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Abstract

Disinfection by-products (DBPs) are formed when disinfectants (chlorine, ozone, chlorine dioxide, or chloramines) react with
naturally occurring organic matter, anthropogenic contaminants, bromide, and iodide during the production of drinking water. Here
we review 30 years of research on the occurrence, genotoxicity, and carcinogenicity of 85 DBPs, 11 of which are currently regulated
by the U.S., and 74 of which are considered emerging DBPs due to their moderate occurrence levels and/or toxicological properties.
These 74 include halonitromethanes, iodo-acids and other unregulated halo-acids, iodo-trihalomethanes (THMs), and other
unregulated halomethanes, halofuranones (MX [3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone] and brominated MX
DBPs), haloamides, haloacetonitriles, tribromopyrrole, aldehydes, and N-nitrosodimethylamine (NDMA) and other nitrosamines.
Alternative disinfection practices result in drinking water from which extracted organic material is less mutagenic than extracts of
chlorinated water. However, the levels of many emerging DBPs are increased by alternative disinfectants (primarily ozone or
chloramines) compared to chlorination, and many emerging DBPs are more genotoxic than some of the regulated DBPs. Our
analysis identified three categories of DBPs of particular interest. Category 1 contains eight DBPs with some or all of the toxicologic
characteristics of human carcinogens: four regulated (bromodichloromethane, dichloroacetic acid, dibromoacetic acid, and
bromate) and four unregulated DBPs (formaldehyde, acetaldehyde, MX, and NDMA). Categories 2 and 3 contain 43 emerging
DBPs that are present at moderate levels (sub- to low-pg/L): category 2 contains 29 of these that are genotoxic (including chloral
hydrate and chloroacetaldehyde, which are also a rodent carcinogens); category 3 contains the remaining 14 for which little or no
toxicological data are available. In general, the brominated DBPs are both more genotoxic and carcinogenic than are chlorinated
compounds, and iodinated DBPs were the most genotoxic of all but have not been tested for carcinogenicity. There were
toxicological data gaps for even some of the 11 regulated DBPs, as well as for most of the 74 emerging DBPs. A systematic
assessment of DBPs for genotoxicity has been performed for ~60 DBPs for DNA damage in mammalian cells and 16 for
mutagenicity in Salmonella. A recent epidemiologic study found that much of the risk for bladder cancer associated with drinking
water was associated with three factors: THM levels, showering/bathing/swimming (i.e., dermal/inhalation exposure), and
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genotype (having the GSTTI-1 gene). This finding, along with mechanistic studies, highlights the emerging importance of dermal/
inhalation exposure to the THMs, or possibly other DBPs, and the role of genotype for risk for drinking-water-associated bladder
cancer. More than 50% of the total organic halogen (TOX) formed by chlorination and more than 50% of the assimilable organic
carbon (AOC) formed by ozonation has not been identified chemically. The potential interactions among the 600 identified DBPs in
the complex mixture of drinking water to which we are exposed by various routes is not reflected in any of the toxicology studies of
individual DBPs. The categories of DBPs described here, the identified data gaps, and the emerging role of dermal/inhalation
exposure provide guidance for drinking water and public health research.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Water disinfection is one of the most important
public health advances of the last century; its
introduction in the U.S. reduced cholera incidence by
90%, typhoid by 80%, and amoebic dysentery by 50%
[1]. Millions of people worldwide receive quality
drinking water every day from their public water

systems. However, chemical disinfection has also raised
a public health issue: the potential for cancer and
reproductive/developmental effects associated with
chemical disinfection by-products (DBPs).

Chemical disinfectants are effective for killing
harmful microorganisms in drinking water, but they
are also powerful oxidants, oxidizing the organic
matter, anthropogenic contaminants, and bromide/
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iodide naturally present in most source waters (rivers,
lakes, and many groundwaters). Chlorine, ozone,
chlorine dioxide, and chloramines are the most common
disinfectants in use today; each produces its own suite
of DBPs in drinking water, with overlapping constitu-
ents [2]. Most developed nations have published
regulations or guidelines to control DBPs and minimize
consumers’ exposure to potentially hazardous chemi-
cals while maintaining adequate disinfection and
control of targeted pathogens.

Scientists first became aware of DBPs only in the
early 1970s. In 1974, Rook and others reported the
identification of the first DBPs in chlorinated drinking
water: chloroform and other trihalomethanes (THMs)
[3,4]. In 1976, the U.S. Environmental Protection
Agency (U.S. EPA) published the results of a national
survey that showed that chloroform and the other THMs
were ubiquitous in chlorinated drinking water [5]. In the
same year, the National Cancer Institute published
results showing that chloroform was carcinogenic in
laboratory animals [6]. In addition, the first reports
appeared in the late 1970s showing that organic extracts
of drinking water were mutagenic in the Salmonella
mutagenicity assay [7]. As a result of these observa-
tions, an important public health issue was recognized.

Table 1

In the 30 years since the THMs were identified as
DBPs in drinking water, significant research efforts have
been directed toward increasing our understanding of
DBP formation, occurrence, and health effects [2,8—17].
Although more than 600 DBPs have been reported in the
literature [2,18], only a small number has been assessed
either in quantitative occurrence or health-effects studies.

The DBPs that have been quantified in drinking water
are generally present at sub-pug/L (ppb) or low- to mid-
pg/L levels. However, more than 50% of the total organic
halide (TOX) formed during the chlorination of drinking
water [19] and more than 50% of the assimilable organic
carbon (AOC) formed during ozonation of drinking water
has not been accounted for as identified DBPs [20];
furthermore, nothing is known about the potential
toxicity of many of the DBPs present in drinking water.

Here we review 30 years of results of occurrence,
genotoxicity, and carcinogenicity studies of DBPs
regulated by the U.S. Government and those that are
not named specifically in regulations. The compounds in
these two categories, and a qualitative assessment of the
results, are shown in Table 1. Although most of the
research has been performed on the regulated DBPs,
there is a growing literature on the unregulated DBPs.
The results of our analyses in this paper offer an

Summary of occurrence, genotoxicity, and carcinogenicity of regulated and unregulated DBPs

DBP

Occurrence?

Genotoxicity® Carcinogenicity

Regulated DBPs
THMs
Chloroform
Bromodichloromethane
Chlorodibromomethane
Bromoform

sksfoskokok
sokoksk
skskoskok

sokoksk

HAAs
Chloroacetic acid k%
Bromoacetic acid Hkk
Dichloroacetic acid Kk kK
Dibromoacetic acid
Trichloroacetic acid

sesfeskeolkok
EEE e

Oxyhalides
Bromate HokE
Chlorite ok ok

Unregulated DBPs
Halonitromethanes

Chloronitromethane o
Bromonitromethane ok
Dichloronitromethane o
Dibromonitromethane HokE
Bromochloronitromethane ok
Trichloronitromethane (chloropicrin) kot
Bromodichloronitromethane oAk
Dibromochloronitromethane ok

+ 4+ +
+ 4+ + +

+ o+ + o+
+

I
+

+ 4+ o+ o+
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DBP Occurrence® Genotoxicityb Carcinogenicity
Tribromonitromethane sk +
Todo-acids
Iodoacetic acid ok +
Bromoiodoacetic acid ko +
(Z)-3-Bromo-3-iodopropenoic acid ok
(E)-3-Bromo-3-iodopropenoic acid ok
2-Todo-3-methylbutenedioic acid ok +4
Other halo-acids
Bromochloroacetic acid ook +©
Bromodichloroacetic acid FHkx +©
Dibromochloroacetic acid Ak +¢
Tribromoacetic acid wAEE +
Iodo-THMs and other unregulated THMs
Dichloroiodomethane ok
Bromochloroiodomethane ok
Dibromoiodomethane wkK
Chlorodiiodomethane ok
Bromodiiodomethane wkk
Iodoform ok +
Dichloromethane il +
Bromochloromethane ND +
Dibromomethane ND/** +
MX compounds
MX *ok + +
Red-MX * +
Ox-MX * +
EMX * +
ZMX * +
Mucochloric acid ok +
BMX-1 ok +
BMX-2 * +
BMX-3 * +
BEMX-1 ok +
BEMX-2 ok +
BEMX-3 Hk "
Haloamides
Chloroacetamide Hokk +
Bromoacetamide okk +
Iodoacetamide +
Dichloroacetamide okk +
Bromochloroacetamide Hokk +
Dibromoacetamide ok +
Bromoiodoacetamide Hokk +
Trichloroacetamide okok +
Bromodichloracetamide ok +
Dibromochloroacetamide HkE +
Tribromoacetamide okk +
Diiodoacetamide +
Chloroiodoacetamide +
Haloacetonitriles
Chloroacetonitrile Hkk +
Bromoacetonitrile ok +
Todoacetonitrile +
Dichloroacetonitrile ok +
Bromochloroacetonitrile Hokx +
Dibromoacetonitrile ok + On test
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Table 1 (Continued)
DBP Occurrence® Genotoxicityb Carcinogenicity

Trichloroacetonitrile Hkk +
Bromodichloroacetonitrile Hokk
Dibromochloroacetonitrile Ak
Tribromoacetonitrile ok

Halopyrroles
2,3,5-Tribromopyrrole wok +

Nitrosamines
NDMA Hk + +f
N-Nitrosopyrrolidine * + +f
N-Nitrosomorpholine * + +f
N-Nitrosopiperidine * + +f
N-Nitrosodiphenylamine * + +f

Aldehydes
Formaldehyde ook + +
Acetaldehyde ook + +
Chloroacetaldehyde ok +
Dichloroacetaldehyde ok
Bromochloroacetaldehyde ok
Trichloroacetaldehyde (chloral hydrate) Hokskok + +
Tribromoacetaldehyde ok

Other DBPs
Chlorate kR + +

? Key to occurrence symbols: *low-ng/L levels; **ng/L to sub-pug/L levels; ***sub- to low-pug/L levels; ****low-wg/L levels; *****low- to mid-
ng/L levels; ******high ug/L levels; ND, non-detect; entries left blank have no occurrence data available; bromine-containing DBPs formed only
when source waters contain natural bromide (occurrence lower than shown if low bromide levels in source waters).

® Symbols represent weight of evidence for the genotoxicity data. In general, where a compound was genotoxic in several studies in the same assay
or was genotoxic in several different assays, it was declared “+” in the table even if the compound was negative in other assays.

 Based on 85-week studies.
9 MLI. Plewa, in preparation, personal communication.
¢ A.B. DeAngelo, in preparation, personal communication.

f Details of these studies are not given in the following tables because they have been reviewed extensively [230]. As noted in the text, most of
these compounds are rodent carcinogens by various routes of exposure, including via the drinking water.

opportunity to assess the value and completeness of the
current literature on the regulated DBPs and to consider
how the emerging literature on the unregulated DBPs
might inform future research needs and assessments of
drinking water.

To provide a historical context for this work, we
begin with an overview of U.S. DBP regulations,
followed by a brief summary of the epidemiology of
drinking water and cancer. We have not reviewed the
literature on reproductive/developmental effects asso-
ciated with DBPs or drinking water. We then review the
occurrence, genotoxicity, and carcinogenicity literature
for the regulated and then the unregulated DBPs, ending
with our conclusions regarding research needs.

2. Overview of DBP regulations in the United
States

Based on the discoveries of DBPs described in the
Introduction, the U.S. EPA issued a regulation in 1979

to control total THMs at an annual average of 100 pg/L
(ppb) in drinking water; THMs here are defined as
chloroform, bromodichloromethane, dibromochloro-
methane, and bromoform [21]. In 1998, the U.S. EPA
issued the Stage 1 Disinfectants (D)/DBP Rule, which
lowered permissible levels of total THMs to 80 pwg/L
and regulated for the first time five haloacetic acids
(HAAs) (60 wg/L), bromate (10 pg/L), and chlorite
(1000 pg/L) (Table 2) [22]. Stage 1 regulations required
monitoring based on running annual averages, which
represented averages of all samples collected in a
utility’s distribution system over a 1-year period. This
Rule became effective on 1 January 2002 [23].

The Stage 2 D/DBP Rule (published in January
2006) maintained the Stage 1 Rule maximum con-
taminant levels (MCLs) for THMs and HAAs (Table 1)
and required that MCLs be based on locational running
annual averages; that is, each location in the distribution
system needs to comply on a running annual average
basis [24]. The reason for this change was that the
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Table2 o MCLs. As a result, consumers served by a particular
DBP regulations and guidelines section of the distribution system could receive water
DBP that regularly exceeded the MCLs. The Stage 2 D/DBP
U.S. EPA regulations MCL® (mg/L) Rule maintains the MCLs for bromgte and chlorite;
however, the U.S. EPA plans to review the bromate
Total THMs 0.080 MCL as part of their 6-year review process (additional
Five haloacetic acids 0.060 ) p . y view p
Bromate 0.010 details are available at http://www.epa.gov/safewater/
Chlorite 1.0 stage2/index.html). Other countries besides the United
o o States have regulated DBPs, and there are World Health
World Health Organization (WHO) guidelines Organization (WHO) guidelines for DBPs as well as
DBP Guideline European Union DBP standards (Table 2).
value (mg/L) With stricter regulations for THMs and new
Chloroform 0.2 regulations for HAAs, many drinking-water utilities
Bromodichloromethane 0.06 have changed their disinfection practices to meet the
Chlorodibromomethane 0.1 new regulations. Often, the primary disinfectant is
Bromoform 0.1 changed from chlorine to so-called alternative disin-
Dichloroacetic acid 0.05° g N R K .
Trichloroacetic acid 02 fectants, including ozone, chlorine dioxide, and
Bromate 0.01° chloramines. In some cases, chlorine is used as a
Chlorite 0.7*’b secondary disinfectant following primary treatment
Chloral hydrate (trichloroacetaldehyde) 0.01° with an alternative disinfectant, particularly for ozone
Dichloroacetonitrile 0.02 . s .

. . and chlorine dioxide. However, new issues and
Dibromoacetonitrile 0.07 i R o K
Cyanogen chloride 0.07 probl.ems can result with changes in disinfection
2,4,6-Trichlorophenol 0.2 practice.

Formaldehyde 0.9 For example, the use of ozone can significantly

European Union Standards

DBP Standard
value (mg/L)

Total THMs 0.1

Bromate 0.01°¢

* The total THMs represent the sum of the concentrations of four
trihalomethanes: chloroform, bromoform, bromodichloromethane,
and chlorodibromomethane. They have been regulated in the United
States since 1979 [21], but the maximum contaminant level (MCL)
was lowered from 100 to 80 wg/L under the Stage 1 Disinfectants/
DBP (D/DBP) Rule [22]. World Health Organization (WHO) guide-
lines on THMs state that the sum of the ratio of the concentration of
each THM to its respective guideline value should not exceed unity.
The five haloacetic acids represent the sum of monochloro-, dichloro-,
trichloro-, monobromo-, and dibromoacetic acid. These haloacetic
acids, together with bromate and chlorite, were regulated for the first
time in the United States under the Stage 1 D/DBP Rule [22]. WHO
guidelines can be found at http://www.who.int/water_sanitation_-
health/dwq/gdwq3/en. European Union drinking-water standards
can be found at http://www.nucfilm.com/eu_water_directive.pdf.

® Provisional guideline value.

¢ Where possible, without compromising disinfection, EU member
states should strive for a lower value. This value must be met, at the
latest, 10 calendar years after the issue of Directive (3 November
1998); within 5 years of the Directive, a value of 25 wg/L must be met.

running annual averages (used with the Stage 1 D/DBP
Rule) permitted some locations within a water
distribution system to exceed the MCLs as long as
the average of all sampling points did not exceed the

reduce or eliminate the formation of THMs and HAAs,
but it can result in the formation of bromate, especially
when elevated levels of bromide are present in the
source waters. Bromate is a concern because it has been
shown to be a carcinogen in laboratory animals [25]. As
aresult, the U.S. EPA regulated bromate under the Stage
1 D/DBP Rule at an MCL of 10 pg/L to limit its
occurrence [22]. Nitrosodimethylamine (NDMA),
which can form at higher levels with chloramination,
is also a concern because there are data indicating that it
is a carcinogen in several animal species. Under its 1986
Guidelines for Carcinogen Risk Assessment (http://
www.epa.gov/ncea/raf/car2sab/guidelines_1986.pdf),
the U.S. EPA classified NDMA as a probable human
carcinogen [26].

Likewise, a recent U.S. Nationwide DBP Occurrence
Study, which included drinking waters from source
waters containing high bromide/iodide and natural
organic matter levels, revealed that iodo-THMs and
newly identified iodo-acids were increased in formation
with chloramination; moreover, bromonitromethanes
were increased with preozonation followed by post-
chlorination or chloramination [9,27]. Differences in
source water conditions, including concentrations of
bromide or iodide, concentrations of natural organic
matter, and pH, can have a dramatic effect on the
formation of various DBPs (chlorine-, bromine-, or
iodine-containing) and the levels formed [9,28,29].


http://www.epa.gov/safewater/stage2/index.html
http://www.epa.gov/safewater/stage2/index.html
http://www.epa.gov/ncea/raf/car2sab/guidelines_1986.pdf
http://www.epa.gov/ncea/raf/car2sab/guidelines_1986.pdf
http://ntp.niehs.nih.gov/index.cfm%3Fobjectid=071A51D3-F87E-D33F-530336DDD0ADCF98
http://ntp.niehs.nih.gov/index.cfm%3Fobjectid=071A51D3-F87E-D33F-530336DDD0ADCF98
http://ntp.niehs.nih.gov/index.cfm%3Fobjectid=071A3D02-D098-1D7B-AA6056974321C23A
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3. Summary of epidemiology studies of cancer
and drinking water

Some epidemiologic studies have shown that a life-
time exposure to chlorinated water is associated with an
increased risk for cancer, especially of the urinary bladder
and colorectum [17,30]. Besides DBPs, drinking water
may contain other potential carcinogens, such as arsenic
and radionuclides; however, the bladder cancer risk has
generally been associated with THM levels [31,32]. One
study showed that both bladder and kidney cancer risks
were associated with the mutagenicity of the water, which
may be related to levels of the chlorinated furanone, MX
[33] or possibly other mutagenic DBPs. Risk for rectal
cancer has recently been shown to be associated
specifically with levels of the THM bromoform [34].

The first and only epidemiologic study to stratify risk
by route of exposure has found that much of the bladder
cancer risk associated with chlorinated water appears to
be due to showering, bathing, and swimming rather than
to drinking the water [32] and that the risk may be
highest for people having the GSTTI-1 gene [35]. Such
observations indicate that genetic susceptibility may
play a role in the cancer risk and that the risk may be
especially related to dermal and inhalation exposure.

One study has shown that the risk for bladder cancer
decreased as the duration of exposure to ozonated water
increased [36]. Such an observation supports the shift
from chlorination to modified treatments such as
ozonation. Earlier studies had found that organic
extracts of ozonated water were far less mutagenic
than those of chlorinated water [37-39]; this has been
confirmed recently for organic concentrates of ozonated
water [40]. However, studies of water treated with
alternative disinfectants are limited, and there has not
been a systematic analysis carried out on drinking water
prepared from various types of source waters, including
high-bromide/iodide source waters.

Most of the DBPs tested for carcinogenicity in rodents
cause primarily liver cancer rather than bladder or
colorectal cancer [17,30]. As reviewed here, exceptions
include renal tumors induced by bromodichloromethane,
chloroform, and bromate; intestinal tumors induced by
bromodichloromethane and bromoform; and thyroid
tumors induced by bromate. The most striking exception
is the variety of organ sites at which MX induced tumors
in the rat, as well as the low doses at which these tumors
were induced (relative to the doses of the other DBPs).

This general lack of correlation between site of tumors
in animal cancer studies for individual DBPs and human
epidemiological studies for drinking water has not yet
been explained. However, in addressing the potential for

animal carcinogens to be hazardous to humans, most
regulatory agencies do not presume that there is tumor
site concordance between rodents and humans. Possible
areas for exploration involve route of exposure. Most of
the carcinogenicity studies of DBPs have involved
administration of the DBP in the drinking water (oral
exposures). However, the recent route-of-exposure study
[32,41] indicated that much of the bladder cancer
associated with chlorinated water may be due to
showering, bathing, and swimming (dermal and inhala-
tion exposures) rather than oral exposures. In addition,
only a few of the newly identified DBPs discussed in this
review have been tested for carcinogenicity, and perhaps
some of these will cause bladder or colorectal cancer.

Although not reviewed here, recent epidemiologic
studies have raised the issue of potential adverse
reproductive and developmental effects, such as low
birth weight, intrauterine growth retardation, and
spontaneous abortion [8,42-56].

4. Occurrence, genotoxicity, and carcinogenicity
of the regulated DBPs

4.1. Trihalomethanes (THMs)

4.1.1. Occurrence

The halomethanes make up one class of the
approximately 600 drinking-water DBPs that have
been identified. Within the halomethane class are the
THMs (chloroform, bromoform, bromodichloro-
methane, and chlorodibromomethane), which are
currently regulated by the U.S. EPA at a level of
80 p.g/L for total trihalomethanes [24]. The THMs were
the first DBPs identified [3,4]. Together, the THMs and
HAAs are the two most prevalent classes of DBPs
formed in chlorinated drinking water, accounting for
approximately 25% of the halogenated DBPs [9]. They
are also formed at significantly lower levels in
chloraminated drinking water, and bromoform can be
formed in high-bromide source waters treated with
ozone [2,57]. Disinfection with chlorine dioxide does
not form THMs; however, low THM levels can be
present due to chlorine impurities in chlorine dioxide.

A National Organics Reconnaissance Survey (NORS)
and National Organics Monitoring Survey (NOMS)
conducted in the mid- to late-1970s collected the first
substantial information on THMs in the United States
[58]. Later, the U.S. EPA Information Collection Rule
(ICR), which involved 500 large drinking-water plants in
the United States, reported mean levels in the distribution
system of 38 pg/L and 90th percentage levels of 78 pg/L
for THM4 (the four regulated THMs summed together)
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[23]. Chloroform was by far the most prevalent of the
THMs measured, and it had the highest mean concentra-
tion of 23 pg/L. Brominated THMs (bromodichloro-
methane, chlorodibromomethane, and bromoform) can
increase in formation relative to chloroform when eleva-
ted levels of natural bromide are present in source waters
(often due to salt water intrusion). THM levels observed
in the ICR were substantially lower (reduced by 50-60%)
than levels observed in the earlier NORS study [23].

4.1.2. Genotoxicity

The THMs have been studied intensively over the past
30 years, and many in vitro techniques have been used to
investigate their mutagenic and genotoxic properties [59]
(Table 3). We have used the term “mutagenicity” to refer
to assays that measure a change in DNA sequence (either
gene or chromosomal mutation); we have used the term
“genotoxicity” to refer to mutagenicity as well as DNA
damage (DNA adducts, DNA strand breaks, etc.).
Although many of the initial genotoxicity tests of the
THMs resulted in negative responses, later studies
(discussed below) showed that the brominated THMs
were mutagenic after activation by glutathione S-
transferase-theta (GSTT1-1).

The genotoxicity of chloroform (trichloromethane)
has been reviewed extensively [59], and those reports
not included in the IARC review are shown in Table 3.

With few exceptions, chloroform is not mutagenic or
genotoxic in a wide array of systems and endpoints in
vivo and in vitro. Although some weak positive
responses have been observed, these are either in
single studies, or the results have not been highly
repeatable. Unlike some of the THMs, chloroform is not
activated by GSTT1-1 to a mutagen in Salmonella [60].
As discussed in the carcinogenicity section below,
chloroform is generally considered to be a nongeno-
toxic carcinogen whose mechanism of action involves
cytotoxicity and regenerative cell proliferation [59]
(http://www.epa.gov/iris/subst/0025.htm).
Bromodichloromethane,  chlorodibromomethane,
and bromoform have generally not induced gene
mutations in the standard test systems; the few positive
results are either in single studies or were not found in
repeated studies [59] (Table 3). Nonetheless, some
studies have found that chlorodibromomethane induced
chromosomal aberrations or sister chromatid exchanges
(SCEs) and that bromoform induced SCEs and
micronuclei [61]. Recently these DBPs were evaluated
for genotoxicity in CHO cells; they were refractory
to concentrations of 5mM. The rank order of
chronic CHO cell cytotoxicity was bromoform >
chlorodibromomethane > chloroform > bromodichlor-
omethane [62]. However, unlike chloroform, these bro-
minated THMs are activated to mutagens by GSTT1-1

Table 3
Comparative genotoxicity of halomethane DBPs
Chemical Biosystem Genetic endpoint Concentration range of References
positive response or highest
genotoxic potency
Dibromomethane Salmonella TA100 his reversion [121]
Preincubation
—-S9 279 revertants/pmol
+S9 551 revertants/pmol
E. coli TRG8 his reversion 0.02-0.1 mM [140]
Salmonella TA1535 (+)GST5-5 his reversion 0.1-1 mM [139]
Bromoform Review [61]
Salmonella TA100 his reversion Negative [121]
Preincubation
—S9, +S9
Human lymphocytes SCGE Weakly + [283]
S. typhimurium his reversion [77]
RSJ100 —S9 44 revertants/pmol
+S9 Negative
TA98 —S9 Negative
+S9 237 revertants/pmol
TA100 —S9 Negative
+S9 83 revertants/pmol
Human lung epithelial cells SCGE 100-1000 pM [138]
Salmonella RSJ100 his reversion 1798 revertants/1600 ppm [63]
Dichloromethane Review [61]

Salmonella TA100

his reversion [121]
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Table 3 (Continued)

Chemical Biosystem Genetic endpoint Concentration range of References
positive response or highest
genotoxic potency

Preincubation
-S9 Negative
+S9 7.9 revertants/pwmol
Human lung epithelial cells SCGE Weakly + [138]
Salmonella RSJ100 his reversion 140 revertants/400 ppm [63]
Salmonella TA100 his reversion 976 revertants/24,000 ppm [63]
Chloroform Review [59]
Salmonella TA100 his reversion Preincubation Negative [121]
—S9, +S9
Saccharomyces cerevisiae Deletion recombination 5.59 mg/mL [284]
Assay
Female B6C3F1 lacl transgenic mice  lacl mutation Negative [285]
Salmonella his reversion Negative [77]
RSJ100 —-S9, +59
TA98
TA100
Human lung epithelial cells SCGE Weakly + [138]
Salmonella his reversion 19,200 and 25,600 ppm [60]
TA1535 Plate-incorporation
Salmonella —S9, +S9, Negative [286]
TA98, TA100, TA1535, TA1537 Glutathione suppl. S9
E. coli +S9, Negative [286]
WP2uvrA/pKM101 Glutathione supplemented S9 Negative
E. coli WP2/pKM101 +Glutathione supplemented S9  Negative
0.5-2%
Bromochloromethane Salmonella TA100 his reversion [121]
Preincubation
—-S9 75 revertants/pmol
+S9 424 .4 revertants/pmol
Salmonella TA1535 (+)GSTS5-5 his reversion 0.2-1.75 mM [139]
Chlorodibromomethane  Review [61]
Salmonella TA100 his reversion Negative [121]
Preincubation
—S9, +S9
Human lung epithelial cells SCGE Negative [138]
Salmonella RSJ100 his reversion 1364 revertants/400 ppm [63]
Salmonella RSJ100 his reversion [283]
—-S9 1110 revertants/800 ppm
+S9 1018 revertants/800 ppm
Salmonella TA1535 umuDC-lacZ [287]
—S9 Positive
+S9 Negative
Bromodichloromethane  Review [59]
Salmonella TA100 his reversion Negative [121]
Preincubation
—S9, +S9
Human lung epithelial cells SCGE 10-1000 pM [138]
Salmonella RSJ100 his reversion 831 revertants/plate [60,63]
Salmonella TA1535 umuDC-lacZ Negative [287]
—S9,+S9

Todoform Salmonella BA13 Ara 7371 mut/pumol —S9 [306]

1782 mut/pmol +S9
SHE cells Chrom. Ab. Negative [307]
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in a transgenic strain of Salmonella (RSJ100); their
rank order of mutagenic potency was bromoform >
bromodichloromethane > chlorodibromomethane
[60,63]. Thus, the likely absence of GSTT1-1 in most
(if not all) of the studies in which these compounds were
not genotoxic may account for the general negative
results in the standard test systems. The dependence of
these compounds on GSTTI1-1 to be activated to
mutagens raises important limitations regarding the
standard test systems and emphasizes the need for basic
research of the sort that has been applied to these
brominated THMs.

