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NOTE TO READERS OF THE CRITERIA MONOGRAPHS

Every effort has been madeto present information in thecriteria
monographs as accurately as possible without unduly delaying their
publication. In the interest of al users of the Environmental Health
Criteriamonographs, readersarerequested to communicateany errors
that may have occurred to the Director of the International
Programmeon Chemical Safety, World Health Organization, Geneva,
Switzerland, in order that they may be included in corrigenda.

A detailed data profile and alegal file can be obtained from the
International Register of Potentially Toxic Chemicals, Case postale
356, 1219 Chételaine, Geneva, Switzerland (telephoneno. + 4122 —
9799111, fax no. + 41 22 — 7973460, E-mail irptc@unep.ch).

Xiv



Environmental Health Criteria

PREAMBLE

Objectives

In 1973, the WHO Environmental Health Criteria Programme
was initiated with the following objectives:

(i) to assessinformation on the relationship between exposure to
environmental pollutants and human health, and to provide
guidelines for setting exposure limits;

(ii) toidentify new or potential pollutants;

(iii) to identify gapsin knowledge concerning the health effects of
pollutants;

(iv) to promote the harmonization of toxicologica and epidemio-
logical methods in order to have internationally comparable
results.

Thefirst Environmental Health Criteria (EHC) monograph, on
mercury, was published in 1976, and since that time an ever-
increasing number of assessmentsof chemicalsand of physical effects
have been produced. In addition, many EHC monographs have been
devoted to evaluating toxicologica methodology, e.g., for genetic,
neurotoxic, teratogenic and nephrotoxic effects. Other publications
have been concerned with epidemiological guidelines, evaluation of
short-termtestsfor carcinogens, biomarkers, effectsontheelderlyand
so forth.

Since its inauguration, the EHC Programme has widened its
scope, and the importance of environmental effects, in addition to
health effects, has been increasingly emphasized in the total
evaluation of chemicals.

The original impetus for the Programme came from World
Health Assembly resolutions and the recommendations of the 1972
UN Conference on the Human Environment. Subsequently, thework
becamean integral part of thelnternational Programme on Chemical
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Safety (IPCS), a cooperative programme of UNEP, ILO and WHO. In
this manner, with the strong support of the new partners, the
importanceof occupational health and environmental effectswasfully
recognized. The EHC monographs have become widely established,
used and recognized throughout the world.

Therecommendations of the 1992 UN Conference on Environ-
ment and Development and the subsequent establishment of the
Intergovernmental Forum on Chemical Safety with the priorities for
action in thesix programme areas of Chapter 19, Agenda 21, all lend
further weight to the need for EHC assessments of the risks of
chemicals.

Scope

Thecriteriamonographsareintended to providecritical reviews
on the effectson human health and the environment of chemicalsand
of combinations of chemicalsand physical and biological agents. As
such, they include and review studies that are of direct relevance for
theevaluation. However, they do not describe every study carried out.
Worldwide data are used and are quoted from origina studies, not
from abstractsor reviews. Both published and unpublished reportsare
considered, and it isincumbent on theauthorsto assessall thearticles
cited in the references. Preference is always given to published data.
Unpublished data are used only when relevant published data are
absent or when they are pivotal to the risk assessment. A detailed
policy statement is available that describes the procedures used for
unpublished proprietary data so that this information can be used in
the evaluation without compromising its confidential nature (WHO
(1990) Revised Guidelines for the Preparation of Environmental
Hedth Criteria Monographs. PCS/90.69, Geneva, World Heath
Organization).

In the evaluation of human health risks, sound human data,
whenever available, arepreferred to animal data. Animal and in vitro
studies provide support and are used mainly to supply evidence
missing from human studies. It is mandatory that research on human
subjectsis conducted in full accord with ethical principles, including
the provisions of the Helsinki Declaration.
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The EHC monographs are intended to assist national and
international authorities in making risk assessments and subsequent
risk management decisions. They represent a thorough evaluation of
risks and are not, in any sense, recommendations for regulation or
standard setting. These latter are the exclusive purview of national
and regional governments.

Content
Thelayout of EHC monographsfor chemicalsisoutlined below.

*  Summary — areview of thesalient factsand therisk evaluation
of the chemical

*  ldentity — physical and chemical properties, analytical methods

»  Sources of exposure

*  Environmental transport, distribution and transformation

»  Environmental levels and human exposure

»  Kinetics and metabolism in laboratory animals and humans

»  Effectson laboratory mammals and in vitro test systems

»  Effects on humans

e  Effects on other organismsin the laboratory and field

»  Evaluation of human health risks and effectson theenvironment

*  Conclusions and recommendations for protection of human
health and the environment

*  Further research

* Previous evauations by international bodies, e.g., IARC,
JECFA, IMPR

Selection of chemicals

Since the inception of the EHC Programme, the IPCS has
organized meetingsof scientiststo establish listsof priority chemicals
for subsequent evaluation. Such meetings have been held in: Ispra,
Italy, 1980; Oxford, United Kingdom, 1984; Berlin, Germany, 1987;
and North Carolina, USA, 1995. The selection of chemicals has been
based on the following criteria: the existence of scientific evidence
that the substance presents a hazard to human health and/or the
environment; the possible use, persistence, accumulation or degrada-
tion of the substance shows that there may be significant human or
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environmental exposure; the size and nature of populations at risk
(both human and other species) and risksfor the environment; inter-
national concern, i.e., the substance is of mgjor interest to several
countries; adequate data on the hazards are available.

If an EHC monograph is proposed for a chemical not on the
priority list, the IPCS Secretariat consults with the cooperating
organizations and all the Participating I nstitutions before embarking
on the preparation of the monograph.

Procedures

Theorder of proceduresthat result in the publication of an EHC
monograph isshown in the flow chart. A designated staff member of
IPCS, responsiblefor the scientific quality of the document, servesas
Responsible Officer (RO). The IPCS Editor is responsible for layout
and language. The first draft, prepared by consultants or, more
usually, staff from an |PCS Participating Institution, isbased initially
on data provided from the International Register of Potentially Toxic
Chemicalsandfrom reference databases such asMedlineand Toxline.

The draft document, when received by the RO, may require an
initial review by a small panel of experts to determine its scientific
quality and objectivity. Oncethe RO finds the document acceptable as
afirst draft, it is distributed, in its unedited form, to well over 150
EHC contact points throughout the world who are asked to comment
on its completeness and accuracy and, where necessary, provide
additional material. Thecontact points, usually designated by govern-
ments, may be Participating Ingtitutions, IPCS Focal Points or
individual scientists known for their particular expertise. Generally,
somefour months are allowed beforethe commentsare considered by
the RO and author(s). A second draft incorporating comments
received and approved by the Director, IPCS, is then distributed to
Task Group members, who carry out the peer review, at least six
weeks before their meeting.

The Task Group members serve as individual scientists, not as

representatives of any organization, government or industry. Their
function isto evaluate the accuracy, significance and relevance of the
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information in the document and to assess the health and environ-
mental risks from exposure to the chemical. A summary and
recommendationsfor further research andimproved saf ety aspectsare
also required. The composition of the Task Group is dictated by the
range of expertise required for the subject of the meeting and by the
need for a balanced geographical distribution.

The three cooperating organizations of the IPCS recognize the
important role played by nongovernmental organizations. Repre-
sentatives from relevant national and international associations may
be invited to join the Task Group as observers. While observers may
provide a valuable contribution to the process, they can speak only at
theinvitation of the Chairperson. Observersdo not participatein the
final evaluation of the chemical; thisis the sole responsibility of the
Task Group members. When the Task Group considers it to be
appropriate, it may meet in camera.

All individuals who as authors, consultants or advisers
participate in the preparation of the EHC monograph must, in
addition to servingin their personal capacity as scientists, informthe
RO if at any time a conflict of interest, whether actual or potential,
could be perceived in their work. They arerequired to sign a conflict
of interest statement. Such a procedure ensures the transparency and
probity of the process.

When the Task Group has completed its review and the RO is
satisfied as to the scientific correctness and completeness of the
document, the document then goes for language editing, reference
checking and preparation of camera-ready copy. After approval by the
Director, IPCS, the monograph is submitted to the WHO Office of
Publicationsfor printing. At thistime, acopy of thefinal draft issent
tothe Chairperson and Rapporteur of the Task Group to check for any
errors.

It is accepted that the following criteria should initiate the
updating of an EHC monograph: new data are available that would
substantially changethe evaluation; thereis public concern for health
or environmental effects of the agent because of greater exposure; an
appreciable time period has elapsed since the last evaluation.

All Participating Institutions are informed, through the EHC
progress report, of the authors and institutions proposed for the
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drafting of the documents. A comprehensive file of all comments
received on drafts of each EHC monograph is maintained and is
available on request. The Chairpersons of Task Groups are briefed
before each meeting on their role and responsibility in ensuring that
these rules are followed.
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1.1

1. SUMMARY AND EVALUATION

Chlorine (Cl,) has been widely used throughout the world as a
chemical disinfectant, serving as the principal barrier to microbial
contaminants in drinking-water. The noteworthy biocidal attributes
of chlorinehave been somewhat offset by theformation of disinfectant
by-products (DBPs) of public health concern during the chlorination
process. Asaconsequence, aternative chemical disinfectants, such as
ozone (O,), chlorinedioxide (ClO,) and chloramines (NH,CI, mono-
chloramine), are increasingly being used; however, each has been
shown to form its own set of DBPs. Although the microbiological
quality of drinking-water cannot be compromised, there is a need to
better understand the chemistry, toxicology and epidemiology of
chemical disinfectants and their associated DBPsin order to develop
a better understanding of the health risks (microbial and chemical)
associated with drinking-water and to seek a balance between micro-
bial and chemical risks. It is possible to decrease the chemical risk
due to DBPs without compromising microbiological quality.

Chemistry of disinfectants and disinfectant by-
products

Themost widely used chemical disinfectantsarechlorine, ozone,
chlorine dioxide and chloramine. The physical and chemical
properties of disinfectants and DBPs can affect their behaviour in
drinking-water, as well as their toxicology and epidemiology. The
chemical disinfectants discussed hereare all water-soluble oxidants,
which are produced either on-site (e.g., ozone) or off-site (e.g.,
chlorine). They areadministered asagas(e.g., ozone) or liquid (e.g.,
hypochlorite) at typical doses of several milligrams per litre, either
aloneor in combination. The DBPs discussed here are measurable by
gas or liquid chromatography and can be classified as organic or
inorganic, halogenated (chlorinated or brominated) or non-
hal ogenated, and volatileor non-volatile. Upon their formation, DBPs
can be stable or unstable (e.g., decomposition by hydrolysis).

DBPs are formed upon the reaction of chemical disinfectants
with DBP precursors. Natural organic matter (NOM), commonly
measured by total organic carbon (TOC), serves as the organic
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precursor, whereas bromide ion (Br-) serves as the inorganic
precursor. DBP formation isinfluenced by water quality (e.g., TOC,
bromide, pH, temperature, ammonia, carbonate akalinity) and
treatment conditions (e.g., disinfectant dose, contact time, removal of
NOM before the point of disinfectant application, prior addition of
disinfectant).

Chlorine in the form of hypochlorous acid/hypochlorite ion
(HOCI/OCI") reacts with bromide ion, oxidizing it to hypobromous
acid/hypobromite ion (HOBr/OBr-). Hypochlorous acid (a more
powerful oxidant) and hypobromousacid (amoreeffective hal ogenat-
ing agent) react collectively with NOM to form chlorine DBPs,
including trihalomethanes (THMs), haloacetic acids (HAAS), halo-
acetonitriles (HANS), haloketones, chloral hydrate and chloropicrin.
The dominance of chlorine DBP groups generally decreases in the
order of THMs, HAAs and HANs. The relative amounts of TOC,
bromide and chlorine will affect the species distribution of THMs
(four species: chloroform, bromoform, bromodichloromethane
[BDCM] and dibromochloromethane [DBCM]), HAAS (up to nine
chlorinated/brominated species) and HANs (several
chlorinated/brominated species). Generaly, chlorinated THM, HAA
and HAN species dominate over brominated species, athough the
oppositemay betruein high-bromidewaters. Although many specific
chlorine DBPs have been identified, a significant percentage of the
total organic halogensstill remain unaccounted for. Another reaction
that occurs with chlorine is the formation of chlorate (CIO;Y) in
concentrated hypochlorite solutions.

Ozone can directly or indirectly react with bromide to form
brominated ozone DBPs, including bromate ion (BrO;s). In the
presence of NOM, non-hal ogenated organic DBPs, such asaldehydes,
ketoacids and carboxylic acids, are formed during ozonation, with
aldehydes (e.g., formaldehyde) being dominant. If both NOM and
bromide are present, ozonation forms hypobromous acid, which, in
turn, leadsto theformation of brominated organohal ogen compounds
(e.g., bromoform).

The major chlorine dioxide DBPs include chlorite (CIO,) and
chlorate ions, with no direct formation of organohalogen DBPs.
Unlike the other disinfectants, the mgjor chlorine dioxide DBPs are
derived from decomposition of the disinfectant as opposed to reaction
with precursors.
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Use of chloramine as a secondary disinfectant generally leads to
theformation of cyanogen chloride (CNCI), anitrogenous compound,
and significantly reduced levels of chlorine DBPs. A related issueis
the presence of nitrite (NO,") in chloraminated distribution systems.

From the present knowledge of occurrence and health effects, the
DBPs of most interest are THMs, HAAS, bromate and chlorite.

The predominant chlorine DBP group has been shown to be
THMs, with chloroform and BDCM as the first and second most
dominant THM species. HAAS are the second predominant group,
with dichloroacetic acid (DCA) and trichloroacetic acid (TCA) being
the first and second most dominant species.

Conversion of bromide to bromate upon ozonation is affected by
NOM, pH and temperature, among other factors. Levels may range
from below detection (2 : g/litre) to several tens of micrograms per
litre. Chlorite levels are generally very predictable, ranging from
about 50% to 70% of the chlorine dioxide dose administered.

DBPs occur in complex mixtures that are a function of the
chemical disinfectant used, water quality conditions and treatment
conditions; other factors include the combination/sequential use of
multiple disinfectants/oxidants. Moreover, the composition of these
mixtures may changeseasonally. Clearly, potential chemically related
health effects will be afunction of exposure to DBP mixtures.

Other than chlorine DBPs (in particular THMS), there are very
few data on the occurrence of DBPsin finished water and distribution
systems. Based on |aboratory databases, empirical models have been
developed to predict concentrations of THMs (total THMs and THM
species), HAAs (total HAAs and HAA species) and bromate. These
models can be used in performance assessment to predict the impact
of treatment changes and in exposureassessment to simulate missing
or past data(e.g., to predict concentrationsof HAAsfrom THM data).

DBPs can be controlled through DBP precursor control and
removal or modified disinfection practice. Coagulation, granular acti-
vated carbon, membranefiltration and ozonebiofiltration can remove
NOM. Other than through the use of membranes, there is little
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opportunity to effectively remove bromide. Source water protection
and control represent non-treatment alternativesto precursor control.
Remova of DBPs after formation is not viable for organic DBPs,
whereas bromate and chlorite can be removed by activated carbon or
reducing agents. It isexpected that the optimized use of combinations
of disinfectants, functioning as primary and secondary disinfectants,
can further control DBPs. There is a trend towards combination/
sequential use of disinfectants; ozoneisused exclusively asaprimary
disinfectant, chloramines exclusively asasecondary disinfectant, and
both chlorine and chlorine dioxide in either role.

Kinetics and metabolism in laboratory animals and
humans

Disinfectants

Residual disinfectants arereactive chemicalsthat will react with
organic compounds found in saliva and stomach content, resulting in
the formation of by-products. Thereare significant differencesin the
pharmacokinetics of *Cl depending on whether it is obtained from
chlorine, chloramine or chlorine dioxide.

Trihalomethanes

The THMs are absorbed, metabolized and eliminated rapidly by
mammalsafter oral or inhalation exposure. Following absorption, the
highest tissue concentrationsareattained in thefat, liver and kidneys.
Half-lives generally range from 0.5 to 3 h, and the primary route of
elimination isviametabolism to carbon dioxide. Metabolic activation
to reactive intermediatesis required for THM toxicity, and the three
brominated species are all metabolized morerapidly and to a greater
extent than chloroform. The predominant route of metabolism for all
the THMs is oxidation via cytochrome P450 (CY P) 2E1, leading to
theformation of dihal ocarbonyls(i.e., phosgene and brominated con-
geners), which can be hydrolysed to carbon dioxide or bind to tissue
macromol ecul es. Secondary metabolic pathwaysarereductivedehal o-
genation via CY P2B1/2/2E1 (leading to free radical generation) and
glutathione (GSH) conjugation via glutathione-S-transferase (GST)
T1-1, which generates mutagenic intermediates. The brominated
THMs are much more likely than chloroform to proceed through the
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secondary pathways, and GST-mediated conjugation of chloroformto
GSH can occur only at extremely high chloroform concentrations or
doses.

Haloacetic acids

Thekineticsand metabolism of thedihal oaceticandtrihal oacetic
acids differ significantly. To the extent they are metabolized, the
principal reactions of the trihal oacetic acids occur in the microsomal
fraction, whereasmorethan 90% of the dihal oacetic acid metabolism,
principally by glutathione transferases, is observed in the cytosol.
TCA hasabiological haf-lifein humansof 50 h. The half-lives of the
other trihaloacetic acids decrease significantly with bromine
substitution, and measurable amounts of the dihal oacetic acids can be
detected as products with brominated trihal oacetic acids. The half-
lives of the dihaloacetic acids are very short at low doses but can be
drastically increased as dose rates are increased.

Haloaldehydes and haloketones

Limited kinetic data are available for chloral hydrate. The two
major metabolites of chloral hydrate are trichloroethanol and TCA.
Trichloroethanol undergoes rapid glucuronidation, enterohepatic
circulation, hydrolysis and oxidation to TCA. Dechlorination of tri-
chloroethanol or chloral hydrate would lead to theformation of DCA.
DCA may then befurther transformed to monochloroacetate (MCA),
glyoxalate, glycolate and oxaate, probably through a reactive
intermediate. No information was found on the other hal oaldehydes
and hal oketones.

Haloacetonitriles

The metabolism and kinetics of HANSs have not been studied.
Qualitative data indicate that the products of metabolism include
cyanide, formaldehyde, formyl cyanide and formyl halides.

Halogenated hydroxyfuranone derivatives

3-Chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone (MX)
is the member of the hydroxyfuranone class that has been most
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extensively studied. From animal studies, it appearsthat the C label
of MX israpidly absorbed from the gastrointestinal tract and reaches
systemic circulation. MX itself has not been measured in blood. The
MX label is largely excreted in urine and faeces, urine being the
major routeof excretion. Verylittleof theinitial radiolabel isretained
in the body after 5 days.

Chlorite

The *Cl from chlorite is rapidly absorbed. Less than half the
dose is found in the urine as chloride, and a small proportion as
chlorite. A significant proportion probably entersthe chloride pool of
the body, but alack of analytical methods to characterize chloritein
biological samples means that no detailed information is available.

Chlorate

Chlorate behaves similarly to chlorite. The same analytical
constraints apply.

Bromate

Bromateisrapidly absorbed and excreted, primarily in urine, as
bromide. Bromate is detected in urine at doses of 5 mg/kg of body
weight and above. Bromate concentrationsin urine peak at about 1 h,
and bromate is not detectable in plasma after 2 h.

Toxicology of disinfectants and disinfectant by-
products

Disinfectants

Chlorine gas, chloramine and chlorine dioxide are strong
respiratory irritants. Sodium hypochlorite (NaOCI) is also used as
bleach and is frequently involved in human poisoning. These expo-
sures, however, arenot rel evant to exposuresin drinking-water. There
have been relatively few evaluations of the toxic effects of these
disinfectants in drinking-water in experimental animals or humans.
Evidencefrom these animal and human studiessuggeststhat chlorine,
hypochlorite solutions, chloramine and chlorine dioxide themselves
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probably do not contribute to the development of cancer or any toxic
effects. Attention has focused on the wide variety of by-productsthat
result from reactions of chlorine and other disinfectants with NOM,
which isfound in virtually all water sources.

Trihalomethanes

THMs induce cytotoxicity in the liver and kidneys of rodents
exposed to doses of about 0.5 mmaol/kg of body weight. Thevehicle of
administration significantly affects the toxicity of the THMs. The
THMshavelittlereproductive and devel opmental toxicity, but BDCM
has been shown to reduce sperm motility in rats consuming 39 mg/kg
of body weight per day in drinking-water. Like chloroform, BDCM,
when administered in corn oil, inducescancer in theliver and kidneys
after lifetimeexposuresto high doses. Unlike chloroformand DBCM,
BDCM and bromoform induce tumours of the large intestine in rats
exposed by corn oil gavage. BDCM inducestumoursat all threetarget
sitesand at lower doses than the other THMs. Since the publication
of the 1994 WHO Environmental Health Criteria monograph on
chloroform, additional studies have added to the weight of evidence
indicating that chloroform is not a direct DNA-reactive mutagenic
carcinogen. In contrast, the brominated THMs appear to be weak
mutagens, probably as aresult of GSH conjugation.

Haloacetic acids

The HAAs have diverse toxicological effects in laboratory
animals. Those HAAs of most concern have carcinogenic, repro-
ductive and developmental effects. Neurotoxic effects are significant
at the high doses of DCA that are used therapeutically. Carcinogenic
effectsappear to belimited to theliver and to high doses. The bulk of
the evidence indicates that the tumorigenic effects of DCA and TCA
depend on modifying processes of cell division and cell death rather
than their very weak mutagenic activities. Oxidative stressis also a
feature of the toxicity of the brominated analogues within this class.
Both DCA and TCA cause cardiac malformations in rats at high
doses.
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Haloaldehydes and haloketones

Chloral hydrateinduces hepatic necrosisin ratsat doses equal to
or greater than 120 mg/kg of body weight per day. Its depressant
effect on the central nervous system in humansis probably related to
its metabolite trichloroethanol. Limited toxicity data are available for
the other halogenated aldehydes and ketones. Chloroacetal dehyde
exposure causes haematological effectsin rats. Exposure of mice to
1,1-dichloropropanone (1,1-DCPN), but not 1,3-dichloropropanone
(1,3-DCPN), resultsin liver toxicity.

Chloral hydrate was negative in most but not all bacterial tests
for point mutations and in in vivo studies on chromosomal damage.
However, it hasbeen shown that chloral hydrate may induce structural
chromosomal aberrations in vitro and in vivo. Chloral hydrate has
been reported to cause hepatic tumoursin mice. It isnot clear if itis
the parent compound or its metabolites that are involved in the
carcinogenic effect. The two chlora hydrate metabolites, TCA and
DCA, have induced hepatic tumours in mice.

Some hal ogenated al dehydes and ketones are potent inducers of
mutations in bacteria. Clastogenic effects have been reported for
chlorinated propanones. Liver tumours were noted in a lifetime
drinking-water study with chloroacetaldehyde. Other halogenated
aldehydes, e.g., 2-chloropropenal, have been identified as tumour
initiatorsin theskin of mice. Thehal oketones have not been tested for
carcinogenicity in drinking-water. However, 1,3-DCPN acted as a
tumour initiator in a skin carcinogenicity study in mice.

Haloacetonitriles

Testing of these compounds for toxicologica effects has been
limited to date. Some of the groups are mutagenic, but these effectsdo
not relate well to the activity of the chemicals as tumour initiatorsin
theskin. Thereareonly very limited studies on the carcinogenicity of
thisclassof substances. Early indications of devel opmental toxicity of
members of this class appear to be largely attributable to the vehicle
used in treatment.
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Halogenated hydroxyfuranone derivatives

Based on experimental studies, thecritical effectsof MX appear
to be its mutagenicity and carcinogenicity. Several in vitro studies
haverevealed that M X ismutagenicin bacterial and mammalian test
systems. MX caused chromosomal aberrations and induced DNA
damage in isolated liver and testicular cells and sister chromatid
exchanges in peripheral lymphocytes from rats exposed in vivo. An
overall evaluation of the mutagenicity data shows that MX is
mutagenicin vitro andin vivo. A carcinogenicity study in rats showed
increased tumour frequencies in several organs.

Chlorite

Thetoxic action of chloriteis primarily in theform of oxidative
damagetored blood cellsat doses aslow as 10 mg/kg of body weight.
There are indications of mild neurobehavioural effectsin rat pups at
5.6 mg/kg of body weight per day. There are conflicting data on the
genotoxicity of chlorite. Chlorite does not increase tumours in
laboratory animals in chronic exposure studies.

Chlorate

Thetoxicity of chlorateissimilar to that of chlorite, but chlorate
islesseffective at inducing oxidative damage. It does not appear to be
teratogenic or genotoxic in vivo. There are no data from long-term
carcinogenicity studies.

Bromate

Bromate causes renal tubular damage in rats at high doses. It
inducestumoursof thekidney, peritoneum and thyroidin ratsat doses
of 6 mg/kg of body weight and above in chronic studies. Hamstersare
less sensitive, and mice are considerably less sensitive. Bromate is
also genotoxic in vivo in rats at high doses. Carcinogenicity appears
to be secondary to oxidative stress in the cell.
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Epidemiological studies
Cardiovascular disease

Epidemiological studies have not identified an increased risk of
cardiovascular disease associated with chlorinated or chloraminated
drinking-water. Studies of other disinfectants have not been
conducted.

Cancer

The epidemiological evidenceisinsufficient to support a causa
relationship between bladder cancer and long-term exposure to
chlorinated drinking-water, THMs, chloroformor other THM species.
The epidemiological evidence is inconclusive and equivocal for an
association between colon cancer and long-term exposure to chlori-
nated drinking-water, THMs, chloroform or other THM species. The
information isinsufficientto allow an evaluation of the observed risks
for rectal cancer and risks for other cancers observed in single
analytical studies.

V arioustypes of epidemiol ogical studieshaveattempted to assess
the cancer risks that may be associated with exposure to chlorinated
drinking-water. Chloraminated drinking-water wasconsidered intwo
studies. Several studies have attempted to estimate exposures to total
THMs or chloroform and the other THM species, but the studies did
not consider exposures to other DBPs or other water contaminants,
which may differ for surface water and groundwater sources. One
study considered the mutagenicity of drinking-water as measured by
the Salmonella typhimurium assay. Assessments of possible cancer
risks that may be associated with drinking-water disinfected with
ozone or chlorine dioxide have not been performed.

Ecological and degth certificate-based case—control studies have
provided hypotheses for further evaluation by analytical studies that
consider an individual’s exposure to drinking-water and possible
confounding factors.

Analytica studies have reported weak to moderate increased

relativerisksof bladder, colon, rectal, pancreatic, breast, brain or lung
cancer associated with long-term exposure to chlorinated drinking-
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water. Single studies reported associations for pancreatic, breast or
brain cancer; however, theevaluation of apossiblecausal relationship
for epidemiological associations requires evidence from more than a
single study. In one study, a small increased relative risk of lung
cancer was associated with the use of surface water sources, but the
magnitude of risk was too small to rule out residual confounding.

A case—control study reported a moderately large association
between rectal cancer andlong-term exposureto chlorinated drinking-
water or cumulative THM exposure, but cohort studies have found
either no increased risk or a risk too weak to rule out residual
confounding.

Decreased bladder cancer risk was associated with increased
duration of exposureto chloraminated drinking-water, but thereisno
biological basis for assuming a protective effect of chloraminated
water.

Although several studiesfoundincreased risks of bladder cancer
associ ated with long-termexposureto chlorinated drinking-water and
cumulative exposure to THMs, inconsistent results were reported
among thestudiesfor bladder cancer risks between smokersand non-
smokers and between men and women. Estimated exposureto THMs
was considered in three of these studies. In one study, no association
was found between estimated cumulative exposure to THMs. In
another study, a moderately strong increased relative risk was
associated with increased cumulative exposure to THMs in men but
not in women. Thethird study reported aweak increased relativerisk
associated with an estimated cumulative exposure of 1957-6425 g
of THMs per litre-year; wesk to moderate associations were also
reported for exposureto THM concentrationsgreater than 24, greater
than 49 and greater than 74 - g/litre. No increased relative risk of
bladder cancer wasassociated with exposureto chlorinated municipal
surface water supplies, chloroform or other THM speciesin a cohort
of women, but the follow-up period of 8 years was very short,
resulting in few cases for study.

Becauseinadequateattention hasbeen paid to assessing exposure

to water contaminantsin epidemiological studies, it isnot possibleto
properly evaluate the increased relative risks that were reported.
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Specific risks may be due to other DBPs, mixtures of by-products or
other water contaminants, or they may be due to other factors for
which chlorinated drinking-water or THMs may serve asasurrogate.

Adverse pregnancy outcomes

Studieshave considered exposuresto chlorinated drinking-water,
THMs or THM species and various adverse outcomes of pregnancy.
A scientific panel recently convened by the US Environmental
Protection Agency reviewed the epidemiological studies and con-
cluded that the results of currently published studies do not provide
convincing evidence that chlorinated water or THMs cause adverse
pregnancy outcomes.

Results of early studies are difficult to interpret because of
methodological limitations or suspected bias.

A recently completed but not yet published case—control study
has reported moderate increased relative risks for neural tube defects
in children whose mothers' residence in early pregnancy was in an
areawhere THM levelsweregreater than 40 : g/litre. Replication of
the results in another areais required before this association can be
properly evaluated. A previously conducted study in the same geo-
graphic area reported a similar association, but the study suffered
from methodological limitations.

A recently reported cohort study found an increased risk of early
mi scarriage associ ated with heavy consumption of water (fiveor more
glassesof cold tapwater per day) containing high levels($75 : g/litre)
of THMs. When specific THMs were considered, only heavy con-
sumption of water containing BDCM ($18 : g/litre) was associated
with arisk of miscarriage. As this is the first study to suggest an
adverse reproductive effect associated with a brominated by-product,
ascientific panel recommended that another study be conducted in a
different geographic area to attempt to replicate these results and that
additional effortsbe madeto evaluate exposures of the cohort to other
water contaminants.
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Risk characterization

It should be noted that the use of chemical disinfectantsin water
treatment usually results in the formation of chemical by-products,
someof which are potentially hazardous. However, therisksto health
from these by-products at the levels at which they occur in drinking-
water are extremely small in comparison with the risks associated
with inadequate disinfection. Thus, it is important that disinfection
not be compromised in attempting to control such by-products.

Characterization of hazard and dose-response
Toxicological studies
Chlorine

A WHO Working Group for the 1993 Guidelines for drinking-
water quality considered chlorine. This Working Group determined
atolerable daily intake (TDI) of 150 - g/kg of body weight for free
chlorine based on a no-observed-adverse-effect level (NOAEL) of
approximately 15 mg/kg of body weight per day in 2-year studiesin
rats and mice and incorporating an uncertainty factor of 100 (10 each
for intra- and interspecies variation). There are no new data that
indicate that this TDI should be changed.

Monochloramine

A WHO Working Group for the 1993 Guidelines for drinking-
water quality considered monochloramine. This Working Group
determined a TDI of 94 :g/kg of body weight based on a NOAEL of
approximately 9.4 mg/kg of body weight per day, the highest dose
tested, in a 2-year bioassay in rats and incorporating an uncertainty
factor of 100 (10 each for intra- and interspeciesvariation). Thereare
no new data that indicate that this TDI should be changed.

Chlorine dioxide
The chemistry of chlorinedioxidein drinking-water iscomplex,

but themajor breskdown product ischlorite. In establishing aspecific
TDI for chlorine dioxide, data on both chlorine dioxide and chlorite
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can be considered, given the rapid hydrolysisto chlorite. Therefore,
an oral TDI for chlorinedioxideis30 - g/kg of body weight, based on
the NOAEL of 2.9 mg/kg of body weight per day for neurodevelop-
mental effects of chloritein rats.

Trihalomethanes

Cancer following chronic exposure is the primary hazard of
concern for this class of DBPs. Because of the weight of evidence
indicating that chloroform can induce cancer in animals only after
chronic exposure to cytotoxic doses, it is clear that exposures to low
concentrations of chloroform in drinking-water do not pose carcino-
genic risks. The NOAEL for cytolethality and regenerative
hyperplasia in mice was 10 mg/kg of body weight per day after
administration of chloroform in corn oil for 3 weeks. Based on the
mode of action evidence for chloroform carcinogenicity, a TDI of 10
2 g/kg of body weight was derived using the NOAEL for cytotoxicity
in mice and applying an uncertainty factor of 1000 (10 each for inter-
and intraspecies variation and 10 for the short duration of the study).
This approach is supported by a number of additional studies. This
TDI issimilar to the TDI derived in the 1998 WHO Guidelines for
drinking-water quality, which was based on a 1979 study in which
dogs were exposed for 7.5 years.

Among the brominated THMs, BDCM is of particular interest
because it produces tumours in rats and mice and at severa sites
(liver, kidneys, largeintestine) after corn oil gavage. Theinduction of
colon tumours in rats by BDCM (and by bromoform) is also
interesting because of the epidemiological associations with colo-
rectal cancer. BDCM and the other brominated THMs are al so weak
mutagens. It is generally assumed that mutagenic carcinogens will
produce linear dose—response relationships at low doses, as
mutagenesis is generally considered to be an irreversible and
cumulative effect.

In a 2-year bioassay, BDCM given by corn oil gavage induced
tumours(in conjunction with cytotoxicity andincreased proliferation)
in the kidneys of mice and rats at doses of 50 and 100 mg/kg of body
weight per day, respectively. Thetumoursin thelargeintestine of the
rat occurred after exposureto both 50 and 100 mg/kg of body weight
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per day. Using the incidence of kidney tumours in male mice from
this study, quantitative risk estimates have been calculated, yielding
a slope factor of 4.8 x 10 [mg/kg of body weight per day]™ and a
calculated dose of 2.1 : g/kg of body weight per day for arisk level of
105, A slopefactor of 4.2 x 1073 [mg/kg of body weight per day]™ (2.4
- g/kg of body weight per day for a 107 risk) wasderived based on the
incidence of large intestine carcinomas in the male rat. The Inter-
national Agency for Research on Cancer (IARC) hasclassified BDCM
in Group 2B (possibly carcinogenic to humans).

DBCM and bromoform were studied in long-term bioassays. In
a 2-year corn oil gavage study, DBCM induced hepatic tumours in
female mice, but not in rats, at a dose of 100 mg/kg of body weight
per day. In previous evaluations, it had been suggested that the corn
oil vehiclemay play arolein theinduction of tumoursin femalemice.
A small increasein tumoursof thelargeintestinein ratswas observed
in the bromoform study at a dose of 200 mg/kg of body weight per
day. The slope factors based on these tumours are 6.5 x 10~ [mg/kg
of body weight per day] ™ for DBCM, or 1.5 :- g/kg of body weight per
day for a10-°risk, and 1.3 x 10 [mg/kg of body weight per day]™ or
7.7 - g/kg of body weight per day for a 107 risk for bromoform.

Thesetwo brominated THMs areweakly mutagenic in anumber
of assays, and they were by far the most mutagenic DBPs of the class
in the GST-mediated assay system. Because they are the most
lipophilic THMs, additional concerns about whether corn oil may
have affected their bioavailability in the long-term studies should be
considered. A NOAEL for DBCM of 30 mg/kg of body weight per day
has been established based on the absence of histopathol ogical effects
in the liver of rats after 13 weeks of exposure by corn oil gavage.
IARC has classified DBCM in Group 3 (not classifiable as to its
carcinogenicity to humans). A TDI for DBCM of 30 : g/kg of body
weight was derived based on the NOAEL for liver toxicity of
30 mg/kg of body weight per day and an uncertainty factor of 1000
(10 each for inter- and intraspecies variation and 10 for the short
duration of the study and possible carcinogenicity).

Similarly, aNOAEL for bromoform of 25 mg/kg of body weight
per day can be derived on the basis of the absence of liver lesionsin
rats after 13 weeks of dosing by corn oil gavage. A TDI for
bromoform of 25 :g/kg of body weight was derived based on this
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NOAEL for liver toxicity and an uncertainty factor of 1000 (10 each
for inter- and intraspecies variation and 10 for the short duration of
the study and possible carcinogenicity). IARC has classified
bromoform in Group 3 (not classifiable as to its carcinogenicity to
humans).

Haloacetic acids

Theinduction of mutationsby DCA isveryimprobableat thelow
doses that would be encountered in chlorinated drinking-water. The
available dataindicatethat DCA differentially affectsthereplication
rates of normal hepatocytes and hepatocytes that have been initiated.
The dose—response relationships are complex, with DCA initialy
stimulating division of normal hepatocytes. However, at the lower
chronic doses used in animal studies (but still very high relative to
those that would be derived from drinking-water), thereplication rate
of normal hepatocytesis eventually sharply inhibited. Thisindicates
that normal hepatocyteseventually down-regul atethose pathwaysthat
are sensitive to stimulation by DCA. However, the effectsin altered
cells, particularly those that express high amounts of a protein that is
immunoreactive to a c-Jun antibody, do not seem to be ableto down-
regulate this response. Thus, the rates of replication in the pre-
neoplastic lesions with this phenotype arevery high at the doses that
cause DCA tumours to develop with avery low latency. Preliminary
data would suggest that this continued alteration in cell birth and
death rates is aso necessary for the tumours to progress to
malignancy. Thisinterpretation is supported by studies that employ
initiation/promotion designs as well.

On the basis of the above considerations, it is suggested that the
currently available cancer risk estimates for DCA be modified by
incorporation of newly developing information on its comparative
metabolism and modes of action to formulate a biologically based
dose—response model. These data are not available at this time, but
they should become available within the next 2—-3 years.

The effects of DCA appear to be closely associated with doses
that induce hepatomegaly and glycogen accumulation in mice. The
lowest-observed-adverse-effect level (LOAEL) for these effects in
an 8-week study in mice was 0.5 g/litre, corresponding to approxi-
mately 100 mg/kg of body weight per day, and the NOAEL was
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0.2 g/litre, or approximately 40 mg/kg of body weight per day. A TDI
of 40 -g/kg of body weight has been calculated by applying an
uncertainty factor of 1000 to this NOAEL (10 each for inter- and
intraspecies variation and 10 for the short duration of the study and
possible carcinogenicity). IARC has classified DCA in Group 3 (not
classifiable asto its carcinogenicity to humans).

TCA is one of the weakest activators of the peroxisome
proliferator activated receptor (PPAR) known. It appears to be only
marginally active as a peroxisome proliferator, even in rats. Further-
more, treatment of rats with high levels of TCA in drinking-water
does not induce liver tumours. These data strongly suggest that TCA
presents little carcinogenic hazard to humans at the low
concentrations found in drinking-water.

