metabolic 
processes acting on the BDE-209 or efficient absorption 
of those congeners that are present as minor impurities 
in the deca product relative to the others. Perhaps the 
high occurrence of congeners 181 and 183 in our samples 
is arising due to active metabolism of deposits of BDE- 
209 that are residing in sediments of the. Des Plaines 
River. 

Another explanation also exists for the unusual pat- 
tern of higher congeners observed in Des Plaines carp vs. 
those in the Detroit River. The Des Plaines River re- 
ceives much higher contributions of POTW effluents 
than does the Detroit River and these effluent loads 
could be the source of these PBDE residues. For ex- 
ample it has been reported that under low-flow condi- 
tions in the Detroit River. POTWs contribute about 1% 
to the flow; while during normal flow for the lower Des 
Plaines River. 75% of the river flow comes from POTWs 
and during low-flow this amount is 100%. Furthemlore. 
the flow in the lower Des Plaines River principally 
originates from the Chicago area which is largely due to 
alteration in this river system that were made to direct 
sewage effluent away from Lake Michigan (Howe. Per- 
sonal communication). Analysis of POTW effluents for 
PBDEs and careful determination of their congener 
makeup might help answer this question. Without fur- 
ther studies on this problem, it is only possible to 
speculate as to which of these processes or combinations 
of processes are truly causing higher levels of hexa- and 
heptabromodiphenyl ether congeners to occur in the Des 
Plaines fish. Analysis of sediments could assist in this 
investigation by identifying possible sources; however 
these data were not obtained as part of this study. 

Dodder et al. (2002) also found congener patterns in 
fish that were different than the normal patterns ob- 
sewed in most studies where the BDE-47 congener 
predominates (de Witt, 2002). In the Dodder and co- 
worker study. the highest' congener levels were contrib- 
uted by two hexabrominated congeners BDE-153 and 
BDE-154 (47%). Their explanation was that these non- 
typical congener patterns were caused by proximity of 
the fish to a known source that originated from a former 
PBDE manufacturing facility near Hadley Lake, Indi- 
ana. They also examined sediments near their collection 
sites and identified patterns similar to those in their fish 
extracts. 
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ential Increases of the 
z n a t e d  R a m  Retardants, 
Polybrominated Diphenyl ~thek, 
in the Canadian Arctic from 
1981 to 2000 
M I C H A E L  G.  I K O N O M O U . '  
SIERRA RAYNE. AND 
R ICHARD F .  ADDISON 
Contamlnanrs Science. Institute of &an Sciences, 
D~pnnnrenr of Flsbrrles and Oceans Canada. 
Sidney. Brlrlsh Columbia. Canada V8L 462 

A suite of 37 poiybrominated diphenyl ether (PBDE) 
congeners and all of the homoiogue groups from mono- 
to deca-brominated were determined in ringed seal (Phoca 
hispida) blubber collected from subsistence hunts in the 
Canadian Arctic in 1981; 1991, 1996, and 2000. Total PBDE 
(ZPBDE) concentratlons have increased exponentially 
over this periodin male ringed seals aged 0-15 years. Penta- 
and hexa-BDEs are increasing at approximately the 
same rate (g = 4.7 and 4.3 years. respectively) and more 
rapidly than tetra-BDEs (t2 = 8.6 years) and tri-BDEs (t2 
= -) In this agelsex grouping. In contrasl to declining PBDE 
concentrations since 1997 in human niilk from Sweden, 

%, ., ZPBDE c~ncentrations in arctic ringed seals continue to 
increase exponentially similar to worldwide commercial penta- 
BDE production. PBDE congener profiles in male ringed 
sealsagedo-15 yearsfrom 1991 to2WOalsodiffer signlncantly 
from other aquatlc,organisms andsemipermeable 
membrane devices collected from temperate coastal 
regions of British Columbia. While PBDE concentrations 
are 50 times lower than those of mono-orlho and non-ortho 
PCBs, and -500 times higher than PCDDIFs, our data 
indicate that, at current rates,of bioaccumuiation, PBDEs 
will surpass PCBs to become the most prevalent 
organohalogen compound in Canadian arctic ringed seals 
by 2050. 

Introduction 
Polybmmlnateddlphenylethen(PBDEs) are flame retardants 
used In a wlde range of materlals. Three commerclal mlxtures 
are wldely used (penta-BDE, octa-BDE, and deca-BDE). 
makhg up 14%. 6%. and 80%. respectlvely, of the estlmated 
1999 worldwide PBDE oroduction of67 000 tonnes (1). These 
products are not pure:and the sumxes lndlcate the average 
denreeofbromlnation wlth209dlflerent congeners posslhle 
foFmono- through deca-BDE. Only recentlykave multlresl- 
due samole orocesslnaand tandemaaschromatonra~hvwlth 

whlch also Include oolvchlorinated blohenvls (PCBs) and 
polychlorinated dlbe&>dloxins and d i b e ~ f u k s  (I%DD/ 
Fd, amonaothers. PHAHs have been shown to enter Arctlc 
marlne f&d webs vla atmospheric transport from the 
lndustrlallzed reglons of North Amerlca, Europe, and Asla 
(3. Local PBDE usage is not expected to be Important In 
extreme northern environments. Blotransformation of PBDEs 
Is also thought to be relatively slow (4 .  S), leading totheir 
accumulation in llpld-rlch reglons of blota. Toxicological 
studles show that while the acute toxiclty of commerclal 
penta-, octa-, and deca-BDE mlxtures to aquatic llfe is low 
(LDm > I rkg-I)  (6). lndlvidual congeners, and their 
hydroxylated metabolltes, may act as endocrlne dlsruptors 
(7-91: hence, thelr envlronmental behavlor is of concern. . . 

Temporal trends for PBDEs suggest that whlle concentra- 
tions were lncreaslna In sediments (101. fiulllemot e m  (1 n. 
anil human mllk (12. 1 3  from the'mid~1970s to a;?ate & 
1997. these levelsappear to be levellngoflor declinlngin the 
lndustrlal reslonsofEumpe. However, thereare few temporal 
studles of PBDEs from other regions of the world. lncludlng 
North Amerlca. A study examining PBDE concentratlons in 
herrlnanull (Lmsaraentatus) from the hlghlv lndustrlallzed 
Great iLkes reglon o f ~ o r t h  Amerlca also ;hiwed lncreaslng 
ievelsover the perlod from 1981 to 2000 However, there was 
l e ~ s  evidence bf a recent decline in PBDE concentrations 
than that observed In Europe, with Increased concentratlons 
in each sequentlal sampling year except for 1988/1989 and 
1999/2000 114. These smdles hdlcate that PBDE concentra- 
tions In theenvironment have Increased substantlally slnce 
large-scale PBDE production began in  the early 1970s. On 
the other hand, no previous studles have examlned the 
temporal patternsof PBDEs in remote areas such as the polar 
reglons. 

To help elucldate the envlronmental fate of PBDEs, we 
determined the concentratlons of 37 indlvldual BDE con- 
geners plus all ofthe homologuegroups from mono- through 
deca-bromlnated in rlnged seals sampled from Holman 
Island in the Canadlan Arctic. The exponenttally Increasing 
concentrations of PBDEs in Arctic biota over the past two 
decades and unlque congener pronles of these compounds 
Indlcate the presence of an envlronmental problem and 
demonstrateihevalueof, and need for. further investigations 
into congener-speclflc analytical methods, envlronmental 
transpo~proce~ses, and tohcolow 

Experimental Wion 
Sample Collection and Preparation. Blubber samples (10- 
250 8) were taken from the mld-dorsal reglon of ringed seals 
(Phoca hlsplda) collected from Holman Island. Northwest 
Terrltorles. Canada (7O044'N. 117°43Ul) and captured during 
subsistence huntsbetweenmid-Marchandearlyluneof 1981. 
1991. 1996, and 2000. Blubber samples were wrapped in 
solvent-washed alumlnum foU and frozen at -20°C (domestic 
freezer) untll analysis. Length, glrth, and sternal blubber 
thickness of the seals were measured following capture. Sex 
and repmductlvestatus were recorded, and canlne teeth were 
removed for age determlnatlon. 

Samples of Dungeness crab (Cancer magister), Engllsh 
sole (Pleumnectes vetulud, and harbor porpoise (Phocoena 

high-resblu~lonmass~pectrometry'i~~-~~~~)ie~~1ques I phocoena) were collected from prlsline'reference sltes 
been develooed to ldentlh the malorltv of conuenen (2). (Gardener Channel and Bamfleld), prlnclple harbors (Van- 

PBDEs are also memiem of a broaber chemlcal class 
tenned polyhalogenated aromatic hydrocarbons (PHAHs), 

' Corresponding author phone: (250) 363-6804: fax: (250) 383- 

couver. Vlctorii. Esqulmalt, and prince ~ u ~ e r t ) ,  and near 
pulp and paper mlils Wowe Sound. Crofton. Prlnce Rupert. 
Kltlmat and Fraser Rlver Delta) on the west coast of Brltish 
Columbia. Canada (15). Hepatopancreases of Dungeness 

6801; e-mall: Ikonomoum@pac.dfo-mpo.gc.ca. crabs (SIX composites of 2-6 organisms) collected wlth crab 
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traps from 1993 to 1995 and l iven o f  English sole (14 
composites of I- 13 organisms) collected by trolling i n  1992 
and 20M) were removed and stored at -20 'C untll analysis; 
Slngle blubber sa~r~ples were also taken from nve stranded 
harbor porpoises (10-50 from 1991 l o  1993 and stored at - 
-20 ~ c ' u n b l  analysis. 

Semioermeablemembranedevice (SPMD) samplers were 
prepared using the prorocols discussed i n  detall previously 
1161.TheSPMDs were olaced i n  perforated 20-L ulastlc food 
buckets, three SPMDS '~~  one bucket, prior to immersion in 
the water column. The food buckets were anchored using 
hravychaln, and the conralners were attached to log boom; 
or pllinas wlth rope. Care ua!i taken l o  avold attachment to 
cr~osoted tlmbers, which are abundant in the lower Fraser 
Rlver. Seven SPMDs were deployed in the Fraser River near 
Vancouver. BC. Canada (populatlon. 2 000 000). from August 
6 to September 30. 1996. at a low-tlde depth o f  2-3 m for 
a totalexposure time of  55 days (13. One SPMD was located 
at MacMillan Island. near Fort Langley. whlch is 28.5 km 
upstream from theclty ofNew Wesrrnlnster a ~ ~ d  the Industrial 
acrlvltles i n  the lower Fraser Rlver. However, this site Is stlll 
subJect to tidal influences and possible upstream transport 
of contaminants. I t  is assumed that the maJority of the 
observed PBDEs at this site will arise from atmospheric 
deposition or transport from the more remote regions of 
British Columbia drained bv the Fraser River. 

The remalningsixSPMDs were locatedin thelower Fraser 
River west of the city o f  New Westmlnster. Three SPMDs 
were located o n  the highly industrlalized north arm of the 
Fraser River. One of these SPMDswas situated -1 k m  west 
of where the Fraser Rlver bifurcates into the north and south 
arms. Other north arm SPMDs were deployed at the rallwav 
bridge to Mltchell Island, approximately~halfway between 
se~aratlon of the north and south arms and where the north 
a r k  discharges into the Srralr o f  Georgla, and near the omce 
ofrhe North Fraser Harbor Commission O\IFtIC). The NFHC 
sample was located where the north arm bifurcates -6 k m  
east of discharge into the Strait of Georgia. Three further 
SPMDs were deployed on the less industrialized south arm 
ofthe Fraser River between New Westmlnster and where the 
south arm discharges Into the Strait of Georgia. One site was 
approximately 1 k m  downstream of  the blfurcatlon into the 
north and south arms i n  Annacis Channel near a muddy 
beach.TheothertwosoutharmSPMDsites weredownstream 
on the south bank of the Fraser Rlver near Charterton 
Chen~lcals and at Purfleet Point ar the sourhwest corner of 
Annacis Island. 3 km below a major sewage rreatment outfall. 
Irl addltlon ro the SPMDs drployed In  the warer column. 
another set ofSPMDs wasexp~~sed to alnblent air during the 
deployment at the sampllng sites (-0 5 h) to serve as neld 
blanks and to reveal possible atmospheric conramlnation. 
These neld blanks were orocessed and analtzed In  the same 
manner as other ~ ~ ~ d s a m p l e s .  

Sample Emaction and Cleanup Procedures. All organir 
solvents used were pesticlderesldueanal)slsgrade (Calcdori 
Laboratories Ltd.. Georgetown. ON. Canada). Anhydrous. 
aranularsodlum sulfate Nall lr~ckrodt Baker. Inc.. Paris. KYI 
was baked at 450 OC at least overnight and cooled to room 
temperature in a deslccatlng chamber before use. Biobeads 
S-X3 (Blo-Rad Laboratories Lld.. MBsissauga. ON. Canada) 
were swelled in i:I CH2Clz/hexane for a minimum of 24 h. 
Neutral silica (1 W-2W mesh) and neutral alumlna (Malllnck- 
rodt Baker. Inc.) wereactlvated, at least overnight, at 200°C 
and cooled in a deslccating chamber over anhydrous calcium 
sulfate. Acidic and basic silica were prepared by mixing 25 
gofconcentrated H2SO, (ACSgrade: BDH Inc.. Toronto. ON. 
Canada) wlth 50gofneutralsilica and 14 gof 1 N NaOH (ACS 
grade: BDH Inc.) with 40 a of neutral sillca, respectively. A 
carbon nber col"mn contained 300 mg of  glasnlter paper 
pieces (124 m m  PIW prefilter: Nucleopore Corp.. Pleasanton. 

CA) mixed with25 mgofPX-21 carbon (BP AmocoChemicals. 
Napewille, IL). The internal and performance standards 
containing I3C labeled~bromo- and-chlomdlphenyl-ethers~ 
(BDEs and CDEs, respectively) were purchased from Cam- 
bridge Isotope Laboratories (CIL: Andover. MA). Native f' 
compounds used to prepare the quantitatlon standards (see 1. . 
the following discussion for individual congeners analyzed) 
were also purchased from CIL. 

Blubber. tissue, and hepatopancreatlc samples (ap- 
proximately 0.2-2 g of blubber and 5-10 g of tlsue) were 
spiked with Internal standards (1 ng of ['3C]-3.3',4.4'- 
tetrachlorodlphenyl ether (CDE77). 2 ngof ll'C1-2.3.3',4.4'.5- 
hexachlorodiphenyl ether (CDEi56). and 3 ng  of ("CI- 
2.2'.3.3'.4.4'.5.5'-octachlorodiphenyl ether (CDE194)) and 
ground wlth 50gofsodlum sulfate until a he-flowlngmixture 
was attalned. Samples were then transferred quantitatively 
to an extraction column with rinses of 1:i CH2C12/hexane 
and eluted with 250-350 mL of I:1 CHzClz/hexane at -5 
mLmln-I. Procedures on the extraction o f  SPMD samples 
are given in detail in our previous work (16). The extracts o f  
all matrixes were reduced by rotary evaporation to I mL 
followed by further cleanup. 

Sample cleanup took place in three stages. In the n n t  
step, aliquots were passed through a multllayersillca column 
packed with successive layers of sillca gel (basic, neutral. 
acidic, neutral) and eluted with 60 mL of CHzClz/hexane (1: 
I). The second cleanup step was via a neutral alumina- 
activated column c a ~ o e d  wlth anhvdrous sodlum sulfate. 
Once the sample was'lbaded to the cblumn, the column was 
washed with 30 mL of hexane followed with 60 mL of i:l 
CHzC12/hexane elution to recover the analytes o f  interest. 
Eluants from the alurnlna column were concentrated to less 
than IOpLandsplked wltha13C-labeled method performance 
standard (1 ng of ['Fl-3.Y.4.4'-tetrabromodiphenyl ether 
(BDE77)) prior to congener-specific PBDE analyses by GC- 
HRMS. IfPCBand PCDD/Fanalyses werealso required from 
thesamesample, then theeluant concentratecollected from 
the alumina column was fractionated with an automated 
hiah-performance l isuld chromatonraohv (HPLC) svstem 
utiiizing a column (5 A m  i.d. x 7.5 & je&ih) pack&l with 
a 1:12 mixture o f  an activated carbon/nlter oaoer homo~e-  
nate. The four fractlons collected from thissisiem were Kn t  
individually analyzed forthedesired target analytes (1.e.. PCBs 
and PCDD/Fs). and subsequently, all four were comblned 
and splked with the corresponding method performance 
standard (1 ng) prior to GC-HRMS analysis. Details on the 
solvents, composltlon o f  cleanup columns, and conditions 
used i n  all the cleanup and fractionation steps are given 
elsewhere (In. . . 

Llpld contents for blubber. tlssue, and t~epatopancreatic 
samples were determ~ned as follows. Allquots (-2-5 Q) of  
each sample were weighed and then transferred quan%ta- 
tlvely to a mortar with 100 g of anhydrous sodium sulfate. 
The mlxture was around until homoaeneous and transferred 
toaglass exrracrlon column packed Llthglass wool. Samples 
uereeluted u l th  100mLof 1.1 CH,Cl,/hexane. and theeluanr ~, ~ ~ ~~~- ~~~~~~~~~ 

was reduced to -I mL by rotary ~vaporatlon and dried in a 
40DCvented oven for several houn. Once aconsistent weinht 

~~ ~ 

~~0~~~ 

was achieved, samples were cooled in a desiccator over 
anhvdrous calcium sulfate and their weinhts recorded. 
percent lipid was calculated using the fol loLng equation: 
% llpid = (mass of l l~ ld/mass o f  samole) x 100%. . . 

h samples (incl;dina lipid determinations) were oro- 
cessed i n  batches of 12.-which consisted of aprc~edura l  
blank, an in-house certlned reference sample, and nine real 
samples out of which one was analyzed i n  dupllcate. The 
recoveries o f  the llC-labeled PCDE surrogates ranged from 
40% to 120%. wlthin the allowable limits. Conaener con- 

( 
centrations presented below are corrected f i r  percent 
recovery of the Internal standards. 
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Instrumental Analpisand Parameters. Analyses ofclean 
PBDE extracts were analyzed by GC-HRMS uslng a VG- 
Autospec hlgh-resolution mass spectrometer (Mlcromass. 
Manchester. U.K.) equlpped wlth a Hewlett-Packard model 

r 5890 serles I1 gas chromato~raph and a CTC A200S au- 
\ tosampler ( ~ ~ ~ ~ n a l ~ t i c s ,  ~u&l;. Swltzerland). The GC was 

operated in the splltless InJection mode, and the splltless 
InJector purge valve was activated 2 mln after sample 
InJectlon. The volume InJected was 1 /rL or sample plus 0.5 
/rL of air. Either a 15-m hlgh-temperature DB-5-HT (0.25 
mm1.d. x 0.1rm fllm thlckness: used for analysis ofBDE209) 
or a standard 30-m DB-5 column (0.25 mm-1.d. x 0.25 p m  
fllmthlckness, usedforallotheranalvtes) fromJ&WSclentlflc 
(Folsorn. CA) was used wlth UHP ~e as the carrler gas at a 
constant head pressure of25 psi to malntaln a llnearveloclty 
of 35 cm.s-I.   he temperature program used under constant 
pressure (-80 kPa for elther column) for the DB-5-HT was 
as follows: hold at 100 'C for 1 mln: 2 DC*mln" to 140 "C; 
4 "Cmln-I to 220 "C; 8 'C.mln-' to 330°C: and hold 1.2 mln. 
For the 30-m DB-5 column, the temperature pronrarn was 
as follows: hold at 100 "C for 2 mln.4 "~.ml"-l ib 320 "C; 
and hold 2.5 mln. AllsamplelnJectlonswere performed uslng 
theCTC A200S autosampler. Thesplltless InJectorport, dlrect 
GC-MS Lnterface, and the MS Ion source were malntalned 
at 300. 270. and 310 "C. respectlvely. 

The hlgh-resolution U S  was a sector Instrument of EBE 
geometw coupled tothe GC vla astandard Mlcromass GC- 
MS inteaace.-For all analyses, the MS was operated under 
posltlve El condltlons with the fllament in the trap stablllza- 
tlon mode at 600 MA. an electron enerw of 39 eV, and 
periluorokerosene used as the callbranty~he Instrument 
operates at 10 000 resolutlon, and data were acqulred in the 
silected Ion monltorlnn (SIMl mode for aihievlnn the 

FIGURE 1. Levels of PBDEs In rlnged seal (Phoca hlsplda) blubber 
taken from Holmen Island. NMhwasl Tenitorle* Labels (0.9. 
1WlM0-15 n = 7 )  indicate reat of ramllna snr. am ranm in . - 
Y e w  and -19 size, reap&ivdy. 

" " 

colnclded within 2s. (4) theobserved Isotope ratloofthe two 
lons monltored per congener were wlthln 15% of the 
theoretical lsotoplc mUo, and (5) the slgnal-to-nolse ratlo 
resulting from the peak response of the two corresponding 
lons was 3 for proper quantification of the congener. 
Concentrations of ldentlftkd compounds and thelr MDLS 
were calculated by the Internal standard isotope-dllutlon 
method uslng mean relatlve response factors (RRFS) deter- 
mined from callbratlon standard runs made before and afier 
each batch of samples was analyzed 

Data AnalpLs. Data compllatlon and analysls were 
oerformed uslnn Mlcrosoft Excel XP and SPSS. verslon 10.0. - .  . " 

maxlmum posslble sensltlvity. Two or more lsotoplc Ions of total PBDEs and all congeners reported 
- known relatlve abundance were monltored for each mo- as total PCBs and PCDD/Fs levels, are 

lecular Ion cluster representlngagroup of isomen, as were In plcograms of analyle per gram of sample and are llpld 
two for each of the I3C-labeled surrogate standards. Under 1 normalized for lntercomparlson. Error bars alwaks lndlcate 