DeMarini et al. [63] proposed two possible pathways
of metabolism of THMs that would result in the
GC — AT transitions identified as the sole class of base
substitutions induced by these THMs in strain RSJ100
of Salmonella. The authors demonstrated that GSTT1-1
had the ability to mediate the mutagenicity of bromine-
containing THMs but not chloroform. They suggested
that the difference in mutational mechanisms between
the brominated THMs and chloroform is likely due to
initial metabolism in which the bromine is removed via
nucleophilic displacement of bromine or reductive
dehalogenation. Data in humans and animals indicate
that chloroform is metabolized chiefly to phosgene

except at high doses [63]. Pegram et al. [60]
demonstrated that brominated THMs could be activated
by GST-mediated transformation into mutagenic inter-
mediates. Also, chloroform displayed a low affinity for
the same pathway, indicating that the THMs as a
chemical class do not share the same mode of action.

More recently, the biotransformation and genotoxi-
city of !4C-bromodichloromethane were studied. These
in vitro experiments demonstrated that GSTTI-1
catalyzed the covalent binding of bromodichloro-
methane to DNA and the formation of guanine adducts
[64]. The cancer target tissues in the rat had greater
potential formation of bromodichloromethane-derived
DNA adducts compared to the rat liver due to greater
flux through the GSTT1-1 pathway [64].

4.1.3. Carcinogenicity

All four of the regulated THMs are carcinogenic in
rodents (Table 4) [59,61,65]. Only two have been
administered in the drinking water, bromodichloro-
methane and chloroform, and both were negative in the
mouse via this route. However, in the rat, bromodi-
chloromethane produced liver tumors, and chloroform
produced renal tumors when exposure was via the
drinking water (Table 4). When administered by

Table 4
Carcinogenicity of regulated disinfection by-products in rodents based on 2-year dosing studies
Chemical (RfD) Species Route and dose Tumor diagnoses References
Trihalomethanes
Bromodichloromethane Mouse Drinking water: 0, 9, 18, Drinking water: no evidence of [288]
(20 pg/(kg day)) 36 mg/(kg day) carcinogenicity
Gavage male mice: 0,25, Gavage: male mice renal tumors 1/49,
50 mg/(kg day) 2/50, 10/50
Gavage female mice: 0, 75, Gavage: female mice hepatocellular
150 mg/(kg day) tumors 3/50, 18/48, 33/50
Drinking water: 8.1, 27.2, Drinking water: no evidence of [290]
43.4 mg/(kg day) carcinogenicity
Rat Drinking water: 0, 6, 12, Drinking water: no evidence of [288-290]
25 mg/(kg day) carcinogenicity
Gavage: 0, 50, 100 mg/(kg day) Gavage: male rats renal tumors 0/50,
1/50, 13/50; intestinal carcinoma 0/50,
11/50, 38/50
Gavage: female rats renal tumors
0/50, 1/50, 15/50; intestinal
carcinoma 0/46, 0/50, 6/47
Feed: 0, 6.1, 25.5, 138 Feed: no evidence of carcinogenicity
mg/(kg day)
Drinking water 2: 0, 8.1, 27.2, Drinking water 2: male rat liver
43.4 mg/(kg day) tumors 2/45, 8/45, 7/48, 4/49
Bromoform (20 pg/(kg day)) Mouse Gavage: 0, 50, 100 mg/(kg day) Gavage: no evidence of carcinogenicity [291]
Rat Gavage: 0, 100, 200 mg/(kg day) Gavage: male rats intestinal tumors [291]

0/50, 0/50, 3/50
Gavage: female rats intestinal
tumors 0/50, 1/50, 8/50
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Table 4 (Continued)
Chemical (RfD) Species Route and dose Tumor diagnoses References
Chlorodibromomethane Mouse Gavage: 0, 50, 100 mg/(kg day) Gavage: male mice hepatocellular [292]
(20 pg/(kg day)) tumors 23/50, 27/50
Gavage: female mice hepatocellular
tumors 6/50, 10/49, 19/50
Rat Gavage: 0, 40, 80 mg/(kg day) Gavage: no evidence of [292]
carcinogenicity
Chloroform (10 wg/(kg day)) Mouse Gavage: males 0, 138, 277 mg/ Gavage: male mice hepatocellular [6,293]
(kg day); females 0, 238, 477 tumors 3/50, 18/50, 49/50
mg/(kg day)
Gavage: female mice hepatocellular
tumors 0/50, 40/50, 48/50
Drinking water: 0, 34, 65, 130, Drinking water: no evidence of
263 mg/(kg day) carcinogenicity
Rat Gavage: males 0, 90, 180 mg/ Gavage: male rats renal tumors [6,293]
(kg day); females 0, 100, 200 0/50, 4/50, 12/50
mg/(kg day)
Drinking water: 0, 19, 38, 81, Drinking water: male rat renal [66]
160 mg/(kg day) tumors 4/301, 4/313, 4/148, 3/48,
7/50
Inhalation males (0, 25, 50, Combined exposure: renal
100 ppm, 6 h/day, 5 day/week) tumors 0/50, 4/50, 4/50, 18/50
combined with drinking water
(1000 ppm): total dose was 0,
73, 93, 135, mg/(kg day)
Haloacetic acids
Chloroacetic acid Mouse Gavage: 0, 50, 100 mg/(kg day) Gavage: no evidence of [87]
(not listed on IRIS) carcinogenicity
Rat Gavage: 0, 15, 30 mg/(kg day) Gavage: no evidence of [86,87]
carcinogenicity
Drinking water: 0, 3.5, 26.1, Drinking water: no evidence of
59.9 mg/(kg day) carcinogenicity
Bromoacetic acid Mouse No data No data No cancer
(not listed on IRIS) studies
performed
Rat No data No data No cancer
studies
performed
Dibromoacetic acid Mouse Drinking water: 0, 50, Male hepatocellular tumors [88]
(not listed on IRIS) 500, 1000 mg/L 28/49, 41/50, 42/50, 47/50; male
lung tumors 12/49, 12/50, 22/50,
47/50
Female hepatocellular tumors
22/49, 28/50, 37/50, 37/49
Rat Drinking water: 0, 50, Male mesothelioma 3/50, 1/50, [88]
500, 1000 mg/L 0/50, 10/50; male leukemia
17/50, 31/50, 24/50, 13/50
Female mesothelioma 11/50,
13/50, 16/50, 22/50
Dichloroacetic acid Mouse Drinking water 52 weeks: 0, Drinking water 52 weeks: male [294,295]
(4 png/(kg day)) 1,2¢g/L mouse liver tumors 0/35, 0/11, 7/24
Drinking water: 0, 8, 84, 168, Drinking water: male mouse
315, 429 mg/(kg day) hepatocellular tumors 13/50,
11/33, 12/24, 23/32, 13/14, 8/8
Rat Drinking water: 0, 3.6, 40.2, Drinking water: male rat [296]

139.1 mg/(kg day)

hepatocellular tumors 1/33,
0/26, 7/29, 8/28
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Table 4 (Continued)

Chemical (RfD) Species Route and dose Tumor diagnoses References
Trichloroacetic acid Mouse Drinking water 52 weeks: 0, Drinking water 52 weeks: male [294]
(no RfD) 1,2¢g/L mouse hepatocellular tumors
0/35, 4/11, 5/24
Rat Drinking water: 0, 3.6, 32.5, Drinking water: no evidence [86]
363.8 mg/(kg day) of carcinogenicity
Other
Bromate (4 pg/(kg day)) Mouse Drinking water: 0, 9.1, 42.4, Drinking water: mouse renal [101]
77.8 mg/(kg day) tumors 0/40, 5/38, 3/41, 1/44
Rat Drinking water: males 0, 12.5, Drinking water: male rat renal [25,100,
27.5; females 0, 12.5, 25.5 tumors 3/53, 32/53, 46/52; 101,297]
mg/(kg day) male rat mesothelioma 6/53,
17/52, 28/46; female rat renal
tumors 0/47, 28/50, 39/49
Drinking water 2: 0, 0.9, 1.7, 3.3, Drinking water 2: male rat renal
7.3, 16.0, 43.4 mg/(kg day) tumors 0/19, 0/19, 0/20, 1/24,
5/24, 5/20, 9/20; male rat thyroid
follicular cell tumor 0/16, 0/19, 3/20,
4/24, 2/24, 3/20, 15/19; male rat
mesothelioma 0/19, 0/20, 3/20,
4/24, 2/24, 3/20, 15/20
Drinking water 3: 0, 1.5, 7.9, Drinking water 3: male rat renal
16.9, 37.5 mg/(kg day) tumors 1/45, 1/43, 6/47, 3/39, 12/32;
male rat thyroid follicular cell tumor
0/36, 4/39, 1/43, 4/35, 14/30; male
rat mesothelioma 0/47, 4/49, 5/49,
10/47, 27/43
Chlorite (30 pg/(kg day)) Mouse Drinking water: 0, 0.025, 0.05% Drinking water: no evidence of [100,298]
(85-week studies) carcinogenicity
Drinking water 2: 0, 250, 500 ppm Drinking water 2: no evidence
of carcinogenicity
Chlorite (30 pg/(kg day)) Rat Drinking water: 0, 300, 600 ppm Drinking water: no evidence [100]

(85-week study)

of carcinogenicity

gavage, bromodichloromethane produced renal and
liver tumors in the mouse, and renal and intestinal
tumors in the rat. Chloroform also produced liver
tumors in the mouse and renal tumors in the rat
(Table 4). A combined exposure of rats to chloroform
via both the drinking water and inhalation produced
renal tumors [66].

The other two regulated THMs, bromoform and
chlorodibromomethane, have been administered only
by gavage, and both were negative in one species
(bromoform in mouse and chlorodibromomethane in
rat) (Table 4). However, bromoform induced intestinal
tumors in the rat, and chlorodibromomethane induced
liver tumors in the mouse (Table 4). All but bromoform
produced liver tumors. Chloroform and bromodichlor-
omethane also produced renal tumors, and bromodi-
chloromethane and bromoform produced intestinal
tumors. Only two of the four regulated THMs produced
tumors at multiple organ sites (chloroform and
bromodichloromethane), and these same two are the

only ones that are carcinogenic in both mouse and rats,
i.e., are trans-species carcinogens.

With two notable exceptions, the regulated THMs
did not produce urinary bladder or colorectal tumors,
which are the primary tumors associated with drinking-
water exposure in epidemiological studies (Section 3).
The exceptions were bromodichloromethane and
bromoform, which produced tumors of the large
intestine in the rat, and these tumors are anatomically
and functionally analogous to the colon in humans.
Mechanistic studies have also shown that bromoform
and bromodichloromethane induce aberrant crypt foci
(ACF) primarily in the rectal segment of the colon of
rats (not in mice) when administered either via drinking
water or gavage [66a,66b]. A high-fat diet had no
influence on the ACF frequency induced by bromodi-
chloromethane; however, it increased by twofold the
frequency of ACF induced by bromoform [66c]. A diet
lacking folate significantly increased the frequency of
ACF induced by bromoform relative to that of a normal
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diet in rats [66d]. These studies provide an important
mechanistic link to a type of cancer associated with
drinking-water exposure in humans.

TARC has found bromoform [61] and chlorodibro-
momethane [65] to be group 3, which is not classifiable
as to their human carcinogenicity. In contrast, both
chloroform [59] and bromodichloromethane [61] have
been classified by IARC as 2B, possibly carcinogenic to
humans. The U.S. EPA’s Integrated Risk Information
System (IRIS) describes bromodichloromethane as B2,
probable human carcinogen (http://www.epa.gov/iris/
subst/0213.htm).

Chloroform is the only regulated THM for which there
is enough evidence to develop a risk assessment based on
its mode of action [67]. Numerous studies have shown
that chloroform is not genotoxic and that tumors, when
they arise, develop only at doses that produce significant
cellular toxicity, cell death, and regenerative proliferation
[68-70]. The IRIS discussion of chloroform (http://
www.epa.gov/iris/subst/0025.htm) indicates that three
different types of quantitative assessments are possible.
The weight-of-evidence assessment concludes that
“chloroform is likely to be carcinogenic to humans by
all routes of exposure under high-exposure conditions
that lead to cytotoxicity and regenerative hyperplasia in
susceptible tissues. However, chloroform is not likely to
be carcinogenic to humans by any route of exposure
under exposure conditions that do not cause cytotoxicity
and cell regeneration.”

Chloroform has induced kidney tumors in male rats
and liver tumors in male and female mice only at doses
that resulted in cytotoxicity. The tumors were postulated
to be secondary to sustained or repeated oxidative
metabolism-mediated cytotoxicity and secondary regen-
erative hyperplasia. This oxidative pathway can produce
the electrophilic metabolite phosgene, which can lead to
tissue injury and cell death by reaction with tissue proteins
and cellular macromolecules as well as phospholipids,
glutathione, free cysteine, histidine, methionine, and
tyrosine. Persistent cell proliferation could lead to
increased mutation, increased conversion of spontaneous
DNA damage into mutations, and subsequent cancer. The
weight of the evidence indicates that a mutagenic mode of
action via DNA reactivity is not significant.

Although there is insufficient information for the
other regulated THMs to develop a specific mode of
action, mutational events and cellular death and
regeneration may be necessary for the carcinogenicity
of the brominated THMs. Recent data on the
pharmacokinetics of bromodichloromethane in humans
showed that the maximum blood concentrations of
bromodichloromethane were 25-130 times higher from

dermal exposure compared to oral exposure [71],
emphasizing the importance of route of exposure in risk
assessment of the brominated THMs [64,72,73].

4.2. Haloacetic acids (HAAs)

4.2.1. Occurrence

Currently, five haloacetic acids are regulated by the
U.S. EPA. The maximum contaminant level (MCL) is
60 wg/L for the sum of bromoacetic acid, dibromoacetic
acid, chloroacetic acid, dichloroacetic acid, and trichlor-
oacetic acid. HAAs can be formed by disinfection with
chlorine, chloramines, chlorine dioxide, and ozone, but
they are generally formed at highest levels with
chlorination [2]. Chloramines form substantially lower
levels of HA As, which is one of the reasons it has become
a popular alternative disinfectant for public water
systems that cannot meet the regulation with chlorination
[74]. Because chlorine dioxide disinfection significantly
reduces the levels of THMs and HA As relative to chlo-
rine, it is not generally well known that chlorine dioxide
can form HAAs. However, studies have shown that
chlorine dioxide can form HAAs, primarily dichloro-,
bromochloro-, and dibromoacetic acid [9,23,29,74-76].

The Information Collection Rule (ICR) data revealed
that water-treatment systems using chlorine dioxide had
higher haloacetic acid levels for the nine bromo-chloro-
HAAs than those using chlorine or chloramine only [23].
Water-treatment systems using chlorine dioxide also
used chlorine or chloramines (mostly as post-disin-
fectants), but this is further evidence that chlorine dioxide
can contribute to the formation of HAAs. Increased
formation of dihaloacetic acids was also observed in a
recently conducted Nationwide Occurrence Study [9,27].
Overall, the ICR found mean concentrations of the five
regulated HAAs at 23 pg/L and a 90th percentile of
47.5 pg/L at all water-treatment systems measured [23].

Like chloramines and chlorine dioxide, ozone used
in water treatment is well known for lowering the levels
of THMs and HAAs formed, relative to chlorine.
However, when source waters contain elevated levels of
natural bromide, dibromoacetic acid has been shown to
form [2,57].

4.2.2. Genotoxicity

The genotoxicity data for the HAAs are summarized
in [17] and Table 5. As shown in Table 5, limited data
are available for iodoacetic acid, bromoacetic acid,
dibromoacetic acid, tribromoacetic acid, and chloroa-
cetic acid. However, in general, all five were mutagenic
in Salmonella and induced DNA damage (SCGE assay)
in CHO cells in the absence of S9. Thus, these HAAs
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Table 5

Comparative genotoxicity of haloacetic acid DBPs

Chemical Biosystem Genetic endpoint Concentration range of positive response References

or highest genotoxic potency

Todoacetic acid Salmonella his reversion 14129 revertants/pwmol [11,13]
CHO cells SCGE 8.7 uM (GP) [11,13]
CHO and TK6 cells Chromosome aberrations 20-50 pM [78]

Bromoacetic acid Salmonella Fluctuation test 20-75 pg/mL [80]
Salmonella his reversion 5465 revertants/pwmol [77]
E. coli PQ37 SOS chromotest Negative [80]
Pleurodeles newt Micronucleus test Negative [80]
CHO cells SCGE 17.0 uM (GP) [13,15,123]

Dibromoacetic acid Salmonella Fluctuation test —S9, +S9 0-750 pg/mL; 30-3000 pg/mL [80]
Salmonella his reversion 148 revertants/pmol [77]
E. coli PQ37 SOS chromotest, —S9, +S9 200-750 pg/mL; 100-3000 pg/mL [80]
Pleurodeles newt Micronucleus test Negative [80]
CHO cells SCGE 1.76 mM (GP) [15]

Tribromoacetic acid Salmonella his reversion Negative [77]
Salmonella Fluctuation test —S9, +S9 2000-3000 pg/mL; 5000-10000 pg/mL [80]
E. coli PQ37 SOS chromotest, —S9, +S9 750-1500 pg/mL; 100-3000 pg/mL [80]
Pleurodeles newt Micronucleus test Negative [80]
CHO cells SCGE 2.46 mM (GP) [15]

Chloroacetic acid Salmonella his reversion 27 revertants/pmol [77]
Salmonella Fluctuation test Negative [80]
E. coli PQ37 SOS chromotest Negative [80]
Pleurodeles newt Micronucleus test Negative [80]
CHO cells SCGE 411 pM (GP) [15]
L5178Y/Tk™~ cells Tk~ 400 wg/mL [299]

Dichloroacetic acid
Trichloroacetic acid

See review and text
See review and text

[17]
[17]

GP: the SCGE genotoxic potency for SCGE analysis which is the concentration at the midpoint of the concentration-response curve [10-13].

were mutagenic in bacteria and induced DNA damage
in mammalian cells in vitro [11,13,15,77]. In addition,
iodoacetic acid induced chromosomal aberrations in
mammalian cells in vitro [78].

More extensive data (15 studies) have been reported
for dichloroacetic acid [17]. Although most initial studies
were negative for mutagenic and genotoxic effects in
bacteria and mammalian cells in vitro, subsequent studies
in which cells were exposed to dichloroacetic acid in
closed systems or to dichloroacetic acid vapors generally
produced weakly positive results at high concentrations.
Thus, dichloroacetic acid was weakly mutagenic in
Salmonella TA100 = S9 [79,80], with a mutagenic
potency of 35 revertants/umol [77]. It was weakly
positive with S9 activation in a prophage-induction assay
in E. coli [79] and in the E. coli SOS chromotest [80].
Dichloroacetic acid did not induce micronuclei in newts,
rat bone marrow, or in mouse lymphoma cells [80-82].
However, dichloroacetic acid was weakly positive for
induction of micronuclei in mouse bone marrow in vivo,
and the micronuclei were kinetochore-negative, indicat-
ing that dichloroacetic acid induced chromosome

breakage [83]. In this study, dichloroacetic acid also
induced apparent DNA cross-links in peripheral blood
lymphocytes based on results with the comet assay in
vivo. At high concentrations (800 pwg/mL), dichloroace-
tic acid induced small-colony Tk™~ mutants, indicative
of chromosomal mutation, and it also induced chromo-
some aberrations in mouse lymphoma cells [81].
Dichloroacetic acid did not induce DNA damage in
CHO cells [15] or in rodent liver in vivo [84]. In
transgenic Big Blue mice, dichloroacetic acid was
mutagenic at the lacl gene (2.3-fold increased mutation
frequency relative to the control), and 33% of the
mutations were at AT sites compared to only 19% of
those in the controls [85]. The majority of the base
substitutions (33%) were GC to AT transitions, which
were also the primary class of mutations (80%), induced
in Salmonella TA100 [79]. As discussed below, the weak
genotoxicity of dichloroacetic acid, which is exhibited
only at high concentrations, is not considered to play a
primary role in its carcinogenicity.

Trichloroacetic acid also has been studied exten-
sively, with more than 20 reports on the genotoxicity of
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this compound [17]. Unlike dichloroacetic acid,
trichloroacetic acid has given generally negative results
for gene mutation in bacteria and mammalian cells and
for DNA damage in vitro, even when tested in closed
systems. Single studies have reported that trichloroa-
cetic acid induced DNA damage (SCGE assay) or
chromosomal aberrations in vivo [17].

Two studies evaluated six haloacetic acids for
mutagenicity in Salmonella [77,80]. Although they
produced slightly different rankings for the compounds
in terms of cytotoxic and mutagenic potency, the
brominated acetic acids were more toxic than their
chlorinated analogues, and toxicity decreased with an
increase in the number of halogen atoms per molecule.
Brominated haloacetic acids also were more mutagenic
than the chlorinated acids. Likewise, based on the
induction of DNA damage (SCGE assay) in CHO cells,
the brominated haloacetic acids were more genotoxic
and cytotoxic than the chlorinated acids [15].

4.2.3. Carcinogenicity

Among the five regulated HAAs, bromoacetic acid
has not been tested for carcinogenicity, and chloroacetic
acid gave no evidence of carcinogenicity in rodent 2-
year bioassays after either gavage or drinking-water
exposure [86,87] (Table 4). The remaining three
regulated HAAs (dibromoacetic acid, dichloroacetic
acid, and trichloroacetic acid) have produced tumors
after drinking-water exposures (Table 4), with dibro-
moacetic acid inducing liver tumors in male mice at an
average daily dose of 50 mg/L, which is equivalent to an
average daily dose of ~4 mg/kg [88]. All three
carcinogenic HAAs produced liver tumors; in addition,
dibromoacetic acid also produced leukemias and
abdominal cavity mesotheliomas in rats, and liver
and lung tumors in mice. A recent study has confirmed
the induction of liver tumors in the mouse by
trichloroacetic acid (A.B. DeAngelo, personal commu-
nication).

There is not sufficient information for the three
carcinogenic regulated HAAs to develop a mode of
action for their carcinogenicity. However, the weak
genotoxicity of dichloroacetic acid and the lack of
reproducible genotoxicity of trichloroacetic acid indi-
cate that genotoxic mechanisms probably are not a
primary mode of action for the carcinogenicity of these
two regulated HAAs [17,89]. Some of the HAAs appear
to produce significant metabolic disturbances which, in
part, result in intrahepatic glycogen accumulation [90—
92]. An assessment by IARC found dichloroacetic acid
to be a possible (2B) human carcinogen; however,
trichloroacetic acid was not classifiable in terms of its

carcinogenicity to humans [17]. The U.S. EPA’s IRIS
(http://www.epa.gov/iris/subst/0654.htm) describes
dichloroacetic acid as B2, probable human carcinogen
and considers nongenotoxic mechanisms as the basis for
its carcinogenicity.

4.3. Bromate

4.3.1. Occurrence

Bromate (BrO;™) is produced primarily by ozone
disinfection when source waters contain high levels
(>50 pg/L) of natural bromide [2]. However, there are a
few studies that have shown bromate formation
following chlorine dioxide treatment [14], particularly
when chlorine dioxide disinfection is conducted in the
presence of sunlight [93]; it is also possible to have
bromate contamination from the use of hypochlorite, a
form of chlorine [94]. Bromate is currently regulated at
10 pg/L in the U.S.

In the ICR, bromate was detected in ozonated
drinking water at levels ranging from <0.2 to 25.1 pg/
L, and in 11% of the chlorine dioxide-treated drinking-
water samples, at levels ranging from below detection to
2.4 png/L [23]. Because none of the 28 participating
chlorine dioxide water treatment plants used hypo-
chlorite solutions for post-treatment, the bromate
observed was attributed to chlorine dioxide disinfection
and not to bromate contamination. In the ozonated
drinking waters treated with post-hypochlorite disin-
fection, bromate levels increased on average by
0.84 pg/L (from bromate contamination in the hypo-
chlorite) over the level formed by ozone only.