From a broader toxicological perspective, the developmental
effects of TCA are the end-point of concern. Animals appear to
tolerate concentrations of TCA in drinking-water of 0.5 gllitre
(approximately 50 mg/kg of body weight per day) with little or no
signs of adverse effect. At 2 g/litre, the only sign of adverse effect
appearsto be hepatomegaly. Hepatomegaly is not observed in miceat
doses of 0.35 g of TCA per litre in drinking-water, estimated to be
equivalent to 40 mg/kg of body weight per day.

In another study, soft tissue anomalies were observed at
approximately 3 times the control rate at the lowest dose
administered, 330 mg/kg of body weight per day. At this dose, the
anomalies were mild and would clearly be in the range where
hepatomegal y (and carcinogeni c effects) would occur. Considering the
fact that the PPAR interactswith cell signalling mechanismsthat can
affect normal developmental processes, a common mechanism
underlying hepatomegaly and the carcinogenic effects and
developmental effects of this compound should be considered.

The TDI for TCA is based on a NOAEL estimated to be
40 mg/kg of body weight per day for hepatic toxicity in along-term
study in mice. Application of an uncertainty factor of 1000 (10 each
for inter- and intraspecies variation and 10 for possible
carcinogenicity) to the estimated NOAEL givesaTDI of 40 : g/kg of
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body weight. IARC has classified TCA in Group 3 (not classifiableas
to its carcinogenicity to humans).

Data on the carcinogenicity of brominated acetic acids are too
preliminary to be useful in risk characterization. Data available in
abstract form suggest, however, that the doses required to induce
hepatocarcinogenic responses in mice are not dissimilar to those of
the chlorinated acetic acids. In addition to the mechanisms involved
in the induction of cancer by DCA and TCA, it is possible that
increased oxidative stress secondary to their metabolism might
contribute to their effects.

Thereareasignificant number of dataon the effects of dibromo-
aceticacid (DBA) on male reproduction. No effectswereobserved in
rats at doses of 2 mg/kg of body weight per day for 79 days, whereas
an increased retention of step 19 spermatidswasobserved at 10 mg/kg
of body weight per day. Higher dosesled to progressively more severe
effects, including marked atrophy of the seminiferous tubules with
250 mg/kg of body weight per day, which wasnot reversed 6 months
after treatment was suspended. A TDI of 20 : g/kg of body weight was
determined by allocating an uncertainty factor of 100 (10 each for
inter- and intraspecies variation) to the NOAEL of 2 mg/kg of body

weight per day.
Chloral hydrate

Chloral hydrateat 1 g/litreof drinking-water (166 mg/kg of body
weight per day) induced liver tumoursin mice exposed for 104 weeks.
Lower doseshave not been evaluated. Chloral hydrate hasbeen shown
toinducechromosomal anomaliesin several in vitro testsbut hasbeen
largely negative when evaluated in vivo. It is probable that the liver
tumours induced by chloral hydrate involve its metabolism to TCA
and/or DCA.. Asdiscussed above, these compounds are considered to
act as tumour promoters. IARC has classified chloral hydrate in
Group 3 (not classifiable as to its carcinogenicity to humans).

Chlora hydrate administered to rats for 90 days in drinking-
water induced hepatocellular necrosis at concentrations of 1200
mg/litre and above, with no effect being observed at 600 mg/litre
(approximately 60 mg/kg of body weight per day). Hepatomegay was
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observed in mice at doses of 144 mg/kg of body weight per day
administered by gavage for 14 days. No effect was observed at 14.4
mg/kg of body weight per day in the 14-day study, but mild
hepatomegaly was observed when chloral hydrate was administered
in drinking-water at 70 mg/litre (16 mg/kg of body weight per day) in
a 90-day follow-up study. The application of an uncertainty factor of
1000 (10 each for inter- and intraspecies variation and 10 for the use
of a LOAEL instead of a NOAEL) to this value gives a TDI of 16
Z g/kg of body weight.

Haloacetonitriles

Without appropriate human dataor an animal study that involves
asubstantial portion of an experimental animal’ slifetime, thereisno
generally accepted basis for estimating carcinogenic risk from the
HANS.

Data developed in subchronic studies provide someindication of
NOAELsfor thegeneral toxicity of dichloroacetonitrile (DCAN) and
dibromoacetonitrile (DBAN). NOAELSs of 8 and 23 mg/kg of body
weight per day wereidentified in 90-day studiesin ratsfor DCAN and
DBAN, respectively, based on decreased body weights at the next
higher doses of 33 and 45 mg/kg of body weight per day, respectively.

A WHO Working Group for the 1993 Guidelines for drinking-
water quality considered DCAN and DBAN. This Working Group
determined a TDI of 15 : g/kg of body weight for DCAN based on a
NOAEL of 15 mg/kg of body weight per day in areproductivetoxicity
study in ratsand incorporating an uncertainty factor of 1000 (10 each
for intra- and interspeciesvariation and 10 for the severity of effects).
Reproductive and developmental effects were observed with DBAN
only at doses that exceeded those established for genera toxicity
(about 45 mg/kg of body weight per day). A TDI of 23 - g/kg of body
weight was calculated for DBAN based on the NOAEL of 23 mg/kg
of body weight per day in the 90-day study in rats and incorporating
an uncertainty factor of 1000 (10 each for intra- and interspecies
variation and 10 for the short duration of the study). Thereareno new
data indicating that these TDIs should be changed.

LOAELsfor trichloroacetonitrile (TCAN) of 7.5 mg/kg of body
weight per day for embryotoxicity and 15 mg/kg of body weight per
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day for developmental effectswere identified. However, later studies
suggest that these responses were dependent upon the vehicle used.
No TDI can be established for TCAN.

There are no data useful for risk characterization purposes for
other members of the HANS.

MX

Themutagen MX hasrecently been studied in along-term study
in rats in which some carcinogenic responses were observed. These
data indicate that MX induces thyroid and bile duct tumours. An
increased incidence of thyroid tumourswas seen at the lowest dose of
MX administered (0.4 mg/kg of body weight per day). Theinduction
of thyroid tumourswith high-dose chemical shaslong been associated
with halogenated compounds. The induction of thyroid follicular
tumours could involve modifications in thyroid function or a
mutagenic modeof action. A dose-related increasein theincidence of
cholangiomasand cholangiocarcinomaswasal so observed, beginning
at the low dose in female rats, with a more modest response in male
rats. The increase in cholangiomas and cholangiocarcinomas in
female rats was utilized to derive a slope factor for cancer. The 95%
upper confidence limit for a 107 lifetimerisk based on the linearized
multistage model was calculated to be 0.06 - g/kg of body weight per
day.

Chlorite

The primary and most consistent finding arising from exposure
to chlorite is oxidative stress resulting in changes in the red blood
cells. This end-point is seen in laboratory animals and, by analogy
with chlorate, in humans exposed to high doses in poisoning
incidents. There are sufficient data available with which to estimate
a TDI for humans exposed to chlorite, including chronic toxicity
studies and a two-generation reproductive toxicity study. Studiesin
human volunteers for up to 12 weeks did not identify any effect on
blood parameters at the highest dose tested, 36 - g/kg of body weight
per day. Because these studies do not identify an effect level, they are
not informative for establishing a margin of safety.
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In atwo-generation study in rats, aNOAEL of 2.9 mg/kg of body
weight per day was identified based on lower auditory startle ampli-
tude, decreased absolute brain weight in the F, and F, generations,
and atered liver weights in two generations. Application of an
uncertainty factor of 100 (10 each for inter- and intraspecies
variation) to this NOAEL givesa TDI of 30 Zg/kg of body weight.
This TDI is supported by the human volunteer studies.

Chlorate

Like chlorite, the primary concern with chlorate is oxidative
damagetored blood cells. Alsolikechlorite, 0.036 mg of chlorate per
kg of body weight per day for 12 weeks did not result in any adverse
effect in human volunteers. Although the databasefor chlorateisless
extensive than that for chlorite, a recent well conducted 90-day study
inratsidentified aNOAEL of 30 mg/kg of body weight per day based
on thyroid gland colloid depletion at the next higher dose of
100 mg/kg of body weight per day. A TDI is not derived because a
long-term study is in progress, which should provide more
information on chronic exposure to chlorate.

Bromate

Bromateisan active oxidant in biological systemsand has been
shown to cause an increase in renal tumours, peritoneal
mesotheliomas and thyroid follicular cell tumours in rats and, to a
lesser extent, hamsters, and only a small increasein kidney tumours
in mice. The lowest dose at which an increased incidence of rend
tumours was observed in rats was 6 mg/kg of body weight per day.

Bromate has also been shown to give positive results for
chromosomal aberrationsin mammalian cellsin vitro and in vivo but
not in bacterial assays for point mutation. An increasing body of
evidence, supported by the genotoxicity data, suggests that bromate
acts by generating oxygen radicalsin the cell.

In the 1993 WHO Guidelines for drinking-water quality, the
linearized multistage model was applied to the incidence of renal
tumours in a 2-year carcinogenicity study in rats, although it was
noted that if the mechanism of tumour induction is oxidative damage
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in the kidney, application of the low-dose cancer model may not be
appropriate. The ca culated upper 95% confidence interval for a 107
risk was 0.1 - g/kg of body weight per day.

Theno-effect level for theformation of renal cell tumoursin rats
is 1.3 mg/kg of body weight per day. If thisis used as a point of
departurefrom linearity and if an uncertainty factor of 1000 (10 each
for inter- and intraspecies variation and 10 for possible carcino-
genicity) isapplied, aTDI of 1 - g/kg of body weight can be calcu-
lated. This compares with the value of 0.1 - g/kg of body weight per
day associated with an excess lifetime cancer risk of 107

At present, there are insufficient data to permit a decision on
whether bromate-induced tumours are a result of cytotoxicity and
reparative hyperplasia or a genotoxic effect.

IARC has assigned potassium bromate to Group 2B (possibly
carcinogenic to humans).

Epidemiological studies

Epidemiological studies must be carefully evaluated to ensure
that observed associations are not due to bias and that the design is
appropriate for an assessment of a possible causal relationship.
Causality can be evaluated when there is sufficient evidence from
several well designed and well conducted studies in different geo-
graphicareas. Supportingtoxicological and pharmacological dataare
also important. It is especialy difficult to interpret epidemiological
data from ecological studies of disinfected drinking-water, and these
resultsareused primarily to help devel op hypothesesfor further study.

Results of analytical epidemiological studies are insufficient to
support a causal relationship for any of the observed associations. It
is especidly difficult to interpret the results of currently published
analytical studies because of incompl ete information about exposures
to specific water contaminants that might confound or modify the
risk. Because inadequate attention has been paid to assessing
exposures to water contaminants in epidemiological studies, it isnot
possible to properly evaluate the increased relative risks that were
reported. Risks may be due to other water contaminants or to other
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factors for which chlorinated drinking-water or THMs may serve as
asurrogate.

Characterization of exposure
Occurrence of disinfectants and disinfectant by-products

Disinfectant doses of severa milligrams per litre are typically
employed, corresponding to doses necessary to inactivate micro-
organisms (primary disinfection) or doses necessary to maintain a
residual in the distribution system (secondary disinfection).

A necessary ingredient for an exposure assessment is DBP
occurrence data. Unfortunately, there arefew published international
studies that go beyond case-study or regional data.

Occurrence data suggest, on average, exposure to about 35-50
zg of total THMs per litre in chlorinated drinking-water, with
chloroform and BDCM being the first and second most dominant
species. Exposureto total HAAS can be approximated by atotal HAA
concentration (sum of five species) corresponding to about one-half
of the total THM concentration (although thisratio can vary signifi-
cantly); DCA and TCA are the first and second most dominant
species. In waters with a high bromide to TOC ratio or a high
bromideto chlorineratio, greater formation of brominated THMsand
HAAscan beexpected. When ahypochl orite solution (versuschlorine
gas) is used, chlorate may also occur during chlorination.

DBP exposurein chloraminated water isafunction of the mode
of chloramination, with the sequence of chlorine followed by
ammonialeading to the formation of (lower levelsof) chlorine DBPs
(i.e., THMsand HAAS) during the free-chlorine period; however, the
suppression of chloroform and TCA formation is not paralleled by a
proportional reduction in DCA formation.

All factors being equal, bromide concentration and ozone dose
are the best predictors of bromate formation during ozonation, with
about a 50% conversion of bromide to bromate. A study of different
European water utilities showed bromate levels in water leaving
operating water treatment plantsranging from less than the detection
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limit (2 Zg/litre) up to 16 -g/L. The brominated organic DBPs
formed upon ozonation generally occur at low levels. The formation
of chlorite can be estimated by a simple percentage (50—70%) of the
applied chlorine dioxide dose.

Uncertainties of water quality data

A toxicological study attempts to extrapolate a laboratory (con-
trolled) animal responseto a potential human response; one possible
outcome isthe estimation of cancer risk factors. An epidemiological
study attempts to link human health effects (e.g., cancer) to a
causative agent or agents (e.g., a DBP) and requires an exposure
assessment.

Thechemical risksassociated with disinfected drinking-water are
potentially based on several routes of exposure: (i) ingestion of DBPs
indrinking-water; (ii) ingestion of chemical disinfectantsin drinking-
water and the concomitant formation of DBPs in the stomach; and
(iii) inhalation of volatile DBPs during showering. Although the in
vivo formation of DBPs and the inhalation of volatile DBPs may be
of potential health concern, the following discussion is based on the
premise that the ingestion of DBPs present in drinking-water is the
most significant route of exposure.

Human exposure is a function of both DBP concentration and
exposuretime. More specificaly, human health effectsareafunction
of exposureto complex mixtures of DBPs (e.g., THMsversus HAAS,
chlorinated versus brominated species) that can change seasonally/
temporally (e.g., as a function of temperature, nature and
concentration of NOM) and spatially (i.e., throughout a distribution
system). Each individual chemical disinfectant can form amixtureof
DBPs; combinations of chemical disinfectants can form even more
complex mixtures. Upon their formation, most DBPs are stable, but
some may undergo transformation by, for example, hydrolysis. In the
absence of DBP data, surrogates such as chlorine dose (or chlorine
demand), TOC (or ultraviolet absorbance at 254 nm [UVA,]) or
bromide can be used to indirectly estimate exposure. While TOC
serves as a good surrogate for organic DBP precursors, UVA g,
provides additional insight into NOM characteristics, which can vary
geographically. Two key water quality variables, pH and bromide,

24



1.5.2.3

Summary and Evaluation

have been identified as significantly affecting the type and
concentrations of DBPs that are produced.

An exposure assessment should first attempt to define the
individual typesof DBPsand resultant mixtureslikely toform, aswell
as their time-dependent concentrations, as affected by their stability
and transport through a distribution system. For epidemiological
studies, somehistorical databasesexist for disinfectant (e.g., chlorine)
doses, possibly DBP precursor (e.g., TOC) concentrations and
possiblytotal THM (and, in somecases, THM species) concentrations.
In contrast to THMs, which have been monitored over longer time
frames because of regulatory scrutiny, monitoring datafor HAAs(and
HAA species), bromate and chlorite are much morerecent and hence
sparse. However, DBP model s can be used to simulate missing or past
data. Another important consideration is documentation of past
changes in water treatment practice.

Uncertainties of epidemiological data

Even in well designed and well conducted analytical studies,
relatively poor exposureassessmentswereconducted. |n most studies,
duration of exposure to disinfected drinking-water and the water
source were considered. These exposures were estimated from
residential histories and water utility or government records. In only
a few studies was an attempt made to estimate a study participant’s
water consumption and exposure to either total THMs or individual
species of THMSs. In only one study was an attempt made to estimate
exposures to other DBPs. In evaluating some potentia risks, i.e.,
adverse outcomes of pregnancy, that may beassociated with relatively
short term exposures to volatile by-products, it may be important to
consider theinhalation aswell astheingestion routeof exposurefrom
drinking-water. In some studies, an effort was made to estimate both
by-product levels in drinking-water for etiologically relevant time
periodsand cumul ative exposures. Appropriatemodel sand sensitivity
analysissuch asMonte Carlo ssimulation can be used to help estimate
these exposures for relevant periods.

A magjor uncertainty surrounds theinterpretation of the observed

associations, asexposurestoarelatively few water contaminants have
been considered. With the current data, it is difficult to evaluate how
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unmeasured DBPsor other water contaminants may have affected the
observed relative risk estimates.

More studies have considered bladder cancer than any other
cancer. The authors of the most recently reported results for bladder
cancer risks caution against a simple interpretation of the observed
associations. The epidemiological evidence for an increased relative
risk of bladder cancer isnot consistent — different risks are reported
for smokersand non-smokers, for men and women, and for high and
low water consumption. Risks may differ among various geographic
areas because the DBP mix may be different or because other water
contaminantsareal so present. Morecomprehensivewater quality data
must be collected or simulated to improve exposure assessments for
epidemiological studies.
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2. CHEMISTRY OF DISINFECTANTS AND
DISINFECTANT BY-PRODUCTS

Background

The use of chlorine (Cl,) asawater disinfectant has come under
scrutiny because of its potential to react with natural organic matter
(NOM) and form chlorinated disinfectant by-products (DBPs). Within
this context, NOM serves asthe organic DBP precursor, whereas bro-
mideion (Br) serves astheinorganic precursor. Treatment strategies
generallyavailableto water systemsexceeding drinking-water standards
include removing DBP precursors and using alternative disinfectants
for primary and/or secondary (distribution system) disinfection.
Alternative disinfectant options that show promise are chloramines
(NH.CI, monochloramine), chlorine dioxide (ClO,) and ozone (O,).
While ozone can serve as aprimary disinfectant only and chloramines
asasecondary disinfectant only, both chlorineand chlorinedioxidecan
serve as either primary or secondary disinfectants.

Chloramine presents the significant advantage of virtually elimi-
nating the formation of chlorination by-products and, unlike chlorine,
does not react with phenols to create taste- and odour-causing com-
pounds. However, the required contact timefor inactivation of viruses
and Giardia cystsisrarely obtainable by chloramine post-disinfection
at existing water treatment facilities (monochloramine is significantly
less biocidal than free chlorine). More recently, the presence of
nitrifying bacteriaand nitrite (NO,") and nitrate (NO;") productionin
chloraminated distribution systemsaswell astheformation of organic
chloramines have raised concern.

The use of chlorine dioxide, like chloramine, can reduce the
formation of chlorinated by-products during primary disinfection.
However, production of chlorine dioxide, its decomposition and
reaction with NOM lead to the formation of by-products such as
chlorite (ClO,"), acompound that is of health concern.

If used asaprimary disinfectant followed by achloramineresidual

in the distribution system, ozone can eliminate the need for contact
between DBP precursors and chlorine. Ozone is known to react both
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with NOM to produce organic DBPs such as adehydes and increase
levels of assimilable organic carbon and with bromide ion to form
bromate.

A thorough understanding of the mechanisms of DBP formation
allows microbial inactivation goals and DBP control goals to be
successfullybaanced. Thischapter examinesarangeof issuesaffecting
DBPformationand control to provideguidanceto utilitiesconsidering
the use of various disinfecting chemicals to achieve microbial
inactivation with DBP control.

Physical and chemical properties of common
disinfectants and inorganic disinfectant by-
products

Theimportant physical and chemical propertiesof commonlyused
disinfectants and inorganic DBPs are summarized in Table 1.

Chlorine

Chlorine, a gas under normal pressure and temperature, can be
compressed to aliquid and stored in cylindrical containers. Because
chlorinegasis poisonous, it is dissolved in water under vacuum, and
this concentrated solution is applied to the water being treated. For
small plants, cylinders of about 70 kg are used; for medium to large
plants, tonne containersarecommon; andfor verylarge plants, chlorine
isdelivered byrailwaytank cars or road (truck) tankers. Chlorineisalso
available in granular or powdered form as calcium hypochlorite
(Ca(OCl),) or inliquidform as sodium hypochlorite (NaOCI; bleach).

Chlorineisused in the form of gaseous chlorine or hypochlorite
(OCI). In either form, it acts as a potent oxidizing agent and often
dissipates in side reactions so rapidly that little disinfection is
accomplished until amountsinexcessof thechlorine demand havebeen
added. As an oxidizing agent, chlorine reacts with awide variety of
compounds, in particular those that are considered reducing agents
(hydrogen sulfide [H,S], manganese(l1), iron(l1), sulfite [SO], Br,
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Table 1. Physical and chemical properties of commonly used disinfectants and inorganic disinfectant by-products

Chemical® E° (VY  Oxidation number of Cl or Br 8max (NM)° e (mol litre™ cm™")? p,°° pK, "
HOCI/CI +1.49 +1 254 60 +25.2 75
292 (OCF) 419

CIO,/CIO,~ +0.95 +4 359 1250 +16.1 -
NH,CI - +1 245 416 - -
0,/0, +2.07 - 254 3200 +35.0

HOBI/Br +1.33 +1 330 50 +22.5 8.7
ClO, /CI +0.76 +3 262 - +12.8 1.96
ClOs7/CI +0.62 +5 360 - +10.5 1.45
BrO;7/Br~ +0.61 +5 195 - 0.72

@ Half-cell reactants/products.

b E° =standard electrode potential (redox potential) in water at 25 °C. The oxidation—reduction state of an aqueous environment at equilibrium canbe stated
in terms of its redox potential. In the chemistry literature, this is generally expressed in volts, E, or as the negative logarithm of the electron activity, p , . When
p, is large, the electron activity is low and the system tends to be an oxidizing one: i.e., half-reactions tend to be driven to the left. When p, is small, the
system is reducing, and reactions tend to be driven to the right.

8.,ax = maximum absorbance wavelength of that particular solution in nm.

e =molar absorptivity (molar extinction coefficient), in mol" litre™" cm™". This can be used for quantitative determination of the various species of chemicals
and is the only direct physical measurement. There is often some background absorbance that may interfere with the measurement in natural waters that
should be considered.

p,°=1log{e™} where {7} = electron activity.

pK, = negative logarithm of the acid ionization constant (e.g., at pH 7.5, the molar concentration of HOCI is same as that of OCI"). As this parameter is
dependent upon temperature, the values listed were determined at 25 °C.
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iodide[I7], nitrite). From the point of view of DBP formation and
disinfection, thesereactionsmay beimportant becausethey may befast
and result in the consumption of chlorine.

Chlorine gas hydrolyses in water aimost completely to form
hypochlorous acid (HOCI):

Cl,+H,06 HOCI + H* + CI

The hypochlorous acid dissociates into hydrogen ions (H*) and
hypochloriteionsin the reversible reaction:

HOCI - H" + OCI~

Hypochlorousacidisaweak acid withapk, of approximately 7.5
at 25 °C. Hypochlorous acid, the prime disinfecting agent, istherefore
dominant at a pH below 7.5 and is a more effective disinfectant than
hypochloriteion, which dominates above pH 7.5.

The rates of the decomposition reactions of chlorine increase as
the solution becomes more alkaline, and these reactions can theoreti-
cally produce chlorite and chlorate (CIO5); they occur during the
electrolysis of chloride (Cl7) solutions when the anodic and cathodic
compartments are not separated, in which case the chlorine formed at
the anode can react with the alkali formed at the cathode. On the other
hand, hypochlorous acid/hypochlorite (or hypobromous acid/hypo-
bromite, HOBr/OBr~) can be formed by the action of chlorine (or
bromine) inneutral or alkaline solutions. The decomposition of hypo-
halites (XO") isfavouredin alkaline solutions (2XO~ 6 X+ X0,") and
is such that there is no longer any domain of thermodynamic stability
for the hypohaliteions. These oxyhalitesare further convertedto stable
oxyha ates asfollows:

XO™ + X0, 6 X~ + XO5

Another reactionthat occursinwaterscontaining bromideion and
hypochlorite is the production of hypobromous acid:

HOCI + Br- 6 HOBr + CI-

Thisreaction isirreversible, and the product hypobromous acid is a
better hal ogenating agent than hypochlorous acid and interferes with
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common andytica procedures for free chlorine. The presence of
bromidein hypochlorite sol utions can ultimately lead to the formation
of bromate (BrO;").

Hypobromous acid isaweak acid (pK, = 8.7); like hypochlorite,
hypobromite is metastable. In alkaline solution, it decomposesto give
bromate and bromide:

30Br 6 BrO; + 2Br-

Bromic acid (HBrO,) isastrong acid (pK,=0.7). Bromicacidand
bromate can be obtained by the electrolytic oxidation of bromide
solutions or bromine water using chlorine. Bromic acid and bromate
arepowerful oxidizing agents, but the speed of their oxidationreactions
isgenerally sow (Md et al., 1953).

Chlorine dioxide

Chlorine dioxideis one of the few compounds that exists almost
entirely as monomeric free radicals. Concentrated chlorine dioxide
vapour ispotentiallyexplosive, and attemptsto compress and storethis
gas, either aone or in combination with other gases, have been
commercially unsuccessful. Because of this, chlorine dioxide, like
ozone, must be manufactured at the point of use. Chlorine dioxidein
water does not hydrolyse to any appreciable extent. Neutral or acidic
dilute aqueous solutions are quite stable if kept cool, well sealed and
protected from sunlight.

Chlorine dioxide represents an oxidation state (+4) intermediate
between those of chlorite (+3) and chlorate (+5). No acid or ion of the
same degree of oxidation is known. Chlorine dioxide is a powerful
oxidizing agent that can decompose to chlorite; in the absence of
oxidizablesubstancesandinthepresenceof alkali, it dissolvesinwater,
decomposing with the slow formation of chlorite and chlorate:

2ClIO, +H,0 6 CIO, + ClO;™ + 2H*
Chlorine dioxide has an absorption spectrum with amaximum at
359 nm, with a molar absorptivity of 1250 mol= litre™* cm™. This

extinction coefficient isindependent of temperature, pH, chloride and
ionic strength. Chlorine dioxideis readily soluble in water, forming a
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greenish-yellow solution. It can be involved in a variety of redox
reactions, such as oxidation of iodide ion, sulfide ion, iron(Il) and
manganese(11). When chlorine dioxide reacts with agueous contami-
nants, it isusually reduced to chlorite ion. The corresponding electron
transfer reactions are comparable to those occurring when singlet
oxygen acts as an oxidant (Tratnyek & Hoigne, 1994).

Bromide (in the absence of sunlight) is not oxidized by chlorine
dioxide. Therefore, water treatment with chlorine dioxide will not
transform bromide ion into hypobromite and will not give rise to the
formation of bromoform (CHBr;) or bromate. This is an important
difference betweenthe use of chlorine dioxide asanoxidant andtheuse
of chlorine or ozone as an oxidant.

Ozone

Ozone is a strong oxidizing agent (E° = 2.07 V). Oxidation
reactions initiated by ozone in water are generally rather complex; in
water, only part of the ozone reacts directly with dissolved solutes.
Another part may decompose before reaction. Such decompositionis
catalysed by hydroxide ions (OH") and other solutes. Highly reactive
secondary oxidants, such as hydroxyl radicals (OHf), are thereby
formed. These radicals and their reaction products can additionally
accelerate the decomposition of ozone. Consequently, radical-type
chainreactionsmay occur, which consumeozone concurrentlywiththe
direct reaction of ozone with dissolved organic material.

Many oxidative applications of ozone have been developed,
including disinfection, control of algae, removal of tastes and odours,
removal of colour, removal of iron and manganese, microflocculation,
removal of turbidity by oxidative flocculation, removal of organicsby
oxidation of phenols, detergents and some pesticides, partial oxidation
of dissolved organics and control of halogenated organic compounds.
For disinfection and for oxidation of many organic and inorganic
contaminants in drinking-water, the kinetics of ozone reactions are
favourable; on the other hand, for many difficult-to-oxidize organic
compounds, such as chloroform (CHCI), the kinetics of ozone
oxidation are very dow (Hoigne et al., 1985).
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Chloramines

Monochloramine has much higher CT values! than free chlorine
and is therefore apoor primary disinfectant. Additionaly, it is a poor
oxidant and is not effectivefor taste and odour control or for oxidation
of iron and manganese. However, because of its persistence, it is an
attractive secondary disinfectant for the maintenance of a stable distri-
bution system residual. The use of disinfectants such as ozone or
chlorinedioxidecombined with chloraminesasasecondary disinfectant
appearsto beattractivefor minimizing DBPformation (Singer, 1994b).

Monochloramine is the only useful ammonia-chloramine disin-
fectant. Dichloramine (NHCI,) and nitrogen trichloride (NCl,) aretoo
unstable to be useful and highly malodorous. Conditions practically
employed for chloramination are designed to produce only mono-
chloramine.

Analytical methods for disinfectant by-products
and disinfectants

Anaytical methodsfor variousDBPsandtheir detectionlimitsare
summarized in Table 2. Methods for disinfectants are summarized in
APHA (1995).

Trihalomethanes, haloacetonitriles, chloral hydrate,
chloropicrin and haloacetic acids

Gas chromatographic (GC) techniques are generally employed
for organic DBPs. Detection and quantification of hal oacetonitriles
(HANS) and chloral hydrate in chlorinated natural waters are compli-
cated by (i) hydrolysis of dihaloacetonitriles and chloral hydrate to
dihaloacetic acids and chloroform, respectively; (ii) degradation of
HANS by dechlorinating agents such as sodium sulfite and sodium
thiosulfate; (iii) low purge efficiency for the HANsand chloral hydrate

1 TheCT vaueistheproduct of the disinfectant concentration C in mg/litreand
the contact time T'in minutes required to inactivate aspecified percentage (e.g.,
99%) of microorganisms.
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Table 2. Summary of analytical methods for various DBPs and their minimum detection limits

DBPs Analytical method APHA? Minimum detection ~ Major References
method limit ( - g/litre) interferences
THMs MTBE extraction - 04 None AWWAREF (1991)
Pentane extraction 6232B 0.1
HAAs Salted MTBE extraction and derivatization 6233B 0.5-1.0 None AWWAREF (1991)
with diazomethane
HANs Pentane extraction 6232B 0.05 None Koch et al. (1988)
Cyanogen chloride ~ MTBE extraction 6233A 0.5 None AWWAREF (1991)
Chloramine Derivatization with 2-mercaptobenzothiazole - - None Lukasewycz et al. (1989)
Haloketones” Pentane extraction 6232B 0.2 None Krasner et al. (1995)
AWWAREF (1991)
Chloral hydrate MTBE extraction - 0.5 None AWWAREF (1991)
Aldehydes Extraction with hexane and derivatization with  — 1.0 PFBHA sulfate Sclimenti et al. (1990)
PFBHA
Bromate lon chromatography (H;BO,/NaOH) 4500 2.0° cr Siddiqui et al. (1996a)
Krasner et al. (1993)
0.2 Weinberg et al. (1998)
Chlorate lon chromatography (H;BO5;/NaOH) 4500 5 CI', acetate Siddiqui (1996)
Chlorite lon chromatography (NaHCO,/Na,CO;) 4500 10 CI', acetate AWWAREF (1991)
TOC UV/persulfate or combustion 5310 200 Metals APHA (1995)

@ American Public Health Association.
> Sum of 1,1-DCPN and 1,1,1-TCPN.
¢ 1.0 :gflitre with high-capacity column.
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in the purge-and-trap technique; and (iv) low extraction efficiency for
chloral hydrate with pentane in the liquid-iquid extraction normally
used. Although chloral hydrateis not efficiently extracted from water
with pentane, it can be extracted with an efficiency of approximately
36% when the ratio by volume of methyl fert-butyl ether (MTBE) to
waterisl: 5 (Amy et a., 1998). MTBE quantitatively extractsHANS,
trihalomethanes (THMS), chloral hydrate and chloropicrin, permitting
simultaneous analysis for al of these DBPs. Chloral hydrate decom-
poses on packed columns to trichloroacetaldehyde, resulting in con-
siderable band broadening, athough this does not appear to be a
significant problem with DB-1 and DB-5 columns.

The extraction of THMs can beaccomplished using MTBE (EPA
Method 551) or pentane. Method 551 also permits simultaneous
extraction and measurement of chlora hydrate, HANs, THMS,
chloropicrin and haloketones. The pentane method can be used to
extract THMs, HANs, haloketones and chloropicrin but not chlora
hydrate in the same run (APHA, 1995).

The haloacetic acid (HAA) analytical method involves using an
acidic salted ether or acidic methanol liquid-iquid extraction, requiring
esterification with diazomethane prior to analysis on a gas chromato-
graph equipped with an electron capture detector (ECD). THMs and
HANSs can be analysed by extraction with pentane prior to analysis on
acapillary-column GC equipped with an ECD. Theanalysis of cyano-
gen compoundsinvolvesextractionwithMTBE prior toinjectioninto
GC—ECD. Aldehydes require derivatization with 0-(2,3,4,5,6-penta-
fluorobenzyl)-hydroxylamine (PFBHA) (to formanoxime), extraction
with hexane and GC-ECD analysis [(C4Fs)-CH,ONH, + RCHO 6
(CgF5)—CH,ON=CHR + H,Q]. It should be noted that PFBHA pegksare
very large relative to other peaksin the chromatogram from a purge-
and-trap system, whereas the peaks are comparable to other peaksin a
GC—-ECD chromatogram (Trehy et al., 1986).

Inorganic disinfectant by-products

Anion chromatography (IC) method (EPA Method 300) has been
developed to determine inorganic by-products. The elution order is
fluoride, chlorite, bromate, chloride, nitrite, bromide, chlorate, nitrate
and sulfate ion. The eluent is a carbonate buffer. Ethylenediamine is
used to preserve chlorite samples and to minimize the potential for
chlorite ion reaction on the IC separating column. EPA Method 300
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involves measurement by an |C system using aseparating column (e.g.,
lon Pac AS9-SC) fitted with an anion micromembrane suppressor
column. Aneluent containing 2.0 mmol of sodium carbonate (Na,CO5)
per litre/ 0.75 mmol of sodium bicarbonate(NaHCO,) per litreis used
for bromide determination, and an eluent containing 40 mmol of boric
acid(H3BO,) per litre/ 20 mmol of sodiumhydroxide(NaOH) per litre
is used for bromate and chlorate determination. The andytical mini-
mum detection limits for bromate and chlorate using a borate eluent
have beenreported as 2 - g/litre and 5 : g/litre, respectively (Siddiqui,
1996; Siddiqui et a., 1996a). For samples with high chloride ion
content, a silver cartridge can be used to remove chloride prior to IC
analysis to minimize its interference with bromate measurement. It
should be noted that for natural sources and waters with high total
organic carbon (TOC) levels, detectionlimitswill be dlightly different
because of the masking effect of NOM and high concentrations of
carbonate/bicarbonate ions that may interfere with bromate/chlorate
measurement.

Total organic carbon and UV absorbance at 254 nm

TOC is the primary surrogate parameter for the measurement of
NOM in water supplies. Severa investigators have reported that the
ultraviolet (UV)/persulfate oxidation method underestimatesthe TOC
concentration in natural waters as compared with the combustion
method because of the inability of the persulfate method to oxidize
highly polymerized organic matter. It is generally assumed that the
calibration of a TOC andyser with a potassium hydrogen phthalate
standard is sufficient for the measurement of TOC in natural waters,
but potassium hydrogen phthal ate hasasimplemol ecul ar structure and
is easy to oxidize. Dissolved organic carbon (DOC) is operationally
defined by a (0.45--m) filtration step. UV absorbance at 254 nm
(UVA,) isused to describe the type and character of NOM, whereas
TOC describes just the amount of NOM.

Chloramines
Knowledge of the amine content of the water during water treat-
ment processes involving chloramination isimportant to define more

adequately the content of a matrix described only as a combined
chlorine residua. The presence of organic nitrogen and the instability
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of many organic chloramines continue to challenge the anayst.
Lukasewycz et a. (1989) developed atechnique for the anaysis of
chloramines and organic chloraminespresent inwater using 2-mercap-
tobenzothiazoleasaderivatizing agent. Theresulting sulfanilamidesare
stable and can be conveniently analysed by high-performance liquid
chromatography (HPLC) using UV or electrochemical detection. This
method appears to be superior to the use of diazotization or phenyl-
arsine oxide as amethod of detection. Organic chloramines are much
weaker disinfectants than inorganic monochloramine but are indistin-
guishable by the common analytical methods.

Mechanisms involvedin the formation of disinfectant
by-products

Chlorine reactions

Chlorine reactswith humic substances (dissol ved organic matter)
present in most water supplies, forming avariety of halogenated DBPs,
such as THMs, HAAs, HANS, chloral hydrate and chloropicrin, as
follows:

HOCI + DOC 6 DBPs

It is generally accepted that the reaction between chlorine and
humic substances, amajor component of NOM, is responsible for the
production of organochl orine compounds during drinking-water treat-
ment. Humic and fulvic acids show a high reactivity towards chlorine
and constitute 50-90% of the total DOC in river and lake waters
(Thurman, 1985). Other fractionsof the DOC comprisethehydrophilic
acids (upto 30%), carbohydrates(10%), simple carboxylic acids (5%)
and proteinsg/amino acids (5%). The reactivity of carbohydrates and
carboxylic acids towards chlorine islow, and they are not expected to
contribute to the production of organochlorine compounds. However,
hydrophilic acids such as citric acid and amino acids will react with
chlorineto produce chloroform and other products and may contribute
towardstotal organochlorine production (Larson & Rockwell, 1979).

Free chlorine reacts with water constituents by three genera
pathways. oxidation, addition and substitution (Johnson & Jensen,
1986). Chlorine can undergo an addition reaction if the organic
compound hasadoublebond. For many compoundswith doublebonds,
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this reaction is too slow to be of importance in water treatment. The
oxidation reactions with water constituents such as carbohydrates or
fatty acids (e.g., oleic acid) are generally slow.

Most chlorine DBPs are formed through oxidation and substitu-
tion reactions. THMs have the general formula CHX;, where X can be
Cl or Br. Chloroform may be produced through a series of reactions
with functional groups of humic substances. The major functiona
groups of humic substances include acetyl, carboxyl, phenol, alcohal,
carbonyl and methoxyl. The reactions proceed much more rapidly at
high pH than at low pH.

Rook (1977) proposed resorcinol structures to be the major
precursor structure in humic material for chloroform formation. In
accordance with this hypothesis in the chlorination of terrestrial and
aquatic humic substances, a series of intermediates were detected that
contained a trichloromethyl group and that could be converted to
chloroform by further oxidation or substitution reactions (Stevens et
al., 1976).