most lntense lsotipes representing the (M - 260- fragment vestlgated uslng slngle factor A . \ d~~ - f he  exponential 
weremonltored. BDE209 wasalsomonltored but not reported I relatlonshlp in  ZPBDE between 1981 and 2000 In male seals 

~~~condltlons,thetwommtabund~~lsoto~esre~resentlng 
the parent Ion (M+) were monltored for aU of the MoBDE 
and DLBDE congeners and theTeBDE congenei BDE77. For 
all other homologues (TrBDEs through HeBDEs), the two 

because the levels measured were those of the procedural 

95% confidence llmlts b n  the mean. As no iignlflcant 
relationships wereobserved betweenageandconcentrations 
withinany samplegroup,datawerenotage-normallzed using 
ANCOVA. Differences between sampllna a rou~s  were ln- 

blanks. The PBDE congeners analyzed in  thls study were as 
follows: 2-BDEI: 3-BDE2: 4-BDE3: 2.6-BDE10: 2.4-BDE7' 3.3'- 
BDEI 1:2.4'.BDEB:3.4-BDEI2: 3.4'-BDE13: 4.4'-BDE15: 2.4.6- 

BDE166: 2.3.3'.4.4',5.6-BDEI90: and 2.2'.3.3',4.4'.5,5',6,6'- 
BDE209. Onlv the followlnn 13 conaeners where 30% ofthe 
samplevalu& wereabove ;hemeth~ddetectlon llmlt (MDL) 
are reported here: BDE15 BDEs28133 (coelutlngcongenen): 
BDE75: BDE49. BDE47' BDE66: BDE100: BDE119 BDE99 
BDE155; BDE154; and BDEi53. The total PBDEs (ZPBDE) 
are the sum of these 13 congeners. 

Compounds were ldentlfled only when the CC-HRMS 
data satlsfled all of the followlna crlterla: 11) two Isotopes 
ofthespeclflccongenen werederected by their exact masses 
wlth the mass spectrometer operatlng at 10 000 resolvlng 
power or hlgher durlng the entlre chromatographlc run. (2) 
the retention tlme of the specific peaks was wlthln 3 s to the 
predlcted tlme obtalned from analysls of authentic com- 
poundsin thecallbratlonstandards. (3) the peak maxlma for 

aged 0-15 years shown in Flgure I was confirmed by 
transforming ZPBDE concentrations to thelr common loaa- 
rlthmsand ~erformlngllnearregresston (slope = 0, p= 10'10. 
RZ = 0.85: residuals evenly dlstrlbuted with no curvature). 
Insets in Fiaure 4 (see laterj show averaned conaener omNes 
for each sampling group (as percent I; XPBD~). ~dngener 
oroflles of PBDEs were selectlvelv normallzed uslnn an 
kstabllshed method to mlnlmlze closure ofthe data set718). 
Also Included in the plot is a Bromkal Mix whlch was 
constructed uslng the relative 1999 production values of the 
commercial penta-BDE mixture (Bromkal70-5DEl and octa- 
BDE mlaure (Bromkal79-RDE)(~). 

Results and Discussion 
TemporalTrends of PBDEa. Mean concentratlonsof ZPBDE 
In male rlnned seals aaed 0-15 vean have Increased 
exponentlalli @ = 10-lo, k = 0.85; r&lduals evenly dlstrlb- 
uted wlthnocuwature) by more than an order of magnitude 
(572-4622 peg-') behveen 1981 and 2000 (Fl~ure 1). Also 
shown in thls figure are levels of the three most prevalent 
PBDE congeners (BDEs 47.99. and 100) of whlch only BDEs 
47 and I W  have Increased In much the same exponential 
fashlon as that of ZPBDE. Whlle BDE 99 Increased expo- 
nentlally in a manner slmllartoZPBDEand BDEs47 and I00 
from 1981 to 1996, the 2000samplesshow that the Increasing 

both characterlstlc lsotoplc ions of a sieclflc congener 1 levels of BDE 99 over thls earlier perlod have slnce slowed 
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FIGURE 2 Levels of U!n four major PBDE homologue groups for male ringed seals aged 0-15 p a n :  Tr = tri; Te = leva-, Pe = peltla-. 
Hx = hero-, and BDE = bromodiphenyl ether. Valuer on x axis are p a n  since 1881 (8.9. 10 = 1981). 

considerably. XPBDE levels for the 2000 male seals aged 16- 
35 yean and female seals aged 0-15 years (in 1996) and 
16-35 yean (in 2000) are shown for comparison. 

For male seals aged 0-15 years, mean XPBDE levels in 
1981.1991. and 1996differsignificantly (572.1863. and 3437 
pgg-I, respectively; p.= 0.01). Because of the large variation 
in the 20W samples (mean = 4622 pgg-I), there is no 
signlflcant difference between the XPBDE levels for 1996 
and 2000 @ = 0.06). although the log-transformed data was 
slgnlflcantly increasing through 2000. For these samples. we 
examlned the temporal trends of both Individual congeners 
and homologue groups. Homologue group totals from 1981 
to 2000 are shown in Figure 2. While levels of TrBDEs have 
not changed slgnlficantly since 1991 and appear to be 
stabilized or declining, levels of TeBDEs. PeBDEs, and 
HxBDEs haveall lncreasedsince 1981. Uslng the best-fit lines 
shown in Figure 2, doubling times (Iz, tlme required for 2000 
levels to lncrease by a factor of 2) for each homologuegroup 
are reoorted In the Inset subtitles. These rates of Increase 
shnw that TeBDEs appear to be lncreaslr~gat approxlmarely 
one.half of the rate 112 = 8 6 yean) of PeBDEs (12 = 4 7 veanl 
and HxBDEs (t2 = 4.3 suggestlng that the congener 
profile in these samples is changlngover tlme. Such findlngs 
contrast with data from herring gull eggs in the Great Lakes 
region, where TeBDEs and PeBDEs are Increasing ap- 
proximately twice as fast ( t  = 2.5-2.9 years) as HxBDEs (r2 
= 3.4-5.9 years) (14). As shown in the Supporting Inlorma- 
tlon, temporal trends of the lndlvldual congeners are more 
complex than the homologue group totals. The flve maJor 
congeners (BDEs 47. 99. LOO. 153, and 154) appear to be 
driving the exponential Increases of both XPBDE and their 
respective homologue groups. 

luvenlle seals acaulre much of their residue burdens 

BWo ' 0 Lsvala In * rdc R k g d  Saala 
a Level8 In Human Milk 

o Worldwlde PeBDE Pmductlon 

4000 - 
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X : 
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FIGURE 3. Canparism of PBM levels In ringed seals from Ule 
Canadian arcllc, PBDE levels in h m  milk ham Swede& and 
worldwide commercial pama-BDE (PeBDO pmdudim. 

No difference In PBDE levels (both total and of individual 
congeners. p = 0.98 for XPBDE) were observed between 
younger (0-15 years) and older (16-35 years1 male seals in 
2000, suggesting that recent PBDE accumulatlon dominates 
potentlal hlstorlc accumulation for the older seals. This 
observation isconslstent with the exponential increase from 
1981 to 20W In that levels are increasing at a rate such that 
both vouna and old indlviduals have slmilar PBDE burdens. 
~ i m ~ i r l ~ .  Galesealsin 1996 and 2000. aged 0-15 and 16-35 
years, respectlvely, have hlgher PBDE levels than slmilar age 
grouping in females for thesame sampling year. These results 
suggest that femalesare 'off-loadlng" PBDEs during lactation 
in a manner similar to other PHAHs. 

Cornparkon to Worldwlde Leveh and Commercial 
Production. The exponential Increases of ZPBDE we observe 
In rinaed seals from the Canadian arctic correlate well with 

du ing  lactation, whiie In adult males. PHAH levels increase prod;ctlon of the commercial penta-BDE mlxture (e.g.. 
as some functlon of ane, as accumulation from food is more I BromM 70-5DE1 over the same time oerlod IFlcure 3) It is ( . -  . 
rapid than degradarioi and excretion processes (19-23). ~ g e  evldenr that hoth comrnerclal p e n t a - ~ ~ ~  productton I I. 24) 
patterns are more ro~nplex in female seals as a large and XPBDE levels have Increased rxpor~entlallv slnce 1981 
proportion ofpollutant re~lduesarelostdurlnglactatlon (1%. 1 Penta-BDE production in I981 was esrlmated from the 

VOL. 36, NO. 9. ZOO2 I ENVIRONMENTAL SCIENCE & TECHNOLOGY 1869 



production values reported in Japan (24.23, assumlng that 
Japan's consumptlon of penta-BDE and deca-BDE as a 
percentage of total worldwide productlon remalned ap- 
proximately constant between 1981 and 1994. The EPBDE 
levels In rlnged seals arecomposed prlmarlly ofTeBDEs and 
PeBDEs (see Flmre I). and both these homoloaue aroups - .  
(aswella; that ~?HXBDES) have beenshown to belncreaslng 
exoonentlallvover thesame perlod (see Fiaure2). Conversely. 
wlille ZPBDE levels in humin mllk from- wede en increased 
sharolv from 1981 to 1997, levels have slnce decreased (12. 
13. yhls reductlon In human mllk ZPBDE burdens may 
reflect regulatory measures In Europe to halt or llmlt 
commerclalpenta-BDEproductJon ( I 2  26). However. ZPBDE 
levels in  the arctlc remaln 1-2 orders of maanltude lower 
than that reported, for rlnged seals in lndustr~llzed reglons 
(9. 

The hlgher PBDE concentratlons In Arctlc mammals 
versus humans from an lndustrlallzed center (1.e.. Stockholm) 
until the mid-1990s demonstrate surprisingly emclent at- 
mosoherlc transport to, and bloaccumulatlon In, remote 
regions. That ZPBDE levels In rlnged seals correlate wlth 
worldwide commerclal penta-BDE productlon (whlch is used 
prlmarlly ln North Amerlca (12, 26)) suggests that these 
compoundsarestlll belngrapldly transmitted to thecanadIan 
arctlc in large quantltles. Some atmospheric transport 
patterns to the Holman Island reglon durlng the summer 
months originate or pass over thelndustrlalbed regions of 
North Amerlcaand Asla. ratherthanvla Europe, whlchis the 
favored pattern in wlnter (27) when atmospherlc transport 
of PBDEs Is expected to be at a mlnimum because of thelr 
low vapor pressures. Hence, we do not observe a reductlon 
In ZPBDE levels in the rlnged seals after 1996 following the 
enactment of the European penta-BDE restrlctlons because 
thelr ZPBDE burdens aooear to orlainate from North 
~merlca. The correlatlon between com>erclal penta-BDE 

/n. oroducUon and rlnned seal EPBDE levels also sunaesls rapld 
I; ;ransport of these &mpou"ds to polar regions,; has been 

reported for other halo~enated aromatlcs (27,,2@. TNs 
reiativelv raold trans~ori  suooorts our bellef in a North . . 
Amerlcan 'source" of these~ok~ounds, because Ifthesource 
was prlmarilv European. we would exoect to observe a slmllar 
decline as & seen in Sweden f o ~ ~ d w ~ n g  1996. 

Soatlal and Temnoral Conuener Ploflles. The connener 
protiles for rlnged se'als samplG in the present study, as well 
as for Dunaeness crab lCancer manlsted. Endlsh sole 
(~leumn~re~veru1u.s). harbor porpoise i~hohocoena~hocoena). 
and SPMDs from Brltlsh Columbla. Canada. and resultlnn 
prlnclpal component analysis (PCA) are presented In ~lgur; 
4. Also Included In the figure is a technlcal PBDE mixture 
composed of the commercial penta-BDE (Bromkal70-5DE) 
and acta-BDE (Bromka179-RDE) mlnuresaccording to thelr 
relatlve 1999 oroductlon rates 11). Whlledeca-BDE (BDE209) 
was monlto;ed in all samples, the levels of thls fully 
bromlnated congener were those of the procedural blanks 
(162-236 pgg-I). Deca-BDE (wlth 290% BDE209) Is the 
malor commerclal PBDE mlxture In productlon: however. 
its ibg K, =z 10 and vapor pressure i ~ ~ . ~ o m )  = 1.3 x LO-" 
Pa (291 may slgnlflcantly hinder long-range transport and 
help explain why we do not observe this-congener in the 
Arctlc. The 1981MO-15gtoup was not Included as the levels 
of all congeners other than BDEs 47.99. 100. 153. and 154 
wereat or near the detection llmlts for the 1981 samples and 
hence skewed thelr posltlons on the PCA plot. 

Whllevaluesofthe threeoredomlnant conaeners (BDE47. 
BDE99, and BDE1W) are &dely reported in the literature 

I' and shed valuable lnslnhts Into absolute levels of PBDE c.. contamlnatlon, a full con~enerprofile isnecessa~y to Nghllght 
thedlfferences due to source Inouts, envlronmental frac- 
tlonatlon, and weathering. In addltlon, the development of 
toxic equivalence factors (TEFs) for PCBs and PCDD/Fs 

demonstrated the need to ascertain Individual congener 
contrlbutlons to total contaminant loadlng: a simllar re- 
oulrement-can-be-emected-forPBDEs; T h i  aooroach has- 
iroven necessary in  dealing wlth o t h e r ~ ~ ~ ~ s s ; / h  asPCDD/ 
Fs (30 where TEFs for indlvldual conaeners can range over 
several orders of magnitude, maklng'ihe determlna?lon of 
mlnor, but more tnxlc, congeners critically important. 

Flgure 4 shows a strong correlatlon between geographic 
dlstance from lndustrlallzed reglons and dlstance from the 
comtnerclal minure on the PCA plot. Harbor porpoise. 
Engllsh sole. Dungeness crab, and theSPMD samples, while 
belna aooroxlmatelv eauldlstant from the commerclal mix- - .. , . 
ture. are geographically located much nearer large urban 
centers than therlnged seal, whlch lsalso much fartheraway 
on the PCA plot. The unlquecongener patterns of the SPMD. 
sole. and porpoise hlghllght the point that congener patterns 
In aquatlc blota do not necessarily reflect those i n  the local 
water column, wlth dliTerences In congener patterns for 
speclesoccupylngthesamelocale. As notedlntheSupportlng 
Informatlon. most lndlvldual congeners displayed no slg- 
nlficant dlllerencesas a percent ofZPBDEamonathevarlous 
posslble rlnged seal groupings (e.g.. sex, age, ~ & ~ l l n g ~ e a r )  
elther between or wlthln sampllng years. However, some 
notable exceptlons exist that suggest congener profiles may 
be changlng over t h e ,  suggestlng a changlng source 
composltlon of PBDEs over the past two decades. For male 
seals aged 0- 15 years, the contrlbutlon ofBDEl53 to ZPBDE 
has Increased since 1991 (0.3-1.6%, p = 0.02), while some 
lower bromlnated congener contrlbutlons have decreased 
fBDE66. 1.3-0.7%: BDE28/33. 6.7-3.3%: D = 0.03). As well. 
kalesealsaged 16-35yearsln 2000 havea~lgnlflcantl~ lower 
contrlbutlon of BDE47 than thelr younger (0-15 years) 
counterparts (71 4% vs R0.4%. p = 002). Thls reduced 
contrlbutlon has apparently been made up for by BDE49. 
whlch Increases from 2 9% In the 0- 15 vears arouo to 7.4% - .  
In the 16-35yearsgroup. Because B~~46canno tcome from 
the same hexa-BDE orecursor as BDE47 (vlde infra), thls 
suggests that older seais may have been exposed to a different 
HxBDE source than younger seals. 

Biotlc patternsingeneral reveal a predominance oftetra- 
and penta-BDEs, wlth llttle or no contrlbutlon kom hepta- 
through octa-BDEs. Deca-BDE envlronmental weatherlng, 
uptake, and metabollsm do not appear to explaln the 
congener patterns observed in  aquatlc blota (31). Hence. I t  
Is of Interest to Investigate the source of the unlque PBDE 
proflles we observe l n t he  rlnged seals. Several physico- 
chemical parameters are expected to Influence the congener 
oroflles in environmental samoles: the octanol-water (K,) 
and octanol-air (a partltlo&oefflclents, vapor 
(P3 and saturated water concentratlons (.%I, and rates.of 
envlmnmentaldegradation for indlvldual congeners. Ringed 
seals are depleted ln the contrlbutlon of PBDEs with 2 5  
bromlne atoms as compared to the Bromkal Mlx andsamples 
From temperate, lndustrlallzed reglons. Thls Is understood 
In terms of the physlcochemlcal properties given previously 
whlch show a decreaslng preference for the aqueous and 
atmospherlc phases as the level of bromlnatlon Increases 
(29.32.33. Hence. we observe an "atmospherlc dlstlllatton. 
slmllar to that reported for other PHAHs (34). 

In addltlon to the use of physicochemical properties. 
biological processes may also contribute s$nificantly to the 
congener profile we observed in blota. Whlle an eiTective 
mo6cularcross-section of 9.5 A was proposed as llmltlng 
for blologlcal uptake across membranes (33, subsequent 
studles demonstrated relatively high dletary uptake efflclen- 
cles for BDEs 47. 99. and 153 desplte elfective molecular 
cmss-sectlons >9.5 A for BDEs 99 and 153 (32). Both uptake 
clearance rate coemclents and bloaccumulatlon factors 
(BCFs) are notably Ngh for BDEs 47 and 99 (-I3 000 mL.g-' 
dry welght) and are greater than those observed for PCBs 
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FIGURE 4. Principal Components plot of PBDE congener pmnles for Dungsness crab. English sole, and harbor porpoise hm pristine and 
indurlrial marine e n v i r m m s  in BmlSh Col~mbia SPMDs in the Flaw Rlver near Vanemer. BC. and r i n d  seals hm Holman Island. 
Insets show averaged congener pmfileS for each sampling group (as percent in LPBDE). Also included in the plot is a Bmmkal MIX, which 
was conl(mded as lwted in the teat 

(1 100-2700 mL.g-' dry welght). Eliminatlon of BDEs 99 and 
153 is more rapid than predlcted based on log h& values. 
Indlcatlng that these congeners may accumulate to a lesser 
extent than other congeners (36). TNs may also helpexplain 
why congener patterns are depleted in BDEs 99 and 153 
relatlve to the Bromkal Mlx. 

The notable absence of BDEI 19 in our samples suggests 
that envtonmental exposure to the commercial octa-BDE 
mixture is negligible. Examining the structures of the maJor 
congeners found in our samples (BDEs 47.49.99, 100. 153. 
and 154) demonstrates that environmental debrominatlon 
by either metabolic, photolytic, or other abiotic processes. 
If taking place, leads to two major congener pathways: 
BDE154-BDE99- BDE47andBDE153-BDEIW-BDE49. 
These oathwavs are not interconvertlble unless a bromine 
Is traniferred &om one position to another, a highly unusual 
process in photochemlcal- or mlcrobial-mediated dehalo- 

genatlon (37). BDEl19 cannot enter elther pathway because 
of Its unique substitution patterns. 

Comparison of PBDE Levels with PCBs and PCDDIFs. 
Mono-ortho and non-onho PCBs (MO + NO PCBs: 149 WO- 
174 000 pgg-') and PCDD/F (8.6-14.6 pgg-1) levels in male 
ringed seals aged 0- 15 years from the Canadlan arctic have 
remained approxlmately constant slnce 1981 (Figure 5). These 
results are consistent with other Arctic studies which show 
declining or stabilized PCB levels (20.38). In contrast. LPBDE 
levels have Increased exponentially (572-4281 pgg-I) over 
this period. Older male seals (16-35 years) from the 2000 
sampling group have higher levels of MO + CP PCBs than 
thelr younger counterparts (O- I5 years: 302 WO vs 150 000 
pgg-I). However. PBDElevels between these twogrouplngs 
arenot slgnlflcantly different (4575 vs 4281 pgg-I). In female 
seals from 1996 and 2000. MO + CP PCB levels are much 
lowerln the 16-35yearsagegroup from 2000 (43 000pg.g-I) 
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Abstract 

A method for trace analysis of polybrominated diphenyl ethers (PBDE) in fish based on gas chromatographylelectron 
ionization hinh resolution muss sncctrometrv IGCIEI-HRMSI was develo~ed. and levels of PBDE were determined in - . . . . 
whitefish (Coregonus sp.) from eight Swiss lakes and in rainbow trout (Oncorhynchw mykiss) from four Swiss fish farms. 
PBDE concentrations (sum of PBDE congeners BDE-28. BDE-47, BDE-99. BDE-100, BDE-153. BDE-154. and BDE- 
183) in file1 from whitefish between 36 and 165 nglg lipid weight (Iw) were found, corresponding to wet weight (ww) 
concentrations of 1.G7.4 nglgww. PBDE contents in filet from farmed rainbow trout were significantly lower than in 
wild whitefish (12-24 nglglw. 0.74-1.3'ngIgww). and the PBDE congener patterns were different for both species (a 
higher BDE-47 to BDE-99 ratio for farmed rainbow trout compared to wild whitefish was found). Whitefish PBDE levels 
[nglglw] correlate better with thesurface/volume ratio of the respective lakes (9 = 0.70) than with other lake properties 
such as catchment area (size or number of inhabitants) or residence time, suggesting atmospheric deposition as an input 
pathway for PBDE. Based on an average daily consumption of 20 g whitefish (Switzerland) with a PBDE content of 7.4 
idg& (highest PBDE concentration detected in this study), a maximum daily intake of 0.15 pg PBDE was estimated 
(0.026 pglday for farmed trout). This number corresponds to the lower end of the estimate for the total PBDE intake of 
the Nordic consumer of 0.2-0.7 pglday. 
0 2003 Elsevier Science Ltd. All rights resewed. 

Keywordx Flame retardants: PBDE; Fish; Human exposure; Atmospheric deposition 

I .  In~odudon the total weight (Damemd 'et al.. 2001). Brominated 
flame retardants are very successful on the global mar- 

Polybrominated diphenyl ethers (PBDE) are a class ket, they have become the second largest additives used 
of flame retardants for which ubiquitous occurrence and by the plastics industry (Tullo. 2000). The worldwide 
increasing levels in the environment have been observed demand for brominated flame retardants in I999 was 
(Renner. 2000; Belts, 2002a). PBDE are released into the about 204000 metric tons, including about 67000 metric 
environment mainly from plastic materials and textiles tons of PBDE (Renner. 2000). Most technical PBDE 
where they are used as flame retardants. In plastics products are mixtures of various brominated diphenyl 
treated with flame retardants, they account for 5-30% of ethers (congeners). Pentabromodiphenyl ether (PeDBE) 

is a mixture of tetra- to hexabromodiphenyl ethers. 
Octabromodiphenyl ether (OcBDE) contains hexa- to 

.corresponding author. ~ ~ 1 . :  +41.1.823.&15; fax: +41.1. nonabromodipheny 1 ethers (mainly heptabromodiphe- 
8234041. nyl ether), and decabromodiphenyl ether (DeBDE) 

E-mail address: m;~rku;~enorgg@emp&~.cIl (M. Zcnnegg). consists to 97-98% of the congener BDE-209 (decabro- 
URL: http:llwww.emp;~.ch modiphenyl ether). Theoretically, there are 209 different 

0045-6535i031S - s n  front matler Q 2003 Elsevier Science Ltd. All rights reserved. 
doi:10.1016/SW45-6535(03)W047-X 
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PBDE congeners (mono- to decabromodiphenyl ether). 
Usually, only a subset of all congeners is analyzed, includ- 
ing the commercially available congeners BDE-28 (2.4, 
4'-tribromodiphenyl ether), BDE-47 (2.2'.4.4'-tetrabro- 
modiphenyl ether), BDE-99 (2.2',4.4'.5-pentabromodi- 
phenyl ether). BDE-I00 (2,2',4,4'.6-pentabromodipbenyl 
ether). BDE-I53 (2,2'.4.4',5,5'-hexabromodiphenyl ether), 
BDE-I54 (2,2'.4,4'.5,6'-hexabromodiphenyl ether), and 
BDE-183 (2,2',3,4,4',5'.6-heptabromodiphenyl ether). 

Although PBDE exhibit typical characteristics of 
persistent organic pollutants (POP), they have not yet 
been addedto the POP list of the United Nations En- 
vironment Programme (UNEP). Similar to dioxins and 
PCB, brominated flame retardants have been shown to 
accumulate in the food chain, and they can be found in 
samples from all over the world (de Wit, 2002). Bromi- 
nated flame retardants were even detected in whales 
living in deeper Atlantic waters (de Boer et al.. 1998). A 
recent study from North America reports PBDE levels 
up to 200 ng/g based on lipid weight in human milk 
(Betts. 2002b). Accordingto NorCn and MeironytC(2000). 
levels of PBDE in human milk have doubled every five 
years between 1972 and 1999, while levels of other orga- 
nochlorine compounds have decreased to various extent. 
Recently, endocrine disruption properties have been dis- 
covered for flame rctardantssuch as PBDE Ide Boeret ~11.. 
1999) and tetrabromobisphenol A (TBEPA) ( ~ e e r t s  
el al., 2000). Endocrine disrupting effects triggered by 
these and other chemicals are discussed to be responsible 
for various disorders and the diminution of fish popu- 
lations. 

The objective of this study was to develop an up-to- 
date analytical method for trace analysis of PBDE in fish 
tissue, which is an excellent material to assess environ- 
mental levels as well as human exposure to these com- 
pounds. PBDE were determined in pooled whitefish 
(Coregonus sp.) samples originating from eight Swiss 
lakes. Whitefish is an abundant zooplanktophagous spe- 
cies and a popular food fish (Riccardi. 2000). Typical 
prey of whitefish are Duphnia and Bythotrephes (Ric- 
cardi. 2000). setting Coregonus sp. on a medium trophic 
level (Vander Zanden el al.. 1999). Based on these data. 
correlations between PBDE levels in fish and the prop- 
erties of the respective lakes were explored. In order to 
assess human exposure through farmed fish as well, 
rainbow trout (Oncorhynchw mykiss) from four Swiss 
fish farms were analyzed, and daily PBDE intake through 
human consumption of farmed fish waa estimated, too. 

2. Experimental 

2.1. Samples 

Whitefish (Coregonus sp.) from eight different Swiss 
lakes (Lake Geneva, Lake Greifen, Lake Biel. Lake 

Lucerne. Lake Ziirich. Lake Neuchatel, Lake Constance 
and Lake Thun), and farmed rainbow trout (Oncor- 
hynchw mykiss) from four different Swiss fish farms 
collwted by the fishery and hunt authorities were se- 
lected for analysis. Whole fish or fish filet were frozen 
(bags were previously checked for absence of PBDE 
residues) and sent to the laboratory (storage at -20 "C). 
Each pooled whitefish sample represents 10 individuals 
(in two cases only five individuals). Weight, length, and 
lipid content are listed in Table I .  Farmed rainbow trout 
were 18 months old (standard length 30 cm, standard 
weight 300 g), and samples were based on three indi- 
viduals (see Table 2). Due to the low PBDE levels de- 
tected in the Pdrmed rainbow trout samples compared to 
wild fish from Swiss lakes. the commercial fish feed used 
by the four fish farms was not analyzcd for PBDE 

2.2. Extraction w d  clean up 

Fish filets were separated from the skin with a ceramic 
knife (parts of the samples were used for trace metal 
analysis) and the skin was scraped off to collect the lipids 
under the skin. Filets (male and female fish in a I :I ratio) 
were cut, crushed into small pieces, and homogenized 
manually. An aliquot of 100-150 g of the homogenute 
was suspended in about 300 ml of ultra-pure water and 
mixed thoroughly. The fine suspension was transferred 
quantitatively into a 2000 ml separation funnel and ex- 
tracted with ethanol, diethyl ether and n-pentane, ac- 
cording to Fiirst et al. (1989). No difference in lipid yield 
between liquid-liquid extraction and soxhlet extraction 
(n-hexandacetone 1:I) could be observed. The lipid 
content was determined gravimetrically, and an aliquot 
of I g of fish oil was used for clean up and analysis. After 
spiking the samplewith the internal standard ("C12 la- 
beled BDE-28. BDE-47, BDE-99, BDE-100, BDE-153. 
BDE-183. 5-25 ng per congener, Cambridge Isotope 
Laboratories, Andover. MA, USA), the sample was di- 
luted with 2 ml of n-hexane and treated with I ml of 
concentrated sulfuric acid. The suspension was stirred 
rigorously for one minute on a vortex shaker and spinned 
down in a centrifuge for one minute at 5000 rpm. It was 
verified based on experimental treatment of a BDE ref- 
erence solution that sulfuric acid treatment does not in- 
duce any losses of the PBDE congeners. The n-hexane 
phase was collected with a Pasteur pipette, and the acidic 
suspension was reextracted with n-hexane, twice. The 
colorless or slightly amber n-hexane extract was further 
purified by chromatography through a multilayer silica 
gel column containing 4 g of acidic silica (30% concen- 
trated sulfuric acid). 2 g of basic silica (23% 1 M sodium 
hydroxide) and 3 g of neutral silica (10% water), followed 
by a column containing 12.5 g basic alumina (Alumina 
81. activated at 600 "C for 16 h). The multilayer silica 
gel column was eluted with 90 ml n-hexane. The basic 



Data for whi,hitcfish (Coreronus sp.) samples taka f m  Swiss lakes 

Site Lake Geneva LaLc Greifm Lake Biel Lake Lucerne Lake Ziirich Lake Nchtel Lake Co-a Lake T h u  

Lake surface m2] 582.4 8.45 39.3 114 88.4 217.9 
LaLC volunr m3J 89 0.148 124 11.8 3.77 13.98 
Human population 850000 I00000 970000 168000 330 OM 273000 
Individuals I0 5 10 10 5 10 
h p t h  1 4  40.3 f.1.5 40.4 + 1.5 M.7+ 1.1 21.9f 1.1 - 34.1f1.0 33.4 + 2.5 
Weight 552 + 43 640f102 259 + 21 76 f 8.3 390 + 29.4 M4f 91 
Lipids (%I 4.9 4.1 5.8 2.4 1.9 6.8 

Lipids Wet Lipids Wet Lipids Wet Lioids Wet Lipids Wet Lipids Wet 

539 48.4 
48.53 6.44 
I448000 94 )o 

10 10 
32.3 f 2.5 30.8 + 1.3 
283 + 59 237 + 37 
4.3 5.6 
Lipids Wet Lipids Wet 

Sum PBDE 44 2.2 165 6.7 128 7.4 121 3.0 89 1.6 68 4.6 52 2.3 36 2.0 



Table 2 
Data for rainbow trout (Oncorhynehus mykiss) samples taken from Swiss fish farms 

Site Farm A Farm B Farm C Farm D 
Lioid con- 6.2 4.1 6.5 7.3 
tent w ]  

Lipids (Iw) Wet(ww) Lipids (Iw) Wet (ww) Lipids (Iw) Wet (ww) Lipids (Iw) Wet (ww) 
lnglgl lnglgl [nglgl lndsl Lndsl Inglsl lnglsl lnglgl 

BDE-28 0.29 0.018 0.65 0.027 0.46 0.030 0.26 0.019 
BDE-47 8.5 0.53 16 0.67 14 0.89 9.3 0.68 
BDE-99 1.6 0.10 3.1 0.13 2.8 0.19 1.9 0.14 
BDE-IW 1.2 0.075 2.9 0.12 2.0 0.13 1.2 0.085 
BDE-153 0.18 0.01 1 0.44 0.018 0.33 0.022 0.20 0.015 
BDE-I54 0.10 0.WM) 0.82 0.034 0.60 0.039 0.36 0.027 
BDE-183 0.033 0.W20 0.093 0.0038 . 0.021 0.W13 0.020 0.0015 

Sum PBDE 12 0.74 24 1 .O 20 1.3 13 0.97 

alumina column was first eluted with 60 ml of a mixture 
of 2% dichloromethane in n-hexane, and subsequently 
the PBDE were eluted with 80 ml of a mixture of 50Yo 
dichloromethane in n-hexane (Covaci et al.. 2002). The 
cleaned extract was reduced to about I ml using a rotary 
evaporator (40 "C and 300 mbar) and finally concen- 
trated to 10 MI under a gentle stream of nitrogen at 90 "C. 
Finally, 5 ng of the recovery slandard "CIZ-BDE-126 
(Cambridge Isotope Laboratories, Andover, MA, USA) 
was added, and the volume was adjusted to 70 p1 by 
adding n-nonane. 

2.3. lnrrrumental analysis 

Gas chromatographylelectron ionization high reso- 
lution mass spectrometry (GCIEI-HRMS) was canied 
dut on a MAT 95 (Thermo Finnigan MAT, Bremen, 
Germany) mass spectrometer coupled to a Varian 3400 
gas chromatograph (Walnut Creek, CA. USA) equipped 
with an A2OOS auto sampler (CTC Analytics. Zwingen, 
Switzerland). An aliquot of 3 p1 was injected in splitless 
mode (splitless time 60 s) at an injector temperature of 
300 "C and at an initial oven temperature of 150 "C. 
After I min, the temperature was ramped at 10 "Clmin 
to 210 OC and at  6 "Clmin to 300 OC. For the G C  sep- 
aration, a fused silica capillary column Rtx-5 Sil MS 
(Restek Corporation, Bellefonte. PA, USA) of 30 m 
length, 0.25 mm i.d. and 0.10 pm film thickness was 
used. Helium at  100 kPa served as carrier gas. For 
maximum sensitivity, the 1ransfer.line was set to 300 "C. 
and the capillary was introduced directly into the ion 
source, which was held at 280 "C and operated at  an 
electron energy of 60 eV (previously optimized). The 
mass spectrometer was tuned to a resolution of 8000. 
The two most abundant signals in the ion cluster (M-2 
Br)+ were recorded in single ion monitoring (SIM) 
mode. For the recovery standard 13C12-BDE-126, the 
molecular ions (M)+ m / z  563.6218 and mfz 565.6199 

were recorded, since their abundance was higher than 
(M-2 Br)+. Typical retention times were between 8:25 
min for BDE-28 (elution temperature 219 "C) and 19:00 
min for BDE-183 (elution temperature 282 "C). The ions 
at  m / z  245.9680 and rnlz 247.9661 were selected for the 
detection of  BDE-28. BDE-47 was measured using m / z  
323.8786 and m / z  325.8766. BDE-99 and BDE-100 were 
detected using m l z  403.7871 and m / z  405.7852. For 
BDE-153 and BDE-154, m / z  481.6976 and m l z  483.6957 
were chosen. BDE-183 was recorded using m / z  561.6061 
and m j z  563.6042. The isotope labeled internal stan- 
dards were measured on their corresponding masses. All 
congeners except BDE-I54 (a "C12-BDE-154 standard 
was not available) were quantified based on their cor- 
responding 13C12-labeled analogues used as  internal 
standards. BDE-154 was quantified using the 13C12- 
BDE-153 internal standard. PBDE concentrations were 
reported as the sum of the PBDE congeners BDE-28. 
BDE-47, BDE-99. BDE-100, BDE-153, BDE-154, and 
BDE-183. Sample concentrations were reported in nglg 
on a wet weigh1 basis (ww) and on a lipid weight basis 
(IN. 

2.4. Analyrical aspects and quality munagemenr 

Analytical method development included the deter- 
mination of detection limits, method blanks, reproduc- 
ibility'and recoveries of the internal standards (see Table 
3). Detection limits based on a signal to noise ratio of 3: 1 
were 0.0140.033 nglglw. Method blanks (calculated 
based on a full clean up and analysis without sample) 
were a11 below the detection limit, except for BDE-47 
(0.057 nglglw) and BDE-99 (0.024 nglglw). Reproduc- 
ibility was between 1.4% and 10% for the individual 
congeners and 2.4% for the sum of the congeners. Av- 
erage recoveries of the internal standards were between 
70% and 95%. C. 



\;> Table 3 
Analvtical data on detection limits, method blanks, reoroducibilitv. and recoverv . . . 

Detection Limit' Method Blankb ReproducibilitY ' Average recovery 

Lipids (Iw) [nglg] Wet (ww) [nglg] Lipids (Iw) [nglg] Wet (ww) [nglg] rhl PA] 

hvels below the detection limit are labeled with "<". 
'Based on a signal to noise ratio of 3:l. 
b~alculated for a typical sample (filct. 20 g ww, 5% fat content), 
'Average from four samples, each measured twice (clean up and analysis). 
d ~ o  "CI~-BDE-IS~ standard was available. BDe.154 was quantified based on "C12-BDE-153. 
"Valua below detection limit set equal to detection limit. 

3. Results and dlacusslon 

3.1. PBDE in whitefish from Swiss lukes 

PBDE were detected in all whitefish (Coregonu sp.) 
samples taken frqm eight Swiss lakes (sa Table I). Lipid 
contents of the pooled samples ranged from l.Yh to 
6,8%. PBDE levels in lipids expressed as the sum of 
BDE-28. BDE-47, BDE-99, BDE-100, BDE-153. BDE- 
154, and BDE-183 were between 36 and 165 nglglw. 
corresponding to a wet weight (ww) concentration of 
1.6-7.4 nggww. No correlation exists between lipid 
content and PBDE lipid levels, as already shown by 
Hale et al. (2001). The concentration range of our data 
set, which is bascd on pooled samples, extends over one 
order of magnitude and is in the same range as data 
reported for lake trout from Lake Erie (1 17 i 37 ngl 
glw), reported by Luross el al. (2002). Johnson and 
Olson (2001) report total PBDE concentrations in fish 
tissue samples from selected locations in Washington 
State between 29 nglglw (rainbow trout) and 8390 ngl 
glw (Mountain whitefish, values calculated from ngl 
gww and lipid content). Near known and suspected 
point sources, PBDE levels up to 27000 ng/glw (An- 
dersson and Blomkvist, 1981) and 2400 f 600 ng/glw 
were found (Dodder el al.. 2002). Even higher total 
PBDE concentrations (up to 47900 nglglw) were de- 
tected by Hale et al. (2001) in carp (Cyprinu carpio) 
from the Hyco river (Virginia, USA). 

The highest PBDE concentrations in our study were 
found in whitefish from Lake Greifen (165 n b l w ) ,  and 
the lowest concentrations were detected in whitefish 
from Lake Thun (36 ng/glw). The congener pattern is 
similar for all whitefish samples (see Fig. I). It is dom- 

C inated by BDE-47, followed by BDE-99 and BDE-100. 

Congeners BDE-153 and BDE-154 are found in similar 
wncenlrations, just below the levels of BDE-100. BDE- 
183 could be detected in trace amounts, only. This pat- 
tern is related to the congener pattern of a typical 
PeBDE product, such as Bromkal70-5DE (Sjodin et al., 
1998). However, the ratio of BDE-47 to BDE-99 de- 
tected in the whitefish samples is about 2, while Bromkal 
70-5DE shows a ratio of about one for these two wng- 
eners. The congener pattems of our samples are similar 
to the results reported by Dodder el al. (2002) for their 
background fish samples from the Northeastern United 
States. Other authors report partly diflerent congener 
patterns, showing in contrast to our samples, about 
equal amounts of BDE-99 and BDE-100 (Manchester- 
Neesvig et al.. 2001; Hale el al.. 2001). 

3.2. PBDE in farmed rainbow trout 

PBDE were also detected in all rainbow trout (On- 
corhynchw mykiss) samples taken from four Swiss fish 
farms (see Table 2). PBDE levels in lipids expressed as 
the sum of BDE-28, BDE-47. BDE-99, BDE-100. BDE- 
153. BDE-154. and BDE-I83 between 12 and 24 nglglw 
(0.74-1.3 nglgww) were found. Lipid contents of the 
pooled samples ranged from 4.1% to 7.3%. Compared to 
the levels measured in wild whitefish (36-165 nglglw, 
1.6-7.4 nglgww). concentrations of PBDE in farmed 
rainbow trout were signihcantly lower. In a study on 
farmed and wild salmon, Easton et al. (2002) found 
consistently higher levels of PBDE. PCB and other or- 
ganic pollutants in farmed salmon than in wild salmon. 
They report average PBDE levels in wild salmon from 
the Pacific coast of 2.7 nglglw (0.178 np/gww, 6.5% 
lipids), while an average PBDE level of 18 nglglw (2.668 
nglgww. 14.8% lipids) was measured for farmed salmon. 
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Fig. 1. Levels [nglglw] of BDE-28. BDE-47. BDE-99. BDE-IW, BDE-153, BDE-154, and BDE-183 in whitefish (Coregonu sp.) from 
eight Swiss lakes (sequence within each sample from left to right: BDE-28 to BDE-183). 

The PBDE congener distribution patterns for farmed 
rainbow trout are shown in Fig. 2. The congener pattern 
is similar for all samples. It is dominated by BDE-47, 
followed by BDE-99 and BDE-100. Congeners BDE-153 
and BDE-154 are found in similar concentrations, 
clearly below the level of BDE-100. BDE-I83 could be 
detected in trace amounts, only. Compared to the PBDE 
congener pattern for wild whitefish, the ratio BDE-47 to 

BDE-99 is significantly higher. The congener pattern for 
farmed Swiss fish compares well to the pattern reported 
for salmon samples from Lake Michigan (Manchester- 
Neesvig et al., 2001). The'low relative concentration of 
BDE-99 found for the farmed rainbow trout samples 
compared to the wild whitefish samples might be due to 
factors such as feed (commercial fish feed versus natu- 
ral feed), species diferences in PBDE uptake (rainbow 

Fig. 2. Levels [ng/glw] of BDE-28. BDE-47. BDE-99. BDE-100, BDE-153. BDE-154, and BDE-183 in rainbow trout (Oncorhynchus 
mykiss) from four Swiss fish farms (sequence within each sample from leR to right: BDE-28 to BDE-183). 
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trout versus whitefish) and diflerences in metabolism 
and trophic level (direrences in bioaccumulation be- 
tween lake trout and whitefish originating from Lake 
Siskiwit have been reported by Swackhamer and Hites 
(1988)). 

3.3. Almospheric deposition of PBDE 

All lakes investigated in our study are situated in 
populated areas, and none of them can be considered as 
a background site. Since total PBDE levels are low 
compared to sites near known point sources of PBDE 
(Andersson and Blomkvist, 1981; Dodder et al., 2002). 
we assume that no major point source is present and that 
the PBDE content in our fish samples is mainly caused 
by diffuse contamination, such as atmospheric deposi- 
tion (atmospheric deposition is.a major input of orga- 
nochlorinCS to aquatic systems, see Swackhamer and 
Hites (1988)). Without attempting a detailed analysis 
based on sediment, water column, and biota concen- 
trations, correlation of PBDE levels in whitefish with 
lake parameters such as volume, surface, and number of 
inhabitants were investigated (data see Table I). If at- 
mospheric deposition (assumed to be constant through- 
out Switzerland) is a major input pathway for PBDE. 
and under the assumption that elimination rates are 
similar for all lakes, high PBDE levels in fish from 
shallow lakes (i.e. high surface/volume ratio) would 
be e x p t e d .  Fig. 3 shows that whitefish PBDE levels 
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[nglglw] and surfacelvolume ratio [km-'1 of the respec- 
tive lakes do indeed correlate (? = 0.70). suggesting 
atmospheric deposition as an input pathway for PBDE. 
At a given atmospheric deposition rate of PBDE (as- 
sumed to be constant), lakes having large surfacelvol- 
ume ratios (low depth at a given surface) are expected to 
show higher PBDE concentrations than lakes with a 
small surface/volume ratio. Compared to its surface1 
volume ratio, whitefish from Lake Lucerne showed 
considerably higher PBDE levels in whitefish than all 
other lakes which allows some speculation about the 
presence of local PBDE source in this case. Additionally. 
the BDE-47 to BDE-99 ratio is also lower for the sam- 
ples from Lake Lucerne compared to all other lakes (see 
Fig. I). If adjusted for fish size (average length was only 
21.9 cm). the deviation of the Lake Lucerne sample from 
the line generated from fish from the other lakes would 