4.3.2. Genotoxicity

The genotoxicity of potassium bromate has been
reported in 18 studies that were reviewed by IARC [59];
additional studies have been reviewed by Moore [95]
and are included in Table 6. Potassium bromate is a
base-substitution mutagen that required S9 in Salmo-
nella TA100; it was not a frameshift mutagen in TA98
[59]. Its ability to induce 8-hydroxydeoxyguanosine has
been well documented [59], and consistent with
bromate being an oxidative mutagen, it was mutagenic
in strains TA102 and TA104 of Salmonella, which are
sensitive to oxidative mutagens [96]. Such activity
would indicate that potassium bromate might be a
clastogen (i.e., break chromosomes), and three studies
have shown that it induced chromosomal aberrations in
mammalian cells in vitro. Potassium bromate’s clasto-
genicity has also been confirmed in vivo, with five
studies in mice and one with rats showing the induction
of micronuclei in bone marrow [59].
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Table 6
Comparative genotoxicity of bromate
Chemical Biosystem Genetic endpoint Concentration range of positive References
response or highest genotoxic potency
Potassium bromate See reviews [59,95]
Salmonella his reversion +S9 3-5 mg/plate [96]
V79 cells SCGE 5-20 mM [98]
MCN 2.5-10 mM
Chromosome aberrations 5-20 mM
Hprt mutation 10-20 mM
CHO AS52 cells SCGE 7.2 mM (GP) [15]
CHO K1 cells SCGE 2.5-10 mM [97]

GP: the SCGE genotoxic potency for SCGE analysis which is the concentration at the midpoint of the concentration—response curve [10-13].

Recent studies have shown that potassium bromate
induced DNA damage (SCGE assay) in mammalian
cells [15,97] and chromosomal aberrations and Hprt
mutations (deletions and G to T base substitutions) in
V79 cells, indicative of oxidative damage [98]. The
relationship between DNA damage and 8-hydroxy-
deoxyguanosine was also indicated by a modified
SCGE assay in V79 cells [98]. Although potassium
bromate (500 ppm in drinking water) was not muta-
genic at the gpt locus in vivo in rat kidney, it was
mutagenic using the Spi~ (insensitive P2 interference)
selection system, which detects deletions [99]. Thus,
potassium bromate is a clastogen, causing oxidative
damage and chromosomal mutations at the target organ,
which is the kidney (see below).

4.3.3. Carcinogenicity

Of the regulated DBPs, bromate is the most potent
carcinogen in laboratory animals, inducing renal and
thyroid follicular cell tumors in rats [25,100,101] and
renal tumors in mice [101] (Table 4). There is a
significant body of work that is highly suggestive that
bromate causes DNA damage secondary to oxidative
stress from intracellular bromate within the kidney cells
where tumors arise [102-105]. A recent microarray
study in vivo also supports a role for oxidative stress in
bromate-induced kidney tumors [106]. Bromate pro-
duced an increased incidence of tumors after 1.5 mg/
(kg day) (1500 pg/(kg day)). Under the old Guidelines
for Carcinogen Risk Assessment (http://www.epa.gov/
iris/subst/0025.htm), bromate was classified as B2,
probable human carcinogen. According to the IRIS
entry, ‘““‘under the Proposed Guidelines for Carcinogen
Risk Assessment (U.S. EPA, 1996) [now final U.S. EPA
2005], bromate should be evaluated as a likely human
carcinogen by the oral route of exposure. Insufficient
data are available to evaluate the human carcinogenic
potential of bromate by the inhalation route” (IRIS,

http://www.epa.gov/iris/subst/1002.htm#carc). TARC
considers potassium bromate as a group 2B, possible
human carcinogen [59]. The U.S. EPA’s reference dose
is 4 pg/(kg day) from the IRIS based on urothelial
hyperplasia (http://www.epa.gov/iris/subst/1002.htm).

4.4. Chlorite

4.4.1. Occurrence

Chlorite is a DBP formed with chlorine dioxide
treatment, and it is currently regulated at 1.0 mg/L in the
United States [22,24]. Dilute solutions of chlorine
dioxide are stable under low or zero oxidant-demand
conditions, but when chlorine dioxide is in contact with
naturally occurring organic and inorganic matter,
chlorine dioxide rapidly degrades to chlorite (C10;,7),
chlorate (ClO5), and chloride (C17) [93,107-109].
Overall, chlorite levels can vary between 30 and 70% of
the chlorine dioxide dose, depending on oxidant
demand, temperature, competitive side reactions with
other chemicals or processes, and generator efficiency
[108,110].

Probably the richest data set on chlorite comes from
the ICR, which included 28 water-treatment plants
using chlorine dioxide (among the 500 large treatment
plants sampled [23,111]. The median level of chlorite
was 0.29 mg/L at these facilities using chlorine dioxide
for disinfection. Recent measurements of chlorite
included a study of full-scale treatment plants in Israel
using chlorine dioxide [14] in which chlorite was found
at levels up to 0.58 mg/L; a full-scale treatment plant in
Virginia [112], where chlorite was found at a median
level of 0.29 mg/L, following initial treatment with
chlorine dioxide; full-scale treatment plants in Quebec,
where chlorite was found at a maximum level of 1.1 mg/
L [113]. Korn et al. [114] recently developed a model
that can be used to predict chlorite formation in drinking
waters treated with chlorine dioxide. This model
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includes non-purgeable organic carbon (NPOC) and
UV,s4 as key parameters in the prediction of chlorite
and chlorate levels.

4.4.2. Genotoxicity

Few data exist on the genotoxicity of chlorite. In a
study that measured differential cell killing in E. coli
strains deficient in oxygen-scavenging enzymes, chlor-
ite (NaClO,) was highly cytotoxic, indicating the
formation of active oxygen species. However, no direct
measurements on the mutagenicity of chlorite were
conducted [115].

4.4.3. Carcinogenicity

Chlorite showed no evidence of carcinogenicity in
two studies in mice and one using rats when the
animals were exposed via the drinking water;
however, these were 85-week studies (Table 4). No
2-year carcinogenicity bioassays have been performed
with chlorite.

5. Summary of the occurrence, genotoxicity, and
carcinogenicity of the regulated DBPs

5.1. Summary of the occurrence of the regulated
DBPs

In chlorinated drinking water, the THMs and HAAs
are generally present at the highest levels of the DBPs
measured (mid-ppb levels), with chloroform generally
being the dominant THM (mean of 23 pg/L in the ICR,
with some samples above 100 wg/L) and dichloroacetic
acid and trichloroacetic acid being the dominant HAAs
(mean of 11 and 10 pg/L in the ICR, respectively). The
sum of the four regulated THMs (THM4) are generally
present at levels higher than the sum of the five
regulated HAAs (HAAS); however, the sum of the nine
total chloro-bromo-HAAs (HAADO, i.e., the five regu-
lated plus four unregulated HAAs) can be present at
levels comparable to THM4. Chloramination and
ozonation generally produce much lower levels of
THMs and HAAs relative to chlorine, although
ozonation can produce ppb levels of bromoform and
dibromoacetic acid in high-bromide source waters.
Chlorine dioxide can also produce HAAs (mean of
23 pg/L in the ICR for the five regulated HAAs). With
the U.S. Stage 1 and Stage 2 D/DBP regulations, the
current mean levels will likely be lower in the United
States than when the ICR data were collected (1997—
1998). However, other countries that have higher
regulatory limits or no regulatory limits for DBPs will
likely have DBPs at levels higher than these means.

Bromate is formed as a DBP primarily when high-
bromide source waters are treated with ozone, but it can
also be formed by chlorine dioxide when the disinfec-
tion is carried out in the presence of sunlight. Bromate
can also be introduced into chlorinated drinking water
from an impurity in hypochlorite solutions. Chlorite is a
DBP formed by chlorine dioxide treatment and is often
the limiting factor in the dose of chlorine dioxide that is
applied for disinfection. Chlorite levels can vary
between 30 and 70% of the chlorine dioxide dose,
and chlorite has the highest concentration of any
regulated DBP—a median of 0.29 mg/L was observed
in the ICR, but levels above 1 mg/L have been observed.

5.2. Summary of the genotoxicity of the regulated
DBPs

Of the four regulated THMs, chloroform was
generally not mutagenic or genotoxic. Chloroform may
be considered a nongenotoxic carcinogen as discussed in
the following section. Bromodichloromethane, chlorodi-
bromomethane, and bromoform generally did not induce
mutations in various organisms unless the capacity of
activation by GSTT1-1 was included. This is a common
enzyme in mammalian cells (including humans); thus, the
capability to activate brominated THMs to mutagenic
intermediates is clearly present in humans. Some studies
also uncovered other genotoxic damage, including
chromosomal aberrations, SCEs, and micronuclei. Data
suggest that bromodichloromethane is likely a genotoxic
carcinogen (see following section).

Of the five regulated HAAs, bromoacetic acid,
dibromoacetic acid, and chloroacetic acid were muta-
genic in bacteria and induced DNA damage in
mammalian cells. Dichloroacetic acid was weakly
mutagenic only at high concentrations, whereas
trichloroacetic acid gave negative results. In two
comparative studies, the brominated HAAs were more
genotoxic than the chlorinated HAAs.

There are very few data on chlorite; however, it may
form active oxygen species. Bromate is widely
mutagenic and genotoxic in vivo and in vitro. Its
clastogenic ability and production of oxidative damage
likely play a role in its carcinogenicity.

5.3. Summary of the carcinogenicity of the
regulated DBPs

As summarized in Table 7, all of the regulated DBPs,
except for bromoacetic acid, have been subjected to 2-
year rodent carcinogenicity bioassays. Of those tested in
2-year studies, all showed evidence of carcinogenicity
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Table 7
Summary of the 2-year carcinogenicity studies of the regulated DBPs
DBP Route of administration and target organ of tumors
Gavage Drinking water Feed (Rat) Inhal+water
(Rat)
Mouse Rat Mouse Rat

THMs

Bromodichloromethane Renal, liver Renal, intestine Negative Liver Negative

Negative

Bromoform Negative Intestine

Chlorodibromomethane Liver Negative

Chloroform Liver Renal Negative Renal Renal
HAAs

Chloroacetic acid Negative Negative Negative

Bromoacetic acid

Dibromoacetic acid Liver, lung Leukemia, mesothelioma

Dichloroacetic acid Liver Liver

Trichloroacetic acid Liver Negative

Bromate Renal Renal, thyroid, mesothelioma

Chlorite® Negative Negative

Negative

? This was an 85-week study.

except for chloroacetic acid. All four of the regulated
THMs were carcinogenic in rodents; of the two that
have been tested via the drinking water (bromodi-
chloromethane and chloroform), both were negative in
the mouse but carcinogenic in the rat. All four regulated
THMs have been tested by gavage, but two were
carcinogenic in only one species via this route
(bromoform in rat and chlorodibromomethane in
mouse). Chloroform produced renal tumors when rats
were exposed via a combination of inhalation and
drinking water.

Only two of the regulated THMs produced tumors at
multiple organ sites (chloroform and bromodichloro-
methane), and these same two were the only ones that
were carcinogenic in both mouse and rats, i.e., were
trans-species carcinogens. Both have also been classified
as either probable or possible human carcinogens by
various organizations. Data in experimental organisms as
well as humans suggest that bromodichlormethane is
likely a genotoxic carcinogen, whereas chloroform may
be a nongenotoxic carcinogen with the ability to induce
cancer in humans only under conditions of considerable
cytotoxicity and repeated cell proliferation.

The three carcinogenic HAAs (dibromoacetic acid,
dichloroacetic acid, and trichloroacetic acid) and
bromate have been tested only in drinking water. By
this route of exposure, all three carcinogenic haloacids
produced liver tumors, and dibromoacetic acid also
produced lung tumors, leukemias, and abdominal cavity
mesotheliomas. Bromate produced kidney and thyroid
tumors as well as mesotheliomas. Two of the three

carcinogenic HAAs, dibromoacetic acid and dichlor-
oacetic acid, were carcinogenic in both mice and rats;
trichloroacetic acid was carcinogenic only in the mouse.
Dichloroacetic acid is considered a possible or probable
human carcinogen, and its weak genotoxicity at only
high doses has suggested that genotoxicity is not the
primary basis for its carcinogenicity. Trichloroacetic
acid was neither genotoxic nor classifiable with regard
to its carcinogenicity to humans.

Bromate is the most potent carcinogen among the
regulated DBPs, it is clearly mutagenic and genotoxic in
vivo and in vitro, and it is considered a possible human
carcinogen by some organizations. Its ability to produce
oxidative stress, resulting in damage to DNA, may play
a role in its ability to induce renal tumors. Chlorite
showed no evidence of carcinogenicity in two studies in
mice and one in rat when administered via the drinking
water for 85 weeks.

Among all of the regulated DBPs, bromodichlor-
omethane, dichloroacetic acid, bromoacetic acid, and
bromate most clearly exhibit the features of most IARC-
declared human carcinogens, i.e., they are mutagenic,
trans-species carcinogens. At the end of this review
(Section 12), we discuss the implications of these
findings for future research.

5.4. Overall summary of the regulated DBPs
Table 8 shows a qualitative summary of the

occurrence, genotoxicity, and carcinogenicity (both
rodent and human) of the regulated DBPs. All occur at
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Table 8
Summary of occurrence, genotoxicity, and carcinogenicity of regulated DBPs
DBP Occurrence®  Genotoxicity Carcinogenicity

Gene mutation Chrom. mutation DNA damage Rodent Human®

Bacteria MC® Invitro Invivo Invitro Invivo Mouse Rat IARC EPA
Bromodichloromethane =~ **%*%* + — + — +, — — 4+ — 2B B2
Bromoform HkAE + + + + + — — + 3 B2
Chlorodibromomethane Hekokeok + + + — + _ 3 C
Chloroform ok — - - — + +, — +++ 2B
Chloroacetic acid Hkk - + — — _ I
Bromoacetic acid ok + +
Dibromoacetic acid ok + + + +
Dichloroacetic acid Fokkk + + + + — - + + 2B B2
Trichloroacetic acid ok - - — — + _ 3
Bromate ke + + + + + + + + 2B B2
Chlorite stk _ _

5

* *Low-ng/L levels; **ng/L to sub-pg/L levels; ***sub- to low-pg/L levels; ****low-ug/L levels; ***#*|ow- to mid-pg/L levels; **#**¥* high

ng/L levels.

® JARC: 1 2B, possibly carcinogenic to humans; 3, not classifiable as to its carcinogenicity in humans. EPA: B2, probably carcinogenic to humans
as evaluated using the U.S. EPA’s 1986 Guidelines for Carcinogen Risk Assessment; C, possibly carcinogenic to humans as evaluated using the U.S.

EPA’s 1986 Guidelines for Carcinogen Risk Assessment.
¢ MC, mammalian cells.

high to moderate levels, which distinguish them from
many of the other DBPs evaluated in this review.
However, two of the regulated DBPs (chloroacetic acid
and chlorite) are not carcinogenic in two species;
another (bromoacetic acid) has not been tested for
carcinogenicity. Although chlorite has been tested for
carcinogenicity in two species in three long-term
bioassays and is not carcinogenic in any of the three
studies, it has never been tested for genotoxicity. Two of
the regulated DBPs are generally not genotoxic:
chloroform and trichloroacetic acid, although both
are carcinogenic. Almost half of the 11 DBPs have
considerable data gaps for genotoxicity, and as noted,
bromoacetic acid has never been tested for carcino-
genicity. The most complete data sets, at least for
genotoxicity and carcinogenicity, exist for bromoform,
chlorodibromomethane, dichloroacetic acid, and bro-
mate. However, even for some of these, additional
mechanistic studies are needed to characterize their
mode of action. Six of these DBPs, bromodichlor-
omethane, bromate, bromoform, chloroform, and
dichloroacetic acid, have been assessed as probable
or possible human carcinogens by either IARC or the
U.S. EPA or both.

6. Emerging unregulated DBPs

Although more than 600 DBPs have been reported in
the literature, only 11 are currently regulated in the

United States. Some of the unregulated chemicals are
similar to those that are regulated, such as the haloacetic
acids, whereas others are unique. Most of these
unregulated DBPs have been found in chlorinated
drinking water, but many of them are also formed by
alternative disinfectants, such as chlorate from chlorine
dioxide treatment or formaldehyde from ozonation. For
the most part, there are few carcinogenicity studies for
unregulated DBPs. However, there is a growing
database of genotoxicity data for many of these
emerging unregulated DBPs, and these data are
introduced in the following sections on emerging
DBP classes.

6.1. Halonitromethanes

6.1.1. Occurrence

Just as there are nine possible chloro-bromo
haloacetic acids that can form in drinking water, nine
halonitromethanes can be formed from chlorine,
chloramine, ozone-chlorine, or ozone-chloramine dis-
infection. Chloropicrin (trichloronitromethane) has
been the most commonly measured example in this
class. Recently, however, bromonitromethanes have
been identified [12,28,116,117], which are a potential
concern for toxicity [12]. Moreover, research indicates
that the halonitromethanes may be increased in
formation when pre-ozonation is used before chlorine
or chloramine treatment [9,19,27,118,119].
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Results of the U.S. Nationwide DBP Occurrence
Study revealed a range of concentrations for individual
halonitromethanes of 0.1-5 pg/L, with bromopicrin
(tribromonitromethane) found at the highest levels of
this class of DBP [9,27]. New laboratory-scale formation
studies also indicate that nitrite may also play arole in the
formation of the nitro group in these DBPs [119].

Tribromonitromethane (bromopicrin) and other
trihalonitromethanes (which include bromodichloro-
and chlorodibromonitromethane) require particular
analytical conditions for their detection and/or identi-
fication. These compounds are thermally unstable
and decompose under commonly used injection-port
temperatures during gas chromatography (GC) or
GC/mass spectrometry (MS) analysis [120]. The major
decomposition products are haloforms (such as bromo-
form), which result from the abstraction of a hydrogen
atom from the solvent (e.g., ethyl acetate, acetone, or
methylene chloride) by thermally generated trihalo-
methyl radicals. A number of other products formed by
radical reactions with the solvent and with other radicals
are also formed. In addition, these trihalonitromethanes

can decompose in a hot GC/MS transfer line and exhibit
unusual mass spectra due to H/Br exchanges by some of
their fragment ions. In order to successfully detect and
quantify these compounds in drinking water, a GC
injection temperature of 170 °C and a GC/MS transfer
line temperature of 225 °C should be used.

6.1.2. Genotoxicity

Recent studies on the halonitromethanes have defined
the genotoxicity of this emerging class of DBPs [12,121—
123] (Table 9). Nine halonitromethanes were assessed for
mutagenicity in Salmonella TA100 with and without S9
under preincubation conditions. The mutagenic potency
was calculated from the slope of the linear regression
over the linear portion of the concentration—response
curve. The rank order of mutagenic potency in TA100
was dibromonitromethane ~ bromochloronitromethane
> tribromonitromethane = chloronitromethane > brom-
onitromethane = dichloronitromethane = bromodichlor-
onitromethane > dibromochloronitromethane ~ trichl-
oronitromethane. Based on these results, the halonitro-
methanes were classified as weak mutagens in

Table 9
Comparative genotoxicity of halonitromethane DBPs
Chemical Biosystem Genetic endpoint Concentration range of positive References
response or highest genotoxic potency
Chloronitromethane Salmonella his reversion +GST 1.8 revertants/nmol [124]
Salmonella his reversion 1156 revertants/pmol [122]
CHO cells SCGE 2.15 mM (GP) [12]
Dichloronitromethane Salmonella his reversion 0.56 revertants/nmol [124]
Salmonella his reversion 263.1 revertants/pmol [122]
CHO cells SCGE 421 pM (GP) [12]
Trichloronitromethane (chloropicrin) Salmonella Fluctuation test 3-10 pg/mL [127]
Salmonella his reversion +GST 0.56 revertants/nmol [124]
Salmonella his reversion 40.5 revertants/pmol [122]
E. coli PQ37 SOS chromotest 0.3-100 pg/mL [127]
Pleurodeles newt Micronucleus test Negative [127]
CHO cells SCGE 93.4 uM (GP) [12]
Bromonitromethane Salmonella his reversion 856.5 revertants/pwmol [122]
CHO cells SCGE 136 M (GP) [12,123]
Dibromonitromethane Salmonella his reversion 5571 revertants/pwmol [122]
CHO cells SCGE 26.2 uM (GP) [12,123]
Tribromonitromethane (bromopicrin) Salmonella his reversion 1149 revertants/pwmol [122]
CHO cells SCGE 69.9 uM (GP) [12]
Bromochloronitromethane Salmonella his reversion 1980 revertants/pwmol [122]
CHO cells SCGE 165 uM (GP) [12]
Dibromochloronitromethane Salmonella his reversion 269.5 revertants/pmol [122]
CHO cells SCGE 143 uM (GP) [12]
Bromodichloronitromethane Salmonella his reversion 748 revertants/pmol [122]
CHO cells SCGE 63.2 uM (GP) [12]

GP: the SCGE genotoxic potency for SCGE analysis which is the concentration at the midpoint of the concentration—response curve [10-13].
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Salmonella [122]. The halonitromethanes induced
primarily GC to AT base substitutions, which was similar
to their halomethane analogues [121].

Earlier work [124] found that the chlorinated
nitromethanes were mutagenic in Salmonella TA100
with S9 and that the addition of glutathione to the
preincubation mixture did not alter the mutagenic
potency of the halonitromethanes; it did reduce the
cytotoxicity, which allowed for the analysis of a wider
concentration range. Trichloronitromethane is metabo-
lized to dichloronitromethane and chloronitromethane by
reductive dechlorination [125,126]. Schneideretal. [124]
indicated that trichloronitromethane was metabolized by
GSH into mutagenic compounds, suggesting the con-
version of trichloronitromethane to dichloronitro-
methane. Kundu et al. [122] reported the mutagenic
potency for trichloro-, dichloro-, and chloronitromethane
as 560, 560, and 1800 revertants/wmol in Salmonella
TA100. These studies in Salmonella indicate that as a
class, the halonitromethanes are weak mutagens that are
not activated by GSTT1-1, and they confirm previous
observations on trichloronitromethane using a Salmo-
nella fluctuation mutagenicity assay [127].

In contrast to the bacterial assays, a quantitative
comparative analysis of nine halonitromethanes demon-
strated them to be potent genotoxicants in mammalian
cells [12]. All of the halonitromethanes directly induced
genomic DNA damage in CHO cells as measured by
SCGE. The rank order of genotoxic potency for the
halonitromethanes was dibromonitromethane > bromo-
dichloronitromethane > tribromonitromethane > trich-
loronitromethane > bromonitromethane > dibromoch-
loronitromethane > bromochloronitromethane > dichl-
oronitromethane > chloronitromethane. The SCGE gen-
otoxic potencies for each halonitromethane are presented
in Table 9. The SCGE genotoxic potency is the
concentration at the midpoint of the SCGE concentra-
tion—response curve at low acute cytotoxicity, derived
from a regression analysis. The data indicated that the
halonitromethanes were potent genotoxicants, with the
brominated and mixed bromo-chloro-nitromethanes
being more genotoxic than the chlorinated nitro-
methanes. A structure—activity analysis predicted that
the brominated nitromethanes and the mixed bromo-
chloro-nitromethanes were more genotoxic than the
chlorinated nitromethanes. Consistent with this predic-
tion, the actual data showed that the mono-, di-, and
tribrominated nitromethanes were 16x, 16x, and 1.3x
more genotoxic than the mono-, di-, and trichlorinated
nitromethanes, respectively [12].

No significant correlations were found between the
rank order of these compounds for mutagenicity in

Salmonella TA100 +S9 and DNA damage (SCGE
assay) in CHO cells or for cytotoxicity in either cell type
[12,122]. Notably, dibromonitromethane was the most
cytotoxic and mutagenic halonitromethane in both cell
types. All of the halonitromethanes were genotoxic in
both Salmonella and CHO cells, but quantitatively,
there was a limited relationship between the results in
the two systems.

6.1.3. Carcinogenicity

Two cancer studies have been carried out on
trichloronitromethane (chloropicrin) in rats and in mice
[128] (Table 10). However, these studies were inadequate
because of the short survival time of the treated rats, and
the results were inconclusive for carcinogenicity in mice.
For rats, the doses were 20 or 25 mg/(kg day); for mice
they were 33 or 66 mg/(kg day). These doses were not
excessively high compared to those required for some
DBPs to be carcinogenic (Table 4).

6.2. lodo-acids and other unregulated halo-acids

6.2.1. Occurrence

Iodo-acids are a new, and potentially toxicologically
significant class of DBP that was identified as part
of the recent U.S. Nationwide Occurrence Study
[9,11,13,27,129]. Five have been identified in finished
drinking water: iodoacetic acid, bromoiodoacetic acid,
(Z)-3-bromo-3-iodopropenoic  acid, (E)-3-bromo-3-
iodopropenoic acid, and (E)-2-iodo-3-methylbutene-
dioic acid [13]. Their structures are shown in Fig. 1.
They were initially discovered in chloraminated
drinking-water extracts using methylation with GC/
high resolution-mass spectrometry (MS), and a new
occurrence study is nearing completion to determine
their concentrations in chloraminated drinking water
[129]. These iodo-acids are of concern not only for their
potential health risks, but also because early research
indicates that they may be formed at increased levels
(along with iodo-THMs) in waters treated with
chloramines. These iodo-acids have been found in
chloraminated drinking waters from several cities, at
maximum levels of low ppb.