However, the production of chlorinated compounds such as
dichloropropanedoic acid, 2,2-dichlorobutanedoic acid, cyanogen
chloride (CNCI), HANs or the cyano-substituted acids cannot be
explained onthebasisof resorcinol structures, and possible production
pathways require protein-type precursors (De Leer et a., 1986). The
reactionpathway for amino acidsinvolvesinitia rapidformationof the
monochloramine and dichloramine, which can react further to form
aldehyde or HANs, respectively. Trehy et a. (1986) demonstrated the
formation of chloral hydrate along with HANs after chlorination of
amino acids by substitutionreactions, and aldehydeswere shown to be
theoxidationproducts. L uknitskii (1975) provided adetailed chemistry
of chlora hydrate formation.

Christman et al. (1983) also identified chloroform, chloral
hydrate, dichloroaceticacid (DCA), trichloroaceticacid (TCA) and 2,2-
dichlorobutanedoic acid asthe mgjor products, accounting for 53% of
the total organic halogen (TOX). A number of other minor products
have been detected, including several chlorinated akanoic acids and
non-chlorinated benzene carboxylic acids. De Leer et a. (1985)
extended these studies to incorporate chloroform intermediates,
chlorinated aromatic acidsand cyano-compoundsas potentia products

38



2.4.2

Chemistry of Disinfectants and Disinfectant By-products

indrinking-water. The presenceof unha ogenated adehydesand HANs
in chlorinated natural waters can be attributed inpart to the presence of
amino acids or peptides in natural waters. Humic acids may also
contributeto the presence of amino acidsinnatural waters, asthey have
amino acids associated with them either in a free or in a combined
form. Severa studies regarding the chlorination of amino acids have
shown that the primary amino group on the amino acids can be
converted to either an aldehyde or anitrilegroup (Morris et al., 1980;
Isaac & Morris, 1983). These studies indicate that with an equimolar
amount of halogenating agent, the mgjor product is an aldehyde.
However, if an excess of halogenating agent is added, then the
corresponding nitrile canalso beformed, with theratio of the aldehyde
to nitrile formed increasing with pH.

Many treated waters contain not only chlorinated but also
brominated compounds, such as bromoform. These compounds form
because aqueous chlorine converts bromide in the water to hypo-
bromousacid. Thebrominecan then react withthe organic matter inthe
same way as hypochlorous acid to form various bromochlorinated
DBPs. However, compared withhypochl orousacid, hypobromousacid
isaweaker oxidant and stronger hal ogenating agent.

Chlorate, an inorganic by-product of chlorine, is formed in
concentrated hypochl orite solutionsduring their production and storage
through the following reactions (Gordon et a., 1997):

OCI~+ OCI~ 6 CIO, + CI~
OCI~+ClO, 6 ClO; + ClI-

The first reaction proceeds at a much slower rate and is rate
limiting, hence the generally observed second-order kinetics. Sodium
hypochlorite is stored at pH greater than 12 to prevent rapid decom-
position, and most of the sodium hypochlorite is present as hypo-
chlorite ion. The average rate constant for the formation of chlorateis
85 x 107> mol~ litre* d* (Gordon et al., 1995).

Chlorine dioxide reactions
Themajor chlorinedioxideby-productsof concernarechloriteand

chlorate. Chlorine dioxidereacts generally as an el ectron acceptor, and
hydrogenatomspresent i nactivated organic C—H or N—H structuresare
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thereby not substituted by chlorine (Hoigne & Bader, 1994). Moreover,
in contrast to chlorine, chlorine dioxide's efficiency for disinfection
does not vary with pH or in the presence of ammonia, and it does not
oxidize bromide. As opposed to chlorine, which reacts via oxidation
and el ectrophilic substitution, chlorinedioxidereactsonly by oxidation;
this explains why it does not produce organochlorine compounds. In
addition to this, chlorine dioxide is more selective in typica water
treatment applications, asevidenced by itssomewhat |ower disinfectant
demand as compared with chlorine.

Chlorine dioxide is generally produced by reacting agueous
(sodium) chlorite with chlorine (Gordon & Rosenblatt, 1996):

2CI0, + HOCI + H* 6 2C1O,(ag) + CI- + H,0

However, under conditionsof low initial reactant concentrations
or inthepresenceof excesschlorine, thereactant produceschlorateion:

ClO;, + HOCI 6 ClO; + ClI- + H*

Thisreactionscenarioiscommonin generatorsthat overchlorinate
to achieve high reaction yields based on chlorite ion consumption.

An alternative approach to chlorine dioxide generation is with
hydrochloric acid (HCI), a process that results in less chlorate during
production:

5NaClO, + 4HCI 6 4ClO, + 5NaCl + 2H,0

Chlorite ion is aso produced when chlorine dioxide reacts with
organics (Gordon & Rosenblatt, 1996):

ClIO, + NOM 6 Products + ClO,”

Chlorine dioxide can also undergo a series of photochemically
initiated reactionsresulting intheformation of chlorateion(Gordonet
al., 1995).

While bromide is not generaly oxidized by chlorine dioxide,

bromate can beformed in the presence of sunlight over awide range of
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pH values (Gordon & Emmert, 1996). Utilities need to be concerned
withbromateioninthe chlorine dioxide treatment of drinking-water if
thewater contains bromide and is exposed to sunlight. Practically, this
means minimizing exposure to sunlight when chlorine dioxide is
applied in the presence of bromideion. There appearsto be a problem
with chlorine dioxide producing odour-causing compounds at the tap.
This has been linked to chlorine dioxide reacting with volatile organic
compoundsderived from new carpetsand office products(Hoehn et al .,
1990).

Hoigne& Bader (1994) described thekinetics of reactionbetween
chlorine dioxide and awiderangeof organic and inorganic compounds
that are of concernin water treatment. Measured rate constants were
high for nitrite, hydrogen peroxide, ozone, iodide, iron(I1), phenolic
compounds, tertiary amines and thiols. Bromide, ammonia, structures
containing ol efinic double bonds, aromatic hydrocarbons, primary and
secondary amines, a dehydes, ketonesand carbohydrates are unreactive
under the conditions of water treatment. Chlorine dioxide rapidly
oxidizes substituted phenoxide anions and many phenols, and second-
order rate constantshave been measured (Rav-Acha& Choshen, 1987).

Chloramine reactions

Chloramination of drinking-water producesTHMs(if chloramine
is formed by chlorination followed by ammonia addition), HAAS,
chloral hydrate, hydrazine, cyanogen compounds, nitrate, nitrite, organic
chloramines and 1,1-dichloropropanone (1,1-DCPN) (Dlyamandoglu
& Selleck, 1992; Kirmeyer et al., 1993, 1995).

In the presence of even small quantities of organic nitrogen, it is
possible for chloramination to produce organic chloramines. Several
researchers have shown that monochloramine readily transfers its
chlorine at a comparatively rapid rate to organic amines to form
organohal ogen amines (Isaac & Morris, 1983; Bercz & Bawa, 1986).
M onochl oramine was shown to cause binding of radiolabelled halogen
to nutrients such as tyrosine and folic acid; the amount of binding
varied with pH but was generally less at neutral pH than at higher pH
(Bercz & Bawa, 1986). Organic chloramines are much weaker
disinfectants than inorganic monochloramine but areindistinguishable
by common analytical methods. Organic chloramine formation may
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necessitate changing chloramination conditions (e.g., anmonia and
chlorine addition order, chlorine-to-ammoniaratiosand contact time).

HANs and non-halogenated acetonitriles are produced when
chloramines are reacted with humic materials and amino acids (Trehy
et a., 1986). The reaction pathway for these products is quite
complicated and very similar to that for chlorine, with many
intermediates and by-products formed. In the case of aspartic acid, De
Leer et ad. (1986) demonstrated the presence of at least 11 other
significant products.

Ozone reactions

Ozone has been shown to oxidize bromide to hypobromite and
bromate, and hypochlorite to chlorate (Glaze et a., 1993; Siddiqui et
al., 1995; Siddiqui, 1996).

Bromate generally forms through a combination of molecular
ozone attack and reaction of bromide with free radical species. The
molecular ozone mechanism does not account for hydroxyl radicals
always formed as secondary oxidants from decomposed ozone during
water treatment. Siddiqui et al. (1995) indicated that thereisaradical
pathway that is influenced by both pH and alkainity. The hydroxyl
radical and, to alesser degree, the carbonateradical (CO4i) pathway may
be moreimportant than themolecular ozone pathway. Oxidantssuchas
hydroxyl and carbonateradicalsmay interact withintermediate bromine
spedies, leading to theformationof hypobromiteradicals(BrOf), which
eventually undergo disproportionation to form hypobromite and
bromite (BrO,"). Bromateisthen formed through oxidation of bromite
by ozone. Theradica mechanismfor theformationof bromateincludes
two decisive reaction steps still involving molecular ozone: the
formation of hypobromite and oxidation of bromite.

Bromate ion formed through reactions with molecular ozone
contributes in the range of 30-80% to the overal bromate ion
formationin NOM-containingwaters(von Gunten and Hoigne, 1994).
Siddiqui et a. (1995) reported up to 65% and 100% bromate ion
formation through the radical pathway in NOM-free and NOM-
containing waters, respectively. Differencesin NOM-containingwaters
can be attributed to differences in the characteristics of the NOM
present. A changeinmechanismasafunction of pH andthecompetitive
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roles of thefreeradical (one electrontransfer) mechanism above pH 7
versus oxygen atom (two electron transfer) mechanism help explain
both the large variations in bromate ion yield and the sensitivity to
reactor design, concentrationof organic precursors and ozone/bromide
ion concentrations (Gordon, 1993).

Thepresence of bromideioninasourcewater further complicates
the reaction of ozone and leads to the formation of additional DBPs,
suchasbromoform, dibromoacetonitrile (DBAN) and dibromoacetone
(DBAC) (Siddiqui, 1992; Amy et al., 1993, 1994).

Formation of organohalogen disinfectant by-products

Table 3 summarizesthe DBPsidentified asbeingformedfromthe
use of chlorine, chlorine dioxide, chloramine and ozone.

Theformation of organochlorine and organobromine compounds
during drinking-water treatment is a cause of health concernin many
countries. These compounds include THMs, HAAs, HANs, chloral
hydrate, chloropicrin, acetohalides, halogenated furanones and other
compounds.

Chlorine organohalogen by-products

Table 4 summarizes the range of concentrations of chlorinated
DBPs formed from the reaction of chlorine with NOM, from various
SOurces.

Themajor chlorinationDBPsidentified are THMs, HAAS, HANS,
hal oketones, chloropicrinand chloral hydrate. HAAS represent amajor
portion of the non-THM halogenated organic compounds (Miller &
Uden, 1983; Reckhow & Singer, 1985). Many researchers haveidenti-
fied HANsand hal oketones as other important DBPs (Trehy & Bieber,
1981; Miller & Uden, 1983; Oliver, 1983; Reckhow & Singer, 1985).
Accordingto an AWWAREF (1991) study, for al eight utilitiestested,
1,1,1-trichloropropanone (1,1,1-TCPN) wasthe more prevalent of the
two measured haloketone compounds. In addition, Kronberg et a.
(1988) identified the extremely mutagenic compound, MX.
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Table 3. Disinfectant by-products present in disinfected waters

Disinfectant Significant organo-  Significant Significant non-
halogen products inorganic halogenated
products products
Chlorine/ THMs, HAAs, Chlorate (mostly  Aldehydes,
hypochlorous HANSs, chloral from hypo- cyanoalkanoic
acid hydrate, chlorite use) acids, alkanoic
chloropicrin, acids, benzene,
chlorophenols, carboxylic acids
N-chloramines,
halofuranones,
bromohydrins
Chlorine chlorite, chlorate unknown
dioxide
Chloramine HANSs, cyanogen nitrate, nitrite, aldehydes,
chloride, organic chlorate, ketones
chloramines, hydrazine
chloramino acids,
chloral hydrate,
haloketones
Ozone bromoform, MBA, chlorate, iodate, aldehydes,
DBA, DBAC, bromate, ketoacids,
cyanogen bromide hydrogen ketones,
peroxide, carboxylic acids
hypobromous
acid, epoxides,
ozonates

Despite the fact that HAA formation and THM formation have
very different pH dependencies, HAA formation correlates strongly
withTHM formationwhen treatment conditionsarerelatively uniform
and when the water has a low bromide concentration (Singer, 1993).
DBPformation and requisite chlorine dosagefor disinfection strongly
correspond to the concentration of TOC at the point of chlorine
addition, suggesting that optimized or enhanced removal of organic
carbon prior to chlorination will decrease the formation of DBPs.

HAA formation can be appreciable when drinking-water is
chlorinated under conditions of dightly acidic pH and low bromide
concentrations. The concentrations of DCA and TCA aresimilar to the
concentrations of chloroform, and thetotal HAA concentration can be
as much as 50% gresater than the THM concentration in the finished
water on aweight basis.
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Table 4. Concentration range of chlorinated disinfectant by-products in drinking-water?

DBPs Peters et al. (1990); Krasner et al. (1989) Nieminski et al. (1993) Koch et al. (1991) Reckhow et al. (1990)
Peters (1991)
THMs 3.1-49.5 30.044.0 17.0-51.0 49.0-81.0 201-1280
HAAs <0.5-14.7 13.0-21.0 5.0-25.0 22.0-32.0 118-1230
HANs 0.04-1.05 25-4.0 0.5-5.0 2.0-26 3.0-12.0
Haloketones - 0.9-1.8 0.2-1.6 1.0-2.0 4.8-25.3
Chlorophenols - - 0.5-1.0 - -
Chloral hydrate - 1.7-3.0 - - -
Chloropicrin - 0.1-0.16 <0.1-0.6 - -
TOC 1.7-5.6 29-32 1.5-6.0 25-3.0 4.8-26.6
Bromide 100-500 70-100 - 170420 -

@ All values shown in

- gllitre, except TOC (mg/litre).
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McGuire & Meadow (1988) reported that the national average
THM concentration in the USA was 42 = g/litre for drinking-water
utilities serving more than 100 000 persons, and only 3% of systems
were above the US maximum contaminant level of 100 : g/litre. Amy
et al. (1993) estimated that the national average THM concentrationin
the USA was 40 :g/litre, with an average TOC concentration of
3.0 mg/litre. Themedian annual average THM concentrationfoundfor
utilities among the American Water Works Association’s (AWWA)
Water Industry Databasewas 35 : g/litre, ascompared with 50 : g/litre
for the non-database utilities (Montgomery Watson, Inc., 1993).

In Germany, 10% of the utilities produced disinfected drinking-
water witha THM concentration above 10 : g/litre; the median annual
average concentration was between 1 and 4 : g/litre, depending onraw
water quality and size of facility (Haberer, 1994).

Total THM levelsin treated drinking-water were reported in one
survey in the United Kingdom (Water Research Centre, 1980):
chlorinated water derived fromalowland river contained a mean level
of 89.2 : g/litre, and that from an upland reservoir, 18.7 - g/litre. The
study also showed that chlorinated groundwater was contaminated by
THMsto asignificantly lesser extent than chlorinated surface waters.

In a national survey of the water supplies of 70 communities
serving about 38% of the population in Canada, conducted in the
winter of 19761977, chloroform concentrations in trested water of
the distribution system 0.8 km from the treatment plant, determined by
the gas sparge technique, averaged 22.7 : g/litre. Levels of the other
THMs were considerably lower, averaging 2.9 :g/litre for bromo-
dichloromethane (BDCM), 0.4 :g/litre for dibromochloromethane
(DBCM) and 0.1 :g/litre for bromoform. Using direct agueous
i njectiontechniques, average concentrations of most of theTHMswere
higher (Health Canada, 1993).

Samples collected from the distribution systems of eight major
cities in Saudi Arabia showed that THMs occurred in all the water
supplies, at concentrations ranging between 0.03 and 41.7 : g/litre.
Median total THM concentrations inseverd cities were higher during
the summer than during the winter. In addition, THM concentrations
were low incitiesthat did not mix groundwater and desalinated water.
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Brominated THMs dominated (with bromoform themost abundant) and
existed at the highest concentration levels, whereas chlorof orm wasthe
least prevalent compound. Thisisthe oppositeof theoccurrence pattern
found in amost all water distribution systems worldwide (Fayad,
1993).

Theconcentrationsof chloral hydrateindrinking-water inthe USA
were summarized by IARC (1995) andvariedfrom0.01to 28 : g/litre.
The highest valueswere foundindrinking-water prepared fromsurface
water.

Chlorination of water aswell asthecombinationof ozonationand
chlorination can lead to the formation of chloropicrin (Merlet et al.,
1985). In a study conducted for over 25 utilities, very low levels of
chloropicrin were observed, and chlorination produced maximum
concentrations of lessthan 2 - g/litre (AWWARF, 1991). The chloro-
picrin appeared to form slowly during the incubation period, with
concentrations tending to level off at approximately 40 h.

Dichloroacetonitrile(DCAN) isby far themost predominant HAN
speciesdetected inwater sourceswith bromidelevelsof 20 : g/litreor
less. For sourceswith higher bromidelevels(50-80 : g/litre), bromo-
chloroacetonitrile (BCAN) wasthe second most prevalent compound.
However, none of these sources had aDBAN concentration exceeding
0.5 :gl/litre, including one source water that had a much higher bro-
midelevel, 170 : g/litre. Thus, it appearsthat ambient bromide concen-
tration is not the only factor influencing the speciation of HAN
compounds.

Chlorine can react with phenols to produce mono-, di- or
trichlorophenols, which can impart tastes and odours to waters. The
control of chlorophenolic tastes and odours produced when phenol-
ladenwater istreated withchlorineisessential. Thesources of phenolic
compoundsin water supplies are reported to be industrial wastes.

In natural waters, one of the most important sources of organic
nitrogen is proteins and their hydrolysis products. The reaction of
aqueouschlorine or monochloraminewith organic nitrogen may form
complex organic chloramines (Feng, 1966; Morriset a., 1980; Snyder
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& Margerum, 1982). The formation of N-chloramines resulting from
the reaction of aminesand chlorine hasbeenreported (Weil & Morris,
1949; Grayet d., 1979; Morrisetal ., 1980). Likewise, thechlorination
of amides has been reported (Morris et al., 1980).

Nieminski et a. (1993) reported the occurrence of DBPsfor Utah
(USA) water treatment plants. All plants used chlorinefor primary and
secondarydisinfectionpurposes. Overall, THMsand HAAsrepresented
75% of thetotal specific DBPs analysed for the survey; however, total
DBPs represented only 25-50% of the TOX concentration. THMs
congtituted 64% of the total DBPs by weight; HAAswere 30% of the
total DBPs by weight and approximately one-half of the total THM
concentrations. (However, in some waters, HAA concentrations may
approach or possiblyexceed THM concentrations.) HANS, hal oketones,
chlorophenolsand chloropicrinrepresented 3%, 1.5%, 1.0% and 0.5%,
respectively, of the total surveyed DBPs.

The occurrence of DBPs in drinking-waters in the USA was
evaluated at 35 water treatment facilities that had a broad range of
source water qualities and treatment processes (Krasner et al., 1989).
THMs were the largest class of DBPs, and HAAs were the next most
significant class. Aldehydes, by-products of ozonation, were also pro-
duced by chlorination. Over four quarterly sampling periods, median
total THM concentrationsranged from 30 to 44 : g/litre, with chloro-
form, BDCM, DBCM and bromoform ranges of 9.6-15, 4.1-10,
2.64.5 and 0.33-0.88 :gllitre, respectively. Median total HAA
concentrations ranged from 13 to 21 : g/litre, with TCA, DCA, mono-
chloroaceticacid (MCA), dibromoacetic acid(DBA) and monobromo-
acetic acid (MBA) ranges of 4.0-6.0, 5.0-7.3, <1-1.2, 0.9-1.5 and
<0.5 : gllitre, respectively.

Concentrations of DCA and TCA measured in various water
sources have been summarized by IARC (1995): in Japan, chlorinated
drinking-water contained 4.5 and 7.5 - g of DCA and TCA per litre,
respectively; rainwater in Germany contained 1.35 - g of DCA per litre
and 0.1-20 :-g of TCA per litre, whereas groundwater contained
0.05 - g of TCA per litre; in Australia, a maximum concentration of
200 : g/litrewasfound for DCA and TCA inchlorinated treated water;
and chlorinated water in Switzerland contained 3.0 = g of TCA per litre.
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Inasurvey of 20 drinking-waters prepared from different source
waters in the Netherlands, HAAs were found in al drinking-waters
prepared from surface water, whereas they could not be detected in
drinking-waters prepared from groundwaters. Brominated acetic acids
accountedfor 65% of thetotal acid concentration (Peterset al., 1991).
In another survey of Dutch drinking waters, the average concentration
of dihal oacetonitrileswasabout 5% of theaverage THM concentration
(Peters, 1990).

Chloramine organohalogen by-products

Chloraminetreatment practiceinvolvesthreepotential approaches:
free chlorine followed by ammonia addition, ammonia addition
followed by chlorineaddition (in situ production) and pre-formed (off-
line formation) chloramines. Generally, the objective is
monochloramine formation. Chlorine followed by ammonia is a
commonapproach, and, during thefree-chlorineperiod, DBPformation
may mimic that of chlorine. Chloramination resultsin the production
of THMs (predominantly formed by chlorinationfollowed by ammonia
addition), HAAs, chlora hydrate, hydrazine, cyanogen compounds,
organic chloraminesand 1,1-DCPN (Dlyamandoglu & Selleck, 1992;
Singer, 1993; Kirmeyer et a., 1993, 1995). Chloramination
significantly reduces but doesnot eliminate THM formation; cyanogen
chloride and TOX represent the major DBP issues with respect to
chloramines.

Scullyet al. (1990) identified chloramino acids such as N-chloro-
glycine, N-chloroleucine and N-chlorophenylalanine as by-products
after chlorination of water containing nitrogen or after chloramination.

Chlorine dioxide organohalogen by-products

Chlorine-free chlorine dioxide does not form THMs (Noack &
Doerr, 1978; Symonset d., 1981). Several studies show that the TOX
formed with chlorine dioxide is 1-15% of the TOX formed with
chlorine under the same reaction conditions (Chow & Roberts, 1981;
Symons et al., 1981; Fleischacker & Randtke, 1983).

Treatment of phenol-laden source waters with chlorine dioxide
doesnot producethetypica chlorophenolictasteand odour compounds

49



2.5.4

2.6

2.6.1

EHC 216: Disinfectants and Disinfectant By-products

that are produced when the water is treated using chlorine and is
effective in removing existing tastes and odours of thistype.

Ozone organohalogen by-products

Ozonation of drinking-water containing bromide ion has been
shown to produce hypobromous acid/hypobromite, with hypobromite
ion serving asan intermediate to bromate formation. In the presence of
NOM, hypobromous acid produces a host of brominated organic
compounds, such as bromoform, MBA, DBA, DBAN, cyanogen
bromide and DBAC (Glaze et a., 1993; Siddiqui & Amy, 1993).
Cavanagh et d. (1992) and Glaze et al. (1993) reported the identi-
fication of bromohydrins, a new group of labile brominated organic
compounds from the ozonation of a natural water in the presence of
enhanced levels of bromide. However, results by Kristiansen et al.
(1994) strongly suggest that the bromohydrins, such as 3-bromo-2-
methyl-2-butanol, in extracts of unquenched disinfected water are
artefactsformed fromthereaction of excessivehypobromousacidwith
traces of olefinsin the extraction solvents and not novel DBPs.

Table5 comparesthemedian concentrationsof variousDBPséafter
ozonation and chlorination.

Formation of inorganic disinfectant by-products

Although organic DBPs have been the subject of study over a
longer time frame, the formation of many inorganic by-products is
coming under increasing scrutiny.

Chlorine inorganic by-products

Chlorite and chlorate are inorganic by-products formed in some
chlorine solutions. This is of interest because many small drinking-
water utilities use hypochlorite solutions as a source of free chlorine
for disinfection. Bolyard & Fair (1992) examined the occurrence of
chlorate in samples of untreated source water, drinking-water and
hypochlorite solutions from 14 sites that use hypochlorite solutions.
The hypochlorite solutions used were found to contain significant
levels of chlorate. Chlorite and bromate were aso found in
hypochlorite solutions from these same water utilities. Chlorate was
present indrinking-water, either asamanufacturing by-product or from
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Table 5. Median concentrations of organic disinfectant by-products in drinking-water

DBPs Median concentration Median concentration
(- gllitre): chlorination® (- g/litre): ozonation®

THMs 40 <1.0
Chloroform 15 -
BDCM 10 -
DBCM 45 -
Bromoform 0.57 <1.0
HANs 25 <1.0
TCAN <0.012 -
DCAN 1.1 -
BCAN 0.58 -
DBAN 0.48 <1.0
Haloketones 0.94 -
DCPN 0.46 -
TCPN 0.35 -
HAAs 20 <5.0
MCA 1.2 -

DCA 6.8 -

TCA 5.8 -

MBA <0.5 <1.0

DBA 15 <5.0
Aldehydes 7.8 45
Formaldehyde 5.1 20
Acetaldehyde 27 11
Glyoxal - 9
Methylglyoxal - 5
Chiloral hydrate 3.0 -
Ketoacids - 75
Trichlorophenol <04 -

Krasner et al. (1989).
b Siddiqui et al. (1993).

decomposition reactions occurring during storage. Approximately
0.2 mg of chlorate per litre was observed in water following the
addition of chlorine as sodium hypochlorite at a dose sufficient to
maintainaresidua of 0.45 mg/litre (Andrews & Ferguson, 1995). The
concentration of chlorite in commercial bleach solutions typically
ranges from 0.002 to 0.0046 mol/litre; similarly, the chlorate concen-
trationrangesfromabout 0.02 to 0.08 mol/litre (Gordonet a., 1995).
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A detailed study by Bolyard & Fair (1992) demonstrated that
hypochlorite solutions used to disinfect drinking-water contain
significant levelsof chloriteand chlorate. Theconcentrationof chlorite
ranged from <2 to 130 mg/litre for free available chlorine concentra-
tionsrangingfrom3to 110 g/litre. Theconcentrationof chloratevaried
over the range 0.19-50 g/litre, with a median of 12 g/litre. These
solutionsalso contained bromatelevelsranging from<2to 51 mg/litre.
Theconcentrations of chlorateintreated sourcewatersranged from 11
to 660 :g/litre. In another study involving 25 samples from plants
using gaseouschlorine, no chloratewasdetected, indicating that theuse
of gaseouschlorine does not produce chlorate (Bolyard& Fair, 1992).
Nieminski et al. (1993) measured chlorate and chlorite for six water
treatment plants that use liquid chlorine (i.e., hypochlorite) and found
chlorate concentrations ranging from 40 to 700 :g/litre, with no
chlorite or bromatedetected i n finished waters. These chlorate concen-
trations may be attributed to high concentrations of chlorate, ranging
from 1000 to 8000 mg/litre, detected in a bleach used for disinfection
and resulting from the decomposition of hypochlorite stock solution.
However, no chlorite or chlorate was detected inany of the samples of
finished water of the treatment plants that apply gaseous chlorine.
Chlorate formation is expected to be minimal in low-strength hypo-
chloritesolutionsfreshly prepared from cal cium hypochlorite, because
of the low hypochlorite concentration and only mildly akaline pH.

Chloramine inorganic by-products

Inorganic by-products of chloramination include nitrate, nitrite,
hydrazine and, to some extent, chlorate (Dlyamandoglu & Selleck,
1992; Kirmeyer et al., 1995).

Chlorine dioxide inorganic by-products

Themajor inorganic by-products of chlorine dioxidedisinfection
have been identified as chlorite and chlorate. Andrews & Ferguson
(1995) measured a chlorate concentration of 0.38 mg/litre when a
chlorine dioxide residual of 0.33 mg/litre was maintained. The appli-
cation of chlorine dioxide produces about 0.5-0.7 mg of chlorite and
0.3 mg of chlorate per mg of chlorine dioxide consumed or applied
(Andrews & Ferguson, 1995).
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Ozone inorganic by-products

When bromide or iodide ions are present in waters, some of the
hal ogen-containing oxidants that can be produced during ozonation
include free bromine, hypobromous acid, hypobromite ion, bromate
ion, freeiodine, hypoiodous acid and iodate ion.

During the oxidation or chemica disinfection of natural waters
containing bromide ion with ozone, bromate ion can be formed at
concentrations ranging from 0 to 150 : g/litre under normal water
treatment conditions (Siddiqui, 1992). Chlorate formation with an
initial total chlorine concentration of 0.6 mg/litre was evaluated at pH
levelsof 8.0, 7.0 and 6.0, and chlorate concentrations ranging from 10
to 106 : g/litre were formed after ozonation (Siddiqui et al., 1996a).

It has been reported that ozone reacts with many metal ions and
with cyanide ion (Hoigne et a., 1985; Yang & Neely, 1986). Bailey
(1978) discussed the formation of ozonates, compounds of metal
cations having thegeneral formulaM*O;". Hydrogen peroxide has been
identified as a by-product of ozonation of organic unsaturated
compounds (Bailey, 1978).

Table 6 provides the range of bromate concentrations normally
encountered in drinking-waters with a variety of source water
characteristics after ozonation.

Formation of non-halogenated organic disinfectant
by-products

Chlorine organic by-products

Lykins& Clark (1988) conducted a 1-year pilot plant study of the
effectsof ozone and chlorine and determined that the concentration of
aldehydes increased by 144% upon ozonation. In the chlorinated
stream, the concentration of these aldehydes increased by 56%. This
study indicates that aldehyde formation, although greater with ozone,
isnot uniqueto ozonation, but i sassociated with chlorinationand other
oxidants aswell.
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Table 6. Summary of bromate ion formation potentials in different source waters under different conditions following ozonation

NE Bromide (:g/litre)  Ozone (mg/litre) pH Alkalinity (mg/litre) DOC (mgl/litre)  Bromate (- g/litre) Reference

18 10-800 1-9.3 5.6-9.4 20-132 22-82 <5-60 Krasner et al. (1992)

4 60-340 3-12 6.5-8.5 90-230 3-7 <5-40 Siddiqui & Amy (1993)

28 10-100 2-4 6.8-8.8 20-120 0.3-11 <5-100 Amy et al. (1993, 1994)

4 12-37 0-3.97 7.8 N/A N/A <7-35 Hautman & Bolyard (1993)
1 500 2395 7.2-83 N/A N/A 13-293 Yamada (1993)

23 12-207 0.3-4.3 5.7-8.2 14-246 0.5-6.8 <2-16 Legube et al. (1993)

8 107-237 1-5 6.8-8.0 N/A 2-5 <5-50 Kruithof & Meijers (1993)

@ N = number of sources studied.
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Chloramine organic by-products

When Suwannee River (USA) fulvic acid was reacted with
agueous sol utions of *N-labelled chloramine and °N-labelled ammo-
nia, lyophilized products exhibiting nuclear magnetic resonances
between 90 and 120 ppm were observed, denoting the formation of
amides, enaminones and aminoquinones (Ginwalla & Mikita, 1992).
This represents evidence for the formation of nitrogen-containing
compounds from the chloramination of NOM in natural waters.

Amino acids, peptides and amino sugars were chlorinated under
various chlorine/nitrogen ratios (Bruchet et al., 1992). Six natural
amino acids (alanine, methionine, valine, phenylalanine, leucine and
isoleucine) were shown to induce tastes and odours at concentrations
in the range of 10-20 : g/litre. Detectable odours were consistently
induced in a multicomponent mixture containing each of these amino
acids after a 2-h contact time with chlorine. Investigation of the by-
productsindicated that the odoursgenerated were systematicallylinked
tothealiphatic a dehydesformed. Thepeptidesinvestigated had varying
degrees of odour formation potential, while the amino sugars did not
impart any odour. Chlorinous odours occasionally detected during
these experiments were found to be due to organic chloramines and
other oxidation by-products.

Chlorine dioxide organic by-products

Gilli (1990) showed the formation of carbonyl compounds
(34 :gllitre) such as n-vaderadehyde (7-15 : g/litre), formaldehyde
(3.4-9 - g/litre), acetal dehyde (4.5 : g/litre) and acetone (3.2 - g/litre)
after using chlorine dioxide.

Ozone organic by-products

Ozone aliphatic oxidation products from organic impurities in
water are usudly acids, ketones, aldehydes and alcohols. So-called
ultimate oxidati on products of organic materials are carbon dioxide,
water, oxalic acid and acetic acid. However, ozonation conditions
generally employed in treating drinking-water are rarely sufficient to
form high concentrations of these ultimate products.
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When source waters containing NOM and unsaturated organic
compoundsare ozonated, ozonides, peroxides, diperoxides, triperoxides
and peroxy acids, for example, can be produced. The limited research
that has been conducted in agueous solutions indicates that these
intermediates decompose readily in water to form products such as
aldehydes, ketones, carboxylic acids and ketoacids.

Colemanet al. (1992) identified numerouscompoundsin addition
to the following in ozonated humic samples: monocarboxylic acidsup
to C-24, dicarboxylic acids up to C-10, ketoacids, furan carboxylic
acids, and benzene mono-, di- and tricarboxylic acids. Among the
variousadehydes, Paodeet al. (1997) found four (formaldehyde, acet-
aldehyde, glyoxal and methylglyoxal) to be dominant. Table7 provides
arangeof concentrationsfor adehydesfromthe ozonation of avariety
of source waters.

Influence of source water characteristics on the
amount and type of by-products produced

The extensive literature pertaining to DBP levels in disinfected
source waters and control of DBPs by various treatment processes
atteststo thewidevariety of factorsinfluencing DBPformationandthe
complex interrel ationships between thesefactors. Variablesincluding
the concentrationand characteristicsof precursor material, pH, chlorine
concentration, bromide level, presence of chlorine-demanding
substances such as ammonia, temperature and contact time all play a
role in DBP formation reactions.

Effect of natural organic matter and UV absorbance at 254 nm

NOM consistsof amixture of humic substances(humicandfulvic
acids) and non-humic (hydrophilic) material. Both the amount (as
indicated by TOC or UVAL,) and the character (as described by
UVA,,) of NOM can affect DBP formation. NOM provides the
precursor material fromwhich organic DBPsareformed; consequently,
increasing concentrationsof NOM lead to increasing concentrations of
by-products. This relationship hasled to the use of TOC and UV A,
measurementsas surrogate parametersfor estimating the extent of DBP
formation.
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Table 7. Effect of ozone dose and TOC on non-halogenated organic by-products

Ozone dose TOC Formal Acetal Glyoxal Methyl-glyoxal Reference

(mgllitre) (mgllitre) (- gllitre) (- gllitre) (- gllitre) (- gllitre)

1.2-4.4 2.66 8-24 2-4 4-11 4-15 Miltner et al. (1992)
1.0-9.2 1.0-25.9 3-30 7-65 3-15 3-35 Weinberg et al. (1993)
5.5-28.5 54-17.4 58-567 6-28 15-166 17-54 Schechter & Singer (1995)
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The remova of NOM is strongly influenced by those properties
embodying the size, structure and functionality of this heterogeneous
mixture. The humic acids are more reactive than fulvic acids with
chlorine (Reckhow et al., 1990) and ozone, in terms of both oxidant/
disinfectant demand and DBP formation. Processes such as coagula-
tion, adsorption and membrane filtration are separation processesthat
remove NOM intact, while ozonation transforms part of the NOM into
biodegradable organic matter, potentially removable by biofiltration.
Coagulation preferentially removes humic/higher molecular weight
NOM; the selectivity of membranes for NOM removal is largely
dictated by the molecular weight cutoff of the membrane; the use of
granular activated carbon (GAC) requires a significant empty bed
contact time; biofiltration can remove only the rapidly biodegradable
NOM fraction.

Inaninvestigation of the nature of humic and fulvicacidsisolated
from avariety of natural waters, Reckhow et a. (1990) found that the
fulvic fractions had alower aromatic content and smaller molecul ar
size than the humic fractions. UV absorbance was correspondingly
higher for the humic fractions, owing to the higher aromatic content
and larger size. These researchers also found that for all of the organic
material investigated, the production of chloroform, TCA, DCA and
DCAN was higher upon chlorination of the humic fractionsthan upon
chlorination of the corresponding fulvic fractions. These findings
support the findings of other researchers and show that the UV absor-
bance measurement is an indicator of the nature of the precursor
material present inasample. Thismeasurement, inconjunctionwiththe
TOC (or DOC) measurement, can beemployedintheevaluationof data
to provide an indication of the reactivity of NOM towards forming
DBPs.

Thereaction of ozone with NOM can occur directly or by radical
processes. The disappearance of disinfecting chemical isinfluenced by
the type and concentration of NOM present in natural waters. Direct
consumption of these chemicals is greater when the UV absorbance
(due to electrophilic and nucleophilic sites of NOM) of the source
water issignificant, resulting in decreased DBP formation potential.

It appearsthat the nature of the organic material inasource water

may have some impact on the relative concentrations of THMs and
HAAsformed upon chlorination. Treatment techniques that lower the
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levels of DOC without affecting bromide levels have been implicated
in ashift from chlorinated to brominated THM compounds. Thisis of
concernbecausethetheoretical risk to humansvariesfor theindividual
THMs, with the brominated species generally being of more concern
(Bull & Kopfler, 1991).

Effect of pH

The impact of pH on THM concentrations has been reported by a
number of researchers since THMs indrinking-water first cameto the
attention of the water industry (Stevens et a., 1976; Lange &
Kawczynski, 1978; Trussell & Umphres, 1978). More recently, the
impact of pH on a number of other chlorination by-products has been
reported (Miller & Uden, 1983; Reckhow & Singer, 1985). Therate of
THM formation increases with the pH (Stevens et al., 1976).
Kavanaugh et al. (1980) reported a 3-fold increase in the reactionrate

per unit pH.

In general, increasing pH has been associated with increasing
concentrations of THMs and decreasing concentrations of HAAS (pH
primarily impacting TCA), HANsand hal oketones. The concentrations
of TCA tendto be higher in waters with pH levelslessthan 8.0 thanin
waterswith pH levels greater than 8.0; alessmarked trend is observed
for DCA. Other researchers havereported similar findingswith respect
to the pH dependency of HAA concentrations. For example, Stevens et
al. (1976) found that TCA concentrations were significantly lower at
apH of 9.4 than at pH levelsof approximately5 and 7. TCA was by far
the most predominant of the measured HAA speciesat six of the eight
utilities surveyed. Carlson & Hardy (1998) reported that at pH levels
greater than 9.0, THM formation decreased with increasing pH. It is
possible that the shift in chlorine species from hypochlorous acid to
hypochlorite affects THM formation during short reaction times.

AWWARF (1991) observed no relationship between pH and the
concentrations of THMs at eight utilities over time, suggesting that
although THM concentrations for a particular water are known to be
pH dependent, factors other than pH influence THM concentrations
over avariety of source waters. Nieminski et a. (1993) reported that
treatment plants with a pH of about 5.5 in finished water produced
equal amounts of THMsand HAAS, whereas plants with pHs greater
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than 7.0 in finished water produced higher amounts of THMs as
compared with HAAS.