be expected to be even larger and further strengthen the 
suggestion of a local source. A final conclusion on the 
presence of a local source, however, will need fur- 
ther investigation, since this data is based on a single 
composite sample (ten individuals). If Lake Lucerne is 
omitted from the data set, the correlation coeficicnt 
(whitefish PBDE levels versus surfacelvolume ratio) is 
close to one (? = 0.96). The correlation between the 
PBDE concentration and the ratio of human population 
(inhabitants in the catchment area) and lake volume. 
however, was less pronounced (? = 0.59), as were other 
correlations between PBDE concentrations and lake 

Fig. 3. Surface/volume [km-'1 ratio of each lake versus the levels [nglglw] (sum of BDE-28. BDE-47. BDE.99, BDE-100. BDE-153, 
BDE-154, and BDE-183) in whitefish (Coregonus sp.). 



properties. Based on  these data,  wastewater effluents 
might represent only a minor source of PBDE input t o  
the  lakes investigated. 

3.4. Human e.rposure o/PBDE through fish consunrpfion 

T h e  increased use of PBDE a s  flame retardants 
(Renner, 2000). their rapidly rising concentrations in 
human milk (Betts. 2002a.b). a n d  their potential for 
triggering endocrine disrupting eKects are important 
reasons t o  estimate human exposure through these 
contaminants. Next to  exposure t o  PBDE through flame 
retarded products (textiles, plastics), PBDE are effi- 
ciently taken u p  by consumption of fish. In a study on  
nursing women in Japan, Ohta  et al. (2002) report a 
strong positive relationshir, between PBDE concentra- 

Betts. K.S.. 2002a. Flame-Proofing the Arctic? Environ. Sci. (. 
Technol. 36. 188-192A. 

Belts, K.S., 2002b. Rapidly rising PBDE levels in North 
America. Environ. Sci. Technol. 36. 50A-52A. 

BFS, Swiss Federal Statistical Office. 1998. Schweizerirhe 
Gesundheitsbefragung 1997: Standardtabellen, Neuchiitel. 

Covaci. A,. de Boer, I., Ryan. 1.1.. Vaorspoels. S.. Schepens. P., 
2002. Determination of polybrominated diphenyl ethers and 
polychlorinated biphenyls in human adipose tissue by large- 
volume injstion-Nanow-bore capillary gas chromato- 
graphylelstron impact low-resolution mass spectrometry. 
Anal. Chem. 74, 790-798. , 

Darnerud. P.O.. Eriksen. G.S.. J6hannesson. T.. Larsen. P.B.. 
Viluksela. M.. 2001. Polybrominated diphenyl ethers: accur- 
rence, dietary exposure, and toxicology. Environ. Health 
Persp. 109. 4948. 

de Boer. J., Wester. P.G.. Klamer. H.J.C.. Lewis. W.E.. Boon. 
J.P.. 1998. Do flame retardants threaten ocean life? Nature 

lions-in human milk a n d  dietary intake of  fish and 394. 28-29. 
shellfish. Based t o  the results of our  study, human ex- de Boer. I.. de Boer. K.. Boon, I.P., 1999. Polybrominated 

posure to  PBDE through consumption of Swiss fish was biphenyls and diphenyl ethers. In: Paasivina. J. (Ed.). The 
Handbook of Environmental Chemistry. Springer Verlag. 

estimated. In some oarts of  Switzerland (Lake Geneva ., ., , mew rorr .  
region)* up 7v' of the population eats fish days de Wit. C.A.. 2002. An overview of brominated flame retardants 
a week (BFS, 1998). Based on  a n  average daily con- in the environment. Chemosphere 46. 583-624. 
sumption of 20 I3 fish (Griiter et a1.v 1998) from Lake Dodder. N.G.. Strandberg, 0.. Hites. R.A.. 2002. Concentra- 
Biel with a PBDE content of  7.4 nglgww (highest PBDE tions and spatial variations of polybrominated diphenyl 
concentration detected in this study), a maximum daily ethers and several organochlorine compounds in fishes from 
intake of  0.15 ug PBDE was estimated (0.026 &day for the northeastern United States. Environ. Sci. Technol. 36. . - ~- ~ 

Swiss farmed trout). This number corresponds t o  the 146151. 
lower end of the estimate for the total PBDE intake of Easton. M.D.L.. Lusmiak, D.. Von der Geest. E., 2002. (-- Preliminary examination of contaminant loadings in farmed ~, r 

the Nordic consumer of 0.2-0.7 pg/day reported: by 
Darnerud el al. (2001). Based on  the current knowledge 

salmon, wild salmon and commercial salmon feed. Chemo- 
sphere 46, 1053-1074. 

on  PBDE, they consider the lowest observed adverse Fiinl, P,. Fiirst, C,, H,A,, Groebel, W,, 1989, 
eRect level (LOAEL) of the PBDE group t o  be 1 mglkd  Analvsenverfahren zur Rertimmunn unn ~olvehlorierten -~~~~~~~~~~ ~.- -~~ -.., ~ ~ . . - ~ ~ - ~ ~ ~ ~ ~  
day (preliminary value due to  data  gaps including car- Dibenzadioxinen und Dibenzofuranen in Frauenmilch. 2. 
cinogenicity, reproduction and developmental toxicity 
as well a s  additional routes of exposure). In  the light of 
continued use of PBDE in large quantities, monitoring 
levels of  these compounds will continue t o  be a n  im- 
portant issue. 
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"Capsule": Strspendedparticulate matter is an important carrier for 
higher brominated diphenylethrrs in the aquatic environment. 

Abstract 

Polybmminated diphenyl ethers (PBDEs) have been determined in 133 samples of suspended particulate matter (SPM), sediments. 
sewage treatment plant (STP) influents and effluents, fish and mussels from various locations in The Netherlands, as a part of a large 
Dutch national studv on estroQenic contaminants in the aouatic environment ( M E S  oroiect). Some PBBs were also analysed but not "----- - - ~ ~  
found in any of the samples at detectable levels. PBDEs and PBBs were included in tl;is study because indications of longterm effect8 
on the balance of endocrilie systems were found in the literatun. High concentrations of d,mBDE (up to 4600 pg/kg dry weight) were 

Scheldt. These levels are possibly related to spillage duringuse of PBDEs in industries upstream the 
SPM was identified as an important carrier for higher brominated diphenyl ethers in the aquatic environ- 

ment. DecaBDE was not found at detectable levels in flounder, bream and mussels. The bioaccumulation of decaBDE in these fish 
and shellfish samples is apparently limtted Lower hrominated PBDE congeners (teua,penta) were also found in the Western Scheldt 
as well as in the Rhinc delu and the nver Meuse. but in much lower concentrations than the dmBDE.  In contrast wth decaBDE. the ~~~ ~~~ ~ ~~ ~ ~ ~ . 
tetra and pentaBDEs were found in biota. It was concluded that at least a small part of the PBDE can pass STPs. 
0 2002 Elsevier Science Ltd. All rights reserved. 

Keywords: Polybrominated diphenyl ethers; Suspended particulate matter; Sewage treatment plants; Sediment; Fish 

1. lnttoduetion 

Today, 470,000 tons of bromine are  produced 
annually, used in water purification, health care, agri- 
culture, cars and photography (Anon., 2000). However, 
the most important use of bromine is in flame retar- 
dants. Flame retardants are chemicals which, added to 
materials, inhibit o r  suppress the combustion process. 
They are being used in electronicequipment, upholstered 
furniture, constructiori materials, and textiles. Thirty- 
nine percent of all flame retardants are based o n  bromine 
(Anon., 2000). Some of the most important brominated 
flame retardants are: polybrominated diphenyl ethers 
(PBDEs, composition of various techhnical mixtures 

Corresponding author. Tel.: +31-255464736; fax: +31-255- i. 56473. 
E-mail addrrw: j.deboer@rivo.wag-ur.nl (J. de Boer). 

given in Table I), hexabromocyclododecane (HBCD). 
and tetrabromobisphenol-A (TBBP-A). 

On 30 January 2001, the European Commission has  
issued a proposal to ban the production and use o f  
PentaBDE (Dungey, 2001). Polybrominated biphenyls 
(PBBs) have mainly been used in the USA (de Boer e t  
al.. 2000). The production of the main mixture, hex- 
abromobiphenyl (Firemaster BP-6), ceased in 1974, 
after the Michigan disaster (WHO, 1994). The produc- 
tion in Europe has been limited to decabrominated 
biphenyl (decaBB), but PBBs have been imported from 
the USA (Brinkman and de  Kok, 1980). The decaBB 
production, which since 1977 only took place in France, 
has been terminated a few years ago (de Boer et al., 
2000; Spiegelstein, 2000). 

PBDEs have been detected in the environment since 
the late 1970s (Andersson and Blomkvist, 1981; d e  
Boer, 1989, Sellstrdm et al., 1990; Pijnenburg e t  al., 

0269-7491/03/$ -see front matter 0 2W2 Elsevier Science Ltd. All rights resewed. 
PII: SO269-7491(02)00280-4 
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Table I 
Composition of technical mires o f  polybrominated diphenyl ethers (PBDEs) 

PBE-mix Percentage of mixture 

tetraBDE penlaBDE heraBDE heplaBDE actuBDE nanaBDE decaBDE 

PentaBDE 33.7 54.6 11.7 
OctaBDE 5.5 74.9 3.6 13.9 2.1 
DecaBDE 3 97 

Source: Spiegelstein, 2003. 

1995, Allchin et al., 1999, Rahman et al., 2001; Hale et 
al., 2001; de Wit, 2002). More recently, more attention 
is given in the scientific literature to the environmental 
occurrence of PBDEs. PBDEs were found to be present 
in sperm whales and a wider range of marine mammal 
species which is an indication for the presence of these 
compounds in deeper waters of the ocean (de Boer et 
al., 1998). PBDEs were also found in relatively high 
concentrations in marine mammals from the North Sea 
(de Boer et a]., 1998; Lindstram et al., 1999). In addition 
to that, increasing trends of BDE47 and BDE99 con- 
centrations in Swedish human milk were presented 
(Noren and Meironyte, 1998, 2000), although the most 
recent data showed that these curves have past the top 
(Meironyte Guvenius and Noren, 2001) and are declin- 
ing. The PBDE patterns observed in human milk and in 
marine mammals and fish mainly consist of 
2.4,2',4'-tetra BDE (BDE47) together with smaller 
amounts of some other tetra, penta and hexa BDEs. 
PBDEs were also found in several estuaries in Europe, 
among which those of the rivers Scheldt in The Nether- 
lands and Mersey and Tees in the UK (Allchin et al., 
1999; Anon., 1997). In these rivers also relatively high 
levels (up to mg/kg dry weight) decaBDE were found. 
Environmental levels of PBBs were reported after the 
Michigan disaster (WHO, 1994). PBBs have also been 
reported in fish from German rivers (WHO, 1994) and 
in North Sea and Baltic fish (Jansson et al., 1993). 

The present study was carried out as a part of the 
Dutch national study on estrogenic contaminants in the 
aquatic environment (LOES project) (Vethaak et al., 
2002). PBDEs and PBBs were included in this study 
because indications of long term effects on the balance 
of endocrine systems were found in the literature (de 
Boer et al., 2000). Other contaminants included in this 
project were phthalates, alkyl phenols, bisphenol-A and 
several hormones (Vethaak et al., 2002). The LOES 
project also included a large biological effect part, 
focussed on the observation of possible estrogenic 
effects in fish sampled at the same locations. The objec- 
tive of this study was to screen the Dutch aquatic 
environment for concentrations of PBDEs and PBBs. 
Therefore, fish, mussels, sediment, and suspended par- 
ticulate matter (SPM) samples of the most important 
rivers and estuaries were analysed for these compounds. 

In addition, SPM samples of a number of sewage treat- 
ment plants (STP) influents and effluents were analysed 
for PBDEs and PBBs to estimate if these compounds 
were able to pass STPs. 

2. Methods 

The following PBDEs were determined: 

The BDEs 47 and 99 are the main compounds in the 
technical Penta-mix. The BDEs 138 and 153 are also 
present in the Penta-mix, in lower percentages. dec- 
aBDE is the main compound (97%) of the technical 
Deca-mix. BDE 85 was available as a standard, but 
does not represent a specific technical mixture. Some 
other important representatives of the technical mix- 
tures such as BDEIOO (of the Penta-mix) and BDE183 
(of the Octa-mix) were not available at the time of the 
design of this programme. 

SPM samples were obtained from surface waters in 
the Netherlands and from sewage treatment plant influ- 
ents and effluents and industrial wastewater by (flow- 
through) centrifugation (effluent and surface waters) or 
filtration (influent) of the water samples. Centrifugation 
took place at 20.000 rpm until 200 g of material was 
collected. Sediment samples were obtained by pooling 
nine sub-samples, taken by a Van Veen grab sampler 
from a square of ca. 100 m2 per location. All sediment 
samples were sieved ( < 6 3  pm). Flounder (Plorichrhys 
Jesus) samples were taken by beam trawling and bream 
(Abromis bromo) samples by small bottom trawls. The 
flounder and bream were filleted and the fillets of 25 
fishes per location were pooled. Marine mussels (Myli- 
lus edulis) and freshwater mussels (Dreissena poly- 
morpho) were hanged out in small nets for 6 weeks a t  
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the specificlocations, after which they were recollected. 
Depuration was not applied. The mussels were taken 
out of the.shell and pooled. ca. 100 g mussel flesh per 
sample. In total 133 samples were analysed. The number 
of samples per sample type and per location is given in 
Table 2. The samples were taken during three sampling 
periods: April, July and September 1999. 

The STP influent samples were filtered over Whatman 
filters (GF/C particle retention 1.2 pm). The filtered 
volume was 4 1. STP effluent samples could only be 
taken at a few selected locations, due to the high costs 
of the required centrifuge, which was used to centrifuge 
the samples on the spot, and its transport to the various 
locations. The SPM and STP effluent residues. biota 
and sediments were mixed with sodium sulphate, 
allowed to dry for 3 h or overnight (dependent of the 
volume, < 6 g sample: 3 h) and Soxhlet extracted for 12 
h with hexanelacetone (3: 1 ,  v/v, 70 "C) (de Boer et al., 
2001). All solvents used were nanograde quality, and 
were obtained from ~romochem, Wesel, Germany. The 
extracts were concentrated on a rotary evaporator and 
dissolved in 2 ml of dichloromethane. The extracts were 
cleaned by gel permeation chromatography (GPC) over 
two Polymer Laboratories (PL) gel columns (300 x 25 
mm, pore size 10 pm), using dichloromethane at 10 ml/ 
min. The collected fraction was 18-23 min. The fraction 
was concentrated under nitrogen, dissolved in iso- 
octane and further purified by shaking with sulphuric 
acid, After separation of the iso-octane phase, the sul- 
phuric acid phase is washed twice with pentane to 
extract all PBEs. Finally, the. pentane/iso-octane mix- 
ture was concentrated under nitrogen to 2 ml (iso- 
octane) and eluted over a 1.6 g silica gel column (2% 
deactivated) with l l ml iso-octane and 10 ml 20% die- 
thylether in iso-octane. This sequeniial elution results in 
both a high recovery and a clean sample. The fractions 
were combined and concentrated to 1 ml (iso-octane), 
after addition of a syringe standard (2,3,5,6,3'-penta- 
chlorobiphenyl (CBI 12). An external standard solution 
of all PBDEs analysed was subjected to the entire 
method to determine the recoveries. All results reported 
are corrected for recovery. Amber glassware was used 
throughout the entire project, while direct sunlight or 
other UV light entrance in the laboratory was blocked 

by installing UV filtering foils at the windows and UV 
filter plates under the fluorescent lights. This was neces- 
sary to prevent possible degradation of decaBDE. The 
final analysis was carried out by GC/MS, using electron 
capture negative ionisation (ECNI) as ionisation tech- 
nique (MSD transferline 290 "C, source temperature 
200 "C, quadrupole temperature 106 "C, electron energy 
70 eV with methane (3.25 ml/min) as a reagent gas). 
Initially (period I), a 25 m CP Sil 8 column [internal 
diameter (id.) 0.25 mm, film thickness 0.25 pm] was 
used for the determination all PBDEs. However, due to 
a co-elution of BDEI53 with te t r~brom~bis~henol -A 
(TBBP-A), BDE153 could not be determined properly 
in a number of samples taken in period I .  In addition, 
the decaBDE peak at a 25 m column occasionally varied 
in shape due to degradation as a consequence of too 
long exposure to elevated temperatures in the GC oven. 
Substitution of this 25 m column by a 50 m (i.d. 0.25 
mm, film thickness 0.25 pn) CP Sil 8 column enabled 
the determination of BDE153 and provided a maximum 
resolution for .the determination of all other BB and 
BDE congeners. 

GC conditions: Oven. 90 "C, 3 min + 210 "C, 30 "C/ 
min, 20 min 210 "C + 290 "C, 5 "C/min. Injection was 
pulsed splitless and the carrier gas was helium. 

A 15 m (i.d. 0.25 mm, film thickness 0.25 pm) CP Sil 8 
column provided good conditions for the determination 
of decaBDE. The maximum oven temperature during 
the decaBDE analysis was 300 "C, the injector tem- 
perature was 275 "C. The peak identification, was based 
on retention time and the recognition of the Br- ion (m/ 
z 79/81). For decaBDE, the mass fragments 486.7 and 
488.7 were used for additional identification. Detection 
limits were calculated as three times the noise level of 
the chromatogram. The limit of determination was set 
h,y the lowest concentration of the multi-level (6 point) 
calibration curve. Further details of the analysis have 
been reported before (de Boer et al., 2001). 

The total lipid contents of the biota samples were 
determined by a chlorofonn/methanol extraction 
according to Bligh and Dyer (1959). Dry weights of 
sediment and SPM samples were determined after heat- 
ing at 105 "C for 24 h. 

3. Results and discussion 
Table 2 
Sampling scheme 

The PBDEs 85 and 138 were generally below the 
Sample type Number Number detection limits (<  I-c0.1 pg/kg dw). An overview of 

af  samples Or locations the concentration ranges found for the BDEs 47.99, 153 
SPM 44 18 and 209 is given in Table 3. 

22 17 Sediment 
Flounder and bream 35 20 3.1. S P M  

I' Mussels (freshwater+ marine) 16 16 
STP influentiefflucnt 13 9 
lnduslrial wastewnter 3 3 All PBDE concentrations in SPM and sediments are 

expressed on a dry weight basis (Figs. 1-3). Markedly 
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Table 3 
Summary or PBDE concentrdtians in SPM. sediment, biota and waste water residues (pg/kg dw) 

Sample tym BDE 47 BDE 99 BDE 153 BDE 209 

SPM 2.2 (<0.2-9). 2.4 (<0.1-23) <0.6 (<0.1-9.7). 71 (<9-4MW)) 
Sedimentb 1.1 (0.3-7.1) 0.6 (<0.2-5.5) <0 .7  (<0.1-5) 22 ( < 6 5 1 0 )  
Flounder 0.9 (0 .620)  0.2 (<0.01-4.6) 0.1 (<0.02-<I)  ~ 0 . 9  (<0 .2 -<6)  
Bream 16 (0.2-130) 0.1 (<0.01-<0.8)  0.9 (<O.OM.I)  < 5  (eO.03-<21) 
Marine mu*rels 1.2 (0.9-4.3) 0.5 (0.3-1.6) <0.1 ( ~ 0 . 1 - ~ 0 . 2 )  < 4 ( < 4 - < 5 )  
Freshwater mussels 1.8 (0.7-17) 1.4 ( 0 . 6 1  I) <0.9 (<0.1-1.5) s 2 3  ( < 4 - < 3 4 )  
STP influentC 2.3 ( < 0 . 1 4 8 )  5.2 (0.3-33) < 0 . 9  (<0.02-<5) 24 (do.>-330) 
STP effluentd 22 (1 1-35) < I  ( < I - <  I) < 5  (<0 .4 -<7)  350 (310-920) 
Industrial wastewater 0.4 ( < 0 . 1 4 8 )  6.6 ( 0 . 3 4 6 )  < 1 (<0.02-2.6) 45 (<0.5-200) 

" Median and range are given for each BDE and each sample type. 
t 6 3  pm fraction. 

( Particulate matter filtered from influent. 
* Particulate matter centrifuged from effluent. 

high concentrations of decaBDE (up to 4600 pg/kg dw.) 
were found in SPM from the Western Scheldt (Fig. 3). 
A clear decreasing trend was observed from the east 
part of the river near Antwerp (locations 4-9-7) 
towards sea. The pattern found suggests a relationship 
between the PBDE concentrations and the textile 
industry in Antwerp, in which decaBDE is used. The 
local bromine industry in Terneuzen (location 9). half 
way the Dutch part of the Western Scheldt, may also 
have influenced the PBDE levels, but its impact seems to 
be small compared to the PBDE plume coming from 
Antwerp. Clear variations in PBDE concentrations in 
SPM were found between the three sampling periods. It 
is evident that variations due to variable discharges are 
rather observed in the SPM than in sediments or biota 
which both show a more integrative picture. The highest 
BDE47 and 99 concentrations were found in SPM from 
the Haringvliet (river Rhine delta, location I )  with 5.2-9 
and 4-12 pgjkg dw, respectively (Figs. 1 and 2). The 
BDE47 and 99 concentrations at two other locations in 
the Rhine delta. Nieuwe Waterweg and Rotterdam 
harbour were also high. Given the extremely low solu- 
bility of higher brominated PBDEs in water and the 
high PBDE concentrations found in these SPM samples. 
SPM is clearly identified as an important carrier for 
higher brominated diphenyl ethers in the aquatic envir- 
onment. This is the first report on PBDEs in SPM, no 
other data on PBDE concentrations in SPM could be 
found in the literature. SPM is apparently a good 
matrix for monitoring the momentary concentration of 
PBDEs in the aquatic environment. However, both 
sampling and pre-treatment of SPM samples are rather 
expensive and laborious. 

3.2. Sediments 

All concentrations shown in Fig. 4 are on a dry 
weight basis. Sieving of the sediment to c 6 3  pm has 
caused a certain normalisation. but small differences in 

PBDE concentrations due to differences in organic car- 
bon content per location may still occur. The decaBDE 
pattern in sediment of the Western Scheldt (locations 
4-9-7) was similar to that found in SPM: higher levels 
in the east part (up to 510 pg/kg dw), decreasing down 
to l I0 pg/kg dw a t  Terneuzen and c 2.9 pg/kg dw (all 
c 6 3  prn fractions) at Vlissingen (Fig. 4). Again, the 
input from Antwerp appears to be more important than 
a supposed contribution from the bromine industry at 
Terneuzen. Although there is a considerable tidal 
movement, which could move a possible PBDE plume c:.. 
from Terneuzen to the east. it is unlikely that the higher . . 
PBDE levels in the most eastern part of the Western 
Scheldt would only have been caused by such a tidal 
influence. The sediment samples were only taken in 
period 3 (September). The decaBDE concentrations in 
the river Rhine were the second highest after the Wes- 
tern Scheldt, with 84 pg/kg dw in sediment from Lobith 
(German border, location 3) and 220 pg/kg dw in SPM 
from Lobith. The highest BDE47 and 99 concentrations 
in sediment were found at this location (7.1 and 5.5 pg/ 
kg dw, respectively). The decaBDE concentrations in 
sediments are among the highest reported until now (de 
Boer et al., 2000). DecaBDE levels up to 1,700 pg/kg 
dw. have been reported in the river Mersey. (UK) 
(Anon., 1997). Much lower decaBDE concentrations 
were reported in Danish sediments with a maximum 
level in Copenhagen harbour of 2 1.5 pg/kg dry weight 
(Platz and Christensen, 2001). The decaBDE con- 
centration in North Sea sediment off the Western 
Scheldt was 32 pg/kg dry weight ( c 6 3  pm fraction) 
(Klamer et al., 2001). which corresponds with the results 
of this study. Other decaBDE concentrations in North 
Sea sediments' along the Dutch coast were slightly 
lower, and decreased further as sampling locations were 
further away from the coast (Klamer et al.. 2001). The . . 

BDEs 47, 99 and 153 concentrations in SPM, sediments ( 
and biota are not as high as the highest concentrations 
reported in the literature (de Boer et al., 2000). The high 
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Fig. I .  BDE47 concentrations in suspended particulate matter in pg/kg dw; locations (in The Netherlands): I. Haringvliet (west). 2. Ilmuiden. 3. 
Rhine (Lobith, border). 4. Western Scheldt (Schaar van Ouden Doel). 5. Amsterdam harbour. 6. Rotterdam harbour (Splitsingsdam). 7. Wcstern 
Scheldt (Vlisaingen). 8. Nicuwe Waterweg (Maassluis). 9. Western Scheldt (Terncuren). 10. IJssel Lake (Vrouwenzand), I I. Koudevaan (St. Anna- 
parochie). 12. Meuse (Eijsdcn, border). 13. Bergumcr Lake (Bergurn), 14. Eastern Scheldt (Hammen). IS. Wadden Sea (Dantzig Oat). 16. Wadden 
Sca (Den Oevcr). 17. Ems Dollard(Bocht van Watum). 18. Dommel (near Eindhoven). 19. Narth Sea (Naordwijk), 20. Narth Sea (Oestergrondcn). 
21. Meusc (Borghann), 22. Apeldoorns Canal (Epe). 23. Amsterdam (Westpoort). 

decaBDE concentrations in sediment emphasize the 
need for a thorough understanding of the fate of this 
compound. Dietary uptake and degradation of dec- 
aBDE in fish has been reported to occur in an aquarium 
experiment (Kierkegaard et al., 1999), but should be 
confirmed for prevailing conditions in the aquatic 
environment prior to drawing further conclusions. If a 
complete absence of degradation of decaBDE would 
appear from further studies, this should be ensured for 

(, the long term, because even the slighest formation of 
lower brominated diphenylethers from these high levels 
of decaBDE in the sediment studied could cause serious 

environmental damage, even after periods of tens of 
years. 

3.3. Fish and mussels 

None of the fish samples contained decaBDE in mea- 
surable concentrations (<0.2-<21 pg/kg dw) (Tables 4 
and 5). In two marine mussel samples (Western Scheldt, 
Vlissingen, and Wadden Sea) decaBDE was found at a 
level of 5 &kg dw (Table 6). However, these mussels 
had not been depurated after sampling and the con- 
centrations found are very likely due to decaBDE which 
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Fig. 2. BDE99 cancentrations in suspndcd particulate matter in pglkg dw (locations see Fig. I). 

is present in small particles in the gut of the mussels kg lipid weight BDE 47 (Sellstrem et al., 1993). Much 
(Booij et al.. 2000). BDE 47 is clearly higher in the fish lower PBDE concentrations were found in herring near 
samples than BDEY9, which is often around the detec- Karlskrona and other places along the Swedish coast, 
tion limits (ca. <0.1 pg/kg dw). Such a selective bioac- with maximum levels of 18 pg/kg for BDE47. 7.1 pg/kg 
cumulation of BDE47 has been reported before (de for BDE99 and 3.3 pg/kg for BDE100, all on a lipid 
Boer et al., 2000). In mussels little difference is found , weight basis with a mean lipid content of 2% (Nylund et 
between BDE47 and BDE99 concentrations, similarly al., 2001). The BDE47 concentrations found in bream 
to the pattern in SPM (Table 7). This difference in pat- from the rivers Meuse (Eijsden), Rhine (Lobith) and 
tern between fish and mussels can be explained by a Dommel can be considered as relatively high (ca. 600 
lower biotransformation capacity of mussels for BDE99 pg/kg lipid weight), when compared to background 
or a limited uptake of BDE99 by fish. In sediment and concentrations such as found at the locations Koude- 
SPM samples BDE47 is normally slightly higher than vaart (St. Annaparochie, no I I) and Bergumermeer 
BDEY9. Relatively high BDE47 concentrations were (location 13) (Table 4). Because of these elevated levels 
found in bream from the rivers Meuse, Rhine and ,  in bream, the median values given in Table 3 for bream , 

Dommel (locations 12-3-18): ll0,YO and 130 pg/kg dw; are higher than in flounders which originated from the (, 
respectively. A perch sample from south Sweden con- generally more clean marine locations. Clear differences 
tained an exceptionally high concentration of 24.000 pg/ in BDE concentrations in bream are observed between 
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Fig. 3. DecaBDE concentrations in suspended particulate matter in hg/kg/dw (locations see Fig. I )  

the two periods. The higher concentrations were found 
at the end of the summer (period 3). after which the 
bream had built up more fat (and thus more con- 
taminants on a dry weight basis, while just after 
spawning(period I) the bream is more lean and has lost 
some of the contaminants during spawning. 

3.4. STP in- and efluenr 

Relatively high decaBDE concentrations were found 
in some STP samples (Table 8). The effluent of the , 

Eindhoven STP contained 920 pg/kg dw decaBDE, 
whereas the influent contained 72 pg/kg dw. Clearly, 
decaBDE can pass STPs. The higher concentrations in 

the effluent can he explained by a different way of sam- 
pling. The influents were deliveredat the laboratory as 
water samples and were filtered over Whatman filters 
(GF/C, particle size 1.2 pm). The effluents were deliv- 
ered as particulate matter residues, obtained after cen- 
trifugation on the spot, immediately after sampling. 
Possibly, these centrifugated samples have contained a 
higher proportion of fine particles, which contained 
higher concentrations of PBDEs. Large particles could 
also settle in the STP process, resulting in enrichment of 
the smaller particles in the effluent. Variation in the 
PBDE flux through the STP may also have played a 
role, because the influent and effluent samples were 
taken at the same moment. The retention time of the 
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Fig. 4. Concentrations of BDEs 47. 99 and 209 in sediment in pg/k#/dw [locations see Fig. I ) .  

waste water in the STP was not taken into account, but 
more than one sample per day was taken to prepare a 
composed sample. In an Amsterdam STP 310 pg/kg dw 
decaBDE was foundin the effluent, whereas 110 pg/kg 
dw was found in the influent. It should be taken into 
account that regularly, ca. each month, the SPM in the 
influent to which PBDEs are bound, is removed from the 
STP as the primary sludge, together with the secondary 
sludge, which is produced during the treatment of the 
waste water. The fraction of SPM passing the STP is not 
more than ca. 2.5%. Three sludge samples [Ameland (2x1 
and St. Annaparochie] showed substantial decaBDE 
concentrations (up to 190 pg/kg dry weight), as well as 
substantial concentrations of other BDEs (up to 40 &kg 
dryweight for BDE47) (Table 8b.c). Most of the sewage 
sludge in the Netherlands is burned in specific sludge 

incinerators. In other countries, sewage sludge may be 
deposited in landfills (Hale et al.. 2001). That procedure 
may cause a delayed input of PBDEs into the environ- 
ment through contaminated leachate water. Incineration 
at sufficiently high temperatures under well-controlled 
conditions will destroy the PBDEs, hut less well-con- 
trolled incineration may result in the formation of lim- 
ited quantities of brominated dibenzo-pdioxins and 
furans and bromochlorodibenzo-p-dioxins and furans 
(Vehlow et al.. 2000; Sakai et a]., 2001). 

Up to 200 pg/kg dw decaBDE was found in particles 
filtrated from industrial waste waters. The concentra- 
tions of the other PBDEs in STP in- and effluents and 
industrial waste water residues were in most cases con- 
siderably lower than the decaBDE concentrations 
(Table 2). No other data on PBDEs in STP in- and 
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Table 4 
PBDEs in fillets of bream ' ' Location No. % DW BDE47 BDE85 BDE99 BDEI38 BDE153 decaBDE 

(a)  Period I (fig / kg dry wrfghr) 
Amsterdam 5 22.7 4.4 0.2 <0.05 <0.02 <0.4 <0.06 
Eijsden (Meuse) 12 22.2 9.1 0.2 <0.02 < 0.02 <0.4 <0.4 
Haringvliet I 20.1 ' 16 0.2 ~ 0 . 0 6  <0.02 <0.7 0.3 
Lobith (Rhine) 3 23.7 37 0.2 <0.1 ' <0.02 1.3 <0.03 
Vrauwenzand (Ilsxl  Lnke) 10 25.0 13 0.2 ~ 0 . 0 3  <0.02 1 .O ~ 0 . 8  
Bergumcrmeer. Bergum 13 19.7 0.2 0.013 ~ 0 . 0 1  <0.02 <0.04 <0.4 
Koudevaart. St Annaparochie I I 20.1 0.6 0.02 <0.01 <0.06 0.04 

( b )  Period 3 ( p g  / kg dry weighl) 
Amsterdam 
Eijrdcn (Meuse) 
Haringvliet 
Lobith (Rhine) 
Bergumcrmcer. Bergurn 
Vrouwenzand (Ilssel lake) 
Apeldoorns Canal (Epe) 
Dommel, near STP Eindhoven 

Table 5 
PBDEs in fillets of  flounder 

Location No. % D W  BDE47 BDE85 B D E ~ ~ '  BDE138 BDE153 decaBDE 

(a )  Period I (fig / kg dry wvighl) 
Amsterdam (North Sea Canal) 
Schaar v Oudcn Dad (Western Schcldt) 
Vrouwcnzand (IJsael Lake) 
Noordwijk (North Sea) 
Oestcrgronden (North Sea) 
Den Oever (Wadden Sea) 
Maassluis (Nieuwe Watenveg) 
Vlissingen (Western Scheldt) 

( b )  Period 3 (f ig / kg dry weight) 
Dantziggat (Wadden Sea) 
Hammen (Eastern Scheld) 
Sehaar v Ouden Doel (Western Schcldt) 
Vlissingen (Western Scheldt) 
Amsterdam Westpaort 
Noordwijk (North Sea) 
Bocht v Watum (Ems Dollard) 
Amsterdam 
llmuiden (North Sea Canal) 
Vrouwenzand (Ilsscl Lake) 
Den Oever (Wndden Sea) 
Mnnesluia (Nicuwe Watenveg) 

Table 6 
PBDEs and PBBs in marine mussels, period 3 (pg / kg dry weight) 

Location No. DW% BDE47 BDE85 BDE99 BDE138 BDEI53 decaBDE 

Reference (Eastern Scheldt) 14 19.8 0.9 0.2 . 0.3 <O.l <0.08* <3.8 
Splitsingsdam (Rotterdam harbour) 6 17.6 4.3 <0.2* 1.6 ~ 0 . 1  <0.2* <4.1 

' Noardwijk (North Sea) 19 16.8 3.6 0.05 1.2 0.1 <0.2* <4.3 
Bocht v Waturn (Ems Dollard) 17 17.9 1.2 <0.2* 0.6 <O.l <0.07. e3 .7  ( Vlissingen (Western Scheldt) 7 18.9 1.3 . <0.2* 0.5 ~ 0 . 1  <0.2* 4.9 
Dantziggat (Waddcn Sea) 15 21.9 1.1 <0.1* 0.4 ~ 0 . 1  <0.08* 4.9 



72 J. de Boer et ul./Environmental Pollution 122 (2003) 63-74 

Table 7 
PBDEs in freshwater mussels. period 3 (vg / kg dry weight) 

Location No. % DW BDE47 BDE85 BDE99 BDE138 BDEI53 decaBDE 

Reference (IJssel Lake) 4.0 < 1.0 <0.4 <0.6 <1.0 ~ 0 . 3  < 5.9 
Haringvliet I 3.4 5.6 <O.l 5.0 <1.0 1.5 < 30 
Lobith (Rhine) 3 2.9 5.6 <0.5 4.2 cI.1 ~ 0 . 9  < 34 
Vrouwemand (Ilssd Luke) 10 4.0 0.7 ~ 0 . 3  0.5 <0.8 <0.2 < 23 
Bergumermeer. Bergum 13 4.8 0.8 ~ 0 . 2  0.4 <0.5 <0.1 < I 5  
Eijden (Meuse) I2 4.1 7.0 s o 2  5.8 c l . 0  1 .O < 12 
Koudevaan. St Annaparochie I I 5.5 ~ 0 . 8  <0.3 <0.5 <0.7 10 .7  <4.3 
Dommel. near STP Eindhaven 18 3.6 17 ~ 0 . 5  I I <0.9 < 1.1 < 30 
Amsterdam 5 3.9 1.8 <0.3 1.4 <0.9 1.2 <31 

Tsble 8 
PBDEs in waste water 

Location % DS BDE47 BDE85 BDE99 BDE138 BDE153 decaBDE 

(a) Period I (gg /kg  dry weight) 
STP Amsterdam Westpoort em 9.1 14 c 1.0 18 < I . (  < 4 310 
STP Eindhaven, em 15.1 25 < 1.3 28 <0.3 < 7 920 
STP Oostermecndc, infl 100 2.2 ~ 0 . 1  5.4 <0.9 <0.08 1.1 
Textile factory Nijverdal inn 100 0.4 <0.03 6.6 <0.2 < I  45 
Industry Genemuiden, inn 100 <0.1 ~ 0 . 0 4  0.3 < 0.03 <0.02 <0.5 
STP Amsterdam Westpoort infl 100 3.4 <0.2 3.6 <0.2 <0.9 1 I0 
STP Ameland. inn 100 1.7 <O.l 2.1 <O.l <O.l I5 
STP St Annaparochie. inn 100 0.9 <O.l 0.9 <0.03 ~ 0 . 3  < 20 
Industry Almere, infl I00 68 <0.9 33 <0.3 2.6 200 
STP Eindhoven, inn 100 2.3 ~ 0 . 1  1.7 < 0.08 <0.07 24 

( b )  Period 2 l l ~ g  / kg dry weight) 
STP Ameland, sludge 6.1 9.5 <0.4 I I < 2 <2.2 < 180 
STP St Annaparochie. sludge 12.1 I I ~ 0 . 7  14 <0.8 c2 .6  190 
STP St Annaparochie, infl , 100 9.3 ~ 0 . 3  5.2 < 1.0 1 .O 24 
STP Ameland, infl 100 16 <0.6 10 <0.7 <2.1 140 

(e) Period 3 ( ~ g  / kg dry weighr) 
STP Ameland. sludge 2.6 40 <0.7 38 4.0 4.8 8.6 
STP Ameland, inn 6.8 16 <0.4 I5 1.5 < l . 6  330 
STP St Annaparochie, infl 1.3 < 0.04 1.1 <0.05 ~ 0 . 2  7.6 
STP Oastermeende. infl 0.7 <0.02 0.5 < 0.04 <O.l 2.7 
STP Eindhoven, em 10.2 35 < I , !  29 c2 . I  < 5.0 350 

effluents could be found in the literature. Further 
research on the PBDE balance in STPs is recommended. 

3.5. PBBs 

The PBBs 15, 49, 52, 101, 153, 169 and 209 were also 
analysed but not found in any of the samples. The 
detection limits for most PBBs were between < I  and 
<0.1 &kg dry weight (dw), but for BB209 the detec- 
tion limits were generally between < I and < 10 pg/kg 
dw. This result is in agreement with the negligible PBB 
production in Europe over the past decades. 

3.6. Comparison with other cotmmina~rts 

During the LOESproject other potential endocrine 
disrupting contaminants have been analysed at the same 

locations. Table 9 gives an indicative overview of con- 
centrations of other contaminants found at the same 
locations in the various matrices. The results show that 
nonylphenol and ethoxylates are more important in 
terms of concentration than the PBDEs, although dec- 
aBDE concentrations in the Western Scheldt are of rhe 
same order of magnitude. Bisphenol-A and the hor- 
mones estradiol and ethinylestradiol are present at a 
much 10,wer level. Bisphenol-A and nonylphenol and 
ethoxylates are wider distributed over the various 
environmental compartments including the water phase, 
whereas the PBDEs are mainly found in SPM, sedi- 
ments and biota, or, in the case of decaBDE. almost 
exclusively in SPM and sediments. PCBs were not ana- 
lysed during the LOES study. However, there is a 
wealth of PCB data in The Netherlands. Those data 
suggest that PCBs in fish and sediment are generally 
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 able 9 
Overview of PBDE, nonylphenol and ethoxylates and bisphcnol-A 
concentrations in water. SPM and bream from The Netherlands found 
during the LOES project 

that of PBDEs, it is-unlikely that PBBs will be very 
important as a contaminant in the Dutch aquatic 
environment. 

Compound Surface SPM Bream 
water(n81l) i~rglkg dw) (Irg/k8 dw) 

XBDE. - 0.9-18 4 .639  
DecaBDE - 9-4.604 0.03-<21 
Nonylphenol + 0.7-3 60-4.400 680-2.M 
ethorylatn 
Bisohenol-A 0.012-0.2 12-42 1 . 9 4  

Sum of BDEs 47. 85,99. 100, 138. 153 

higher than the PBDE concentrations, again with the 
exception of decaBDE in the Western Scheldt. 

4. Conclusions 

SPM was found to t% an important carrier for higher 
brominated diphenylethers in the aquatic environment. 
High decaBDE concentrations (up to 4600 j~g/kg dw) 
were found in SPM from the Western Scheldt, most 
likely related to spills during the use of decaBDE in the 
textile industries along the river Scheldt in Antwerp and 
further upstream. A similar decaBDE pattern is found in 
the sediment of the Western Scheldt with maximum 
values up to 510 pg/kg dw. The presence of decaBDE in 
SPM and sediments calls for further studies on the stability 
or possible degradation of this compound. DecaBDE 
was not found in flounder, bream, freshwater and marine 
mussels, which means that if it would bioconcentrate in 
these biota, it would only be at marginal levels. 

The BDE47 and 99 concentrations in SPM, sediments 
and biota from various riverine locations such as in the 
rivers Rhine and Meuse, indicate a relation with the -  
possibly former-industrial use of pentaBDE, including 
a possible use in German mining. 

Relatively high PBDE concentrations (up to 920 pg 
decaBDE/kg dw) were found in STP influents and 
emuents. The removal of decaBDE and other PBDEs by 
STPs is apparently only partially effective. A more 
detailed study is required to establish a mass balance for 
STPs, taking into account that the major part of organic 
material from the influent is removed through the sew- 
age sludge. 

In further studies, the selection of PBDEs should be 
extended with the congeners 100, 154, 183 and possibly 
also 28, whereas the congeners 85 and 138 are of little 
value. 

The levels of PBDEs in the Dutch aquatic environ- 
ment are, apart from decaBDE, generally lower than 
other contaminants such as PCBs and nonylphenol and 
ethoxylates. 

PBBs were not found in measurable concentrations. 
Although the toxicity of PBBs may be different from 
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PBDE formulations within the European Union, which 
concluded that one (the penta-mix) should be banned, and 
that a further test programme should be undertaken to 
provide additional data for the octa-mix and deca-mix 
(predominantly decabromodiphenyl ether, BDE209) 
(Dungey, 2001). Subsequently, EU technical experts have 
recommended that precautiona!y restrictions on the market- 
Ing and use of these formulations are also needed in order to 
protect the environment. This action was recommended 
because of evidence of bioaccumulation in wildlife, and 
uncertainty over their potential to degrade to form persistent 
and bioaccumulative breakdown products (Environmental 
Data Sorviccs (ENDS), 2002). Attention in Europe, there- 
fore, is now switching to those compounds which are still 
widely used, and in particular tetrabromo bisphenol-A 
(TBBP-A) and hexabmmocyclododecane (HBCD). . 

In this paper, we review the available data for wildlife, 
with the exception of fishes from Europe and North Amer- 

which are covered in more detail elsewhere (Boon et al., 
28; Hale et al., 2003). 

2. Polybrornlnated dlphenyletbers 