Chloramination has become a popular alternative to
chlorination for water-treatment systems that have
difficulty meeting the regulations with chlorine, and its
use is expected to increase with the advent of the Stage 2
D/DBP Rule [24]. Chloramines are generated from the
reaction of chlorine with ammonia, and it appears that
the length of free chlorine contact time (before
ammonia addition to form chloramines) is an important
factor in the formation of iodo-acids and iodo-THMs
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Table 10
Carcinogenicity of unregulated disinfection by-products in rodents based on 2-year dosing studies
Chemical (RfD) Species  Route and dose Tumor diagnoses References
Haloacetic acids
Bromodichloroacetic acid® Mouse  Drinking water: 0, 250, 500, No data yet NTP®
(not listed on IRIS) or 1000 mg/L
Rat Drinking water: 0, 250, 500, No data yet NTP®
or 1000 mg/L
Bromochloroacetic acid® Mouse
Dibromochloroacetic acid® Mouse
Other
Acetaldehyde Mouse  No data No data No cancer
(not listed on IRIS) studies
performed
Rat Inhalation: 0, 750, 1500, 3000 ppm Inhalation: male nasal tumors [225]
1/49, 17/52, 41/53, 37/49
Inhalation: female nasal tumors
0/50, 6/48, 34/53, 43/53
Chloral hydrate Mouse  Drinking water 1: 0, 166 mg/(kg day) Drinking water 1: liver tumors, [227,300,301]
(100 wg/(kg day)) 3/20, 17/24
Drinking water 2: 0, 13.5, 65.0, Drinking water 2:: liver tumors,
146.6 mg/(kg day) 27/42, 36/46, 31/39, 29/32
Gavage 1: 0, 25, 50, 100 mg/(kg day) Gavage 1: adenoma in the pars
distalis of pituitary
Gavage 2: 0, 25, 50, 100 mg/(kg day) Gavage 2: liver tumors, 11/48,
11/48, 14/48, 18/48
Rat Drinking water 1: 0, 15, 45, Drinking water 1: negative [300,302]
135 mg/(kg day)
Drinking water 2: 0, 7.4, 37.4, 162.6 Drinking water 2: negative
mg/(kg day)
Chlorate (not listed on IRIS) Mouse  Drinking water: male 0, 40, 80, 160; Drinking water: no evidence of [229]
female 0, 30, 60, 120 mg/(kg day) carcinogenicity
Rat Drinking water male: 0, 5, 35, 75; Drinking water: male rat thyroid [229]
female 0, 5, 45, 95 mg/(kg day) follicular cell tumors 1/47, 0/44, 0/43,
6/47; female rat thyroid follicular
cell tumors 1/47, 0/47, 1/43, 4/46
Chloropicrin Mouse  Gavage: males 0, 66; females 0, 33 Inadequate study [128]
(not listed on IRIS) mg/(kg day)
Rat Gavage: males 0, 25, 26; females 0, Inadequate study [128]
20, 22 mg/(kg day) modified exposures
Dibromoacetonitrile Mouse  Drinking water: 0, 50 100, 200 mg/L No data yet NTP
(not listed on IRIS)
Rat Drinking water: 0, 50 100, 200 mg/L No data yet NTP
Formaldehyde Review [208]
(200 pg/(kg day))
Mouse  Inhalation: 0, 2, 5.6, 14.3 ppm Inhalation: male mice nasal tumors [221]
0/68, 0/67, 0/71, 2/72 (2/17 at
24 months)
Inhalation: female mice, no evidence
of carcinogenicity
Rat Inhalation: 0, 2, 5.6, 14.3 ppm Inhalation: male rats nasal squamous [221,222,303]

Drinking water 1: males 0, 1.2, 15, 82
mg/(kg day); females 0, 1.8, 21,
109 mg/(kg day)

cell carcinoma 0/118, 0/118, 1/119, 51/
117; female rats nasal squamous cell
carcinoma 0/114, 0/118, 1/116, 52/115
Drinking water 1: no evidence of
carcinogenicity
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Table 10 (Continued)

Chemical (RfD) Species  Route and dose Tumor diagnoses References

Drinking water 2: 0, 10, 50, 100, 500,  Drinking water 2: male rat testicular

1000, 1500 mg/L interstitial cell tumors 6/50, 6/50,
12/50, 12/50, 20/50, 24/50, 18/50;
male rat lymphoma/leukemia
combined 20/50, 8/50, 20/50, 26/50,
24/50, 22/50, 46/50
Drinking water 2: female rat no
evidence of carcinogenicity compared
to vehicle control

Chloroacetaldehyde Mouse  Drinking water: 17 mg/(kg day) Male mouse liver carcinoma or [227]
adenoma 3/20, 10/26
3-Chloro-4-(dichloromethyl)- Mouse No data No data No cancer
5-hydroxy-2(5H)-furanone studies
(MX) (not listed on IRIS) performed
Rat Drinking water male rats: 0, 0.4, Drinking water: male hepatocellular [154]
1.3, 5.0 mg/(kg day) tumors 0/50, 1/50, 3/50, 5/50; male

biliary tumors 0/50, 1/50, 1/50, 4/50;
male adrenal cortical tumors 5/50, 2/50,
7/50, 14/50; male thyroid gland
follicular tumors 2/49, 20/50, 38/50,
44/49; male pulmonary tumors 3/50,
1/50, 1/50, 7/50

Drinking water female rats: 0, 0.6, Drinking water: female mammary

1.9, 6.6 mg/(kg day) gland tumors 3/50, 2/50, 7/50, 12/50;
female hepatocellular tumors 2/50,
2/50, 4/50, 10/50; female biliary tumors
1/50, 4/50, 10/50, 34/50; female adrenal
cortical tumors 5/50, 10/50, 12/50,
16/50; thyroid follicular tumors 5/50,
18/49, 38/50, 47/50; lymphoma and
leukemia 1/50, 1/50, 2/50, 4/50

Nitrosamines See reviews
[189,203]

Studies are currently underway at the U.S. National Toxicology Program; see http://ntp.niehs.nih.gov/index.cfm?objectid=071AS51D3-F87E-D33F-
530336 DDDOADCF98.

% A.B. DeAngelo, Carcinogenic in mouse, in preparation, personal communication.

® Studies are currently underway at the U.S. National Toxicology Program; see http:/ntp.niehs.nih.gov/index.cfm?objectid=071A3D02-D098-
ID7B-AA6056974321C23A.
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Fig. 1. Structures of iodo-acids.
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[13]. Because of chlorine’s competing reaction to form
iodate as a sink for the natural iodide, it is likely that
treatment with significant free chlorine contact time
before the addition of ammonia will not produce
substantial levels of iodo-acids or iodo-THMs
[13,130,131]. More research is needed to understand
the extent of iodo-acid and iodo-THM formation for
different source water conditions and free chlorine
conditions (dose/contact time) prior to ammonia
addition.

There are four bromo-chloro-HAAs that are not cur-
rently regulated in the United States, bromochloroacetic
acid, bromodichloroacetic acid, dibromochloroacetic
acid, and tribromoacetic acid. They can hardly be
considered ‘“‘emerging” because many laboratories
have been measuring them routinely as part of the
nine total bromo-chloro-HAAs. A recent study by
Singer and colleagues [132] makes the case that
measuring all nine bromo-chloro HAAs is important
because measuring only the five regulated ones can
significantly underestimate the total exposure, espe-
cially for water systems that contain appreciable levels
of bromide in their source waters. The additional four
unregulated HAAs are bromine-containing species that
can be found at increased levels in drinking waters that
have high bromide in their source waters, and their
concentrations can be similar to the five regulated
HAAs. Also, because bromine-containing DBPs are
generally more toxic than chlorine-containing DBPs,
knowing their concentrations can be important.

Two-carbon HAAs (longer chain acids) can also be
formed in drinking water, mostly with chlorine and
chloramine. One of these, 3,3-dichloropropenoic acid,
was included in the priority DBPs measured in the U.S.
Nationwide Occurrence Study [9,27]. It was found at a
maximum of 4.7 wg/L and was present in all of the
water-treatment plants studied. The corresponding
brominated acid, 3,3-dibromopropenoic acid, has also
been identified as a DBP in drinking water, as well as
several other 3-carbon, 4-carbon, and 5-carbon acids
and di-acids [9]. Two of the more unusual bromo-acids
include the bromo-oxo-acids 3,3-dibromo-4-oxopenta-
noic acid and 3-bromo-3-chloro-4-oxopentanoic acid
[9]. So far, there are no quantitative data on these other
brominated acids, but preliminary toxicity data indicate
that they may be toxicologically important [133].

6.2.2. Genotoxicity

Todoacetic acid is a potent mutagen in Salmonella
TA100, inducing 14,129 revertants/pmol [13]. Under
preincubation conditions, iodoacetic acid was more
mutagenic in TA100 than bromoacetic acid or

chloroacetic acid (2.6x and 523.3x, respectively).
Iodoacetic acid was 2.0x more genotoxic than
bromoacetic acid and 47.2x more genotoxic than
chloroacetic acid in CHO cells. In a comparison of the
chronic cytotoxicity and acute genotoxicity in CHO
cells, the rank order of toxic potency was iodoacetic
acid > bromoacetic acid > chloroacetic acid [13].
These results in Salmonella and CHO cells were
correlated with the estimated ability of the HAA to
cross cell membranes. The toxicity results were
correlated with their log P values and to a lesser extent
with the pKa values. The monohaloacetic acids express
an S,2-type alkylating function. Their relative reactivity
is related primarily to the carbon-halogen bond
dissociation energy. The CHO cell genotoxicity was
correlated with the lowest unoccupied molecular orbital
(ELumo) of the monohaloacetic acids [13]. The impact
of the halogens as a leaving group was highly correlated
to the toxicity of these HAAs. In addition, for iodoacetic
acid the induction of genotoxicity in Salmonella and
CHO cells was via an oxidative stress mechanism [11].

Tribromoacetic acid was negative in one study in
Salmonella [77] but was mutagenic in both Salmonella
and E. coli at high concentrations in another study [80].
It was negative in a newt micronucleus assay [80] and
was a relatively weak inducer of DNA damage (SCGE
assay) in CHO cells, with a genotoxic potency of
2.46 mM [15].

6.2.3. Carcinogencity
No carcinogenicity studies were available for the
iodo-acids.

6.3. lodo-THMs and other unregulated
halomethanes

6.3.1. Occurrence

Todinated THMs have been identified as DBPs in
chlorinated drinking water [9,27,29,130,134—-136] and in
chloraminated drinking water [9,27] in several locations,
with reports as early as 1975 [134]; however, they are not
widely measured and are not regulated. Iodo-THMs
identified and measured included dichloroiodomethane,
bromochloroiodomethane, dibromoiodomethane, chlor-
odiiodomethane, bromodiiodomethane, and iodoform.
Previous studies of iodo-THMs were conducted mainly
because of taste and odor problems; there is a low
threshold for detection of medicinal tastes and odors in
drinking water (as low as 0.02-5 pg/L) [136].

However, there is new concern that iodinated
compounds may be more toxic than brominated and
chlorinated compounds. This prediction stems from
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evidence that brominated DBPs are, in general, more
toxic (and carcinogenic) than their corresponding
chlorinated analogues and that iodine is expected to be
more biologically reactive than bromine or chlorine.
Mammalian cell cytotoxicity and genotoxicity data for
iodoacetic acid mentioned earlier [11,13,129] support
this hypothesis. Therefore, future concern over
iodinated compounds may be more than just for taste
and odor reasons; it is expected that toxicological
studies will continue for additional iodinated DBPs,
including the iodo-THMs and other iodo-acids
identified in the U.S. Nationwide Occurrence
Study [9].

Iodo-THMs can form in drinking water treated with
chlorine or chloramines when natural iodide is present
in the source waters, and they have been found as DBPs
in drinking water in many countries. Levels reported are
generally sub-pg/L; however, levels of iodo-THMs
were consistently at pg/L and as high as 15 pg/L at one
location in the Nationwide Occurrence Study that used
chloramines for primary disinfection. The total iodo-
THMs were 81% of the total of the four regulated THMs
in one sampling from this location [9,27]. In the
nationwide study, dichloroiodomethane was the most
common of the iodo-THMs found in all states sampled,
and it was even observed in waters that were not
extremely high in bromide, where iodide levels would
be expected to be low.

Controlled laboratory studies carried out by Bichsel
and von Gunten [130] showed that chloramination with
ammonia addition before chlorine addition increased
the formation of iodo-THMs, whereas pre-chlorination
favored the formation of bromochloro-THMs. Chlor-
ination produced both iodate and iodo-THMs; addition
of increased amounts of chlorine lowered iodo-THM
levels and raised iodate levels. In contrast, no iodo-
THMs were formed by ozonation. Alternatively, in the
U.S. Nationwide Occurrence Study [27], iodo-THMs
were observed after ozonation and chloramination. This
research suggested that when a lower ratio of ozone to
natural organic matter was used in the Nationwide
Occurrence Study, compared to that used in laboratory-
scale tests [130], that there was less conversion of iodide
to iodate.

Other unregulated halomethanes have also been
identified, including bromochloromethane and dibro-
momethane [2]. These were included in the U.S.
Nationwide Occurrence Study as priority DBPs [9,27];
however, there was only one instance where one of these
was detected in this study. Dibromomethane was
detected once in a simulated distribution system sample
at 0.13 pg/L. This detection was likely due to the lower

detection limit (0.11 pg/L) during this period of the
study; other sampling events had higher detection limits
of 0.5 pg/L. It may be that these two halomethanes can
be formed in drinking water, but at levels lower than
0.1 pg/L.

6.3.2. Genotoxicity

Iodo-THMs have been predicted to cause cancer
based on quantitative structure—activity relationships
[137], but until now, there have been no toxicity studies
conducted. This is likely due to the lack of commercial
availability of the pure standards (until recently, only
iodoform could be purchased commercially). There are
current efforts underway to investigate the mammalian
cell genotoxicity and cytotoxicity of the iodo-THM:s.
Preliminary data indicate that iodoform is highly
cytotoxic but not genotoxic to mammalian cells
[133]. Todoform is mutagenic in bacteria [306] but
does not induce chromosome aberrations in SHE cells
in vitro [307].

There are also some genotoxicity data available on
three unregulated bromochloromethanes (dichloro-
methane, bromochloromethane, and dibromomethane)
(Table 3). Dichloromethane was mutagenic in Salmo-
nella TA100 using a pre-incubation assay with S9
activation, resulting in a mutagenic potency of
7.9 revertants/pumol; no mutagenicity was observed
without S9 activation [121]. In Salmonella RSJ100 (a
strain transfected with GSTTI-1), at a dose of 400 ppm,
dichloromethane was mutagenic, causing 140 rever-
tants/plate. TA100 exposed to a dose of 24,000 ppm
resulted in 976 revertants/plate. Dichloromethane also
produced two different mutation spectra, suggesting
several different mutagenic pathways [63]. Dichlor-
omethane (100-1000 wM) was a weak inducer of DNA
damage (SCGE assay) in primary human lung epithelial
cells [138].

Bromochloromethane was mutagenic in Salmonella
TA100 using a pre-incubation assay with and without
S9 activation, resulting in mutagenic potencies of 424.4
and 75 revertants/pmol, respectively [121]; it was also
mutagenic in TA1535 (+GST5-5) [139], indicating
activation by GSTT1-1.

Dibromomethane was mutagenic in Salmonella
TA100 using a pre-incubation assay with and without
S9 activation, resulting in mutagenic potencies of 551
and 279 revertants/pwmol respectively [121]. Dibromo-
methane induced primarily GC to TA base substitutions
in TA100 [121]. Liu et al. [140] employed a strain
expressing human O°-alkylguanine-DNA alkyltransfer-
ase (AGT) with the goal of increasing the toxicity and
mutagenicity of dibromomethane. In E. coli TRGS
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(expressing AGT), dibromomethane was mutagenic in a
his reversion assay at concentrations up to 0.1 mM.
AGT was a target for the binding of dibromomethane
due to the reaction of a Cys'* residue. When this
reaction occurs, AGT is inactivated, which can impair
the cell’s ability to repair an alkylation site. The
resulting AGT-Cys'*>S-CH,Br complex can react with
guanine residues in DNA, causing mutations and
reducing survival [140].

Bromoform, chloroform, iodoform, bromochloroio-
domethane, bromodichloromethane, dibromochloro-
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Fig. 2. Structures of MX analogues.
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6.4. MX and BMX compounds (halofuranones)

6.4.1. Occurrence
3-Chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-fur-
anone (MX) was originally identified as a chlorination
by-product in pulp mill effluent [141]; subsequently, it
was found in chlorinated drinking water. MX has both
an open and closed form; the ring-opened, oxo-butenoic
acid form is present at the pH of drinking water (ZMX,
Fig. 2). Other analogues of MX have also been
identified in chlorinated drinking water, including its
geometric isomer (EMX) [142,143], oxidized and
reduced forms of MX (ox-MX and red-MX), as well
as brominated analogues (the so-called BMXs) [144]
and mucochloric acid, which has an open and closed
form like MX [9,27]. Structures of several of these
analogues are shown in Fig. 2. Results of bacterial
mutagenicity tests were the initial cause of concern for
MX because it was found to be a potent mutagen in the
Salmonella mutagenicity assay, accounting for as much
as 20-50% of the total bacterial mutagenicity in some
tests of chlorinated drinking-water extracts [143].

In the few early drinking-water occurrence studies,
concentrations of MX were generally 60 ng/L or lower.
However, in 2002, Wright et al. reported MX levels as
high as 80 ng/L in drinking waters from Massachusetts
[145]. Later, in the U.S. Nationwide Occurrence Study,
which specifically focused on waters high in natural
organic matter and/or bromide, Weinberg et al. found
much higher levels of MX (frequently > 100 ng/L and
as high as 850 ng/L) in finished drinking waters across
the United States [9,27]. The highest levels of total
halogenated furanones occurred in a water system
that disinfected with chlorine—chloramines (2380 ng/L
in drinking-water treatment-plant effluent) and at a
treatment plant that disinfected with chlorine dioxide-
chlorine-chloramines (1020 ng/L in the distribution
system). In drinking-water treatment-plant effluents, a
maximum level of 310 ng/LL was observed for MX;
maximum levels of brominated MX analogues included
720 and 810ng/LL. for BEMX-1 and BEMX-2,
respectively. MX levels reached a high of 850 ng/L
in the average distribution system sample from a
chlorine dioxide-chlorine-chloramine treatment plant.

The halogenated furanones are often stable in the
distribution system and in simulated distribution system
tests. Previous controlled laboratory studies had
suggested that halogenated furanones, particularly
MX, may not be stable in distribution systems. In at
least five instances, MX levels actually increased in
concentration from the finished water leaving the water
treatment plant to the distribution system point sampled.

Occasionally, MX levels decreased in the distribution
system, but in these instances, it was still generally
present at detectable levels [9,27].

6.4.2. Genotoxicity

The halofuranones, especially MX, have been the
most extensively studied group of unregulated DBPs for
their genotoxicity (Table 11). MX has two open-ring
tautomeric forms that exist at physiological pH: (Z)-2-
chloro-3-(dichloromethyl)-4-oxobutenoic acid (ZMX)
and  (E)-2-chloro-3-(dichloromethyl)-4-oxobutenoic
acid (EMX). All are potent genotoxicants in a wide
variety of genetic assays and endpoints in vitro.
Recently, comprehensive reviews on the genotoxicity
and carcinogenicity of MX and some related halofur-
anone DBPs were published by McDonald and
Komulainen [146] and TARC [17]. We have not
included the more than 80 papers on the genotoxicity
of MX reviewed in these two reports; instead we have
noted in Table 11 the few papers published since these
reviews as well as papers on MX-related furanones. The
halofuranones are direct-acting genotoxicants. MX
directly generates abasic sites and DNA strand breaks.
In E. coli, MX induces DNA damage, forward mutation,
reverse mutation, and prophage A induction. MX was
mutagenic in frameshift and base-substitution strains of
Salmonella. MX is among the most potent direct-acting
mutagens (and DBPs) in Salmonella TA100, producing
~4700 revertants/nmol (~22 revertants/ng) [37], and
under preincubation conditions adjusted for cytotoxi-
city, the mutagenic potency was 981 revertants/nmole
in TA100 and 116 revertants/nmole in TA98 [77].

As reviewed [17,146], MX is also a potent genotox-
icant in mammalian cells, inducing unscheduled DNA
synthesis, SCEs, micronuclei, chromosome aberrations,
forward mutation at several loci, and DNA strand breaks.
Although the results were generally negative for
micronucleus induction in vivo in rodents, MX consis-
tently induced DNA strand breaks/DNA damage and
SCE:s in vivo [17]. The departure between the positive
mammalian cell assays and the in vivo assays is associated
with treatment conditions. Under single, acute exposure
regimens, MX was generally not positive in test animals,
but it was generally positive when animals were exposed
repeatedly to MX [17,146]. Thus, the in vivo results
appeared to be minimized if the animals had an oppor-
tunity to repair the MX-induced DNA damage [146].

Of special interest is the generation of bromine-
substituted furanones (BMXs) and their mutagenic
potencies compared to MX in Salmonella TA100.
Lalonde and his colleagues synthesized and deter-
mined the mutagenic potency (revertants/nmol in strain
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Table 11
Comparative genotoxicity of MX-related compounds
Chemical Biosystem Genetic endpoint Concentration range of References
positive response or highest
genotoxic potency
MX See reviews [17,146]
gpt delta reporter gene  6-TG and Spi selection Negative [148]
transgenic mice
‘Wistar rat SCGE [149]
Blood Negative
Liver Negative
Brain 19 pg/mL continuous in water
3-Chloro-4-(bromochloromethyl)-5- Salmonella TA100 his reversion 35 revertants/ng [144]
hydroxy-2(5H)-furanone (BMX-1)
3-Chloro-4-(dibromomethyl)-5- Salmonella TA100 his reversion 38 revertants/ng [144]
hydroxy-2(5H)-furanone (BMX-2)
Salmonella TA100 his reversion 5470 revertants/nmol [147]
3-Bromo-4-(dibromomethyl)-5-hydroxy- Salmonella TA100 his reversion 27 revertants/ng [144]
2(5H)-furanone (BMX-3)
Salmonella TA100 his reversion 2880 revertants/nmol [147]
3-Bromo-4-(bromomethyl)-5-hydroxy- Salmonella TA100 his reversion 420 revertants/nmol [147]
2(5H)-furanone (BMBF)
3-Bromo-4-(dibromomethyl)-2(5H)-furanone  Salmonella TA100 his reversion 129 revertants/nmol [147]
3-Chloro-4-(dibromomethyl)-2(SH)-furanone  Salmonella TA100 his reversion 181 revertants/nmol [147]
3-Bromo-4-(bromomethyl)-2(5H)-furanone Salmonella TA100 his reversion 8.2 revertants/nmol [147]
3-Bromo-4-(chloromethyl)-2(5H)-furanone Salmonella TA100 his reversion 3.9 revertants/nmol [147]
3-Chloro-4-(bromomethyl)-2(5H)-furanone Salmonella TA100 his reversion 3.9 revertants/nmol [147]
2,3-Dichloro-5-hydroxy-2(5H)- Salmonella TA100 his reversion 2 pg/plate [150]
furanone (mucochloric acid)
Salmonella TA100 his reversion Positive [151]
CHO/Hprt Gene mutation 23.7 pM [152]
Salmonella TA1535 his reversion 2.5 nmol/plate
E. coli DNA repair in ~ DNA repair 10 pg/mL in vitro [153]

mouse-mediated assay

200 mg/kg in vivo

TA100) of 12 bromine-, chlorine-, and mixed halogen-
substituted 4-methyl-2(5H)-furanones [147]. The muta-
genic potencies of the bromine-substituted furanones
are presented in Table 11. The most mutagenic
compounds were the trihalo-, followed by the dihalo-
4-methyl-5-hydroxy-2(5H)-furanones, irrespective of
bromine or chlorine substitutions. Trihalides and
dihalides lacking the C-5 hydroxyl group expressed
lower mutagenic potencies. The bromine-substituted
furanones were substantially less mutagenic than MX,
except for 3-chloro-4-(dibromomethyl)-5-hydroxy-
2(5H)-furanone (BMX-2), which induced a 140%
increase in mutagenicity compared to MX [147].
Since the publication of the MX reviews [17,146], a
few additional papers were published on the genotoxi-
city of this class of DBP. In a 12-week study, MX was
given to gpt delta mice at concentrations of 10, 30, or
100 ppm. No induction of mutation in the reporter gene

(gpt) was detected nor were deletions >1 kb observed
using a phage-insensitive selection system (Spi ).
However, MX inhibited gap junctions in rat WB cells
[148]. To compare the possible interaction of genotoxic
damage by MX and radiofrequency electromagnetic
fields, Wistar rats were chronically exposed to 19 pg/
mL in the drinking water and to whole body absorption
rates of 0.3 W/kg or 0.9 W/kg of 900 MHz electro-
magnetic radiation. No genotoxic interaction between
MX and the radiofrequency fields was observed. MX
induced DNA strand breaks in brain cells of the treated
rats but failed to cause damage in blood and liver cells
[149].

Another MX-related DBP, (Z)-2,3-dichloro-4-oxo-
butenoic acid (mucochloric acid, Fig. 2), was also
mutagenic in Salmonella, inducing primarily GC to AT
base substitutions, which is different from the spectrum
of mutations induced by MX, which is primarily GC to
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TA [37,150,151]. Mucochloric acid also induced
mutations at the Hprt locus in CHO cells [152] as
well as induced DNA damage in indicator E. coli K-12
cells injected into mice who were then exposed to the
compound [153].

6.4.3. Carcinogenicity

Most unregulated DBPs that result in rodent tumors
induce them at doses of 75 mg/(kg day) or greater. MX is
the exception; it has been shown to induce rat tumors in
multiple organs at doses as low as 0.4 mg/(kg day) [154].
MX was classified as possibly carcinogenic to humans
(group 2B) by IARC [17]. MX induced tumors in
multiple organs in male and female Wistar rats receiving
MX for 104 weeks in the drinking water [154] (Table 10).
In the male, MX induced increases in thyroid gland
follicular cell adenomas and carcinomas at all doses
(Table 10), and the combined incidence of the adenomas
and carcinomas reached 90% [154]. Combined liver
adenoma and carcinoma were also increased, as were
adrenal gland cortical adenoma in the high-dose group
only. Dose-related effects were seen for lung and liver
adenoma, combined liver adenoma and carcinoma, liver
chlolangioma, pancreas Langerhans’ cell adenoma as
well as adenoma and carcinoma combined, adrenal gland
cortical adenoma, and thyroid follicular cell adenoma
and carcinoma—separately and combined.