No strong relationship has been observed between HAN
concentration and pH over time. Within the approximate pH range
7-8.5, HAN concentrations increased dightly over time. In generd, a
trend of decreasing HAN concentrations with increasing pH would be
expected, since these compounds are known to undergo base-catalysed
hydrolysisand havebeenidentified asintermediatesin the formationof
chloroform (Reckhow & Singer, 1985). Therefore, these compounds
may be unstable in the presence of free chlorine or under basic
conditions. In general, after an initial formation period, HAN and
haloketone concentrations level off or begin to decline over the
remainder of the reaction period. This indicates that base-catalysed
hydrolysis may not be a significant mechanism of reaction for the
relatively low pH sources.

Stevenset al. (1989) eval uated the effects of pH and reactiontime
(4, 48 and 144 h) on the formation of chloral hydrate. Chloral hydrate
formation increased over timeat pH 5 and 7, whereas chloral hydrate
that had formed within4 hat pH 9.4 decayed over time at the elevated
pH.

The pH of the source water can also affect the formation of by-
products after chloramine addition. The disproportionation of mono-
chloramine, which is an important reaction leading to an oxidant 10ss,
has been shown by several researchersto be catalysed by hydrogenion,
phosphate, carbonate and silicate (Vaentine & Solomon, 1987).

Humic acids have shown reactionrateswith chlorine dioxide that
increased by a factor of 3 per pH unit (pH 4-8) (Hoigne & Bader,
1994).

Inadditionto theimpact of pH on THM and HAA formationnoted
above, overall TOX formation decreaseswith increasing pH. Many of
the hal ogenated DBPs tend to hydrolyse at alkaline pH levels (>8.0)
(Singer, 1994a). This has significant implications, for example, for
precipitative softening facilities.

pH hasastrong effect on adehydeformation (Schechter & Singer,
1995). Higher ozonation pH values produced lower amounts of
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aldehydes, supporting thetheory that these DBPs are formed primarily
through the direct mol ecul ar ozonereaction pathway, asopposedto the
radical pathway. These results may aso reflect greater destruction of
aldehydes by hydroxyl radicals at elevated pH levels.

Effect of bromide

The presence of bromide ion during water treatment disinfection
can lead to the formation of DBPs such as brominated organics and
bromate ion. Low but significant levels of bromide, the ultimate
precursor to bromate and other brominated compounds, may occur in
drinking-water sources as aresult of pollutionand saltwater intrusion
in addition to bromide from natural sources. An understanding of the
sources and levels of bromide ion indifferent sourcewatersis crucial
for an understanding of the bromate ion formation potentia in
drinking-waters. Thereareno known trestment techniquesavailablefor
economically removing bromide ion present in source waters during
drinking-water treatment.

The impact of bromide on the speciation of DBPs within a class
of compounds such as THMs or HAAs has been discussed by Cooper
etal. (1983, 1985) and Amy et a. (1998). Rook et al. (1978) reported
that bromine is more effective than chlorine in participating in
substitution reactions with organic molecul es; furthermore, precursor
materials may differ in their susceptibility to bromination versus
chlorination reactions. Hypobromous acid formed from bromide may
also react with ammonia to form bromamines (Galal-Gorchev &
Morris, 1965).

Effect of reaction rates

After chlorine addition, thereisaperiod of rapid THM formation
for theinitial few hours (e.g., 4 h), followed by adeclinein the rate of
THM formation, suggesting fast and slow NOM reactive sites. Many
authors haveindicated that the concentration of chloroform appearsto
increase dowly even after 96 h, suggesting that as long as low
concentrations of free chlorine are present, chloroform continues to
form. Bromochlorinated THM species have been found to form more
rapidly than chloroform. Further datafrom many sourcesindicate that
bromoform formation slows at approximately 7-8 h and levels off
amost completely after 20 h (AWWARF, 1991; Koch et al., 1991).
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Thesamegenera kinetictrend observed for THMsalso appearsto apply
to HAAs. A period of rapid formation occurs during the first 4-8 h,
followed by a reduction in the formation rate. In general, for most
sources, concentrationsof chlorinated HAAs appear to slowlyincrease
even after 96 h, while the formation of DBA levels off after about
18-20h.

Miller & Uden (1983) observed that nearly 90% of the fina
concentrations of THMs, TCA and DCA form within the first 24 h of
chlorine addition to waters containing NOM. Reckhow et al. (1990)
found that although waters containing precursor material sisolated from
six different water sourcesdifferedintheir yieldsof chlorinated organic
by-products, the formation curves for chloroform, TCA and DCA had
the same general shapes for al six precursor materias. Some
researchers have suggested that DCA may be an intermediate in TCA
formation; however, for all eight source waters studied, both DCA and
TCA concentrationsincreased or remained stable throughout the 96-h
reaction period, suggesting that DCA was an end-product (AWWARF,
1991). Carlson & Hardy (1998) indicated that HAA formation fol-
lowed a pattern similar to that of THM formation. Aswith the THMSs,
HAA formation rate appeared to be rapid for the first 30 min; after
30 min, HAAs formed at nearly a constant rate in four of the source
waters studied.

Different trends were observed in the HAN concentrations of
different source waters. For two source waters, HAN levels formed
rapidlyfor thefirst 8 hand continued to increase slowly or levelled of f
after 96 h (AWWARF, 1991). DBAN levelsremained relatively stable
overthe96 h, asdid BCAN and DCAN levels. For other sources, levels
of HANs consisting mostly of DCAN increased rapidlyupto4-8 hand
began to decline by the end of the 96-h period. For these sources,
BCAN appeared to be dightly more stable than DCAN.

Verylow levelsof chloropicrin formation have been observed by
many researchers (AWWARF, 1991). The highest concentration
observed was4.0 : g/litre. Chloropicrin appearsto form slowly during
the incubation period, with concentrations tending to level off at
approximately 40 h.
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Effect of temperature

Theformationratesof THMs, HAAS, bromateionandHANshave
been shown to increase with temperature (AWWARF, 1991; Siddiqui
& Amy, 1993). Both hal oketone and chloropicrinlevelswerefound to
be higher at a lower temperature, while the concentrations of other
DBP species were similar or not significantly different. These results
suggest that ahigher temperature allows for more rapid progression of
the transformation of haloketones to other by-products. In studies on
the effect of temperature on THMs, Peters et al. (1980) found an
Arrhenius dependency between the rate constant and temperature with
an activation energy of 10-20 kJmol.

The impact of temperature on THMs was strongest at longer
contact times (Carlson & Hardy, 1998). On a conceptual basis, it may
be that rapidly forming compounds are more reactive and form DBPs
regardless of temperature. On the other hand, slowly forming
compounds require higher activation energy, and an increase in the
temperature supplies the energy. In addition to reaction kinetics, the
temperature of a source water can also affect disinfection efficiency.
Thebiocidal effectiveness of monochloramineissignificantlylessthan
that of free chlorine and is dependent on temperature, pH and residua
concentration.

Effect of alkalinity

AlthoughpH isaveryinfluential variableand alkalinity affectspH,
alkalinity itself does not appear to directly affect the formation of
THMs and HAAs (by chlorination) and has only a dight effect on
adehydesand other organic by-productsfollowing ozonation (Andrews
et a., 1996). However, the majority of studies on the effect of
alkalinity on the formation of bromate during ozonation indicate that
increased a kalinityincreasesbromateformation (Siddiqui et a ., 1995).
Thequantity of aldehydes produced remai nsapproximately constant for
similar changes in akalinity and pH; however, deviation from
equivaent changes in pH and alkalinity results in increased adehyde
concentrations. Therefore, conditions of high alkalinity and low pH or
low akalinity and high pH produce greater quantitiesof adehydesthan
do intermediate values of these parameters (Andrews et al., 1996).
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Influence of water treatment variables on the
amount and type of by-products produced

Since DBPsareformed by all of theabovechemical disinfectants,
the adoption of alternative disinfectants for DBP control often means
only atrade-off between one group of DBPs and another. The most
effective DBP control strategy is organic precursor (NOM) removal
through enhanced coagulation, biofiltration, GAC or membrane
filtration. There has been little success with bromide removal. Other
DBP control options include water quality modifications — for
example, acid or ammonia addition for bromate minimization.

Effect of ammonia

Thepresenceof anmoniainsourcewaters during disinfection can
cause chlorine and ozone demand and parti cipationin the formation of
by-products such as nitrate, cyanogen chloride and other nitrogenous
compounds.

Ammoniaa so does not consume chlorine dioxide. In contrast to
chlorine, chlorine dioxide can therefore be considered as a virucide
when ammoniais present. This might be one of the historical reasons
why chlorine dioxide has been adopted as a disinfectant by some
treatment plants using well oxidized waters but containing changing
ammoniaconcentrations. The addition of ammonia has been shownto
reducetheformationof bromateafter ozonation(Siddiqui etal., 1995),
and the ammonia has been shown to participate in the formation of
HANSs and cyanogen bromide (CNBr) (Siddiqui & Amy, 1993).

The growth of nitrifying bacteria is a potential problem in
chloraminated water supplies or chlorination of sources containing
nitrogen. In a study conducted by Cunliffe (1991), nitrifying bacteria
were detected in 64% of samples collected from five chloraminated
water suppliesinSouth Australiaand in 21% of samplesthat contained
morethan 5 mg of monochloramine per litre. Increased numbers of the
bacteria were associated with monochloramine decay within the
distribution systems.
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Effect of disinfectant dose

Chlorine dose is a factor affecting the type and concentration of
DBPs formed. The THM level rises with increasing chlorine dose
(Kavanaugh et a., 1980). However, there is some disagreement
regarding the quantitativerel ations between chlorine concentrationand
THM levels(or therateof THM production). Most investigatorsfound
a linear relationship between chlorine consumption and THM
production, with an order of reaction greater than or equal to unity
(Trussall & Umphres, 1978; Kavanaugh et a., 1980). However, it is
also possiblethat the order of reaction changesduring thecourseof the
reaction.

Reckhow & Singer (1985) found that the concentration of DBP
intermediates such as DCAN and 1,1,1-TCPN formed after 72 h of
reaction time was dependent on chlorine dose. DCAN, which was
measured at a concentration of approximately 5 : g/litre at a chlorine
dose of 10 mg/litre, was not detected in samples dosed with 50 mg of
chlorine per litre. The concentration of chloroform was about
150 : g/litrein asample dosedwith 10 mg of chlorine per litre but was
approximately 200 : g/litre in a sample dosed with 20 mg of chlorine
per litre. Thus, it is imperative to have uniform chlorine doses for
performing DBP formation kinetic measurements.

Since chloramine residuals are longer-lasting than free chlorine
residuals, the doses for each set of chlorinated and chloraminated
samples will be different in order to achieve the prescribed target
residual. The disappearance of chloramines can be explained approxi-
mately by a second-order reaction. However, as the chlorine dose
increased, the observed rate constant was found to decrease, then
increased after reaching a minimum value (Dlyamandoglu & Selleck,
1992). Below the chlorine dose a the minimum value of the observed
rate constant, therate constant was proportional tothe1.4 power of the
chlorinedose, regardless of the ammonia concentration (Y amamoto et
al., 1988).

Effect of advanced oxidation processes

Water utilities can add treatment processes that remove DBP
precursorsor DBPs. Many utilities will be using both approaches. The
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hydrogen peroxide/UV process, an advanced oxidation process, offers
small water utilities a treatment process with the potential to provide
primary disinfectionand amethod of DBP control (Symons& Worley,
1995). This process has been shown to oxidize dissolved organic
hal ogens and decrease TOC. TOC removal as afunction of UV dose
has also been demonstrated by Worley (1994), with TOC removals of
between 0% and 80%. Andrewset a. (1996) eval uated theeffect of the
hydrogen peroxide/lUV processon THM formation and concluded that
this process is only dlightly effective in reducing the formation of
DBPs. However, using hydrogen peroxide at 1 mg/litreincombination
with UV effectively reduced or prevented the formation of aldehydes.
Other advanced oxidation processes (e.g., hydrogen peroxide/ozone,
ozone/UV) involving hydroxyl (and hydroperoxyl) radical formation
may provide similar opportunities.

Effect of chemical coagulation

Enhanced coagul ationand softening will remove TOC. Enhanced
coagulation is characterized by coagulant doses greater than those
required for optimum turbidity removal; as an aternative to higher
doses, a combination of acid (pH depression) and coagulant addition
can be practised.

All organic DBPswerereduced by the addition of commonlyused
coagulants. lron-based coagulants, such as ferric chloride, were
consistentlymoreeffective than aluminremoving NOM (Crozeset dl.,
1995). Alum coagulationremoved all DBP precursorsto a significant
extent. The percentage removals showed the same trends as, but were
not identical to, the percentage removals of TOC and UV absorbance.
UV absorbance was removed to a somewhat greater extent than TOC.
Hence, TOC and UV absorbance can serve as surrogate parametersfor
DBP formation potential. A fairly good correlation was observed
betweentheratio of HAAsto THMsand theratio of UV absorbanceto
TOC, indicating that therel ative concentrations of HAAsand THMsdo
to some extent depend on the nature of the precursor material.
However, more data from waters of different qualities would be
required to evaluate the validity of this relationship.

The effectiveness of coagulants in removing DBP precursors is

dependent upon the molecular size of the dissolved organic matter.
Normally, higher molecular weight fractions are effectively removed
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through coagulation. Inastudy conducted by Teng & Veenstra(1995),
water containing dissolved organic matter with molecular weightsin
therange 1000-10 000 daltonsgenerally produced thelargest amounts
of THMsand HAAsunder conditionsof freechlorination. Coagulation
and ozonation shift a proportionately greater amount of the THM and
HAA formation potential to the smallest molecular weight range
(<1000 daltons).

Coagulation and filtration remove NOM but not bromide, hence
increasing theratio of bromideto TOC. Asaresult, the subsegquent use
of chlorine generally favours the formation of brominated organic
DBPs.

Effect of pre-ozonation

Several studies of ozone oxidation followed by chlorination
showed increased, rather than decreased, levels of THMs (Trussell &
Umphres, 1978). Thisis attributed, at least partially, to the formation
of adehydes by ozonation. Another possibility is hydroxylation of
aromatic compounds to produce m-dihydroxy aromatic derivatives,
which are known THM precursors (Lykins & Clark, 1988). Although
the aldehydes produced contain polar groupings, they are nevertheless
not easily removed during the flocculation step by complexation with
aluminiumor ironsalts. A convenient and more appropriatemethodfor
the removal of the aldehydes formed during ozonation is the incor-
poration of a biological treatment step (biofiltration) in the water
treatment process following ozone oxidation.

Pre-ozonation can haveboth positive and negative effectsonDBP
formation. Pre-ozonation with typica water treatment dosages and
bicarbonate levels has been shown to remove TCA and DCAN
precursors. However, such treatment can result in no net changeinthe
DCA precursorsand may lead to anincreasein1,1,1-TCPN precursors
(Reckhow & Singer, 1985). Accordingto Teng & Veenstra(1995), pre-
ozonationresulted in enhanced formation of DCA during chlorination
and chloramination in the presence of precursorsin the <1000 dalton
molecular weight range. They also indicated that pre-ozonation plus
chloramination controlled the overall productionof THMsand HAAS.
However, the use of pre-ozonation coupled with free chlorination
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increased the yield of DCA for both the hydrophilic and hydrophobic
fractions of NOM as compared with free chlorination alone.

With ozone-chlorinetreatment, chloral hydrate formation can be
enhanced. This behaviour, which has also been observed for DCA,
suggests that the reaction that produces chlora hydrate is accel erated
under the conditions of ozonation in combinationwithprechlorination
and warm water temperatures (LeBel et d., 1995).

Ozonation in the presence of traces of hypochlorite ion can form
inorganic by-products such as chlorate. Siddiqui et al. (1996a) showed
that if there is any residual chlorine present, ozone can potentially
oxidize hypochloriteion to chlorate.

Coleman et al. (1992) suggested that brominated MX analogues
and other mixed bromochl orinated by-productsformed after ozonation
and chlorination can possibly increase mutagenic activity.

Effect of biofiltration

Biofiltration (ozone-sand filtration or ozone-GAC) can poten-
tially reduce TOC, organic by-products and the formation of halo-
genated DBPs.

Passage of ozonated water samples through a rapid sand filter
reduced the concentration of aldehydesby 62% (Lykins& Clark, 1988).
Chlorinated samples experienced a 26% reduction in aldehyde
concentrationsunder the same conditions. Thesereductionsinadehyde
levels are attributable to biological activity in the sand filters. If GAC
filtration follows sand filtration, ozone oxidation can be expected to
promote more bioactivity in the GAC filter, because a better
colonization environment is provided for microorganisms on GAC
particles than on sand. Thus, the biological conversion of oxidized
water impurities to carbon dioxide and water will be greater during
passage through GAC media. Similar ddehyde removals have been
observed by severa researchers (Van Hoof etal., 1985; Sketchell et al.,
1995).

Drinking-water treatment techniquesthat remove organic contami-

nants without affecting bromide concentrations cause a shift in the
formation of DBPs towards brominated DBPs. Sketchell et al. (1995)
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studied three sourcescontaining threedifferent DOC level sand ambient
bromides, which werefiltered through biologically active GAC filters.
Analysis of treated waters showed no removal of bromide ion and a
shift towards more brominated organo-DBPs. THM levels after
treatment with GAC with no added ozone decreased from900-1700to
100-700 : g/litre. These water sources contained DOC levels ranging
from 10to 25 mg/litre and high concentrations of biodegradable DOC
(DOC removals ranged from 60% to 80% after GAC treatment).

Table 8 summarizes the effects of ozonation and biofiltration on
the formation of DBPs from various sources.

Comparative assessment of disinfectants

A comparative assessment (Table 9) of various disinfecting
chemicalsfor pre-disinfection (or oxidation) and post-disinfectionand
maintaining a residual for 5 days to simulate concentrations in the
distribution system showed that the use of free chlorine producesthe
largest concentration of halogenated DBPs (Clark et al., 1994). The
concentration of DBPs may be reduced by adding ozone or chlorine
dioxide as a preoxidant, although enhanced formation has been
observed.

Table 10 summarizes the effects of water quality and treatment
variables on the formation of DBPs.

Alternative strategies for disinfectant by-product
control

The concern about chlorite, bromate, chlorate and other DBPsin
drinking-water following treatment with disinfectants has stimulated
research into ways to eliminate the production or enhancetheremoval
of DBPs. Strategiesfor DBP control include source control, precursor
removal, use of aternative disinfectants and removal of DBPs by
technologies such as air stripping, activated carbon, UV light and
advanced oxidation technologies. For DBPs that can arise in
hypochloritesolutions(e.g., chlorate), the purity and storage conditions
of the solutions are important concerns.
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Table 8. Effects of ozonation and biofiltration on chlorine organic by-products

DBPs Ozonation Biofiltration Ozonation + biofiltration Reference
(% change) (% change) (% change)

THMs 120 120 140 (chlorine) Speitel et al. (1993)

HAAs 110 113 125 (chlorine) Speitel et al. (1993)
Chloropicrin +50 to +250 150 to 1100 (chlorine) Miltner et al. (1992)
Aldehydes +425 to +1300 140 to 150 192 to 198 Miltner et al. (1992)

TOX 130 151 (chlorine) Miltner et al. (1992)

TOX 110 138 147 (chlorine) Shukairy & Summers (1992)

TOX +32 169 160 (monochloramine) Shukairy & Summers (1992)




Table 9. Comparative assessment of organic disinfectant by-products (: g/litre) in distribution systems®®

DBPs Sand-Cl, Cl,-Sand-Cl,  O3;-Sand-Cl, NH,CIl-Sand-NH,CI 0O;—Sand-NH,CI ClO,-Sand—-Cl,
THMs 236.0 225.0 154.0 9.0 32 138.0
HAAs 60.0 146.0 82.0 14.0 9.0 440
HANs 3.1 29 27 <0.1 <0.1 <0.1
Haloketones 21 26 26 <0.1 <0.1 42
Chloropicrin 1.3 1.3 7.7 <0.1 <0.1 14
Chloral hydrate 79.0 75.0 55.0 <0.1 <0.1 45.0
TOX 557.0 540.0 339.0 59.0 27.0 379.0

@ Clark et al. (1994).
b TOC = 3.0 mgllitre; pH = 7.6.



Table 10. Summary of impact of water quality and treatment variables on disinfectant by-product formation

Variable

Impact on THMs

Impact on HAAs

Impact on aldehydes

Impact on chlorate/chlorite

Impact on bromate

Contact time

Disinfectant
dose

pH

Curvilinear increase
with increasing contact
time

Rapid formation <5 h
90% formation in 24 h
Levels off at 96 h

Rapid and curvilinear
increase after TOC
demand with dose,
levelling off at 2.0
mg/litre for TOC of 2.0
mg/litre

Curvilinear increase
with increasing pH to
pH 7.0 and possible
pH maximum

No positive effect at pH
>95

Curvilinear increase with
increasing contact time
Rapid formation <5 h
90% formation in 24 h
Levels off at 150 h

Curvilinear increase
after TOC demand with
increasing dose,
levelling off at 2.0
mg/litre

Mixed, possible pH
maximum for DCAA and
DBAA

TCAA decreases up to
pH>9

DCAA maximum at pH
7-75

Linear increase as long
as residual chemical
present

Secondary reactions
between disinfectants
and aldehydes possible

Curvilinear with
increasing ozone dose
or chlorine dose

No appreciable effect
after ozone/DOC =2 :1

Negative effect (forms
mostly through molecular
ozone)

25% decrease for pH
7-8.5

Linear increase in bleach
solutions

No discernible effects in
dilute solutions

If oxidation of
hypochlorite, contact time
has a positive effect

Concentrations related to
hypochlorite doses
applied

Ozone oxidation of
hypochlorite increases
with dose

Positive effect
Decomposition of hypo-
chlorite increases with pH
Oxidation of hypochlorite
by ozone increases

Curvilinear increase with
most bromate forming in
<5 min

Formation is a function of
ozone residual and
bromide

Linear increase after
TOC demand and then
levelling off after ozone
residual disappearance

Strong linear positive
effect

Hydroxyl radical
generation efficiency
increases




Table 10 (Contd).

Variable Impact on THMs Impact on HAAs Impact on aldehydes Impact on chlorate/chlorite  Impact on bromate
Temperature Linear increase with Linear increase with Terminal products such  Positive effect Curvilinear increase
increasing temperature increasing temperature  as carbon dioxide Decomposition of 20-30% increase for
(10-30 °C; 15-25% (10-30 °C; 20-30% increase and total hypochlorite increases 15-25°C
increase) increase) aldehydes slightly
decrease
TOC Increase with Increase with increasing  Positive effect Negative effect if ozone is Decreases with
increasing TOC; TOC; precursor content  (hydrophobic fraction used for hypochlorite increasing TOC;
precursor content important mostly responsible) oxidation precursor content
important Humic acids more Doubles for every 2 Most likely no effect with important
Humic acids more reactive than fulvic acids  mg/litre hypochlorite Non-humic acid being
reactive than fulvic less reactive with ozone
acids
UVA,s5, Increase with Increase with increasing  Positive effect Negative effect if ozone is Decreases with
increasing UV UV absorbance; Ozone demand used for hypochlorite increasing UV
absorbance; precursor  precursor content increases with UV (UV oxidation absorbance; precursor
content important important absorbance is mostly Probable negative effect ~ content important
Aromaticity of TOC Aromaticity of TOC due to aromaticity and with hypochlorous acid Humic acid being more
being more important being more important hydrophobic fraction) reactive with ozone
Bromide Shift towards Shift towards Independent of bromide  Shift towards more toxic Bromide threshold
brominated species brominated species at <0.25 mg/litre bromate in hypochlorite Curvilinear increase and
At >0.25 mg/litre, solutions dependent upon ozone
aldehydes can decrease residual
due to ozone—bromide
oxidation
Alkalinity No discernible effect No discernible effect Slight positive effect Unknown Positive effect
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Table 10 (Contd).

Variable

Impact on THMs

Impact on HAAs

Impact on aldehydes

Impact on chlorate/chlorite

Impact on bromate

Minimization
strategies

Removal
strategies

TOC removal,
minimizing chlorine
residual, alternative
disinfectants, pH
control, minimizing
contact time

GAC, electron beam,
air stripping

TOC removal,
minimizing chlorine
residual, alternative
disinfectants, pH control,
minimizing contact time

GAC, electron beam

pH control, TOC removal
by coagulation, GAC,
optimizing doses,
contact time

Biofiltration, advanced
oxidation, GAC,
nanofilters

Avoid hypochlorite dosing
solution Minimize storage
Properly tune generators
Use freshly made
solutions

Ferrous sulfate, GAC,
electron beam, UV
irradiation, nanofilters

pH depression, ammonia
addition, radical
scavengers, minimizing
and optimizing ozone
residual

Ferrous sulfate, UV
irradiation, high-energy
electron beam, GAC




2.11.1

2.11.2

2.11.3

Chemistry of Disinfectants and Disinfectant By-products

Source control

Source control options involve controlling nutrient inputs to
waters(e.g., algae growth control) (Hoehn et al., 1990) that are used as
drinking-water sources, watershed management (e.g., constructing
stormwater detentionbasins), saltwater intrusioncontrol (e.g., develop-
ment of structural or hydrodynamic barriers to control TOC and
bromide), and using the concept known as aquifer storageandrecovery
(e.g., drawing water during seasons when the quality of the water is
best) (Singer, 19944).

Organohalogen by-products

Strategies for control of organohalogen by-products include
removal of DBPsthat are formed using technol ogiessuch asoxidation,
aeration and carbon adsorption (Clark et al., 1994); and removal of
precursors using treatment techniques such as conventional treatment,
oxidation, membrane processes, carbon adsorption and biological
degradation. For many organic compoundsthat are difficult to oxidize,
such as chloroform, the kinetics of ozone oxidationare generaly very
slow but are faster if used in combination with UV irradiation. GAC
adsorption and membranefiltration are relatively expensive processes;
moreover, NOM removal by GAC cannot be accomplished to any
significant degree in afilter/adsorber (i.e., GAC filter cap) mode but
requires aseparate post-filtration adsorber bed. Theuse of membranes
requirespretreatment to prevent fouling, aswell as processing of waste
brine. The use of ozonein combination with biologically active GAC
filtersisapromising aternative to reduce DBP precursors.

Inorganic by-products

Properly designed and operated chlorine and chlorine dioxide
generator systemscan minimize someof theproductionof chlorateion.
Removal of chlorite and chlorate has been reported using reduction by
Fe?* or sulfite or by GAC (Voudrias et al., 1983; Lykins & Clark,
1988). GAC isseen as problematic because of chlorate productionand
ashort bed life. A chemical process using an appropriate agent such as
reduced iron (e.g., ferrous sulfate) appears to be a more promising
approach (Kraft & van Eldick, 1989; Gordon et al., 1990).
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If bromate is present in treated water entering the coagulation
process(i.e., formed during pre-ozonation), several optionsexistfor its
removal. An agueous-phase reducing agent (e.g., F€**) can be added at
the rapid mix step. Powdered activated carbon canlikewisebe added as
asolid-phasereductant to removebromateand DBP precursors. Not all
utilities contemplating ozone application intend to employ pre-
ozonation. Rather, they may use intermediate ozonation prior to the
filtration process; in this situation, removal of bromate by activated
carbonispossible. Thisapproach haspotential relevanceto integration
of GAC columns into a process train or, more redistically, to retro-
fitting of rapid sand filters with GAC filters. For groundwaters that
require no coagulation, bromate can be removed after ozonationusing
aGAC filter, UV irradiation or high-energy electron beam irradiation
(Siddiqui et al., 1994, 1996a,b,c).

Brominated or bromochl orinated aminesformed during the oxida-
tion step of the processtrain using chlorine can potentially be removed
using a suitable activated carbon before terminal chlorination. How-
ever, carbonthat hasan accumulation of surface oxides, whichdevelop
through reaction of amines, will have adiminished capacity to reduce
halogenated amines to nitrogen. Organic amines can potentialy be
removed by activated carbon adsorption.

Organic by-products

There are some technologies for removing organic contaminants
formed after chlorinationand chloramination, aless viable option than
minimizing their formationthrough DBP precursor removal or use of
alternative disinfectants. Studies of ozone oxidation have shown that
aromatic compounds, alkenes and certain pesticides (some of which
have structural similaritiesto certain organic DBPS) are removed well
by ozonetreatment, but that alkanesare poorly removed. Also, removal
efficiency improves for the akenes and aromatic compounds with
increasing ozone dosage and for some akaneswith increasing pH. For
most compounds, the efficacy of ozone is not affected by the back-
ground water matrix if the ozoneisused after coagul ation. Andrews et
al. (1996) showed that using hydrogen peroxide at 1.0 mg/litre in
combination with UV effectively reduced or prevented the formation
of adehydes.
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2.12 Models for predicting disinfectant by-product

2.12.1

formation

The regulation of THMs and other halogenated DBPs has been
complicated by findings that alternative disinfectants to free chlorine
may also form by-products that are of potential health concern.
Additional complicating factorsimpactingtheregulationof DBPshave
been the emergence of Giardia and Cryptosporidium asmajor water-
borne pathogens.

In view of the finding that water chlorination produces DBPs,
some of which are carcinogenic, mutagenic or possibly teratogenic,
severa countries have recently laid down standards for various DBP
levels. Thisstimulated the search for mathematical modelsto describe
or predict DBP formation in disinfected water and to evauate the
effectiveness of water treatment technol ogies designed to reduce DBP
levels so as to comply with the standards. Most of these models are
based on fitting mathematical equationsto variousempirical observa
tions, rather than mechani stic and kinetic considerations. Thisismainly
due to the complexity of the reactions between organic precursors and
disinfecting chemicals, which usuallyinvolvesevera parallel pathways
leading to a great variety of products. The complexity of the DBP
formation reactions also makes it difficult to develop universaly
applicable models for simulating DBP formation potential associated
withdisinfectionof adiversearray of natural source waters. However,
the analysis presented by many models suggests that many waters
exhibit comparable general responses to changes in a given parameter
(i.e, responses lending themselves to simulation by a particular
mathematical functionality), although specific responses associated
with individual waters may vary. The multiple regression models
developed by many researchers represent a rational framework for
modelling DBP formation in many sources. Another potentia appli-
cation isthe modelling of DBP mixtures, e.g., predicting HAA levels
from THM and water quality data.

Factors affecting disinfectant by-product formation and
variables of interest in disinfectant by-product modelling

Theinformationonthefactorscontrolling DBPformation, which
isavailablein the literature, is briefly summarized below.
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The extent of formation of DBPs is dependent on severa water
quality parameters, such as TOC concentration, UVA., bromide
concentration and temperature. It is also dependent on chlorination
conditions, such as chlorine dose, pH, ammonia concentration and
contact time. After the various statisticaly significant factors were
identified, mathematical equations were developed to describe the
formation of various DBPs. A least squares method was used to
determine the optimum eguation coefficients that best describe the
experimental data. Theoptimum coefficientshavebeen defined asthose
that produce a minimum residua error between the mathematical
predictions and the experimental data.

Empirical models for disinfectant by-product formation

Numerousmodelsfor predicting THM formation through chlori-
nationhavebeenreported (Mooreet al., 1979a; Kavanaugh et al., 1980;
Engerholm & Amy, 1983; Urano et al., 1983; Amy et al., 1987, 1998;
Morrow & Minear, 1987; AWWARF, 1991; Hutton & Chung, 1992).
Of these, model sreported by AWWARF (1991) and Amy et al. (1998)
are more recent and were derived from a variety of natural source
waters and more realistic treatment conditions. Not much information
has been reported on the formation of other chlorination DBPs. Only
Amy et al. (1998) summarized empirical modelsfor THMs, HAAsand
chloral hydrate. These chlorination by-product models can be used to
assesshothin-plant and distributionsystemformationof THMs, HAAs
and chloral hydrate. Water quality conditions such as DOC, pH,
temperature and bromide are needed asinputsto the models; such data
then all ow assessment of chlorination DBP formation as a function of
reaction time:

DBP concentration (total THMsor THM species, total HAAs or
HAA species, or chloral hydrate) =
f(TOC, bromide, chlorine, pH, temperature, time)

Relatively little is known about the kinetics of the formation of
bromate and other DBPs during ozonation and the quantitative effects
of water quality factors (temperature, pH, etc.); such an understanding
iscrucial for evaluating variousbromate control strategies. Siddiqui &
Amy (1993) and Amy et al. (1998) developed statistical relations to
predict the concentrations of various ozone DBPs, including bromate,
as afunction of water treatment variables. Correlation matrix analysis
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has shown that ozone dose, dissolved ozone concentration, bromide
concentration, pH and reaction time all have a positive influence on
bromate formation. Von Gunten & Hoigne (1994) developed kinetic
models for bromate formation.

Ozone, asaresult of itsstrong oxidizing power, producesavariety
of organic by-products, such asadehydesand ketoacids, when used to
treat natural source waters. These by-products— especialy adehydes
— are highly biodegradable, and there is concern for regrowth of
microorganisms following ozone treatment. They are also potentially
hazardous and may produce increased amounts of chlorinated by-
products upon chlorination. Siddiqui et al. (1997) devel oped a model
to estimate the potential for total aldehyde formationin source waters
upon ozonation.

2.12.3 Models for predicting disinfectant by-product precursor
removal

It is recognized that chlorination will continue to be the most
common disinfection process; hence, enhanced remova of DBP
precursors present in raw sources represents a valuable option for
reducing thepotential for by-product formation. Theremoval of NOM
can be achieved either by providing additional processes, suchasGAC
and nanofiltration, or by enhancing the existing coagulation, floccu-
lation and sedimentation processes. Predictive model s have been dev-
eloped for assessing coagulation efficiency in removing NOM and
reducing DBP precursor levels (AWWAREF, 1991; Amy et al., 1998).

Coagulation can reduce DOC and DBP precursors but not
bromidelevels; hence, agreater proportionof brominated DBP species
can potentialy be produced in the finished water.

The effects of precursor removal by chemical coagulation can be
assessed through the use of treated water models. Onecan either predict
DBPs formed under a given degree of precursor removal or define the
degree of precursor removal required to meet DBP regulations. The
impact of bromide ion on meeting regulations can also be assessed. If
one makes the assumption that precursor reactivity (i.e., DBP/DOC)
doesnot change, one can al so assessother precursor removal processes,
such as GAC or membrane processes, through use of the raw/untreated
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water models. Care should be exercised when using models to
approximate post-chlorination DBPs following an ozonation step.

2.13 Summary

*  Theprimary and most important role of drinking-water trestment
isto remove or inactivate harmful microorganisms. Another role
is to minimize the concentrations of disinfectants and DBPs
without compromising inany way the removal or inactivation of
pathogens.

»  Drinking-water utility managers must be more knowledgesble
about optionsto meet regulations. Itisoftenmore practical to use
treatment methods that control the concentration of severa
contaminants than to modify trestment practices for each new
standard that is promul gated.

* A thorough understanding of DBP formation would help the
successful balancing of appropriatemicrobial inactivationwiththe
minimization of DBPs. Water quality variables affect DBP
formation and must be considered when devel oping a strategy to
control DBPs with various disinfectants.

»  The chemistry of chlorine and its by-products has been well
studied, and ozone and its by-products have recently received
much attention. Studies of chlorine dioxide and chloramines and
their by-productsarerelatively few, although more work in these
areas is now being undertaken.

e Orne of the simplest processes to minimize halogenated DBP
formation is limiting the free chlorine contact time by using
monochloramine to maintain a distribution system residual
following primary disinfectionby chlorineor ozone. Chloramines
are an effective meansof controlling DBPs. However, the growth
of nitrifying bacteria (and related production of nitrite) is a
potential problem in chloraminated water supplies.

»  Various nitrogen-containing organic compounds may be present
in source waters after chlorination and chloramination. Because
of analytical complexities, very few detailed studies have been
undertaken to
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determine the individual compounds present and their concentrations.

Many factors between the source and the tap can influence the
DBPs to which consumers are exposed. Although THMs and
HAASs continue to form with increasing contact time, some other
hal ogenated DBPs, such as HANSs and haloketones, form rapidly
but then decay inthedistribution system as aresult of hydrolysis.
This has major implications regarding exposure to these DBPs,
depending upontheir proximity to the treatment plant. For treated
source waters, median levels of HAAs are often approximately
one-haf of the median THM levels.

For low-bromide source waters, chloroform is normally the
dominant THM species;, DCA and TCA are the most prevalent
HAA species; DCAN is the most prevaent HAN species; and
1,1,1-TCPN is the most prevaent of the two measured halo-
ketones. Very low levels of chloropicrin have been observed by
variousresearchers; this compound appearsto formslowlyduring
the incubation period, with concentrations tending to level off at
40 h. For high-bromide waters, increased levels of brominated
DBPs are observed.

Chlorine dioxideisastrong oxidant that under certain conditions
surpasses chlorine in its ability to destroy pathogenic organisms.
When chlorine dioxide is prepared and administered without
excessfree chlorine, THMs and other chlorinated by-productsare
not produced, but inorganic by-products are formed.

TOC levels have been found to be correlated with halogenated
DBP formation. The nature of this relationship varies with the
source. TOC removal can be used asasurrogate for the reduction
of DBP formation.

Although the presenceof chloral hydrate and HANsin chlorinated
samples may be attributed to precursors other than amino acids,
the potential for amino acids to be present in natural sources is
well documented. Surface waters, but not groundwaters, tend to
contain amino acids. However, the removal of these precursors
during conventional water treatment is not well understood.
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The amount of chlorate that is present in delivered hypochlorite
solutions depends on many factors. Freshly made hypochlorite
solutionswill containlesschloratethan hypochloritethat isstored
without concern for temperature and pH. If a utility isusing a
single tank to store hypochlorite, it is likely that the level of
chlorate is increasing in the tank. Thus, storage tanks should be
periodically flushed and cleaned, and, if possible, the storage time
should be reduced.

Models have been developed that can be used to simulatethefate
and movement of DBP precursors in distribution systems. The
models can be designed as a planning tool for evaluating the
impacts of source water management strategies and estimating
DBP exposures. Some limitations of existing models include
calibration with alimited database, application to only a specific
water sourceor group of related sources, lack of termsto simulate
important parameters, such as reaction time, and inadequate
validation.



3.1

3.1.1

3. TOXICOLOGY OF DISINFECTANTS

In assessing the hazards associated with drinking-water dis-
infection, it isimportant not to neglect the disinfectants themselves.
Adding disinfectant in excess of the demand has several practical
benefits. First, it ensures that reaction of the disinfectant with DBP
precursors (largely organic material and ammonia) does not shorten
contact time to the point of ineffective disinfection. Second, residual
disinfectant helpsto prevent regrowth of organismsin theremaining
portions of the treatment and distribution systems.