A considerable number of studies of PBDEs in wildlife 
have been undertaken since the mid-1980s, when Jansson ct 
al. (1987) first indicated that these compounds were present 
in samples collected remote from local sources and so may 
have become ubiquitous environmental contaminants. 

2.1. PBDEs in birak 

2.1.1. Cormorants from England and Wales 
Cormorants (Phalocrocorax carbo) are piscivomus birds 

which are common, on European coasts and are also becom- 
ing increasingly common at inland sites. They exploit a 
range of fish species according to locality and season, oAen 
concentmting on locally dominant species. Liver samples 
from birds shot under license during the 1996- 1997 and 
1999-2000 winter periods (October to March) were col- 
lected within a study investigating the impact of cormorants 
on commercial aquaculture and recreational fisheries. Sub- 
sequent analysis of feathers from these birds has shown that 
they were feeding almost entirely on freshwater prey at the 
time of shooting (Bearhop et al., 1999). although this does 
not preclude migration to and from marine areas at other 
times. The liver samples were analysed for a suite of 14 tri- 
to heptabromodiphenylether congeners (Allchin et al., 2000; 
Law et nl., 2002). Z14BDE concentrations ranged 'om 1.8 
to 140 fig kg- wet weight, and BDE47 contributed 24- 
100% of the BDEs present. The highest concentration was 
found in an immature female bird shot in Hampshire. Few 
other data.are available for comparison. One cormorant 
sampled in the Rhine delta in the Netherlands in 1981 
yielded liver concentrations of 25,000 and 4000 pg kg- ' 
wet weight for BDE47 and BDE99, respectively, both more 

than two orders of magnitude higher than the highest values 
for these congeners observed in the UK study (de Boer, 
1990). 

2.1.2. Birds and birdk eggs from Europe 
Although comparatively few data are available, it seems 

that concentrations of PBDEs are relatively. low in muscle 
tissue of birds from terrestrial ecosystems (e.g. starlings; 
Z3BDE concentrations 5.7-13 pg kg- ' lipid weight), as is 
the case for herbivorous mammals (reindeer and moose) 
G3BDE concentrations 0.5-1.7 pg kg- ' lipid weight) all 
from Sweden (Scllshom, 1999). However, PBDE concen- 
trations in eggs of peregrine falcons (Falco peregrinus) 
from northern and southern Sweden are high (Sellstrom et 
nl.. 2001). In this study, wild falcons were found to have 
higher concentrations of PBDEs than captive birds fed on 
chickens. BDE209 was found in I8 of 21 eggs analysed 
(concentration range 28-430 pg kg-' lipid weight). 
BDE183 (often taken as indicative of the presence of the 
octa-mix) was found in all 52 eggs, with much higher 
concentrations in the two wild populations (range 56- 
1300 pg kg-' lipid weight) than in the captive falcons 
(range 6- 19 pg kg- ' lipid weight). The concentrations of 
other prominent BDE congeners in the wild populations 
were: 15-3800 pg kg-' lipid weight for BDE47; 110- 

,9200 pg kg- ' lipidweight for BDE99; 77-5200 pg kg- ' 
lipid weight for BDE100; 270-16000 pg kg-.' lipid weight 
for BDE153 and 50-4400 pg kg- '  lipid weight for 
BDE154. The pattern of BDE congeners observed in pere- 
grine falcon eggs is different to that seen in other biota 
samples. Compared to eggs of guillemots (Uria aolgae) 
from the Baltic Sea (SellShGm, 1999). the falcon eggs 
contained several o f h e  more highly brominated congeners. 
Dominant congeners in falcon eggs were BDE153 and 
BDE99, as compared to BDE47 in guillemot eggs and other 
m e n e  biota. Canceritrations of the five dominant congeners 
listed above were also much higher in falcon eggs 'than in 
guillemot eggs. Similir results were reported by Hetzke et 
al. (2001 ), with eggs from peregrine falcons, merlins (Folco 
columbarius) and gyrfalcons (Folco msticolus) from Nor- 
way showing a higher proportion of BDE99 and BDE153 
than of BDE47. Eggs from sparrowhawk (Accipiter nisus), 
goshawk (Accipiter gentilis), white-tailed sea eagle (Hal- 
liaeem albicilla) and osprey (Pandion haliaeha) showed a 
predominance of BDE47. Summed mean BDE concentra- 
tions ranged from I8 to 732 pg kg- wet weight (in the 
gyrfalcon and sparrowhawk, respectively). Blood plasma 
samples taken from peregrine falcons, goshawks, sparrow- 
hawks and white-tailed sea eagles collected from Germany 
in 1998-1999 have also been analysed for a range of BDE 
congeners (BDE47, BDE66, BDE85, BDE99, BDE100, 
BDE153 and BDE154) (Lepom, unpublished data). With 
the exception of BDE66 and BDE85, all congeners were 
found at detectable concentrations in all samples. Summed 
BDE concentrations ranged from I to 400 pg I- ' ,  with 
higher concentrations (factors of 10- 100 times) in adults 
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than nestlings and with the maximum concentrations being 
found in the sparrowhawk. Again, peregrine falcons showed 
BDE153 as the dominant congener, whilst for goshawk and 
sparrowhawk it was BDE47. 

Initially, these results seem to indicate the influence of 
habitat and food specialisation on the BDE congener pat- 
terns in birds of prey, perhaps suggesting that birds feeding 
in terrestrial environments and on other birds may be more 
highly exposed to the higher bmminated BDE congeners 
than marine species. However, the differences in BDE 

congener patterns observed between Accipiter (A. nisus, A. 
gentiles) and Falco (E rusficolus, E columbariur, E pere- 
grinus) species, all feeding on small- and medium-sized 
birds, cannot be adequately explained in this way. In spite of 
similar feeding habits, the differences in BDE congener 
pattern between, e.g. peregrine falcon and spanowhawk, are 
much more pronounced than those observed between spar- 
mwhawk and fish-eating species (see Fig. 1). 

Henke et al. (2003) determined concentrations of two 
PBDE congeners in liver and intestinal contents of glaucous 

Sparrowhawk (Acclplter nlsus) 
adult 

Fig. I. Maas chmmatogrms (miz-79 Da) showing BDE congener panems in (a) peregrine falcon and (b) sparmwhawk h r n  Germany. 
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gulls ( L a m  hyperboreus) collected from Bear Island in the 
Arctic Ocean in 1999. Bear Island is an important breeding 
site for these seabirds inhabiting the Barents Sea. The 
glaucous gull is a generalist feeder, belonging to the scav- 
enger-predatory species. Important components of their diet 
include eggs and chicks of other seabirds, fish, crabs, and 
amphipods, but they also eat seal blubber and garbage. 
BDE47 was found in the livers at concentrations between 
0.5 and 22 pg kg-' wet weight, and BDE99 from not 
detected to 7.9 pg kg- ' wet weight. The intestinal contents 
were more highly contaminated than the liver samples, and 
qualitative GCMS analysis of these indicated the presence 
of BDE100, BDE153, BDE190 as well as several unidenti- 
fied congeners. A number of other flame retardant com- 
pounds, including five polybrominated biphenyl congeners 
and HBCD, were not detected in any samples. 

2.1.3. Bird k eggs from North America 
The hemng gull (Lams argentatus) is a year-round 

resident species in the lower Great Lakes area, and its diet 
consists of alewife (Alosa pseudoharengus) and rainbow 
smelt (Osmem mordax), which are abundant prey fish in 
the Great Lakes. Consequently, this species is ideal for 
biomonitoring of persistent ,organic contaminants. Since 
the mid 1970s, as part of their monitoring programme, 
Canadian Wildlife Services has been systematically collect- 
ing hemng gull eggs from a number of colonies in the Great 
Lakes region on an annual basis and archiving them. In this 
study, pooled homogenates of herring gull eggs from 
various locations in the Great Lakes were analysed to 
determine the spatial and temporal distribution of PBDEs. 
A detailed description of this study including materials and 
methods used is provided in Norstrom et al. (2002) and 
Moisey et al. (2001). 

PBDEs (tetra- to hexa-BDEs analysed as isomer groups) 
were detected in samples from 15 locations throughout the 
Great Lakes region, with concentrations ranging between 
16,500 pg kg- lipid weight for Big Sister Island in Lake 
Michigan and 1830 pg kg- ' lipid weight for Port Coul- 
bourne in Lake Erie. The concentrations of PBDEs were 
highest in Lake Michigan, followed by Lakes Ontario, 
Superior, Huron, and Erie. Similar results have been 
reported in lake trout from Lake Ontario, Superior, Huron 
and Erie (Luross et al., 2002). The BDE congener distribu- 
tion found in hemng gull eggs is similar to that seen in other 
aquatic biological matrices. BDE47 is the major congener 
followed by BDE99, BDE100, BDE153, BDE154, BDE28 
and BDE183, respectively. These congeners represent over 
96% of the total BDEs found in these samples. 

2.2. PBDEs in a North Sea food web 

In a study of accumulation in North Sea food webs (Boon 
et nl.. 2002a). the concentrations of individual BDE con- 
geners were determined in the invertebrate species whelk 
(Buccinum undatum), sea star (Asterias mbens), and hermit 

crab (Pagums bernhardus), the fish species herring (Clupea 
horengus), whiting (Merlangius merlangus) and cod (Gadus (' 
morhua), and the marine mammal species harbour seal 
(Phoca vitulina) and harbour porpoise (Phocoena pho- 
coena). These species are all important representatives of 
different trophic levels of the North Sea food web. All six 
major BDE congeners detected (BDE28, BDE47, BDE99, 
BDE100, BDE153 and BDE154) are most prevalent in the 
commercial penta-BDE formulation. The concentrations of 
BDE47, for example, ranged from 2.6 to 118 pg kg- ' lipid 
weight in the invertebrates; fmm 7.6 to 307 pg kg- ' lipid 
weight in fish liver; and from 57 to 9250 pg kg-' lipid 
weight in harbour seal blubber. No evidence was found for 
the occurrence of the octa-BDE formulation in the North Sea 
food web, as its dominant congener, BDE183, was not 
detected in any samples. BDE209, the major congener 
(>97%) of the deca-BDE formulation, could not be unam- 
biguously determined in any biota samples. Since BDE209 is 
often the main BDE congener found in sediments from the 
area, the main reason for the low concentrations observed in 
biota !?om the North Sea seems to be its relatively low 
bioaccumulation potential. This may be due either to a low 
uptake rate for this very large molecule (BDE209 has a high 
log KO, of 9-10, cf. 6.2 for BDE47, and so will be 
predominantly particle-bound) or a relatively rapid excretion 
after biotransformation. Laboratory studies have demonstra- 
ted that when the commercial octa-mix formulation (which Eii 
contains BDE209) is offered to Atlantic salmon in an oil 
capsule placed in the stomach, BDE209 does enter the liver 
(Boon et al.. 2002b). To enter the liver, BDE209 had to cross 
the intestinal biomembrane. In contrast to lower brominated 
congeners, BDE209 was bansported less efficiently to fillet 
(muscle and skin) and brain. 

Since all invertebrates investigated are sentinel species, 
they are highly representative for the area of capture. The 
highest lipid-normalised concentrations of BDEs in the 
invertebrates occurred near the mouth of the River Tees in 
NE England (546 pg kg-' lipid weight in sea stars for 
BDE47). The geographical distribution of the BDEs could 
be explained by transport following the residual currents in 
the area. The direction of these currents differs between the 
summer and the winter season as a result of the presence or 
absence of vertical summer stratification in the deeper 
waters to the north of the Dogger Bank. Summer stratifica- 
tion results in the development of a density-driven bottom 
water current formed after the onset of vertical stratification 
of the water column in May, which leaves the UK coast near 
Flamborough Head and moves towards the Dogger Bank., In 
winter, the residual currents run in a more southerly direc- 
tion and follow the UK coastline towards the southern bight 
of the North Sea. The distribution pattern of the PCBs and 
pp'-DDE in the invertebrates was entirely different from 
that of the BDEs, as was also the case for CBs and BDEs in 
cormorants and porpoises from the UK (Law et al., 2002). (- 
This reflects the differences in production and use of these 
materials, as the use of these organochlorine compounds in 
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Westem Europe peaked during the 1960s and 1970s, fol- 
lowed by their manufacture being prohibited more than 20 
years ago. In contrast, the major production and use of the 
penta-BDE formulation has occurred more recently. 

The higher trophic levels of the North Sea food web were 
represented by the predatory gadoid fish species whiting and 
cod, and the marine mammal species harbour seal and 
harbour porpoise. The lipid-normalised levels of the six 
major BDG congeners in fish were similar to the levels 
found in the invertebrates, but a biomagnification step in 
concentrations of generally more than an order of magnitude 
occurred from gadoid fish to marine mammals, marking the 
transition hom gill-breathing to lung-breathing animals. 
Mean concentrations of, for example, BDE47 in blubber 
of harbour porpoise and harbour seal were 1331 and 1328 
pp/kg- ' lipid weight, respectively; whilst in liver ofhening, 
cod and whiting the mean concentrations were 30. 133 and 
70 g kg- ' lipid weight, respectively. In the invertebrates 
sampled (sea star, hennit crab, whelk and shrimp) mean 
BDE47 concentrations were 22.38, 10 and 37 pgkg- ' iipid 
weight, respectively. Based on the limited number of sam- 
ples available, no differences could be observed between 
harbour seal and harbour porpoise. 

The results observed in three species of sentinel inverte- 
brates from a network of stations covering a major part of 
the North Sea basin showed the estuary of the River Tees to 
be a major source for hi- to hexa-BDEs. The Tees had also 
been identified as a major source for PBDEs during an 
earlier study, with a manufacturing plant upstream and high 
concentrations being observed in fish and sediments from 
the estuary and Tees Bay (Allchin et al.. 1999). 

2.3. PBDEs in the St. Lawrence Estuary food web 

Located downstream of the Great Lakes-St. Lawrence 
River, the St. Lawrence Estuary receives the waters from 

one of the most indushialised regions of the world. As a 
result, the marine organisms of the St. Lawrence Estuary 
food web are directly exposed to the contaminants trans- 
ported by these fluvial inputs. A bioaccumulation study of 
PBDEs was performed using a variety of marine organisms 
from the St. Lawrence Estuary food web, which includes 
two marine mammal species (beluga whales and harbour 
seals) that are permanent residents of St. Lawrence Estuary 
(Lebeuf et al.. in preparation (a)). All organisms were 
collected during the 1999-2000 time period, allowing the 
comparison of BDE concentrations in different organisms 
with minimal bias due to the temporal changes of BDE 
concentrations in organisms (Lebeuf et al.. 2001, in prepa- 
ration (b): Lebeuf and Trottier, 2001; Luross et al., 2001, 
2002). Concentrations of individual BDE congeners and of 
the summed congeners (expressed as XIOBDE; the sum of 
BDE28, BDE47, BDE49, BDE66, BDE99, BDE100, 
BDEI53, BDE154, BDE155 and BDE183) were deter- 
mined in 13 biological species including benthic and pelagic 
invertebrates, pelagic and demersal fish, and marine mam- 
mals (Table 1). 

The levels of ZIOBDE in the examined species varied 
from approximately 0.2 to more than 500 pg kg- wet 
weight, a range exceeding three orders of magnitude. The 
lowest concenhations were found in invertebrates, whereas 
the highest concentrations were found in the blubber of 
marine mammals. The concentrations of XIOBDE in the 
examined fish species (mainly liver or lipid-rich muscle) 
varied within about one order of magnitude. The mean 
concentrations of XlOBDE were not statistically different 
between male harbour seals and both male and female 
beluga whales. These results differ from the generally higher 
levels of contamination (e.g. PCBs) found in male beluga 
whales compared to male harbour seals (Bemt et al., 1999). 

Marked differences in the ratios of BDE47 to BDE99 
were observed among the examined biological species of 

Table I 
Mean eonemaatiana ((rg kg- ' wet weight) of selected BDE congeners and the sum of thoac determined in mminc organiam collected during the 1999-2000 
time mriod Fmm the St. L a m c e  Eatwv. Canada' 

Nemb virem 
Pandalw boreell8 
Calanw ap. 
Ormew mordar 
Clupeo harpngw horengus 
Micmgodus romcod 
Angulllo msrram 
Hlppaglasrold~s plormides 
Pleumnecfes punani 
Reinhordfiw hippoglossaides 
Relnhordfiw hippoglossoides 
Phoca viwlino 

Nenis worm 
Shrimp 
Z w p l a n h n  
Rainbow smelt 
Atlantic herring 
Atlantic Lomcod 
American eel 
American plaice 
Smooth flounder 
Onmland halibut 
Oremland halibut 
Harbour seal (M) 

whole 
muscle 
whole 
Iivcr 
liver 
liver 
muscle 
liver 
livm 
OIUBC~E 

liver 
blubbn 

pool 
pool 
PWI 

pool 
pool 
pool 
individual 
individual 
pool 
individual 
individual 
individual 

(,- Delphlnapfenrr leucar Beluga whale (F) blubber 8 individual 88 23 1 9 1 52 47 1 
Delphhaptenrr leucar Beluga whale (M) blubber 7 individual 92 258 100 59 493 

ZIOBDE: the sum of BDE28. BDE47. BDE49. BDE66. BDE99. BDE100. BDEIS3, BDE154. BDEI55 and BDE183. 
Lebeuf et ol., in prepomtion (a). 



the St. Lawrence Estuary food web. BDE47199 ratios in 
some fish species such as rainbow smelts, American eels, 
American plaice and smooth flounders were much higher 
than in other organisms, whereas the BDE471100 ratios 
were similar among all the examined biological species. 
The depletion in BDE99 concentrations relative to BDE47 
in some fish samples suggests that some marine organisms, 
but not the marine mammal species studied, possess the 
capacity to eliminate this specific congener. These differ- 
ences in BDE47199 ratios among marine organisms of the 
St. Lawrence food web also provide some basic information 
on the prey-predator relationships. For instance, the rela- 
tively low BDE47199 ratios in the examined marine mam- 
mals of the St. Lawrence Estuary indicates that fish species 
such as rainbow smelts, American eels, American plaices 
and smooth flounders form only a minor part of their diet. 

2.4. PBDEs in marine mammals 

A suite of 14 hi- to heptabromodiphenyl ether congeners 
were determined in 60 harbour porpoises (P phocoena) 
shanded or bycaught around England and Wales during the 
period 1996-2000 (Law et al.. 2002). Concentrations of the 
summed congeners (214BDE) in blubber ranged from not 
detected (in a single individual) to 6900 pg kgp ' wet weight 
(7670 pg kg-' on a lipid basis). The major congeners 
present were generally BDE47, BDE99 and BDE100, as 
found for fish in other studies (Kierkegaard et al.. 1999). 
BDE47 contributed 39-88% of the total, with no apparent 
relation to the total burden. Concentrations of both BDE47 
and 2 1 4 ~ ~ ~  in a porpoise foetus were approximately 60% 
of those seen in its mother, indicating transplacental hansfer 
of these compounds. Further transfer from mother to off- 
spring would also be expected to occur during suckling, 
and, other factors such as location relative to inputs being 
equal, we would expect to see lower concenhations of 
BDEs in reproducing female porpoises than in males of 
similar age, A possible relationship between summed con- 
centrations of chlorobiphenyls and BDEs was investigated, 
but no correlation was observed (2 value for linear regres- 
sion 0.003). A single porpoise shanded in the Netherlands 

in 1990 had concentrations of 830 and 79 pg kg- ' wet 
weight, respectively, for BDE47 and BDE99 (de Boer and 
Dao, 1993). Five male porpoises from the coast of British 
Columbia, Canada, yielded blubber ZBDE concentrations 
of 300 to 2300 pg kg-' expressed on a lipid basis 
(Ikonomou ct al.. 2000). 

Z13BDE concentrations were also determined in the 
blubber of other cetacean species, including pelagic species 
feeding in deep offshore waters (Law et al., 2002). These 
ranged from 38 pg kg- wet weight (61 pg kg- ' on a lipid 
basis) in a fin whale (a baleen whale: Balaenoptera phys- 
alus) to 9410 pg kg- wet weight (12,700 pg kg- on a 
lipid basis) in a white-beaked dolphin (Lagenorhyncus 
albirosfris). BDEs were detected and quantified in all the 
species studied, and Table 2 lists the concentrations of the 
four major congeners found (BDE47, BDE99, BDEIOO and 
BDE153) and the sums of the 13 congeners determined for 
each sample. Similarly high concenhations to those seen in 
the white-beaked dolphins analysed in this study have also 
been reported for another single white-beaked dolphin 
stranded on the Dutch coast of the North Sea, in which 
the' concentrations of  BDE47 and Z3BDE (congeners 
BDE47, 99 and 100) were 5500 and 7700 pg kg-' wet 
weight, respectively (de Boer et al., 1998). 

Summed concentrations of three BDE congeners 
(X3BDE; BDE congeners 47, 99 and 100) determined by 
de Boer et al. (1998) in the blubber of three sperm whales 
(Physeter macrocephalus) stranded on the coast of the 
Netherlands ranged from 78 to 136 pg kg- wet weight, 
and they also found 122 pg kg- ' in the blubber of a minke 
whale [Balaenoptera acutorostrata). Three other sperm 
whales stranded around the North Sea showed coocenha- 
tions of a similar order (Table 3). 

219BDE concenhations in blubber of male and female 
long-finned pilot whales (Globicephala melas) from the 
Faroe Islands ranged from 690 to 2400 pg kg- wet weight 
(840 to 3160 pg kg- on a lipid basis) (Lindstrom ct al., 
1999). Higher concentrations were found in young speci- 
mens of both sexes than in adults, which the authors 
ascribed to lactational hansfer of BDEs during the suckling 
of young. Table 3 includes data for three small cetaceans 

- 
Concentrations of selected BDE congmen and the sum of those determined in cetaceans stranded around England and Wales (lig kg-' wet weight)' 

Species Lipid (%) BDE47 BDE99 BDElW BDE153 X13BDE 

White-sided dolphin Lagenorhyncus o c u w  77 33 21 I3 14 192 
White-beaked dalnhin Lonenorhvncw olbimsm's 46 2480 622 539 40 3790 - .  
White-beaked dolphin Logenorhyncus u/bimsm~~ 74 5780 1480 1930 113 9410 
Sniped dolphin Sfenella coe~teoalbo 39 162 77 53 22 450 
Common dolphin Delphinw delphis 71 121 99 38 25 353 
Rissa's dolphin Grampus g r l s w  8 1 63 1 393 176 31 1400 
Long-finned pilot whale Glohicepholo melas 46 163 5 1 20 9.0 319 
Fin whale Baloenoplero phywlus 62 13 I2 5.0 ndb 38 
Minke whale Bolaenopfera ~mfomsnara 26 47 13 5.0 nd 
SawerbyP beaked whale Mesoplodon bidenr 56 62 27 nd nd 

99 (, 
172 

' CEFAS (unpublished dam). 
nd: not detected. 
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Tablc 3 .-- 
Concentrations of selected BDE congenm in blubber of marine mammals (pa kg-' wet weight)' 

SDesiss Location Year LioidI%) BDE47 BDE99 BDEIDO BDE153 214BDE 

common seal 
Common scal 
Common seal 
Grey seal 
Orey sen1 
Grey seal 
Grey scal 
Grey scal 
Orey seal 
Grey seal 
Caspian seal 
Caspian seal 
Caspian seal 
Caspian seal 
Bonlenosc dolphin 
Bottlenow dolphin 
Melon-headed whale 
S m  whale 

Phoca vitulina 
Phoco vitulina 
Phoca vitulino 
Halichaem h p w  
Haliehomu grypw 
Holichomu @ypus 
Hol ichom grypw 
Halichoenu grypur 
Halichoem grypw 
Hr?/Ichoew g'ypw 
Phoca caspico 
Phwa caspica 
Phoca cafpicn 
Phocn carpica 
lbrsiops iruncam 
lbrsiopr m n c a m  
Peponocepholo elecrm 
Phvsncr macmcephalw 

b t e m  England 
Easlem England 
NE England 
NE England 
NE England 
SW England 
Wales 
Wala 
wales 
Wales 
Azerbaijan 
Azerbaijan 
Azerbaijan 
Azerbaijan 
Australia 
Australia 
Australia 
Orlrnw Islands 

Sperm whale Ph;seter nocmce~holw ~ethc;lands 1995 55 263 nd nd Id, 263 
Sperm whale , Physrter mocmeepholw Netherlands 1995 47 35 nd nd nd 35 

CEFAS (unpublished data). 
nd: not detected. 

(two bottlenose dolphins firsiops rnincahrs and a melon- 
headed whale Peponocephala electro) from Queensland, 
Australia, sumpled during 1995-1996. All show low con- 
centrations of BDEs, with 214BDE concentrations ranging 

' 

from 36 to 167 pg kg- wet weight. 
The blubber of I1 stranded harbour seals (F1 vitu(ina) 

from San Francisco Bay collected during 1989-1998 
yielded 23BDE (BDE47. BDE99 and BDEl53) concen- 
trations ranging from 66 to 1990 pg kg- ' wet weight (67- 
7140 pg kg- on a lipid basis) (She et al., 2000). In this 
study, BDE47 contributed 62-94% of the summed concen- 
hation of the three congeners. Comparative data are avail- 
able for blubber of harbour seals and grey seals (Hali- 
choerur grypur) from England and Wales (Table 3). Three 
harbour seals sampled during 1991 - 1994 yielded BDE47 
and 214BDE concentrations of 560-2780 and 990-2020 
pg kg-' wet weight, respectively, whilst seven grey seals 
sampled during 1990-1997 showed ranges of 126-524 and 
176-1080 pg kg- wet weight, respectively, for the same 
parameters. In contrast, only BDE47 was detected in two of 
fourCaspian seals from Azerbaijan sampled in 1997, the 
maximum concenhation being 15 pg kg- ' wet weight 
(Table 3). 

2.5. PBDEa in figs 

In order to compare the environmental fate of PBDEs 
and PCBs, common frogs (Rona temporaria) were collected 
along a - 1500-km-long latitudinal transect of the Scandi- 
navian Peninsula and their livers sampled and analysed (Ter 
Schure et al., 2002). BDE47 was detected in >90% of the 
individuals, and BDE99 in <50%. Concentrations of 
BDE47 ranged from 123 f 100 ng kg- wet weight 

(n=24) at Lund, the most southerly sampling site, to 
26 f 10 ng kg-' wet weight (n=27) at Kiruna, the most 
northerly sampling site and inside the Arctic circle. The 
liver concentrations of both BDEs and CBs were negative 
functions of latitude, and this trend was similar to that 
demonstrated earlier for freshwater fish, which indicated 
that those in the south (i.e., closer to the source area) were 
more contaminated with BDEs than those from the north 
(Sellstrom, 1996). The concenhations of BDE47 and total 
PCB (the sum of CB52, CB153, CB183, CBZOl and 
CB206) were correlated (2 = 0.48, n = 177) and the authors 
concluded that the environmental fate of these two classes 
of compounds is analogous. This close correlation is, how- 
ever, in marked contrast to the essentially non-existent 
relationship seen in porpoises from the UK and described 
above (Law et al., 2002), and more comparative data are 
needed for other species and locations before the parallels 
can be fully elucidated and explained. Given current con- 
cerns over the reported global declines in frog populations, 
Ter Schuse et al. recommended further study of the distri- 
bution and toxic effects of PBDEs in amphibians. 

2.6. PBDEs in mussels 

A recent study ofPBDEs in the aquatic environment in the 
Netherlands included the determination of six BDE conge- 
nen (BDE47, BDE85, BDE99, BDE138, BDE153 and 
BDE209) in 16 samples of marine and freshwater mussels 
h m  16 different locations (de Boer et a]., 2003). Only 
BDE47 and BDE99 could be detected in both sets of samples, 
at concentrations ranging from 0.7 to 17 and 0.3 to 11 pg 
kg-' dry weight, respectively Concentrations of BDE153 
ranged from <0.1 to 1.5 pg kg- ' dry weight in the fresh- 
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water mussels. There are few other data with which to 
compare these, but Allchin et al. (1999) reported concen- 
trations for three BDE congeners in a single sample of 
mussels from the Wash, eastern England, whose rivers drain 
mainly agricultural land. The concentrations found were: 
BDE47, 3.5 pg kg- ' wet weight; BDE85, 2.0 pg kg- ' wet 
weight; and BDE99,3.9 pg kg- ' wet weight (these represent 
concentrations of 194, l l l and 2 17 pg kg- ', respectively, on 
a lipid basis). A sample of periwinkles (Litfarina littorea) 
from the River Tweed (a relatively clean river in NE England, 
with no known sources of PBDEs and used as the study 
reference site) yielded concentrations for the same three BDE 
congeners of 1.9, 1.5 and 1.8 pg kg- ' wet weight, respec- 
tively (73, 58 and 69 pg kg- ' on a lipid basis). 

3. Other flame retardants 

3.1. Birds 

Polybrominated biphenyls have not been analysed as 
frequently as PBDEs, although they were determined in 
the study of Norwegian birds of prey conducted by Herzke 
et al. (2001). Summed PBB concentrations in eggs of white- 
tailed sea eagle, peregrine falcon and goshawk (mean 40 pg 
kg- ' wet weight) were up to an order of magnitude lower 
than those for PBDE, whilst only a few eggs of golden eagle 
(Aquila chrysaetos), eagle owl (Bubo bubo), gyrfalcon and 
merlin showed measurable concentrations of PBB (maxi- 
mum 20 pg kg- ' wet weight). Tetra- and hexabrominated 
congeners dominated the PBB profiles. They were not 
detected in any of the samples from the initial UK survey 
of flame retardant compounds (Allchin et al., 1999). PBBs 
were imported into Europe from the USA, hut European 
production of PBBs was limited to the manufacture of 
BB209 in France, and this has now ceased (Law and 
Allchin, 2001; de Bocr et al., 2003). 

HBCD was found in guillemot eggs from the Baltic 
Proper at a mean concentration of 124 pg kg- ' lipid weight, 
but with no clear time trend (Lundstedt-Enkel et al., 2001). 
HBCD and TBBP-A are currently being determined in a 
range of biota samples (including molluscs, crab, fish, 
cormorant, harbour seal and harbour porpoise) from estua- 
ries and marine waters around the North Sea, and these data 
will be reported elsewhere (Mol'ris et a]., in preparation). 

pressure. Although the St. Lawrence Estuary belugas were 
given the status of endangered specles from the Canadian 
government in 1980 and hunting was prohibited, the pop- 

< 
ulation has failed to recover. Previous studies on organo- 
chlorine contaminants in St. Lawrence beluga adipose 
tissues reported elevated levels of PCBs and DDT-related 
compounds, which were generally 20-30-fold higher than in 
other beluga populations from the Canadian Arctic and sub- 
Arctic waters (Muir et al., 1990, 1996; BBland at al., 1993). 

A retrospective temporal trend study of polybrominated 
diphenyl ethen (PBDEs) was performed using samples of 
stranded beluga whales collected between 1988 and 1999 on 
the shore of the St. Lawrence Estuary (Lebeuf ct al., 2001. 
in preparation (b); Lebeuf and Tronier, 2001). PBDE con- 
centrations (expressed as ZIOBDE; the sum of BDE28, 
BDE47, BDE49, BDE66, BDE99, BDE100, BDE153, 
BDE154, BDE155 and BDE183) were determined in blub- 
ber samples of 26 female and 28 male beluga whales aged at 
least 9 years. Three time periods, defined as 1988-1990, 
1992- 1995 and 1997- 1999, were considered for statistical 
analysis and data from animals collected within these time 
periods were grouped accordingly (Table 4). The results 
show a significant increase of ZIOBDE levels in both 
female and male beluga whales during the 1990s. No 
statistical differences were observed in either lipid content 
or age of belugas for each time period, within sexes. The 
mean concentrations of ZIOBDE were not significantly 6- 
different between males and females for both 1992-1995 &. 

and 1997- 1999 time periods but were lower in females in 
1988-1990. The same results were obtained with or without 
lipid normalisation of the BDE data. This lack of difference 
in PBDE concentrations between sexes was taken to indi- 
cate the very recent increase in the concentrations of these 
compounds in the animals. Between the 1992-1995 and 
1997-1999 time periods (i.e. 5 years), the average BDE 
concentrations have more than doubled in the blubber of 
belugas. Apparently, the females did not exhibit lower 

Table 4 
Mean concentrations (pg kg- ' wet weight) of selected BDE congeners and 
tho sum of those detmincd in blubber of female and mslc beluga wholes 
found smded over selected time periods on the shore of the St. Lawrence 
Estusly, Canadaa 

n Lipid Age BDE47 BDE99 BDElW XIOBDE 
1%) (years) 

4. Time trends in concentration 

4.1. PBDEs in beluga whalesfrom the St. Lawrence Estuary 

A geographically distinct population of beluga whales 
(Delphinaptem leucas) inhabits the St. Lawrence Estuary, 
Canada. During the last century, this isolated beluga pop- 
ulation declined to about 80-90% of its estimated size of 
5000 aninlals in the early 1900s, in pan due to hunting 

Mole 
1988-1990 6 86 22 16 7 3 45 
1992-1995 7 94 22 79 29 17 174 
1 9 9 7 - 1 9 9 9 1 5 8 7  I 8  204 71 45 377 

Fernole 
1988-1990 6 89 20 II 5 2 ? b  
1992-1995 6 94 22 87 32 18 172 
1997-1999 14 92 21 253 108 60 49h 

XIOBDE: thesum ofBDE28, BDE47. BDE49, BDE66. BDE99. BDEIOO. 
BDEIJ3. BDE154, BDEISS and BDEI83. 
' Lehcuf el al.. in preparation ib). 
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-. blubber concentrations due to the hansfer of a portion of 
( their PBDE burden to their offspring. This is probably due 

to the relatively recent and fast increase in inputs of these 
compounds to the St. Lawrence Estuary, such that to date 
PBDEs have tended to be predominantly accumulated by 
both male and female belugas, rather than be eliminated. 

Concentrations of BDEs in male beluga whales from the 
St. Lawrence Estuary collected in 1997-1999 were more 
that 25 times higher than in those collected in 1997 from the 
SE Baffin area and Cumberland Sound (Stem and Ikono- 
mou, 2000a). The concentrations of BDEs in beluga whales 
from the St. Lawrence Estuary were also four and seven 
times higher than those observed in male and female beluga 
whales from the Canadian Arctic, respectively (Alaee et al., 
1999). BDE47 represented on average about 50% of 
ZIOBDE, whereas the sum of BDE47, BDE99, BDE100, 
BDEl54, and BDE153 represented more than 85% of 
ZIOBDE. This pattern, characterised by a strong dominance 
of only a few congeners @articularly BDE47) is typical for 
marine mammals (de Wit. 2002). 

4.2. Marine mammals in the Canadian Arctic 

Marine mammals are exploited by many communities in 
the Canadian Arctic. These animals occupy high trophic 
levels in marine food webs and so accumulate (relatively) 

.-, high concentrations of persistent organohalogens (AMAP 
f@j Assessment Report, 1998; CACAR. 1997). 

4.2.1. Beluga whales 
Temporal trends of PBDEs over the 15-year period from 

1982 to 1997 and over a 12-year period from 1989 to 2001, 
in eastern and westem Canadian Arctic beluga, respectively, 
have been reported by Stem and Ikonomou (2000a,b, 2001). 
In the eastern Arctic, blubber tissues were collected from 
male beluga in the Cleanvater Fjord area (1982 and 1986) 
and the southem coastline (1992 and 1997) of Cumberland 
Sound. Tissues from the western Arctic animals were 
collected from male Kugmallit Bay beluga (1995 and 
2001) and from animals trapped in the Husky Lakes 
(1989). In the Cumberland Sound animals, BDE47 is the 
predominant congener, followed by BDE99, BDE100, and 
BDE154. As was observed for Holman ringed seal Okono- 
mou et a]., 2002). blubber tissues for Canadian Arctic 
beluga are depleted in the contribution of BDEs with a 
bromine content greater than four atoms when compared 
both to the Bromkal formulation and to biotic samples 
collected from the more highly industrialised mid-latitude 
regions. This result is consistent with the known physical- 
chemical characteristics and the persistence of BDEs 
(Harner, 2001; Tittlemeier and Tomy, 2001; Tittlemeier ct 
al.. in press; Wong et a]., 2001) and with other halogenated 
aromatic contaminants such as PCBs (Breivik et al.. 
2002a.b). Mean concentrations of CB153 (2,2',4,4',5,5'- 
PCB) in the 2001 Kugmallit Bay and 1997 Cumberland 
Sound animals were 52- and 49-fold higher, respectively, 

than the BDE47 concentrations measured in the correspond- 
ing animals (Stem et al., in preparation). 

Relationships between log [PBDE] and age for selected 
congeners and ZPBDE were investigated for animals from 
the eastem and western Arctic. Significant negative come- 
lations were observed in the Cumberland Sound samples 
collected from animals in 1992 and 1997 and in the 2001 
samples from the Kugmallit Bay animals. In contrast, a 
strong positive correlation was generally observed for major 
organochlorine compound groups such as'PCBs and tox- 
aphene in the same animals for all collection periods (Stem 
et al.. in preparation). This difference between PBDEs and 
OCs could reflect the fact that older animals have been 
exposed to PBDEs for only a portion of their lives. Recent 
PBDE accumulations in Arctic beluga, therefore, dominate 
over potential historical accumulation in the older animals. 
This observation is consistent with the increase of PBDE 
concentrations in beluga since the mid-1980s. An alternative 
explanation might be that beluga have a greater capacity to 
metabolise and eliminate these compounds compared to 
PCBs. 

Means (standard deviation) and a sunynary of ANCOVA 
results used to assess the effects of year to year collections 
(temporal trends), age and age x year interactions (homo- 
geneity of the slope between age and [PBDE]) on BDE 
congener and major homologue group concenhations in 
blubber from male eastern and western Arctic beluga are 
shown in Tables 5 and 6, respectively. All univariate 
analyses were performed with lipid-normalised loglo trans- 
formed data in order to adjust for skewness in the data 
Differences between collection years were examined with 
paired comparisons of age-adjusted least squared mean 
concentrations (SAS Institute 1989-1996). Only results 
for animals older than 2 years of age were included in the 
analysis of covariance because of the large variations in 
concentrations seen in younger animals (Stem et al., 1994). 
Since 1982, the levels of the major PBDE homologue 
groups and BDE congeners in the Cumberland Sound 
animals have increased significantly. For example, concen- 
trations of ZPBDE and BDE47 increasedby 6.8- and 6.5- 
fold, respectively, over this 15-year time period. These 
results almost cettainly reflect the increase in production 
and industrial usage of PBDEs worldwide (de Boer et al., 
2000; BSEF, 2000; Ikono~nou et al.. 2002). Between 1982 
and 1997, the contributions of the tri- and tetra-BDE 
homologue groups to ZPBDE have declined by 7% and 
4%. respectively. Conversely, the penta- and hexa-BDE 
contributions have increased by 3% and 8%, respectively. 
This change in the Cumberland Sound beluga PBDE com- 
position is most likely to have been driven by the shift in 
composition of commercial PBDE formulations to higher 
brominated mixtures (WHO. 1994; de Boer et al.. 2000). 

Over the 6-year period from 1989 to 1995, the levels of 
the penta- and hexa-BDE homologue groups and all major 
congeners in the westem Arctic beluga, like the Cumberland 
sound animals, have increased significantly. Increases 
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ZPBDE. While BDE99 concentrations increased in a similar r manner to those of BDE47 and BDEIOO between 1981 and 
1996, the increase slowed considerably over the byear 
period from 1996 to 2000. Mean XBDE levels in 1981, 
1991, 1996 and 2000 were 572, 1860, 3440 and 4620 ng 
kg- I,  respectively. 1981, 1991 and 1996 levels differed 
significantly from one another. However, because of the 
large variation in the 2000 samples, no significant difference 
was observed between the XBDE levels measured in the 
1996 and 2000 samples. No significant difference in the 
levels of XBDE or individual congeners were observed 
between younger (0-15 years) and older (16-35) male 
seals in 2000. As was found for the beluga, these results 
suggest that the recent PBDE accumulation dominates 
potential historic accumulation for the older seals. 

Doubling times were calculated for major homologue 
groups and showed that the tetra-BDEs appear to be 