In the male, MX induced thyroid gland follicular cell
adenoma and carcinoma—as well as the two combined,
as well as liver cholangioma and cholangioma
combined with carcinoma. The combined incidence
of thyroid gland follicular cell adenoma and carcinoma
reached 94%. MX also induced mammary gland
adenocarcinoma, fibroadenoma, and combined ade-
noma and adenocarcinoma. It also induced liver
adenoma and adenoma and carcinoma combined. MX
induced adrenal gland cortical adenoma in the high-
dose group only. Dose-related increases were found for
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mammary gland adenocarcinoma, fibroadenoma, and
combined adenoma and adenocarcinoma. Dose-related
increases were also found for lymphoma and leukemia
combined, liver adenoma, liver adenoma and carcinoma
combined, liver cholangioma, liver cholangioma and
cholangiocarcinoma, adrenal gland cortical adenoma,
thyroid follicular cell adenoma, thyroid follicular cell
carcinoma, and thyroid follicular cell adenoma and
carcinoma combined. A portion of this study was
repeated, and similar organ-site carcinogenicity was
found [155].

The mechanistic features of MX, as well as related
effects beyond carcinogenicity and genotoxicity, have
been reviewed [146]. In addition to its well-character-
ized genotoxicity, recent data have confirmed earlier
studies indicating that MX has promoter activity
[148,156] and induces oxidative stress [157]. MX also
has been shown to be an indicator of the ability of
drinking water to induce chromosomal aberrations and
mammalian cell transformation [158].

McDonald and Komulainen [146] calculated a mean
cancer potency estimate for MX using either a
linearized multistage model or a benchmark dose
model, and similar results were obtained by either
model, which was 2.3 per mg/(kg day) and an upper 95
percentile estimate of 4.5 per mg/(kg day). As shown
next, this value was then used to calculate a population
cancer risk. Assuming an MX concentration of 310 ng/
L, which is clearly present in some distribution systems
(see Section 6.4.1), and consumption of 2 L of tap
water/day, the authors show that this would correspond
to a daily intake of 9 X 10~° mg/(kg day) for a 70-kg
person. Multiplying the mean and upper-bound cancer
potency estimates for MX, 3.2-4.5 (mg/(kg day)), gives
a lifetime cancer risk estimate of 40 excess cases per
million people exposed. Using an attributable-risk
approach, the authors showed that MX may produce
700 excess cases per million people exposed [146].
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Fig. 3. Structures of haloamides.
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6.5. Haloamides

6.5.1. Occurrence

Haloamides have only recently been identified as
drinking-water DBPs, and they were first quantified as
part of the U.S. Nationwide DBP Occurrence Study
(Fig. 3). Chloro-, bromo-, dichloro-, dibromo-, and
trichloroacetamide were found in finished drinking
waters from several U.S. States in this study, with
individual concentrations ranging up to 9.4 png/L in a
simulated distribution system sample and up to 7.6 g/
L in an actual distribution system sample from one of
the drinking-water systems [9,27]. They were found in
drinking waters treated with chlorine or chloramines.
There is some preliminary indication that haloamides
may be increased with chloramination, and new studies
are underway to investigate this.

6.5.2. Genotoxicity

Limited research has been conducted on the
genotoxicity of haloamides (Table 12). In a recent
comprehensive CHO cell toxicity study and analysis
of structure—activity relationship (SAR), Plewa et al.
[159] analyzed CHO cell cytotoxicity and genotoxi-
city, and the mechanisms of reactivity were correlated
for 13 haloacetamides. These chemicals are alkylat-
ing agents that react with protein thiols and induce a
multitude of biological responses, including apoptosis
and necrosis [160]. The rank order for CHO cell
cytotoxicity was diiodoacetamide > iodoacetamide >
bromoacetamide > tribromoacetamide > bromoiodo-
acetamide > dibromochloroacetamide > chloroiodo-
acetamide > bromodichloroacetamide > dibromoa-
cetamide > bromochloroacetamide > chloroaceta-

mide > dichloroacetamide > trichloroacetamide. The
rank order of their genotoxicity in CHO cells was
tribromoacetamide > diiodoacetamide ~ iodoace-
tamide > bromoacetamide > dibromochloroaceta-
mide > bromoiodoacetamide > bromodichloroaceta-
mide > chloroiodoacetamide > bromochloroaceta-
mide > dibromoacetamide > chloroacetamide >
trichloroacetamide. Dichloroacetamide was not gen-
otoxic. A new iodinated DBP, bromoiodoacetamide,
was also identified in finished drinking waters
[159].

The SAR analysis indicated that the haloacetamides
participate in several electrophilic reactive processes:
(i) Sp2-mediated alkylation for the monohaloaceta-
mides involving the displacement of a halogen atom at
the « carbon; (ii) the potential generation of reactive
a-halothioether electrophilic intermediates by cellular
glutathione GSH or —SH compounds for the dihaloa-
cetamides; (iii) for the trihaloacetamides, nucleophilic
attack at the electrophilic carbonyl carbon to yield
trihalomethyl carbanions. Log P increased with the
degree of halogenation and with the size of the
halogen.

The order of CHO cell toxicity for the monohaloa-
cetamides (cytotoxicity and genotoxicity) was
I > Br > > Cl. The rank order and relative activity of
the monohaloacetamides were related to their S,2
reactivity with increasing bond length and decreasing
dissociation energy. The leaving tendency of the halogen
in alkyl halides followed the order I > Br > > Cl. CHO
cell cytotoxicity of iodoacetamide was 1.3 x greater than
bromoacetamide, which was 78 x greater than chlor-
oacetamide. lodoacetamide induced more genomic DNA
damage than bromoacetamide, which was 38 x more

Table 12
Comparative genotoxicity of haloacetamide DBPs
Chemical Biosystem Genetic SCGE genotoxic References
endpoint potency”
Todoacetamide CHO cells SCGE 34.1 pM [159]
Diiodoacetamide CHO cells SCGE 33.9 uM [159]
Bromoiodoacetamide CHO cells SCGE 72.1 pM [159]
Chloroiodoacetamide CHO cells SCGE 302.0 uM [159]
Bromoacetamide CHO cells SCGE 36.8 uM [159]
Dibromoacetamide CHO cells SCGE 744.0 pM [159]
Tribromoacetamide CHO cells SCGE 32.5 WM [159]
Bromochloroacetamide CHO cells SCGE 583.0 uM [159]
Dibromochloroacetamide CHO cells SCGE 69.4 uM [159]
Bromodichloroacetamide CHO cells SCGE 146.0 pM [159]
Chloroacetamide CHO cells SCGE 1.38 mM [159]
Dichloroacetamide CHO cells SCGE Negative [159]
Trichloroacetamide CHO cells SCGE 6.54 mM [159]

# GP: the SCGE genotoxic potency for SCGE analysis which is the concentration at the midpoint of the concentration-response curve [10-13].
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potent than chloroacetamide. Log P did not appear to
play a major role in the toxicity of the monohaloace-
tamides.

For dihaloacetamides the cytotoxic rank order was
I, > IBr > ICI > Br, > BrCl > > Cl,, and the geno-
toxicity rank order was I, > IBr > ICl > BrCl > Bry;
Cl, was inactive. For these compounds, the relative
leaving tendencies of the halogen was correlated with
toxicity; the agents containing the most iodo group(s)
expressed the greatest combined cytotoxicity and
genotoxicity indices, followed by bromo group(s) and
chloro group(s) (Table 12). These results are difficult to
explain by S,2 reactivity alone but may be the result of
metabolic activation by intracellular GSH or —SH
compounds, which displace one halogen and form
highly reactive electrophilic intermediates. The key
element of this reaction is the presence of at least one
halogen with good leaving tendency. Log P may be
more important in the activity of dihaloacetamides
by affecting cellular uptake. The estimated log P
values followed the order I, > IBr > ICl > Br, > BrCl
> Cl,, which is identical to their cytotoxicity and
genotoxicity.

For the trihaloacetamides, the cytotoxic and
genotoxic potencies ranked Brz > Br,Cl > BrCl, >
> Cl; (Table 12). Cytotoxicity and genotoxicity
decreased with a reduction in the number of bromo
groups. The cytotoxicity of trichloroacetamide
was lower than tribromoacetamide by almost three
orders of magnitude [159]; this confirmed results
in human leukemia P388 cells [161]. Only one
bromo group was required for potent cytotoxicity. In
contrast, the decrease in genotoxic potency with a
decrease in the number of bromo groups was more
gradual.

The CHO cell genotoxicity of the trihaloaceta-
mides could be partially explained by electrophilic
reactivity at the carbonyl carbon, as well as the
possible release of electrophilic dihalocarbene inter-
mediates. Alternatively, it is possible that reductive
dehalogenation may yield genotoxic free radicals; this
pathway and the metabolic competency of the CHO
cells have been defined only partially [162]. GSTT1-1
catalyzed preferential activation of brominated triha-
lomethanes to genotoxic intermediates [72,163];
the possible role of GSTT1-1 in the activation of
trihaloacetamides in CHO cells remains to be
explored.

6.5.3. Carcinogenicity
No carcinogenicity studies have been reported for
the haloamides.

6.6. Haloacetonitriles

6.6.1. Occurrence

Although they are not regulated in the United States,
haloacetonitriles (HANs) have been measured in
several occurrence studies [23,27,164,165]. Chloro-,
bromochloro-, dibromo-, and trichloroacetonitrile
(HAN4) are the most commonly measured HAN
species and have been included in a survey of 35
U.S. water utilities [165], a survey of 53 Canadian water
utilities [164], and the U.S. EPA’s ICR effort [23]. In the
ICR, HANS ranged from non-detectable (<0.5 pg/L) to
41.0 wg/L and were generally present at 12% of the
levels of the four regulated trihalomethanes. These
HANs were formed by treatment with chlorine,
chloramine, chlorine dioxide, or ozone disinfection;
plants using chloramines (with or without chlorine) had
the highest levels in their finished drinking water.

Higher HAN levels were also observed in distribu-
tion-system waters treated with post-chloramination vs.
free chlorine. However, the increased HAN levels with
chloramination may be a result of the higher total
organic carbon (TOC) levels in their source waters [23].
HANs were frequently found in drinking waters from
the Canadian survey, with dichloroacetonitrile found in
97% of all samples [164]. The World Health
Organization (WHO) has published drinking-water
guidelines for two of the haloacetonitriles: a guideline
of 70 ng/L for dibromoacetonitrile and a provisional
guideline of 20 pg/L for dichloroacetonitrile [166].

Several other haloacetonitriles, including a number
of brominated species, were also measured in a recent
nationwide DBP occurrence study [9,27]. These
included chloro-, bromo-, bromodichloro-, dibromo-
chloro-, and tribromoacetonitrile, in addition to the four
ICR haloacetonitriles listed above. Total HAN levels
reached a maximum of 14 pg/L in this study, and they
were approximately 10% of the levels of the four
regulated THMs combined, although a maximum of
25% was observed. When higher bromide levels were
present in the source waters, more brominated HAN
species were formed. This shift in speciation
was observed in another study of high-bromide waters
in Israel [14], which also provided evidence that
chlorine dioxide disinfection can form HANSs (dibro-
moacetonitrile), as well as a new bromonitrile species
(3-bromopropanenitrile).

6.6.2. Genotoxicity

The genotoxicities of most of the haloacetonitriles
have been reviewed [61], and more recent studies are
included in Table 13. Other than iodoacetonitrile, all of
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Table 13

Comparative genotoxicity of haloacetonitrile DBPs

Chemical Biosystem Genetic endpoint Concentration range of positive References

response or highest genotoxic potency

Chloroacetonitrile See review [61]
Salmonella Fluctuation test 0.13-1.3 mM [304]
HeLa S3 cells SCGE 10-1000 pM [304]
CHO cells SCGE 601 uM (GP) [10]

Dichloroacetonitrile See review [61]
S. typhimurium Fluctuation test 0.91-9.1 mM [304]
HeLa S3 cells SCGE 1-10,000 uM [304]
CHO cells SCGE 2.75 mM (GP) [10]

Trichloroacetonitrile See review [61]
Salmonella Fluctuation test 70 pM [304]
HeLa S3 cells SCGE 0.1-10 pM [304]
CHO cells SCGE 1.01 mM (GP) [10]

Bromoacetonitrile Salmonella Fluctuation test Negative [304]
Salmonella Fluctuation test 6-10 pg/mL [167]
E. coli PQ37 SOS chromotest Negative [167]
Salmonella his reversion Negative [305]
Pleurodeles newt Micronucleus test 0.125-0.25 pg/mL [167]
HeLa S3 cells SCGE 0.01-100 pM [304]
CHO cells SCGE 38.5 pM (GP) [10]

Dibromoacetonitrile See review [61]
Salmonella Fluctuation test Negative [304]
HeLa S3 cells SCGE 0.01-100 pM [304]
CHO cells SCGE 47.1 M (GP) [10]

Bromochloroacetonitrile See review [61]
CHO cells SCGE 324 uM (GP) [10]

Iodoacetonitrile CHO cells SCGE 37.1 pM (GP) [10]

GP: the SCGE genotoxic potency for SCGE analysis which is the concentration at the midpoint of the concentration-response curve [10-13].

the halocetonitriles in Table 13 have been tested in
Salmonella for gene mutation, in mammalian cells for
SCEs and DNA damage (SCGE assay), and for
micronucleus induction in newt erythrocytes or mouse
bone marrow. Brominated acetonitriles are generally
not mutagenic in Salmonella, whereas the chlorinated
analogues are positive in the presence or absence of S9.
All of the compounds in Table 13 induced DNA damage
in mammalian cells. Seven haloacetonitriles were
recently evaluated using microplate-based CHO cell
assays for chronic cytotoxicity and acute genotoxicity
[10]. The cytotoxic potencies ranged from 2.8 uM for
dibromoacetonitrile to 0.16 mM for trichloroacetonitrile,
with a descending rank order of dibromoacetonitri-
le > iodoacetonitrile ~ bromoacetonitrile > bromochl-

bromochloroacetonitrile > dichloroacetonitrile > chlo-
roacetonitrile > trichloroacetonitrile. For acute genomic
DNA damage, the SCGE genotoxicity potency ranged
from 37 pM iodoacetonitrile to 2.7 mM dichloroaceto-
nitrile. The rank order of declining genotoxicity was
iodoacetonitrile > bromoacetonitrile ~ dibromoacetoni-

trile > bromochloroacetonitrile > chloroacetonitrile
> trichloroacetonitrile > dichloroacetonitrile.
Haloacetonitriles have two potential electrophilic
reactive centers: (i) displacement of a halogen atom at
the « carbon by S,2 reaction and (ii) addition at the
partially positively charged carbon of the cyano group
[167]. The S,2 reactivity of the HANs is dependent on
the leaving tendency of the halogen and the degree of
halogenation. The leaving tendency of a halogen should
decrease with increasing halogenation; therefore, the
alkylating potential of the HANs should decrease with
increasing halogenation. Both the alkylating potential
[168] and interaction with calf thymus DNA [169] were
consistent with an S,2 mechanism. The relative order of
the SCGE genotoxic potency for the haloacetonitriles
was in agreement with the S,2 SAR expectation. The
higher activity of trichloroacetonitrile versus dichlor-
oacetonitrile indicated that nucleophilic addition at the
cyano carbon could also contribute to the genotoxicity.
The cytotoxic and genotoxic consequence of the inter-
action of haloacetonitriles with cellular macromolecules
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may be affected by the presence of GSH compounds.
GSH conjugation may detoxify the mono- and trihaloa-
cetonitriles because of the elimination of reactive
electrophiles. The toxicity and genotoxicity of these
compounds may not be expressed until the cellular GSH
pool is depleted. For dihaloacetonitriles, GSH conjuga-
tion is detoxifying only if both halogens are displaced. If
only one halogen is displaced, GSH conjugation can
become an activation pathway because the resulting
intermediate (an «-halothioether) is a highly reactive
electrophile [170]. As a class, the haloacetonitriles are
highly reactive, causing DNA damage in mammalian
cells in vitro; however, they show limited ability to induce
gene mutations in bacteria and give unclear results for
micronucleus induction in vivo.

6.6.3. Carcinogenicity
No carcinogenicity studies have been reported on the
haloacetonitriles.

6.7. Tribromopyrrole

6.7.1. Occurrence

In 2003, a new halogenated pyrrole, 2,3,5-tribro-
mopyrrole (Fig. 4), was identified in drinking water
[14]. This represents the first time that a halogenated
pyrrole had been observed as a drinking-water by-
product for any disinfectant. This halopyrrole was found
in finished drinking water (at approximately 50 ng/L)
from a full-scale drinking-water treatment plant in
Israel that used pre-chlorination (at an initial reservoir)
followed by primary treatment with combined chlorine
dioxide-chlorine or combined chlorine dioxide-chlor-
amine to treat a high-bromide source water (approxi-
mately 2 ppm). This identification resulted from the first
study of chlorine dioxide DBPs formed under high-
bromide/iodide conditions.

Bromide levels in U.S. source waters generally range
up to a maximum of approximately 0.5 ppm, and to
date, this tribromopyrrole has not been identified in
drinking waters from the United States. GC with low-
and high-resolution MS was used for DBP identification
in the drinking water from Israel. When the formation of

H Br

Br N Br

H

Fig. 4. Structure of 2,3,5-tribromopyrrole.

tribromopyrrole was investigated using isolated humic
and fulvic acid fractions collected from the source
waters (as natural organic matter precursors), tribro-
mopyrrole was found to be formed primarily from
humic acid, whereas the THMs and HAAs were formed
mostly from fulvic acid.

It is interesting to note that a soil humic model [171]
based on '*C NMR, pyrolysis, and oxidative degrada-
tion data, included a pyrrole group in its structure. In
addition, the elementary analysis (C, H, N, X) for these
natural humic and fulvic acids showed a greater
contribution from N in the humic acid compared to
that in the fulvic acid. The finding of 2,3,5-tribromo-
pyrrole at significant levels when only humic acid was
reacted with a mixture of both chlorine dioxide and
chlorine supports the observation of 2,3,5-tribromo-
pyrrole in full-scale treatments involving combinations
of chlorine dioxide and chlorine or chlorine dioxide and
chloramines, as well as a controlled laboratory reaction
of chlorine dioxide and chlorine with the same source
water. In none of the samplings from this research was
tribromopyrrole found in pre-chlorinated waters (with
chlorine treatment only). Thus, the combination of
chlorine dioxide and chlorine (or chloramines) may be
necessary for its formation. It is also possible that
chloramination alone may also be important for its
formation.

6.7.2. Genotoxicity

Tribromopyrrole is highly cytotoxic in CHO cells,
with a cytotoxic potency of 61 uM, which is
approximately 8x more cytotoxic than dibromoacetic
acid (a regulated DBP). Tribromopyrrole was also a
potent inducer of DNA damage in CHO cells, with a
SCGE genotoxic potency of 299 uM, which is
approximately the same genotoxic potency as MX [14].

6.7.3. Carcinogenicity
No carcinogenicity studies have been reported on
tribromopyrrole.

6.8. Nitrosodimethylamine (NDMA) and other
nitrosamines

6.8.1. Occurrence

U.S. EPA considers nitrosodimethylamine (NDMA)
to be a probable (B2) human carcinogen (http:/
www.epa.gov/iris/subst/0045.htm) under its 1986
Guidelines for Carcinogen Risk Assessment. Until
recently, concerns about NDMA stemmed primarily
from its presence in food, beverages, consumer
products, contaminated groundwater (from the use of
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rocket fuel), and polluted air (e.g., tobacco smoke)
[172]. Although it has become evident that NDMA is
also a drinking-water DBP [173-177], a recent
assessment indicates that oral ingestion of drinking
water is likely a minor source of NDMA exposure
relative to that from food [178]. NDMA in drinking
water has been found primarily in chloraminated
drinking water, where the nitrogen in monochloramine
(NH,(l) is incorporated into the structure of the NDMA
by-product formed [179]. Chlorination can also result in
NDMA to some extent when there are nitrogen
precursors present, e.g., natural ammonia in the source
water or nitrogen-containing coagulants used in the
water-treatment process [172,180].

NDMA was discovered initially in chlorinated
drinking waters from Ontario, Canada [173], and it
has been found recently in other locations and in
laboratory studies [179,181,182]. The observation of
NDMA in U.S. waters is due largely to improved
analytical techniques that have allowed its determina-
tion at low nanogram per liter (parts per trillion)
concentrations. Recent measurements have shown it is
generally present at low ng/L levels in chloraminated/
chlorinated drinking water, and it can be formed at
much greater concentration in wastewater treated with
chlorine. Following its discovery in California well
water, the State of California issued an action level of
2ng/L (2 parts per trillion) for NDMA, which was
subsequently revised to 10 ng/L due to the analytical
difficulty in measuring it at the level proposed
originally. The California Department of Health
Services has a website that provides further background
and details about NDMA (http://www.dhs.ca.gov/ps/
ddwem/chemicals/NDMA/NDMAindex.htm). This site
also provides a link to the 2002 U.S. National
Toxicology Program (NTP) report on NDMA. NDMA
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is not currently regulated in the United States for
drinking water, but it has been included (along with
other nitrosamines) in proposed Unregulated Contami-
nants Monitoring Rule (UCMR-2; http://www.epa.gov/
ogwdw/ucmr/ucmr2/index.html). Canada does not
regulate NDMA nationally, but Ontario has established
a drinking-water quality standard of 9 ng/L for NDMA
(http://www.ene.gov.on.ca/envision/gp/4449e.pdf).

Mitch et al. published a review in 2003 that discussed
issues with NDMA as a drinking-water contaminant,
including potential approaches for removing organic
nitrogen precursors and the use of UV treatment to
minimize/eliminate NDMA in drinking water [172].
This review article also discussed analytical methods
used for the analysis of NDMA and the sources and
occurrence of NDMA.

New research is expanding beyond NDMA to other
nitrosamines as potential DBPs. In fact, a new EPA
method [183] has been created for measuring NDMA and
six additional nitrosamines in drinking water (EPA
Method 521, Determination of Nitrosamines in Drinking
Water by Solid-Phase Extraction and Capillary Column
Gas Chromatography with Large Volume Injection and
Chemical Ionization Tandem Mass Spectrometry
(MS/MS) (http://www.epa.gov/nerlewww/m_521.pdf).
This method enables the measurement of NDMA and
six other nitrosamines (N-nitrosomethylethylamine,
N-nitrosodiethylamine, N-nitroso-di-n-propylamine, N-
nitroso-di-n-butylamine, N-nitrosopyrrolidine, and N-
nitrosopiperidine) in drinking water at detection limits as
low as 1.2 ng/L.

Important new discoveries of nitrosamines beyond
NDMA include ones by Charrois et al. [184] and Zhao
et al. [185]. These new nitrosamine DBPs are shown in
Fig. 5. Charrois et al. discovered N-nitrosopyrrolidine
and N-nitrosomorpholine in finished drinking water

0= N—N O

A 4

N-Nitrosomorpholine

=N—N

N-Nitrosodiphenylamine

Fig. 5. Structures of NDMA and other nitrosamine DBPs.


http://www.dhs.ca.gov/ps/ddwem/chemicals/NDMA/NDMAindex.htm
http://www.dhs.ca.gov/ps/ddwem/chemicals/NDMA/NDMAindex.htm
http://www.epa.gov/ogwdw/ucmr/ucmr2/index.html
http://www.epa.gov/ogwdw/ucmr/ucmr2/index.html
http://www.ene.gov.on.ca/envision/gp/4449e.pdf
http://www.epa.gov/nerlcwww/m_521.pdf
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(both at the plant and in the distribution system) from
two cities in Canada that use chloramination for
treatment [184]. This is the first report of nitrosamines
other than NDMA in drinking water. Levels of N-
nitrosopyrrolidine ranged from 2 to 4 ng/L, and N-
nitrosomorpholine was found in drinking water from
one city at 1 ng/L. NDMA was also found in drinking
water from these cities and ranged from 2 to 180 ng/L.
The 180 ng/L level found for NDMA, which was
measured in the distribution system of one city, is the
highest concentration that has been observed for
NDMA in drinking water to date. The data in this
study indicate that NDMA (and other nitrosamines) can
continue to form in the distribution system and show
dramatically increased levels in the distribution system
compared to the drinking-water treatment plant (e.g.,
from an initial 67 ng/L of NDMA at the plant to 180 ng/
L in the distribution system). This study suggests that
previous measurements of NDMA at the treatment plant
may substantially underestimate the public’s exposure
to this DBP.

Zhao et al. [185] recently reported the discovery of
N-nitrosopiperidine and N-nitrosodiphenylamine in
finished drinking water from Canada that was treated
with a combination of chloramination and UV
irradiation. N-nitrosodiphenylamine is thermally labile
(will decompose with commonly used GC/MS meth-
ods), so the researchers developed a liquid chromato-
graphy (LC)/MS/MS method to enable its
measurement, along with 8 other nitrosamines. NDMA
and N-nitrosopyrrolidine were also found in drinking-
water samples collected, and as in the Charrois et al.
study, the nitrosamines were found to increase in
concentration in the distribution system. Maximum
levels of 108, 71, 118, and 2 ng/LL were observed for
NDMA, N-nitrosopyrrolidine, N-nitrosopiperidine, and
N-nitrosodiphenylamine, respectively.