Theresult of thispractice, however, isthat one of the chemicals
that ispresent in thefinished water at the highest concentration isthe
disinfectant. In the present regulatory climate in many countries,
chemicals that are introduced as direct additives to food would be
subjected to a significant amount of toxicological screening before
they could be used. Since the major disinfectants were introduced
almost 100 years ago, they were subjected to much less thorough
toxicological evaluations than would be required today. However,
many of these data gaps have been addressed in the past decade.

Chlorine and hypochlorite

General toxicological properties and information on dose—
response in animals

Chlorine gas has long been recognized as alung irritant. This
topicwill not be reviewed in the present document, asit appearsto be
largely irrelevant tothe small amounts of chlorinethat arevolatilized
from chlorinated water in showersor other points of usein the house-
hold. Inwater treatment plants, however, thereisapossibility of occu-
pational exposures that could have severe sequelae. For information
on these higher-level exposures, the interested reader isreferred toa
recent review by Das & Blanc (1993). Theeffectsof chlorinegasthat
have been observed in humans will be discussed in section 3.1.3.

Sodium hypochlorite (NaOCl) or cacium hypochlorite

(Ca(OCl),) solutions have also been utilized extensively in the
disinfection of drinking-water. The stock solutions used for this
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purpose are highly caustic and are a clear concern for occupational
exposures. The concentration required to produce irritation and
decreased basal cdll viability in the skin of guinea-pigs after an
application period of 2 weekswas 0.5% sodium hypochlorite (Cotter
et al., 1985). Reducing the concentration to 0.1% resulted in no effect
on basal cell viability relative to control animals. Y arington (1970)
demonstrated that instillation of bleach into the oesophagus of dogs
produced irritation. Theminimal exposurethat produced oesophagedl
burns was 10 ml of commercial bleach with a 5-min exposure. It
should be noted that the highly alkaline pH (about pH 11) of sodium
hypochlorite is not likely to be encountered in drinking-water.

There have been relatively few evaluations of the effects of
chlorine or hypochlorite in drinking-water. The present review will
focus on studies with treatment periods longer than 4 weeks where
drinking-water wastheprimary routeof exposure. Referencetoearlier
studies of shorter duration and less general applicability to a safety
evaluation can be found in previous reviews (Bull, 1980, 1982a,b,
1992; Bull & Kopfler, 1991).

Daniel et al. (1990a8) evaluated the toxicity of solutions of
chlorine prepared by bubbling chlorine gas into distilled water and
adjusting the pH to 9.4. The nominal concentrations of chlorine used
were0, 25, 100, 175 or 250 mg/litrein distilled water (approximately
0, 3, 10, 16 or 21 mg/kg of body weight per day). These solutions
were provided as drinking-water to both male and female Sprague-
Dawley rats (10 per sex per dose) for 90 days. No deaths occurred in
any treatment group. However, there were statistically significant
decreasesin drinking-water consumption in femalestreated with 100
mg/litre and higher, probably due to decreased palatability. There
were no consistent effects of chlorine treatment on organ to body
weight ratios or clinical chemistry parameters. A no-observed-effect
level (NOEL) of 10 mg/kg of body weight per day was identified by
the authors based on reduced body weight gain. However, since this
was associated with reduced palatability of the drinking-water, it is
not considered to be a true toxicological end-point.

Thestudy in rats was followed up with another study in B6C3F,;
mice (Daniel etal., 1991a). Male and female B6C3F, mice (10 per sex
per group) wereadministered 12.5, 25, 50, 100 or 200 mg of chlorine
per litre of drinking-water for 90 days (calculated mean daily doses
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were 2.7, 5.1, 10.3, 19.8 or 34.4 mg/kg of body weight in males and
2.8,5.8,11.7, 21.2 or 39.2 mg/kg of body weight in females). Spleen
and liver weights were depressed in males, but not in females, at the
highest dose rates (100 and 200 mg/litre). There were no other con-
sistent indications of target organ effects based on serum enzyme
concentrations. No gross or microscopic lesions could be related to
treatment with chlorine.

Severa of the following studies utilized solutions of sodium
hypochlorite as the treatment chemical. It is now known that such
solutions can contain very high concentrations of chlorate within a
short time of their preparation (Bolyard et al., 1993). The extent of
this contamination has not been reported.

Hasegawa et al. (1986) examined the effects of much higher
concentrations (0.025, 0.05, 0.1, 0.2 or 0.4%) of sodium hypochlorite
(equivalent to 7, 14, 28, 55 and 111 mg/kg of body weight per day)
administered in drinking-water to male and female F344 rats for
13 weeks. Twenty ratsof each sex wereassigned to each experimental
group. Significant suppression of body weight (asaresult of decreased
consumption of water and food) occurred at 0.2% and above. The
authors noted slight damage to the liver as indicated by increased
levels of serum enzymes (not specified) at 0.2% and 0.4% sodium
hypochlorite in both sexes. No evidence of treatment-related
pathology was observed in this study or in a 2-year study in which
males were subjected to 0.05% or 0.1% (13.5 or 27.7 mg/kg of body
weight per day) and femalesto 0.1% or 0.2% (34 or 63 mg/kg of body
weight per day) sodium hypochlorite. The extended exposures were
conducted with 50 animals of each sex per treatment group. Anaysis
of dosing solutions was not reported.

In a 2-year bioassay, the National Toxicology Program (NTP)
examined chlorineat O, 70, 140 or 275 mg/litre (expressed asatomic
chlorine, Cl) in drinking-water of F344 ratsand B6C3F, mice (70 per
sex per group) (NTP, 1992). These solutions were prepared from
gaseous chlorine and neutralized to pH 9 by the addition of sodium
hydroxide. Stability studies indicated that 85% of the initial target
concentration remained after 3 days of preparation. Stock solutions
(concentrations not specified) were prepared once weekly, and solu-
tions for drinking were prepared 4 times weekly. Based on body
weight and water consumption, doses in these studies were
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approximately 0, 4, 7 or 14 mg/kg of body weight per day for male
rats; 0, 4, 8 or 14 mg/kg of body weight per day for femalerats; 0, 7,
14 or 24 mg/kg of body weight per day for male mice; and 0, 8, 14 or
24 mg/kg of body weight per day for femalemice. Theonly treatment-
related non-tumour pathology was found to be a dilatation of renal
tubules in male mice receiving 275 mg/litre for more than 66 weeks.
No non-neoplasticlesionswereobserved in either maleor femalerats.

A number of immunological changes have been associated with
the treatment of rodents with sodium hypochloritein drinking-water.
Water containing 25-30 mg of sodium hypochlorite per litre was
found to reduce the mean number of peritoneal exudate cells
recovered from female C57BL/6N mice after 2 weeks of treatment.
This was, in turn, associated with a significant decrease in
macrophage-mediated cytotoxicity tomelanomaand fibrosarcomacdll
lines (Fidler, 1977). The treatment period was increased to 4 weeks
in a subsequent study, which demonstrated that 25 mg of sodium
hypochloriteper litre decreased the ability of peritoneal macrophages
to phagocytose *'Cr-labelled sheep red blood cells. Macrophages
obtained from the mi cetreated with hypochloritewerefound tobeless
effective in destroying B16-BL6 melanoma cells in vitro. Mice so
treated were also found to have increased pulmonary metastasis of
B16-BL 6 cellswhen they wereintroduced by subcutaneous injection
(Fidler et a., 1982).

Exon et al. (1987) examined theimmunotoxicological effectsof
sodium hypochloriteat 5, 15 or 30 mg/litre (0.7, 2.1 or 4.2 mg/kg of
body weight per day) in the drinking-water of male Sprague-Dawley
rats (12 per dose) for 9 weeks. Delayed hypersensitivity reaction to
bovineserum albumin wasobserved at the highest dose administered.
Oxidative metabolism by adherent resident peritoneal cells was
decreased at 15 and 30 mg/litre, and the prostaglandin E, levels of
these cells were found to be significantly elevated. No effects on
natural killer cell cytotoxicity, antibody responses, interleukin 2
production or phagocytic activity were observed. The effects on
macrophage activity suggest that some impairment does occur at
relatively low levels of sodium hypochlorite. As pointed out by the
authors, these were relatively mild effects, the significance of which
wasunknown. Itisnot clear that these effectswould betranslated into
a significant impairment of the immune response to a particular
infectious agent. However, modification of macrophage function
appearsto be one of the most sensitive responses identified in studies
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of chlorineor hypochloritein experimental animals. A study inwhich
female C57BL/6 mice wereadministered hypochloritein their drink-
ing-water (7.5, 15 or 30 mg of hypochlorite per litre) for 2 weeks
showed no effects on the immune system as measured by spleen and
thymusweight, plaque-forming cell response, haemaggl utinationtitre
and lymphocyte proliferation (French et al., 1998).

Altered liver lipid composition has been observed as a result of
acute intragastric administration of sodium hypochlorite (5 ml of a
1% solution) to rats (Chang et al., 1981). These data do not provide
a clear indication of whether these effects might give rise to
pathology. The concentrations of hypochlorite utilized were much
greater than those that would be encountered in drinking-water.

The effects of hypochlorous acid and hypochlorite on the skin
have received relatively little attention despite the current interest in
bathing as a significant source of chemical exposure from drinking-
water. Robinson et al. (1986) examined the effects of both
hypochlorite and hypochlorous acid solutions applied to the skin of
the entire body of female Sencar mice except for the head. Exposures
wereto 1, 100, 300 or 1000 mg/litre as hypochlorous acid at pH 6.5
for 10 min on 4 consecutive days. Hypochlorite (formed by raisingthe
pH to 8.5) was studied only at 1000 mg/litre. Significant increasesin
epidermal thickness and cell counts within the epidermal layer were
observed at concentrations of hypochlorous acid (pH 6.5) of 300
mg/litreand above, but the thickness of the skin was not significantly
different from that in animals at 100 mg/litre. The increasesin skin
thickness were associated with an epidermis whose thickness was
increased to 46 cells as compared with the normal 1-2 cells seenin
mice. The effects of hypochlorite were much less marked. Following
a single application, the increased thickness of the skin observed in
mice exposed to hypochlorous acid (i.e., pH 6.5) did not appear until
4 days after the treatment. This differed from hypochlorite, other
disinfectantsand thepositivecontrol, 12-O-tetradecanoylphorbol-13-
acetate (TPA). Inthelatter cases, the maximal response was observed
within 2448 h after treatment. The hyperplastic response to
hypochlorous acid required 12 days to return to normal. This study
suggests a considerable margin of safety between the concentrations
of chlorine regquired to produce hyperplasia and those that are found
in drinking-water.
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The reactive nature of chlorine always raises questions of
whether itischlorineor aby-product that isresponsiblefor any effect.
Severa studies have examined the formation of by-products in the
gastrointestinal tract following the administration of chlorine.
Invariably, these studies have involved theadministration of chlorine
or hypochlorite by gavage at very high concentrations relative to the
amountsthat would be encountered in chlorinated drinking-water. As
a consequence, the by-products formed following gavage dosing of
high concentrations may not be representative of the by-productsthat
would be seen following the consumption of modest to moderate
levelsof chlorinein larger volumes of water. A particular issueisthat
the high organic carbon concentration relative to chlorinethat would
be encountered in the gastrointestinal tract when water is consumed
at low concentrations should dissipate disinfectant before sufficient
oxidative power would be present to break down substrates to small
molecules. Despite these design flaws, the data do indicate that by-
products are formed. The bulk of them remain as higher molecular
weight products, which may have little toxicological importance.

Vogt et al. (1979) reported that chloroform could bemeasured in
theblood, brain, liver, kidneys and fat of rats to which sodium hypo-
chlorite was administered by gavage at doses of 20, 50 or 80 mg in
5 ml of water. Thus, the by-product chloroform can beformed by the
reaction of chlorine with stomach contents.

Mink and co-workers(1983) pursued this observation and found
that other by-products could be detected in the stomach contents and
plasma of rats that had been administered sodium hypochlorite
solutions neutralized to pH 7.9. In addition to chloroform, DCAN,
DCA and TCA were detected in the stomach contentsanalysis. DCA
and TCA were aso detected in blood plasma.

The third group of compounds identified as by-products of
chlorination in stomach contents of the rat are the organic N-
chloramines (Scully et a., 1990). N-Chloroglycine, N-chloroleucine
or N-chloroisoleucine and N-chlorophenylaanine were confirmed
products of reactionswith normal amino acids that would ordinarily
be found in the gastrointestinal tract. N-Chlorovaline and N-
chloroserinewereal sotentativelyidentified. Organicchloraminesare
reactive and could be responsible for toxic effects that may be
attributed to chlorinein toxicological studies. The chlorine demand
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of free amino acids in stomach contents was found to be only about
4% of the total. Consequently, this process may be substrate-limited
at concentrations of chlorine found as residuals in drinking-water.
However, use of higher concentrations of chlorinewould also lead to
breskdown of proteins present in the stomach fluid. Thus, as
concentrations are increased to levels that would be used in animal
studies, these products would be formed at a much higher
concentration, similar to the phenomena noted with THM and HAA
by-products.

Reproductive and developmental toxicity

In general, animal studies have demonstrated no reproductive or
teratogenic effects of chlorine. Druckrey (1968) examined the effects
of water chlorinated to a level of 100 mg/litre (approximately 10
mg/kg of body weight per day) in BDII ratsfor seven generations. No
effects were observed on fertility, growth or survival.

A number of subsequent studies have studied the effects of
chlorine or hypochlorite on more specific aspects of reproduction or
development. Meier et al. (1985b) reported that oral administration
of sodium hypochlorite (pH 8.5) prepared from chlorine gas and
administered at 4 or 8 mg/kg of body weight per day for 5 weeks
increased the incidence of sperm head abnormalitiesin B6C3F, mice
(10 animals per group). The effect was not observed when the
solutions were administered at pHs at which hypochlorous acid was
the predominant species (pH 6.5). However, other studies have not
been able to associate adverse reproductive outcomes with the
administration of chlorine or sodium hypochlorite.

Carlton et a. (1986) found no evidence of sperm head abnor-
malities or adverse reproductive outcomesin Long-Evansrats. Male
rats were treated for 56 days prior to mating and female rats from
14 days prior to mating through gestation. Each experimental group
consisted of 11-12 males and 23-24 females. Solutions of chlorine
were prepared at pH 8.5, so the study evaluated hypochlorite as the
dominant formin thedrinking-water. Doseswereas high as5 mg/kg
of body weight per day.
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Toxicity in humans

There have been significant human exposures to chlorine and
hypochlorite solutions. Much of that experience iswith inhalation of
chlorine gas, which is known to be a strong respiratory irritant.
Chlorine gas is also the largest single component involved in toxic
release incidents. A third major source of exposure is solutions of
sodium hypochlorite, usually marketed asbleach. Bleach isfrequently
involved in human poisonings. These exposures are not particularly
relevant to exposures to chlorine or hypochlorite in drinking-water.
Therefore, only a few case reports are identified that illustrate the
types of problemsthat have been encountered. There was no attempt
to make this review comprehensive.

Theirritating effectsof chlorinegas have been well documented
because of its use as a chemical warfare agent during World War |
(Das & Blanc, 1993). In a follow-up of survivors of gassing, it was
concluded that there was no evidence of permanent lung damage;
however, these studies clearly indicated that survivors had breath
soundsthat suggested bronchitisand limited chest and diaphragmatic
movement, even emphysema. Most studies suggested that therewere
high incidences of acuterespiratory disease and alesser prevalence of
chronic sequelae. Similar sequelae have been identified following
exposure of humans to accidental releases of chlorine gas. In these
more modern characterizations, the acute signs and symptoms
included a high incidence of pulmonary oedema and severe
bronchitis. These signsand symptoms are of generally short duration
and resolve themselves over the course of about 1-4 weeks. However,
chronic sequel ae are observed in someindividuals, depending in part
upon the severity of the exposure. In such cases, a decrease in the
forced expiratory volume is the most consistently reported clinical
sign.

Two recent reports suggest that chronic sequel ae to acute expo-
sures to chlorine gas may be more prevalent than previously
appreciated. Moore& Sherman (1991) reported on an individual who
was previously asymptomatic and who developed chronic, recurrent
asthma after exposureto chlorinegasin an enclosed place. Schwartz
et al. (1990) followed 20 individuals who had been exposed to
chlorine gasin a1975 incident. The prevalence of low residua lung
volume was increased during the follow-up period. Sixty-seven per
cent of those tested were found to have residual volumes below 80%
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of their predicted values. Five of 13 subjects tested for airway
reactivity to methacholine were found to have a greater than 15%
decline in forced expiratory volume.

Controlled studies have been conducted in healthy, non-smoking
men exposed to chlorinegasat 1.5 and 2.9 mg/m? (0.5 and 1.0 ppm)
for 4 or 8 h (reviewed in Das & Blanc, 1993). Four hours of exposure
to 2.9 mg/m? (1.0 ppm) produced significant decreases in the forced
expiratory volume. Oneindividual who wasfound to be experiencing
more difficulty than other subjects at this dose and who was later
exposed to 1.5 mg/m? (0.5 ppm) experienced a significant decreasein
forced expiratory volume. While 1.5 mg/m? (0.5 ppm) appears protec-
tivefor most people, somemoresensitiveindividualsmay in fact have
more significant responses to chlorine gas.

The effects of chronic exposure to chlorine gas have received
only limited study. In one study of paper mill workers, amore rapid
age-related decrease in lung volumes of workers exposed to chlorine
relative to those exposed to sulfur dioxide was noted, but the trend
was not statistically significant (Das & Blanc, 1993). Other studies
failed to identify chronic sequelae.

There are frequent reports of human poisonings from bleach.
Most often these exposures result from the mixing of bleach with
acidic products or ammonia. Acidification converts hypochlorite to
hypochlorous acid, which dissociates to chlorine gas, offgasses very
rapidly from the solutions and presents an inhalation exposure
(MMWR, 1991). Mixing bleach with ammonia results in the
formation of monochloramine and dichloramine, both of which are
effective respiratory irritants (MMWR, 1991).

Any potential effects of chlorine or hypochlorite in drinking-
water areobscured by thefact that by-productsinevitably coexist with
the residual chlorine. One series of studies in which by-products
formed were minimized by dissolving chlorine in distilled water
attempted toidentify effectsof chlorinein drinking-water on humans.
Chlorine in drinking-water was administered in a rising-dose
tolerance study beginning with 0.1 mg/litre in two 500-ml portions
and rising to aconcentration of 24 mg/litre, equivalent to 0.34 mg/kg
of body weight per day (Lubbers & Bianchine, 1984). No clinically
important changes were observed. Nofindings of clinical importance
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were identified in a follow-up treatment with repeated dosing with
500-ml portions of a solution containing 5 mg of chlorineper litrefor
a 12-week period (Lubbers et a., 1984a).

Another study attempted to determine whether consumption of
chlorinated drinking-water affected blood cholesterol levels (Wones
et al., 1993a). Theimpetusfor this study wasatoxicologica study in
pigeons that suggested that chlorine raised blood cholesterol levels
and modified serum thyroid levels (Revis et a., 1986a,b) and an
epidemiological study that associated small increasesin cholesterol of
women with residence in communities having chlorinated water
(Zeighami et al., 1990a,b; described in detail in section 5.2.2). A prior
study (quoted in Wones et al., 1993a) was conducted that examined
men who consumed water containing 2, 5 or 10 mg of chlorine per
litre and found a small increase in serum cholesterol levels at the
highest dose group. However, no control group was studied, so the
changes could have been attributed to the change in diet imposed as
part of the study protocol (Wones & Glueck, 1986). Thelonger-term
study was composed of 30 men and 30 women who received a
controlled diet for the duration of the study. The first 4 weeks
represented an acclimatization period during which all subjects
received distilled water. Half the subjects were assigned to a group
that consumed 1.5 litres of water containing 20 mg of chlorine per
litre for the following 4 weeks. At the end of each 4-week period,
blood was analysed for cholesterol, triglycerides, high-density
lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL)
cholesterol or apolipoproteins A1, A2 and B. There were no
significant effects. There was a dight trend towards lower thyroid
hormonelevel sin men consuming chlorine, but thiswasnot clinically
significant (Woneset al., 1993a). Thesedatasuggest that observations
obtained previously in pigeons could not be repeated under
comparable conditions of chlorine consumption. It isnotablethat the
animals utilized in the original pigeon study had consumed a
modified diet (Revis et al., 1986a) that was deficient in calcium and
other trace metals. A subsequent study failed to replicatethe previous
results in pigeons (Penn et al., 1990).

Carcinogenicity and mutagenicity
The International Agency for Research on Cancer (IARC) has

evaluated thecarcinogenicity of hypochlorite saltsand concluded that
there were no data available from studies in humans on their
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carcinogenicity and inadequate evidence for their carcinogenicity in
experimental animals. Hypochlorite salts were assigned to Group 3:
the compounds are not classifiable as to their carcinogenicity to
humans (IARC, 1991).

Severa studies have shown that sodium hypochlorite produces
mutagenic responses in bacterial systems and mammalian cells in
vitro. However, there is no evidence of activity in mammalian test
systemsin vivo. It isnot clear towhat extent thisisinfluenced by the
formation of mutagenic by-products as a result of reactions with
components of the incubation media. Wlodkowski & Rosenkranz
(1975) used short-term exposures of Salmonella typhimurium strain
TA1530 followed by ascorbic acid-induced decomposition to reduce
the cytotoxic effects of hypochlorite. The investigators applied 0.14
>mol per tube and added ascorbic acid after intervals of 5, 10 and 15
min. At 5 min, a clear positive response was observed with minimal
cytotoxicity. Significant responses were also observed in strain
TA1535, but not in strain TA1538.

Rosenkranz (1973) and Rosenkranz et al. (1976) also demon-
strated a positivemutagenic responsein DNA polymerase A deficient
Escherichia colit00.006 - mol of sodium hypochlorite. Thisresponse
was unaffected by the addition of catalase, suggesting that the
response was not related to the generation of hydrogen peroxide.

Matsuoka et al. (1979) reported that sodium hypochlorite at a
concentration of 6.7 mmol/litre (0.5 mg/ml) produced chromosomal
aberrationsin Chinese hamster ovary (CHO) cells in the presence of
S9 mix. This concentration was cytotoxic in the absence of S9. Some
concern must be expressed about whether responses observed with
such high and clearly cytotoxic concentrations in an in vitro system
represent specific clastogenic effects. The authors report only one
concentration tested with and without S9. It is probable that the
positiveresponsein the presenceof S9, if it isa specific response, was
aresult of detoxifying hypochlorite. This protection could be non-
specific aswell, in that it may not have depended upon any catalytic
activities present in the SO fraction (i.e., the added protein may have
acted as a reactive sink to dissipate excess hypochlorite). Conse-
quently, it is difficult to use these data in interpreting the effects of
chlorine or hypochlorite in vivo.
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| shidate (1987) studied theinduction of chromosomal aberrations
in cultures of Chinese hamster CHL cells at sodium hypochlorite
concentrations ranging from 125 to 500 Zg/ml without exogenous
metabolic activation and from 31 to 125 - g/ml with and without rat
liver SO mix. A clear increase in the number of cells with structural
chromosomal aberrationswasobserved at 500 - g/ml without SO mix,
whiletheresultsobtained in the other series, showingweakly positive
responses, were considered inconclusive.

Meier et al. (1985b) evaluated the ability of hypochlorite and
hypochlorous acid to induce chromosomal damage or micronuclei in
the bone marrow of CD-1 mice. The samples to be tested were
generated by bubbling chlorine gasinto water and then adjusting the
pH to 6.5 (predominantly hypochlorous acid) or 8.5 (predominantly
hypochlorite). The doses administered were 1.6, 4 or 8 mg/kg of body
weight for 5 consecutive days. There was no evidence of increased
micronuclei or chromosoma abnormalities in bone marrow cells.
Significant positive responses were observed with positive control
chemicalsin both assays. Asreported in section 3.1.2, these authors
detected a positive response in the sperm head abnormality assay in
mice treated at these same doses of hypochlorite in two separate
experiments. This assay is used primarily as a mutagenicity assay
rather than asan assay for reproductive toxicities. Hypochlorous acid
had no effect in the sperm head abnormality assay.

Tests of the ahility of hypochlorite to induce cancer in rodents
were conducted in F344 rats by Hasegawa et al. (1986). Sodium
hypochlorite concentrations of 0, 500 or 1000 mg/litre (males) and O,
1000 or 2000 mg/litre (females) were administered in the drinking-
water for 104 weeks (equivalent to 13.5 and 27.7 mg/kg of body
weight per day for malesand 34.3 and 63.2 mg/kg of body weight per
day for females). There were 50 male and 50 female rats assigned to
each experimental group. No tumours could be attributed to sodium
hypochlorite administration.

NTP(1992) conducted a 2-year bioassay of chlorinein F344 rats
and B6C3F, mice. Theconcentrationsadministered in drinking-water
were0, 70, 140 or 275 mg/litre, and there were 70 animals of each
sex assigned to each group (approximately O, 4, 8 or 14 mg/kg of body
weight per day for ratsand 0, 7, 14 or 24 mg/kg of body weight per
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day for mice). There was an apparent positive trend in the induction
of stromal polyps of the uterus of female mice treated with chlorine,
but this was considered unlikely to be treatment-related because the
incidence was below those observed in historical controls. In female
rats, therewasan increase in mononuclear cell leukaemiaat both 140
and 275 mg/litre (8 and 14 mg/kg of body weight per day). However,
the response was not considered treatment-related because it fell
within the range of historical controls, there was no apparent
dose-response, and there was no evidence for such an increase in
male F344 rats.

A single study suggested that sodium hypochlorite could act as
apromoter of skin tumoursfollowinginitiation with 4-nitrogquinoline-
1-oxide in female ddN mice (Hayatsu et a., 1971). A solution of
sodium hypochlorite that contained 10% effective concentrations of
chlorine was utilized. Skin tumours were produced in 9 of 32 mice
given 45 applications of sodium hypochlorite following initiation.
Sodium hydroxide solutionswereutilized asa control for thealkaline
pH of sodium hypochlorite and produced no tumours. No tumours
were observed with 60 applications of sodium hypochlorite solution
in non-initiated mice. Pfeiffer (1978) conducted a much larger
experiment that utilized 100 mice per group. This author found that
a 1% sodium hypochlorite solution applied alternately with
benzo[a]pyrene for 128 weeks was ineffective in producing skin
tumours in female NMRI mice above those that had been initiated
with benzo[«]pyrene aone at doses of 750 or 1500 : g. Pretreatment
with the sodium hypochlorite solution before application of the
benzo[a]pyrene actually reduced tumour yields at 128 weeks with
doses of either 750 or 1500 :g of benzo[a]pyrene. Sodium
hypochlorite used in a more traditional initiation/promotion study
(i.e.,, sodium hypochlorite treatment following initiation with
benzo[a]pyrene) produced adecreasein thetumour yield with the 750
2 g dose of benzo[a]pyrene, but had no effect following 1500 :g.
Thus, the ability of sodium hypochloriteto act as atumour promoter
may depend upon the initiator used, or the smaller experiment of
Hayatsu et al. (1971) may simply be a false result.

Aspointed out in section 3.1.1, application of solutions of hypo-
chlorous acid to the skin of Sencar mice resultsin the devel opment of
hyperplasia The concentrations required are considerably lower
(300 mg/litre) (Robinson et al., 1986) than those used in the studies
of either Hayatsu et al. (1971) or Pfeiffer (1978). Sodium hypochlorite
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was also effective at lower doses, but less so than equivalent con-
centrations of hypochlorous acid. These results suggest that these
prior evaluations may have been conducted at too high adose. There
appear to be no reports on the effectiveness of hypochlorous acid asa
tumour promoter, but the lack of activity at doses of less than 300
mg/litre would suggest that thisis of no concern.

Comparative pharmacokinetics and metabolism

A series of pharmacokinetic studies using *Cl-labelled hypo-
chlorous acid were conducted by Abdel-Rahman and co-workers
(1983). These studies are of limited value because the form of *Cl
could not be determined in various body compartments.

Mode of action

There are no specific toxicities of chlorine for which a
mechanism needs to be proposed. It is a strong oxidizing agent, and
it must be presumed that damage induced at high doses by either
gaseous chlorine or solutions of hypochlorite is at least partially
related to this property. In studies in which sodium hypochlorite is
used without neutralization, a strong alkaline pH can also contribute
to its effects. Thereis aways the possibility that chlorineisinducing
subtleeffectsby virtue of itsreaction with organic compoundsthat are
found in the stomach. Such reactions have been demonstrated, but
thereis no convincing evidence to date that any specific toxicity can
be attributed to these by-products.

Chloramine

General toxicological properties and information on dose—
response in animals

Therehavebeen relatively few eval uationsof thetoxic properties
of chloraminein experimental animals. In large part thisis because
it isnot marketed asaproduct but iscreated for disinfection purposes
on-site and in situ. Chloramine is primarily used as a residual
disinfectant in the distribution system. The final solution consists of
mostly monochloramine, with traces of other chloramines, such as
dichloramine. Chloramines, as a group, are generally recognized as
potent respiratory irritants, becausetheformation of these compounds
when household bleach and anmmonia are mixed results in a number
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of poisoning cases each year (MMWR, 1991). In spite of this, there
has been no attempt to quantify dose-response relationships in
animals.

Eaton et al. (1973) investigated concerns about chloramine-
induced methaemoglobin formation in kidney patients dialysed with
chloramine-containing water. Thiswasdoneby examining the ability
of relatively large volumes of tapwater to oxidize haemoglobin in
dilute suspensions of red blood cells. This circumstance is reflective
of dialysis, but not of the concentrated suspension of these cells in
vivo. Nevertheless, the authors were able to show that
methaemoglobin formation occurred in a dose-related manner when
1 volume of red blood cells (human) was suspended in 100 volumes
of tapwater containing 1 mg of chloramine per litre or above. This
effect was not produced by comparable concentrations of sodium
hypochlorite. The ability to induce methaemoglobin formation was
eliminated by treating the water by reverse osmosis followed by
carbon filtration. Clearly, chloramine is capable of inducing
methaemoglobinaemia at low concentrations when there is a large
reservoir of chloramine. Thisisadecidedly different exposurepattern
from that of normal humans and other mammalss, as they consume
small volumes of water relative to the volume of red blood cells that
are exposed.

Moore et a. (1980a) studied alterations of blood parametersin
male A/J mice treated with 0, 2.5, 25, 50, 100 or 200 mg of mono-
chloramineper litrein carbonate/bicarbonate-buffered (pH 8.9) drink-
ing-water. Twelve animals were assigned to each group, and
treatmentswere maintained over a 30-day period. Consistent with the
interpretation provided above, therewereno treatment-related effects
on osmotic fragility, methaemoglobin levels, haemoglobin concen-
trations, reticulocyte counts or anumber of other derived parameters.
Haematocrits of mice treated with 50, 100 or 200 mg/litre were
actually higher than those observed in control mice. White blood cell
counts were not atered in these animals.

Daniel et a. (1990a) conducted a moretraditional 90-day study
of monochloramine in Sprague-Dawley rats (10 animals per sex per
dose). Treatment concentrationswere 0, 25, 50, 100 or 200 mg/litre,
corresponding to doses of 0, 1.8, 3.4, 5.8 or 9.0 mg/kg of body weight
per day in malesand 0, 2.6, 4.3, 7.7 or 12.1 mg/kg of body weight per
day in females. Controls received carbonated, pH-adjusted drinking-
water. A large number of haematological and clinical chemistry
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measures were included in the evaluation. Body weights were signi-
ficantly depressed in both sexes at treatment concentrations in the
50-200 mg/litre range, but this appeared to be related to depressed
water and food consumption. There were minor changes in organ to
body weight ratios at the highest dose, but no evidence of treatment-
related pathology was observed. Male rats were found to have
decreased haematocritsat 100 mg/litre, and red blood cell countswere
slightly depressed at 100 and 200 mg/litre. The authors concluded
that monochloramine was more toxic than chlorine or chlorine
dioxide. However, it must be noted that the changes in blood
parameters were small and in themselves of no clinical significance.
Other measures were not related to specific toxic reactions. Based on
the decrease in organ and body weights observed in both sexes, the
authorsconcluded that theno-observed-adverse-effect level (NOAEL)
was 100 mg/litre, equivalent to 5.8 mg/kg of body weight per day.

Thework in ratswasfollowed up with a second study in B6C3F,;
mice (Daniel et al., 1991a). Maleand fema e B6C3F, mice (10 per sex
per group) wereadministered 0, 12.5, 25, 50, 100 or 200 mg of chlor-
amine per litre of drinking-water for 90 days (calculated mean daily
dosewasO, 2.5, 5.0, 8.6, 11.1 or 15.6 mg/kg of body weight for males
and 0, 2.8, 5.3, 9.2, 12.9 or 15.8 mg/kg of body weight for females).
Water consumption significantly decreased at 100 and 200 mg/litre
in males and at 25-200 mgl/litre in femaes. Weight gain was
significantly depressed in both sexes at 100 and 200 mg/litre.
Neutrophil concentrations in blood were significantly depressed in
both male and female mice at the two highest doses, but other white
blood cell counts were unaltered. Absolute and relative spleen and
liver weights were depressed at both 100 and 200 mg/litre. No gross
or microscopic evidence of target organ toxicity was observed that
could be related to treatment. Based on decreased organ weights,
weight gain, and food and water consumption, the authors concluded
that the NOAEL was 50 mg/litre, equivalent to 8.6 mg/kg of body

weight per day.

A 13-week study in which groups of 10 Sprague-Dawley rats
weregiven drinking-water containing 200 mg of monochl oramineper
litreor buffered water asacontrol, ad /ibitum or restricted to the same
consumption as the monochl oramine group, was designed to resolve
some of the outstanding toxicological questions. The results of this
study indicated that the reduced body weight gain and the minor
biochemical, haematological, immunological and histopathological
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changes associated with exposureto 200 mg of monochloramine per
litre (equivalent to 21.6 mg/kg of body weight per day) in drinking-
water were largely related to reduced water and food consumption
(Poon et al., 1997).

In a 9-week study, Exon et a. (1987) examined the ability of
monochloramine to modify immunological parameters in mae
Sprague-Dawley rats (12 per dose) exposed to concentrations of 0, 9,
19 or 38 mg of monochloramine per litre, equivalentto 0, 1.3, 2.6 or
5.3 mg/kg of body weight per day. At the middlie and highest dose,
chloraminetreatment was observed to increase prostaglandin E, syn-
thesis by adherent resident peritoneal cells (which include macro-
phages) in responsetolipopolysaccharidestimul ation. Noattempt was
made to relate this finding to other indices of modified macrophage
function. A small depression in spleen weights was observed at the
highest dose. Theimplications of these data for immunefunction are
not clear. Other measures of immune function did not reveal statis-
tically significant changes with treatment. These included a decrease
in antibody formation at the lowest and middle doses in response to
keyholelimpet haemocyanininjection or delayed-typehypersensitivity
reactions to bovine serum albumin injected into the footpad.

The effect of monochloramine on skin irritation was tested by
immersing Sencar miceinto water containing chloramine at concen-
trations ranging from 1 to 1000 mg/litrefor 10 min aday (Robinson
et al., 1986). Unlike hypochlorous acid (pH 6.5) or hypochlorite (pH
8.5), chloramine did not produce hyperplasia of the skin.

Reproductive and developmental toxicity

Studiesin laboratory animals have indicated no reproductive or
developmental effectsassociated with chloramine. Abdel-Rahman et
al. (1982a) administered monochl oramineto female Sprague-Dawley
rats at concentrations of 0, 1, 10 or 100 mg/litre (0, 0.15, 1.5 or
15 mg/kg of body weight per day) for 2.5 months prior to breeding
and through gestation. Only six animals were assigned to each
treatment group. Reproductive performance wascomparabl e between
groups, and fetal weights were not adversely affected by treatment.
Between 50 and 60 fetuses were available (mae and femae
combined) for evaluation. Therewasno evidence of treatment-rel ated
skeletal or soft tissue anomalies.
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Carlton et al. (1986) examined the effects of monochloramine
administered by gavage at doses of 0, 2.5, 5 or 10 mg/kg of body
weight per day on the reproductive performance of Long-Evansrats.
Males (12 per group) weretreated from 56 days prior to and through
mating, and females (24 per group) from 14 days prior to mating and
throughout the mating period. No statistically significant effects on
sperm morphology, concentration or motility wereobserved, nor were
there any effects on fertility, viability, litter size, pup weights, day of
eye opening or day of vaginal patency.

Toxicity in humans

The primary harmful effects of chloramine have been
documented in humans poisoned by chloramine formed when
household bleach was mixed with ammonia for use as a cleaning
solution. Chloramine is a strong respiratory irritant. These effects
were discussed in section 3.1.3.

Forty-eight men compl eted an 8-week protocol duringwhich diet
and other factors known to affect lipid metabolism were controlled.
During the first 4 weeks of the protocol, all subjects consumed
distilled water. During the second 4 weeks, one-third of the subjects
wereassigned randomly to drink 1.5 litres of water containing O, 2 or
15 mg of monochloramine per litre each day. At 2 mg/litre, no
significant changes were observed in total, HDL or LDL cholesterol,
triglycerides or apolipoproteins A1, A2 or B. Parameters of thyroid
function were unchanged. However, an increase in the level of
apolipoprotein B was observed at 15 mg/litre (Wones et al., 1993b).

Carcinogenicity and mutagenicity

Shih & Lederberg (1976) first demonstrated that
monochloramine induced mutation in a Bacillus subtilis reversion
assay. The concentration range studied extended from 18 to 74
mol/litre. A positive dose—response was observed through 56
> mol/litre, but 74 - mol/litrewas cytotoxic. Repair-deficient mutants
of B. subtilis, rec3, recA and polyA5, wereconsi stently moresensitive
to the cytotoxic effects of chloramine, whiletheuvr and recB mutants
were not. The sensitivity of the polyA5 mutants parallels the
observations of Rosenkranz (1973) with sodium hypochlorite and
suggests that DNA polymerase A isinvolved in the repair of DNA
lesions produced by both chemicals. Thus, it is possible that a
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common intermediate or mechanism is involved in the mutagenic
effects of hypochlorite and chloramine.