increasing at approximately one-half of the rate (t2=8.6 
years) of penta-BDEs (t2=4.7 years) and hexa-BDEs 
(t2=4.3 years). These results indicate that the congener 
profiles are changing over time. Factor increases of 
BDE47, BDE99 and BDEIOO in ringed seal over the 5-year 
period between 1991 and 1996 are similar to those observed 
in the western Arctic beluga over the 6-year period between 
1989 and 1995. An exponential increase in PBDE levels in 
ringed seals between 1981 and 2000 was shown to closely 
parallel worldwide production of the penta-mix (Ikonomou 
et al., 2002). 

4.2.3. Guillemot eggsfrom the Bahic Proper 
Guillemot eggs collected at Stora Karlsii in the Baltic 

Proper between 1969 and 1997 were analysed for three 
BDE congeners (BDE47, BDE99 and BDE100) (Sellshom, 
1999). Guillemots are one of the few bird species that are 

resident in the Baltic all year round, feeding on sprats and 
herrings with females producing a single egg each year. This 
study indicated that BDE concentrations increased from the 
1970s to the 1980s. peaking around the middle of that 
decade, followed by a rapid decrease. Sellstrtim noted that 
this was not in agreement with a study on pike from Lake 
Bolmen (southern Sweden) which showed an initial increase 
in concentrations from the 1960s, levelling off at the 
beginning of the 1980s. Subsequently, data for guillemot 
eggs h m  Stora Karlso taken between 1996 and 2000 were 
studied by Lunstedt-Enkel et aI. (2001). Mean concenm- 
tions of the congeners determined ranged from 1.4 pg kg- ' 
lipid weight for BDE153 to 128 pg kg- lipid weight for 
BDE47. No statistically significant time trend could be 
found in this case, suggesting that the decline noted by 
Sellstriim has slowed. Kierkeganrd et nl. (1999) have 
studied concenhations of HBCD in guillemot eggs h m  
Stora Karlsii taken between I969 and 1997, and demon- 
strated a significant increase in concenbations over the 
entire time period. 

,. . 

4.2.4. Temporal trends in herring gull eggs fmm North 
America 

Recent data indicate that the levels of PBDEs in herring 
gull eggs from the Great Lakes region have increased 
significantly during the past two decades. Moisey et al. 
(2001) observed a 60-fold increase in the concentration of 
PBDEs in gull e g g s - h m  the Great Lakes. Similar t~ends 
were observed in other environmental compartments of the 
Great Lakes, such as in lake trout h m  Lake Ontario. Lwoss 
et al. (2001) reported that the levels of PBDEs have 
increased by 300-fold over the past 20 years in these fish. 
Such trends are analogous to those observed in marine 
mammals h m  the Arctic and from California. Stem and 

i~ ism la82 1697 IW IW YBOZ 1697 lsaz lean ~ D O Z  3097 
. . .  

Fig. 2. Temporal hcnda of lipid nomalised (age-adjusted) concenhatians of  major PBDE bomologuc gmups and congeners in blubber samples eallalcd fmm 
male Cumberland Sound beluga (1982- 1997). 
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As a result of theaccidentalcontamination of a 
:3;t..e feed supplement in 1973 with a hexabromobiphenyl 
fire retardant, Firemaster YY-1, large numbers of cattle 
~ n d  .,ther farm animals in nichigan became severely ill 
and llany of the animals died (ROBERTSON and CHYNOWETH 
10'75. KAY 1977). Cattle mortality remained high in certain 
ires? 7f the State, aithough polybrominated biphenyls 
(PBBs) in the animal tissues had decreased below the 
leveis considered as significant from a human health 
standpoint by State and Federal regulatory authorities 
1-R 1976). The present study was undertaken with a 
view to determining if other brominated organic compounds 
of a more toxic nature than PBBs were present in Fire- 
master YY-1 or in environmental samples which may have 
been contaminated with Firemaster FY-1. 

EXPERIUENTAL 
Ylorisil chromatography was used as a first step 

for the isolation of polar compounds from Yiremaster 
PP-1 (Michigan Chemical Co., St. Louis, Uichigan). 
The procedure was a scaled d m  version of a simiiar 
step developed by VOS et al. (1970) and BOWES et al. 
(1973) for the separation of chlorinated dibenzofurans 
from polychlorinated biphenyls (PCBs). A 35 mq sample 
of Yiremaster YY-1 was dissolved in 20 ml hexane and added 
to 30 g of suitably activated Florisil in a 15 mm i.d. 
column. The column was eluted with: (li 100 ml hexane; 
(2) 75 ml 51 diethyl etherhexane; and (3i 75 ml 259 
diethyl ether/hexane. The third fraction was concentra- 
ted to 2 ml and then subjected to chromatography on a 
neutral alumina column (200 m X 6 mm) followed by a 
microYlorisil column (40 mm X 6 mm). These two column 
separations were carried out by following the conditions 
described in a neutral procedure for the isolation of 
2.3.7,O-tetrhchlorodibenro-p-dioxin (TCDD) from bovine 
tissues (O'KEEYE et al. 1978). The complete neutral 
cleanup procedure of O'KEEFE et al. (1978) was used for 
the separation of polar brominated organic compounds from 
a trace mineral salt 138 g), feed scrappings from a dairy 
cattle barn (14 q), bovine eye fat (10 g) and bovine 
liver (40 9). 

Diazomethane was prepared by the method of AFQmr 
(1947). Reaction with Yiremaster YY-1 was then accom- 
plished by adding a 1 mg sample of the fire retardant 
in 1 ml hexane to 3 ml of an 0.5 U diazomethane soluti n 
in diethyl ether. After 1 hr at room temperature the 
solution was evaporated to dryness and taken up in a 
small volume of benzene in preparation for analysis b) 
mass spectrometry. 

All analyses were conducted with an AEI HS9 mass 
spectrometer. Samples were introduced into the mass 
spectrometer by capillary constricted glass tubes atti hed 
to a direct insertion probe (EIAUGEKAN and UESBLSON 19; 
a, b). The mass spectral standard compound, perfluro- 
tributylamine (PCR, Inc.) , was used for peak reference 
in both the l a  resolution and high resolution analysr . 
Spectra from dual ion monitoring in the high resolutic 
mode were recorded after signal averaoing or direct 
readout on a W oscillwra~hic recorder (BAUGBIIRN and 
MESELSON 1973a. b). Lei resolution spectra were recorded 
by the latter technique. 

RESULTS AND OISCIISSION 

Bromobenzene compounds also appeared to be present although 
it was difficult to identify them positively because 
of the overlapping of their molecular ion clusters with 
those of the brominated biphenyl series. Rro series of 
brominated compounds with signals appearing at Y and 32 
mass units lower than the corresponding brominated 
biphenyls were also recorded on the mass spectra. The 
identity of these compounds is not known at present. 
Sane of the Yiremaster solution was treated with diazo- 
methane, a reagent which is k n m  to methylate hydroxyl 
groups. There waa no differencebetweenthe l a  resolution 
mass spectra from the diazomethane treated Yiremaster 
and the untreated Yiremaster. These results indicate 
that compounds such as phenoxy phenols and hydroxy 
biphenyls are not present to any significant extent in 
the Firemaster YY-1. Chlorinated derivatives of the 
former can serve as precursors of dibenzo-p-dioxins 
(RAPPE and NILSSON 1974) and halogenated derivatives 
of the latter could possibly give rise to the formation 
of dibenzofurans (NILSSON and RENBBRG 1974). 

In order to separate polar compounds £rum the major 
biphenyl components in the fire retardant, a 35 mg 
sample of Yiremaster YY-1 was subjected to a multicolumn 
cleanup procedure. Although PBB compounds still 
predominated in low resolution mass spectra, hn new 
brominated compounds containing 5 and 6 bromine at- 
appeared in the spectra with molecular weights 26 mass 



units less than the corresponding PEAS. ?he molecular This compound volatilizes into the mass spectrometer 
suggested that the canpound were brominated source at the same temperature (290°C) as hexabrmo- 

thalenes and in fact chlorinated naphthalenes have been naphthalene, and there is a strong probability that 
identified by VOS et al. (1970) and EWES et $1. (19~3) molecular ions are produced from the two compounds at 
irr c ~ r c i a l  Preparations of PCBS. TO provide addi- approximately the same percentage of the totalion curr nt. 
tional evidence for the presence of naphthalen6b, high 1 The material in the glass tubes was dissolved in benze e 
x.:solution (9.000) peak matching was carried out for the and cleaned up a second time on the alumina and 
~ ~ i ~ l c i ~ a l  isotopic ion (m/e 602) of the molecular ion microFlorisi1 columns. Over 60% of the hexabromonaph- 
~ l ~ s t e r  for hexabromonaphthalene. The spectrum, recorded thalene was recovered and therefore it appeared that 
01 a signal averaging computer, had a peak at m/e 
601.519 (Figure 1). the cleanup method provided for a quantitative recove, 

of bromonaphthalenes. High resolution nmss spectra 
were also recorded for the ions at m/e 521.611 and 
523.609, the two major isotopic ions expected from a 
pentabromonaphthalene compound. The ion intensity ra 0, 
522/524 was Found to be 1.06 (calculated 0.98). When 
TBDF was used as an external reference canpound it wa 
calculated that there was approximately 1 ppm of pent - 
bromonaphthalene in the Firemaster FF-1. 

Firemaster BP-6, an alternative formulation of 
Firemaster FF-1 without calcium silicate to prevent 
caking. has recently been analyzed by gas chromatography- 
mass spectrometry (HASS et al. 1978). Aexa- and penta- 
brominated naphthalenes were also identified in this 
study at levels of 70 ppm and 150 ppm respectively. 
These compounds were eluted in a nonpolar fraction from 
a Florisil column using a higher ratio of sample to 
adsorbent (100 mg/g vs 1 mq/g) and different eluents 
than in the present study. The differences in levels 
of brminated naphthalenes reported in each study may 
possibly result from obtaining samples from different 
production batches of PBB. 

In a preliminary toxicological evaluation. HASS 
et al. (1978) found by means of rabbit ear skin tests 
that the naphthalene traction and the unfractionated 
Firemaster BP-6 had some acnegenic potential. Since the 
materials were applied at equal concentration levels it 
was concluded that PBB compounds had probably produced 
the toxic effects. However it has been demonstrated 
that cattle inadvertantly exposed to chlorinated naph- 
thalenes develop hyperperatosis and other symptoms 

FIGORE 1. malysis by dual ion direct probe high resolu- I 
(GREGORY et al. 1954) which are very similar to those 

tion (9~000) mass spectrometry of a cleaned up extract prevalent in PBA exposed cattle (KAX 1976). 
from Firemaster FF-1. The high toxicity of certain chlorinated dibenzo- 

dioxins and dibenzofurans has been confirmed by many 
The theoretical value for hexabromonaphthalene (C R Br ) reports in the literature. ~ibenzodioxins would not be 
is m/e 601.51945. m e n  the peak matching control& 0 2  6 expected to form readily in a mixture of biphenyl compounds, 
were adjusted to monitor ions at m/e 602 604, the but chlorinated dibenzofurans have been detected in 
relative intensity of these ions (6041602) was found to c m e r c i a l  PCBS (BOwES et al. 1975. VOS et al. 1970, 
be 0.76 (theoretical 0.73). N A G A Y ~  et al. 1976). single ion monitoring of the most 

Since a standard sample of hexabrmonaphthalene I 
abundant molecular ion isotopes was carried outby high 

was unavailable. it was calculated that there was resolution mass spectrometry for tetra-, penta-, and 
25 parts per million (ppm) of hexabromo- hexabromodibenzofurans in Firemaster FF-1. No detectable 

naphthalene in Firemaster FF-1, by comparison to a t r a ~ e s  (>0.5 ppm) of these compounds could be identified 
standard sample of 2,3,7.8-tetrabrmodibenzofUran (TBDF). I under the conditions used in the present study. HASS 

et al. (1978) also did not find brominated dibenzofurans 

422 423 



or b r o m i n a t e d  d i b e n z o d i o x i n s  i n  F i r e m a s t e r  BP.4  a t  ~ l t h o u g h  b fomina t ed  n a p h t h a l e n e s  were n o t  d e t e c t e d  
s i m i l a r  l i m i t s  o f  d e t e c t l o n .  i n  t h e  e n v i r o n m e n t a l  s amp le s  a n a l y z e d  i n  this s t u d y ,  

(21 Bovine  t i s s u e s  and  f e e d  m a t e r i a l s .  i t  is p o s s i b l e  t h a t  t h e s e  ccdnpounds c o u l d  be d e t e c t e d  
Samples  o f  a m i n e r a l  s a l t  c o n t a i ~ m a g n e s i u m  w i t h  a mass  s p e c t r o m e t e r  o p e r a t i n g  u n d e r  more  s e n s i t i v e  

o x i d e ,  f e e d  s c r a p p i n g s  from a b a r n .  and PBB concbmina t ed  
e y e  f a t  f rom two d a i r y  cows and  l i v e r  from one  o f  t h e  
cows vere s u b j e c t e d  t o  a n e u t r a l  c l e a n u p  p r o c e d u r e  p r e -  on  t h e  l e v e l s  o f  b romina t ed  n a p h t h a l e n e s  f o u n d  i n  
v i o u s l y  d e v e l o p e d  f o r  t h e  i s o l a t i o n  of TCDD t rom b o v i n e  F i r e m s t e r  FF-1, a d e t e c t i o n  l i m i t  o f  a t  l e a s t  2 p a r t s  
t i s s u e s  IO'KEET'E er a l .  1978 ) .  Low r e s o l u t i o n  mass  p e r  t r i l l i o n  w u l d  be r e q u i r e d  t o  d e t e r m i n e  t h e i r  
s p e c t r a l  a n a l y s i s  f a i l e d  t o  r e v e a l  any b r o m i n a t e d  o r g a n i c  p r e s e n c e  i n  t h e  e y e  f a t  sample .  However, a t  t h e  time t h e  
compounds i n  t h e  c l e a n e d u p  e x t r a c t s .  I n  a d d i t i o n a l  mass s p e c t r o m e t e r  h a d  a d e t e c t i o n  l i m i t  f o r  TBDF o f  
a n a l y s e s  ot t h e  l i v e r  and  o n e  e y e  f a t  s amp le  iCow 11). 1 a p p r o x i m a t e l y  2 ng u s i n g  d u a l  i o n  m o n i t o r i n g  u n d e r  h i g h  
t h e  m/e 602 i o n  o f  hexab romonaph tha l ene  was mon i to r ed  r e s o l u t i o n  c o n d i t i o n s .  S i n c e  subsamp le s  f o r  a n a l y s i s  
a t  h i g h  r e s o l u t i o n  b u t  n o  s i g n a l s  were found  i n  t h i s  we re  g e n e r a l l y  e q u i v a l e n t  t o  a 2 g f r a c t i o n  o f  t h e  o r i g -  
mass r e g i o n  ( F i g u r e  2 ) .  i n a l  s amp le  p r i o r  to  c l e a n u p ,  t h i s  would l e a d  t o  a d e t e c t i o n  

l i m i t  o f  o n l y  1 p a r t  p e r  b i l l i o n  f o r  b r o m i n a t e d  a r m a t i ~  
compounds i n  t h e  e n v i r o n m e n t a l  s amp le s .  
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Do flame retardants 
threaten owan life? 
, , , . . , . , . , . . , , , , , . , , . . . . . , , , . , , , , , , . , . . . . . . . . , . , . . . . . . . . , . . . . . . . . . . . . . , . . . . . . . , . . 
Brominated flame retardants are important 
in modem life. They are used at relatively 
hiph concentrations in electronic equipment 
such as computers dnd television sets, in tex- 
tiles, cats 2nd in xan). nthcr applications. 

1 Here we show that two groups of these flame 
retardants, polybrominated biphenyls 
(PBBs) and polybrominated diphenyl ethers 
(PBDEs), are present in sperm whales. 
which normally stay and feed in deep water, 
indintins that these compounds have 
reached deep ocean waters. 

The most frequently used bmminated 
flame retardants are tetrabromobisphenol- 
A. hexabromo~clododecane, PBBs and 
PBDL, whirh &re produced globally at an 

these compounds are similar in behaviour 
and toxicity to well-known environmental 
contaminants such as polychlorinated 
biphenyls (PCBs) and dichlorodiphenyl- 
trichloroethane (DDT), they have not been 
banned. Humans may directly absorb PBBs 
and PBDEs when they are emitted from 
electronic circuit boards and plastic com- 
puter and TV cabinets', and there is 
also an environmental problem. Because of 
their high lipophilicity (log &>6, where 
& is the octanol-water partition coeffi- 
cient) and resistance to degradative process- 
es, PBBs and PBDEs are expected to 
bioaccumulate easily'. 

We determined the PBB and PBDE con- 
centrations in 13 marine animals (from 4 
species) from coastal seas and the Atlantic 
Ocean. The sperm and minkc whales and 
whitebeaked dolphin were all stranded alive 
at the Dutch coast; the juvenile seals were 
found shortly after they died. We studied the 
resistance of PBDEs and PBBs to oxidative 
metabolism by using the cytochmme P450 
enzyme system in an in vitro bioassay with 
hepatic microsomes from a whitebeaked 
dolphin, a sperm whale and a harbour seal. 
We tested genotoxicity in a mutatax assay 

We found most of the PBBs and PBDEs 
analysed in both sperm whales and the other 
samples (Table I). The total PBDE concen- 
trations in sperm whale blubber (around 
100 pg kg-') were about 50-fold higher than 
the total PBB concentrations in the blubber 
of the m e  animals (around 2 pg kg-'). The 
presence of these xenobiotic compounds in 
sperm whales indicates that the compounds 
have reached deep ocean waters. as sperm 
whales are not usually found in shelf 
seas. Females do not migrate north of a 
latitude of 45' N (northern Spain); males 
occur as far north as northern Norway, 
Iceland and Greenland. At this latitude, 
sperm whales hunt in waters of depths 
400-1,200 m or mom. 

sperm whales showed a complete absence of 
food in the alimentary tracts and evidence 
of weight loss and blubber reduction6. Thus 
it is likely that the PBBs and PBDEs in the 
blubber and liver of the sperm whaler came 
from deep-water organisms of the oceanic 
food chain. PCBs are reported to flux at 
1.6 p8 m" yr-' to a depth of 3,200 m in the 
North Atlantic Ocean (Sargasso Sea)'. show- 
ing that organic contaminants can be trans- 
ported to deeper waters fairly quickly. 

We found relatively high PBDE coocen- 
trations in a whitebeaked dolphin 
( > 7  mg kg-') and in harbour seals 
( > I  mg kg-') (Table I), which had been 
feeding in the North Sea and the Wadden 
Sea. PBDE levels in dolphins and seals indi- 
cate that ongoing industrial production of 
PBDEs may create an environmental pmb- 
lem similar to that caused by PCBs, which 
have been found at concentrations up to 
128 mg kg-' in marine mammals8. 

The in vitro biotransformation tests con- 
firm that the two classes of brominated 
flame retardant are very persistent, even 
more so than PCBs. Concentrations of 
BB 15 (4,4'-dihromobiphenyl) decreased by 
about 80% in the tests, but none of the other 
PBBs and PBDEs listed in Table I showed 
any indication ofbiotransformation. 

Both classes of compound did not show 
a genotoxic responw in the mutatox assay at 
concentration ranges of 0.07-900 ng ml-' 
(PBDEs) and 0.002-9 pg ml-' (PBBs), nei- 
ther as the parent compound nor after in- 
cubation with induced rat liver microsomal 
fractions ('S9'). However, PBBs can pro- 
mote the carcinogenicity of other com- 
poundsP and PBBs and PBDEs are both 
listed as compounds that can affect the re 

fir ulation of thyroid and steroid hormones . 
There may be several reasons for the 

absence of the decabrominated congeners 
BB 209 and BDE 209 in all wildlife samples. 
They may disappear (and possibly degrade 



chemical or inicru"ra; degradation (weath- 
ering), or they may be taken up at reduced 
rates because it is difficult for their relatively 
large molecules to cross cell membranes. 
More research is required to understand the 
environmental behaviour of the decabromi- 
nated compounds, which, despite being 
increasingly produced, have not yet been 
found in aquatic organisms. 

The presence of PUBS and PBDEs in 
sperm whales. the high levels of particularly 

1 PBDEs in seals and dolphins, and the on- 
going industrial production of these com- 
pounds suggest that an environmental 

I problem may be on its way. 
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Densty of states reflects 
diameter in nanotubes 

Dressehaus' asked recently why scanning 
tunnelling microsxopy and spectroscopy 
experimentsU find a similar number of 
peaks, in the density of nates near the Fermi 
level, for a range of semiconducting single- 
wall carbon nanotubes with roughly the 
same diarnrtm. After d, smiconducting 
achiral zigzag single-wd nanotubes can 
have tranrla!iond unit cells more than an 
order of magnitude smaller than those of 
chiral semic~nducrin~ iiglc-wall nano- 
tubes with a similar diameter, so they might 
be expected to have fwer but sharper peaks 
in their density of states'. We show that all 
semiio:iducting aiogle.wd na~~otiibes with 
similar diameters should have a similar 
density of states near the Fermi level, 
independent of translational unit cell 
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mure 1 Bnsity of states in nanmubm. a, Hexago 
nal cenwl Bnllouin zone of gmphena. Pamliel lines 
depict allowed states for (11.9) S W .  Clrcl0 at bot- 
tom right encloses rwion of states near +. b, 
Expanded depiction of allowed states near a W 
doned line pamllel to R, ki comer of hexagon a 
enerw and k* & and 4 special pints of ciw 
est approach to kF of three nearest elbawd-state 
liws in reciprocal space. a. m S  per CaItmn, do. 
as a fundon of energy in unitsofa-lV&d/Dmm 
puled using the full gmphena dispersion relation 
6,Ik)- iIVd(3+2ms(k. R,I+Zms(k. M 

+2cos[k. (R,-%II)" 
for sk dinerent S W s  wilh similar diametars. D, for 
a range of chiml angles, 4 and number of atoms in 
me wnsletion unn cell. nh. The mra@ Dfor mme 
six Nbas isd- 1.3 nm for d-0.142 nm v& all D 
varying less than 3% from 6. Also, a-0.29 eV for 
V-= -2.7 ev and D-f, ~ l i  ms am broadened by 
a IomnQian of wim O O l a  Shown am the MS for 
me (170) [solid line; D- 1.33 nm. 0- 09 1'4- 661. 
113.6) [dashed line: D- 1.32 nm, 4- I@, NT- lJZ] 

and (11.9) [dotted lime; 0- 1.33 nm. 4 - r .  
nh- 1.2041 semimnduning SMNTs. V e d a 1  lines 4 
8 and C (conasponding to k, b, and k in Fig. lb) 
am peak pshions in the mupied semimnducring 
WS predicted using 4 k I  - - +IVJ@~-  kl 
approximately valid for it. -el 4 ~IV-I. AISO shown am the ms for ma 110101 [solid line: D - 1.38 nm, +- 
30". N, - a], (14.5) [dashed line; D - 1.34 nm. 4 - 15'. N, - 16841 and 116.1) [dotted line; D 129 nm +- 3". N, 
-1,092l metallic SMNTs offset upward by Om. Venical line A Is the first peak posltion in the -pied metal- 
lic COS pmdicied from the approximate liwory Curia~m intmduces a small gap at .,in the nowemchair 
metsilic ~ b e s  which is probably smeared oul in ma expelimentei resuksu. 

size or chiral angle. 
A single-wall nanotube (SWNT) can be 

constructed by rolling up a single sheet of 
graphite (graphene) along one of its two- 
dimensional lattice vectors R= n,R, + n,R, 
to form an (n,, n,) nanotube with diameter 
D=JRJ/T. To a first approximation, the 
allowed electron states of the SWNT are the 
graphene bands satisfying the periodic 
boundary conditions k.R=2nm, with m 
beine an inte~er. 

band structure as long as d(k-k,( 6 1, 
leading to a van Hove singularity and a 
divergence in the occupied density of states 
(DOS) near ep These special points also 
yidd peaks in the unoccupied DOS because 
the dispersion relation for the unoccupied 
states is given by r, (k) s -s-(k). The 
special point on the line closest to k ,  
(labelled as k, in Fig. Ib) also yields the 
SWNT band gapsA. This point is separated 
from k. by a distance Ik, - k.I= &, onc- ., 

&aphiciy, these allowed k values lie third the kterline spacing- a result easily 
along the parallel lines in Fig. la, which are confirmed by projecting k, - k, along R. So 
perpendicular to R with an interline k, generates peaks in the DOS near 
spacing of 2/D. The Fermi level, c, is given e,(k,) = t IV,ld/D and a band gap near 
by states at the corner points of the hexag- 2(Vm(d/Dwhen $ 4 1. 
onal Brillouin zone in Fig. la. So, neglecting Incrementing by . the interline 
the effects of cutvature, nanotubes are spacing, 2/D, the next two special poinu 
either metallic or semiconducting depend- yield peaks in the DOS near 
ing on whether or  not k,,R=2mts e,(k,) = 2r,(k,) = + 2(Vm',(d/D when 2 
where kF=4m(~,-R,)/9d2 and d is the a 1, and peaks near s,(kJ = 
carbon-carbon bond distance'. 4e,(k,)= * 4Vw d/D when % 4 1. 

The two-dimensional dispersion rela- Changing chirality at a given SWNT diam- 
tion of the occupied states of graphene is eter effectively rotates the lines of allowed 
given to lowest order in dlk- k,I by states around k, without changing the dii- 
s.(k) = -7  JvFJdJk- kpJ, where V, is tances behveen the points along the lines 
the nearest-nelghbour ppn interaction'. and k,. Therefore the DOS of two semicon- 
Hence, near cF, e_(k) is radially symmetric ducting SWNTs with differing chiral angles 
about the point k, located by k, and but similar diameters are similar in the 
decreases with increasing lk - k,I. vicinity of E~ because e,(k) is radially sym- 

For semiconducting SWNTs, the point .metric about k,. A parallel analysis shows 
of dosest approach to k, in any allowed l i e  that all m e d i c  SWNTa with similar diame- 
therefore yields to good approximation a ten have similar DOS near s, within the 
local maximum in the one-dimensional graphene sheet model but with peaks close 
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Potential role of fire retardant-treated polyurethane foam 
as a source of brominated diphenyl ethers to 

the US environment 
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Abstract 

Five tetra- to hexabrominated diphenyl ether (BDE) congeners (BDE-47. -99. -100, -153 and -154) are the most 
frequently reported in wildlife and humans. The commercial penta-BDE product, used predominantly to flame-retard 
polyurethane foam, consists'primarily of these same congeners. In 1999, North American demand accounted for 98% of 
the total global penta-market of 8500 metric tons. Frogs, housed with flame retardant-treated polyurethane foam as a 
dry substrate. accumulated 10.100 pg/kg (wet weight) of the above BDEs. Crickets kept therein as  food contained 
14,400 pg/kg. The crickets are believed to have browsed directly on the foam and, in turn, were consumed by the frogs. 
BDE congener composition in all three matrices matched that of the pentasommcrcial product. Similar congeners were 
also observed in soil and stream sediments collected near a polyurethane foam manufacturing plant. Summed con- 
centrations of BDE-47. -99 and -100, the dominant congeners observed in these samples, ranged from < 1 to 132 &kg 
(dry weight basis). Sunfish fillets obtained from a nearby, OK-site pond contained a total of 624 pg/kg (lipid basis). 
Sewage treatment plant (STP) sludge exhibited these same congeners at 1370 pg/kg (dry weight). BDE-209, the fully 
brominated congener predominant in the commercial deca-BDE product, was also present at 1470 pg/kg. While no 
known polyurethane foam manufacturers discharged to this plant, the distribution pattern of the low brominated 
congeners in the sludge matched that of the penta-product. After four weeks of exposure to ambient outdoor condi- 
tions, the surface of flame-retarded polyurethane foam became brittle and began to disintegrate. Subsequent dispersal 
of these penta-containing foam fragments may be one mechanism by which these BDEs reach the environ- 
ment. 8 2002 Elwvier Science Ltd. All rights reserved. 

Keywor,i8: Bioaccurnulation; Frog; Sewage sludge: Insect: Sediment; Soil 

I. lntroductlon 

Brominated diphenyl ethers (BDEs) are widely used 
as additives to flame retard flammable polymers. While 
consumption of BDE formulations has recently de- 
creased in some European nations, due to potential 
adverse health and environmental erects, overall global 

'Corresponding uulhor. Fax + 1.804.083.7186. 
E.ruvtl url'br,r halr@vimr.rdu 1R.C tldlr). 

demand for these products has increased, reaching 
67.125 metric tons in 1999 (Renner. 2000a). BDEs a p  
pear to be persistent organic pollutants (POPS) and 
some congeners are highly bioaccumulative, as a con- 
sequence they have emerged as contaminants of global 
concern (de Boer et al.. 1998): BDE congeners with four 
to six bromines have been detected in biota from remote 
areas (de Boer et al., 2000). indicating possible long- 
range transport. Some studies have indicated increasing 
levels in the North American environment (e.g. Luross 
et al., 2000). Exponential increases in BDE concentra- 
tions in human breast milk over time in Sweden have 

0045.6535/02/$ - see front matter 0 2002 Elsevier Science Ltd. All rights reserved 
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2. Methods 

African running frogs (Knssina senegulensis) were 
maintained in the laboratory in anticipation of future 
pesticide exposure studies. Frogs were held in tanks 
containing approximately I cm of water. Pieces of  flex- 
ible polyurethane furniture foam were provided to serve 
as dry "island" substrates for the frogs, a common 
herpetological husbandry technique. Frogs were pro- 
vided food in the form of small crickets. Those crickets 
not immediately eaten sought refuge on the foam. Frogs 
were sacrificed and analyzed in their entirety, as de- 
scribed below, to establish backgrounds levels of halo- 
genated contaminants. Foam and crickets were also 
analyzed. 

To assess whether BDEs could be released from foam 
manufacturing operations, sampling was conducted in 
2000 at a polyurethane foam production facility located 
in the US mid-Atlantic region. Foam production at the 
16-acre facility began in 1981 and ceased in 1997, due 
to health concerns related to atmospheric releases of 
methylene chloride and toluene diisocyanate. Surface 
soil samples were taken adjacent to the property. In 
addition, the interior of a disassembled exhaust stack 
from the foam production building was sampled with a 
linen swab. Associated dust was rinsed with methylene 
chloride (Burdick & Jackson, Muskegon, MI) into a 
glass vessel. Surficial sediments and bluegill sunfish 
(Lcpomis marrorhirus) were also collected from a small 
pond, located in a downwind residential area about 
250 m from the foam production building. Surficial 
sediments from two small creeks exiling the plant site 
werc also obtained. 

Since fish in the lower Dan River had previously been 
found to contain significant burdens of BDE congeners 
containing four to six bromines (Hale el al., 2000), 
sludge was collected from the regional sewage treatment 
plant (STP) discharging to this area. The sludge was 
taken directly from the dewatering press. No known 
polyurethane foam manufacturers discharged to this 
facility, although a plastics processor using the deca- 
product was a contributor. 

Fish, soil, sediment and sludge samples were lyoph- 
ilized prior to extraction. Foam was cut into pieces and 
analyzed directly. Frogs and crickets were minced and 
dried by mixing with activated sodium sulfate. A sur- 
rogate standard was added (PCB-30, -65. -121 and -204; 
Ultra Scientific. North Kingstowo. RI) to all samples to 
monitor recoveries. The congener naming convention 
described by Schulz el al. (1989) was used for the PCBs 
and a similar scheme applied to the BDEs. Blanks were 
run concurrently with the samples to assess possible 
laboratory contamination. Total organic carbon (TOC) 
measurements on the sediments, soils and the sludge 
were performed using platinum catalyzed combustion at 
680 "C, followed by nondispersive .infrared detection 

(TOC-5000 Shimadzu Scientific Instruments, Columbia. 
MD). 

Samples were subjected to enhanced solvent extrac- 
tion (Dionex ASE 200, Sunnyvale, CA) using two 5-min 
extraction cycles with methylene chloride at 100 "C and 
1000 psi, followed by a 60% vessel flush. Lipids in biota 
were estimated by evaporation of a fraction of the re- 
sulting extract to constant weight. Extracts were first 
purified on an Envirosep' size-exclusion column (Phe- 
nomenex, Torrance. CA), eluted with methylene chlo- 
ride. The resulting fraction of interest was further 
purified on 2 g, silica gel. solid-phase extraction columns 
(EnviroPrepB, Burdick & Jackson). Columns werc ini- 
tially eluted with 3.5 ml hexane and then 6.5 ml of  60:40 
hexane:methylene chloride. The latter fraction contained 
the halogenated compounds of interest. 

Following solvent exchange to hexane, halogenated 
compounds in the purified extracts were separated on a 
gas chromatograph (GC; Varian 3400, Sugar Land, 
TX), equipped with a 60 m DB-5 column (J&W Scien- 
tific, Folsom, CA; 0.25 pm film, 0.32 mm ID). Carrier . 
gas was He and injections were made in the splitless 
mode. Initial column temperature was held at 90 "C for 
2 min and then programmed to 320 'C at 4 OC/min. 
where i t  was held for 10 min. BDE-209 may degrade if 
subjected to high temperatures for extended periods 
(Kierkegaard el al.. 1999). Therefore, the sludge extract 
was also analyzed on a 15 m DB-5 column of the same 
film thickness and diameter. Initial column temperature 
was held 2 min at 80 'C, ramped at I5 OC/min to 
320 "C and held for 3 min. then increased at 15 'C/ m.in 
to 350 "C for 3 min. 

Tetra- to hexabrominated diphenyl ethers, PCBs and 
organochlorine pesticides were initially screened and 
quantitated in all fish and sediments by halogen selective 
electrolytic conductivity detection (ELCD). The STP 
sludge sample was examined for these BDEs, as well as 
BDE-209. Pentachlorobenzene was used as an internal 
standard. Data were corrected based on PCB-204 re- 
coveries, generally greater than 80%. BDEs were also 
confirmed in selected samples by GC, with the column 
described above, and full scan electron ionization mass 
spectrometry (MS), on a Varian 4D ion trap (Sugar 
Land. TX) or a Finnigan lncos XL quadrupole (Ther- 
moQuest, San Jose. CA). BDE standards used included 
individual congeners (BDE-47, -99, -100, -153 and -154 
obtained from Cambridge Isotope Laboratories, Ando- 
ver. MA; BDE-209 from Fluka Chemie. Buchs. Swit- 
zerland) and a commercial penta-BDE mixture (DE-71. 
Great Lakes Chemical. West Lafayette. IN). 

3. Results and discussion 

As noted, frogs were originally analyzed to estab- 
lish baseline organochlorine pesticide levels for future 
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Table 3 
Concentraions of BDEs in soil, sediment and fish collected ncar a polyurethane foam manufacturing facility 

Samole BDE-47 BDE-99 BDE-100 Total BDG Total BDEs Iudka . -  - 
lrdkg dry) ' (pdkg dry) (udkg dry) (vg/ka dry) TOC or lipid basis) 

Soil near foam production building 31.6 41.2 3.15 76.0 33,MW) 
Soil downwind of foam olant 8.11 4.75 0.77 13.6 21M) 
Sail downwind of foam plant <0.1 <0.1 <O.l ND ND 
Sediment from stream leaving foam plan1 6.37 9.47 1.34 17.2 22.300 
Sediment From stream leaving foam plan1 <0.1 <0.1 <0.1 ND ND 
Sediment from stream leaving foam plan1 36.2 86.3 9.01 132 20,500 
Pond sedimcnl 0150 <0.1 <0.1 0.50 63.1 
Pond sediment <0.1 <0.1 <0.1 ND ND 
Bluegill from pond -fillet 18.1 6.18 2.78 27.1 624 
Bluegill from pond -remainder 44.9 12.5 4.75 62.2 709 
Sewage sludge 544 725 266 1540 6620 

Totals pravidcd are for the sum of BDE-47. -99 and -100. BDE-209 was only detcctcd in the sludgc. but at 1470 vg/kg, Fish from the 
river lo which the STP diachargcd had previously teen round to contain high burdens of tetra- lohcxabrominald diphenyl elhera 
(Hale et al.. 2000). 

reduction strategies were mandated by EPA in 1997 (US 
EPA, 1996). High methylene chloride and toluene diiso- 
cyanate emissions were documented from this particular 
foam plant. Coincidentally, we also use methylene 
chloride at I00 "C to extract BDEs from our environ- 
mental samples. Thus, atmospheric releases of the penta- 
constituents have likely occurred in the past during 
manufacture of flame retardant-treated foam. 

BDEswere also detected in two of three surficial bed 
sediments from two small streams exiting the plant site. 
In these sediments the relative BDE-47 contributions 
were lower than those of BDE-99 (Table 3). Total BDEs 
(in these cases BDE-47, -99 and -100) ranged from < 0:3 
to 132 pg/kg (dry weight basis). BDE-153 and -154 were 
below detection in most of  these samples. The pond 
examined did not receive direct surface water contribu- 
tions from the manufacturing site. BDE-47 was detected 
(0.4 pg/kg) in one of the two pond sediments. Again 
TOC contents of these samples were low. Lipid nor- 
malizarion equalized BDE concentrations in direrent 
body compartments of bluegill sampled from this pond. 
Muscle contained 624 pg/kg total BDEs, while the re- 
maining tissues exhibited 709 &kg (lipid basis). These 
concentrations are intermediate between those reported 
by Dodder et al. (2000) in sunfish collected 1.3 km from 
a US industrial Pdcility involved in fiame retardant re- 
search and development and those in fish from a lake 
distant from known point sources. In the present study. 
BDE-47 was the major congener detected in the bluegill, 
similar to most published reports of residues in aquatic 
organisms (de Boer et al., 2000). This was also the case 
for the Dodder et al. (2000) "background" fish. These 
researchers found elevated contributions from penta- 
and hexabrominated congeners in the sunfish collected 
near the industrial research and development facility. 
This pattern probably was due to exposure to more 
brominated mixtures. Constituents of these formula- 

tions exhibit lower bioaccumulation potentials and sorb 
more strongly to sedimentary organic matter in the 
environment than BDE-47 and -99, the domiqant 
congeners in the penta-mixture. Log K, values of 6.0 
and 6.8 have been reported for BDE-47 and -99, re- 
spectively, in the same range as the most bioaccumula- 
tive PCBs (Burreau et al.. 1997; de Boer et al.. 2000). 
In contrast, the log KO, of BDE-209 has been esti- 
mated at 9.97 (de Boer el al., 2000). No foam manu- 
facturing facilities were apparent in the area where 
elevated BDE burdens in Virginia fishes were previously 
noted (Hale et al.. 2000). This. in concert with the 
relatively modest levels of BDEs in the environment 
surrounding the foam plant examined here, suggest 
alternative sources may be responsible for those obser- 
vations. 

Hydrophobic wastewater constituents preferentially 
partition to high organic particles in STP waste streams 
and thus may concentrate in resulting sewage sludges. 
Analysis of these sludges may serve as a useful indicator 
of societal contaminant discharges. In this context, 
sludge was obtained from a STP operating in the area 
where the elevated BDE burdens were previously ob- 
served in Virginia fishes (Hale et al.. 2000). The sludge 
contained 1370 pg/kg of tetra- to hexabrominated 
diphenyl ethers (sum of BDE-47. -99. -100. -153 and 
-154: dry weight basis) and a TOC content of 23.2%. The 
chromatographic pattern of  these congeners matched 
that of the penta-comn~ercial product used in foam (Fig. 
I). While this supports the view that penta-treated foam 
may be a source of BDEs to the environment, no foam 
manufacturing facilities were reported to be dischargers 
to this STP. Concentrations of these same congeners in 
European sludges are generally an order of magnitude 
lower (Sellstrom el al., 1999; de Boer el al.. 2000). This is 
likely reflective of the 40-fold greater consumption of the 
penta-product in North America. 
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Abstract 

Polybmminated diphenyl ethers (PBDEs). a class of widely used jame ntadants, a n  becoming widespread 
envimnmental pollurants. as indicated by studies on sentinel animal species, as well as humans. Of panicular concern 
a n  the reported incmasingly high levels of PBDEs in human milk, as should be given that almost no information is 
available on theirpotential effects on developing organisms. In  order to addnss this issue, studies have been conducted in 
mice and rats to assess the potential neumtoxic effects of perinatal exposun to PBDEs (congeners 47, 99, 153 and the 