In another important study, Wilczak et al. [180]
investigated the effect of a popular nitrogen-containing
coagulant on the formation of NDMA in drinking water.
For this research, controlled laboratory studies were
carried out by reaction of the diallyldimethylammo-
nium chloride (DADMAC) polymer with chlorine and
chloramines in pure water; pilot treatment-plant studies
were carried out by using the DADMAC polymer in a
pilot plant that utilized chlorine, chloramines, and
ozone, and their combinations; full-scale drinking-
water treatment plants using DADMAC and chlorine/
chloramine disinfection were investigated. Results
showed that chloramine was necessary to form
significant levels of NDMA with DADMAC; much
lower levels were observed with free chlorine. The

levels of NDMA observed depended strongly on the
amount of DADMAC used; NDMA concentrations in
the distribution system decreased with decreasing
DADMAC doses. The length of free chlorine contact
time before ammonia addition (to form chloramines)
was also an important component: a free chlorine
contact time of 1-4 h before ammonia addition resulted
in much lower NDMA levels. Further, it appeared that
recycled filter-backwash water was a significant source
of NDMA precursors, likely due to recycling of residual
DADMAC polymer.

Gerecke and Sedlak [186] recently investigated
precursors of NDMA in natural waters. Samples from
lakes, reservoirs, groundwaters, and isolated natural
organic matter were reacted with monochloramine. A
compound that had been suggested previously to be an
important precursor of NDMA, dimethylamine, was
found to be responsible for only a small fraction of the
NDMA produced. Results showed that natural organic
matter (NOM) accounts for a significant fraction of the
precursors. However, NOM could not account com-
pletely for the amount of NDMA formed by drinking-
water treatment. As a result, nitrogen-containing
coagulants (like DADMAC mentioned above) may
also be significant precursors. Unplanned wastewater
reuse was also suggested as a source of NDMA because
wastewater typically contains 50-500 nM of dimethy-
lamine, which would be enough to contribute to
increased NDMA formation.

In an investigation of NDMA precursors in waste-
water-treatment plants, Mitch and Sedlak [181]
measured NDMA after extended chloramination in
advanced wastewater-treatment plants and in reactions
of model precursors. Of the model precursors investi-
gated, only dimethylamine, tertiary amines with
dimethylamine functional groups, and dimethylamides
formed significant NDMA levels upon chloramination.
In samples from municipal wastewater-treatment
plants, dissolved NDMA precursors were always
present in primary and secondary effluents. Biological
treatment was found to remove dimethylamine, but it
was not effective for removing the other NDMA
precursors.

6.8.2. Genotoxicity

Increased public health concerns were expressed
after the discovery that nitrosamines were generated as
DBPs [184]. Currently, five N-nitrosamines have been
defined as DBPs: N-nitrosodimethylamine, N-nitroso-
pyrrolidine and N-nitrosomorpholine [184] and the
recently discovered N-nitrosodiphenylamine and N-
nitrosopiperidine [185] (Table 14).
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Table 14
Comparative genotoxicity of N-nitrosamine DBPs
Chemical Biosystem Genetic endpoint Concentration range of positive References
response or highest genotoxic
potency
N-Nitrosodimethylamine (NDMA) See reviews [188,189]
Salmonella his reversion [190]
YG7108-CYP2E1 0.553 revertants/nmol
N-Nitrosopyrrolidine Salmonella his reversion [191]
YG7108-CYP1A1 0.12 revertants/nmol
YG7108-CYP1A2 0.016 revertants/nmol
YG7108-CYP1BI1 0.0085 revertants/nmol
YG7108-CYP2A6 4.15 revertants/nmol
YG7108-CYP2C8 0.0133 revertants/nmol
YG7108-CYP2CI19 0.0761 revertants/nmol
YG7108-CYP2E1 1.49 revertants/nmol
YG7108-CYP3A4 0.0027 revertants/nmol
Drosophila Wing spot test 80 pwmol/vial [192]
gpt delta rats gpt mutation Ten-fold increase in mutant [194]
frequency at 200 ppm in
drinking water
N-Nitrosomorpholine Salmonella his reversion [191]
YG7108-CYP1A1 0.0376 revertants/nmol
YG7108-CYP1BI1 0.03 revertants/nmol
YG7108-CYP2A6 0.457 revertants/nmol
YG7108-CYP2EL1 0.0963 revertants/nmol
YG7108-CYP3A4 0.0071 revertants/nmol
Caco-2 cells DNA strand breaks SCGE 0.92-5.1 mmol/L [195]
V79/+S9 cells 6-TG resistance 15-20 mmol/L [196]
Wistar rats UDS 200 mg/kg [198]
SD, F344 rats Bone marrow and blood 180 mg/kg [197]
micronucleus
Drosophila Wing spot test 7 pmol/vial [192]
N-Nitrosodiphenylamine See review [201]
N-Nitrosopiperidine Salmonella his reversion [191]
YG7108-CYP2A6 0.537 revertants/nmol
YG7108-CYP2E1 0.029 revertants/nmol
Drosophila Wing spot test 9 pmol/vial [192]
Human SCGE DNA strand breaks 0.5-20 mM [199]

T-lymphocytes +S9

As a class, N-nitrosamines are well-known environ-
mental toxins that can be metabolized into potent
genotoxic agents. Given the extensive number of studies
of the genotoxicity of the N-nitrosamines, it is beyond
the scope of this review to present this literature in
detail. Instead, we present a summary of a model
compound of this class and highlight the main features
of the genotoxicity of the remaining compounds.

N-nitrosodimethylamine (NDMA) is a model com-
pound of this class, and its genotoxicity has been
reviewed extensively [187-189]. A summary of the in
vitro and in vivo genotoxicity of NDMA derived from an
Agency for Toxic Substances and Disease Registry in a
report by the Office of Environmental Health Assess-

ment, California Environmental Protection Agency is
presented in Table 15 [187]. The results show that
NDMA is genotoxic in a wide array of systems in vitro
in the presence of S9 and in vivo. It induces gene and
chromosomal mutations as well as DNA damage in vivo
and in vitro. Recent studies have shown that NDMA is
activated to a mutagen by various P450 enzymes in
strains of Salmonella containing human P450 genes
[190].

The genotoxicity literature is less extensive for the
remaining compounds (Table 14); however, like
NDMA, N-nitrosopyrrolidine is mutagenic in Salmo-
nella in the presence of S9, and it also has been
evaluated using strains of Salmonella containing
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Table 15
Summary of the genotoxicity of N-nitrosodimethylamine (NDMA)*
Endpoint Biosystem Result
-S9 +S9
In vitro
DNA damage Rat hepatocytes +
DNA fragmentation Rat hepatocytes +
DNA repair Rat hepatocytes + +
Human lymphoblasts +
Mouse hepatocytes +
Hamster hepatocytes +
Rat pancreatic cells —
Gene mutation Salmonella + +
E. coli +
S. cerevisiae +
Chinese hamster V79 cells, Chinese hamster ovary cells — +
Mouse lymphoma L5178Y cells - +
Chrom. aberrations Chinese hamster lung cells + +
Rat ascites hepatoma and rat esophageal tumor cells +
SCE Rat esophageal tumor cells, rat ascites hepatoma +
Human lymphocytes — +
Human fibroblasts +
Chinese hamster ovary cells = +
Chinese hamster V79 cells - +
Chinese hamster primary lung cells - +
In vivo
DNA methylation Rat, mouse, hamster, gerbil liver +
Human liver +
DNA fragmentation Rat liver and kidney gel elution +
Mouse liver and kidney gel elution +
DNA repair Fetal mouse kidney and liver +
Mouse testes +
Rat liver +
Rat respiratory cells +
Rat spermatocytes -
Germ-cell mutations Drosophila +
Chrom. aberrations Hamster embryo fibroblasts +
Micronucleus Rat bone marrow +—
Rat hepatocytes +
Mouse bone marrow +
Hamster embryonic fibroblasts +
SCE Chinese hamster bone marrow +—
Rat bone marrow +

# Data from ATSDR (1989) and adapted from CA EPA [187].

plasmids expressing various P450 genes. Depending on
the P450 gene being expressed, mutagenic responses
ranged from 0.0027 revertants/(nmol pmol) CYP in a
strain expressing CYP3A4 to 4.15 revertants/(nmol p-
mol) in a strain expressing CYP2A6. Compared to
NDMA, N-nitrosopyrrolidine was more responsive to

human cytochrome P450s. Although NDMA was
metabolized only by CYP2EI [190], N-nitrosopyrroli-
dine was metabolized by several cytochromes: CYP1A1,
CYP1A2, CYPIB1, CYP2A6, CYP2C8, CYP2CI19,
CYP2EI, and CYP3A4 [191]. In a direct comparison
using a strain expressing CYP2E1, N-nitrosopyrrolidine
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was 2.7x more mutagenic than NDMA. However,
NDMA was 160x more mutagenic than N-nitrosopyrro-
lidine in the Drosophila wing spot somatic mutation
assay [192]. An early study in Salmonella TA104 showed
that N-nitrosopyrrolidine induced base substitutions
primarily at AT base pairs [193]. Consistent with those
findings, N-nitrosopyrrolidine induced primarily A to G
base substitutions in the liver of gpt delta transgenic rats
[194]. This study provides support for a genotoxic
mechanism for liver cancer induced by this compound
(see Section 12.1).

An early review of the genotoxicity of N-nitroso-
morpholine [189] showed that it was a potent mutagen
and clastogen, inducing micronuclei in vivo and
chromosomal aberrations in vitro, as well as gene
mutations in Salmonella and mammalian cells. Studies
in Salmonella expressing various P450 genes showed
that N-nitrosomorpholine exhibited mutagenic poten-
cies ranging from 0.0071 revertants/(nmol pmol) CYP
for strain YG7108-CYP3A4 to 0.457 revertants/
(nmol pmol) CYP with strain YG7108-CYP2A6
[191]. Using strain YG7108-CYP2EI, it was only
about 20% as mutagenic as NDMA [191]. In in vitro
mammalian cell assays, N-nitrosomorpholine induced
DNA strand breaks as measured by SCGE [195] and
gene mutations [196]. In vivo, N-nitrosomorpholine
induced somatic-cell mutations in Drosophila [192],
micronuclei in rats [197], and unscheduled DNA
synthesis [198] in rats.

N-nitrosopiperidine was mutagenic in Salmonella
expressing various P450 genes (0.029 revertants/
(nmol pmol) CYP for strain YG7108-CYP2E1 and
0.537 revertants/(nmol pmol) CYP  with  strain
YG7108-CYP2A6) [191]. In the presence of S9, N-
nitrosopiperidine induced DNA strand breaks in human
lymphocytes [199] and was mutagenic in Drosophila
[192]. The relationship between stereochemical fea-
tures of the nitrosopiperidines and the mutagenicity of
these compounds has been studied in Salmonella [200].

The exception to the nitrosamines described above is
N-nitrosodiphenylamine. An extensive review of the
genetic toxicology of this compound [201] showed that,
unlike the other nitrosamines, N-nitrosodiphenylamine is
generally not mutagenic in bacteria or mammalian cells
and does not induce chromosomal aberrations or SCEs in
mammalian cells. It is also not clastogenic in vivo.

An important study of the potential role of N-
nitrosamines in drinking water on genotoxicity in
humans was conducted by van Maanen et al., [202].
They found that subjects consuming well water
containing 25 mg of nitrate/L had higher HPRT mutant
frequencies in their peripheral lymphocytes than did

those consuming tap water containing 0.2 or 17.5 mg of
nitrate/L. N-nitrosopyrrolidine was also found in the
urine of 18/22 subjects. This study indicated that
drinking water with high nitrate levels may pose a
mutagenic risk to humans via the endogenous formation
of carcinogenic N-nitroso compounds from nitrate-
derived nitrite.

6.8.3. Carcinogenicity

Many nitrosamines have been tested extensively for
carcinogenicity, and nearly all have shown carcinogenic
effects in a variety of species exposed through various
routes [189,203]. It is beyond the scope of this review to
describe in detail the carcinogenicity studies of the N-
nitrosoamines mentioned above; instead, we have noted
the general highlights of the carcinogenicity of the
DBPs in this chemical class.

The primary sites of tumor formation for the
nitrosamines are the esophagus and liver; however
other organs, including the urinary bladder, brain, and
lungs, are also targets [189,203]. The optimal condi-
tions for nitrosamine carcinogenicity involve low-dose
exposure over long periods of time [203]. A mixture
study in which low doses of N-nitrosodiethylamine
(0.1 mg/(kg day)),  N-nitrosopyrrolidine (0.4 mg/
(kg day)), and N-nitrosodiethanolamine (2.0 mg/
(kg day)) were given in drinking water to rats for their
lifetime showed additivity for liver tumors [204].

An especially important ‘“‘mega-study” evaluated
liver and esophageal tumors induced by N-nitroso-
diethylamine or N-nitrosodimethylamine in 4080 rats at
16 doses given in the drinking water during the lifetime
of the animals [205]. The results showed that exposures
to concentrations as low as 0.01 ppm in the drinking-
water resulted in 25% of the animals developing liver
tumors, with no indication of a threshold effect.

IRIS identifies the following nitrosoamines as
probable human carcinogens under the 1986 Cancer
Guidelines: N-nitrosopyrrolidine (http://www.epa.gov/
iris/subst/008 1.htm#noncar), N-nitrosodiphenylamine
(http://www.epa.gov/iris/subst/0178 htm#noncar), N-
nitrosodiethylamine, and NDMA (http://www.epa.-
gov/iris/subst/0045.htm). IARC [189] found sufficient
evidence in animals for the carcinogenicity of NDMA,
N-nitrosopyrrolidine, N-nitrosomorpholine, and N-
nitrosopiperidine. Although no epidemiologic data
were available at the time, IARC [189] noted that
these compounds should be regarded as if they were
carcinogenic to humans. A review [201] indicated that,
unlike the other nitrosamines above, there was limited
evidence for the carcinogenicity of N-nitrosodipheny-
lamine in experimental animals. The IRIS database [26]


http://www.epa.gov/iris/subst/0081.htm%23noncar
http://www.epa.gov/iris/subst/0081.htm%23noncar
http://www.epa.gov/iris/subst/0178.htm%23noncar
http://www.epa.gov/iris/subst/0045.htm
http://www.epa.gov/iris/subst/0045.htm
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also provides an estimate of carcinogenic potency for
NDMA; the slope factor is 51 mg/(kg day). Using
standard default exposure assumptions, this indicates
that 7 ng/L in drinking water represents a 10> lifetime
cancer risk for the average adult.

6.9. Aldehydes

6.9.1. Occurrence

Several aldehydes were measured in the ICR effort,
including formaldehyde, acetaldehyde, glyoxal, methyl
glyoxal, and trichloroacetaldehyde (chloral hydrate).
The non-halogenated aldehydes are DBPs produced
primarily by ozone treatment [2,206], although both
chlorine and chlorine dioxide treatment can also form
low ppb levels of formaldehyde [2,23,29]. In the ICR,
these aldehydes were detected at higher concentrations
in water-treatment systems using ozone (up to 30.6 pg/
L) than chlorine dioxide. Among treatment systems
using ozone, the 90th percentile concentration for
formaldehyde was 13.7 pg/L. Formaldehyde was
detected at more than 50% of the treatment plants
using chlorine dioxide at a mean of 5.3 wg/L and 90th
percentile of 9.0 wg/L [23]. Acetaldehyde, glyoxal, and
methyl glyoxal were observed at maximum levels of 11,

16, and 6 png/L, respectively, in ozonated drinking
water, but were generally below the detection limit
(<5 pg/L) in chlorine dioxide-treated waters. Chloral
hydrate is primarily a chlorine or chloramine DBP, but
the use of preozonation prior to chlorination or
chloramination can increase its formation [9,27,207].
In the ICR, chloral hydrate was found to be at higher
levels in the distribution system (median 2.8 pg/L; 90th
percentile 11.0 wg/L) than in the finished water (median
1.7 pg/L; 90th percentile 7.4 wg/L) [23].

Other haloaldehydes have been measured in a few
studies, and chloro-, dichloro-, bromochloro-, and
tribromoacetaldehyde were included in the Nationwide
Occurrence Study as priority DBPs [9,27]. In this study,
the haloaldehydes were the third largest DBP class by
weight (behind THMs and HAAs) of all the DBPs
studied. Dichloroacetaldehyde was the most abundant
of these haloaldehydes and was found at a maximum
concentration of 16 pwg/L. Ozonation followed by post-
chloramination was found to increase the formation of
haloaldehydes.

6.9.2. Genotoxicity
The genotoxicity of formaldehyde, which has been
reported in >100 studies published during the past 77

Table 16

Summary of genotoxicity of aldehyde DBPs

Chemical [Ref.] Endpoint System Result

Formaldehyde [208] Gene mutation Bacteria, fungi, mammalian cells, rat nasal in vivo +
SCE Mammalian cells +
MN Mammalian cells/rodents +/w+
CA Mammalian cells/rodents +/w+
DNA damage Bacteria, mammalian cells +
Germ-cell mutation Drosophila +

Rodents W+
Acetaldehyde [61] Gene mutation Bacteria —
Mammalian cells +

SCE Mammalian cells, rodents +
MN Mammalian cells +
CA Mammalian cells +
Aneuploidy Fungi +
DNA-protein links Rat nasal tissue +

Chloral hydrate [17] Gene mutation Bacteria, mammalian cells, Drosophila +
MN Mammalian cells, rodents +
CA Mammalian cells +
Aneuploidy Mammalian cells, mouse, fungi +
DNA damage Rodents +
Cell transformation SHE cells +
DNA-protein links Rodents +

Chloroacetaldehyde his reversion [308] Salmonella TA100 +
HPRT mutation [309] H2EI cells +
SSCE [133] CHO cells
Hprt mutation [310] Mice —
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years, has been reviewed recently [208] and is
summarized in Table 16. It required S9 to be mutagenic
in vitro, and it induced gene mutation in bacteria,
mammalian cells, and in rat nasal epithelia in vivo. It
also induced SCEs in mammalian cells, as well as
micronuclei and chromosomal aberrations in mamma-
lian cells and rodents. It induced DNA damage in
bacteria and mammalian cells and germ-cell mutations
in Drosophila and possibly rodents. Formaldehyde also
induced DNA—protein cross-links in vitro as well as in
rodents and humans. In mouse lymphoma cells,
formaldehyde induced gene mutations containing large
deletions and recombination events [209]. Due to its
highly reactive nature, the in vivo genotoxicity of
formaldehyde is complex and difficult to assess in
humans [210].

The genotoxicity of acetaldehyde has been reported
in >40 studies published during the past 30 years and
has been reviewed [61] and is summarized in Table 16.
Acetaldehyde required S9 to be mutagenic in vitro;
however, it was not mutagenic in bacteria. In
mammalian cells, it caused gene mutations, SCEs,
micronuclei, and chromosomal aberrations. In rodents,
it induced SCEs and protein—-DNA cross-links. Acet-
aldehyde also induced aneuploidy in fungi.

The genotoxicity of chloral hydrate has been
reviewed recently [17,211], and a summary of the
results of the more than 60 studies spanning 30 years is
shown in Table 16. Chloral hydrate is a direct-acting
mutagen in vitro and induced base-substitution muta-
tions in bacteria; aneuploidy and micronuclei in
mammals in vivo; and aneuploidy, micronuclei,
chromosomal aberrations, gene mutations, and cell
transformation in mammalian cells in vitro. It also
caused DNA damage and protein-DNA cross links in
rodents. Chloral hydrate is related to some of the other
DBPs discussed here in that it is metabolized in humans
and rodents to trichloroacetic acid, trichloroethanol, and
dichloroacetic acid [17].

Chloroacetaldehyde is mutagenic in bacterial and
mammalian cells in vitro [308,309] but not in mice
[310]. In addition to being a DBP, this compound is also
a metabolite of the well-characterized mutagen and
carcinogen vinyl chloride.

Glyoxal is a related aldehyde that is mutagenic in
bacteria [212-215]; in Salmonella, the majority of
mutations were base substitutions at G:C base pairs
[215]. In E. coli, it was suggested that glyoxal-induced
mutations may be correlated to mutations induced by
oxygen free-radicals [215]. Glyoxal induced DNA
strand breaks and DNA—protein cross-links at a 10-fold
lower frequency than did methylglyoxal. Glyoxal and

methylglyoxal also induced DNA damage in human
skin cells exposed in vitro [216]; however, methyl-
glyoxal produced compacted nuclei and reduced DNA
migration, indicating the induction of cross-links. Using
the SCGE assay with freshly isolated rat hepatocytes,
glyoxal resulted in an elevated tail moment, indicating
DNA damaging activity. Glyoxal also caused DNA
images with small, highly condensed areas within
otherwise circular DNA spots, which were probably the
consequence of DNA and protein cross-links [217].

Methylglyoxal is present in many foods, drinks, and
tobacco smoke; its genotoxicity has been reviewed [65].
It was mutagenic in bacteria in the absence of S9
[218,219]. In yeast, methylglyoxal induced gene
mutation and gene conversion. In mammalian cells, it
induced SCEs, gene mutations, chromosomal aberra-
tions, and micronuclei [65]. Mutations induced in
mammalian cells were mainly deletions and, seconda-
rily, base substitutions [220].

6.9.3. Carcinogenicity

Chloral hydrate and chloroacetaldehyde have been
shown to cause liver tumors in rodents [227] (Table 10).
Formaldehyde and acetaldehyde have been shown to
cause tumors in rodents when administered through
inhalation, but they were not carcinogenic when
administered through drinking water [221-225]. As
mentioned earlier, inhalation exposures due to shower-
ing and other activities can be important sources of
exposure to some DBPs. It is not currently known
whether significant levels of formaldehyde or acet-
aldehyde would be present during showering. In water,
formaldehyde should mostly form a hydrated diol,
CH,(OH), [226], which is extremely water soluble and
has a low calculated Henry’s constant (—7), such that, in
a closed system, it would partition with the water and
would not be expected to volatilize (SPARC model;
http://ibmlc2.chem.uga.edu/sparc). The small fraction
(0.4%) of the formaldehyde (HC(O)H) species present
in water also has a low Henry’s constant (—2) (http://
ibmlc2.chem.uga.edu/sparc) [226]. Other aldehydes,
such as acetaldehyde, would also be expected to hydrate
and form equivalent diols in water, but not quite to the
extent as formaldehyde. Therefore, in a closed system,
these aldehydes would not be expected to volatilize
from water into the air. However, a showering situation
is not a closed system, and Henry’s Law may not strictly
apply. In addition, elevated temperatures in showers
may also help to drive the equilibrium, promoting
volatilization. Studies have not been conducted to
address the concentrations of formaldehyde or other
aldehydes volatilized into air from showering.


http://ibmlc2.chem.uga.edu/sparc
http://ibmlc2.chem.uga.edu/sparc
http://ibmlc2.chem.uga.edu/sparc
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EPA has evaluated formaldehyde, acetaldehyde, and
chloral hydrate for carcinogenicity, and summaries of
these evaluations can be found on IRIS. Under the 1986
Cancer Guidelines, formaldehyde was considered to be
B1, probable human carcinogen, based on animal data
and some limited human data from occupational
exposure by inhalation (http://www.epa.gov/iris/subst/
0419.htm). Acetaldehyde was considered to be B2,
probable human carcinogen based on tumors in animals
exposed by inhalation (http://www.epa.gov/iris/subst/
0290.htm). Neither of these two assessments on IRIS
has been revised since 1991. In 2000, chloral hydrate
carcinogencity was summarized on IRIS as having data
suggestive of carcinogenicity (under an early draft of
the Revised 2005 Cancer Guidelines) and as C, possible
human carcinogen using the 1986 version of the Cancer
Guidelines (http://www.epa.gov/iris/subst/0304.htm).
There were no quantitative risk estimates for cancer
published on IRIS for any of the above aldehydes.

6.10. Chlorate

6.10.1. Occurrence

Like chlorite, chlorate is primarily a DBP from
chlorine dioxide treatment, although it can also be
present as a contaminant from chlorination (when
solutions of sodium hypochlorite are used) [94].
Chlorate is a decomposition product of chlorine dioxide
(along with chlorite), and chlorate levels can occur at
approximately 20% of the original chlorine dioxide
dose [107,228].

In the U.S. EPA’s ICR, which represents the most
extensive data for chlorate, the median level of chlorate
was 0.12mg/L at plants using chlorine dioxide for
disinfection [23,111]. Recent measurements of chlorate
included a study of full-scale treatment plants in Israel
[14] in which chlorate was found at levels up to 0.052 mg/
L; a full-scale treatment plant in Virginia [112] where
chlorate was found at a median level of 0.014 mg/L; and
full-scale treatment plants in Quebec [113] where
chlorate was found at a maximum level of 0.19 mg/L.

6.10.2. Genotoxicity

Chlorate had limited genotoxicity data; however, a
set of studies reviewed by Kurokawa [100] showed that
chlorate was mutagenic in Salmonella and induced
chromosome aberrations and micronuclei in mamma-
lian cells.

6.10.3. Carcinogenicity
Chlorate showed no evidence of carcinogenicity in
mice exposed via the drinking water; however, it

induced thyroid follicular-cell tumors in male and
female rats [229].

7. Summary of the occurrence, genotoxicity, and
carcinogenicity of the emerging unregulated
DBPs

7.1. Summary of the occurrence of the emerging
unregulated DBPs

The unregulated DBPs that occur at the highest
levels include chlorate (in chlorine dioxide-treated
waters); the four remaining HAAs (bromochloro-,
bromodichloro-, dibromochloro-, and tribromoacetic
acid); trichloronitromethane (chloropicrin); and
trichloroacetaldehyde (chloral hydrate). Chlorate is
generally present at high ppb levels (and sometimes
ppm levels), and the others are generally present at low
ppb levels. It is no surprise that these DBPs are
commonly measured, along with the regulated DBPs, in
occurrence studies. Halonitromethanes, iodo-THMs,
iodo-acids, halo-amides, and aldehydes (including halo-
aldehydes) form the next tier of DBPs, which are
generally present at sub-ppb to low-ppb levels. In the
Nationwide Occurrence Study of unregulated priority
DBPs, the haloaldehydes were the third largest DBP
class by weight (behind the THMs and HA As) of all the
DBPs studied. The lowest tier included those DBPs
found at the ng/L level. Halofuranones (MX analogues)
are in this group, with low-ng/L levels being common,
but they can reach 1 pg/L (1 ppb) or greater if summed
together as a class [9]. Nitrosamines are generally
present at low-ng/L levels, but there is one report of
NDMA being found at 180 ng/L in drinking water from
a distribution system [184]. Finally, 2,3,5-tribromopyr-
role, the first halopyrrole identified, was found to be
present at approximately 50 ng/L in finished waters. So
far, this DBP has been identified only in finished
drinking waters from Israel that have extremely high
bromide levels; it is not yet known whether this DBP
will be found in other locations.