A broader list of chloramineswastested by Thomaset al. (1987)
in Salmonella typhimurium tester strainsTA97a, TA100 and TA102.
The chloramines tested included those that could be formed at low
levels from natural substrates in drinking-water or in the stomach.
TA100 was found to consistently be the most sensitive strain. The
most potent mutagenswerethelipophilic dichloramines formed with
histamine, ethanolamine and putrescine. The corresponding mono-
chloramines were less potent. The more hydrophilic chloramines,
such as taurine-chloramine, had little activity. Monochloraminewas
activein the50 - mol/litrerange, remarkably consistent with thedata
of Shih & Lederberg (1976). Hypochlorous acid was inactive at all
concentrations that were tested, up to and including concentrations
that induced cytotoxicity.

Ashby and co-workers (1987) wereunable to induce clastogenic
effects in the mouse bone marrow micronucleus assay when
chloraminewas administered oraly. They suggested that thein vitro
clastogeni c effectswereprobably attributabl eto non-specific cytotoxic
effectsthat are secondary to the release of hypochlorite to the media.

Meier et a. (1985b) found that intraperitoneal administration of
monochloramine to CD-1 mice at doses of up to 8 mg/kg of body
weight was without significant effect on either micronuclei or
chromosomal aberrations in the bone marrow. These data would
appear to be consistent with the findings of Ashby et al. (1987).

Studies on the carcinogenicity of chloramine are limited to a
single set of 2-year experiments conducted by the NTP (1992).
Drinking-water containing 0, 50, 100 or 200 mg of chloramine per
litrewas provided to F344 rats and B6C3F, mice. Seventy animal s of
each species and of each sex within a species were assigned to each
experimental and control group. Doses in rats were 0, 2.1, 4.8 or
8.7 mg/kg of body weight per day in males and O, 2.8, 5.3 or 9.5
mg/kg of body weight per day in females; doses in mice were 0, 5.0,
8.9 or 15.9 mg/kg of body weight per day in males and 0, 4.9, 9.0 or
17.2 mg/kg of body weight per day in females. Of some interest was
thefinding that two renal cell adenomaswerefoundin male B6C3F,
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mice treated with the high dose of chloramine. In addition, onerenal
adenomawas found in one male mouse treated with 100 mg/litre and
in onefemalemousetreated with 200 mg/litre. Whilethistumour site
israrein both species, there was no real dose-response trend, nor
were the differences between the control and treatment groups
dtatistically significant. A second finding of some concern was an
increasein theincidence of mononuclear cell leukaemiain F344 rats.
This pathology was increased in rats treated with chloramine or
hypochlorite, although the effects were not clearly dose-dependent.
The incidence of mononuclear cell leukaemia was significantly
greater than in concurrent controls and was elevated above the
historical incidence as well. Nevertheless, these increases were not
considered to betreatment-rel ated. In part, thisconclusion arosefrom
the lack of a clear dose—response. It was also based on the fact that
there was no comparable trend in male rats.

Comparative pharmacokinetics and metabolism

Thepharmacokineticsof *Cl derived from monochloraminehave
been examined in male Sprague-Dawley rats (Abdel-Rahman et al.,
1983). These data are difficult to interpret because the specific form
of the label is not known.

Chlorine dioxide

General toxicological properties and information on dose—
response in animals

Despiteitsuseasadisinfectant, there have been very few genera
toxicological evaluations of chlorine dioxide, because most studies
havefocused onitsmajor by-product, chlorite, which isconsidered in
section 4.6. The present review will first focus on the limited charac-
terization of chlorine dioxide's general toxicology, then follow up
with adiscussion of its haematological and thyroid effects.

Some very cursory investigations of chlorinedioxide' seffectsas
arespiratory irritant were published by Haller & Northgraves (1955)
in an article dealing with the general chemical properties of the
compound. In essence, these data suggested that exposureto chlorine
dioxidein air at a concentration of more than 420 mg/m? (150 ppm)
for
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longer than 15 min wasfatal to guinea-pigs. Thetotal study involved
SiX guinea-pigs.

Rats (3-5 per group) wereexposed to chlorinedioxidein various
concentrations (0.28-9520 mg/m? [0.1-3400 ppm]) and for various
periods (3 min—10 weeks). All the rats exposed daily to chlorine
dioxide at 28 mg/m? (10 ppm) died in less than 14 days. Purulent
bronchiti sand di sseminated bronchopneumoniawerefound at necros-
copy. No such changesweredemonstrablein rats exposed to approxi-
mately 0.28 mg/m? (0.1 ppm) for about 10 weeks (Dalhamn, 1957).

The LCs, of chlorine dioxide in rats (5 per sex per group)
exposed by inhalation for 4 h was 90 mg/m? (32 ppm) (Ineris, 1996).

Robinson et al. (1986) studied the ability of chlorine and alter-
native disinfectants to induce epidermal hyperplasia in the skin of
Sencar mice. Thethickness of theinterfollicular epidermiswassigni-
ficantly increased by 10-min daily exposures to water containing up
to 1000 mg of chlorine dioxide per litre for 4 days. The thickness of
the epidermis was similar to that induced by an equivalent dose of
hypochlorous acid. Unlike hypochlorous acid, however, therewasno
significantincreasein skin thicknessat concentrationsof 300 mg/litre
or less.

Thestudy of Daniel et al. (1990a) wasthefirst subchronic study
that adhered to modern expectations of toxicological studies. These
authors provided male and female Sprague-Dawley rats (10 per sex
per treatment group) with 0, 25, 50, 100 or 200 mg of chlorine
dioxide per litre of drinking-water for 90 days, equivaent to 0, 2, 4,
6orl12andO, 2,5, 8or 15 mg/kg of body weight per day for males
and females, respectively. Conventional measures of body weight,
organ weights, a broad battery of clinical chemistry parameters and
histopathol ogical examinationswereall included in the study design.
Body and organ weights weresignificantly depressed at 200 mg/litre
in both sexes. This appeared to be secondary to depressed water
consumption, which is known to be tightly coupled to food
consumption in rats. The only significant histopathological damage
found was goblet cell hyperplasia and inflammation. This was
observed at all doses of chlorinedioxidein both maleand femalerats.
Presumably this inflammation occurs as a result of volatilization of
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chlorine dioxide from the water bottle. The amount of chlorine
dioxideactuallyinhaled asaresult of volatilization from thedrinking-
water containing the lowest dose of chlorine dioxide (25 mg/litre)
must be extremely low. This suggests that there might be some
concern for sensitive individuals showering with water containing
chlorine dioxide.

The ability of chlorine dioxide to induce methaemogl obinaemia
and haemolytic anaemiahasreceived extensive study. Abdel-Rahman
et a. (1980) found decreased red blood cell glutathione (GSH)
concentrationsand decreased osmoticfragility in Sprague-Dawley rats
and whiteleghorn chickensgiven drinking-water containing chlorine
dioxide concentrations of 1, 10, 100 and 1000 mg/litre for up to
4 months, but the changes were not consistently dose-related.
However, the authors found that the morphology of red blood cells
was modified (codocytes and echinocytes) in all dose groups, the
severity increasing with increased treatment concentration.
M ethaemogl obin wasnot detected throughout these studies. However,
there was no formal statistical evaluation of these results, and only
four rats were assigned to each experimental group. Administration
of acute doses of as little as 1 mg/kg of body weight by gavage
decreased red blood cell GSH concentrations. This response was not
increased as dose was increased to 4 mg/kg of body weight.

Abdel-Rahman and co-workers extended these observations to
longer treatment periodsin a subsequent publication (Abdel-Rahman
et al., 19844). Again, only four animals were assigned to each
treatment group. At 7 and 9 months of treatment, red blood cells
appeared to become resistant to osmotic shock at all treatment
concentrations (1-1000 mg/litre). These data did not display a clear
dose-response despite the large variation in the dose administered.

Thestudy of Abdel-Rahman et al. (19844) al so reported changes
in theincorporation of *H-thymidineinto the DNA of various organs.
Incorporation was significantly inhibited in testes and apparently
increased in the intestinal mucosa. The effect on apparent DNA
synthesis was particularly marked in the testes at 100 mg/litre,
amounting to about 60% inhibition. These data are difficult to
interpret for several reasons. First, ratsweresacrificed 8 h after being
injected with *H-thymidine. Ordinarily, sacrifices are made 30-60
min after injection because the blood is essentially depleted of *H-
thymidine in an hour. Thus, it is not possible to determine if the
lowered amount of label is related to decreased synthesis or to
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increased turnover of DNA. Second, the result was based on total
counts in DNA, which makes it impossible to determine what cell
typeisaffected or whether the change was associated with replicative
or repair synthesis. Third, only four animas were used per
experimental group.

In arising-dose protocol study, Bercz et a. (1982) evaluated the
effectsof chlorine dioxide on African green monkeys. These animals
wereprovided chlorinedioxidein drinking-water at concentrationsof
0, 30, 100 or 200 mg/litre, corresponding to doses of 0, 3.5, 9.5 or
11 mg/kg of body weight per day. Each dose was maintained for
30-60 days. Animalsshowed signs of dehydration at the highest dose
(11 mg/kg of body weight per day), so exposure at that dose was dis-
continued. No effect was observed on any haematol ogical parameter,
including methaemoglobinaemia. However, statistically significant
depressions in serum thyroxine levels were observed when animals
were dosed with chlorine dioxide at a concentration of 100 mg/litre.
No effect had been observed in a prior exposure of the same animals
to 30 mg/litre for 30 days. The NOAEL in this study was 3.5 mg/kg
of body weight per day.

Theeffectsof chlorinedioxideon thyroid function werefollowed
up by Harrington et al. (1986). Thyroxine levels in African green
monkeys administered drinking-water containing 100 mg of chlorine
dioxide per litre (4.6 mg/kg of body weight per day) wereagain found
to be depressed at 4 weeks of treatment, but rebounded to above-
normal levels after 8 weeks of treatment. These investigators also
found significantly depressed thyroxinelevelsin ratstreated with 100
or 200 mg of chlorine dioxide per litrein drinking-water (equivalent
to 14 and 28 mg/kg of body weight per day) for 8 weeks. Thischange
was dose-related. Lower doses were not examined in the rat study.
The authors indicated that the results were based on 12
determinations; it wasnot clear if these measurements were made on
individual animals.

A set of in vivo and in vitro experiments was conducted in an
attempt to explain the effects of chlorine dioxide on serum thyroid
hormone concentrations. The authors demonstrated that chlorine
dioxide oxidizes iodide to reactive iodine species that would bind to
the stomach and oesophageal epithelium. Rat chow that was treated
with chlorine dioxide at approximately 80 mg/litre was found to
increase the binding of iodineto chow constituents. Thisactivation of
iodine resulted in retention of labelled iodinein the ileum and colon
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and reduced uptake by thethyroid gland. Previouswork demonstrated
that chlorine dioxide was more effective than chlorine in activating
iodide to aform that would covalently bind with a variety of natura
foodstuffs (Bercz et al., 1986). Based on these observations, the
authors concluded that the effects of chlorine dioxide were probably
duetoaltered gastrointestinal absorption of iodideand reduced uptake
into the thyroid gland.

Reproductive and developmental toxicity

A number of reproductive effects have been reported in studies
with laboratory animals, but the relevance for humans of these
findings remains uncertain. The reproductive effects of chlorine
dioxide in Long-Evans rats were studied by Carlton et al. (1991).
Chlorine dioxide was administered by gavage at doses of 2.5, 5 or 10
mg/kg of body weight per day to male rats (12 per group) for 56 days
prior to and through mating and to femal erats (24 per group) from 14
days prior to mating and through pregnancy. Fertility measures were
not significantly different among the dose groups. There were no
dose-related changes in sperm parameters (i.e.,, concentration,
motility, progressive movement or morphology). Thyroid hormone
levels were dtered significantly, but not in a consistent pattern. The
only significant differencewassignificantly depressed vaginal weights
in female pups whose dams had been treated with 10 mg/kg of body
weight per day.

An evaluation of the effects of chlorine dioxide on the fetal
development of Sprague-Dawley rats was conducted by Suh et al.
(1983). Chlorinedioxidewasadministered at 0, 1, 10 or 100 mg/litre
(0, 0.1, 1 or 10 mg/kg of body weight per day) for 2.5 months prior to
mating and throughout gestation. The total number of implants per
damwassignificantly reduced at thehighest concentration of chlorine
dioxide. Thepercentageof anomal ousfetuseswasincreased in adose-
related manner, but the response was not statistically significant.
These anomalies arose primarily as the percentage of abnormal or
incomplete sternebrae in treated rats relative to controls. The lack of
statistical significance was undoubtedly related to the relatively few
femaleratsthat wereincluded in the study (68 femal es per treatment
group). Asaconsequence, theresults of this study must be considered
inconclusive.
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Orme et al. (1985) found that chlorine dioxide administered in
the drinking-water of female Sprague-Dawley rats (13-16 per dose)
at concentrations of 0, 2, 20 or 100 mg/litre (0, 1, 3 or 14 mg/kg of
body weight per day) throughout pregnancy and through weaning
decreased thyroxine levelsin the serum of the pups at 100 mg/litre.
This was associated with delayed development of exploratory
behaviour in the pups away from their dams, and this, in turn, was
probably due to an indirect effect on iodine uptake. In a second
experiment, pups given 14 mg of chlorine dioxide per kg of body
weight per day directly by gavage on postnatal days 5-20 showed
significantly depressed activity and a decrease in serum thyroxine
levels. Studies by the same group (Taylor & Pfohl, 1985) indicated
that cerebellar and forebrain cell counts (based on DNA
measurements) were depressed in 11-day-old pups that had been
treated with chlorine dioxide at 14 mg/kg of body weight per day by
gavagefrom 5 days of age. Cerebellar cell countsremained depressed
inratsat 21 days, but forebrain countswereessentially the sameasin
controls. At 50-60 days of age, the locomotor activity (measured by
wheel-running) of these animals was depressed relative to control
animals.

The effects of chlorine dioxide on brain development were
examined further by Toth et al. (1990). These authors administered
chlorine dioxide by gavage at 14 mg/kg of body weight per day from
postnatal day 1 to 20. Body weight wasreduced, but cerebellar weight
was unaltered at any age. Forebrain weight and protein content were
reduced on postnatal days 21 and 35. DNA content was depressed on
postnatal day 35, and the number of dendritic spines on cerebral
cortical pyramidal cells was significantly reduced. No histo-
pathological changesin theforebrain, cerebellum or brain stem were
observed. There were no consistent changes in serum thyroxine or
triiodothyronine levelsin treated animals.

Collectively, these data suggest some effects of chlorinedioxide
on brain development. In most studies, there are suggestions of
modified thyroid function associated with these effects. It must be
pointed out that the changes in thyroid hormone levels are modest,
much less than are produced with classical antithyroid drugs such as
propylthiouracil (Toth et al., 1990).
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Toxicity in humans

The effects of chlorine dioxide were assessed in a two-phase
study in 10 healthy male volunteers. Thefirst study wasarising-dose
tolerance study (Lubbers & Bianchine, 1984) in which doses of
chlorinedioxidewereincreased from 0.1 to 24 mg/litre, administered
in two 500-ml portions. The maximum dose for a 70-kg person was
0.34 mg/kg of body weight. The details of this study were described
in section 3.1.3. Somesmall changesin avariety of clinical chemistry
parameters were observed, but none was found to be outside the
accepted range of normal. The second phase of the experiment
involved the daily administration of a 500-ml portion of a solution
containing 5 mg/litreto 10 healthy volunteersfor aperiod of 12 weeks
(Lubbers et al., 1984a). Again, measurement of a large battery of
clinical chemistry parametersand routinephysical examination failed
to identify any effects of chlorine dioxide that fell outside of the
normal range. Parametersyielding significant differencesappeared to
be primarily aresult of parallel drift of valueswith the control group.

As with other disinfectants, it is important to recognize that
chlorine dioxide is a potent respiratory irritant. No quantitative data
can be used to construct a dose—response relationship for this effect.

Carcinogenicity and mutagenicity

The mutagenic or clastogenic effects of chlorine dioxide have
received little attention. Ishidate et al. (1984) found chlorine dioxide
to be positive in Salmonella typhimurium tester strain TA100. A
linear dose—response was observed at concentrations between 2 and
20 :g per plate. Chlorine dioxide was ineffective as a clastogenic
agent in a CHO system.

Meier et a. (1985b) evaluated the ability of chlorine dioxide to
induce chromosomal aberrationsand micronuclel in bone marrow of
CD-1 mice or sperm head anomalies. Chlorine dioxide failed to
produce such damage following gavage doses of up to 16 mg/kg of
body weight for 5 days.

With the exception of a 1949 study by Haag (cited in TERA,
1998), which has serious limitations, no tests of the carcinogenic
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activity of chlorine dioxide in experimental animals wereidentified
in the scientific literature.

Comparative pharmacokinetics and metabolism

Therearesignificant differencesin the pharmacokinetics of *Cl
obtained from different disinfectants. The absorption rate for *Cl-
labelled chlorine dioxide was at least 10 times that observed with
chlorine, chloramine or chloride. The relative amount of *Cl that is
eliminated in the urine and faeces at 24 h has a distinct pattern from
that observed with other disinfectantsand sodium chloride. However,
the terminal half-life of the *Cl appears similar for all disinfectants.
These data suggest that theform of *Cl that is being absorbed differs
chemically with the different disinfectants. In the case of chlorine
dioxide, thisissupported by the observation that measurable amounts
of chlorite (about 3% of theoriginal dose) areeliminated in theurine
during the first 24 h, and chlorite comprises about 20% of the label
present in blood 72 h after administration of the test dose (Abdel-
Rahman et al., 1980). However, this higher absorption rate is not
explained by the absorption rates of chlorite and chlorate, which are
about one-tenth asrapid (Abdel-Rahman et al., 1982b). Thissuggests
that some of the absorption could be as chlorinedioxideitself. On the
surface, this hypothesiswould seem to be incompatible with the high
reactivity of thisdisinfectant. Aswith other disinfectants, theterminal
elimination phases observed for *Cl from chlorine dioxide seem
compatible with the hypothesis that the bulk of the elimination is as
chlorideion.
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4. TOXICOLOGY OF DISINFECTANT BY-
PRODUCTS

Trihalomethanes

As aclass, the THMs are generally the most prevalent by-products of
drinking-water disinfection by chlorine. A variety of non-neoplastic toxic
effects have been associated with short-term and long-term exposure of
experimental animals to high doses of THMs, and each of the four most
common THMs — chloroform, BDCM, DBCM and bromoform — has been
shown to be carcinogenicto rodentsin high-dose chronic studies. Chloroform
is generally the predominant THM in chlorinated water and is also the most
extensvely studied chemical of this class. Because the World Health
Organization (WHO) recently published an Environmental Health Criteria
monograph on chloroform (IPCS, 1994), this section will only update the
information contained in that publication. A thorough review of findings
relevant to the toxicology of the brominated THMs isincluded.

As with the other DBPs, the chemica and physical properties of the
THM s influence their potential routes of human exposure, their pharmaco-
kinetic behaviour, their toxicity and methods for conducting toxicological
studies with these compounds. The THMs are volatile liquids at room
temperature; therefore, as these chemicals vaporize during water usage (e.g.,
showering), inhalation becomes an important exposure route in addition to
ingestion. Volatility decreases somewhat with bromine substitution, but each
of the brominated THMs evaporates from drinking-water. Like that of other
akanes, the water solubility of THMs is poor, although adequateto permit
dissolution of the low levels generated via water disinfection. When
administered a higher levels to animals in toxicity experiments, THMs are
often either emulsifiedin aqueous solutions or dissolvedinoils. The useof dils
as vehicles of administration can significantly alter the pharmacokinetics and
toxicity of the THMs. Bromine substitution enhances the lipid solubility of
the halomethanes (and, consequently, uptake into tissues) and generally
increases their chemical reactivity and the likelihood of biotransformation to
a reactive intermediate. Because toxicity is dependent upon a reactive
compound actually reachingasensitivetarget site, greater brominesubstitution
may not necessarily translate into greater in vivo toxicity (i.e., innocuous
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reactions may occur, preventing arrival at target sites). Perhapsto a greater
extent than with other chemicds in this class, BDCM appears to reach a
variety of target tissues where it can be readily metabolized to several
intermediates, leading to adverse effectsin experimental animals.

Chloroform

In 1994, the WHO published an Environmental Health Criteria
monograph on chloroform (IPCS, 1994). The following sections will update
that document with the most recent findings from health-related chloroform
research. Another evaluation of chloroform was included in the 1998
Addendum to the WHO Guidelines for drinking-water quality (WHO,
1998).

General toxicological properties and information on dose—response
in animals

Acute toxicity

Keegan et a. (1998) determined the lowest-observed-adverse-effect level
(LOAEL) and NOAEL for theinduction of acutehepatotoxicity followingoral
administration of chloroform in an aqueous vehicle to male F344 rats. Based
onelevations of serum clinical chemistry indicatorsof liver damage, aL OAEL
of 0.5 mmol/kg of body weight (60 mg/kg of body weight) and a NOAEL of
0.25 mmol/kgof body weight (30 mg/kg of body weight) were established. In
acorn oil gavage study of single-dose chloroform effects, an increase in rena
cell proliferation was observed at doses as low as 10 mg/kg of body weight in
mae Osborne-Mendel rats and 90 mg/kg of body weight in male F344 rats
(Templin et al., 1996a). The only increaseinthe hepaticlabdlingindexwasin
F344 rats given 477 mg/kg of body weight. Effectsin the nasal passages of
both rat strains a 90 mg/kg of body weight and above included oedema and
periosteal hypercellularity. Gemmaet a.(1996) dosed maeB6C3F; micewith
chloroform (150 mg/kg of body weight) by gavage and observed increasesin
cell proliferation in both the liver and kidneys. The effect was more dramatic
in the kidneys, where severe necrosis was also noted.

Nephrotoxicity of chloroform was evaluated in mae Sprague-Dawley
ratstreated orally with single doses of chloroform usingcorn oil or an aqueous
preparation (5%) of Emulphor or Tween 85 as vehicle (10 mi/kg of body
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weight). Comparison between gavage vehicles indicated clear trends for
enhanced potency and severity of nephrotoxic effects with corn oil
administration of chloroform (Raymond & Plag, 1997).

Short-term toxicity

Chloroformwas administered by corn il gavage to maleB6C3F; miceat
doses of 0, 34, 90, 138 or 277 mg/kgof body weight for 4 days or 3 weeks (5
days per week) (Larson et al., 1994a). Mild degenerative changes in
centrilobular hepatocytes were noted in mice given 34 and 90 mg/kg of body
weight per day after 4 days of treatment, but these effects were absent at 3
weeks. At 138 and 277 mg/kg of body weight per day, centrilobular necrosis
was observed at 4 days and with increased severity at 3 weeks. Hepatic cell
proliferation was increased in adose-dependent manner a al chloroformdoses
after 4 days, but only in the 277 mg/kgof body weight dosegroup at 3 weeks.
Renal tubular necrosis was observed in dl dose groups after 4 days, while
3 weeks of exposure produced severe nephropathy at the highest dose and
regenerating tubules a the lower doses. The nuclear |abelling index was
increased inthe proximal tubules at all doses after 4 daysof treatment, but was
elevated only in the two highest dose groups after 3 weeks.

In asimilar study (Larson et al., 1994b), female B6C3F, mice were
administered chloroform dissolved in corn oil by gavage a doses of 0, 3, 10,
34, 238 or 477 mg/kg of body weight per day for 4 days or 3 weeks (5 days
per week). Dose-dependent changes included centrilobular necrosis and
markedly elevated labelling index in mice given 238 and 477 mg/kg of body
weight per day. The NOAEL for histopathological changeswas 10 mg/kg of
body weight per day, and for induced cell proliferation, 34 mg/kg of body
weight per day.

In an inhalation study, Templin et a. (1996b) exposed BDF,; mice to
chloroform vapour at concentrationsof 0, 149 or 446 mg/m® (0, 30 or 90 ppm)
6 h per day for 4 days or 2 weeks (5 days per week). In the kidneys of male
miceexposed to 149 and 446 mg/m® (30 and 90 ppm), degenerative lesions and
7-to10-foldincreasesin cell proliferation were observed. Liver damage and an
increased hepatic labelling index were noted in male mice exposed to 149 and
446 mg/m® (30 and 90 ppm) and in female mice exposed to 446 mg/m® (90
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ppm). Both doses were lethal in groups exposed for 2 weeks (40% and 80%
mortality at 149 and 446 mg/m® [30 and 90 ppm], respectively).

Female F344 rats were given chloroform by corn oil gavege for 4
consecutivedaysor 5 daysper week for 3 weeks (Larson et a., 1995b). Inthe
liver, mild degenerative centrilobular changes and dose-dependent increasesin
hepatocyte proliferation were noted at doses of 100, 200 and 400 mg/kg of
body weight per day. At 200 and 400 mg/kg of body weight per day,
degeneration and necrosis of therenal cortical proximal tubules were observed.
Increased regenerative proliferation of epithelial cellslining proximal tubules
was seen at doses of 100 mg/kg of body weight per day or more. Lesions of
the olfactory mucosa lining the ethmoid region of the nose (new bone
formation, periosteal hypercellularity and increased cdll replication) were seen
at al doses, including the lowest dose of 34 mg/kg of body weight per day.
Larson et a. (1995a) also administered chloroform to male F344 rats by corn
oil gavage (0, 10, 34, 90 or 180 mg/kg of body weight per day) or in the
drinking-water (0, 60, 200, 400, 900 or 1800 mg/litre) for 4 days or 3 weeks.
Gavage of 90 or 180 mg/kg of body weight per day for 4 daysinduced mildto
moderatedegeneration of rend proximal tubules and centrilobular hepatocytes
— changes that were no longer present after 3 weeks. Increased cdl
proliferation in the kidney was noted only at the highest gavage dose after 4
days. Thelabelling index was elevated in the livers of the high-dose group at
both time points. With drinking-water administration, rats consuming the
water containing 1800 mg/litre were dosed at arate of 106 mg/kg of body
weight per day, but no increase in rena or hepatic cdl proliferation was
observed at this or any lower dose.

In a study carried out to evaluate whether exposure to chloroform in
drinking-water would interact with the activity of chloroform when
administered by gavege in corn oil, female B6C3F, mice were exposed to
chloroform in drinking-water for 33 days at 0, 300 or 1800 mg/litre or for 31
daysat 0, 120, 240 or 480 mg/litre. Threedaysprior to termination, mice also
received adaily dose of 263 mg of chloroform per kg of body weight per day,
administered by gavage in corn oil. Exposure to chloroform in drinking-water
reduced both the hepatotoxicity and the enhanced cell proliferation elicitedin
response to chloroform administered by gavage in corn oil (Pereira &
Grothaus, 1997).
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The cardiotoxicity of chloroform was examinedinmaleWistar rats given
daily doses of 37 mg/kg of body weight (0.31 mmaol/kg) by gavage inolive oil
for 4 weeks (Muller et a., 1997). Chloroform caused arrhythmogenic and
negative chronotropic and dromotropic effects as well as extension of the
atrioventricular conduction time and depressed myocardial contractility.

A 90-day chloroform inhalation study was conducted using male and
female B6C3F,; mice and exposure concentrations of 0, 1.5, 10, 50, 149 and
446 mg/m® (0, 0.3, 2, 10, 30 and 90 ppm) for 6 h per day, 7 days per week
(Larson et a., 1996). Large, sustained increases in hepatocyte proliferation
were seen in the 446 mg/m?® (90 ppm) groups at al timepoints (4 daysand 3,
6 and 13 weeks). Inthemoresensitivefemalemice, aNOAEL of 50 mg/m?® (10
ppm) for this effect was established. Renal histopathology and regenerative
hyperplasiawere noted in male mice at 50, 149 and 446 mg/m® (10, 30 and 90
ppm). In another 90-day inhalation study, F344 rats were exposed to
chloroform at concentrations of 0, 10, 50, 149, 446 or 1490 mg/m® (0, 2, 10,
30, 90 or 300 ppm) for 6 h per day, 7 days per week. The 1490 mg/m®
(300 ppm) level was extremely toxic and deemed by the authorsto beinappro-
priate for chronic studies. Increases in rend epithelial cell proliferation in
cortical proximal tubules were observed at concentrations of 149 mg/m® (30
ppm) and above. Hepatic lesionsandincreased proliferation were noted only
at the highest exposure level. In the ethmoid turbinates of the nose, enhanced
bone growth and hypercellularity in the lamina propria were observed a
concentrations of 50 mg/m® (10 ppm) and above, and a generalized atrophy of
the turbinates was seen a dl exposure levels after 90 days (Templinetal.,
1996c).

Reproductive and developmental toxicity

Rat embryo culture was used to assess the developmental effects of
chloroform (Brown-Woodman et al., 1998). The effect and no-effect culture
medium concentrations of chloroform were 2.06 and 1.05 >mol/ml. The
authors estimated that fatal or near-fatal blood levels would be required in the
mother for the embryotoxic level to be reached.
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Toxicity in humans

Fatal acute chloroform intoxication viainhalation was reported tocause
cardiomyocyte fragmentation and waviness indicative of acute heart falure
possibly caused by arrhythmias or cardiac depression (Harada et d., 1997).
These observations are consistent withtheresultsof the short-term rat study
(Templin et a., 1996b) described abovein section 4.1.1.1.

Carcinogenicity and mutagenicity

Jamison et al. (1996) reported that F344 rats exposed to a high
concentration of chloroform vapour (1490 mg/m® [300 ppm]) for 90 days
developed atypical glandular structures lined by intestinal-like epithelium and
surrounded by dense connective tissue in their livers. These lesionsappeared
toarisefromapopulation of cells remote from thebileducts. Theauthorsalso
observed a treatment-related increase in transforming growth factor-alpha
(TGF-"")immunoreactivity in hepatocytes, bileduct epithelium, bilecanaiculi
and oval cels and an increase in transforming growth factor-beta (TGF-$)
immunoreactivity inhepatocytes, bileduct epithelium andintestinal crypt-like
ducts. Thelesions occurred only in conjunction with significant hepatocyte
necrosis, regenerativecell proliferation and increased growth factor expression
or uptake.

Chloroformwas tested for mutagenicity and clastogenicity by LeCurieux
et d. (1995) and was negative in the SOS chromotest, the Ames fluctuation
test and the newt micronucleus test. It appeared to these authors that the
presence of bromine substituents was needed for genotoxic activity in the
THM class. Pegramet . (1997) examined chloroform mutagenicity ina strain
of Salmonella typhimurium TA1535 transfected with rat glutathione-S-
transferase(GST) T1-1. Chloroformwas negativein this assay over arange of
concentrations(992—-23800mg/m?® [ 200-4800 ppm] ) that produced largedose-
dependent increases in revertants with BDCM. A doubling of revertantswas
induced by chloroform in the GST-transfected strain only at the two highest
concentrationstested (95 200 and 127 000 mg/m® [19 200 and 25 600 ppm)).
Brennan & Schiestl (1998) found that chloroform induced intrachromosomal
recombination in the yeast strain Saccharomyces cerevisiae @ culture
medium concentrations of 3-5.6 mg/ml.
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In anin vivo study, Potter et a. (1996) found that chloroform did not
induce DNA strand breaks in the kidneys of male F344 rats following seven
daily doses of 1.5 mmol/kg of body weight. In long-term mutagenicity studies
with chloroform in femae lacI transgenic B6C3F, mice conducted by
Butterworth et a. (1998), the mice were exposed daily by inhalation to
chloroform concentrations of 0, 50, 149 or 446 mg/m?® (0, 10, 30 or 90 ppm)
for 6 h per day, 7 days per week, and lacI mutant frequency was determined
after 10, 30, 90 and 180 days of exposure. No increase in lacl mutant
frequency was observed intheliver at any doseor timepoint withchloroform.

Comparative pharmacokinetics and metabolism

The percutaneous absorption of *C-chloroform was examined in vivo
using human volunteers and in vitro usingfresh, excised human skin in a flow-
through diffusion cedl system (Dick et a., 1995). Aqueous and ethanol
solutions of chloroform were applied to the forearm (16 and 81 g/cm) of
volunteers, and absorption was determined to be 7.8% from the water vehicle
and 1.6% from ethanol. Morethan 95% of the absorbed dosewas excreted via
thelungs(88%as carbon dioxide), and maximum pulmonary excretion occurred
between 15 min and 2 h after dosing. In vitro, 5.6% of alow dose and 7.1%
of ahigh dose were absorbed (skin plus perfusate).

The systemic uptake of chloroform during dermal exposure was also
studied in hairless rats (Isam et al., 1996). Animals were immersed in water
containing chloroform for 30 min, and the compound was detected in blood as
early as 4 min following exposure. About 10 mg of chloroform were
systemically absorbed after dermal exposure of arat to an aqueous sol ution of
0.44 mg/ml.

Absorption and tissue dosimetry of chloroform were evaluated after
gavage administration in various vehicles to male Fischer 344 rats and female
B6C3F, mice (Dix et a., 1997). Animals received a single doseof chloroform
(15-180 and 70-477 mg/kgof body weight for rats and mice, respectively) in
corn ail, water or aqueous 2% Emulphor (dose volumes of 2 and 10 ml/kg of
body weight for rats and mice, respectively). Blood, liver and kidney
chloroform concentration-time courses were determined. Gavage vehicle had
minimal effects on chloroform dosimetry in rats. In mice, however, tissue
chloroform concentrations were consistently greater for agqueous versus corn
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il vehicle. At the low vehicle volume used for rats (2 mi/kg of body weight),
gavege vehicle may not play a significant role in chloroform absorption and
tissuedosimetry; at the higher vehicle volume used for mice (10 mi/kgof body
weight), however, vehicle may be a critical factor.

Because chloroform metabolism was reviewed in detail in the recent
Environmental Health Criteria monograph (IPCS, 1994), the primary
discussion of the comparative metabolism of the THMs as a class can be
found in section 4.1.2.6 of the present report.

The contributions of cytochromes P450 (CYP) 2E1 and 2B1/2 to
chloroform hepatotoxicity wereinvestigated in male Wistar rats (Nakajima et
al., 1995). The severity of toxicity observed in differentially induced rats
suggests that CYP2ELis alow Michaelis-Menten constant (K,,,) isoform and
CYP2B1/2 is a high K|, isoform for chloroform activation. A high dose of
chloroform (0.5 ml/kg of body weight) induced CYP2E1 but decreased
CYP2B1/2. Testai et a. (1996) generated similar results in a study examining
the involvement of these isozymes in in vitro chloroform metabolism. At a
low substrate concentration (0.1 mmol/litre), oxidative metabolism by liver
microsomes was dependent primarily on CYP2EL; at 5 mmol/litre, on the
other hand, CYP2B1/2 was the mgjor participant responsible for chloroform
activation, although CY P2E1 and CY P2C11 were aso significantly involved.
The reductive pathway was expressed only at 5 mmol/litre and was not
significantly increased by any CY P inducer tested.

The reductive metabolism of chloroform by rat liver microsomes was
examined by Testai et d. (1995). In hypoxic (1% oxygen partial pressure) and
anoxic (0% oxygen partial pressure) incubations using microsomes from
phenobarbital-inducedanimal's, no evidence of formationof monochloromethyl
carbene was found. Dichloromethane was detected as a metabolite of
chloroform under variable oxygenation conditions using microsomes from
phenobarbital-induced animal's. With uninduced microsomes, significant levels
of dichloromethane were formed only in hypoxic or anoxicincubations. In an
in vivo study of chloroform reductive metabolism, Knecht & Mason (1991)
detected no free radica adducts in the bile of rats treated with chloroform,
whileradicas were detected from bromoform. Lipid adductsresultingfromthe
reductive metabolismof chloroform by hepatocytes appeared tobegenerated
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by the unspecific attack of the radical on the phospholipid fatty acyl chains
(Guastadisegni et al., 1996). Theprimary lipid adduct has now beenidentified
as amodified phosphatidyl ethanolamine, withthe phosgene-derived carbonyl
bound to the amine of the head group (Guastadisegni et al., 1998). Waller &
McKinney (1993) found that chloroform had alower theoretical potential to
undergo reductive metabolism than the brominated THMs. Ade et al. (1994)
reported that microsomes from the rend cortex of DBA/2J mice can
metabolize chloroform through the reductive and oxidative pathways, as had
been previously described using hepatic microsomes. However, cytol ethality
of chloroform to freshly isolated rodent hepatocytes was not increased under
reduced oxygen tension, indicating that reductive metabolism does not
contribute to chloroform-induced toxicity (Ammann et al., 1998).

The potential of chloroform to participate in the recently discovered
GSH conjugation pathway for brominated THMs has been investigated
(Pegramet al., 1997). The GST examined in this study has avery low affinity
for chloroform comparedwiththe brominated THM's. Chloroform conjugation
with GSH occurred only at extremely high substrate concentrations.

Mode of action

Direct DNA reactivity and mutagenicity cannot be considered to bekey
factors in chloroform-induced carcinogenesis in experimental animals. A
substantial body of data demonstrates a lack of direct in vivo or in vitro
genotoxicity of chloroform.If THM sproducetheir genotoxic effects primarily
via the GSH conjugation mechanism, the results of Pegram et a. (1997)
indicatethat chloroformwould be mutagenic in mammals only at |ethal doses.

Thereis, however, compelling evidence to support a modeof action for
tumour induction based on metabolism of chloroform by the target cell
population, followed by cytotoxicity of oxidative metabolites and regenerative
cell praliferation. The evidence for the link with cytotoxicity is strongest for
hepatic and renal tumours in the mouse and more limited for renal tumoursin
therat (ILSI, 1997). A number of recent studies support the hypothesis that
chloroform acts to produce cancer in rodents through a non-
genotoxic/cytotoxic mode of action, with carcinogenesis resulting from events
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secondary to chloroform-induced cytolethality and regenerative cell
proliferation (Larson et a., 1994a,b, 1996; Pereira, 1994; Templin et a.,
1996a,b,c, 1998). These studies have shown that organ toxicity and
regenerative hyperplasiaareassociated with the tumorigenicity of chloroform
and are apparently the key steps in its carcinogenic mode of action. Thus,
sustained toxicity would result in tumour development. Chloroform induces
liver and kidney tumours in long-term rodent cancer bioassays only at doses
that induce frank cytotoxicity inthesetarget organs. Furthermore, thereare no
instances of chloroform-induced tumoursthat arenot preceded by this pattern
of dose-dependent toxic responses (Golden et al., 1997).

The organ toxicity and carcinogenicity of chloroform are dependent on
oxidative metabolism and levels of CYP2EL. Numerous studies have aso
shown that oxidative metabolism by CYP2EL1 generates highly reactive
metabolites (phosgene and hydrogen chloride), which would lead to
cytotoxicity and regenerative hyperplasia.