penta-BDE mixture DE-71). Characteristic endpoints of PBDE neumtoxicity a n ,  among others, endocrine disruption 
(e.g. decreased thyroid hormone levels). alteration in cholinergic system activity (behavioral hyporesponsivity to nicotine 
challenge), as well as alterations of several behavioral parameters. In paniculac the main hallmark of PBDE 
neumtoxicity is a marked hyperactivity at adulthood. Funhermore, a deficit in learning and memory pmcesses has 
been found at adulthood in neonatally exposed animals. Some of neumtoxic effects of PBDEs are comparable to those of 
polychlorinated biphenyls (PCBsJ, though the latrer class of compounds seems to exen a stronger toxic effect. Available 
information on PBDE neumtoxicity obtained fmm animal studies and the possibility of neonatal exposun to PBDEs via 
the mother's milk suggest that these compounds may represent a potential risk for neumbehavioral development 
in humans. 
0 2W3 Elsevier Science Inc. All rights reserved. 

Keywords: PBDE; PCB; Neurobehavioral development; Mice; Perlnatal exposure; Brominated 
flame retardants 

INTRODUCTION 

Polybrominated diphenyl ethers (PBDEs), are an 
important group of flame retardants, used worldwide 
in large quantities in polymers, especially in ready- 
made plastic products. They are persistent compounds 
that appear to have an environmental dispersion similar 
to that of polychlorinated biphenyls (PCBs) and 
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dichlorodiphenyltrichloroethane (DDT). In contrast 
to the well studied developmental neurotoxicity of 
PCBs. there is almost no information on the potential 
neurotoxicity of PBDEs. Their levels in the environ- 
ment are still lower than those of PCBs or DDT. 
However, over the past 25 years, while other organo- 
halogens have decreased in concentration, PBDEs have 
been detected at increasing frequency and amount in 
various wildlife species and in human tissues (de Boer 
cr al.. 1998b; Law et al., 2002; Luross et al.. 2002; 
Meironyte et al.. 1999; Sheet al., 2002). In particular, a 
breast-milk monitoring program in Sweden has shown 
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that, during the course of 20-30 years, organochlorines 
decreased to the half of the original concentration in a 
range of 4-17 years period, while PBDE levels doubled 
each 5 years (Noren and Meironyte. 2(X)0), though in 
the very last years their milk concentration is declining 
(Meironyte and Noren, 2001). Numerous studies 
have documented that exposure to chemicals during 
vulnerable developmental phases often inflicts more 
important toxic consequences than exposure to mature 
nervous system (Rice and Barone, 2000: Selevan et al., 
2000). The presence of increasing quantities of PBDEs 
in human milk samples during the last decade, is thus 
already a matter of concern. 

In this paper, we review the present state of knowl- 
edge on PBDE neurotoxicity following developmental 
exposure, in order to illustrate the potential adverse 
consequences of PBDE exposure on human health. 

CHEMICAL AND PHYSICAL PROPERTIES 
O F  PBDEs 

The general chemical formula of PBDEs is ClzH(&g)- 
Br(l-lo)O and the theoretical number of possible con- 
geners is 209 (Fig. I), though the number of PBDE 
congeners used in commercial products is limited. 
For instance, PBDE compounds with less than four 
bromine atoms are not found in commercial products 
(Darnerud et al., 2001). PBDEs are numbered using the 
IUPAC numbering system (Ballschmiter el al.. 1993). 
and are divided into 10 congener groups (mono- to 
decabromodiphenyl ethers). PBDEs, as PCBs, have 
low vapor pressure at room temperature and high 

Polybrominated diphenyl ether3 

~o l~ch lor ina ted  biphenyls 

Fig. I .  General stmctural formula of PBDEs and PCBs. 

lipophilicity. Moreover, PBDEs are characterized 
by a high resistance to physical, chemical and biologic 
degradation, by a boiling point between 310 and 
425 "C and by a low solubility in water, especially 
for the higher brominated compounds (for further 
details, see Dmerud el al., 2001: de Wit. 2002). 

Three major commercial mixtures of the PBDEs are 
produced, which vary in the degree of bromine substitu- 
tion on the aromatic rings (Darnerud et al.. ?(MI; Hardy, 
2002): (i) decabmmodiphenylether (deca-BDEs) com- 
posed of about 98% deca-BDEs and 2% nona-BDEs; 
(ii) octabromodiphenylether (octa-BDEs) composed 
roughly of 10% hexa-BDEs, 40% hepta-BDEs and 
30% octa-BDEs and the remainder nona- and deca- 
BDE; (iii) pentabromodiphenylether (penta-BDEs) 
comprised of roughly 40% tetra-BDE, 45% penta- 
BDE and 6% hexa-BDE congeners. The commercial 
PBDE mixtures generally contain fewer congeners than 
do commercial PCB mixtures (e.g. roughly 80 conge- 
ners in the Aroclor 1254 mixture; Schultz ct al.. 1989; 
Sjodin. 2000; Sjodin et al.. 1998). They are used in large 
quantities as flame-retardant additives in polymers, 
especially in the manufacture of a variety of electrical 
appliances (TV sets, computer circuit boards and cas- 
ings) and of building materials. PBDEs are also used in 
foams and upholstery furnishings. in the interiors of c';:; 
vehicles, and in drapery textiles (Darnerud et al.. 2001 ; 
de Wit, 2002; Hale et al.. 2001; Hardy, 2002; WHO, 
1994). 

HUMAN EXPOSURE 

The fully brominated deca-BDE congeners are 
poorly absorbed and rapidly eliminated, thus their 
bio-accumulative potential is low (el Dareer et al., 
1987; Norris et al., 1975). Extensive testing of these 
compounds has indicated their toxicity, which appears 
to be. different from that of other classes of PBDEs 
(Darnerud et al., 2001; Hardy. 2002: McDonald, 2002). 
In contrast, lower molecular weight congeners, tetra- to 
hexa-BDEs, appear to be almost completely absorbed, 
slowly eliminated and highly bio-accumulative (de 
Wit, 2002; Om and Klasson-Wehler, 1998). The main 
route of human exposure to PBDEs, especially of the 
lower brominated congeners, has been suggested to be 
via food (Alaee et al., 1999: Danierud et al.. 2001; 
Wenning, 2002). 

High levels of PBDEs have been found in food of 
animal origin, particularly fish. In a recent study, Ohtia (, 
et al. (2002) have determined PBDE levels in fish meat 
and in other food pmducts, such as vegetables. PBDEs 



were found in spinach, potatoes and carrots at con- 

Cr\ centrations of 134. 47.6 and 38.4 pg/g fresh weight. 
respectively. The higher PBDE concentration found in 
spinach, a leafy vegetable, compared to root vegeta- 
bles, such.as potato and carrot, might be due to PBDE 
contamination in air. The concentrations of PBDEs in 
pork, beef and chicken were 63.6. 16.2 and 6.25 pglg 
fresh weight, respectively. Interestingly, concentrations 
of PBDEs found in both vegetables and meat, were 
significantly lower than the concentration found in 
fish, which ranged between 17.7 and 1720 pg/g fresh 
weight. , 

Sources other than food also seem to influence total 
PBDE intake in humans. A possible source is repre- 
sented by ,contaminated airborne dust particles. In air 
samples from computer halls and from office rooms 
with computers, PBDEs, strongly bound to particulate 
matter, have indeed been detected (Sjodin. 2000). 

PBDEs have been found in human breast-milk and in 
other human tissues, such as adipose tissue and blood. 
Several studies have reported high levels of PBDEs in 
human adipose tissue and concentration of these com- 

. pounds was found to be dependent to the country where 
samples have been collected. The average tetra-, penta- 
and hexa-BDE levels (ng/g lipid) were, respectively, 

,!"vr; 

. 
1.4,0.9 and 1.8 in Spain (Meneses et al., 1999), 2.8 and 
1.95 (hexa-BDE were not reported) in Israel (de Boer 
et al., 199Ra). 7.3, 2.2 and 2.3 in Finland (Strandman 
el al., 2000). 1.4,O.E and 1.5 in Belgium (Covaci et.al., 
2002) and 33.3; 9.8 and 16.3 in California, USA (She 
ct al., 2002). The very high PBDE levels in human 
adipose tissue samples collected in California may be 
partially explained by the California State require- 
ments against fire danger which may favor the use 
of.PBDEs (She et al.. 2002). 

The high degree of inter-individual variability 
observed in the concentration of PBDEs in human 
adipose tissue samples (Hardell et al . ,  1998; She 
et al., 2002) may be due to different factors related 
to exposure, including diet (e.g. fish consumption; 
Dm~erud et al., 2001; Jakobsson et al.. 2002; Ohta 
et al.. 2002). occupation (Jakobsson et al.. 2002; Sjodin 
et al., 1999, 2001). age (She et al., 2002). and use of 
consumer products (WHO, 1994). For example, recent 
studies have shown that workers at a computer disas- 
sembly plant had elevated serum levels of several 
PBDE congeners (especially BDE 47 and 209; Hagmar 
et al., 2000; Sjodin et al.. 1999). In particular, their 
mean PBDE serum concentration was of 37 pmoVg 

k . lipid weight. about six times higher than the one 
reported among hospital cleaners and computer clerks, 
considered as controls (Sjodin et al., 1999). However, it 

- -  . . . . .. . .. - . . . .~ .. 

is worthy of notice that these PBDE levels are at least 
two orders of magnitude below the PBDE levels found 
in breast-milk samples from Sweden women. suggest- 
ing that this is likely a minor route of exposure 
compared to food or breast-milk (Darnen~d et al.. 
2(X) I). 

Developmental Exposure 

A concern of PBDE contamination via food is the 
increasing exposure of children, and in particular of 
nursing infants, to these chemicals. Various studies 
have evidenced that PBDEs are present in human 
breast-milk (Betts. 2002; Hwper and McDonald. 
2000; Noren and Meironyte, 2000). and that the most 
abundant congeners in the samples studied are the 
penta-BDE'47, 99 and 153 (Darnerud et al.. 2001; 
Jakobsson et al.. 2002; ~ d i r o n ~ t e  et al., 1999; Ohta 
et al., 2002). 

On the basis of data on human milk collected in 
Sweden in 1999, assuming that a 2-3-month-old infant 
weighing about 5 kg consumes 700 ml breast-milk per 
day, the average daily intake of PBDEs via milk can be , 

estimated at 50-100ng per day (Meironyte et al., 
1999). A first breast-milk monitoring program in Swe- 
den has shown that the concentration of certain PBDE 
isomers (BDE 47. 99, 100, 153 and 154) in human 
breast-milk have increased exponentially from 1972 to 
1997, reaching a level that could possibly represent a 
risk for child safety (Meironyte et al., 1999; Noren and 
Meironyte. 2000). Even if a follow-up study conducted 
in Sweden from 1998 to 2000 have evidenced a 
decrease in the PBDE concentration in human milk, 
probably due to the phase out of PBDEs in Sweden 
(Meironyte and Noren. 2001). new data from several 
countries such as Canada, Finland and Japan have 
confirmed an increasing presence of PBDEs in 
human milk (Ohta et al., 2002; Ryan and Patry. 
2000; Strandman et al., 1999). Recently, preliminary 
data have shown that PBDE levels in the breast-milk of 
North American women are rising at an exponential 
rate doubling every 5 years and body burden of 
Americans and Canadians are the highest in the world, 
in the range of 5C-200 ng/g lipid, i.e. around 10-40 
times greater than the highest levels reported for 
women in Sweden (Betts, 2002; Ryan and Patry, 2000). 

Another Swedish study (Darnerud et al.. 1998) has 
evidenced that PBDE levels in milk correlated posi- 
tively and significantly with mothers' smoking habits 
and body mass index, while no correlation was found 
between PBDE levels and consumption of fish and 
frequency of using computers. Nevertheless, Ohla et al. 
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(2002) have found a strong positive relationship 
between total PBDE levels in breast-milk of nursing 
Japanese women and the frequency of fish consump- 
tion. PBDE concentrations in breast-milk at I month 
after delivery ranged from 668 pg/g fresh weight, in 
women with small consumption of fish, to 2840 pg/g 
fresh weight, in women with high consumption of fish. 

THE POTENTIAL RISKS OF PBDEs FOR 
HUMAN HEALTH 

Evidence from animal models suggest that exposure 
to some PBDEs results in inductionldown-regulation of 
liver enzyme and increase in liver weight (Dwnerud 
et nl., 2001; Hardy, 2002; McDonald, 2002). Moreover, 
treatment-related changes were reported in rodent 
reproductive performances (Branch] et al., 2002: 
Darnerud et al., 2001) and gestational exposure to 
PBDEs significantly increase incidence of resorption 
and subcutaneous edema and delayed ossification of 
normally developed bones of the skull in pups (WHO. 
1994). 

Some in vitro evidence is available for estrogenic 
activity of PBDEs (Meens et al.. 2lMI; Thayer et al., 
2000) and animal studies have shown a carcinogenicity 
of deca-BDE compounds (National Toxicology Pm- 
gram, 1986). but more studies are needed to determine 
whether low-dose exposures to PBDE have estrogenic 
and carcinogenic activity in humans or other species. 
One of the most sensitive end-points of PBDE toxicity 
observed in animal bioassays appears to be the effects 
on thyroid function, such as an induction of thyroid 
hyperplasia (National Toxicology Program, 1986; 
WHO, 1994) and alteration of thyroid hormone meta- 
bolism (Fowles et al., 19YJ; Hallgren et al.. 2001 ; Zhou 
et al., 2001. 2002). In particular, PBDE are reported to 
mainly affect thyroxine (T4) levels by means of an 
increased T4 catabolism via up-regulation of hepatic 
uridinediphosphoglucuronosyl transferase activity 
(Hallgren el al.. 2001; Zhou et al.. 2001). Another 
system affected by PBDEs is that of the cytochromes 
P-450 IAl and 28, as suggested by in vitro studies 
revealing increased etboxyresomfin-0-deethylase and 
pentoxyresomfin-0-deethylase activities, respectively 
(Chen et al.. 2001; Zhou et al., 2001). 

Pregnant women are particularly sensitive to thyroid 
hormone disruption and developing fetuses and infants 
are especially responsive to small changes in thyroid 
hormone (Glinoer, 1997: Morreale de Escobar et al.. 
20IM)). Several studies have shown that relatively small 
decreases in maternal serum T4, free T4 or other 

indicators of thyroid abnormalities can have a negative 
impact in intelligence and psychomotor skills of chil- 
dren (Haddow et al., 1999; Morreale de Escobar et al., 
2000; Pop et al., 1999). 

Furthermore, exposure to low doses of PBDEs dur- 
ing critical phases of brain development (Rice and 
Barone, 2000; Selevan et al.. 2000). such as during 
gestation andlor during the neonatal period (by inges- 
tion of mother's milk) in the mouse, has been shown to 
induce irreversible changes in adult brain function 
(Branchi et a]., 2002; Eriksson et al., 2001). The 
mechanism by which these chemicals produce neuro- 
toxic effects remains unclear. However, recent rodent 
studies showed that developmental administration of 
PBDEs (congeners 99 and 153) affects the cholinergic 
system at adulthood (Viberg et al.. 2002a. 2002b). 
which may be mediated throughout the thyroid system 
(Ponerfield. 2000). 

At present, much remains uncertain regarding the 
toxicity of PBDEs in humans, but nearly all individuals 
are exposed to low-doses of PBDEs, as shown by tissue 
monitoring data, so the potential health impact should 
include assessment at the population level (de Wit, 
2002). In particular, pregnant women and developing 
fetuses and infants should be viewed as sensitive 
population for exposure to PBDEs. 

ANIMAL MODELS TO INVESTIGATE 
NEUROBEHAVIORAL TOXICITY 

The study of behavioral changes following develop- 
mental exposure to possible neurotoxic agents employs 
animal models for both practical reasons and obvious 
ethical constraints of human experimentation. This 
approach consists of monitoring the development of 
the nervous system through the assessment of selected 
neurobehavioral endpoints appropriate for each 
maturational phase (Branchi and Ricceri, 2002: 
Cory-Slechta et al.. 2001; Cuomo et al., 1996; Spear, 
1990). Animal models allow one to analyze develop- 
mental changes in response to different concentrations 
of a specific compound or to different time schedules 
of its administration, identifying dose-response rela- 
tionships and critical phases of susceptibility. Further- 
more, laboratory rodents can be successfully used for 
extended follow-up of treatment effects in a relatively 
short time-span, since they mature rapidly (they reach 
puberty around postnatal day 35 and sexual maturation 
at 60 days; (Venerosi et al.. 2002). 

The extrapolation fmm animals to humans remains an 
c 

open question in the field of neurotoxicology/behavioral 
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teratology (Winneke, 1992). Nevertheless, since the 
mid-seventies, a number of studies have clearly indi- 
cated that both physical anomalies and neurobehavioral 
abnormalities observed in humans following exposure 
to toxicants are mirrored in animal models (Rice et al., 
1996; Vorhees et al., 2001). In particular, with regard to 
functional categories (sensory, motivational, cognitive, 
motor function, social behavior), a close agreement 
among human and laboratory animals in the develop- 
mental toxicity of various neurotoxic agents has been 
reported (Stanton and Spear, 1990). Animal studies 
have confirmed the neurobehavioral toxicity of several 
environmental pollutants, such as lead (Rice et al., 
1996). methylmercury (Burbacher et al., 1990; Rice. 
1996). and polychlorinated biphenyls (Tilson et al., 
1990). as well as of pharmacological agents, including 
benzodiazepines (Kellogg et al., 1998) or anticonvul- 
sants (Adams et al.. 1990; Laviola et al.. 1994). 

A careful neurobehavioral assessment helps in 
identifying specific toxic effects on the central nervous 
system (CNS) as well as non-specific effects such as 
alterations of neumndocrine regulations, hypo- or 

( hyper-thermia, or alterations in nutritional status that 
may also indirectly have an impact on CNS develop- 
ment (Spear. 1990). Behavioral teratology tests can 

r investigating PBDE developmental neumtoxicity in mice and rats. 

show subtle and/or transient changes early in life which 
may have long-term consequences for the organism. 
An agent, even if in the absence of specific effects on 
the CNS, might interfere with complex interaction of 
the CNS with other systems such as the endocrine and 
immune systems. The resulting behavioral disorders 
may not be evident during early postnatal life, but may 
emerge later, even at adulthood or during senescence 
(Isaacson and Spear, 1984). 

A limited number of studies have been canied'out to 
investigate the potential toxic effects of perinatal 
exposure to PBDEs on neurobehavioral development. 
For clarity, a synoptic review of the relative study 
designs and of the main results obtained is shown in 
the diagrams presented in Fig. 2 and Tables I and 2. 

EFFECTS OF PERINATAL EXPOSURE TO 
PBDEs ON DEVELOPMENT 

Reproductive Parameters 

Studies in either rats or mice have not shown impor- 
tant adverse consequences on reproductive parameters 
upon exposure to PBDEs in utero and/or immediately 



Table I 
Neurobehavioral effects of perinatal administration of different PBDE compounds in mice and rats 

Age phase Test Effects References 

Early developmental Sensory-motor Delay in screen climbing response in BDE 99 Branchi et al. (2002). 
phase (PND 22) development perinatally exposed mice. The 30 mglkg per day Zhou ct ;11. (?002), 

dose group showed a -2 days delayed maturation 'Taylor r t  al. (?(XI?) 
of this response. No alteration has been found 
in other somaticbehavioral parameters 

Ultrasonic vocalizations No effect Branchi et al. (2002) 

Homing test No effect Branchi ct al. (2002) 

Late developmental phase Spontaneous behavior PND 34: hyperactivity and impaired habituation in Branchi ct al. (?ill)?) 
(PND 22-2 month) BDE 99 perinatally exposed mice. Subjects exposed 

to 6 m g k g  per day locomoted more during the second 
pan of the test compared with controls 

Adulthmd (>2-month) Spontaneous behavior 2-month-old mice: hyperactivity and impaired Eriksson et sl. (2001 I. 
habituation in both perinatally exposed mice Rranchi rr al. (2002). 
(BDE 99. 0.6 and 6 mgkg  per day doses). Vibcrg rt al. (2002h) 
as well as neonatally 
exposed mice (BDE 47.99 or 153; dose range: 
0.7-12 mgkg). Altered thigmotaxis in BDE 
99perinatally exposed subjects (6 mglkg per day) 
4-month-old mice: BDE 99 perinatally exposed 
animals showed an activity profile only slightly 
different from that of controls. 0.6 and 6 mgkg  
per day doses groups displayed a significantly 
lower level of locomotion than controls during 
the second part of the 64 min test. Neonatal 
expositre resulted in permanent aberrations 
in activity profile (BDE 47, 99 or 153; 
dose range: 0.7-12 mgkg) 
6-month-old mice: neonatal exposure to BDE 
153 resulted in permanent aberrations in activity 
profile (dose range: 0.9-9 mgkg) 

Water maze learning BDE 99 o r  153 neonatally exposed mice Erikssnt~ ct al. 120111). 
(dose range: 0.9-12 mgkg) showed a learning Vihcrg ct al. (?(Wl?h) 
impairment in a water maze task 

Cholinergic system BDE 99 neonatally exposed mice (12 mgkg) I?rikss<m ct rl. (2001 1. 
showed an altered response to nicotine challenge Viherget $11. (?(l)?a. 2002a) 
(hyporesponsivity). BDE 153 neonatally exposed 
mice (9 mgkg) showed a decrease of specific 
['HI-alpha-bungamtoxin binding sites 
in the hippocampus 

Svnaotic transmission No effect Gilhen and Crofton (2002) 

after birth. Body weight gain of pregnant females. 
pregnancy duration, proportion of successful deliveries 
and pup sex-ratio were not affected by perinatal PBDE 
treatment (DE-71 or BDE 99) in either mice or rats 
(Hranclii et al., 2002; Zhou et a]., 1-002). However, in a 
mouse study, litter viability was found to be slightly 
affected perinatal exposure to BDE 99, with the 6 mg/ 
kg per day dose significantly reducing the number of 
newborn pups. Since the number of pups was evaluated 
on PND I,  the investigators suggested that some pups 

could have been born dead and then cannibalized, or 
their reduced viability could have induced cannibalism 
in the mothers (Branchi et a]:. 2002). 

Somatic and Neumbehavioral Development 

Mice and rats are altricial rodents: pups are born in 
highly immature condition, with eyes and ears closed, 
after a.short pregnancy (gestation lasts around 20 days, 

c 
depending on the strain and species). At birth, they are 
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Table 2 

(-, General effects of perinatal administration of different PBDE compounds in mice and rats 

Parameters Effects References 

Reproductive parameters No effects on matemal body weight gain, pregnancy duration. Bri~nchi et al. (?00?), 
proportion of successful deliveries and sex ratio. BDE 99 perinatal Zhou et nl. (2002) 
exposure (6 mg/kg per day) affected litter viability reducing the 
number of newborn mice. Such effect was not found in the rat 

Body weight No effects Eriksson n al. (?(MI. 2(X12), 
Branchi el al. (2002). 
Zhou ct nl. (2002) 

Liver-to-body weight ratio Perinatal exposure to D@-71 produced a transient increased Zhou et al. (2002) 
liver-to-body weight ratio frum PND 4 to PND 14 in rats 
(10 and 30 mglkg per day) but they recovered to control levels 
by PND 36 

7hyroidal hormones levels Perinatal exposure to DE-71 reduced serum thyroxine in Zhuu er ul. (?00?) 
a dose-dependent manner on from GD 20 to PND 14 in rats 
(10 and 30mglkg per day). A total recover to control levels 
by PND 36. Triiodiolhymnine has not been found to be affected 

Hepatic enzymes activity Perinatal exposure to DE-71 resulted in significant increases Zhou ct al. (2002) 
in hepatic EROD. PROD, and UDPGT activity fmm 
OD 20 to periadolescence (10 and 30 mglkg per day) 

EROD: ethoxyrcsorufin-0.deethyI~se; PROD: penloryrcso~fin-0-dcelhylase: UDPGT: uridincdiphosphaglueumnosyl Vansferase. 

able to crawl, to get attached to a nipple and to suckle, 
while they need close body contact with the mother ('YJ slnce . they are not able to thennoregulate. Several 

reflexes and behavioral responses appear at successive 
postnatal steps in parallel with somatic changes, pro- 
gressively expanding pup sensory and motor capabil- 
ities (Bignami, 1996). The subsequent. more complete, 
behavioral repertoire increases the ability of the pup to 
procure fwd  and fluid, in particular after eye opening 
which occurs around the end of the second postnatal 
week (Fox, 1965). The time of onset of selected 
somatic changes and the time of first appearance 
and gradually complete maturation of various reflexes 
and responses shows a remarkable regularity, providing 
an effective tool to assess possible neurobehavioral 
developmental alterations (Bignami. 1996; Fox. 1965). 

No alteration in postnatal body weight gain was 
found following perinatal exposure to BDE 99 and 
to the PBDE mixture DE-71 (Branchi et al., 2002; 
Zhou et al.. 2002). Furthermore, tests of sensory-motor 
development failed to evidence gross alterations in 
PBDE perinatally-exposed mice (congener 99; Branchi 
et al.. 2002) and rats (mixture DE-71; Taylor et al., 
2002; Zhou et al., 2002). An effect of perinatal BDE 99 
treatment was evidenced only in.the screen climbing 
response in which the ability to climb a vertical screen ( using both for?- and hindpaws is measured. Mice ex- 
posed to 30 mgkg per day BDE 99 had a -2-day delay 
in maturation of this response (Branchi et al., 2002). 

Rodent pup ultrasonic vocalizations, whistle-like 
sounds in the frequency range between 30 and 
90 kHz, provide a useful model to study the ontogeny 
of emotionality (Brdnchi et al., 2001). The emission 
pattern of these vocalizations can also reveal subtle 
effects of pharmacological treatments and in recent 
years the adverse effects of drug treatment on ultrasonic 
calls has been extensively tested (Cuomo et al., 1996; 
Winslow and lnsel. 1991). Marked alterations in ultra- 
sonic vocalizations were observed in animals exposed 
to behavioral teratogens such as methylmercury 
(Adams et al., 1983). carbon monoxide (Di Giovanni 
et al.. 1993) and other compounds (Veneros~ et al.. 
2002). However, the ontogenetic profile of ultrasound 
emission rate in BDE 99 exposed mice was similar to 
that found in controls (Branchi et al., 2002). 

The homing test exploits the strong tendency of the 
immature pup with closed eyes to maintain body 
contact with the dam and the siblings. It requires 
adequate sensory (olfactory) and motor capabilities 
as well as associative and discriminative capabilities 
that allow the pup to become imprinted by the mothers 
odor, to remember it, and to choose it among others 
(Alleva et al.. 1985; Bignami, 1996). No significant 
differences between control and BDE 99 treated 
mice were observed in homing performance assessed 
on PND 11 both for distance traveled (crossings) 
and latency to reach the scent area (Branchi et a].. 
2002). 
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Activity Profile 

In altricial species, like the rat and the mouse, the 
activity level is low until PND 10 or more, but it 
increases rapidly around or shortly after the end of 
the second postnatal week (i.e. in relation with eye and 
ear opening). The typical adult-like habituation pat- 
tern, i.e. the reduction of activity during a test of at least 
30 min duration, emerges only several days later 
(around the time of weaning). Since this phenomenon 
provides useful information on the ontogeny of 
several CNS neurotransmitter systems, such as the 
dopaminergic GABAergic and cholinergic ones, activ- 
ity should be tested at different developmental ages 
(Alleva and Bignami, 1985; Bignami. 1996; Bigna~ni 
et d., 1992; Camphell and Mabry. 1973; Gmen et al.. 
1990; Luviola and Alleva, 1990; Robbina. 1977: Spear, 
1990). 

On PND 22, the activity profile of BDE 99 treated 
mice did not differ from controls. However, a clear 
hyperactivity appeared on PND 34, when mice exposed 
to the 6 mgkg per day dose showed significantly 
higher activity levels during the last 20 min of the test. 
At this age, BDE 99 treatment also affected rearing 
behavior-another endpoint that can be considered an 
index of activity-that was displayed more frequently 
by mated animals. In particular, the 0.6 and 6 mgkg 
per day dose groups displayed more rearings than 
controls. For any of the behavioral points analyzed, 
no sex differences were found (Branchi et al., 2002). 
It is worthy of notice that a similar alteration of 
locomotor activity profile during development, with 
normal activity around PND 22 and an appearance of 
hyperactivity around PND 34, has been reported in 
perinatal hypothyroid rats, suggesting that an alteration 
of thyroid function may be involved in this behavioral 
alteration (Goldey et al., 1995). Other studies on 
models of hypothyroidism in rats reported an hyper- 
activity profile displayed at the young-adult phase 
(Akaike el al., 1991: Hendrich el al.. 1984). 

LONG-TERM EFFECTS OF PEIUNATAL 
EXPOSURE TO PBDE4 

Activity Profile 

The data collected so far show that the main beha- 
vioral effect of perinatal PBDE exposure is a marked 
alteration of activity profile at adulthaod. Prolonged 
perinatal PBDE administration (congener 99) to dams, 
as well as neonatal single-day (PND 10) administration 

(congeners 47 or 99). induced hyperactivity in young- 
adult mice. At 2 months of age. BDE 99 treated (- 
animals showed high levels of locomotor activity, 
especially in the last 40 min of a 60 min activity test. 
with a reduced habituation profile compared to con- 
trols. Rearing behavior was also higher in treated mice 
than in controls, especially in the last 30 min of the test 
(Branchi et ol., 2002). Furthermore, at 2 months of age, 
thigmotaxis was less pronounced in treated animals 
than in controls, evidencing a less marked fearful 
response in treated mice; animals from the 6 mgikg 
per day dose group spent significantly less time than 
controls near the arena walls (Branchi et al., 2002). The 
neonatal single-day exposure to BDE 47, 99 or 153 
caused permanent changes in spontaneous behavior in 
2-month-old mice. In particular. hyperactivity and 
decreased habituation were observed during a 
30 min test in treated mice compared to controls 
(Eriksson et al.. 2001; Viberg et al., 2002b). 

It is of special interest that at adulthood, the effects of 
a prolonged perinatal administration to dams and 
neonatal single-day administration produced different 
effects on activity levels. At 4 months of age, the 
locomotor activity profile of BDE 99 perinatally-trea- 
ted animals was only slightly different from thar of 

displaying a significantly lower level of locomotion 
f. controls, with the 0.6 and 6 mgkg per day dose groups .-., 

than controls during the last 20 min of a 60 min test 
session. In contrast, animals exposed neonatally to a 
single dose of BDE 47, 99 or 153 showed an hyper- 
activity profile and a decreased habituation capability 
compared to controls (Eriksson el al.. 2001). Further- 
more, in these animals changes in spontaneous beha- 
vior were more pronounced with increasing age. 

Comparison of the data collected by Eriksson et al. 
and Branchi et al. (Fig. 2) suggests that different 
exposure profiles produce different behavioral altera- 
tions in the developing mouse. Eriksson et al. (Eriksson 
et al.. 2001. 2002; Viberg et al., 2002a) found that a 
single PBDE administration directly to the newborn 
(congener 99 or 47) on PND 10 disrupts spontaneous 
behavior in mice in a dose-dependent fashion. Further- 
more, this functional alteration appeared to be perma- 
nent and also to worsen with age. Results from Branchi 
el  al. (2002) showed instead that a prolonged perinatal 
BDE 99 exposure, involving administration of this 
compound to dams from gestational day 6 to PND 
21, produced transient a effect on activity profile, 
characterized by an inverted dose-response relation- 
ship. the majority of the effects occurring at the 6 and/ ( .  
or 0.6 m a g  per day dose and not at the 30 m@g 
per day dose. This effect is markedly reduced around 
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4 months of age. A possible explanation for this 

(- difference is that exposure to high BDE 99 doses 
during both prenatal and postnatal periods could trig- 
ger a compensation phenomenon in the developing 
organism, as in the cases of prolonged exposure to 
high doses of other compounds, such as lead(Gilbert 
et al., 1999). Alternatively, the transient effects and the 
inverted dose-response relationship may be due to a 
prepartum selection, whereby the most vulnerable 
subjects died during gestation in the high BDE 99 
dose groups. The more resistant surviving individuals 
would thus be less sensitive to the toxic insult and show 
only subtle and transient behavioral alterations during 
the developmental phase. This hypothesis would be in 
agreement with litter viability data, which indicated 
that pregnant mice exposed to high BDE 99 doses 
tended to give birth to a reduced number of pups 
(Branchi et al.. 2002). 

It is noteworthy that the two exposure profiles may 
provide different but, in both cases, important informa- 
tion on the potential neurotoxicity of PBDEs. It has 
been widely reported that acute and chronic exposure 
may reveal different mechanisms of neurotoxicity 
(Costa, 1988). Furthermore. a direct administration 
to neonate may show different effects of these com- 
pounds when compared with the administration ," "i. 
through the mother, since in the latter case PBDE 
metabolites (e.g. hydroxylated PBDEs) may play a 
more important role (Meerts et al., 2001; Meerts 
et al., 2000). However, the prolonged perinatal expo- 
sure may represent a model more relevant for humans. 
since human infant exposure, particularly during 
early .ontogeny, occurs mainly during gestation and 
through lactation (Hooper and McDonald, 2000). As in 
humans, a substantial breast-milk PBDE transfer has 
been shown to occur in mice: 3 0 4 0 %  of an adminis- 
tered single dose of radioactive compound (congeners 
99 and 85) has been found in the suckling offspring 
after 4 days. Furthermore, the PBDE plasma levels 
in the neonates were more than twice those found in 
the dams, though the absolute levels were low (de Wit. 
2002). 

Cognitive Abilities 

Cognitive abilities are impaired by developmental 
exposure to several pollutants such as methylmercury. 
PCBs, lead and others (Bignami, 1996: Burbacher et al., 
1990; Rice et al., 1996). One of the most used beha- 

([ vioral procedure to assess cognitive abilities is the 
Moms water maze, in which rats or mice can learn 
to orient and swim rapidly to an invisible escape 

platform using distant cues (Morris, 1984). The ability 
to solve this task seems to be markedly dependent on 
the hippocampal function (Morris et al., 1982). 

Neonatal single-day administration of BDE 99, but 
not of BDE 47, was found to impair cognitive abilities 
in the Moms water maze test. No learning deficits were 
found during the acquisition phase of the test; however, 
mice exposed to BDE 99 (12 mgkg) were significantly 
impaired in finding the new location of the platform 
during the reversal phase (Eriksson et al., 2001). These 
data suggest a specific impairment in behavioral flex- 
ibility to cope with changes in the learning context. 
Recent data show an alteration of learning and memory 
processes following neonatal administration of BDE 
153, with treated mice being impaired in locating the 
platform in a Moms water maze (Viberg et al., 2002b). 
Tests of fear-conditioning performed on rats perina- 
tally exposed to the DE-71 mixture revealed a dose- 
dependent decrease in cue- but not context-based 
performance in male offspring tested as adults (Taylor 
et al.. 2003). 

In agreement with the fear-conditioning data. sug- 
gesting a learning impairment amygdala- but not hip- 
pocampus-dependent (Anagnostaras et a]., 2001; 
Frankland et al.. 1998), no alterations of synaptic 
transmission or long-term potentiation in the dentate 
gyrus of hippocampus were found in rats perinatally 
exposed to DE-71 (Gilbert and Crofton, 2002). In vitro 
studies have show'll that in cerebellar granule cells. 
DE-71 (but not DE-79, an octa-BDE mixture) stimu- 
lated the release of [-'~]arachidonic acid ([-'H]AA), 
identified as a second messenger involved in synaptic 
plasticity, by a phospholipase A2(PLA2)c/iPLA2- 
dependent mechanism, whose activity has been 
associated with learning and memory (Kodavanti and 
Derr-Yellin, 2002). 

Altered Behavioral Response to  Nicotine 
Challenge 

Interesting data have emerged from the analysis of 
pharmacological reactivity assessed by a nicotine chal- 
lenge. An injection of nicotine (80 pg) at adulthood has 
been shown to induce an altered behavioral response in 
mice exposed to BDE 99 (8 mgkg) on PND 10. As 
expected, nicotine induced an increased activity profile 
in control animals, while BDE 99-treated animals 
showed a marked hypoactivity after the pharmacolo- 
gical challenge (Viberg et al.. 2002a). These results 
would suggest that alterations of cholinergic functions 
may be involved in the behavioral changes found in 
mice exposed to BDE 99. 
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BDE 153 has also been found to affect the choli- 
nergic system. At 6 months of age, mice neonatally 
(PND 10) exposed to this compound (9 mgkg), 
showed a decrease of specific ['HI-alpha-bungarotoxin 
binding sites in the hippocampus (Viberg el al., 2002b). 

PBDEs AND PCBs: COMPARABLE 
STRUCTURES LEAD TO SIMILAR EFFECTS? 

PBDEs and PCBs have a comparable structure 
(Fig. I )  and their effects on neurobehavioural profile 
show similarities but also important differences, sug- 
gesting that their actions do not always overlap. 

In adult animals, these two classes of polyhaloge- 
nated aromatic hydrocarbons exert in some cases simi- 
lar toxicities. For example, both the PBDE mixture 
Bromkal 70-5 DE (constituted by penta- and tetra- 
BDEs), and the PCB mixture Aroclor 1254, cause an 
induction of cytochrome P-450 (Hanberg et al., 199 1 : 
von Meyerinck ct al., 1990). PBDEs, especially the 
hydroxylated metabolites (Damen~d et al., 2001), as 
well as hydroxylated and laterally substituted PCBs, 
exert a disrupting effect on thyroid function, reducing 
circulating thyroxine (Hallgren et al., 2001 ; Porterfield, 
2O(W)). Both PBDEs and PCBs stimulate the release of 
[3H]AA by a PLA2c/iPLA2-dependent mechanism 
(Kodavanti and Derr-Yellin, 2002). However. PCBs 
appear to exert a stronger effect on most of these 
parameters: when comparing these two classes of 
compounds, PCBs cause larger alterations at similar 
doses and are effective at lower doses than PBDE 
(Darnen~d et al., 2001; Hallgren ct al., 2001; von 
Meyerinck et al.. 1990). 

While the effects of perinatal exposure to PCBs have 
been widely studied (for reviews, see Eriksson. 1997: 
Faroon et al.. 2001; Rice. 20W; Storm et al.. 1981; 
Tilson et al., 1990; Tilson and Kodavanti. 1998). only a 
limited number of studies has focused on the effects of 
PBDEs. This lack of data allows only a preliminary, 
and certainly not exhaustive. comparison of neurobe- 
havioral effects of developmental exposure to these 
compounds. It has been reported that both PBDEs and 
PCBs exert a disrupting effect on thyroid function 
when administered during the perinatal phase (Crofton 
et al., 2000; Morse et al., 1996; Zhou et al., 2002). Both 
classes of compounds induce a clear hyperactivity 
profile when administered on PND 10 (Eriksson. 
1097; Eriksson et al., 200l). Furthermore, they produce 
a similar response to a nicotine challenge, suggesting 
that both compounds, administered on PND 10, affect 
thecholinergic system inasimilar way (Eriksson. 1997). 