The type of disinfectant chosen can have a dramatic
effect on the DBPs formed, as each disinfectant tends to
produce its own suite of DBPs, e.g., THMs and HAAs
from chlorine, chlorite and chlorate from chlorine
dioxide, bromate and aldehydes from ozone, and
nitrosamines from chloramines, with some overlap of
DBPs among disinfectants. The presence of natural
bromide and/or iodide in the source waters can
influence the speciation of DBPs such that higher
bromide/iodide levels contribute to a shift in speciation
from chlorinated to brominated/iodinated DBPs. Due to
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differences in kinetics, the choice of disinfectant can
also play arole in speciation. For example, chloramina-
tion can result in higher levels of iodo-THMs and iodo-
acids than does chlorination, which preferentially forms
iodate instead. The combined use of disinfectants can
also influence the levels of DBPs formed. For example,
the use of pre-ozonation before post-disinfection with
chlorine or chloramines can dramatically increase the
levels of halonitromethanes compared to chlorination or
chloramination alone.

However, approximately 50% of the total organic
halogen (TOX) in chlorinated drinking water and
approximately 75% of the TOX in water treated with
alternative disinfectants remains unidentified. Approxi-
mately 60% of the assimilable organic carbon (AOC)
measured in ozonated drinking water is unaccounted
for. In addition, TOX and AOC represent only a portion
of the types of DBPs formed. For example, the TOX
measurement for chlorinated drinking water would not
include contributions from non-halogenated DBPs,
such as formaldehyde or carboxylic acids. Therefore,
the levels of unregulated DBPs discussed here are based
on those that are currently known and have been
quantified in drinking water. There is much that is still
not known about the DBPs formed during disinfection.

7.2. Summary of the genotoxicity of the emerging
unregulated DBPs

Studies on the genotoxicity of emerging unregulated
DBPs have increased in number during the past decade;
many of these compounds appear to be more genotoxic
in some assays than the regulated DBPs. Chemical
classes of DBPs in which there are ample genotoxicity
and some carcinogenicity data include the halo-
methanes, haloacetic acids, halofuranones, and the
nitrosamines. The dihalomethanes (dichloromethane,
dibromomethane, and bromochloromethane) have been
shown to be mutagenic in Salmonella and to have
moderate cytotoxicity; however, they did not induce
DNA damage in CHO cells.

Of special interest is the impact of iodinated
methanes because they are produced at elevated levels
by one of the alternative disinfection methods—
chloramination. The iodo-THMs were more cytotoxic
in CHO cells than their chlorinated and brominated
analogues. Dibromo-, tribromo-, bromochloro-, dibro-
mochloro-, and bromodichloroacetic acids are of
concern because of their increased genotoxicity and
cytotoxicity compared to their chlorinated analogues.
Todoacetic acid is a potent mutagen with a variety of
biological responses in several bioassays. In a
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Fig. 6. Genotoxicity index for the major DBP classes evaluated in the
CHO SCGE assay; derived from data from Plewa et al. [62]; see text or
reference for explanation of units.

comparative analysis of over 60 DBPs using SCGE
in CHO cells, iodoacetic acid was the most potent
genotoxic DBP evaluated. The presence of iodinated
acids and other iodo-DBPs in drinking water is an area
of increased concern because of their enhanced toxicity
and genotoxicity compared to their brominated and
chlorinated analogues.

The unregulated DBPs in the halofuranone and
nitrosamine chemical classes need further investigation
as to their occurrence, toxicity, and health effects. Both
of these classes have individual agents that are highly
genotoxic, and some are carcinogenic. The brominated
furanone DBPs should be afforded attention because
they may express heightened toxicity, and a search for

lodo-DBPs

Bromo-DBPs

Chloro-DBPs
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CHO Cell Cyto- & Genotoxicity Index
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Fig. 7. Combined toxicity index values as a function of the presence
of the halogen species for matched analogues of mono-, di-, and
trihalogenated DBPs from the CHO cell database (a total of 18 DBPs)
[62].
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the presence of iodinated furanone DBPs should be
undertaken. The toxicity, genotoxicity, and carcino-
genicity of specific nitrosamines is well known;
however, the fact that these agents can be generated
by disinfecting water indicates that studies should be
conducted to determine whether other novel nitrosa-
mine DBPs occur in drinking water.

The relative genotoxicities for a number of DBP
classes have been determined from a comprehensive
comparative program examining DNA damage (SCGE
assay) in CHO cells (Fig. 6) [62]. It is interesting that
the regulated classes of DBPs appear to have lower
genotoxic activities than the emerging DBP classes.

The impact of the halogen atom on a set of matched
DBPs was determined from this CHO cell data
published by Plewa et al. [62]. When the combined
cytotoxicity and genotoxicity index values were
calculated for a set of 18 DBPs with matched halogen
analogues and were averaged as a function of the
halogen species, the order of toxicity was I > Br > Cl
(Fig. 7). Finally, in a comparison of 26 carbon-based
DBPs (i.e., DBPs without a nitrogen) versus 29
nitrogenous DBPs (i.e., DBPs containing nitrogen),
the nitrogenous DBPs as a class were the most toxic
(Fig. 8) [62]. Based on these comparisons, it is
important to gather additional information on iodinated
DBPs within all chemical classes, as well as further
information on the halonitriles and haloamines. Addi-
tional genotoxicity data on the nitrogenous DBPs are
needed to characterize the range of genotoxic activities
of this class of DBPs. These emerging DBPs are
important environmental compounds, and future studies
on the genotoxicity of iodinated, nitrogenous, and
iodinated-nitrogenous DBPs are much needed.

Values above bars indicate the
number of DBPs analyzed
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Fig. 8. Combined toxicity index values for carbonaceous DBPs (C-
DBPs, i.e., those that do not contain nitrogen) versus nitrogenous
DBPs (N-DBPs, i.e., those that contain nitrogen) [62].

7.3. Summary of the carcinogenicity of the
emerging unregulated DBPs

Clearly the list of unregulated DBPs is quite long.
Some of these chemicals are similar to those that are
regulated, such as the HAAs, while others are unique.
Although most of the chemicals presented here can be
found in chlorinated surface waters, some are present
after alternative disinfection methods, such as chlorate
after chlorine dioxide disinfection. Similar to the
regulated DBPs, those unregulated DBPs that result
in rodent tumors induced them at doses of 75 mg/
(kg day) or greater. The exception was MX (Table 10),
which has been shown to result in tumors in rats at doses
as low as 0.4 mg/(kg day) [154], making it the most
potent animal carcinogen of all the DBPs (regulated or
unregulated) and 3x more potent than the most potent
regulated DBP (bromate).

Among the unregulated DBPs, there were no 2-year
rodent carcinogenicity data for chloropicrin, dibromoa-
cetonitrile, glyoxal, or methylglyoxal (Table 17). There
was some evidence from 2-year studies for the
carcinogenicity of chloral hydrate (Table 17), and it
was genotoxic in a variety of systems (Table 16). IARC
did not consider these data sufficient to classify chloral
hydrate as to human carcinogenicity [17]. In 2000, the
U.S. EPA published its assessment on IRIS, which
indicated that chloral hydrate had data suggestive of
carcinogenicity (under an early draft of the Revised
2005 Cancer Guidelines) and as C, possible human
carcinogen, using the 1986 version of the Cancer
Guidelines  (http://www.epa.gov/iris/subst/0304.htm).
Chlorate induced thyroid tumors in rats via the drinking
water, but there were little genotoxicity data for this
DBP, and no conclusions could be made regarding its
carcinogenicity to humans. Finally, there were four
unregulated DBPs (formaldehyde, acetaldehyde, MX,
and the nitrosamines) for which there was some level of
evidence of carcinogenicity from 2-year rodent studies,
some human data (except for MX), and genotoxicity
data indicating that they might have the toxicological
characteristics of human carcinogens (Tables 17 and
18).

As summarized for formaldehyde [208], exposure of
rats to formaldehyde by inhalation resulted in the
induction of squamous-cell carcinomas of the nasal
cavities in several studies; however, similar studies in
hamsters and mice showed no effect. When rats were
exposed to formaldehyde in the drinking water, one
study found an increase in forestomach papillomas, a
second found an increase in gastrointestinal leiomyo-
sarcomas, a third found an increase in lymphomas and
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Table 17
Summary of the 2-year carcinogenicity studies of the unregulated DBPs
DBP Route of administration and target organ of tumors
Gavage Drinking water Inhalation
Mouse Rat Mouse Rat Mouse Rat
Acetaldehyde Nasal
Chloroacetaldehyde Liver
Bromodichloroacetic acid Liver, lymphoma® On test
Bromochloroacetic acid Liver*
Dibromochloroacetic acid Liver®
Chloral hydrate Liver Liver Negative
Pituitary Liver Negative
Chlorate Negative Thyroid
Chloropicrin Inadequate Inadequate
Dibromoacetonitrile On test On test
Formaldehyde Negative Nasal Nasal
Testicular interstitial cells,
lymphoma + leukemia
MX Liver, adrenal, thyroid, lung,
breast, lymphoma + leukemia
Nitrosamines®

* A.B. DeAngelo, in preparation, personal communication.
® Carcinogenic in a wide range of species via many routes; see text.

leukaemias and an increase in testicular interstitial-cell humans, and it was genotoxic at a wide variety of
adenomas in males, and a fourth study gave negative endpoints and biological systems (Table 16). U.S. EPA’s
results. Formaldehyde was considered a class 1 assessment on IRIS has not been revised since 1991.
carcinogen by TARC [208], i.e., it is carcinogenic to However, at that time, formaldehyde was considered to
Table 18
DBPs having some or all of the toxicological features of human carcinogens based on occurrence, genotoxicity, and rodent carcinogenicity data®
DBP Occurrence® Genotoxicity Carcinogenicity
Gene mutation Chrom. mutation ~ DNA damage Rodent Human®
Bacteria MC® Invitro Invivo Invitro Invivo Mouse Rat IARC EPA
Regulated
Bromodichloromethane®! — ### + — +, - — 4,4+, — 2B B2
Bromate Fkk + + + + + + +, — + +, — 2B B2
Dichloroacetic acid ok + + + - - + + 2B B2
Dibromoacetic acid HoAdE + + + +
Unregulated )
Formaldehyde' ok + + + + + + + - 1
Acetaldehyde Ak - + + + + 2B
MXE ik + + + + + + 2B
NDMA *E + + + + + + + + Yes B2

# Toxicologic properties of human carcinogens are those carcinogens that are trans-species and mutagenic in a variety of mutagenicity assays as
described [277,278].

® #Low-ng/L levels; **ng/L to sub-wg/L levels; ***sub- to low-pg/L levels; ****low-ug/L levels; ***** Jow- to mid-pg/L levels.

¢ TARC: 1, human carcinogen; 2B, possibly carcinogenic to humans; Yes, should be regarded as a human carcinogen. EPA: B2, probably
carcinogenic to humans as evaluated using the U.S. EPA’s 1986 Guidelines for Carcinogen Risk Assessment.

d MC, mammalian cells.

¢ Although only two reports have studied bromodichloromethane in cells expressing the GSTT1-1 enzyme, both were highly positive.

 Bromodichloromethane and formaldehyde are genotoxic in humans.

& MX is the most potent in vitro mutagen in Salmonella and most potent rodent carcinogen of all DBPs; it also induces tumors at more organ sites
(7) than does any other DBP.
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be BI1, probable human carcinogen (under the 1986
Cancer Guidelines) based on animal data and some
limited human data from occupational exposure by
inhalation (http://www.epa.gov/iris/subst/0419.htm).

Acetaldehyde [61] induced adenocarcinomas and
squamous-cell carcinomas of the nasal mucosa in rats
and laryngeal carcinomas in hamsters exposed by
inhalation. Intratracheal inhalation of acetaldehyde did
not cause an increase in any types of tumors in hamsters
[61]. It was genotoxic in many systems and endpoints
(Table 16), and it was considered a class 2B, possible
human carcinogen, by TARC [61]. U.S. EPA’s assess-
ment in 1991 was that acetaldehyde was considered to
be B2, probable human carcinogen, based on tumors in
animals exposed by inhalation (http://www.epa.gov/
iris/subst/0290.htm).

Chloroacetaldehyde induced liver tumors in mice
[227] and was genotoxic in vitro, although not in vivo.
Beyond being a DBP, this compound is also a
metabolite of vinyl chloride.

As discussed in detail above (Section 6.4), MX was a
multi-site carcinogen in rats via the drinking water, and
its carcinogenic potency was the greatest of any DBP
(regulated or unregulated). It was genotoxic in a wide
array of systems (Table 11), and although it has not been
tested in any species other than rats, it was considered a
possible human carcinogen (2B) by IARC [17].

Asnoted previously, the nitrosamines, which as a class
are generally carcinogenic, can be present in drinking-
water disinfected with chloramines. Compounds of this
class have been shown to cause cancer in rodents by a
variety of routes, including through the drinking water
[203,204,230]. The nitrosamines were genotoxic in a
wide array of systems and endpoints (Table 14), and they
were considered human carcinogens by TARC [230];
several (NDMA, N-nitrosodiethylamine, N-nitrosopyr-
rolidine, and N-nitrosodiphenylamine) were considered
B2, probable human carcinogens, by the U.S. EPA IRIS
(http://www.epa.gov/iris/subst/0045.htm).

One study found that chlorate induced thyroid
tumors in rat when administered via the drinking water;
however, chlorate was negative in mice via this
exposure route (Table 10).

8. DBPs formed from anthropogenic
contaminants

All of the DBP studies discussed above involve
primarily the DBPs formed from natural organic matter
found in drinking-water source waters. However, source
waters are also impacted by municipal and industrial
emissions [231,232], and recent investigations have

shown that some of these water contaminants can also
react with disinfectants used in drinking-water treat-
ment to form their own by-products. Chlorination in
swimming pools has also been shown to transform
active compounds used in sunscreens to halogenated
by-products [73,233]. To date, most of these disin-
fectant reactions have been carried out in controlled
laboratory studies and have not been identified in
finished drinking water, but the potential is there for
their formation in drinking-water treatment.

Most of this research has been conducted in order to
find ways to degrade and remove these contaminants
from wastewater effluents and drinking-water sources.
It is not surprising that DBPs can form from these
contaminants because many of them have activated
aromatic rings that can be reacted readily with oxidants
like chlorine and ozone. However, until recently, the
occurrence and toxicology of DBPs formed from
anthropogenic contaminants have not been investigated.
Because this research is so new, there is not much
known about the genotoxicity or carcinogenicity of the
contaminant by-products formed.

As discussed below, recent reports have shown the
formation of DBPs by chlorine or ozone treatment of
pesticides, pharmaceuticals, antibacterial agents, textile
dyes, bisphenol A, alkylphenol ethoxylate surfactants,
and cyanobacterial toxins. Pharmaceutical DBPs have
included chlorinated [234] and ozonated [235] by-
products of ethinylestradiol. One of these chlorinated
by-products had an estrogenic activity similar to the
parent pharmaceutical, but the ozonation by-products
had reduced estrogenic activity. The pharmaceutical,
carbamazepine, forms oxidation products when treated
with ozone [236], and acetaminophen can produce
chlorinated and non-chlorinated products when treated
with chlorine [237]. The antibacterial agent triclosan,
which is used in many hand soaps, can form chloroform
and other chlorinated DBPs when reacted with chlorine
or monochloramine under drinking-water treatment
conditions [238,239]. The antibacterial agent sulfa-
methoxazole produces chlorinated and non-chlorinated
by-products when reacted with chlorine [240], and the
veterinary antibacterial agent carbadox can form
oxidation products when reacted with chlorine [241].
These oxidation products of carbadox retained their
biologically active N-oxide group, which suggests that
the by-products may still be active antibacterial agents.

Pesticide DBPs have included oxidation products of
S-triazine herbicides (prometryne, terbutryne, ame-
tryne, and desmetryne) when reacted with chlorine or
chlorine dioxide [242]; chlorinated and non-chlorinated
by-products of the herbicide isoproturon when reacted
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with chlorine or chlorine dioxide [243]; chlorinated by-
products of the herbicide chlortoluron when reacted
with chlorine [244]; an oxidation product of isoxaflutole
(under chlorination conditions) [245]; an oxidation
product of chlorpyrifos (chloropyrifos oxon, which is
more toxic than the parent pesticide) when treated with
chlorine [246]; oxidation products of clethodim when
reacted with chlorine [247]; by-products of chloroace-
tamide herbicides (acetochlor, alachlor, metolachlor,
and dimetheamide) when reacted with either ozone or
chlorine under simulated drinking-water conditions
[248]; by-products of diazinon during UV and UV/
hydrogen peroxide treatment [249]; and an oxidation
product (methanediol) from glyphosate [250].

Alkylphenol ethoxylate surfactants, which are used
in many laundry detergents, produce brominated
nonylphenolic by-products when they are reacted with
chlorine [251]. The industrial contaminant bisphenol A
can form monochloro-, dichloro-, trichloro-, and
tetrachloro-derivatives when chlorinated [252]. The
cyanobacterial toxin microcystin-LR was found to react
with chlorine dioxide to form dihydroxy isomers, which
were nontoxic in a protein phosphatase-inhibition assay
[253].

Chlorination of disperse azo dyes was found to
produce a chlorinated product that was highly
mutagenic [254-257]. These studies were carried out
because a local drinking-water treatment plant in Brazil
had repeatedly detected mutagenic activity that could
not be explained by traditional DBPs, and the source
waters had been contaminated by a dye-processing
plant. These and other studies suggest the potential
value of biomonitoring various source waters for
mutagenicity using the Salmonella assay. A series of
studies from Japan has identified various mutagens
derived from azo dyes in source waters, with some
being chlorinated via water-treatment plants [258-262].
Mechanistic studies can also aid in decision-making
regarding ecological and public health risks due to
source-water contaminants [263,264].

9. Mutagenicity of organic extracts or
concentrates of drinking water

As discussed above, alternatives to chlorination,
such as ozonation and chloramination, have generally
accomplished the intended reduction in the levels of
regulated THMs and HAAs compared to the levels
produced by chlorination. However, these alternative
methods have also produced higher levels of other
DBPs and even new classes of DBPs, some of which
appear to be more toxic or genotoxic than those

currently regulated. Despite the presence of these newly
identified DBPs in water prepared by alternative
methods, studies done more than a decade ago showed
that all of the organic extracts (XAD/ethyl acetate) of
water prepared by alternative disinfection methods were
less mutagenic in the Salmonella mutagenicity assay
than were those from chlorinated water [37-39]. A
recent study has confirmed this for concentrates
prepared by reverse osmosis [40]. Although the levels
of bromide in these waters were not determined at the
time, some may have had at least moderate levels
because they were coastal waters. However, a more
systematic analysis should be performed in which
bromide levels are measured and other assays in
addition to the Salmonella mutagenicity assay are used
to evaluate the genotoxicity of extracts of drinking
water prepared by different disinfection methods.

In general, extracts or concentrates of ozonated
water were only slightly mutagenic. However, intro-
duction of the Cl atom by post-treatment of ozonated
water with either chloramine or chlorine greatly
increased the mutagenic activity. Nonetheless, extracts
of water prepared by ozonation, chloramination, or
post-treatment of ozonated water by chloramine or
chlorine were all less mutagenic than chlorinated water,
which was generally 2—40x as mutagenic as any of the
other waters. Analysis of the mutations induced by these
extracts showed that they all produced a similar
spectrum of mutations, predominantly GC to TA base
substitutions [37,265]. Collectively, these studies
indicated that alternative disinfection methods have
reduced the levels of THMs and HAAs and also
produced water that was less mutagenic (as assessed in
the Salmonella assay) than that produced by chlorina-
tion. These results give some indication that alternative
disinfection may be producing safer water than that
produced by chlorination, despite the formation of new,
highly genotoxic DBPs in waters prepared by alter-
native disinfection methods. Nonetheless, further
studies are needed in which (a) various source waters
are used, (b) the waters are chemically characterized
before and after treatment, and (c) additional bioassays
along with the Salmonella mutagenicity assay are used
to characterize the genotoxicity of the extracts of
drinking waters produced by different disinfection
methods.

10. Carcinogenicity of raw waters or organic
extracts of drinking water or mixtures of DBPs

Unlike for mutagenicity, only a few carcinogenicity
studies of drinking water or concentrates/extracts of
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drinking water have been performed, and all were
negative. All exposures were done as drinking water.
However, inhalation and dermal exposure to DBPs must
also be considered major exposure routes because
showering or bathing typically entails larger volumes of
water than drinking. It must also be noted that higher
concentrations of some volatile DBPs are found in the
blood or breath after dermal exposure compared to oral
exposure (e.g., THMs) [71]. Some of the DBPs
reviewed here are clearly (sometimes only) carcino-
genic by inhalation, and none has been examined for
carcinogenicity by the dermal route of exposure. Thus,
the lack of carcinogenic effect noted for drinking water
or drinking-water concentrates/extracts may reflect both
inherent limitations of such studies and the absence of
dermal/inhalation exposure.

Two carcinogenicity studies have been performed
using organic extracts of drinking water, and neither
found carcinogenic effects. Kool et al. [266] evaluated
drinking water from a city in the Netherlands whose
water yielded organic extracts shown to be mutagenic in
the Salmonella assay. The water was concentrated on
XAD-4/8 resin, the organics were eluted with
dimethylsulfoxide (DMSO), and ~10,000x concen-
trates were prepared. No other procedures were used to
prepare the extract, and no chemical analyses were
performed. Elution by DMSO may have failed to
recover the volatile or semi-volatile DBPs and may not
have provided a very extensive organic extraction. Male
and female Wistar SSP TOX rats were given the water
concentrate in their drinking water at 40 or 68 times,
respectively, the levels typically consumed by humans.
After 106 weeks of exposure, no carcinogenic or other
adverse effects were found.

A similar study was performed by Condie et al. [267]
in male and female Fisher 344 rats exposed to
concentrates of three different waters in their drinking
water: Denver, Colorado finished drinking water;
reverse-osmosis reclaimed water; or ultrafiltered
reclaimed water. The concentrates were prepared by
passing the waters through XAD-2/4/8 resin, eluting the
organics with acetone, and preparing 150x and 500 x
concentrates in Emulphor. Three volatile organics
(chloroform, bromodichloromethane, and 1,1-dichlor-
opropane) were added to the concentrates to restore the
concentrations of these compounds to the levels found
in the water prior to concentration/extraction. No
neoplasms or other pathologies were found after 104
weeks of exposure to any of the three types of water.

Several reports [268-270] evaluated the carcino-
genicity of a defined mixture of DBPs consisting of
potassium bromate, MX, chloroform, and bromodi-

chloromethane. Eker rats, which develop renal neopla-
sia and are especially susceptible to renal carcinogens,
were exposed via drinking water to a low and a high
concentration of this defined mixture for 4 or 10
months. Although this defined mixture produced a dose
response for pre-neoplastic and neoplastic renal lesions,
the authors reported generally subadditive results for the
pre-neoplastic lesions and carcinogenicity. The excep-
tion was that additive responses were obtained for pre-
neoplastic lesions in males at the high dose. The high
dose of MX alone caused transitional epithelial
hyperplasia and cell proliferation in the urinary bladder,
but this effect was reduced in animals exposed to the
high dose of the mixture. The four DBPs individually as
well as the mixture induced aberrant crypt foci, which is
the putative preneoplastic lesion of colon cancer.

As noted previously, drinking water is a complex
mixture, containing more than 600 identified DBPs, with
much of the organic halogen fraction unidentified. Thus,
consideration of the carcinogenicity or genotoxicity of
each individual DBP in isolation is inadequate for
understanding the biological consequences of the whole
mixture. It is beyond the scope of this review to discuss
models of additivity or results with other complex
mixtures or defined mixtures not related to drinking
water. However, when assessing risk of a mixture from
tests of the individual compounds, the U.S. EPA may
assume additivity of low-dose response for independent
events [271]. Efforts have been made to consider not only
additivity but other models appropriate for assessments
of a complex mixture such as drinking water [272-274],
and new studies using reverse-osmosis concentrates of
drinking water should provide additional data to improve
risk assessment procedures for drinking water [275].

11. Risk assessment of DBPs

It has been 30 years since research on DBPs began in
earnest, and not surprisingly, there are as many
scientific questions as there are accepted answers.
Some of these questions are on the types of data and
evaluations needed to demonstrate that DBPs are
controlled to an acceptable level while maintaining
the needed degree of protection against microbial
disease that water disinfection provides. The U.S. EPA
and other groups have used the tools of risk assessment
in their analysis of potential health effects of DBPs (for
a recent discussion of EPA risk assessment practices,
see An Examination of Risk Assessment Principles and
Practices, EPA/1-/B-04/001, available at http://epa.gov/
osa/ratf.htm). In general, assessment of human health
risk from chemicals includes four steps.
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e Hazard Identification, which evaluates the likelihood
(or weight of the evidence) that a chemical can cause
adverse effects in humans. This step also charac-
terizes the type of health effects mostly likely to result
from environmental exposure.

e Dose—response assessment, which determines the
potency of the contaminant in producing health
effects.

e Exposure assessment, wherein the risk assessor
determines how people are exposed or come in
contact with the contaminant.

e Risk characterization, the final step that combines all
the preceding information and judgments.

The regulated DBPs have all been evaluated multiple
times using these tools, most recently in preparation for
the proposal and promulgation of the Stage 2 D/DBP
Rule. That set of risk assessments reflected the growing
concern for reproductive and developmental effects that
may be associated with DBP exposure. These assess-
ments also incorporated new approaches to judging
cancer risk that were being developed in the U.S. EPA’s
revised Guidelines for Cancer Risk Assessment (http://
cfpub.epa.gov/ncea/raf/recordisplay.cfm?-
deid=116283). These newer approaches emphasize
making maximal use of appropriate data rather than
relying on default procedures. The Cancer Guidelines
also identify the mode of action (MOA) as the critical
information needed to determine if data are relevant to
humans and how to approach dose-response assess-
ment. A side effect (or by-product) of the Guidelines is
an increased reliance on genetic toxicity data in several
steps of risk assessment.