Bromodichloromethane

General toxicological properties and information on dose—response
in animals

Acute toxicity

Theacuteoral lethality of the brominated THM shas been determinedin
ICR Swiss mice (Bowman et d., 1978) and Sprague-Dawley rats (Chu et al.,
1980). The resulting LD,s for BDCM were 450 and 900 mg/kg of body
weight for male and femalemice, respectively, and 916 and 969 mg/kgof body
weight for male and female rats, respectively. Clinical observationsof animals
dosed with high levels of BDCM in these studies and others (NTP, 1987)
included ataxia, sedation, laboured breathing and anaesthesia (500 mg/kg of
body weight), aswell as grossevidenceof liver and kidney damage. Hewitt et
a. (1983) gave single doses of BDCM to male Sprague-Dawley rats by corn
oil gavage and found doses of 1980 mg/kg of body weight and above to be
lethal. Littleclinical evidenceof hepatic or renal toxicity was observed at doses
below 1980 mg/kg of body weight.

Acute hepatotoxic and nephrotoxic responses to orally dosed BDCM

and various factors affecting these toxicities (e.g., gavage vehicle and
glutathione status) have been studied in male F344 rats. Lilly et a. (1994,
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1997a) examined the time courseof toxicity and dose-response relationships
followingoral administration of agqueoussolutionsof BDCM . BDCM-induced
liver toxicity was maximal at 24 h after dosing with 1-3 mmol/kg of body
weight (164-492 mg/kg of body weight), as indicated by elevationsin serum
levels of aspartate aminotransferase (ASAT), danine aminotransferase
(ALAT), sorbitol dehydrogenase(SDH) and lactatedehydrogenase(L DH) and
histopathological observations of centrilobular vacuolar degeneration and
hepatocellular necrosis. Significant abatement of hepatic toxicity was noted by
48 h post-dosing. The acute oral NOAEL and LOAEL for liver toxicity
followingagqueousdelivery of BDCM, based on elevationsin serum enzymes,
were determined to be0.25 and 0.5 mmol of BDCM per kgof body weight (41
and 82 mg/kgof body weight), respectively (Keegan et a., 1998). BDCM and
chloroform appear to be equipotent hepatotoxicants in rats a& 24 h after
exposure, but BDCM causes more persistent damage to the liver, based on
observations at 48 h post-dosing (Lilly et al., 1997a; Keegan et al., 1998).

Kidney toxicity after corn il or aqueousdosingof BDCM (1.5-3 mol/kg
of body weight) peaked between 24 and 48 h, as indicated by elevations in
kidney weight, urinary N-acetyl-$-glucosaminidase, ASAT,ALAT,LDH and
protein, serum urea and creatinine, and histopathological findings of renal
tubule degeneration and necrosis (Lilly et d., 1994, 1997a). The actua time of
peak rend effects was dose-dependent; in contrast to findings in the liver,
toxicity was increasingly prolonged in the kidney with increasing dose.
Nephrotoxicity has been noted in rats given single BDCM doses as low as
200 mg or 1.2 mmol/kgof body weight (Lilly et a., 1994, 1997a), and BDCM
is a dightly more potent acute oral renal toxicant than chloroform (based on
the magnitude of theresponses), especially at lower doses (Lilly et al., 1997a).
Kroll et d. (1994a,b) found that among the THMs that occur in drinking-
water, BDCM was the most potent inducer of renal dysfunction in rats
following intraperitoneal injection of single 3 mmol/kg of body weight doses.
Glomerular filtration, renal concentrating ability, and proximal tubular
secretion and reabsorption weredl moreseverely affected by BDCM than by
chloroform.

Severd factorshave been found toinfluence dose-responserel ationships

for BDCM toxicity. Acute hepatotoxicity and nephrotoxicity were more
severe after administration of 400 mgof BDCM per kgof body weight in corn
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oil than when the same dose was given in an aqueous vehicle (Lilly et al.,
1994). However, vehicle differences a a lower dose (200 mg/kg of body
weight), although less pronounced, werereversed: greater rend toxicity e this
dose was associated with the aqueous vehicle. The adverse renal and hepatic
effects of BDCM were also exacerbated in GSH-depleted rats (Geo et al.,
1996) andinratsthat were dosed duringthe active period of their diurnal cycle
(Pegram et al., 1993). Induction of the cytochrome P-450 isozymes CY P2E1
and CYP2B1/2 dso potentiated acute liver toxicity, but not renal toxicity,
following dosing with BDCM (Thornton-Mannning et al., 1994).

Short-term toxicity

Studies employing repeated daily BDCM dosing regimens have also
yielded resultsdemonstratingliver and kidney toxicity. Thornton-Manninget
a. (1994) administered five consecutive daily BDCM doses to femde F344
rats and female C57BL/6J mice by agueous gavage and found that BDCM is
both hepatotoxic and nephrotoxic to female rats (150-300 mg/kg of body
weight per day), but only hepatotoxic to female mice (75-150 mg/kg of body
weight per day). Hepatic cytochrome P450 activities were decreased in rats,
but not in mice, in this study. Munson et al. (1982) administered BDCM (50,
125 or 250 mg/kg of body weight per day) to male and female CD-1 mice by
aqueous gavage for 14 days and reported evidence for hepatic and rena
toxicity aswell as effects on the humoral immune system. Nephrotoxicity, as
reflected by significant elevationsof blood ureanitrogen (BUN), occurred only
a the highest dose in both males and females. Male mice appeared more
sensitive than females to BDCM-induced hepatotoxicity; 2- to 3-fold
elevations in ASAT and ALAT (although not significant, according to the
authors’ statistical analysis) occurred at thelowest dose only in males. Based
onthe degreeof these elevations, BDCM was the most potent hepatotoxicant
compared with chloroform, DBCM and bromoform, which were also tested
in this study. Immunotoxic effects described in the study included decreases
in bothantibody-formingcells and haemaggl utinationtitres at the 125 and 250
mg/kg of body weight per day doses, although a recent investigation found no
effects of BDCM on immune function (French et al., 1999). Condie et al.
(1983) conducted asimilar 14-day comparative dosing study withTHM sand
maeCD-1 mice, but used corn ail as the vehicle of administration for doses of
BDCM of 37, 74 and 147 mg/kg of body weight per day. Evidence of rena
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damage was observed a the mid and high doses, whereas liver toxicity
occurred only at the high dose. A 14-day cornoil gavage study by NTP (1987)
demonstrated the greater sensitivity of the B6C3F, mouse to BDCM:al mae
mice that received 150 or 300 mg/kg of body weight per day died before the
end of the study. Aidaet al. (1992a) incorporated microencapsulated BDCM
into the diet of Wistar rats for 1 month, and a LOAEL of 66 mg/kg of body
weight per day and a NOAEL of 21 mg/kg of body weight per day were
determined based on histopathol ogical findingsof hepatocel lularvacuolization.

In a 13-week corn oil gavage study, NTP (1987) administered BDCM
doses of 0, 19, 38, 75, 150 or 300 mg/kg of body weight per day, 5 days per
week, to F344/N rats (10 per sex per dose). The highest dose was lethal to
50% of males and 20% of females, and body weight depression was observed
a the two highest doses. BDCM-induced lesions were found only at 300
mg/kg of body weight per day; these included hepatic centrilobular
degenerationinboth sexes and renal tubular degeneration and necrosisinmales.
Additional findings included mild bile duct hyperplasia and atrophy of the
thymus, spleen and lymph nodes inboth sexes. B6C3F, mice were also dosed
withBDCM inthis study, and doses of 50 mg/kg of body weight per day and
below produced no compound-rel ated effects. Degenerationandnecrosis of the
kidney were observed in male mice at 100 mg/kg of body weight per day,
whereas centrilobular degeneration of the liver was noted infemales at 200 and
400 mg/kg of body weight per day.

Chronic toxicity

Moore et d. (1994) administered BDCM in drinking-water (containing
0.25% Emulphor) tomaleF344 rats and B6C3F; micefor 1 year and evaluated
clinical indicatorsof kidney toxicity. Water containing BDCM concentrations
of 0.08, 0.4 and 0.8 g/litre for rats and 0.06, 0.3 and 0.6 g/litrefor miceresulted
in average daily doses of 4.4, 21 and 39 mg/kgof body weight for ratsand 5.6,
24 and 49 mg/kgof body weight for mice. A urinary marker for renal proximal
tubule damage, N-acetyl-$-glucosaminidase, was elevated above controls in
each dose group in rats and at the highest treatment level in mice. Significant
increases in urinary protein, indicative of glomerular damage, were also noted
in low- and mid-dose rats as well as high-dose mice.

122



4.1.2.2

Toxicology of Disinfectant By-products

InanNTP (1987) study, BDCM was administered by corn oil gavege for
102 weeks, 5 days per week, to F344/N rats (50 per sex per dose) at doses of
0, 50 or 100 mg/kg of body weight per day and toB6C3F; miceat doses of O,
25 or 50 mg/kg of body weight per day (50 males per group)and 0, 75 or 150
mg/kgof body weight per day (50 femaes per group). Inmaerats, compound-
related non-neoplastic lesions included renal cytomegaly and tubular cell
hyperplasiaand hepatic necrosis and fatty metamorphosis. Kidney tubulecell
hyperplasia was aso observed in femde rats, as well as eosinophilic cyto-
plasmic change, clear cell change, focal cellular change and fatty metamorphosis
of the liver. Histopathological changes were noted at both doses in rats.
BDCM-induced non-neoplastic lesions in male mice included hepatic fatty
metamorphosis, renal cytomegaly and follicular cell hyperplasiaof thethyroid
gland, al observed in both dose groups. In femae mice, hyperplasia of the
thyroid gland was observed at both doses.

Microencapsulated BDCM was fed in the diet to Wistar rats for 24
months, resulting inaverage daily doses of 6, 26 or 138 mg/kg of body weight
for maes and 8, 32 or 168 mg/kg of body weight for females (Aida et a.,
1992h). Relative liver weight wasincreased in both sexes of al dose groups,
aswas relative kidney weight in the high-dose group. BDCM induced hepatic
fatty degeneration and granulomain al dose groups and cholangiofibrosisin
the high-dose groups. Therefore, this study identified aLOAEL for chronic
liver toxicity of 6 mg/kg of body weight per day.

Reproductive and developmental toxicity

Klinefelter et a. (1995) studied the potential of BDCM to dter mae
reproductive function in F344 rats. BDCM was consumed in the drinking-
water for 52 weeks, resulting in average doserates of 22 and 39 mg/kgof body
weight per day.No gross lesions in the reproductive organs were revealed by
histological examination, but exposure to the high BDCM dose significantly
decreased the mean straight-line, average path and curvilinear velocities of
sperm recovered from the cauda epididymis. These effects of BDCM on
sperm motility occurred at alower exposurelevel than was observed for other
DBPs that compromised sperm motility.
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A teratological assessment of BDCM was conducted in Sprague-Dawley
rats by administering the compound by gavage from day 6 to day 15 of
gestation (Ruddick et a., 1983). Doses of 50, 100 and 200 mg of BDCM per
kg of body weight per day did not produce any teratogenic effects or dose-
related histopathological changesin either the dams or fetuses, but sternebra
aberrations were observed withadose-dependent incidencein al dosegroups.
The increased incidence of these variations appeared to be significant, but no
statistical analysis of the data was performed. Maternal weight gain was
depressed in the high-dose group, and maternal liver and kidney weightswere
increased. Narotsky et d. (1997) employed asimilar experimental model to
test BDCM in F344 rats using doses of 0, 25, 50 or 75 mg/kg of body weight
per day in agueous or oil gavage vehicless BDCM induced full-litter
resorptions in the 50 and 75 mg/kg of body weight per day dose groups with
either vehicle of administration. For dams receiving corn oil, full-litter
resorptions were noted in 8% and 83% of the litters a 50 and 75 mg/kg of
body weight per day, respectively. With the aqueous vehicle, 17% and 21%
of the litters were fully resorbed at 50 and 75 mg/kg of body weight per day,
respectively. All vehicle control litters and litters from the group given 25
mg/kg of body weight per day survived the experimental period. BDCM had
been shown to cause maternal toxicity a these doses in a previous study
(Narotsky et al., 1992).

Neurotoxicity

Neurotoxicologica findings for the brominated THM s are limited to
various observations of anaesthesiaassoci ated with acutehigh-doseexposures
and results from a behavioura study conducted by Balster & Borzelleca
(1982). Adult malel CR micewere dosed by aqueous gavage for up to90 days.
Treatments of 1.2 or 11.6 mg/kg of body weight per day were without effect
in various behavioural tests, and dosing for 30 days with 100 mg/kg of body
weight per day did not affect passive avoidance learning. Animals dosed with
either 100 or 400 mg/kg of body weight per day for 60 days exhibited
decreased response rates in an operant behaviour test; these effects were
greatest early in the regimen, with no evidence of progressive deterioration.
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Toxicity in humans

Clinical case findings resultingfrom human exposureto BDCM havenot
been reported.

Carcinogenicity and mutagenicity

IARC has evaluated the carcinogenicity of BDCM and concluded that
thereis sufficient evidence for its carcinogenicity in experimenta animals and
inadequate evidence for its carcinogenicity in humans. On this basis, BDCM
was assigned to Group 2B: the agent is possibly carcinogenic to humans
(IARC, 1991, 1999).

Among the four THM s commonly found in drinking-water, BDCM
appears to be the most potent rodent carcinogen. BDCM caused cancer at
lower doses and at more target sites than for any of the other THMs. In the
NTP (1987) 2-year bioassay, a corn oil gavage study (50 animals per sex per
group, dosed 5 days per week), compound-related tumourswerefoundinthe
liver, kidneys and large intestine. Daily doses were0, 50 or 100 mg/kgof body
weight (male and femaerats), 0, 25 or 50 mg/kg of body weight (male mice)
and 0, 75 or 150 mg/kg of body weight (female mice). NTP (1987) concluded
that there was clear evidence of carcinogenic activity for both sexes of F344
rats and B6C3F, mice, as shown by increased incidences of tubular cell
adenomas and adenocarcinomas in the kidney and adenocarcinomas and
adenomatous polyps in the large intestine of male and female rats, increased
incidences of tubular cell adenomas and adenocarcinomasinthekidney of mae
mice, and increased incidences of hepatocellular adenomas and carcinomasin
female mice (Table 11).

Aida e a. (1992b) maintained Slc:Wistar rats on diets containing
microencapsulated BDCM for 24 months and examined the animals for
neoplastic lesions. The only significant finding was a slight increase in the
incidence of liver tumours in femaes receiving the high dose (168 mg/kg of
body weight per day). Theseincluded cholangiocarcinomas and hepatocel lular
adenomeas.

To date, effects following chronic BDCM administration via drinking-
water have not been described in the literature. However, two separate
drinking-water studies arecurrently beingconducted by the USEnvironmental
Protection Agency (EPA) and the NTP.
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Table 11. Tumour frequencies in rats and mice exposed to
bromodichloromethane in corn oil for 2 years?

Animal/tissue/tumour Tumour frequency at control, low and
high doses (mg/kg of body weight per
day)
Male rat 0 50 100
Large intestine®
Adenomatous polyp 0/50 3/49 33/50
Adenocarcinoma 0/50 11/49 38/50
Combined 0/50 13/49 45/50
Kidney?
Tubular cell adenoma 0/50 1/49 3/50
Tubular cell 0/50 0/49 10/50
adenocarcinoma 0/50 1/49 13/50
Combined
Large intestine and/or kidney 0/50 13/49 46/50
combined®
Female rat 0 50 100
Large intestinec
Adenomatous polyp 0/46 0/50 7147
Adenocarcinoma 0/46 0/50 6/47
Combined 0/46 0/50 12/47
Kidney
Tubular cell adenoma 0/50 1/50 6/50
Tubular cell 0/50 0/50 9/50
adenocarcinoma 0/50 1/50 15/50
Combined
Large intestine and/or kidney 0/46 1/50 24/48
combined?
Male mouse 0 25 100
Kidney®
Tubular cell adenoma 1/46 2/49 6/50
Tubular cell 0/46 0/49 4/50
adenocarcinoma 1/46 2/49 9/50
Combined
Female mouse 0 75 150
Liver
Hepatocellular adenoma 1/50 13/48 23/50
Hepatocellular carcinoma 2/50 5/48 10/50
Combined 3/50 18/48 29/50

a Adapted from NTP (1987).

b One rat died at week 33 in the low-dose group and was eliminated from the
cancer risk calculation.

¢ Intestine not examined in four rats from the control group and three rats from
the high-dose group.

4 One rat in the high-dose group was not examined for intestinal tumours and
kidney tumours.

¢ In the control group, two mice died during the first week, one mouse died
during week 9 and one escaped in week79. One mouse in the low-dose group
died in the first week. All of these mice were eliminated from the cancer risk
calculations.
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Although BDCM has given mixed results in bacteria assays for
genotoxicity, the results have tended to be positive in tests employing closed
systems to overcome the problem of the compound’ svolatility (IARC, 1991,
1999; Pegram et al., 1997). Pegram et al. (1997) tested the THMs using a
TA1535 straintransfected withrat GST T1-1 andfound that the mutagenicity
of the brominated THMs, but not chloroform, was greatly enhanced by the
expression of the transferase. BDCM was mutagenic in this assay a medium
concentrations below 0.1 mmol/litre. Mutation spectra of the brominated
THMs a the hisG46 dlele were characterized by DeMarini et al. (1997)
using revertants induced in the GST-transfected strain. The overwhelming
majority (96—100%) of themutationsinduced by the brominated THM swere
GC to AT transitions, and 87—100% of these were at the second position of
the CCC/GGG target. BDCM produced primary DNA damage in the SOS
chromotest (Escherichia coli PQ37), but was negative in the Ames
fluctuation test with Salmonella typhimurium TA100 (Le Curieux et 4.,
1995). A mixture of BDCM and benzo[a]pyrene was tested in an Ames
mutagenicity test with S. typhimurium strains TA98 and TA100 plus S9
(Kevekordeset a., 1998). BDCM in combination withbenzo[a] pyrenecaused
a25% increase in revertants in both strains compared with benzo[a]pyrene
aone.

BDCM was also positive in the mgjority of in vitro genotoxicity tests
employing eukaryotic sy stems, but the responses with and without an
exogenousmetabolizingsystem arelessconsistent. This may beduetothefact
that thereactiveintermediates suspectedtobe involved in THM mutagenicity
must be generated within the target cells (Thier et a., 1993; Pegram et al.,
1997). Moreover, extensive metabolismof the THM sby the supplemental SO
outside of the cells would greatly diminishtheintracellular dose. Many of the
positive studies are for the induction of sister chromatid exchange (SCE)
(IARC, 1991, 1999). Morimoto & Koizumi (1983) found that BDCM induced
SCEs in human lymphocytes in vitro in the absence of 0 activation at
concentrations greater than or equal to 0.4 mmol/litre, and Fujie et al. (1993)
reported increased SCEs in rat erythroblastic leukaemia cells under similar
conditions. Metabolically activated BDCM aso increased SCEs in vitro in
human lymphocytes (¢ 1 mmol/litre) and in rat hepatocytes (at 100
mmol/litre) (Sobti, 1984).

In vivo, doses of 50 mg of BDCM per kg of body weight and above
produced SCEsin male CR/SJ mice (Morimoto & Koizumi, 1983). BDCM
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was negativein in vivo clastogenicity tests (micronucleus formation) in mice
and rats (Ishidate et a., 1982; Hayashi et al., 1988). Fujie et al. (1990)
reported that BDCM induced bone marrow chromosomal aberrations
(primarily chromatid and chromosome breaks) in Long-Evans rats following
oral or intraperitoneal dosing at doses as low as 16.4 mg/kg of body weight.
Potter et al. (1996) found that BDCM did not induce DNA strand breaksin
the kidney of male F344 rats following seven daily doses of 1.5 mmol/kg of
body weight (246 mg/kg of body weight). Stocker et d. (1997) studied the
effect of gastric intubation of agueous solutions of BDCM on unscheduled
DNA synthesis (UDS) intheliver of malerats. BDCM did not cause UDSin
hepatocytes isolated after administration of single doses of 135 or 450 mg/kg
of body weight. The in vivo mutagenicity studies of BDCM and the other
brominated THMs are summarized in Table 12.

In comparison with other chemicas known to produce mutations via
direct DNA reactivity such as aflatoxin B1 and ethylene dibromide, BDCM
isarelatively weak mutagen.

Comparative pharmacokinetics and metabolism

Bromine substitution would be expected to confer greater lipophilicity
on the brominated THMs compared with chloroform, which would affect
tissue solubility and other factors that can influence pharmacokinetics.
Because metabolism of each THM is qudlitatively similar (with one known
exception), this section addresses key features of the metabolism of all four
THMs.

Theabsorption, distribution and elimination of BDCM havebeen studied
in rats and mice, and more recent work has led to the development of a
physiologically based pharmacokinetic (PBPK) model for BDCM in rats.
Mink et al. (1986) compared the pharmacokinetics of orally administered 4C-
BDCM inmaeB6C3F; mice and Sprague-Dawley rats. The animals received
single doses of 100 mg/kg of body weight (rats) or 150 mg/kg of body weight
(mice) in corn oil by gavage, andtissuelevels of radioactivity weredetermined
after 8 h. Absorption of BDCM appeared to be rapid and fairly complete, as
would be expected for small halocarbons. This was especially true in the
mouse, where 93% of the dose was recovered within 8 h as carbon dioxide
(81%), as expired volatile organics assumed to be unmetabolized parent

128



Table 12. Dose information for selected in vivo mutagenicity studies of brominated trihalomethanes

End-point

Assay system

Dose?

Result

Reference

Sister chromatid
exchange

Sister chromatid
exchange

Sister chromatid
exchange

Sister chromatid
exchange

Micronucleus formation
Micronucleus formation

Micronucleus formation

Micronucleus formation
Micronucleus formation
Micronucleus formation

Chromosomal aberrations

Chromosomal aberrations

Male CR/SJ mice, gavage, 4 days
Male CR/SJ mice, gavage, 4 days
Male CR/SJ mice, gavage, 4 days
B6C3F; mice, i.p.t

ddY mice, MS mice, Wistar rats, i.p.

in olive oil

ddY mice, MS mice, Wistar rats, i.p.
in olive oil

ddY mice, MS mice, Wistar rats, i.p.
in olive oil

ddY mice, i.p., single dose in corn oil
ddY mice, i.p., single dose in corn oil
ddY mice, i.p., single dose in corn oil

Long-Evans rats, bone marrow, i.p.,
single dose

Long-Evans rats, bone marrow, i.p.,
single dose

50 mg BDCM/kg bw per day

25 mg DBCM/kg bw per day

25 mg bromoform/kg bw per day

200 mg bromoform/kg bw

500 mg BDCM/kg bw per day

500 mg DBCM/kg bw per day

500 mg bromoform/kg bw per day

500 mg BDCM/kg bw
1000 mg DBCM/kg bw
1400 mg bromoform/kg bw
16.4 mg BDCM/kg bw

20.8 mg DBCM/kg bw

positive

positive

positive

positive

negative

negative

negative

negative
negative
negative

positive

positive

Morimoto & Koizumi
(1983)

Morimoto & Koizumi
(1983)

Morimoto & Koizumi
(1983)

NTP (1989a)
Ishidate et al. (1982)
Ishidate et al. (1982)

Ishidate et al. (1982)

Hayashi et al. (1988)
Hayashi et al. (1988)
Hayashi et al. (1988)
Fujie et al. (1990)

Fujie et al. (1990)




Table 12 (Contd.)

End-point Assay system Dose? Result Reference

Chromosomal aberrations Long-Evans rats, bone marrow, i.p., 25.3 mg bromoform/kg bw positive Fujie et al. (1990)
single dose

Chromosomal aberrations Long-Evans rats, bone marrow 253 mg bromoform/kg bw per day  positive Fujie et al. (1990)

Unscheduled DNA Rat liver, gavage 450 mg BDCM/kg bw per day negative  Stocker et al. (1997)

synthesis

Unscheduled DNA Rat liver, gavage 2000 mg DBCM/kg bw per day negative Stocker et al. (1997)

synthesis

Unscheduled DNA Rat liver, gavage 1080 mg bromoform/kg bw per day negative Stocker et al. (1997)

synthesis

Micronucleus formation Mouse, bone marrow, gavage, single 1000 mg bromoform/kg bw negative Stocker et al. (1997)
dose

DNA strand break Male F344 rats, kidney, gavage, 7 1.5 mmol BDCM/kg bw per day negative Potter et al. (1996)
days

DNA strand break Male F344 rats, kidney, gavage, 7 1.5 mmol DBCM/kg bw per day negative Potter et al. (1996)
days

DNA strand break Male F344 rats, kidney, gavage, 7 1.5 mmol bromoform/kg bw per negative Potter et al. (1996)
days day

Sex-linked recessive Drosophila 1000 ppm solution positive NTP (1989a)

mutation

@ Doses listed are the lowest at which an effect was observed or, in the case of negative results, the highest dose tested. bw = body weight.

b Intraperitoneal.
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compound (7.2%), in urine (2.2%) or in organs(3.2%). Much more of the 4C
dose was expired as the assumed parent compound by the rat (42%) than by
the mouse, but total recovery after 8 h was less (63%) because of lower
conversion to carbon dioxide (14%). Theliver, stomach and kidneys were the
organs with the highest residual radioactivity levels. The authors estimated
BDCM half-lives of 1.5 and 2.5 h in the rat and mouse, respectively.

M athews et al. (1990) studied the disposition of *C-BDCM in mae
F344 rats after single oral (corn oil gavage) doses of 1, 10, 32 or 100 mg/kg of
body weight and 10-day repeat ora dosingof 10 or 100 mg/kg of body weight
per day. The doses of BDCM were well absorbed from the gastrointestinal
tract, as demonstrated by 24-h recoveries exceeding 90% in non-faecal excreta
samples and tissues. Persistence of radiolabelled residues intissues after 24 h
was low (3-4% of dose), with the most marked accumulation in the liver
(1-3% of dose). The kidneys, particularly cortical regions, also contained
significant concentrations of radiolabelled residues. Approximately 3-6% of
the dosewas eliminated as vol atile organicsin the breath (primarily the parent
compound, presumably), muchless than in Sprague-Dawley rats(Mink et a.,
1986). Urinary and faecal elimination were low at all dose levels, accounting
for 4% and 1-3% of the administered doses, respectively. Repeated doses had
no effect on the tissue distribution of BDCM, and significant bioaccumulation
was not observed (0.9-1.1% total retention of the label).

Lilly et a. (1998) examined absorption and tissue dosimetry of BDCM
in male F344 rats after doses of 50 or 100 mg/kg of body weight were given
ordly using either an agueous emulsion or corn oil as the vehicle of
administration. After delivery in the agueous vehicle, concentrations of
BDCM in venous blood peaked at about 6 min, with maximum concentration
(Cax) Values of 16 and 26 mg/litre for the low and high doses. With corn oil
dosing, C,,., occurred at 15-30 min, with lower peak blood levels attained (5
and 9 mg/litre). Thetime required for blood concentrations to decline to half-
Crnax Was about 1 hwiththe 50 mg/kg of body weight dose and 1.5 h with the
100 mg/kg of body weight dose. Tissue partition coefficient determinations
confirmed the anticipated effect of bromine substitution on THM tissue
solubility. BDCM partition coefficientsfor fat and liver were 526 and 30.6
(Lilly et d., 1997b), compared with203 and 21.1 for chloroform (Corley et a.,
1990). Lilly et a. (1998) found dlightly higher maximum concentrations of
BDCM in theliver and kidneys after aqueous administration compared with
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corn ail delivery. With the 100 mg/kg of body weight aqueous dose, hepatic
and rena levels peaked at about 15 mg/litre at 5 min after dosing in the liver
anda 5-30mininthekidneys. At 6 h after dosing, concentrations of BDCM
in the liver and kidneys were less than 1 mg/litre. More of the parent
compound was eliminated unmetabolized via exhded breath after aqueous
dosing (8.9%, low dose; 13.2%, high dose) than after corn oil gavage (5.3%,
low dose; 5.8%, high dose).

Theedimination kinetics of BDCM have been studied in humanswho had
swum in chlorinated pools (Lindstrom et al., 1997; Pleil & Lindstrom, 1997).
BDCM half-lives of 0.45-0.63 min for blood were estimated using breath
elimination data.

The deleterious effects of the THM s result from reactive metabolites
generated by biotransformation. Two isoenzyme groupsof cytochrome P450,
CYP2Eland CYP2B1/2, aswell asa2-classGST, have been implicatedinthe
metabolismof BDCM to toxic speciesinrats(Thornton-Manninget al., 1993;
Pegram et al., 1997). No specific information is available regarding human
metabolism of brominated THMs. In rats, P450-mediated metabolism of
BDCM (Figure 1) is believed to proceed by the same two pathways
established for chloroform: oxidation with phosgene the proposed active
metabolite, and reduction withthe dichloromethyl freeradical proposed as the
reactive product (Tomasi et al., 1985; IPCS, 1994; Gao et al., 1996). M ost
investigations of THM metabolism and reaction mechanisms havefocused on
chloroform, and a detailed review of chloroform biotransformation has been
published recently (IPCS, 1994). Although the qualitative aspects of the
cytochrome P450-mediated metabolism of brominated THMs are similar to
those for chloroform, numerous studies have demonstrated that brominated
THM saremetabolized to a greater extent and at faster rates than chloroform.
Thereis evidence to suggest that both CYP2E1 and CYP2B1/2 can catalyse
the oxidative pathway andthat CY P2B1/2 catal yses the reductive metabolism
of haloforms, but it has also been postul ated that either isoform can catalyse
both routes (Tomasi et a., 1985; Testai et al., 1996). CYP2EL1 is clearly
involved in the hepatotoxicity induced by BDCM in rats, but itsrole in the
nephrotoxicresponse is lesscertain (Thornton-Manninget a., 1993). Because
CYP2ELlishighly conserved acrossmammalianspecies, it seems likely that
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this isoform metabolizes BDCM in humans, although this has not yet been
demonstrated. CY P2B1/2 are not expressed in humans, and thereis no direct
anaogue for their catalytic activity; however, based on substrate similarities
withCYP2B1/2, humanforms CY P2A6, CYP2D6 and CY P3A4 appear to be
possibilities.

Gao et a. (1996) demonstrated that GSH affords protection against the
toxicity and macromolecular binding of BDCM, indicating that oxidative
metabolism of BDCM, likethat of chloroform, generates phosgene, which can
then react with GSH (Stevens & Anders, 1981). In vitro bindingof a BDCM-
derived intermediate to microsomal protein under aerobic conditions and the
prevention of this bindingby GSH supplementation provide further evidence
for the production of phosgene fromBDCM (Gao et a., 1996). The reaction
of GSH with phosgene forms S-(chlorocarbonyl)-GSH, which may react with
asecond GSH molecule to produce diglutathionyl dithiocarbonate(Pohl et al.,
1981) or to give glutathione disulfide and carbon monoxide as minor products
(Stevens & Anders, 1981). Anders et al. (1978) and Mathews et a. (1990)
reported that carbon monoxide is a product of BDCM metabolism. Themost
likely outcome for phosgene is hydrolysis to carbon dioxide and hydrogen
chloride (Brown et al., 1974), and, in fact, 70-80% of “C-BDCM doses
administered to F344 rats or B6C3F, mice appeared as expired **C-labelled
carbon dioxide (Mink et al., 1986; Mathews et al., 1990), which also shows
the predominance of oxidative biotransformation as ametabolicrouteinthese
animals. Sprague-Dawley ratswere much |essefficient metabolizersof THMs,
disposing of only 14% of a BDCM dose as carbon dioxide. In both rats and
mice, BDCM was more extensively metabolized to carbon dioxide than was
chloroform or bromoform (Mink et a., 1986). In vitro binding assays with rat
hepatic microsomes have also shownthat BDCM has a greater capacity than
chloroform to be metabolized to intermediates (presumably phosgene) that
bind protein under aerobic conditions (Gao & Pegram, 1992; Bull et d., 1995).
Similar tests with kidney microsomes have shown that GSH is much less
effectivein preventing rena protein binding than in preventing liver protein
binding, suggesting that asignificant portion of this bindingin the kidney may
haveresulted fromgeneration of areactiveintermediateviaadifferent pathway
(Gao et dl., 1996).

Cytochrome P450-mediated reductive deha ogenation of BDCM toform
a dichloromethyl radica has been demonstrated in vivo in phenobarbital-
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treated rats using an electron spin resonance (ESR) spin-trapping technique
(Tomasi et d., 1985). These authors reported that more free radica was
derivedfromBDCM than from chloroform and that more radical was trapped
from bromoformthanfrom BDCM. Waller & McKinney (1993) conducted a
theoretical investigationintothe potential of halogenated methanes to undergo
reductive metabolism using density-functional theory-based computational
chemistry. The estimated reductive potentids for the THMs were in
agreement with the reaction order described in the ESR study. The
dichloromethyl radical reacts preferentially with the fatty acid skeleton of
phospholipids to give covalently bound adducts (De Biasi et a., 1992). In
vitro binding of metabolically activated THMs to hepatic microsomal lipids,
presumably by the radical, has also been investigated, and lipid binding by
BDCM was found to exceed that of chloroform by more than 300% (Gao &
Pegram, 1992; Gao et d., 1996). Freeradical generation by this pathway may
explainthelossof CYP2B1/2inrats treated withBDCM (Thornton-Manning
et a., 1994). Finally, carbon monoxide has aso been postulated to be a
product of the reductive pathway (Wolf et a., 1977).

Although the reactions of GSH with phosgene are protective against
THM-induced hepatic and renal toxicity,direct conjugation of the brominated
THMs to GSH may lead to genotoxicity. A GST-mediated mutagenic
pathway of brominated THM metabolism has recently been identified using
a Salmonella strain transfected with rat GST T1-1 (Pegram et al., 1997).
Base substitution revertants were produced in this strain by BDCM (at
medium concentrations of less than 0.1 mmol/litre) and the other brominated
THMs, but not by chloroform (De Marini et a., 1997; Pegram et d., 1997).
The propensity for GSH conjugation may therefore explain the different
results noted in mutagenicity tests with chloroform and the brominated
THMSs. Currently, itisnot known if GSH conjugation leadingto genotoxicity
occursinmammaliancells. However, it islikely that the analogoushuman GST
T1-1 will aso activate the brominated THMs, because similar substrate
specificities have been demonstrated for the rat and human GST isoforms
(Thieret a., 1993, 1996). Human GST T1-1 isexpressed polymorphically and
could therefore be a critica determinant of susceptibility to the genotoxicity
of the brominated THMs.

A PBPK model has recently been devel oped to describe the absorption,
distribution, tissue uptake and dosimetry, metabolism and dimination of
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BDCM in rats (Lilly et a., 1997b, 1998). Metabolism was characterized
directly by measuring production of bromide ion, which is liberated by all
known biotransformation reactions of BDCM, and indirectly by gas uptake
techniques. Determinations of plasmabromide concentrations after constant-
concentration inhalation exposures of ratsto BDCM provided evidence for
metabolic saturation at concentrationsof 1340 mg/m® (200 ppm) and greater.
Total in vivo metabolism of BDCM was accurately described by the model
as a saturable process using metabolic rate constant values of 12.8 mg/h for
maximum rate of metabolism (V) and 0.5 mg/litre for K ,,. This compares
with a V,,,, vauefor chloroform of 6.8 mg/h (Corley et al., 1990), providing
additional evidence for more rapid metabolism and greater generation of
reactive intermediates from BDCM than from chloroform. Production of
bromide from BDCM following treatment with an inhibitor of CYP2E1,
trans-dichloroethylene, increased the apparent K, from 0.5 to 225 mgllitre,
further demonstrating that CY P2EL is a mgjor isoform involved in BDCM
metabolism. The metabolism model, derived from inhalation exposure data,
was subsequently linked to a multicompartment gastrointestinal tract
submodel using estimates of oral absorption rate constants determined by
fitting blood and exhaled breath chamber concentration-time curves obtained
after gavage of rats with BDCM. This model accurately predicted tissue
dosimetry and plasma bromide ion concentrations following oral exposure to
BDCM and can be utilized in estimating rates of formation of reactive
intermediates in target tissues.

Mode of action

As stated above, the metabolism of the THMs is believed to be a
prerequisite for the toxicity and carcinogenicity associated with exposure to
theseDBPs. Theprimary target tissues for the THMs are active sites of their
metabolism, and treatments that increase or decrease biotransformation also
tend to cause parallel increases or decreases in the toxicity induced by the
THMs (Thornton-Manning et al., 1993; US EPA, 1994b). The reactive
intermediates generated from thethreebrominated THM metabolic pathways
react with macromolecules to dicit both cytotoxic and genotoxic responses.

The cytotoxicity of the brominated THM s observed in the liver and

kidneysof exposed animals has been proposed to result from covaent adducts
formed between cdlular proteins and lipids and dihalocarbonyls or
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dihalomethyl free radicals. The adducts presumably impair the function of
these molecules and cause cell injury. BDCM produced these adducts in in
vitro incubations with hepatic and renal microsomes to a significantly greater
extent than did chloroform (Gao & Pegram, 1992; Gaoet d., 1996). Induction
of lipid peroxidation by free radical metabolites of reductive metabolism has
been proposed as another mechanismunderlyingTHM cytotoxicity. Each of
the brominated THM s induced lipid peroxidation in rat liver microsomes in
vitro, which was maximal at low oxygen tensions (de Groot & Nall, 1989).

As described above (section 4.1.2.6), it appears that direct conjugation
of BDCM and the other brominated THM s with GSH generates mutagenic
intermediates (Pegram et al., 1997), but this process has not yet been
demonstrated in mammals. However, the reaction was dependent on a
transfected rat enzyme (GST T1-1), andthehuman GST T 1-1 has been shown
tocatalyse GSH conjugation withthe dihalomethanes (Thier et d., 1996). The
GC to AT transitions observed in the Salmonella strain expressing GST T1-
1 indicate that DNA lesions on either guanine or cytosine occurred after
exposure to brominated THM's (De Marini et a., 1997). Based on similar
reactions by dihalomethanes, it can be proposed that S-(1,1-dihalomethyl)-
GSH is the product of GSH conjugation of brominated THMs, which then
reactsdirectly with guanine. Dechert & Dekant (1996) found that S-(1-chloro-
methyl)-GSH reacts with deoxyguanosine to produce S-[1-(NV?-deoxy-
guanosinyl)-methyl]-GSH, and a methylguanosine adduct was also formed
from reactions of S-(1-acetoxymethyl)-GSH withmodel nucleosides (Thier et
al., 1993). In vivo covaent DNA binding by *C-BDCM has been observed
in each of the cancer target tissues for BDCM in the rat, but the nucleoside
adducts have not yet been identified (Bull et al., 1995).