As seen in adult mice, PCBs seems to exert a stronger 
effect than PBDEsfollowing perinatal exposure (Rranchi 
et al., 2002; Eriksson et al., 2(X)l). These results suggest 
that these two classes of pollutants could share some of 
the same mechanisms of action (Hallgren et al., 2(X)I). 
However, important differences in the effects of PBDEs 
and PCBs in adult mice, following prolonged perinatal 
administration. have also been found. For example. 
while PCB-exposed animals display hyperactivity 
from early developmental phase to adulthood, PBDE- 
exposed animals are hyperactive only until the young- 
adult phase, and later recover and show a vend toward 
hypoactivity at adulthood (Branchi ct al.. 2002). Further- 
more, perinatal exposure to PCB, but not PBDE, has 
been shown to produce in rats a decrement in the 
magnitude of evoked LTP and an increase in the train 
intensity required to induce LTP (Gilben and Crofton. 
2002; Gilbert et al., 2000). 

CONCLUSIONS 

Because of the high production volume of PBDEs 
and their accumulation in the environment, and the still 
limited knowledge of their potential neurotoxicheha- 
vioral teratogenic effects (alone or in combination), C 
more investigations are indeed warranted. In particular, 
more extensive studies using animal models are 
required in order to better characterize the neurotoxic 
effects of perinatal administration to PBDEs. In parti- 
cular, learning and motor function should be assessed, 
since these behavioral endpoints are likely to be affec- 
ted by thyroid hormone level alteration (Porterfield, 
2000; Zoeller and Crofton. 2000; Zoeller et al.. 2002). 
Furthermore, examination of the possible physiologi- 
cal or biochemical processes in the central nervous 
system that may be responsible for the changes in the 
behavioral effects observed would be of interest. In 
particular, neurochemical pathways and neural popu- 
lation which are targets for other structurally similar 
classes of compounds. such as PCBs (Costa, 1998; 
Costa et ul., 2001). should be considered. In vitro data 
suggest that PBDEs (DE-71) could stimulate the 
release of ['HIAA by a PLAZc/iPLA2-dependent 
mechan'ism (Kodavanti and Derr-Yellin, 2002) and 
affect the mitogen-activated protein kinase cascade, 
a critical mediator of cell development and neuronal 
plasticity (Mundy et ol.. 2002). Furthermore, similarly 
to PCBs (Kodavanti et al., 199.5). BDE 99 has been 
shown to cause activation of protein kinase C in glial 
and neuronal cells in vitro (F. Madia and L.G. Costa, 

c 
unpublished observations). 
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In conclusion, perinatal PBDE exposure produces 
C' neurobehavioral alterations in mice and rats. Since 

several studies clearly indicated that neonates may 
be exposed to PBDEs, particularly through maternal 
milk (Hooper and McDonald, 2000:,Meironyte et al., 
1999; Ohta et a]., 2(X)2), this calls for concern of the 
risk of adverse effects on neurobehavioral development 
in humans. 
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of DE-71 (a wmmerclel polybmminated diphmyl ether mlxhua 
containing moatly t6tra- and penta-bmmodiphenyl ethers) on thy- 
roid hormona and hepatic enzyme actlvily in offapring, following 
oerlnatal maternal ex-= Primi~amua Lonfi-Evana ratg were P01ybminated diphenyl ethcrn (PBDE~), produced com- 
orally a , j l l l l n i ~  Dk71 (o,,, 30 in o" menially as mixtures, are commonly used as flame retardants 
from g m t i o n  day (QD) 6 to publad day (PND) 21. and for various consumer products including electronic equipment. 
liver -plea obtained from dams (GD 20 and PND 22), f- Global production of PBDEs is approximately 40,000 tons per 
(GD ZO), and offspring (PNDs 4.14.36, and W) were analyzed for year (IPCS, 1994; Dameold el a/ . ,  200 1). Increasing concen- 
drculatinn total =nun thvrodne IT.) and hiiodothvmnlne IT,). or trations in environmental samples and human breast milk (Mei- . .. 
hepatic n~crwmal  ethoky- and pentoxy-resoruin-0-deethylase 
(EROD and PROD). and urldine dlphasphoglucumnasyl Iran* 
ferase (IJDPGT) activity. There were no SigniRcant effectn of 
treatment on maternal body welght gain. Utter Size, or sex ratio, 
nor were thae  any eKecP on any measurea of offapring viablllty or 
growth. Serum T, was reduced in a dose-dependent manner in 
fetusea on OD M (at least 15%) and offspring on PND 4 and PND 
14 (20 and 64% marimal in the 10 and 30 mglk@day groups. 
respectively), but recovered to control levels by PND 36. Reduc- 
tion in serum T, waa a h  noted in GD M d m  (48% at highest 
dose), as well as PND 22 dsmr (44% at Ngbest dose). There waa 
no algnlllesnt effect of DE 71 on T, conceormtions at any time in 
the dams or the offipring. I n c d  liver to body weight ration in 
offspring were wnristeat with indudon of EROD (maximal 95- 
fold). PROD (marlmal %fold) or UDPGT Ondmal  4.7-fold). 
Induction of PROD was stmilar in both dams and offspring;. 
however, EROD and UDPGT induction were much greater in 
offq~ring compared to dams @OD = 3.8-fold: UDPGT = 0.5- 
fold). Thae  data support the conduelon that DE-71 is an end* 
crine disrupter in rat8 durlng development. 

The information in this dacumcnt has been subjected ra rcvicar by the 
National H d t h  and Envimnmmtal Effecb Rcscarch Laboratory. U.S. Envi- 
mnmenml Promtion Agmoy, and approved for publication. Appmval docs not 
signify Ulat the conten5 reflect #he views of the Agency, nor d a o  menlion of  
mdc m c r  or commsmial nmduce canstinttc endanumnt or rewmmenda- 
tion far uac. 

' T o  whom wmpdndcnce rhould be a d d 1 4  at the N~mroxicnlogy 
Oivisian, UP-74B. ~xsimm~ Hcalth urd E~uimnmcntal ERecU ~aborat&. 
U.S. EPA. Rescarch Trivlglc Puk. NC 2771 1. Fu: (919) 541-4849. E-mail: 
cmtbn.kevin@cpa.gov. 

ronyteet a/. ,  1999; Sellstrom eta/ . ,  1993; Stem and lkonomou, 
2000, She etal., in press) have focused worldwide anention on 
the potential health effects of PBDEs (Damemd el a/.. 2001; 
Hooper and McDonald, 2000; McDonald, in press). The PBDE 
congenen found in biota and human samples are predomi- 
nately 2,2',4,4'-letraBDE (NPAC: BDE-47), followed by 
2,2'.4,4',5-pentaBDE (BDE-99) and 2,2',4,4',6-pentaBDE 
(BDE-100) (Kierkegaard et a/.. 1999; Lindstrom et a/., 1999; 
Meironyte etal . ,  1999; Strandman et a/. ,  1999). 

Recent evidence from animal models suggests that exposure 
to some PBDES results in d i s~p t ion  of thyroid honnone ho- 
meostasis (for reviews see Damemd et a/., 2001; H b p e r  and 
McDonald. 2000, McDonald, in press). Studies in both rats and 
mice showed that exposure to 22',4.4'-tetraBDE as low as 18 
mgkglday for 14 days decreased circulating thyroxine (T,) 
concentrations (Damemd and Sinjari, 1996; Hallgren and 
Damemd, 1998). Shorl-term exposures to some commercial 
PBDE mixtures such an DE-71 and Bmmkal 70 (consisting 
mainly of tetra- and penta-BDE) induced hypothyroxinemia in 
both rats and mice ( D a r n e d  and Sinjari. 1996; Fowles et a/. ,  
1994; IPCS, 1994: Zhou el a/.. 2001). Furthermore, both com- 
mercial mixtures and BDE-47 have been demonstrated to in- 
duce both phase I (ethoxyresomfin-0-deethylase [EROD] and 
penroxy~esomh-Odeethylase [PROD]), and phase I1 meta- 
bolic enzyme activity (uridinediphosphate-glucuronosyltrans- 
f e m e  VDPGT]) (Carlson, 1980a.b; Fowles eta/ . ,  1994; Hall- 
gren and Damemd, 1998; von Meyerinck el a/.. 1990; Zhou et 
at.. 2001). T, glucuronidation by phase II UDPGT enzymes in 
liver has been suggested as one of the mechanisms contributing 
to circulating T, depletion by PBDEs and other polyhaloge- 
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nated aromatic hydrocarbons (PHAHs) (Brouwer er a/., 1998; 
Hallgren and Darnemd. 1998; Zhou er a/. .  2001). 

Normal thyroid hormone homeostasis is essential for devel- 
opment of many organs including the brain (Chan and Kilby, 
2000; Dussault and Ruel, 1987). Chemicals that dismpt thyroid 
hormone systems during pregnancy may have profound ad- 
verse impact on the normal development process of the brain 
(Brouwer et a/. ,  1998; Porterfield, 2000; Porterfield and Hen- 
drich, 1993; Zoeller and CroAon, 2000). In humans, develop 
mental hypothyroidism leads lo a characteristic deafness and 
mental retardation (Boyages and Halpern, 1993). Hypothymx- 
inemia during fetal andlor posmatal periods, even when serum 
hiiodothymnine (T,) concentration is normal, can lead to per- 
manent functional abnonalities in children (e.g., Haddow el 
a/., 1999; Laraen. 1982; Morreale de Escobar el a/ . ,  2000). 
Brouwer el a / .  (1998) proposed that thyroid hormone d i m p  
tion induced by PHAHs might be at least partially responsible 
for neurochemical ind behavioral changes observed in labora- 
tory animal studies. Adverse neurobehavioral effects were 
found in neonatal mice exposed developmentally to single 
PBDE congeners (Eriksson er ul.. 1998, 1999; Vibcrg el a/., 
2000). 

Considering that the rapid increase in PBDEs in human 
breast milk (Meimnyte el a/ . ,  1999) suggests an increasing risk 
of developmental exposure, and previous data from animal 
exposures indicate an adverse effect of PBDEs on thyroid 
hormone homeostasis (Damerud and Sinjari, 1996; Fowles et 
a/., 1994: IPCS, 1994; Zhou el a/ . ,  2001). the purpose of the 
present study was to characterize the disruptive effests on 
thyroid hormones of developmental exposure to a commercial 
PBDE mix- (DE-71) in both dams and offspring. Induction 
of hepatic enzyme activity, EROD, PROD, and UDPOTs, were 
also examined to help characterize possible biochemical mech- 
anisms for thyroid hormone disruption. EROD and PROD 
activity were monitored as biomarkers of aryl hydrocarbon 
(Ah)-type and phenobarbital (Pb)-lype induction of UDPOT 
isoforms. 

METHODS AND MATERIALS 

Anlntds All animal pmcduns were approved in advance by our facili- 
ty's InstiNtianal Animal Cam and Usc Cammittn. T i m c - p r c ~ t  Long.Evaru 
female ram, approximately 80-90 days of age, were obtained fmm Charles 
River Laboratories. Inc. (Raleigh, NC) on OD 2, and wsre sllawcd 4 days 
acclimation in on Amcrican Asmistion for Accreditation of Laboratory An- 
imal Cnrc-appmved animal facility prior to being treated Dams wcrc h a d  
individually in p l d c  ugcs (45 X 24 X 20 cm) with sterilized pine shaving8 
as bedding. which was changed twice s wcck except an the day o f  parturition 
(i.e., GD 21). They were mainlaincd at 21 Z 2'C with 50 + I(Ph humidity on 
a 12 light:12 dmk(OMX)-1800 h) photoperiod. with k c  seceas lo food (Purim 
Rodent Chow. Bamcl Supply Co., Durham. NC) and Up water ad libirun. 

On OD 21. dams were checked for the number of pups delivered at 0800, 
1000. 1200. 1500, and 1700 b and pupa were aged sl PND 0 on thc date of 
binh. All nonpregnant ram w n  cuthanized. On PND 4, 7. 14. and 21. 
offspring wcm counted. wxed, and pupweighed by sex. Avvagc pup weight 
by sn wns ealculntcd by dividing the gmup weight by the number of pups. In 
addition, M y  weighla w m  recorded on PNIh 36 and W, prior to tissue 
collection. Liners w m  culled to either 8 or 10 pups pcr liner with the number 

of p w  kept similar, to the degree possible within I or 2 pup, thmvghout the 
prowcaning pcriod. Pups wcre checked daily for cyc opening (pups with at 
least one eye open) fmm PNDs 1 1  thmugh 18. h p s  we= weaned on PND 21, 
and hound by gender in p u p s  of 2 or 3 per cage. 

Ck&& and m&mL DE-71 (penla-BDE, lot 755OOKZOA) w gen- 
erously supplied by the Gnat Lakw Chcmicill Corparation (West Lafayme. 
M). DE-71 is a mixture that consists primarily of tem and pmta congcncn 
(scc Sjodin. ZWO), The amok DE-71 salurion (3W mglml) was prepared by 
mixing the compound with wrn oil and aonicating it for 30 min e 40°C. The 
dcaired dosing solutions (I. 10, or 30 mglml) were obrained by serial dilution 
with earn ail. 

WmJ were w i p e d  to marmen1 goups in a mirandam, weight-halaneed 
Fashion before beinn treated. Bodv wcinhts of dam wcre ncordcd nnd &inn - . - - 
volumes s0)mcd on a h l y  b u r  Thry v n s  orally daud, n s  gavoyr, utth 
DE-71 10. 1. 10. o r  10 rnflgdayj fmm (ill 6 tltmuyh PtiD 21. ~xcepl fw 
PtiD 0 (my uf blnh) whrn dam ucrc lsfl undlaubcd The dams (GD 20 and 
PND 22) i d  offspring (GD 20 and PND 4, 14.36, and 90) wne dceapimted 
far urllection of trunk b l d .  Livcr samplca wen removed immcdistely and 
fm- in liquid nimacn. S c m  was obtained s k  cloainp whale blood on ice . - 
for appmximately I 5 h. B~llawod by cenIrihrg.nan a 2500 rpm at J'C far 20 
mi". Due lo the Ilmlted mount of aamplca collecvd fur GD 20. PND 4. and 
PND 14 pupr, m m  or liver samples within a liner wem pmled. Far pupr at 
ogcs PND 36 and PND 90.1 malc and I fcmalc pup per liner wcre randomly 
sampled for M y  weight mcnaunment and wllcction of m and liver 
-dm. All snum and livcr samelcs far each nne mint werc obtsincd fmm a - .  
minimum of 8 liners, and ivcn stored st -80°C until anslysis for thymid 
hormone (T, and T,) cancmmtionr and hepatic mzyms (EROD, PROD, and 
UDPGT) activity. 

Thnoid hornon, m a  Serum total wncenmtions o f  T. and TI were 
measked as prcviausly &scribed (Goldcy and Crofton, 1 9 9 8 ; ~ a l d e ~ ~ n  01.. 
1995). Sctum total T, and T, were measvred in duplicate by using standard 
radioimmunoessay kits (Dinlplostic Roducm Carp., Las ~ n k l c a ,  CA). Inrra- 
asssy and internsay cmffieicpm o f  variance for the onsays were below 10%. 
Since T, wnccnmtions for OD20 f m u a  w m  below 10 nglml, a otnndard 
w e  ranging fmm 2.5 to 120 ndd, nnd double volume of ~crum samples 
(50 fil) were used. The sensitivity for our T. -y wan 2.99 nglml, which 
renrlted in 90.49% binding. Ihercfom. any result bslow this limit of quanti- 
tarion (LOP), i.c.. above 90.49% spsiflc binding wna mrdcd ns 2.99 nglml. 
T, w a  not assayed in scnun fmm GD20 fWcs, due to thc limited sample 
volumcs avnilablc. 

H q d c  emvme m'vlry may. Livcr micmsamal lractions wcre prepared 
aa dueribed previously (DeVito d 01.. 1993). Micrmamal pmtcin concenm- 
tions wcrc determined wing thc Bio-Rad protein m y  kit (Bio-Rad, Rich- 
mond CA) with bovine serum albumin as h e  standard. H m t i c  miemsamal 
EROD activity (a marlrcr for CYPlAl activity) and PROD &viW (a marker 
ofCYP2B activity) wcm assayed using the method of DcVito erai. (1993). All 
mbnwte conecnmtions wem 1.5 nM. Both EROD and PROD vslvcs were 
calculotd as pmol resorufln pcr mg pmtein pcr tiin, or pn. 30 min for OD 20 
feNm (all dam consted to pcr mi" raw). PROD and UDPGT activity wcre 
not m r a m d  for samples obtained fmm GO 20 femscs, due to limited 
svsilablc snmole. 

Hepatic mirmaomsl T,-UDPGT activity wan assayed ns described in Zhau 
rr oi. (2001). Briefly. 100 4 micrnaomcs (2 mg pmtein per ml Tr imCI buffer) 
wcre incubated st 37°C with purified, radiolabclcd T,, 6-n-pmpyl-2-thiourscil 
IPTU), and UDPOA (or no UDPGA for bid) over a 30.min period. The 
rcaetion was stoppd by addition of ice-cold methanol followed bv crnuifir- .. . 
sation and miring the supermmt with HCI. The formed glucumnyl T, fl.43). 
sspanted by chmmotogsphy on lipphilie ssphadex LH-20 w l u m ,  wsl 
counted on the gmmaaunlor. The UDPGT activity was calculated ns pmot 
T,-G per mg pmtein pcr min. 

I*no andyrL All slatisrical analyses wva performed on SASO 6.12 (SAS 
Institute. Inc.. Cary. NC). 'The liner was the stntiatical unit for all analyses. 
Annlysis of variance (ANOVA) was d to a n a l p  for effects of m m s n t  
and interntiom. If them was mom h n  one independent variable, sipiflcant 
interactions wsre followed by itcpdoun ANOVA teats for each independent 
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FlO. 2. There was s lack of  s f fm o f  DE-71 on eye openinn. & m i n e d  
as thc pmcntagc of all pups within a litter with at lesst one eye open at each 
u p .  Dola am presented as gmup mcans f S% symbol0 with no apparent crmr 
bars have m r  estimatca hiddm by the symbol. 

(gestation: F(3,165) = 0.22.p < 0.8853; lactation: F(3.114) = 
0 . 2 7 , ~  < 0.8438). Consistent with the overall changes in body 
weight due to pregnancy, there were main effects of age during 
both gestation (F(14.152) = 402.22. p < 0.0001) and lactation 
(F(19.96) = 37.16, p < 0.0001; Fig. I). For preweaning 
offspring body weights, there were no significant interactions 
of treatment with any other variables(all F values < 1.44, p 

iii' 
cn m ( w 9  

A) Dam 
n 10 W d W  : 0.08 

values > 0.2445). nor was there a main effect of treatment 
(F(3.41) = 0.94, p < 0.4296). Consistent with postnatal 
growth, there was a main effect of age (F(3,39) = 618 .37 ,~  < 
0.0001). There were no significant interactions of treatment 
with any other variables (all F values < 0.42. p values > 
0.6963), nor was there a main effect of treatment (F(3,70) = 
0 . 2 5 , ~  < 0.8620). There was a significant interaction of gender 
and age (F(1,70) = 313.63. p < 0.0001) that was consistent 
with age-related increases in body weight (Fig. I), and more so 
in males than in females (body weight data not shown by 
gender). 

Eye opening was first observed on PND 14, and all groups 
showed 100% eye opening by PND 18 (Fig. 2). Repeated 
measures ANOVA revealed no main effect of treatment on eye 
opening (F(4,118) = 1.99, p < 0.1191). nor at any age by 
treatment interaction (F(12.304) = 0.82, p < 0.6263). There 
was a highly significant main effect of age (F(4.115) = 
1734.49, p < 0.0001) reflecting the normal ontogeny of eye 
opening (Fig. 2). 

Exposure to DE-71 caused an increase in liver weight in 
both pregnant and lactating dams. There was a significant 
treatment-related increase in liver-to-body weight ratio in the 
30 mg/kg/day gmup at both ages compared to controls (Fig. 
3A). This increased ratio was due to an in'creasc in liver 
weights of approximately 8% in the high dose, relative to 
controls. This was confirmed by a main effect of treatment 
(F(3.81) = 3.18, p < 0.0282). but no treatment-by-age inter- 
action (F(3.81) = 0.34, p < 0.7951). There was also a main 
effect of age (F(1,8I) = 129.84. p < 0.0001) that reflects an 

-- -- 

B) Offspring 

Age Age (days) 

FIG. 3. Dcvelaomcntal ermsvre la DE-71 siwificanrlv increased liver-to-bodv weight ratios in dams (A). and simiflcantlv i n c h  liver weiphre in - . - . , - " 
offspring during lhe early pasmaral period (El). Inset: data From pan4 B crprclscd M a percent nf daily conual mcans. Data arc prcxntcd as gmup means f 
SE, symbols with no apparent enor barn have crmr estimates hidden by the symbol. 'Significantly different fmm the mspectivc age eanml,p < 0.05. 



DEVELOPMENTAL EXPOSURE TO BOE IN RATS 

FIG. 4. S c m  total T, wnccnmtioru af dam, fnw, and oflipring aparuro ta DE-71 during gesmtion and Inemtion. T, conmvatioru WOE dccrrawd in 
d m  st the highcat dmt (A), and ferurn and oflipring a ths middle and high doscs (B). I&: dnm fmm p e l  B crprrMod ss s p c m t  of daily control m-. 
Them WM no ddccable dfcct on m u m  tatal T, concntrationa in dams or oflipring (data not rhoam). Daa arc prrscnt.4 a8 gmup m m  -i SE: symbols with 
no 8-01 m r  ban have m r  estimates hidden by the symbol. *Signiflmlly dlffmnt fmm tho mswtivc ago wntml,p < 0.0% 

. overall increase in liver-to-body weight ratios from GD 20 to 
PND 22 (Fig. 3A). 

Maternal exposure to DE-71 caused dose-dependent in- 
creases in liver weightn in offspring during the early prewean- 
ing period that rehuned to wntrol levels by PND 36 (Fig. 38). 
This increase was much greater than that seen in the dams. 
Maximal 'increases in offspring were 35% and 39% above 
controls at PND 4 and PND 14, respectively (compared to 8% 
increases in the dams). Statistically, these conclusions were 
suppot&d by a significant treatment-by-age interaction 
(F(12.203) = 5.25, p < 0.0001), a main effect of treatment 
(F(3,IZ) = 1 9 . 2 8 , ~  < O.MW)I), and an effect of age (F(4.12) = 
13.68, p < 0.0001). Stepdown ANOVAs at each age indicated 
significant effect6 of treatment on PND 4 (F(3,51) = 13.93, 
p < 0.0001) and PND 14 (F(3,50) = 9.52, p C 0.0001). 
Results of mean contrast comparisons at each age sampled arc 
illustrated in Figure 3B. 

m.vrold Hormones 

Perinatal maternal exposure to DE-71 caused a decrease in 
semm total T, in dams, fetuses, and offspring (Fig. 4). The 
effects in the dam were present during both gestation and 
lactation. On GD 20 there was a significant decrease only in the 
high dose (48% relative to controls). On PND 22 there again 
was only a significant decrease in the high-dose gmup (44% 
relative to controls). These inferences were supported by a 
significant treatment-by-age interaction (F(3,83) = 4.30, p < 

0.0071) that resulted from a slightly larger dose effect on PND 
22 and a high overall serum concentration of T, on PND 22 
(Fig. 4A). For dams, there were main effects of heahnent at 
GD 20 (F(3,47) = 4.23, p < 0.0099) and PND 22 (F(3,36) = 
27.37, p < 0.0001). Results of mean contrast comparisons at 
each age sampled are illustrated in Figure 4A. 

The effects of maternal exposure to DE-71 on T, concen- 
trations in fetuses and offspring were age-dependent. Fetal 
serum ooncentrations of total T, in the 10 and 30 mgikglday 
groups were significantly decreased compared to controls @ < 
0.05). However, the extent of this decrease is uncertain. The 
concenwtion of serum total T, in the control fetuses was 
approximately 3.5 t. 0.2 np/dl. Because the LOQ for T, was 
2.99 ngldl, this resulted in an assay that was only able to detect 
a maximal reduction of -15% relative to the control group. 
The ratio of the number of samples below the LOQ over the 
total number of samples per group were: controls, 3/12; 1 
mgikglday. 7/12; 10 mgikglday, 11112; and 30 mgikglday. 
12/12. All samples for all other ages were above the LOQ. On 
PND 4 and PND 14, significant dose-dependent decreases were 
obsewed in the 2 highest dose groups with maximal decreases 
of 40% on PND 4 and 66% on PND 14. Serum total T, 
concentrations retumed to control levels by PND 36 and re- 
mained unaffected on PND 90. These conclusions were sup- 
ported by a significant interaction of treatment and age 
(F(12.229) = 1 1 . 2 3 , ~  < 0.0001). Step-down ANOVAs by age 
revealed significant effects of heahnent on PND 4 (F(3,50) = 
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PIG. 5. Devclopmcntal expasun to DE-71 caused an ine- in hepatic micmsomal EROD activity for duma, fetuses, and offspring. Data src prcscntcd u 
group m- 2 SE; symbols with w apparent c m r  bars have crm csLimaDcs hidden by h e  synbol. *Signihdy differmt fmm the rcspstivc a& con!ml.p < 0.05. 

6.61,p<0.0008)andPND 14(F(3,49) = 29.41,p< 0.0001). 
There was a significant main effect of age (F(4,219) = 377.37, 
p < 0.0001) that reflected normal age-related increases in T, 
concentrations. For the fetal T, data, there was a main effect of 
treatment k2(3)  = 16.94, p < 0.0007). Results of the mean 
contrasts are illushated in Figure 4B. 

There were no treatment-related effects of developmental 
DE-71 exposure on serum total T, concentrations in either the 
dams or the offspring (data not shown). There were no signif- 
icant main effects of treatmmt, nor any interactions of treat- 
ment and age for either dams or pups (all p > 0.5). There was 
a significant effect ofage in dams (F(1,83) = 7 . 3 5 , ~  < 0.0081) 
that reflects a slightly lower (- 10%) concentration of T, in the 
PND 22 dams (88.75 + 5.3 ng/dl) compared to GD 20 dams 
(98.72 ir 3.7 @dl). There was also a significant effect of age 
in offspring (F(3.159) = 214.57, p < 0.0001) that reflects an 
age-related increase in s m ~  total T, (in controls: 23.89 2 
3.33 nddl at PND 4; 84.27 r 6.38 ng/dl at PND 14; 119.08 2 
5.06 ng/dl at PND 36; and 109.79 ir 5.22 ng/dl at PND 90). 

fleyalic Enzyme Acfivi@ 

Maternal exposure to DE-71 resulted in significant increases 
in hepatic EROD, PROD, and UDPGT activity in both dams 
and offspring (Figs. 5. 6, and 7). 

Hepatic EROD activity was slightly increased indams on 
GD 20 compared to PND 22 (Fig. 5A). There were dose- 
dependent increases in EROD activity of 2.4-fold and 3.7-fold 
on GD 20, and 1.8-fold and 2.9-fold on PND 22, in the 10 and 
30 mgikglday groups, respectively. These conclusions were 
confirmed statistically with a significant treatment-by-age in- 

teraction (F(3.81) = 7 . 9 5 , ~  < 0.0001), and significant effects 
of treatment on GD 20 (F(3,45) = 134.92, p < 0.0001) and 
PND 22 (F(3.36) = 5 8 . 4 3 , ~  < 0.0001). There was no effect of 
the I mgikg/dny dose on EROD activity. 

Hepatic EROD activity in fetuses and offspring was in- 
creased as a result of maternal exposure to DE-71 (Fig. 5B). 
Fetal EROD activity was significantly increased 2.5-fold in the 
high-dose group on GD 20. Offspring EROD activity was 
significantly increased, 39-fold and 95-fold, on PND 4 and 
20-fold and 57-fold on PND 14 in the 10 and 30 mgikglday 
groups, respectively. There was a much smaller, yet significant, 
increase of 0.5-fold in the high-dose p u p  on PND 36. There 
were no heatmmt-related changes in EROD activity on PND 
90. These effects were confirmed by a significant treatment- 
by-age interaction (F(12,2.19) = 100.99, p < 0.0001) and 
significant main effects of treatment on GD 20 (F(3,26) = 
7.32, p < 0.0010), PND 4 (F(3,49) = 219.61, p < 0.0001). 
PND 14 (F(3.48) = 137.40, p < 0.0001). and PND 36 
(F(3,40) = 3 . 9 6 , ~  < 0.0146). There was also a main effect of 
age (F(4.219) = 227.15, p < 0.0001) that resulted from the 
large treatment-related increases at the younger ages, as well as 
increases in basal activity in control samples as a function of 
age (Fig. 58). Results of mean contrast comparisons at each 
age sampled are illustrated in Figure 5B. 

Hepatic PROD activity was increased slightly more in dams 
on PND 22 compared to GD 20 (Fig. 6A). There were dose- 
dependent increases in PROD activity of 9-fold and 19-fold on 
GD 20, and Bfold and 24-fold on PND 22 in the 10 and 30 
mgikglday groups, respectively. These conclusions were con- 
firmed statistically with a significant treatment-by-age interac- 
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action (F(9,193) = 40.64, p < 0.0001) and significant main 
effects of treatment on PND 4 (F(3,49) = 125 .90 ,~  < 0.0001). 
PND 14 (F(3,48) = 81.59, p < 0.0001). and PND 36 
(F(3,40) = 11.89,p < 0.0001). There was also a main effect of 
age (F(3,193) = 158.79, p < 0.0001) that resulted from the 
large treatment-related increases at the younger ages. In con- 
trast to EROD activity, PROD activity did not vary signifi- 
cantly as a function of age in control samples (Fig. 68). Results 
of mean contrast comparisons at each age sampled are illus- 
trated in F i m  6B. - 

The effects of perinatal maternal exposure to DE-71 on 
hepatic UDPGT activity, measured as T, glucuronidation. is 
illustrated in Figure 7. Exposure to DE-1 I caused increases 
in the rate of glucuronidation of T, in both dams and 
offspring. In dams, there was a similar increase of about 
1.6-fold in UDPGT activity, only in the high-dose groups, 
on hoth GD 20 and PND 22 (Fig. 7A). There were no effects 
on UDPGT activity detected in the two lower doses. These 
conclusions were confirmed statistically by a nonsignificant 
treatment-by-age interaction (F(3,55) = 1.04, p < 0.3839), 
and a significant main effect of treatment (F(3,55) = 13.52, 
p < 0.0001). There was no main effect of age (F(l.55) = 
0.05, p < 0.8190) reflecting a similar basal activity level on 
both days. 

Hepatic UDPGT activity in offspring was increased as a 
result of maternal exposure to DE-71 (Fig. 78). Offspring 
UDPGT activity was significantly increased 1.9-fold and 4.7- 
fold on PNDs 4 and 14, respectively. in the 30 mgkg/dny 
group. There was no significant effect of any lower doses on 
PNDs 4 or 14. There were no effects of exposure on PND 36 
or PND 90. These effects were confirmed by a significant 
treatment-by-age interaction (F(9,146) = 5.89, p < 0.0001) 
nnd significant main effects of treatment on PND 4 (F(3.44) = 
1 0 . 6 5 , ~  < 0.0001)and PNDI4 (F(3.50) = 1 4 . 1 7 , ~  < 0.0001). 
There was also a main effect of age (F(3,193) = 158.79, p < 
0.0001) that reklted from the large treatment-related increases 
at the younger ages. There was a small decrease in basal 
UDPGT activity in control offspring on PND 14 (0.39 + 03 
pmol T,-Glmg pmteidmin) compared lo PND 4 (0.75 + 0.06). 
PND 36 (0.59 2 0.07) and PND 90(0.89 + 0.12). Results of 
mean contrast comparisons at each age sampled are illustrated 
in Figure 78. 

NOELs and model estimates for BMDs and BMDLs are 
shown in Tahle 2. The relationship for NOELs and BMDs 
vary by endpoint. These variations are likely due to the 
effects of data variability and dose spacing on the NOEL 
estimates. Based on visual inspection of the data, BMD 
estimates appeared to be bener approximations of potency. 
BMD estimates for all endpoints were lower for neonates 
compared to dams. BMDs for EROD and PROD were up to 
an order of magnitude lower in neonates when compared to 
dams, whereas there was only a 2-4-fold difference for T, 
and UDPGT (Table 2). 

TABLE 2 
NOEL, BMD, nod BMDL Estimates for the Effects 

of Developmental Exposwe to DE-71 

Nconate Dam 

Rcnpancz NOEL BMD BMDL NOEL BMD BMDL 

Serum T, I 2.36 , 0.94 10 6.13 4.03 
BROD I 0.43 0.3 1 I 4.01 2.4 
PROD I 0.48 0.36 I 3.8 1.66 
UDPGT 10 5.50 3.41 10 21.05 11.22 

Note. All valuca arc in mgkgldey. Dare far nwnstal T, and UDPGT we 
fmm PND 14; nconsml EROD and PROD dam arc fmm PND 4. DPU for h 
fmm GD 20. crccpl PROD hom PND 22. 

DISCUSSION 

Developmental exposure to DE-71 caused a significant re- 
duction in serum T, in both dams and offspring. This exposure 
regimen did not affect dam or offspring body weights, nor did 
it alter sex ratio, littar size; or postnatal survival. Hepatic 
enzyme activity (EROD, PROD, and UDPGT) among PBDE- 
treated dams and offspring were significantly increased com- 
pared to controls, hut the magnitude of the increase was higher 
among the offspring relative to the dams. Following cessation 
of exposure, there was a full recovery in T, and UDPGT on 
PND 36, while hepatic EROD and PROD activity had not 
completely returned to control levels until PND 90. Consistent 
with increased hepatic metabolic activity were increased liver 
weights in hoth dams and offspring. 

The current study demonstrated a perinatal hypothyroxine- 
mia following DE-71 developmental exposure. DE-71 caused 
dose- and time-dependent reductions in senun total T, concrn- 
trations in fetal and postnatal rats (GD 20, PND 4, and PND 
14), with a maximal reduction of 66% occurring at the highest 
doses on PND 14. There was a complete recovery in hypothy- 
roxinemia in rats on PND 36, 15 days after cessation of 
lactation exposure. It is important to note that the large number 
of samples below the LOQ suggest that the magnitude of 
reduction in T, during the fetal period is uncertain and may he 
underestimated. The effect of DE-71 on T, was less pro- 
nounced in dams than in offsorinn. This is reflected in lower 
NOEL (10-fold) and BMD (2-fo'id) values in the offspring 
compared to dams and indicates that the offspring are more 
sensitive to the effects of DE-71 than pregnant dams. Serum 
total T, was not affected by DE-71 in either dams or offspring 
at any time point sampled. 

The effects of DE-71 reported here, decreases in T, with no 
significant changes in TI, are consistent with previous reports 
on the effects of PBDE exposures, and extends those findings 
to include effects in the dam, fetus, and developing offspring. 
Norris (1975) first reported the thyrotoxic effects of PBDE 
compounds in a 30-day exposure in adult rats to octa- and 
deceBDE mixtures, which resulted in thyroid hyperplasia. 
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Fowles el a/. (1994) first showed that T, was decreased in mice 
exposed for 14 days to 18. 36. or 72 mgkglday of DE-71. 
Damerud and Sinjari (1996) demonstrated decreased total 
plasma T, in both rats and mice exposed for 14 days to 18 or 
36 mpkglday of Bromkal.70. These same authors also exposed 
mice to I8 mpkg/day of BDE-47 and found a 3 1% decrease in 
total plasma T,. Hallgren and Darnerud (1998) found decreases 
in both total .and free plasma T, with no increase in TSH 
following a 14-day exposure of female rats to 18 mpkg/day 
BDE-47. In a 90-day study, T, concentrations were decreased, 
but T, concentrations were not altered in rats administered 
doses as high as 100 mpkglday DE-71 in the diet (IPCS, 
1994). This is consistent with a previous 4-day expoaure study 
in weanling rats (Zhou er a/., 2001), where there was no 
significant reduction in T, at doses up to 30 mgkglday. Rosiak 
er a/. (1997) reported that maternal exposure to individual 
chlorinated diphenyl ether congenm (2,2',4.4',5,5'-hoxachlo- 
rodiphenyl ether; 2,2',4.5,6'-pentachlomdiphenyl ether) dc- 
pressed TI in dams dwing gestation and in preweaning off- 
spring. These chlorinated diphenyl ether congeners did not 
affect serum TI or TSH concenh~ations in maternal or juvenile 
rats. The mechanism(s) responsible for the lack of effects of 
DE-71 on serum T, are currently unknown. Possible mecha- 
nisms include increased tissue-specific conversion of T, to T, 
due to increased deiodinase activity (Raasmaja el a/., 1996). 
Alternatively, there may be an increased hepatic catabolism 
and c l e a k c e  of T,, and not T,. Recent work by Hood and 
Klaassen (2000) has demonstrated that Aroclor 1254 (A 1254), 
a polychlorinated biphenyl mixture, decreases serum T, and 
induces glucuronidation of T,, but does not alter serum T, 
concentrations or T, glucumnidation (see also discussion be- 
low). In general, the data presented herein clearly demonstrate 
that PBDEs adversely impact circulating concentrations of T,. 

The data in this paper do not show a clear relationship 
between serum T, depletion and induction of the T,-UDPGT 
activity. Significant reduction in T, was obsewed in doses as 
low as 10 mpkglday for dams at OD 20 and PND 22, and for 
offspring at PNDs 4 and 14. However, only the 30 mgkg/day 
treatment groups showed significant induction of T,-UDPGT 
activity. One explanation for the inconsistency between T, 
concentrations and UDPGT activity is that the T,-UDPGT 
assay may be a better biomarker for the isoforms of UDPGT 
that are induced by Ah-receptor agonists compared to pheno- 
barbital-like agonists (Craft et a/., 2001). A second possible 
explanation for this lack of correlation is that PBDE congeners 
and metabolites, as well as saucturally similar PCBs, are 
known to displace T, from transthyrethin (TTR), the major 
protein that @napom thyroid hormones in rats and mice 
(Chauhan el a/., 2000, Cheek et a/., 1999; Meerts eral., 2000). 
While the exact role this mechanism plays in the regulation of 
serum concentrations of T, is unknown, displacement of serum 
T, could lead to increased glucuronidation and a consequent 
lowered serum concentration of T,. PBDEs may also have 
direct effects on the thymid gland (Brouwer et a/., 1998). 
However, previous studies (Darnerud and Sinjari. 1996; Zhou 

eta/., 2001) found no evidence of increased thyroid stimulating 
hormone (TSH). Previous work with other PHAHs, such aa 
A1254 and some chlorinated diphenyl ethers, have also failed 
to find any upregulation of TSH during development (Goldey 
et a/. 1995; Morse et a/., 1996; Rosiak ef a/., 1997). This 
indicates a lack of activation of the hypothalamic-pituitary- 
thyroid feedback process normally found with direct acting 
thyrotoxicants (Capen, 1997; DeVito ef a/., 1999). Interest- 
ingly, long-term exposure studies to the deca-BDE have found 
small increases in the rate of thyroid hyperplasia and neoplasia 
(Norris et a/., 1975; NTP, 1986). However, no long-term 
cancer bioassays have been conducted on the tetra-, penta-, or 
octa-BDEs. A combination of the above mentioned mecha- 
nisms might be ultimately responsible for the difference be- 
tween measured increases in UDPGT activity and decreases in 
serum T, concentrations. 

Developmental exposure to DE-71 resulted in increased 
hepatic metabolic activity in dams, fetuses, and offspring. 
DE-71 exposure resulted in increased EROD, PROD, and 
UDPGT activity in dams during both gestation and lactation, 
with the amount of induction fairly similar at both time points. 
There was a slightly larger increase in EROD induction on GD 
20 (3.7-fold) compared to PND 22 (2.9-fold) and a slightly 
higher PROD induction on PND 22 (24-fold) compared to GD 
20 (19-fold). There was no statistically significant effect of age 
for UDPGT induction (1.6-fold). It is unlikely that the small 
difference in EROD activiiy prenatally versus poslnntally is 
biologically significant. These data suggest that the level of 
induction of hepatic metabolizing enzymes, as measwed by 
EROD, PROD, and UDPGT activity, is relatively similar at the 
end of pregnancy and the end of lactation. This is the' first 
report of increased hepatic Phase-l and Phase-2 activity by 
PBDEs in pregnant animals. Previous reports have found in- 
creased liver weights in pregnant rabbits exposed to Saytex 
I l I; a commercial mixture consisting mostly of hepta- and 
octa-BDEs (Breslin el 01.. 1989). Norris el a/. (1975) reported 
no effect of a deca-BDE mixture on liver weights in dams from 
a rat teratology study. 

Developmental exposure to DE-71 resulted in increased 
hepatic micmsomal enzyme activity at both fetal and early 
postnatal time periods. EROD and PROD activity were in- 
creased on PND 4, PND 14 and PND 36, with activity return- 
ing to conh.01 levels by PND 90: UDPGT activity was in- 
creased on PND 4 and PND 14, and recovered to control levels 
by PND 36. Consistent with increased hepatic metabolic ac- 
tivity were increased liver weights in the offspring. Important 
to note was that EROD was also increased on GD 20. This 
supports a conclusion of significant fetal exposure to DE-71 
andlor metabolites. Liver weights in fetuses were not statisti- 
cally different. These effects are consistent with a number of 
previous reports on the effects of PBDE exposure in weanling 
or adult rats and mice. Carlson (1980~; 1980b) showed that 
both 14- and 90-day exposures to penta- andotca-BDE mix- 
hues increased hepatic benzo-[a]-pyrene and p-nitroanisole 
metabolism. von Meyerinck el a/. (1990) found increased 
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EROD and benzphetamine N-demethylation activity in hepatic 
tissue from mice treated for 14 days with Bromkal 70. In- 
creased EROD and PROD activity were found in mice exposed 
to DE-71 'for 14 days, but only increased PROD was found 
following acute exposure (Fowles et al.. 1994). More recently, 
Hallgren and Damerud (1998) reported increased EROD (3- 
fold) and PROD (14-fold) activity in rats after 14 days of 
exposure to BDE-47. 

The increase in hepatic metabolic capacity bas a number of 
important implications for the toxicity of PBDEs. First, PBDE 
mixtures have been suggested to be either solely phenobarbital- 
type inducers, such as DE-71 and DE-79 (Carlson. 1980a). or 
mixed-type inducers (i.e., phenobarbital and dioxin-like sub- 
stances) of xenobiotic metabolism such as Bromkal 70 (von 
Meyerinck er al., 1990) or DE-71 (Zhou el al., 2001). The 
present data support the conclusion that DE-71 is a mixed-type 
inducer in both pregnant rats and offspring during the early 
postnatal period. Second, the effects of DE-71 on fetal EROD 
activity following maternal exposure, together with decreased 
fetal T, concentrations, suggest placental transfer and fetal 
exposure to DE-71 congeners andlor metabolites. This is con- 
sistent with data From maternal exposure to other PHAHs such 
as dioxins and PCBs. Third, a comparison of maternallfetal and 
maternaVoffspring ratios of EROD activity suggests a much 