There are many uses of genetic toxicity assessment,
but several are particularly germane to the evaluation of
DBPs. Data on mutation and other DNA interactions
can contribute to the weight of the evidence that a
chemical may be identified as a likely or probable
human carcinogen (http://epa.gov/osa/ratf.htm). Most
importantly, genetic toxicity data can be used to
establish the mode of action whereby a chemical
caused cancer in animals or humans. The U.S. EPA and
the International Programme on Chemical Safety
(IPCS) both use a framework for evaluating all data
contributing to determination of a mode of action
(http://epa.gov/osa/ratf.htm). This framework was used,
for example, in the U.S. EPA’s judgment that chloro-
form causes cancer by virtue of its metabolism to
phosgene, causing toxicity in the kidney and liver and
subsequent compensatory hyperplasia. For a summary
of chloroform’s mode of action, see IRIS at http://
www.epa.gov/iris/subst/0025.htm. The genetic toxicity

testing data were critical to the determination that
chloroform was not likely to cause cancer through
mutation; data from some in vivo assays were
particularly useful in this evaluation.

EPA and other risk assessors have begun full-scale
application of the MOA framework only recently; thus,
there are few published examples. It has become clear,
however, that genetic toxicity data are most useful when
considered as a whole and in conjunction with other
toxicity data, rather than in isolation. Data on many
different genetic toxicity endpoints can be arrayed, as
we attempted in this review, and evaluated in a
comprehensive fashion [276]. Then a mode of action
can best be constructed with data that may include
genetic toxicity, pharmacokinetics, tumor types, struc-
tural alerts, cytotoxicity, systemic toxicity, and carci-
nogenicity studies.

The current U.S regulations to control levels of DBPs
rely on a type of indicator approach. Enforceable MCLs
were set for the four THMs, five HAAs, bromate, and
chlorite. U.S. EPA regulators believe that practices that
reduce these indicator DBPs at or below the MCL will
result in an associated reduction of the entire suite of
DBPs and, ultimately, in a decrease in the likelihood of
adverse health effects. Although these regulations
represent the best current approach to protecting public
health, questions remain that need to be addressed. For
example, levels of many DBPs in the U.S. Nationwide
Occurrence Study did not always change proportio-
nately with the regulated DBPs; in fact, some DBPs
increased in concentration when the regulated DBPs
were decreased [9,27]. These DBPs included iodo-
THMs and iodo-acids, which showed the highest levels
with chloramination; halonitromethanes and haloalde-
hydes, which were enhanced with preozonation; and
MX compounds, which showed an unexpectedly high
occurrence with chlorine dioxide disinfection. In
addition, NDMA and other nitrosamines tend to form
at greater levels with chloramination.

12. Conclusions and research needs from
current analysis

12.1. Categories of DBPs to prioritize testing and
aid in decision-making

Our analysis identifies three categories of DBPs for
priority testing and decision-making based on the
combination of occurrence, genotoxicity, and carcino-
genicity data reviewed here. These categories contain
those DBPs that (1) have some or all of the toxicologic
characteristic of human carcinogens, (2) occur at
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Categories of Emerging DBPs
Based on Occurrence and
Toxicology

4  Likely human carcinogens

14 No or little toxicology data

29 Genotoxic

T
0 10 20 30
Number of DBPs

Fig. 9. Categories of emerging DBPs based on occurrence and
toxicology data. Four have some or all of the toxicologic character-
istics of human carcinogens; 14 occur at moderate levels and are
genotoxic; 29 occur at moderate levels but have not been studied
toxicologically. See Section 12.1 for details.

moderate concentrations and are genotoxic, and (3)
occur at moderate concentrations but for which little or
no toxicology data are available. The DBPs in these
categories are described below, and the possible
guidance such categories may provide for future
research and decision-making are discussed (Fig. 9).

12.1.1. DBPs that have some or all of the
toxicologic characteristics of human carcinogens

The majority of the chemicals categorized as
carcinogenic to humans by IARC (group 1 or sufficient
evidence) are carcinogenic in more than one species
(i.e., are trans-species carcinogens) [277], and they are
mutagenic, frequently inducing both gene and chro-
mosomal mutation [278]. Among the 11 regulated
DBPs, five are trans-species carcinogens (bromodi-
chloromethane, chloroform, dibromoacetic acid,
dichloroacetic acid, and bromate). Among these, four
are genotoxic: bromodichloromethane, bromate,
dichloroacetic acid, and dibromoacetic acid. Table 18
summarizes the results for these four DBPs, along with
their occurrence levels, which range from low to high.

Bromodichloromethane is carcinogenic in mice and
rats, producing tumors at three organ sites. One of these
sites is the large intestine, which is analogous to the
human cancer site (colon) that has been associated with
cancer in drinking-water epidemiology studies. Bro-
modichloromethane is also mutagenic via metabolism
through GSTT1-1. Bromodichloromethane has recently
been shown to produce systemic genotoxicity (muta-
genic urine) in humans exposed either dermally or
orally to this brominated, regulated THM [71].

Together, the occurrence, genotoxicity, and carcino-
genicity data available for bromodichloromethane
suggest that it has most of the toxicologic characteristics
of a human carcinogen as defined in the publications of
Tennant and Shelby [277,278].

Bromate is a trans-species carcinogen, and it induces
tumors at multiple sites: kidney, thyroid, and mesothe-
lioma. As summarized in Table 18, it induces both gene
and chromosomal mutation both in vivo and in vitro. A
role for oxidative damage has been indicated for the
induction of renal tumors by bromate (see Section
4.3.3). Collectively, these occurrence, genotoxicity, and
carcinogenicity data suggest that bromate has essen-
tially all of the toxicologic characteristics of a human
carcinogen discussed by Tennant and Shelby [277,278].

Dichloroacetic acid is a high-occurrence, trans-
species carcinogen that induces liver tumors. It is
genotoxic at a variety of endpoints and has been
classified by various organizations as a possible or
probable human carcinogen. The high doses required
for its genotoxicity, along with other mechanistic
information, have suggested that the genotoxicity of
dichloroacetic acid plays a minor role in its carcino-
genicity.

Dibromoacetic acid is a high-occurrence, trans-
species carcinogen, producing liver and lung tumors in
mice and leukemia and mesothelioma in rats. It has had
limited genotoxicity testing, but it is mutagenic in
bacteria and induces DNA damage in mammalian cells.

Among the unregulated DBPs, four display some or
all of the toxicologic characteristics of human carcino-
gens: formaldehyde, acetaldehyde, MX, and NDMA
(Table 18). Formaldehyde is the only DBP that has been
identified as clearly carcinogenic to humans by IARC
(albeit not by the U.S. EPA). It is a trans-species
carcinogen, causing nasal tumors in both mice and rats
exposed by inhalation, and it is genotoxic in multiple
systems. It occurs at moderate levels in drinking water.
However, as mentioned earlier, it is unclear whether
formaldehyde volatilizes from water while showering
or bathing. Thus, it is uncertain whether inhalation is a
relevant exposure route for this chemical in water or for
other aldehydes in water. Acetaldehyde has been tested
in only one species; however, it is widely genotoxic and
is possibly carcinogenic to humans by IARC’s criteria;
it is present at moderate levels in drinking water.
Although MX is present at low to moderate levels, it is
the most potent direct-acting in vitro mutagen of all
DBPs tested. Importantly, it is the most potent rodent
carcinogen of all DBPs tested, being 3x more potent
than the regulated bromate. MX induces tumors at more
sites (seven) than any DBP, and it is genotoxic in many
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assay types. It is classified as a possible human
carcinogen by IARC. Like MX, NDMA occurs at
low to moderate levels (low-ng/L to sub-u.g/L levels). It
is a trans-species carcinogen and induces tumors in a
variety of organs via various routes of exposure. It is
genotoxic in every category of test shown in Table 18.

Among this list of DBPs that have some or all of the
toxicologic characteristics of human carcinogens
(Table 18), four are regulated already, and four are
not. The analysis presented here provides combined
occurrence, genotoxicity, and carcinogenicity data that
highlight the potential importance of these four
unregulated DBPs with regard to human health effects.
Although these DBPs have many of the toxicologic
characteristics of human carcinogens, there are still
significant data gaps for these compounds, e.g., MX and
acetaldehyde have been tested for carcinogenicity in
only one species (Table 18). Research could be directed
to providing data to either confirm or deny the
importance of these four unregulated DBPs and to
provide additional support for the regulation of the four
regulated DBPs as to their carcinogenic potential in
humans exposed via drinking water.

An additional area of study involves the potential
carcinogenicity of these DBPs as a function of lifestage.
Oxidative metabolism by CYP2EI, for example,
detoxifies some DBPs in this category, such as
bromodichloromethane and MX. However, many such
enzymes are not fully expressed in children until the age
of one year [146]. In addition, some DBPs have been
found to induce germ-cell mutations in Drosophila,
however, no such studies have been performed in
rodents. The ability of some DBPs to induce germ-cell
mutations should also be investigated and evaluated for
potential human hazard.

12.1.2. Emerging DBPs with moderate occurrence
that are genotoxic

A second category of concern includes those
emerging DBPs with moderate occurrence levels that
are genotoxic; our analysis has identified 29 DBPs on
this list (Table 19). One of these, chloral hydrate, is also
carcinogenic via drinking water and gavage, producing
pituitary and liver tumors in the mouse. Another,
chloroacetaldehyde, induced liver tumors in mice.
Thus, these are unregulated DBPs for which there is
some evidence for genotoxicity (and even carcinogeni-
city) and that are in drinking water at concentrations
similar to those of many of the regulated DBPs,
including those that have the features of human
carcinogens (Table 18). Such compounds seem deser-
ving of further study with regard to occurrence,

Table 19

Unregulated genotoxic DBPs with moderate occurrence
Occurrence® DBP®

HkE Trichloronitromethane (chloropicrin)

Tribromoacetic acid
Chloral hydrate

Hkk Dibromonitromethane
Bromodichloronitromethane
Dibromochloronitromethane
Tribromochloronitromethane
Todoacetic acid
Todoform
Bromoiodoacetic acid
2-Iodo-3-methylbutenedioic acid
Chloroacetaldehyde
Dichloromethane
Ten haloamides
Six haloacetonitriles

& ##%Sub- to low-pg/L levels; ****low-pg/L levels.
® Formaldehyde and acetaldehyde also are in this category of DBPs;
however, they are listed in Table 17 as likely human carcinogens.

genotoxicity, and mechanisms of action. Depending
on the results, some of these DBPs may be justified for
evaluation for rodent carcinogenicity.

12.1.3. Emerging DBPs with moderate occurrence
and no toxicology data

A third list that derives from our analysis is
composed of those emerging DBPs that are present at
moderate concentrations in drinking water but for
which there are little or no toxicology data. Among the
14 compounds on this list (Table 20), almost none have

Table 20
Unregulated DBPs with moderate occurrence but with little or no
toxicology data

Occurrence® DBP

Hokkok Bromochloroacetic acid®
Bromodichloroacetic acid®
Dibromochloroacetic acid®

Hkk Dichloroiodomethane
Bromodichloroiodomethane
Dibromoiodomethane
Chlorodiiodomethane
Bromodiiodomethane
Bromodichloroacetonitrile
Dibromochloroacetonitrile
Tribromoacetonitrile
Dichloroacetaldehyde
Bromochloroacetaldehyde
Tribromoacetaldehyde

& ##%8ub- to low-pg/L levels; ****low-pg/L levels.
 These are rodent carcinogens; however, they have not been tested
for genotoxicity.
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genotoxicity data or any other types of toxicology data.
Nonetheless, three of them are present at concentrations
similar to those of some regulated DBPs. Despite a lack
of genotoxicity data, two DBPs on this list, bromo-
chloroacetic acid and bromodichloroacetic acid, have
recently been shown to induce tumors in the mouse via
drinking-water exposure (A.B. DeAngelo, personal
communication). Table 19 provides guidance for
prioritizing any further testing of unregulated DBPs
beyond those DBPs in Table 19, for which there is
already some evidence of genotoxic effect. Below, we
discuss additional research needs and some approaches
to further testing.

12.2. Systematic generation of quantitative
genotoxicity data for classes of DBPs

Although the genotoxicity of DBPs has been studied
for more than 70 years, until recently there has been
little systematic effort to evaluate all the members of
various chemical classes in the same manner in a set of
genotoxicity assays. In fact, such systematic data were
first published for the regulated haloacetic acids in
Salmonella in 2002 [77] with a comparison of their
chronic cytotoxicity and genotoxicity in mammalian
cells [15]. A systematic analysis (i.e., a study in the
same assay under the same conditions) of the eight
chlorinated and brominated halomethanes and haloni-
tromethanes (in Salmonella) was not published until
2004 [121,122]. The lack of such a systematically
generated database has resulted not only in gaps in the
literature, but it has prevented any comparison of the
genotoxic potencies of compounds either within a
chemical class or among classes within a single assay.
Despite years of study, the genotoxicity profile of some
of the most important regulated DBPs is incomplete
(Table 18), and the genotoxicity data available for those
DBPs that are genotoxic and occur at moderate levels
(Table 19) consist largely of just two endpoints:
mutagenicity in Salmonella and DNA damage in
mammalian cells.

The most complete data base of DBPs evaluated
systematically for genotoxicity is that generated in the
laboratory of Plewa et al. for >60 DBPs for chronic
cytotoxicity and DNA damage (SCGE assay) in CHO
cells [62]. The analysis encompasses the brominated,
chlorinated, and many of the iodinated analogues of
important DBP classes, including the haloacetic acids
[11,13,15,123], halonitromethanes [12], pyrroles [14],
halonitriles [10], halomethanes [62,129], MX, and
bromate [15], and the haloacetamides [159]. These
studies also include an analysis of the structure—activity

relationships of the DBPs within each chemical class. In
these studies on mammalian cells, the most genotoxic of
the regulated DBPs was bromoacetic acid [11], whereas
the most genotoxic of the unregulated DBPs was
iodoacetic acid [11,62]. Although both DBPs are
haloacetic acids, the overall cytotoxicity/genotoxicity
of the entire chemical class is dependent on the
combined toxicity of its members. Using a combined
toxicity index [10] that integrates the chronic cytotoxi-
city and genotoxicity of agents of each chemical class,
the rank order of combined cytotoxicity and genotoxi-
city index of the DBP classes was halonitrometha-
nes > haloacetamides > haloacetonitriles > haloacetic
acids > halomethanes [62] (Genotoxicity presented in
Fig. 6).

From the CHO cell DBP database, the impact of the
halogen atom on a set of matched compounds was also
determined. The genotoxicity ranking as a function of
the halogen for the monohalo-DBPs was I > Br > CI.
When the combined cytotoxicity and genotoxicity
index values were calculated for a set of 16 DBPs with
matched halogen analogues and averaged as a function
of the halogen species, the order of cytotoxicity was
I> Br > CI (Fig. 7). Finally, in a comparison of 26
carbon-based DBPs versus 29 nitrogenous DBPs, the
nitrogenous DBPs as a class were the most toxic (Fig. 8)
[62].

Likewise, studies in the laboratory of DeMarini et al.
characterized the mutagenicity of the chlorinated and
brominated halomethanes and halonitromethanes for
mutagenicity in a variety of strains of Salmonella
[121,122]. In addition to mutagenic potency, these
studies also provided mechanistic information in the
form of mutation spectra, the role of GSTTI-1
activation (which activates many of the halomethanes
but none of the halonitromethanes), and structure—
activity analyses. The types of systematic, analytical,
and biological approaches described above, combined
with occurrence data, will produce cytotoxicity and
genotoxicity data bases that will help identify the most
toxicologically important DBPs for more detailed and
expensive in vivo studies. Application of this approach
to the DBPs and related DBPs in Tables 19 and 20
would provide useful guidance on managing the health
risks of drinking-water containing these DBPs.

12.3. Studies on the route of exposure and the role
of genotype

As mentioned previously, there are concerns that, with
the exceptions of bromodichloromethane and bromo-
form, the regulated DBPs produce primarily liver cancer
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in rodents (Table 7) rather than the bladder and colon
cancers observed in human epidemiology studies. The
route of exposure (e.g., inhalation and dermal absorption)
may be an important determining factor on blood levels
and tissue target dose [8,71,73,279] (http://cfpub.epa.
gov/ncea/cfm/recordisplay.cfm?deid=153303).

The first and only epidemiologic study to stratify
route of exposure with regard to drinking water and
cancer risk was published in 2007 [32]. In a case—
control bladder cancer study of the effects of route of
exposure to THMs from chlorinated drinking water,
Villanueva et al. [32,41] found a 2-fold increased risk
for bladder cancer among men who showered or bathed
with chlorinated water irrespective of whether the men
drank chlorinated or bottled water. Genotyping showed
that most of the risk was among people who had the
glutathione-S-transferase-theta (GSTTI-1) gene [35].
This is consistent with studies done 10 years ago
showing that some THMs other than chloroform were
activated to mutagens by the GSTT1-1 enzyme in a
transgenic strain of Salmonella bacteria containing the
rat GSTT1-1 gene [60,63]. These results implicate the
brominated THMs (and possibly other DBPs that are
activated by GSTTI-1) in the etiology of drinking-
water-associated bladder cancer in humans.

The same study by Villanueva et al. [32] also
included the first epidemiologic study of swimmers and
cancer; they found that life-long swimmers had a 1.6-
fold increased risk for bladder cancer, providing further
support for the important role of inhalation and dermal
exposure—most likely to some of the THMs. This study
should be replicated and expanded to confirm these
important observations regarding route of exposure and
genotype. As reviewed recently [73], studies of
swimmers might also contribute to an understanding
of the health effects associated with chlorinated water
via dermal/inhalation exposure.

The mechanistic basis for the role of dermal/
inhalation exposure has been explored to a limited
extent. In rats, the levels of GSTT1-1 enzyme available
to activate one of these THMs, bromodichloromethane
(BDCM), relative to the levels of the cytochrome
enzyme CYP2E] to inactivate BDCM, were greater in
the kidney and large intestine than in the liver [64].
Studies in humans have found higher levels of THMs in
the blood when people are exposed to chlorinated water
via showering (dermal/inhalation) than when exposed
orally [280]. A recent pharmacokinetic study in humans
found that bromodichloromethane produced mutagenic
urine by either oral or dermal exposure, but dermal
exposure resulted in blood levels 25-130x higher than
those from oral exposure [71].

These studies have led to the proposal [64] that oral
exposure to the THMs results in the inactivation and
elimination of the THMs by first-pass metabolism in the
liver before the THMs can reach the systemic
circulation. In contrast, dermal or inhalation exposure
would result in the THMs entering the blood stream
directly (by-passing the liver) and being distributed at
high concentrations to various organs throughout the
body. In those organs in which cancer has been
observed, such as the bladder, the THMs other than
chloroform might then be activated to mutagens by the
GSTT1-1 enzyme, initiating the production of cancer.
Such a mechanism provides support for the recent
observations of Villanueva et al. [32] and Cantor et al.
[35] described above indicating that the increased risk
for bladder cancer associated with chlorinated water
may be due to dermal/inhalation exposure by shower-
ing, bathing, and swimming [73].

A recent case-control study found that water intake
(oral consumption) was inversely associated with
bladder cancer risk and was unrelated to the estimated
levels of THM exposure [311]. This provides support
for the notion that fluid intake “flushes” the bladder of
mutagens and carcinogens, and it suggests that the
bladder cancer risk associated with drinking water from
other studies may reflect dermal/inhalation exposure
rather than oral exposure.

These results from newly published epidemiologic
and other human studies set the stage for a research
agenda exploring the role of dermal (and inhalation)
exposure of at least the brominated THMs, especially
bromodichloromethane. Currently, no dermal studies of
any DBP have been performed in rodents. Nonetheless,
a DBP such as bromodichloromethane might provide an
excellent model to investigate the health effects of
dermal exposure. Among all DBPs, formaldehyde and
acetaldehyde were carcinogenic via inhalation exposure
(Table 17) and exhibited most or all of the toxicologic
features of human carcinogens (Table 18). Chloroform,
a regulated DBP, was carcinogenic via combined
inhalation and drinking-water exposure (Table 7). As
noted earlier, showering and bathing (and swimming)
result in larger volume exposures than does drinking,
and higher concentrations of some of the volatile DBPs
were observed in blood from dermal/inhalation expo-
sure (e.g., THMs) compared to oral ingestion.

The new human studies [32,71] also support earlier
findings in Salmonella of a role of genotype (at least
GSTTI-1) in modifying the health effects from exposure
to some THMs. Approximately 75% of the U.S.
population has the GSTT1-1 gene, and if further studies
confirm that having this genotype enhances the risk for


http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm%3Fdeid=153303
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm%3Fdeid=153303

Antioch-226

S.D. Richardson et al./Mutation Research 636 (2007) 178-242 231

bladder cancer from exposure to some of the THMs in
drinking water, then such information will help inform
the management of the health effects associated with
drinking water. Little systematic effort has been made to
explore the role of genotype and health risks associated
with drinking water, and these early studies suggest the
need for further investigations in this area. Thus,
genotype and route-of-exposure studies might help to
resolve the current lack of concordance between DBP-
induced tumors in rodents and epidemiologic findings
in humans exposed to drinking water.

12.4. Chemical identification of the unknown
fraction of drinking water

Although 600 DBPs have been identified already,
>50% of the total organic halide (TOX) formed during
the chlorination of drinking water [19], and >50% of
the assimilable organic carbon (AOC) formed during
ozonation of drinking water have not been identified as
specific compounds [20]. Obviously, there is also
nothing known about the potential toxicity of the many
unidentified DBPs in drinking water. Additional
analytical studies are needed to guide toxicological
studies and to provide additional information about the
role of various disinfection methods on the production
of various types and classes of DBPs [281].

12.5. Evaluate DBPs from alternative disinfection
methods

It is especially important to investigate DBPs formed
by alternative disinfectants because more water-
treatment plants in the U.S. are changing from chlorine
to alternative disinfectants to meet requirements of the
new regulations. Beyond the three most popular
alternative disinfectants (chloramine, ozone, and chlor-
ine dioxide), there is also a move to non-chemical
disinfection, such as UV irradiation and membrane
technology. UV irradiation is sometimes presented as a
DBP-free disinfectant, but it has the potential to form
hydroxyl radicals in water (as ozone does), which can
produce oxygen-containing DBPs.

Membrane filtration may not be the panacea either.
Although membrane filtration appears to be a promising
non-chemical means of disinfection, there will need to
be a post-filtration disinfectant added to the water to
maintain disinfection in the distribution system.
Furthermore, the use of membranes (particularly
reverse-osmosis membranes used in desalination plants
with seawater) can increase the bromide levels and
cause unexpected shifts to brominated DBPs when the

post-disinfectant is added. As we have described in
this review, the brominated DBPs are generally
more cytotoxic, genotoxic, and carcinogenic than the
chlorinated DBPs.

12.6. Evaluate source-water contamination

As reviewed in Section 8, recent studies have used
mutagenicity assays (primarily Salmonella) and
chemical analyses to identify DBPs that result from
the reaction of chlorine or other disinfectants with
industrial contaminants in the source water. The studies
reviewed here have illustrated the power of bioassay-
directed fractionation and chemical analysis to identify
and characterize contaminants in source waters that
may account for much of the mutagenic activity of the
resulting drinking water. Application of these meth-
odologies may reveal that the problem of anthropogenic
contamination of source water, resulting in mutagenic
drinking water, may not be confined to the specialized
cases reviewed here.

12.7. Complex mixture studies

Finally, we emphasize again the importance of
viewing drinking water as a complex mixture. Despite
the relatively weak carcinogenic potency of most of the
DBPs, people are exposed to drinking/shower/bathing
water as a mixture of at least 600 identified DBPs (and
countless unidentified ones) via dermal, inhalation, and
ingestion routes. This complexity is not reflected in any
of the toxicology studies of individual DBPs. Although
concentrates or extracts of drinking water have been
shown to induce mammalian cell transformation in vitro
[282], they have not shown evidence of carcinogenic
effects in rodents. These in vivo studies involved
exposure via the drinking water and did not consider
inhalation or dermal routes of exposure. The tumor site
differences between rodent and human studies may also
reflect this lack of dermal exposure. Also, as noted
previously, it is unlikely that these extracts contained
volatile DBPs due to the extraction procedure used.

The full toxicological effects of the complex
mixtures of DBPs present in drinking water are largely
unknown except through epidemiologic studies [17].
Thus, further consideration of toxicological studies
involving various routes of exposure to concentrates or
extracts of drinking waters prepared by different
disinfection methods from various source waters (high-
vs. low-bromide content, for example), should be
considered to better understand the toxicological effects
of the mixture of DBPs in drinking water.
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Although not reviewed here, a large number of
studies over the past 30 years examined the muta-
genicity of drinking-water extracts or concentrates—
largely in Salmonella, but also in mammalian-cell
assays. Only a few studies (most published a decade
ago) involved drinking waters prepared by alternative
disinfection methods. All showed that drinking water
prepared by alternative disinfection methods was
considerably less mutagenic than chlorinated drinking
water. However, none of these studies systematically
examined waters prepared from various types of
source waters (including high-bromide/iodide source
waters), and only one incorporated chemical analysis
[40,275]. Thus, additional genotoxicity studies of
drinking-water extracts or concentrates that explored
these outstanding issues would provide additional
insight into the toxicological effects associated with
drinking water prepared by alternative disinfection
methods.

The primary goal of water disinfection remains the
same as it was in the last century: protection of human
health from microbial disease. The goal of decreasing
human exposure to DBPs, and thus reducing health risk
from these compounds, has certainly advanced through
30 years of research, evaluation, and control. What also
has emerged is a set of complicated questions that will
be addressed only by carefully planned, systematic
research of the type suggested by the analysis presented
here.
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