greater postnatal exposure to DE-71 components or their me- 
tabolites. EROD activity has been suggested as a biomarker of 
exposun to Ah-active compounds (Lagueux el al., 1999; 
Sewall et a/., 1995; Whyte e ta / . .  2000). EROD activity was 
induced to a fairly similar degree in dams and fetuses on GD 
20 (3.7-fold for dams, and 2.5-fold for fetuses). In contrast, 
induction of EROD activity was much greater in the postnatal 
offspring (95-fold) compared to the postnatal dam (2.9-fold). 
Thus, it is interesting to speculate whether there was a much 
greater magnitude of exposure to the posmatal offspring com- 
pared to both the fetus and the dam. Greater posmatal exposure 
to offspring via lactation has been demonstrated previously 
where compounds like TCDD and PCBs are lransfemd pla- 
centally to the fetus in limited quantities compared to the 
amount delivered via lactation (Crofton el a/., 2000; Masuda el 
al., 1978; Takagi el a/.. 1986; Vodicnik and Lech, 1980). 
Confirmation of this hypothesis will require developmental 
toxicokinetic studies of PBDEs. 

Lastly, there were neither significant adverse effects on dam 
or offspring body weight, nor effects on posmatal survival, sex 
ratio at birth, or litter size. These data indicate that DE-71, at 
the dosages examined, did not produce oven toxicity in either 
dams or offspring. These findings were consistent with other 
studies on commercial penta-BDE (IPCS, 1994). Commercial 
penta-BDE, as high as 100 mglkg in the diet during gestation 
and lactation, had no effects on the number of pregnancies or 
on survival and weight of the neonates. For pregnant rats given 
commercial penta-BDE from GD 6 through 15, inhibition of 
maternal body weight gain only occurred above doses of 100 
mg/kg. 

In conclusion, developmental exposure to DE-71 reduced 

circulating T, concentrations and induced hepatic EROD, 
PROD, and UDPGT activity in both dams andoffspring. The 
T,-depleting effects of DE-71 arc likely to involve multiple 
mechanisms of action. These data demonstrate that DE-71 is an 
endocrine disrupter in rats during development. 
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118 51% 818 
Li 61 7" 30 ? 1 
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V " l 7  

!i 
0 0 !I r 5.70 r 6 7J0.. INXIIY).'. r lllll... IRIU,.. ~KKI~... IMW" I~P. ,<om1 

tntimd liturricuc~l ! r w v l  UIIUI I I ~ U I  il!x: 71711 X:IIIU 71/11 811~9 ~ I / ( I  919 , ? / I 2  414 1 
H\druntphnni$ 0 

511 li,,~rr.,n.r,~~ O,?? lllliii lililll U/V I ' l l ?  V I Q  I?/ ,? XI8 515 818 113 3 
In<lCnie' ill ! I I  97.0 * 

i. 
t I.! z UP r ?  I-. Imv- lalo...  ma... m l o -  I~Iu...  mu... I(x)o.- ~moa- < o m l  ; 

\ ~ r t i < ~  i ~ t u r ~ j t o u l  r m v ,  hi lu l  ln,W I U I X ?  7017ll mi ICY 11/71 8~1nv 41/41 VIP ,?/I2 41, 
*i<",)* O i l ?  I,,, 119 I UI ? ln ,.*I I '99 1'49 2.01 ?OJ 2.17 

rillll r Oil8'.. r 0 15"' r 007". rOlN-. *OBI'" 100!'.' *111>1'" f 001." f UW"' * 0  11.. p <OlXII 

' ill mlcorn u8lIkg gd Ill. 
* DiHcrtncc in mslrrn&l hxly welghl hcluern gd ill and IH minus y v l d  vlcrur wrighl. 
' hlcan r SEM. 
V ~ r r  Ihtsr. . P C  005 $ 3  conlrul,. .. P < 0111 \ r  cunlrolr. ... P < 0,WI $ 9  Cunlrolr. 

TABLE 1 

DLYE!.<~PMENTIL TOXICITY OF 1PcBDF 

Dau IPB~LE') 

1 2 5 0  JM1 IIWJ Loo0 3OOO KC0 ANOVA 

V u m k n  a i l i l l r n  J 10 7 II 9 I1 11 

Maternal cKccu 
Weigh1 gain Ig l*  1.3 + 0.2- 0.4 r 0.5 1.0 + 0.4 1.4 + 0.5 1 . 2 r 0 . 4  l . O t 0 . l  1.4 + 0.5 NS 

L~rer/bodyw~ighr(XI,Yl) 6.7 t 0 . J  H I  t0 .2 .  8.1 t 0 . L '  7.9 t0.J. 8.6 ~0.1.. 8.8 t0.1'. 9.0 + 02.. p < O . W 1  2 
Fetal e k r r  

Weight' 1.20?0.C+, 1.11 ? 0 O 2  l l 8 r 0 . 0 4  1 1 7 f  0.03 1 . 2 J r 0 . M  l . l 8 + 0 . M  1.21 + 0.03 NS 
No live* 8 1 ~ 0 . 9  7.1 r 0 9  8 . 7 2 0 . 4  8.1 r 0 . 7  8.1 f 0.8 8.2 i 0 . 5  7.2 t 0.1 NS 2 
O i  Manr16ty4 9.4 f 2.7 21.3 + 7.2 6 2 5 3.1 4 . 1 r 1 . 8  1 6 . 1 r 6 . 9  7 . 5 t 2 . 3  n . 0 + 6 . ~  NS 8 
Clei! palale 

No. l i l tcn nlfccted 1015 0/111 017 011 1 119 311 1 911 1 
0 

% 
Incidence' (I 0 0 1.59 + 1.59 15.19 t 9.54 47.96 t 12.38.. p c D I N I  0 
R c c t c d  ietuur/tolal fcluvr 0141 017 I 0 /6 l  0189 Ill1 12/W 36/79 

HIdron~phrosi* 
l / J  6/10 7/7 9/11 919 1111 1 11/11 No. lillm ilfccled 

Incidencra 2.2 1 2 . 2  29.3 + 10.4 91.6 +).I.* 99.1 +O.Y... lIW.O... 98.7 f I.3'.. IWU'.. p < O . W I  ? 
~ R r c l r d  L t v v r l t o l r l  fctuur 11'1 1417 1 57/61 88/89 73/73 89lW 79/19 

0,111 t 0 . 0 1  0.18 t 0 . 0 8  0.81?0.09.' 1,09+0.M" 1.54rOM'.  1.80+007'. 1.9!? 0.W'. p < 0 W l  
z 

Scvcri,yd a 
10 m l r o r n  ail/kg. gd 10. 

% , N ~ ~ ~ ~ ~  in matcrna~ body wnght b;tu=n gd 10 and 18 minus gravid uterus wight.  
' h l e m  s SEM. 
"Per lillr. 



TABLE I 

I )~Y~LI)PM~N~AL T O X ~ C ~ T Y  OF 4PtBDF 

U.'lfitd 1 1 6  1.15 112 1.11 ( I 2  1.11 I 1 4  ! I 4  
fPlU +1III I  *,lo2 O M  tot, f o o l  

1.11 1.M 

so 1,s.. " 8  s o  t l l W  t o o 2  V O  v o  
fO02 

8 ,  
t o 0 2  

9 5  P 0 
NS 

9.2 
'116 r l l 4  r t l h  i n !  11.0 10.1 

9.1 11 

': Ntlnlllly' I! X.! r 0 5  t 0.5 f 0.4 * 0.1 11111 5.8 5.8 2.6 1 4  6.5 
NS 

f i n  f2.9 1.10 f l l  t1.7 * t 3  
10.0 12.5 

c*n wiAlc 
r 3.1 t 3 5  + 2.1 r 2.9 NS 

. . 
No I l t tmrVmtd  I l l h  2/11 J l io 6/12 41" 
Inrldmcr' 

11111 
I 8 2.9 

12/12 12/11 
106 6.5 

11/11 
6.7 41 6 

1111 1 
88.1 

21.1 r1.J t 4 O  f I . 7  f 6.9 f 6.9." f 1.2." IUOV" r lo... 
99 0 

l m w "  # < o m 1  
'"4 ( * l U ~ ~ l l l l l l l  I~IYY. hll51 IIV! IOl8V 711 10 11/78 46/11 
*lrn,>' 

91/111 i l U l l 2  9 S 1 m  
002 001 U M  0.01 0 6  021  85/85 1.12 I.W I 7 8  2.18 

zI10I f l l O l  ~ o s 2  l o o l  ~ 0 0 8  fool... zoll... row-.. '0.11." *OM." p < o m ,  

l o  m l  cum u i l i ke  nd 10. 
' D~Hcrrnce in rnaicmrl M y  welsh1 hclwrcn 8d I 0  md I 8  minus yravid ulrrur weight 
' \ ( e m  r S E M ,  

Per li,,<r. 

.fl c 0.05 n '.o",c"l'. .. P < 0.01 "5 COnlrDll. 
"' P < 0 MI v$ controls. 
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1 2 3 * = 6 i i i  

LOG I DOSE 1 

FIG. 2. Prohit nlot ofclcft p l n r  incndcncc. Thc indue 
lion ofc l rn  mbr b TCDD. IBDD. IBDF. IRRDF. 
and 4RBOF uar anrl!zd win8 a pnhl modrl fit to a 
mmmnn rlopofZ.!RZ ? O177lntima!r + aambrdcrmr 
ofthc ~ l l i m t l c l .  

Compovnd Ina- 

TCDD -4716 ? 0.4114 
TBDD 9.916 2 0 l a 1  
TBDF - I3 ICR f 0.925 
1 RBDF -24.181 ? I 449 
4RBDF -?3.llM f 1.412 

modibenzo-dioxin. caused a 10- to I M f o l d  
detrpaw in measures oftoxicily in vivo. This 
is in good agreement with our comparisons 
ktween TBDF and bolh I- and 4-PeBDF. 

The differential effects of teratogcnic pc- 
lcnry ktween chlorination and hromination 
of the dihenzl~pdiosins and diknzofurans 
arc of great interest. Using in ,,irm models. 
TCDF is nearly as loxic as TCDD. but in rii.~. 
TCDF is much less toxic. This has k e n  at- 
tributed to its k i n g  metabolized at a much 
greater rate than TCDD (Birnhaum. 1985). 
Likewise. I PeCDF has in vilropropenies sim- 
ilar to those of 4PeCDF. hut is less toxic. as 
asses& by its teratogenicity (Birnhaum a a / .  
1987al. Recent studies have indicated that !his 
apparent discrepancy is also due todifferential 
metabolism (Brewster and Birnkaum. 1987. 
198R). In the care ofthc hrominatcd isomers. 
TBDD and TBDF have similar teratogenic 
potencies. with TBDD heingslightly more p 
tent. This may he a refleclion ofthe increased 
s i~e  of the bromine relative to the chlorine 

{ISSEY. AND HARRIS 

atom. making enzymatic attack on the C; 
position ofthe TBDF molecule more d i e u l ~ .  
This position may be favored for metabolism 
(Burka and OvcmrecL 1989). The similarit! 
i n  TEF values for tentogenicily of I -  anc 
4PeBDF may also be,due to the size of the 
bromine atom blocking enzymatic attack on 
the C-4 position o f  IPeBDF. The reversal in 
relative potencies for TBDF and 4PeBDF vs 
TBDD compared to those o f  the chlarinatd 
isomers may also be a reflection ofthe size or 
the bromine vs the chlorine atom. The eRmr 
ofthis class ofchemicals all appear to involvp 
initial hinding of the ligand to a cytosolic pr* 
lein. known as the Ah receptor (Poland and 
Knuuon. 1982). The ligand must meet mrtain 
geometric requirements ofsire and shape. The 
prewnm of a fifth bromine atom would de- 
crease the goodness of fit. resulting in lower 
binding affinity and lessened toric effects. 

In  addition to steric considerations playing 
a role in decreased toxicity. changes in metah 
olism of the brominated isomers vs the chl* 
rinaled ones could play a role. The carbon- 
bromine bond has lower energy than the car- 
hon~h lo r ine  bond (Sovocml a ol.  1989). 
This could lead to greater rates of debromi- 
nation than of dechlorination. Thus. the de- 
crease in teratogenic effects of TBDD vr 
TCDD. while in part due to a slight decrrav 
in binding to the Ah receptor (Mason PI a/.. 
1987). may also reflect the loss of bmmine 
from the parent compound. leading toa 2.3.7- 
or 2.3.8-trihromodiknzo-dioxin. a molecule 
which would be less toric than TBDD. In ad- 
dition. the relative weakness ofthc bmmine- 
c a h n  bond appears lo  he reflected in the 
shorter whole-body half-life o f  TBDD in the 
rat. recently estimated l o  be approximately 17 
days (Kedderis PI a / .  1990) compared to 31 
days for TCDD (Rose el a / .  1976). 

In  cnnclusion. hrominated isomers and 
mngeners of T C D L T R D D .  TBDF. I PeBDF. 
and 4PeBDF-produce cleR palate and hy- 
dronephrosis in mice at doses k l ow  lhat at 
which maternal and/or fetal toxicity are evi- 
dent. In  general. thcsp bmminated isomenare 
slightly less potent than the chlorinated ones. 

EFFLCrS OF TBDD / 

However. TBDF i s  more toxic than TCDF, 
which may be due to a decrease in ics rate of 
metabolism resulting in greater persistence or 
thetoxic parent chemical. Studiesarecurrently 
in progress to tesf this hypothesis. 
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IOXKOLO~Y AND &PILIED MARM&COLOGI 1O1.151-163 (1W1) 

Aluminum Distribution into Brain and Liver of Rats and Rabbits following 
Intravenous Aluminum Lactate or C i t e :  A Microdialysis Study',2 

ROBERT A. YOKEL* VITAUTS IIDUMS.~ PATRICK J. MCNAMARA; 
AND URBAN UNGERSTED~~ 

rninum W e  or Ci ln lc  A M i i i l n i s  Study. Y- R. A. LIDUMS V .  M C N A M A R ~ .  
P. I.. AND U~F-DT. U. (1W11. T o r i d  A d  Phomum* 107, I5S163. Minodi.lpis 
pobn imc utililcd lo follox thc a-nncc and drnDIlcanm d d d y g N c  aluminum (Al) i n  
rat and min and I~~~~.~-I I~I~~ ova rnm=rcd to hlmd ancr ir AI l r u w  a A I C ~ ~ ~ C  ~- ~ - ~ -~~ ~ ~ -~ 

inMion.  hlwhk A1 rsr nrvmcd to k thc (onan nm m d n  b u d  n diaJocLNd into 
mmpkrs > the moloEu!m e l  r v t f l o i  lh di.lnis i r h m n c .  Aluminum mnrrnniltam 
p k d  in hrain fmnul mnn a d  mtd h i m m l m a n d i n  t k  l i m i n  Urfirrt Kbmio dklysis 
am*. indrati% rapid A1 -uM into the n m u k  ar 9ardUrr agra h "it70 

cs~mmt.mnductrd with m o o d i s p o r n  m mom ummtur .  mwdd .n a-dialysis 

mmn ~rn in b h  AI h t c  and omtc. A, 3 7 ' ~  AI rcmm for w h  
A1 b t r  and titrstc. In r i m  A1 mrm. fmm n M  Hmd a r m p d  5.15% for A1 bctuc nnd 
1 2 5 1  im ~ l rnsa lc  k ~ W a m m m n r r r ~ n l m h ~ l l U l m n m q a u d r a d m k  
c u b -  Wrng an i nmad m m  lnlh n d  l m p l v m  but an o-MV d 
m~rn h in lltr,, mnhd, T ~ w r M a d  A1 n#m ITBR m l # m  dohnhk n m m l l u l ~ r  ~~~ - u~ . ~~~ ~ ~- 

tmuc AI :didyn* Mmd *AII ra i,m -'-I. =&sing ~ ~ h i ~ ~  diwuslon ~ A I  
M- hlmd a d  linr. In mntmt. k i n  TBR rm c l .  donomrating r mid Mmd-brun 

i h a r e  lo AI. Tlr bnin TBR Tor A1 lx t rw va >TBR for A1 otnlc. agPrun~. t M  A1 citnw - .  
did not prfnmrbl ly m m l .  lhc blmd-bnin bnin Highm TBR w m  prcn in the d t  than 

I therat. ~ m m n t t i h m w l o  the m t n  w d i t i l i v  dthc nNbn UI AI-indurcd Mmbchrvanl 
aosi~is~. Mctakon hcmpxitiucly r i m w  inlhccrt-llvlnr qlrc udngmirmdirily=ir ~ M i n g  

Aluminum (Al) is toxic to the brain, skeletal (Martyn n d.. 1989); however. this is highly / rynem. and blood-forming elements of the mntmvmial. As Al is not an element 
! hone marmw (Bagman and Bat- 1984: 0tl for any mammalian specic~ its p m m  in 

H 01.. 1982: Mffionigle and P a w n s  1985). the body can only bc d e d  as undairablc. - 
R m t l y .  adverse effms of A1 on the liver, Aluminum has hxn  s h m n  to enter the hu- 
kidney. and spleen have bcen noted (Stein el man body bv inixtion fdurinedialvds inM- . .  . - .  
01.. 1987). A causal relationship between A1 vmous f d i n g  and immunization), by ontl 

; and Alrheimds dims? has been suggmed a h r p t i o n  fmm Alsontaining antscidsl 
: phosphate binden. and by inhalation (Yokel. 

'Su-cd by rhc swdlrh Work Enrimnmcnl Fund 1988). 
VIH ES K l x  114 a d  Thc A-ran-hdinarhn mmbolic fate of in humans and &&Iron. 

, :wu - mndund whik R ~ Y .  sh animals has k e n  wvicwed (Ganmc 1986). It 

I blml lnrr at thc lahorntory ~ r u . U .  accumulates in organs to a variable extent, 





ofCS war mmla td  with order of mpturc at mcropry. suggesting an intcractivc cllcct of DE- 
71 and rum. In rcprd to irnmunotoricity. significant supprerrion of the anti-SRBC response 
was urn only in r nk  crpovd rubchronislly to IOM mg DEdlIkg. an exposure that also 
rnultcd in decrravd thymus weight. NKC activity war not altered by eiporurc to DE-71. 

Key vordr: Antibody response: Conirortrronc: Immunotoxkity: Natural k i l ler cell: 
Pentabrorn~diphen~l ether: Thyroxine 

Brominated diphenyl ethers (BDE) are currently manufactured for use as 
flame retardant additives to various plastics, rubber. paints and resins (U.S. 
Environmental Protection Agency. 1991 ). This use has led to the appearance 
of residues of BDE, including pentabromodiphenyl ether (PBDE). in a vari- 
ety of environments. both aquatic and terrestrial (U.S. Environmental Pro- 
tation Agency. 1991). ~ ~ r o l y s i s  o f  BDE can yield brominated dibenzofurans 
and dibenrodioxins of wtential concern (Buser. 19861. Since there is Poten- ~-~ ~~ ~ 

tial for BDE to cause adverse environmental and human health eNects, the 
U.S. Environmental Protection Agency has recommended that toxicity stud- 
in bc conducted for commercially important BDE congeners and mixtures. 

Structurally-related chlorinated diphenyl ethers (CDE) have been shown 
to cam liver enzyme induction as well as immune suppression in laboratory 
mice (Howie et al.. 1990). I n  these studies, the potency o f  specific CDE con- 
geners to inducc hepatic microsomal ethoxyresorufin-odeethylav (EROD) 
activity correlated with their humoral immunotoxicity as measured by the 
antibody response to SRBC. Von-Meyerinck et al. (1990) have dessribed a 
commercial PBDE mixture. Bromkal-70, as a mixed-type inducer. slimulat- 
ing both EROD and benzphetamine-N-demethylase cytochrome P450 aclivi- 
ties. The present studies examined the potency of another commercial PBDE 
mixture. DE-71, to induce rnixed-funclion oxygenase activities and to alter 
anti-SRBC responses in  C57BLJ6 micc exposed to a r a n p  o f  acute and sub- 
chronic doses olDE-71. Induction of hepatic cytochrome P4501AI and l l B l  
subfamilies was evaluated by EROD and pentoxyresorufin-o-deethylase 
(PROD) activities. respectively. 

Endocrine erects of BDE include hyperplasia ofthe thyroid gland in rats 
(U.S. Environmental Protection Agency. 1991). Thyroid hormones are endo- 
genous iodinated diphenyl ethers bearing structural resemblance to PBDE 
and interference with normal thyroid hormone homeostasis has been propos- 
ed for structurally similar polychlorinated biphenyls (PCBs) (Brouwer. 
1991). Halogenated compounds with 2.3.7.8-tetrachlorodibenzo-p-dioxin 
(TCDD)-like toxicity are also known to atTect the thyroid in rats. causing 
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reduced thyroxin (T4) and triiodothyronine levels in addition to thyroid 
hyperplasia (Collins el al., 1977; Allen-Rowlands et al., 1981: Pazdernik and 
Roman. 1965). The mechanisms o f  reduction of thyroid hormone levels by 
TCDD-like compounds has been shown to be due to induced hepatic UDP- 
glucuronyltransferase activity (Barter and Klaassen. 1992) as well as to 
etTects at the level of the anterior pituitary and the thyroid (Gorski el al., 
1988). &cause natural killer cell (NKC) activity can be modulated by 
thyroid status (Kinoshita el al., 1991). NKC activity was examined in rela- 
tion to circulating total and free T4 levels in DE-71-treated mice. Glucocor- 
ticoid (GC) hormone levels are also known to be modulated following 
exposure to various halogenated aromatic hydrocarbons including TCDD. 
presumably through a variety o f  mechanisms including altered metabolism 
(Gorski et al.. 1988) and liver clearance through cytochrome P450 enzyme 
induction or suppression. Since GC hormones are also immunomodulatory, 
serum GC levels were monitored as possible indirect mediators of immuno- 
toxicity o f  DE-71. 

2. Materials .od methods 

2. I .  Animals 
Adult (8-week-old) female C57BU6J mice (The Jackson Laboratory. Bar 

Harbor, ME) from a colony sero-negative For murine hepatitis virus, were 
housed following National Institute o f  Health guidelines for the care and use 
of laboratory animals. Mice were housed six to a cage and maintained on a 
I2 h light cycle in  a room with a laminar flow unit. Mice were provided with 
food (TEKLAD Rodent Chow. Madison. WI) and water ad libitum. 

2.2. Erperimenral design 
Mice (6lgroup) were dosed once by gavage with 0. 0.8.4. 20. 100. or 500 

mukg body weight DE-71 (Great Lakes Chemical Co.. West Lafayette, IN) 
for the acute study. For the subchronic study, oral doses were 0, 18. 36, or 
72 mgkg per day for 14 days (6-8 midgroup). for total doses of 0.250.500. 
or 1000 m u k g  Mice in  the subchronic study were not given injections o f  
SRBC when measurements o f  NKC activity or other endocrine or P450 end- 
points were made. Mice treated acutely with DE-71 were all injected with 
SRBC. Peanut oil was used as the vehicle for DE-71. Mice were weighed 
daily to the nearest 0.1 g. 

At the end of each experimenl, mice were selected randomly from each 
cage. stratified across treatment groups and were killed by C02 asphyxia- 
tion. Spleen, thymus. liver and body weights were measured. Following 
either acute or subchronic exposure to DE-71. spleen cells were assayed for 
antibody production to SRBC, serum for total T4 and livers for microsomal 
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cytachromc P450 enzyme content and s p i f i c  activities. Statistical analyses 
were performedusing Student's r-test with significant differences accepted at 
the P < 0 05 level Multiple ltnear regresslon was used lo analyle the inler- 
actwe ellects of DE-71 and stress in the CS data Stalview 5I2K software for 
the Macintosh computer was used for statistical analyses 

2.3. Plaque-Jorminx re11 (PFC) assay for (he antibody response ro SRBC 
Mice were sensitized by i.p. injection with 2.5 x IOU (Allen-Rowlands el 

al.. 19811 SRBC 2 days after a single DE-71 exposure. or  after 9 days of the 
14 day chronic exposure regimen. Mice were killed 5 days after immunization 
in each study. Spleens were processed into single cell suspensions and the 
number of anti-SRBC plaques was determined using a modification (Deyo 
and Kerkvliet. 1990) of the method of Cunningham and Szenberg (Cunn- 
ingham and Szenbcrg. 1968). Hanks'balanced salt solution with 2.5'%8 fetal 
bovine serum (Hyclone. Logan. UT) with 10 mM HEPES buffer (pH = 7.4) 
was used as the medium throughout the assay. 

2.4. Norural killer cell assqy 
Splenic NKC cytotoxicity was measured in a 4 h chromium release assay 

using the murine target cell line YAC-I as previously described (Kerkvliet el 
al., 1982) except that Ultraculturee serum-free medium (Biowhittaker Labs, 
Walkenville. MD) was used throuehout the assav. Thvmocvtes lThvl from - , < . ,. 
a control mouse were used as inactive effector cells to control for re-uptake 
of chromium. Poly(lnosinic:Cytidylic acidl (Poly 1:C) (Sigma Chemical Co.. 
St. Louis, MO) was added (25 pdwell) 2 h prior to additton of YAC-I cells 
to stimulate NKC activity. Supernatants (100 PI) were harvested afler 4 h 
incubation and counted on a gamma counter. E&tor:targel ratios of 100. 
SO. 25 and 12.5:l were tested. Comparisons from the 100:l ratio were 
reported as specific lysis calculated from the countdmin oT: (Test-ThyIMR- 
SR) where SR was spontaneous release of chromium from YAC-I cells 
incubated with media only and MR was YAC-I cells incubated with 0.5'!, 
sodium dodecyl sulfate. 

2.5. Hormone meamremenrs 
Total and free T4 and CS were measured in duplicate using commercial 

radioimmunoassay (RIA) kits (Diagnostic Products Corp. Los Angeles. 
CAI. Lowest detectable limits for ~otal  T4. freeT4 and CS were: 1.0 
1.0 pdml and 10 ng/ml. respectively. Mice were allowed to acclimate to the 
laboratory overnight before termination to lessen stress prior to necropsy. 

2.6. Heparir micro.~umd c)rorhr~~ntr P450 uc~ivilier 
Microsomes were prepared from livers that had been flash frozen in liquid 

nitrogen. Microsomes were prepared in phosphate burner 1U.l M KH?PO,. 

J.R. Fouvks er of. /Toxicolw? 86 (IWl 4 9 4 1  53 

0.15 M KCI. I mM EDTA. I mM dithiothreitol. pH = 7.4) and stored a t  
-7OT until assayed. Total protein was determined using a bicinconic acid 
kit (Pieru. Rockford, IL). Cytochrome P450 content was determined on a 
scanning spectrophotometer using the methods of Estahrook el al. (1972). 
Substrates and standards for the EROD and PROD enzyme assays were 
obtained from Molecular Probes (Eugene, OR). Enzyme activities of EROD 
and PROD were analyzed on a fluorometer using the methods of Prough et 
al. (1978). 

As shown in Table I, the PFC response to SRBC was not significantly 
altered by a single acute dose of DE-71 as high as 500 mgkg. Following sub- 
chronic exposure, the PFC response was modestly (63"/1, of control. P < 
0.02) suppressed only in mice that received a total dose of 1000 mgkg DE-71. 
Neither resting nor ( p l y  1:C) induced NKC activities were affected in mice 
treated subchronically with DE-71. 

As shown in Fig. I, serum T4 concentrations were decreased in a non- 
dosedependent manner following acute exposure to DE-71. This effect was 
apparent at the lowest dose of DE-71 tested (0.8 mgntg). Subchronic expo- 
sure to DE-71 produced a similar suppression of total serum T4 levels (Fig. 

Tabk I 
Plaque-forming e l l  (PFC) number and natural kilkr cell (NKC) activity in C57BU6 mla 
treated with a ringk dou or 14 daily d m  of DE-71' 

NKC activity 

Basal lnduad" 

The data arc rrpmcnlacivc of 2 ciperimntal Inals. 
'Data arc preunlcd as mean t S.E.M.. n =  U d w .  
hducnl with Polyinorinic:cytidylic acid (Poly 1:C). 
' 0.d.. not dom 
Voul d m  is shown for rubchronic i rca tmnl .  
'Significant dilTercna from mntrol P < 0.02. 
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DE-71 Dow (mglL0) 
Fig. I .  Total T4 in female C57BU6 mice (5-8Idore) t m t d  by gavagc wilh 0. 0.8. 4.0. 20. 
IM, or 500 m@g DE-71 in an acute erporurc. or with 0. 250. 500. or l m 0  mflg over a 14 
day pcriod ( I  cxpcrimental iteration for tach crporure regime). Data arc presented as 
mean + S.E.M. indicates a signifwant dilTerena from control (mprcuntcd by horizontal 

liner lor m a n  + S.E.M. 01 5.68 + 0.32. n= 14. 

u 2 r 0  ( X I  7x3 lnal 12.w 

DE-71 DO- ( m a )  
Fig. 2. Serum fret T4 in (emak C5lBU6 mi- Ibidose) t r c r t d  by gilvagc wilh DE-71 10. 18. 
36. or 72 m a g  pcr day) lor 14 days l l o o l  daw is shown1 Data are prcrented as 

mean + S.E.M. The data arc rcprevntatirc o f  2 trials. Difircnt lettcrr indicate significant 
dif lrrcnar bctvern trcatmmt groups I P  < 0.051. 

I ) ,  with maximum suppression to 60% of control at the IOOO mglkg dose. 
Free serum T4 was also suppressed by DE-71 and paralleled the response 
seen for total T4 (Fig. 2). 

As shown in Fig. 3, coriicosterone levels in the serum increased with 
increasing dosage and with order of kill. In addition, a highly significant 
( P  < 0.01) statistical interaction of dose and order of kill, measured by mul- 
tiple linear regression, was seen for the CS elevation. 

Liver weightbody weight ratios were dosedependently increased com- 
pared to controls following subchronic exposure (Table 2). Liver weight/ 
body weight was also significantly increased in mice treated acutely with 500 
mgkg DE-71 compared to controls. Acute DE-71 treatments as high as 100 
mgkg had no eNect on liver weight. Thymus weight was significantly 
decreased following subchronic treatment with IOOO mg DE-7lkg. while 
body and spleen weights were unchanged (Table 2). 

Hepatic microsomes exhibited cytwhrome P450 enzyme induction in 
terms of elevated PROD activity (2-fold) at the highest dose (500 m a g )  

DE-71 Dose (mgllro) 

Fig. 3. Serum corticostcronr ICS) lcvclr in lemalc C57BU6 m i a  treated rubchronically with 
DE-71 (0. 18. 36. or 72 m#tg pcr day). Total do- is shown. The number by rach data point 
indicates the ordtr in whch the ansmal war k i lkd at lime of mcropry. Thc data war collcctd 
from a ringlc experiment. A significant interaction war uen bctwcen order of kill. DE-71 
lrcalmcnt and elnation of CS lcvclr using multiple linear regression Y-lntcncpt= -79.742 
Blordcr) = 44.903. &DE-71 do=) = 0.1 l I. R'= 0.478. S.E. = 95.381. Partial F -va lm  were 

14.067 lor order. 4.456 lor dose and 9.173 overall ( P  < 0.01). 



Tabk 2 
Livtr. s p h .  thymus and final body wighu from remale C57BU6 m i a  t ~ l d  with a single 
or 14 daily doses or DE-71' 

Subrhubrhonirb 
0 ll.M+0.28 48.45 t 1.25 3.14~t0.24 3.91 +0.17 
250 17.22 + 0.27 53.% + 0.62' 3.08 + 0.19 1.89 t 0.14 
500 16.74 +0.35 58.19 t 0.98' 3.25 +0.10 4.06 t 0.16 
tW 17.28+0.35 62.13 + 1.08' 2.62+0.14' 3.56+0.21 

T k  dam am reprcvnmtivt or 2 crpcrimcntal trials. 
BW. sody wcighl. 
'Dam am p~ynted as mans + S.E.M.. n s 6-8ldou. 
%ml dou  is show. 
Ytalirtielly dilfcmt from mntrol 1P < 0.051. 

Tabk 3 
Hepatic minoromal cytochrom P450 sclivickr and content or lcmalc C57BV6 m i a  lratcd 
with a ringk or 14 daily d- or DE-71' 

DE-71 PROD EROD P450 
I m w l ~ l  InmoVmidmg) 1nmollminlmgl lnmollmgl 

The dam mprcvnlr onc crpcrimnlal lrial. 
'Data am p-ntcd as -nr t S.E.M.. n = 6-Ride. 
votal d o u  is shown. -~~~ 

'Statistically ddTcrcnl lrom control IP < 0.051. 

following acute exposure (Table 3). Subchronic DE-71 exposure resulted in 
significant induction of PROD activity which was maximal with 250 mg DE- 
71kg (4.7-fold), and an induction of EROD activity which was maximal at 
500 mg DE-7lkg (3.3-fold) (Table 3). Hepatic microsomal P450 content was 
dosedependently increased up to 40% above controls in mice treated s u b  
chronically with DE-71. 

Induction of hepatic microsomal EROD activity is generally correlated 
with humoral iminunotoxicity to the anti-SRBC response from exposure to 
halogenated aromatic hydrocarbons (HAH) such as: dioxins (Vschi  et al.. 
1983). furans (Davis and Safe. 1988). biphenyls (Silkworth et al., 1984) and 
CDEs (Howie et al., 1990) in C57BU6 mice. The correlation of these efiecu 
is largely explained by the Ah-receptor model (Poland and Glover. 1980). 
However. Howie et al. (1990) observed marked congener-specific difierences 
in potencies for EROD induction and immunotoxicity in CDEs. including 
some congeners which did not fit the wrrelation seen with the majority of 
CDEs. The wngeners which did not show classic Ah-receptordependent ef- 
fects in their study included 2.3',4.4',5.5'-hexaCDE, a congener which ex- 
hibited low ERODinducing potential and a lack of a dose-response in 
humoral immunotoxicity. Other mono-orrho-substituted CDE wngeners 
tested were highly potent for both EROD induction and immunotoxicity. 
The lack of classic Ah-receptordependent effects is similar to the modest 
EROD induction and poorly correlated immunotoxicity seen in our study 
using DE-7 I. Based on these results it is clear that EROD activity per se does 
not parallel immune suppression when maximal EROD induction is relative- 
ly modest. 

At equivalent doses, acute exposure to DE-71 did not yield as great an 
induction of P450 enzymes as did daily exposure for 14 days. This is likely 
due to the fact that acute exposure was given 8 days prior to necropsy. 
whereas subchronic exposure continued until the day prior to necropsy. 
Cytochrome P450 PROD and EROD activities were both significantly 
induad by subchronic exposure to DE-71, indicating that DE-71 induces 
both the lIBl and IAl forms of cytochrome P450 in mice. This is consistent 
with the results using Bromkal-70 in rats (Von Meyerinck el al., 1990) with 
the exception that, in our studies in mice, higher llBl type induction (using 
the PROD assay) and lower 1AI induction (using the EROD assay) was 
observed. The lack of highly pronounced induction of EROD activity in our 
study indicates either that rats are more readily induced by PBDE than mice. 
or that the DE-71 formulation of brominated diphenyl ethers is missing 
specific isomers that are present in the experiments using Bromkal-70 (Von 



Tlmc (mln)  

Fig. 4. Gu chrorrulopm of DE-71 showing five major peaks corrnponding to I .  
lelrabrdiphcnyl clher (33%): 2 and 3. pen~abromodiphenyl clhrrr (5BA.l: 4 and 5. hera- 

bmmadiphmyl elhcrs ( 6 % )  Other minor peaks make up 3'K, of  the mixlure. 

Meyerinck et al.. 1990). While the gas chromatographic analysis of DE-71 
(Fig. 4) appears to be very similar to Bromkal-70 (Von Meyerinck el al.. 
1990). the isomeric make-up of the formulation is not known. 

It was apparent from our studies that the order in which mice were killed 
at the cnd of subchronic treatment correlated with CS levels, with higher CS 
levels seen in mice that remained in the cage the longest. This was likely due 
to stress cauxd by the repeated disturbance of the cage during captures. 
Interestingly. there was a significant interactive effect of DE-7 I and the order 
of kill on elcvated CS levels. These results suggest either an increase in CS 
production or  a d s r r a v d  c k a r a n a  of CS by the liver in animals treated 
with DE-71 following acute stress. Further investigation into this phenome- 
non is warranted. 

Excluding the 100 mgkg acute dose. total T4 levels were signilicantly sup- 
pressed following all d o x s  of DE-71 given. both acutely and subchronically. 
Interestingly, the degree of suppression ofT4 was as great at low acute doses 
as it was at higher subchronic doses. Because of the dimerent exposure pro- 
tocols, it is dillicult to directly compare mechanistic bases for the suppres- 
sion. However, it suggests that the eNect of DE-71 on T4 is saturable at very 
low doses and persists for at least 7 days afler exposure is terminated. 

Suppression of NKC activity has been reported in mice treated with T4 

J.R. Fox.1~~ cr 01. I Torirology 86 I I9Wl 4V-61 59 

(Gupta et a]., 1983; Stein-Streilein et al., 1987). or under conditions of hyper- 
and hypothyroidism in C57BU6 mice (Kinoshita el al., 1991). The suppress- 
ed T4 levels seen in our study did not result in decreased NKC activity, sug- 
gesting that a depressed circulating T4 concentration alone is not suficient 
to cause suppression of NKC activity. Interestingly. '"1-induced hypothy- 
roidism has also been shown to have no effect upon NKC activity (Sharma 
et al.. 1982). Given the close structural similarity of some BDE congeners 
that may be present in DE-71 to that of T4. DE-71 could have either 
agonistic or antagonistic properties to T4 receptors. The suppression of T4 
levels wen in DE-71 exposure is unlikely due to competition Tor binding to 
carrier proteins in the plasma since total and rree T4 were aKected in a 
similar dose-dependent manner. The cause of the lowered hormone concen- 
tration may instead be at the thyroid gland itself. This is supported by pre- 
vious reports of bromine levels 12 times that of normal controls found in the 
thyroid gland of rats exposed to PBDE in the diet for 28 days (U.S. En- 
vironmental Protection Agency. 1988.) The potential for structure-specific 
binding to T4 receptors for chlorinated aromatic hydrocarbons has been 
reviewed (McKinney. 1989). 

In conclusion. the DE-71 mixture of BDE congeners appears to be modest- 
ly immunotoxic to the anti-SRBC response but not NKC activity in C57BU6 
mice at a subchronic dose totaling 1000 mglkg DE-71. This same dose results 
in the weak, saturated induction of EROD and PROD liver enzyme activity, 
induction of total microsornal P450 content, suppression of circulating T4 
and elevation of CS levels. Acute exposures to DE-71, while not immunotox- 
ic. resulted in a modest induction of liver PROD activity following a high 
dose ( 5 0 0  mgkg) and suppression of total serum T4 at much lower doses (0.8 
mgkg). 
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SUMMARY 

The administration of doses as low as 0.78 pmollkglday p.0. for 90 days of 
the commercial fire retardants pentabromodiphenyl ether and wtabrom* 
diohenvl ether to rats resulted in increased 0-ethvl 0-o-nitroohenvl ~ h e n ~ l -  . - - .  . - .  - 
phosphonothioate (EPN) detoxification and p-nitroanisole demethylation. 
This dose of pentabromodiphenyl ether and higher doses of octabromo- 
diphenyl ether also increased cytochrome P-450 and NADPH cytochrome c 
reductase. Measurements made at 30 and 60 davs after the last dose showed 
that these indicators of induced xenobiotic metabolism return to control 
levels slowly. The results demonstrate that these inducers are not only 
potent but that their effects may be long-lasting. 

1481-1489. 
28 S. Terarnoto. A. Shingu and Y. Shires", Induction of dominant-lethal mutations after 

administration of ethylenethiadrea in combination with nitrite or of N-nitrmoethylene 
thiourea in mice. Mutation Res.. 56 (1978) 335-340. 
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Abbreviation: EPN, O-ethyl 0-p-nitrophenyl phenylphoaphooothioate 

Induction of xenobiotic metabolism has been shown to occur following the 
administration of a variety of halogenated aromatic compounds including 
pol~chlorinated biphenyls 11-31, brominated biphenyls (41. chlorinated 
151 and brominated benzenes 161. chlorinated dioxins [I] and chlorinated 
dibenzofurans [a]. More recently, commercial mixtures of brominated di- 
phenyl ethers, which are used as fire retardants, have been shown to be 
Potent inducers of xenobiotic metabolism [9]. 

In view of the accumulation of bromine in rat tissues following the ad- 
ministraiion of as little as 1.0 mglkglday of decabromobenzene for 2 years 
1101 and liver enlareement when it  was fed at  a level of 1% in the diet for - 
30 days [Ill, it was decided t o  try t i  determine if low levels of administra- 
ti0n of brominated diphenyl ethers for long periods of time resulted in in- 
creases in xenobiotic metabolism and, if so, whether the induction might 



be long-lasting because of the apparent retention of these compounds by 
the body. 

METHODS 

Pentabromodiphenyl ether (lot 345-146 A) and octabromodiphenyl ether 
(lot 476-109 F) were eifts of the Great Lakes Chemical Corn. (West Lafavette. . . . . 
IN). These are commercial mixtures whose compositions have previously 
been identified regarding relative contributions according to the degree of 
hromination [9] .  These compounds were dissolved in corn oil and administered 
p.0. to male SpragueDawley rats (Laboratory Supply Co., Indianapolis, IN) 
weighing 200 to 250 g daily for 90 days. When the original doses of 6.25. 
12.5 and 25 pmol/kg/day revealed extensive induction even at  the lowest 
dose, the experiment was repeated at doses of 0.78, 1.56 and 3.13 pmol/kg/ 
day. 

1, 30 or 60 days after the Last dose, the animals were anesthetized lightly 
with ether and portions of the liver were removed for fixation in buffered 
formalin, staining with hematoxylin and eosin, and nistological evaluation. 
Another portion was used for measurement of EPN detoxification and p- 
nitroanisole demethylation according to the procedure of Kinoshita et 2. 
(121. The remaining liver was perfused in situ with cold isotonic saline and 
microsomal fractions oreoared as oreviouslv described 1131. Measurements . . . . 
of NADPH cytochrome c reductase and cytochrome P-450 were made 
according to the procedure of Dallner [14J. Proteins were measured by 
the Lowry method (151. 

Values were expressed as the mean * S.E. for groups of 6 animals. Dun- 
can's new multiple range-finding test was used t o  compare all treatments 
among themselves and with the control [16]. The level of significance selected 
was P < 0.05. 

RESULTS 

Initial 90-day studies revealed that the administration of 6.25, 12.5 or 
25 pmol/kg/day of the brominated diphenyl ethers resulted in large increases 
in EPN detoxification, p-nitroanisole demethylation and cytochrome P-450 
(Table I). I t  should be noted that pentabr~modiphen~l  ether did not cause 
laree increases in NADPH cvtochrome c reductase. and octabromodi~henvl . . 
ether did not cause significant increases even at the highest dose level. 

When lower doses were tested, even the lowest dose of pentabromodiphenyl 
ether (0.18 pmollkglday) caused increases in EPN detoxification, p-nitro- 
anisole demethylation, NADPH cytochrome c reductase and cytochrome 
P-450 (Table 11). For EPN detoxification and p-nitroanisole demethylation 
there was a clear-cut dose response relationship. When the animals were 
allowed a 30day recovery period following the last (90th) dose, elevations 
in these two measurements were still observable a t  all doses, although only 

TABLE l 

EFFECT OF PENTABROMOOIPHENYL ETHER OR OCTABROMODIPHENYL 
ETHER FOR 9 0  DAYS ON EPN DETOXIFICATION. D-NITROANISOLE 
DEMETHYLATION, CYTOCHROME e REDUCTASEACTIVITY AND CYTOCHROME 
P-450 CONTENT 

D m  EPN detorificn- p-Nitroanisole Cytoehrome Cyloehrome P-450 
rmollkglday tion. rgp-nitro- demethylation, e reduetare. nmollmg protein 

phenol150 mgl rgpni tr*  nmol eyto. E 

30  min phenol150 mgl  reducedlminl 
30  min mg protein 

- ~ - ~p~- 

Pentnhromodiohenvl ether 

Octahromudiphenyl ether 
0 9.7 t 0.5' 10 .0  r 0.4. 171 * 11. 1.04 t 0.10' 
6.25 21.3 t l . l b  20.9 r 1 . 8 ~  197 I 9. 1.56 r 0 . 1 3 ~  

12 .5  26.9 r 2.Zb 27.3 * 1.3' 196 t 18' 1.27 t 0 .16 ' .~  
2 5  37.1 1 2.0' 38.4 1 . 9 ~  208 r 11' 1.46 t 0 . 0 9 ~  . 

r-d Values with same superscript are not significantly different from one another (P > 0.05).  

with the highest dose was increased NADPH cytochrome c reductase activity 
Dresent. Within this time oeriod. cvtochrome P-450 content had returned t o  . . 
control level. Even 60 days after the last dose slight elevations were noted in 
EPN detoxification and i-nitroanisole demethylation at  the two higher 
(1.56 pmollkglday and 3.13 pmol/kg/day) levels. 

Octabromobenzene caused no induction of NADPH cvtochrome c reduc 
tase and cytochrome P-450 a t  these lower doses (Table Ill). However, again 
the dose of 0.78 omol/kg/day caused increases in both EPN detoxification 
and p-nitroanisole demethylation and larger increases were seen with increas- 
ing doses. After a 30day recovery period only in the animals receiving the 
highest dose of 3.13 pmol/kg/day was there evidence of the maintenance of 
an induced state. These elevations were still observable 60 days after the 
last dose. 

When the liven from the rats treated with the brominated diphenyl ethers 
in the low dose study were examined by light microscopy. no abnormalities 
were observed which could be related t o  the diphenyl ether administration. 

DISCUSSION 

Previous data had indicated that the octabrominated and pentabrominated 
thphenyl ethers used in this study were potent inducers of xenobiotic meta- 
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