Aninterplay of direct mutagenicity withcytotoxic responses leading to
regenerative hyperplasia may explain some, but not al, of the carcinogenic
effects of the brominated THMs. For example, renal tubular cell hyperplasia
coincident with tubular cell cancerswas observedinrats gavagedwith BDCM
for 2 years (NTP, 1987), but necrosis and hyperplasia were not associated
withtheliver neoplasmsinduced by BDCM inmice(NTP, 1987). Melnick et
a. (1998) recently revisited thisissue and noted that high incidences of liver
tumourswereobserved with BDCM and DBCM at doses that had littleor no
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effect on hepatic regenerative hyperplasia. No evidence for cytotoxic
responses in the intestine was noted in the N TP study withBDCM, but high
incidences of intestinal carcinomas were reported (NTP, 1987). Therefore,
while cytotoxic effects of BDCM may potentiate tumorigenicity in certain
rodent tissues at high dose levels, direct induction of mutations by BDCM
metabolites may also play a carcinogenic role. The extent to which each of
these processes contributed to the induction of tumours observed in chronic
animal studiesis at present unclear. Additiona in vivo studies arerequired to
confirmthe mechanism or mechanisms underlying brominated THM-induced
carcinogenesis.

Dibromochloromethane

General toxicological properties and information on dose—response
in animals

Acute toxicity

Acute oral LD g;sof 800 and 1200 mg of DBCM per kg of body weight
were reported by Bowman et al. (1978) for male and female ICR Swiss mice,
respectively, whereas Chu et al. (1980) found LD 5,s of 1186 and 848 mg/kg
of body weight for mae and female Sprague-Dawley rats, respectively. A
DBCM dose of 500 mg/kg of body weight produced ataxia, sedation and
anaesthesia in mice (Bowman et a., 1978). Hewitt et a. (1983) dosed mae
Sprague-Dawley rats withDBCM by corn oil gavege and found doses of 2450
mg/kg of body weight and above to be lethal. No clinical evidence for
significant liver or kidney toxicity was found at sublethal doses.

Induction of acute renal toxicity by DBCM was studied by Kroll et al.
(1994a,b); a single intraperitoneal dose of 3 mmol/kg of body weight resulted
in elevated BUN, reductions in glomerular filtration rate and rena
concentrating ability, and interference with proxima tubular secretion and
reabsorption.

Short-term toxicity
Daily gavage of male and female CD-1 mice with DBCM in an agueous

vehicle for 14 days produced hepatotoxicity inbothsexes at the highest dose
of 250 mg/kg of body weight per day (Munson et a., 1982). Depressed
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immune function was also observed in both sexes at doses of 125 and 250
mg/kg of body weight per day, whereas the 50 mg/kg of body weight per day
dosewas without effect. Corn oil gavage of DBCM to male CD-1 mice for 14
days (Condie et a., 1983) led to observations of kidney and liver toxicity at
alower dose (147 mg/kg of body weight per day) than had been observed with
aqueous delivery (Munson et d., 1982). In another 14-day corn oil gavage
study, NTP (1985) found that a dose of 500 mg/kg of body weight per day
was lethal to B6C3F, mice, and doses of 500 and 1000 mg/kgof body weight
per day were lethd to F344/N rats. Dietary administration of
microencapsulated DBCM to Wistar rats for 1 month caused liver cel
vacuolization, with a LOAEL of 56 mg/kg of body weight per day and a
NOAEL of 18 mg/kg of body weight per day (Aidaet al., 19924).

DBCM-induced cardiotoxicity was reported in male Wistar rats after
short-term exposure (4 weeks of daly dosing with 0.4 mmol/kg of body
weight). Arrhythmogenic and negative chronotropic and dromotropic effects
were observed, as well as extension of atrioventricular conduction times.
Inhibitory actions of DBCM on calcium ion dynamics in isolated cardiac
myocytes were also noted.

Inthe NTP (1985) study, DBCM was administered by corn oil gavage
to F344/N rats and B6C3F,; mice (10 per sex per dose) for 13 weeks (5 days
per week) at doses of 0, 15, 30, 60, 125 or 250 mg/kgof body weight per day.
The highest dose was lethal to 90% of the rats, producing severe lesions and
necrosis in kidney, liver and salivary glands. Hepatocellular vacuolization
indicative of fatty changes was observed in male rats at doses of 60 mg/kg of
body weight per day and higher. In the mice, no DBCM-related effects were
reported at doses of 125 mg/kg of body weight per day or lower. At the
highest dose, fatty liver and toxic nephropathy were noted in males, but not
infemales. A NOAEL of 30 mg/kg of body weight per day canbederived from
this study.

A 90-day corn oil gavage study was conducted using Sprague-Dawley
rats and doses of 0, 50, 100 or 200 mg/kg of body weight per day (Danidl et
a., 1990b). Body weight gain was significantly depressed in the high-dose
groups to less than 50% and 70% of the controls in males and females,
respectively. Observations of liver damageincluded elevated ALAT in mid-
and high-dosemales, centrilobular lipidosis (vacuolization) inmaesat dl doses
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and high-dose females, and centrilobular necrosis in high-dose males and
females. Kidney proximal tubule cell degeneration was induced by DBCM in
al high-dose rats and to alesser extent at 100 mg/kg of body weight per day
in males and at both 50 and 100 mg/kg of body weight per day in females.

Chronic toxicity

The chronic ordl toxicity of DBCM was studied by NTP (1985) in
F344/N rats and B6C3F; mice using corn oil gavage (5 days per week for 104
weeks) and doses of 0,40 or 80 mg/kg of body weight per day for rats and 0,
50 or 100 mg/kg of body weight per day for mice. Liver lesions, including fat
accumulation, cytoplasmic changes and atered basophilic staining, were
observed inmaeand female rats at both dose levels. The low-dose male mice
inthis study werelost as aresult of an overdosingaccident. Compound-rel ated
hepatocytomegaly and hepatic focal necrosis were observed in high-dosemae
mice, and liver cacification (high dose) and fatty changes (both low and high
doses) werenotedin femaemice. Rend toxicity (nephrosis) was also observed
in male mice and female rets.

Reproductive and developmental toxicity

Borzelleca& Carchman (1982) conducted atwo-generation reproductive
study of DBCM in ICR Swiss mice. Male and female mice at 9 weeks of age
were maintained on drinking-water containing 0, 0.1, 1.0 or 4.0 mg of DBCM
per ml, leading to average doses of 0, 17, 171 or 685 mg/kgof body weight per
day. Fertility and gestational indexwerereduced in the high-dosegroup for the
F, generations. Only fertility was decreased (high-dose) in the F, generation.
At themid and high doses in both generations, litter sizeand theviability index
were decreased. Other effects included decreased lactation index and reduced
postnatal body weight. No dominant lethal or teratogenic effects were
observed in the F, or F, generations.

In a developmenta study in rats conducted by Ruddick et a. (1983),
gavage of DBCM (0, 50, 100, or 200 mg/kg of body weight per day) on
gestational days6-15 caused adepression of materna weight gain, but nofetal
malformations.
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Neurotoxicity

DBCM was tested for behavioura effectsin male ICR mice by Balster
& Borzelleca (1982), who found no effect of treatments up to 100 mg/kg of
body weight per day for 60 days. Dosing for 60 days with400 mg/kgof body
weight per day produced decreased response rates in an operant behaviour
test. Korz & Gattermann (1997) observed DBCM-induced behavioural
dterations in male golden hamsters exposed either for 14 daysto a dose of 5
mg/kg of body weight per day or acutely toasingledoseof 50 mg/kg of body
weight. At the low dose, subchronic treatment caused reduced aggressive
behaviour during socia confrontation on day 14 as compared with vehicle-
dosed controls. Followingthe acutedose, increased locomotor activity on days
3-6 and decreased wheel running on days 6-9 were observed, but no effects
were noted after day 9.

Toxicity in humans

Clinica case findings resulting from human exposureto DBCM havenot
been reported.

Carcinogenicity and mutagenicity

IARC has evaluated the carcinogenicity of DBCM and concluded that
there is inadequate evidence for its carcinogenicity in humans and limited
evidence for its carcinogenicity in experimental animals. The compound was
assigned to Group 3: DBCM is not classifiable as to its carcinogenicity to
humans (IARC 1991, 1999).

In a 104-week corn oil gavage study, DBCM was not carcinogenic in
F344 rats (50 per sex per dose) at doses of 0, 40 or 80 mg/kg of body weight
given5 daysper week (NTP, 1985). Infema e B6C3F,; mice, however, DBCM
significantly increased the incidence of hepatocellular adenomas and the
combined incidences of hepatocellular adenomas and carcinomas at the high
dose (100 mg/kg of body weight per day) (Table 13). The incidence of
hepatocel lular carcinomas was significantly increased in malemicea the same
dose. The low-dose (50 mg/kg of body weight per day) mae mice werelost
midway through the study as aresult of aninadvertent overdose. NTP judged
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Table 13. Frequencies of liver tumours in mice administered
dibromochloromethane in corn oil for 104 weeks?

Treatment (mg/kg Sex Adenoma Carcinom Adenoma or
of body weight per a carcinoma
day) (combined)
Vehicle control M 14/50 10/50 23/50

F 2/50 4/50 6/50
50 M —b - -

F 4/49 6/49 10/49
100 M 10/50 19/50¢ 27/504

F 11/50¢ 8/50 19/50¢

a  Adapted from NTP (1985).

b Male low-dose group was inadequate for statistical analysis.

¢ P <0.05 relative to controls.

d P <0.01 (life table analysis); P = 0.065 (incidental tumour tests) relative to
controls.

e P <0.01 relative to controls.

that these results provided equivocal evidence of DBCM carcinogenicity in
male mice and some evidence of carcinogenicity in female mice.

Based on in vitro studies, mutagenic potency appears to increase with
the degree of bromine substitution in the THMs. DBCM is mostly positive
in tests employing closed systems to overcome the problem of volatility
(IARC, 1991, 1999; Pegram et a., 1997). In the GST-transfected TA1535
strain (seesection4.1.1.3), DBCM is the most potent THM, inducinggrester
than 10-fold more revertants per plate than BDCM after exposure to THM
vapour (3400 mg/m?® for DBCM ;2680 mg/m®for BDCM [400 ppm]) (Pegram
et al., 1996; DeMarini et d.,1997). DBCM has given mostly positive results
in eukaryotic test systems (Loveday et al., 1990; IARC, 1991, 1999;
McGregor et a., 1991; Fujieet a., 1993), athough thereis lessconsistency in
results between the different assays when considered with or without an
exogenous metabolic system.

Datafrom in vivo studies are more equivocal. DBCM was positive for
SCE and chromosomal aberrations in mouse bone marrow (Morimoto &
Koizumi, 1983; Fujie et a., 1990) and in a newt micronucleus assay (Le
Curieux et a., 1995), but was negative for micronuclei and UDSintheliver of
rats (Ishidate et a., 1982; Hayashi et a., 1988; Stocker et a., 1997). Potter et
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d. (1996) found that DBCM did not induce DNA strand breaksinthekidneys
of male F344 rats following seven daily doses of 1.5 mmol/kgof body weight.

These studies are summarized in Table 12.
Comparative pharmacokinetics and metabolism

The pharmacokinetics of DBCM havebeen studied the least among the
THMs.Minket a. (1986) compared the absorption, distribution and excretion
of DBCM with those of the other THMs. A dose of 100 mg/kg of body
weight was administered oradly in corn oil to male Sprague-Dawley rats by
gavage, and 150 mg/kg of body weight was administered similarly to male
B6C3F, mice. The pattern of distribution and elimination of DBCM was very
similar to that observed withBD CM :ratsexpired moreof the dose than mice
as atrapped organic component presumed to be the parent compound (48%
vs. 12%) and expired less as carbon dioxide (18% vs. 72%) after 8 h. Total
recovery from excised organswas 1.4%in rats and 5.0% in mice, whereas less
than 2% of the dose was excreted in the urine in both species. Half-lives of
DBCM in rats and mice were estimated to be 1.2 h and 2.5 h, respectively.

The cytochrome P450-mediated metabolism of DBCM has not been
directly investigated. Presumably, metabolismproceedsviathe same routes of
biotransformation as described for BDCM (section 4.1.2.6) and chloroform
(IPCS, 1994). Oxidative metabolism of DBCM would be expected to yield a
bromochlorocarbony! rather than phosgene, and reductive dehal ogenation
would produce a bromochloromethyl radica. Anders e d. (1978)
demonstrated in vivo carbon monoxide production from DBCM in male
Sprague-Dawley ratsat arateintermediatetothoseof BDCM and bromoform.
DBCM was very reactive in the Salmonella-GST mutagenicity assay,
indicating that it has greater potential for GSH conjugation than BDCM (De
Marini et al., 1997).

Pankow et a. (1997) reported the metabolism of DBCM to bromideand
carbon monoxide in rats after gavage of aliveail solutions (0.4—3.1 mmol/kgof
body weight). The DBCM concentrations in blood and fat 6 h after thelast of
seven consecutivedaily doses (0.8 mmol/kg of body weight) were lower than
a 6 h after a single gavage of this dose, suggesting that more of the chemical
was metabolized after the seventh dose than after the single dose. The seven-
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doseregimen al so caused a2-fold induction of aCY P2E1-specific activity. The
involvement of CYP2E1, CYP2B1/2 and GSH in DBCM metabolismwas aso
demonstrated.

Mode of action

Mechanisticissuesfor DBCM aresimilar to those addressed for BDCM
(sections 4.1.2.6 and 4.1.2.7). The greater propensity for the metabolism of
this compound and bromoform as compared with BDCM is difficult to
reconcile with its lower carcinogenicity in the NTP (1985) bioassay. A
possible explanation is less bioavailability resulting from the greater
lipophilicity of this compound and the use of corn oil as the vehicle of
administration. Greater lipophilicity and reactivity of thiscompound or its
metabolites (i.e., the bromochlorocarbonyl metabolite) may also prevent it
fromreaching critical target sites. It is also of note that DBCM did not induce
carcinomas of the large intestine in rats in the NTP studies using corn oil
vehicle, whereas both BDCM and bromoform did induce these tumours.

Bromoform

General toxicological properties and information on dose—response
in animals

Acute toxicity

Amongthebrominated THM's, bromoformis the least potent as alethal
acute oral toxicant. The acute oral LD g,s for bromoform were 1400 and 1550
mg/kg of body weight in male and female mice, respectively (Bowman et a.,
1978), and 1388 and 1147 mg/kg of body weight in male and female rats,
respectively (Chuet a., 1980). Bromoform was also alesspotent anaesthetic
thanBDCM and DBCM: a 1000 mg/kg of body weight dose was required to
produce this effect in mice. Intraperitoneal administration of bromoform in a
corn oil vehicle at doses of 25-300 : I/kgof body weight produced no signifi-
cant elevations of serum enzymes indicative of liver damage (Agarwal &
Mehendele, 1983).

Bromoform was included inthe acuterenal toxicity studies of Kroll et al.
(1994a,b) but was ranked as the least potent among the THMs in general
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disruption of renal function. A single intraperitoneal dose (3 mmol/kg of body
weight) did, however, inducesignificant decreasesinglomerular filtration rate,
rend concentrating ability, and tubular secretion and reabsorption. Tubule
function was affected as early as 8 h after dosing, whereas the other effects
were observed at 2448 h.

Short-term toxicity

Maleand female CD-1 micewere gavaged daily withbromoform (50, 125
or 250 mg/kg of body weight) in an aqueous vehicle for 14 days, leading to
liver toxicity and a decrease in antibody-forming cells only at the highest dose
(Munson et a., 1982). The magnitude of the liver effects was less than that
observed with the other THMs, and BUN was not elevated by bromoform.
Condie et a. (1983) noted both liver and kidney toxicity in CD-1 mice after
dosing with 289 mg of bromoform per kg of body weight per day in corn oil
for 14 days, whereas no significant effects were found at 72 and 145 mg/kgof
body weight per day. NTP (1989a) also conducted a 14-day corn oil gavage
study with bromoform and found that doses of 600 and 800 mg/kg of body
weight per day were lethal tobothsexes of F344/N rats. Mice given doses of
400 mg/kg of body weight and higher had raised stomach nodules.
Microencapsulated bromoform was added to the diet of Wistar rats for 1
month, producing liver damage (Aida et a., 1992a).

Bromoform was givento F344/N rats (10 per sex per dose) and B6C3F,;
mice (10 per sex per dose) by corn il gavage for 13weeks (5 days per week)
at doses of 0, 25, 50, 100 or 200 mg/kgof body weight per day, with an added
dose of 400 mg/kg of body weight per day for miceonly (NTP, 1989a). The
only significant finding, hepaticvacuolation, was observed in maerats, but not
in female rats, at doses of 50 mg/kg of body weight per day and higher, and in
ma e mice, but not in femae mice, a doses of 200 and 400 mg/kg of body
weight per day. The NOAEL in the rat study was 25 mg/kg of body weight
per day, whereas that in the study in mice was 100 mg/kgof body weight per
day.
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Chronic toxicity

Bromoform was administered in drinking-water (containing 0.25%
Emulphor) to mae F344 rats and B6C3F,; mice for 1 year, and clinical
indicators of kidney toxicity were examined (Moore et a., 1994). Water
containing bromoform concentrations of 0.12, 0.6 and 1.2 g/litre for rats and
0.08, 0.4, and 0.8 g/litre for mice resulted in average daily doses of 6.2, 29 or
57 mg/kg of body weight for rats and 8.3, 39 or 73 mg/kg of body weight for
mice. Several indicatorsof tubular and glomerular damage were elevated at each
treatment level in mice, and mice appeared more susceptibleto the nephrotoxic
effects of bromoform than to those of BDCM (see section 4.1.2.1). Asin
mice, urinary protein wasincreased in dl rat dose groups, but little evidence
of loss of tubule function was observed in rats.

Two-year investigations of bromoform toxicity were conducted by
administeringdoses of 0, 100 or 200 mg/kg of body weight by corn oil gavage,
5 days per week for 103 weeks, to F344/N rats (50 per sex per dose) and
female B6C3F,; mice (50 per dose) (NTP, 19894). Male mice (50 per dose)
received doses of 0, 50 or 100 mg/kg of body weight per day. Survivd of high-
dose male rats and both dose groups of female mice was significantly lower
thanthat of the vehicle controls. Focal or diffuse fatty change of theliver was
observedin a dose-dependent fashion in both sexes of rats, and activechronic
hepatic inflammation was found in male and high-dose female rats. Minimal
necrosis of the liver was noted in high-dosemalerats. In mice, the incidence of
fatty changes of the liver was increased in females, but not in males, at both
dose levels. Fallicular cell hyperplasia of the thyroid gland was observed in
high-dose female mice. The different target organ (liver) in this study as
compared withthedrinking-water study of Mooreet a. (1994), inwhichrena
effects predominated, suggeststhat the vehicleand mode of administration can
affect which tissues are affected by bromoform.

Reproductive and developmental toxicity

Ruddick et a. (1983) conducted a teratological investigation of
bromoform in Sprague-Dawley rats (15 per group). Bromoform was
administered by gavage at doses of 50, 100 or 200 mg/kg of body weight per
day on gestation days 6-15. Evidence of afetotoxic response was observed,
but therewerenofetal malformations. Interparietal deviations were, however,
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noted in the mid- and high-dose groups. NTP (1989b) utilized the same
bromoform doses given by gavage for 105 days to 20 male-female pairs of
Swiss CD-1 mice to examine effects on fertility and reproduction. There was
no detectabl e effect of bromoform on fertility, litters per pair, live pups per
litter, proportion of pups born aive, sex of live pups or pup body weights.
Bromoform was also found to induce full-litter resorptions in pregnant F344
ratswhen administered orally on gestation days6—15, but at higher doses (150
and 200 mg/kg of body weight per day) than those required to produce the
same effect for BDCM (Narotsky et a., 1993).

Neurotoxicity

Bromoform was included in the mouse behavioural study of Balster &
Borzelleca (1982). Doses of 9.2 mg/kg of body weight per day for up to 90
days had no effect on the outcome of several behavioural tests, and 100 mg/kg
of body weight per day for 30 days did not deter passive avoidance learning.
However, mice receiving either 100 or 400 mg/kg of body weight per day for
60 days exhibited decreased response rates in an operant behaviour test.

Toxicity in humans

Bromoform was used in the late 19th and early 20th centuries as a
sedative for children with whooping cough. Patients were typically given
doses of one drop (approximately 180 mg) 3-6 times per day (Burton-
Fanning, 1901), which usually resultedin mild sedationinthe children. A few
rare instances of deathor near-deathwerereported but werebelievedto be due
toaccidental overdoses (Dwelle, 1903). These clinica observationshavebeen
used to estimate alethal dosefor a10- to 20-kgchild to be about 300 mg/kg of
body weight and an approximate minimal dose for sedation to be 50 mg/kg of
body weight per day (US EPA, 1994b).

Carcinogenicity and mutagenicity

IARC hasevd uatedthe carcinogenicity of bromoform and concluded that
there is inadequate evidence for its carcinogenicity in humans and limited
evidence for its carcinogenicity in experimental animals. The compound was
assigned to Group 3: bromoformisnot classifiableas to its carcinogenicity to
humans (IARC, 1991, 1999).
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Two-year studies of bromoform carcinogenicity were conducted by
administering doses of 0, 100 or 200 mg/kg of body weight in corn oil by
gavage, 5 days per week, to groups of F344/N rats (50 per sex per group) and
female B6C3F, mice (50 per group) and doses of 0, 50 or 100 mg/kg of body
weight tomaemice(NTP, 1989a). No neoplastic effects were associated with
the exposure of mice to bromoform. In rats, however, intestina carcinomas
were induced by bromoform, as had aso been observed with BDCM. The
uncommon adenomatous polyps or adenocarcinomas (combined) of the large
intestine (colon or rectum) were observed in 3 out of 50 high-dose male rats
and in 8 out of 50 high-dose femal e rats as compared with 0 out of 50 ratsin
the male controls and O out of 48 rats in the female controls (Table 14).
Because thesetumoursarevery rare in the rat, these findings were considered
significant, and the NTP therefore concluded that therewas clear evidence for
carcinogenic activity in female rats and some evidence in malerats.

Table 14. Tumour frequencies in rats exposed to bromoform in corn oil for 2
years?

Animal/tissue/tumour Tumour frequency

Control 100 mg/kg of 200 mg/kg of
body weight body weight

per day per day
Male rat
Large intestine
Adenocarcinoma 0/50 0/50 1/50
Polyp (adenomatous) 0/50 0/50 2/50
Female rat
Large intestine
Adenocarcinoma 0/48 0/50 2/50
Polyp (adenomatous) 0/48 1/50 6/50

a Adapted from NTP (1989a).

Bromoform, in common with the other brominated THMss, is largely
positive in bacterial assays of mutagenicity conducted in closed systems
(Zeiger, 1990; IARC, 1991, 1999). In the GST-transfected Salmonella
typhimurium TA1535 strain (see section 4.1.2.5), bromoform produced
about 5 times more revertants than BDCM at comparable exposure levels
(Pegramet ., 1997). AswithBDCM, the mutations were almost exclusively
GC to AT transitions (DeMarini et a., 1997). In prokaryotic tester strains,
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bromoform induced mutations without metabolic activation in S.
typhimurium strain TA100 (Smmon & Tardiff, 1978; Ishidate et al., 1982;
NTP, 1989a; Le Curieux et a., 1995), with and without activation in TA98
(NTP, 1989a; Zeiger, 1990) and with microsomal activationin TA97 (NTP,
198943). In eukaryotic test systems, bromoform is largely positive (IARC,
1991; Fujie et al., 1993). Aswithbacteria assays, bromoform appeared more
potent thanthe other brominated THM s(Morimoto& Koizumi, 1983; Banerji
& Fernandes, 1996).

In vivo studies (summarized in Table 12) have given contradictory
results. Bromoform was positive and negative in Drosophila (Woodruff et
al., 1985). It was positive in the newt micronucleus test (Le Curieux et al.,
1995) and gave increased SCE and chromosomal aberrationsin mouse and rat
bone marrow cdls (Morimoto & Koizumi, 1983; Fujie et a., 1990). It gave
negative results in mouse bone marrow (Hayashi et al., 1988; Stocker et a.,
1997),intherat liver UDS assay (Pereiraet a., 1982; Stocker et a., 1997) and
in the dominant lethal assay (Ishidate et a., 1982). In the studies carried out
by the NTP (1989a), it was positivefor micronuclei and SCE, but negativefor
chromosomal aberrationsin mouse bone marrow. Potter et a. (1996) found
that bromoform did not induce DNA strand breaks in the kidneys of male
F344 rats following seven daily doses of 1.5 mmol/kg of body weight.

Comparative pharmacokinetics and metabolism

14C-Bromoformpharmacokineti cswereexaminedin Sprague-Dawley rats
and B6C3F, micein astudy that includedal four of the common THMs that
occur as DBPs (Mink et al., 1986). Recoveries of *C-label 8 h after gavage
dosing were 79% in rats and 62% in mice. Thedistribution and elimination of
bromoform resembled those of chloroform rather than those of the other
brominated THMs. The percentage of 14C-label recovered from excised organs
and tissueswas 2.1% in rats and 12.2% in mice. Tissue levels of *C in mice
were substantially greater than those observed for the other brominated
THMSs. Urinary excretion of labd after 8 h (2.2-4.6%) was aso greater for
bromoformthanfor BDCM and DBCM . Bromoform (and organic metabaolite)
eimination viaexhaed breath was greater than that for all other THMsin the
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rat (67%), but less than that for al other THMs in the mouse (6%). The
estimated half-life of bromoform was 0.8 hinratsand 8 hin mice.

The cytochrome P450-dependent metabolismof bromoform was studied
by Anderset al. (1978), who found that bromoform was converted to carbon
monoxide in vivo in mae Sprague-Dawley rats & a rate significantly greater
than were the other three THMs. Evidence was presented suggesting that
some of the carbon monoxide arose from the oxidative metabolism of
bromoform to a dibromocarbonyl and subsequent reactions with GSH. It is
possible that someof the carbon monoxide was also generated from reductive
metabolism of bromoform, as indicated by in vitro results of Wolf et al.
(1977) from anaerobic incubations using hepatic preparations derived from
phenobarbital-treated rats. Carbon monoxide was produced from anaerobic
bromoform metabolism in this study at much greater levels than from
chloroform metabolism. Among the four THM stested by Mink et a. (1986),
bromoform exhibited the least metabolism to carbon dioxide (4% in rats and
40% in mice in 8 h). Free radicads from the in vivo reductive metabolism of
bromoform were detected by ESR spin-trapping after dosing phenobarbital-
treated rats (Tomasi et al., 1985). More radicals were generated from
bromoform in vivo than from any other bromochlorinated THM, which is
consistent with computational chemistry predictions that bromoform would
have the greatest reductive potential of the THMs (Waller & McKinney,
1993). Knecht & Mason (1991) also detected the in vivo production of
radicas from bromoform in the hile of rats, but only after the induction of
hypoxia.

Bromoform, likeDBCM , has amuch greater potential than BDCM tobe
conjugated by GSH to form a mutagenic intermediate. Base pair revertants
were produced in a dose-dependent fashion in GST-transfected Salmonella
typhimurium strain TA1535 by bromoform and BDCM, but not by
chloroform (Pegramet al., 1996, 1997; DeMarini et a., 1997). At an exposure
concentration of 33 100 mg/m?® for bromoform and 22 800 mg/m® for BDCM
(3200 ppm), GST-dependent revertants per plate induced by bromoformand
BDCM averaged 373 and 1935, respectively, compared with a control rate of
23 per plate (Pegram et al., 1996).
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Mode of action

The basic mechanisms of action for bromoform are similar to those
describedfor BDCM (section 4.1.2.7). Although bromoform seemsto havea
greater propensity for metabolismandis a more potent mutagenthanBDCM,
it appearsto be aless potent toxicant and carcinogen based on the results of
the NTP (1985, 1987) hioassays and numerous other in vivo studies of
toxicity. As with DBCM, a possible explanation is less bioavailability
resulting from the greater lipophilicity of this compound and the use of corn
oil asthevehicle of administration. This concept may be supported by the
occurrenceof bromoform-induced tumoursintheintestinal tract, but not inthe
liveror kidneys. Greater lipophilicity and reactivity of bromoform metabolites
may aso prevent it from reaching critical target sites. Moreover, when
bromoformwas injected intraperitoneal ly, its metabolismwas greater than that
of the other THMs (Anders et ., 1978; Tomasi et al., 1985); when
administered by corn oil gavege, however, bromoform was the least
metabolized THM (Mink et al., 1986). Data from studies of oral exposureto
bromoform in aqueous solutions are therefore required.

Haloacids

Like the THMs, the haloacids produced in the chlorination of drinking-
water consist of a series of chlorinated and brominated forms. To date, the
chlorinated acetic acids have been more thoroughly characterized
toxicologically than their brominated analogues. As discussed in earlier
chapters, the dihaloacetates and trihaloacetates occur in significantly higher
concentrationsthan the monohal oacetates. The present review will emphasize
the di- and trihal oacetates as the dominant forms of the haoacids found in
drinking-water and the ones for which extensive toxicological data have been
developed. The probable existence of many longer-chain halogenated acidsin
chlorinated drinking-water may be surmised from studies of chlorinated humic
acids(reviewed by Bull & Kopfler, 1991). Few of thesecompounds have been
extensively studied toxicologically. However, brief reference will be made to
thosecompoundsthat areknown to share some of the effectsof theHAAson
intermediary metabolism.
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Dichloroacetic acid (dichloroacetate)

Before beginning discussions of available toxicologica evaluations of
DCA, it isimportant to point out that this compound exists in drinking-water
asthe salt, despite the fact that it iswidely referred to as dichloroacetic acid.
DCA hasapKk, of 1.48 at 25 °C (IARC, 1995). As a consequence, it occurs
almost exclusively in the ionized form at the pHs found in drinking-water
(broadly speaking, a pH range of 5-10). Failure torecognizethis has resulted
in a number of studies that have employed the free acid in test systems. At
low doses, the buffering capacity of the physiological system can neutralize
acid, and the measured activity may infact be representative. However, most
of the experimentation has been conducted using doses ranging from 50 to
1000 mg/kg of body weight in vivo or in the mmol/litre range in vitro.
Therefore, the applicability of the results of such studies toestimatinghuman
risks will be uncertain because of the large pH artefacts that can be expected
when administering these quantities of a strong acid.

DCA has been shown to produce developmental, reproductive, neural
and hepatic effects in experimental animals. In general, these effects occur
when the compound has been administered at high dose rates, at which there
isevidence to indicate that the metabalic clearance of DCA is substantially
inhibited. This has important implications in attempting to associate these
toxicities with the low doses that are obtained in drinking-water.

Becauseit was being developed as a potentia therapeutic agent, thereis
atoxicological literature that precedes DCA'’s discovery as a by-product of
chlorination. The present review discusses these early, more genera
explorations of DCA’ seffectson intermediary metabolism before proceeding
to descriptions of studies designed to more specifically study its toxicology.

General toxicological properties and information on dose-response
in animals

Acute toxicity

DCA is not very toxic when administered acutely to rodents. Woodard
et a. (1941) reported LDg;s of 4.5 and 5.5 g/lkg of body weight in rats and
mice, respectively, for DCA administered as the sodium salt. Thisis roughly
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in the same range as the LD 5y for acetic acid. There s reason to believe that

other species, most specificaly the dog, may be more sensitive because of

some repeated-dose experiments discussed below; however, no specific data
seem to have been reported in the literature.

Short-term toxicity

Katz et a. (1981) published the first substantive evaluation of DCA's
subchronic toxicity in rats and dogs. DCA was administered by gavage at O,
125, 500 or 2000 mg/kg of body weight per day to rats (10-15 per sex per
group) and at 0, 50, 75 or 100 mg/kg of body weight per day to dogs (34 per
sex per group) for 3 months. One of three femae dogs died a 75 mg/kg of
body weight per day, and one of four mae dogs died a 100 mg/kg of body
weight per day. The most overt toxicity in rats was hindlimb paralysis at the
highest dose. Clinical chemistry indicated significant increases in total and
direct bilirubin a 500 and 2000 mg/kg of body weight per day in rats, and
relative liver weights were significantly increased at all doses. In dogs, an
increase in the incidence of haemosiderin-laden Kupffer cellswas noted at all
dose rates. Histopathological changes were observed inthe brain and testes of
both species. In rats, oedematous brain lesions were seen a 60% incidence
(primarily in the cerebrum, but also in the cerebellum) at the lowest dose and
at 100% in thetwo higher doses in both sexes. Slight to moderate vacuolation
of myelinated tractswas observed at al doses inbothratsand dogs. Testicular
germina epithelial degenerationwas observedin rats at doses of 500 mg/kg of
body weight per day and above and at all doses in dogs, with severity
increasing with dose. In dogs, a high incidence of ocular anomalies was
observed, and lenticular opacities were found to be irreversble upon
suspension of treatment with DCA. In bothratsand dogs, glucose and lactate
levels were suppressed in a dose-related manner.

Bull et a. (1990) examined the effects of DCA on the liver of BEC3F,
miceadministered 1 or 2gof DCA per litre (approximately 170 and 300 mg/kg
of body weight per day) in their drinking-water, with exposure lasting up to
1 year. As had been at least alluded to in earlier studies, DCA was found to
producea severe hepatomegaly in mice at concentrations in drinking-water of
1 g/litre and above. The hepatomegaly could be largely accounted for by large
increases in cdl size (cytomegaly). In shorter-term experiments, it was
determined that treatment with DCA produced only minor changes in the
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labelling index of hepatocytes using a pulse dose of tritiated thymidine
(Sanchez & Bull, 1990). In general, increases in labelling indices were seenin
areas of acinar necrosis intheliver. Hepatocytes from these mice stained very
heavily for glycogen using periodic acid/Schiff’'s reagent (PAS). The
accumulation of glycogen began to occur with as little as 1-2 weeks of
treatment (Sanchez & Bull, 1990), but becameprogressively moreseverewith
time (Bull et a., 1990). Sanchez & Bull (1990) noted that these effects could
not be replicated by exposing mice to the metabolites of DCA — glycolate,
glyoxylate or oxalate — in the drinking-water.

Davis (1990) investigated the effects of DCA and TCA treatmentson
male and female Sprague-Dawl ey ratsfor up to 14 days. The authors reported
decreased plasma glucose and lactic acid concentrations in both plasma and
liver. There were some inconsistencies in the reporting of the doses in this
study. However, the author has provided the correct doses, which were 120
and 316 mg/kgof body weight per day (M.E. Davis, personal communication,
1996). This places the resultsin a context that is more consistent with those
of other studies (e.g., Katz et al., 1981).

Mather et al. (1990) found increasesin liver weight in rats treated with
DCA at 5 gllitre (350 mg/kg of body weight per day) in their drinking-water
for 90 days. Relativeliver and kidney weightswereincreased at concentrations
of 0.5 gllitre (35 mg/kg of body weight per day) and above. PAS staining of
liver sections reveded accumulation of glycogen in severely swollen
hepatocytes, which was quite marked with 5 g DCA/litre. The treatment
caused small, statistically significant increases in akaline phosphatase (AP)
and ALAT in serum. However, these changes were too small to be of clinica
importance. DCA was found to approximately doubletheactivity of cyanide-
insensitive acyl coenzyme A (CoA) activity intheliver at 5g/litre, indicating
some induction of peroxisome synthesis.

Cicmanec et a. (1991) examined the subchronic effects of DCA in dogs.
DCA was administered at doses of 0, 12.5, 39.5 or 72 mg/kg of body weight
per day for 90 days to groups of five males and five females. Liver weights
were significantly increased in a dose-related manner, beginning with the
lowest dose, and kidney weight was increased at the highest dose. Thiswas
accompanied by histopathol ogical observation of vacuolar changesintheliver
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and haemosiderosis. The pancreas displayed evidenceof chronic inflammation
and acinar degeneration at the two highest doses. Testicular degeneration was
observedinvirtually dl the maedogs administered DCA. This pathology was
not observedin the control animals. Vacuolization of white myelinated tracts
inthe cerebrum or cerebellum was observed at all doses, and vacuolar changes
were observed in the medulla and spinal cord of mae dogs. Although the
vacuolization was present in all dosegroups, the authorsdescribed it as being
mild. These authors failed to find evidence of the lenticular opacities that had
been previously reported by Katz et al. (1981) under very similar treatment
conditions. They also found fairly consistent decreasesin erythrocytecounts
and haemoglobin concentrations at 72 mg/kg of body weight per day in both
maeand femaedogs. Asfound by othersin rat studies, evidence of hindlimb
paralysis was reported, but the effect was expressed only sporadically indogs.

A number of other studies areconsistent withthe pattern of toxicological
effects produced by DCA described above. Included in this group are the
study of Bhat et al. (1991), which adds observations of enlarged portal veins,
deposition of collagen in the areaof the portal triads and some similar lesions
inthe vasculature of the lung inrats. This study also noted atrophic testes and
focd vacuolation and gliosisin the brain. Only asingledoselevel of 10.5 g/litre
of drinking-water (approximately 1100 mg/kg of body weight per day) was
utilizedinthis 90-day study, alevel that substantially exceeds concentrations
reported to reduce water and food consumption in other studies (Bull et al.,
1990).

More recent studies have more closely examined the dose—response
relationshipsinvolved in the accumulation of glycogen in the liver of male
B6C3F, micetreated with DCA in drinking-water at levels rangingfrom0.1to
3 gllitre (approximately 20-600 mg/kg of body weight per day) for up to 8
weeks (Kato-Weinstein et a., 1998). Significant increases in the glycogen
content of the liver of micewere seenwith concentrations as low as 0.5 g/litre
(100 mg/kg of body weight per day) in their drinking-water, witha small, but
insignificant, increase being observed at 0.2 g/litre (40 mg/kg of body weight
per day). Glycogen concentrationsintheliver reached maximum levels within
1 week of treatment with concentrations in drinking-water of 1 g/litre and
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above. At this early stage, the glycogen that accumulates is subject to
mobilization by fasting. With continued treatment, the glycogen that is
deposited becomes increasingly resistant to mobilization until approximately
8weeksof treatment, when the glycogen contents of theliversof DCA-treated
mice are not different in fasted and non-fasted states.

The enzymatic basis of hepatic glycogen accumulation remains unclear.
DCA treatment has no effect on the total amount of either form of glycogen
synthase in the liver (e.g., glucose-6-phosphate-dependent vs. glucose-6-
phosphate-independent activity). The proportion of glycogen synthasein the
active form was significantly decreased in mice treated with DCA for aslittle
& 1 week. The amount of phosphorylase in the active form appeared
unaltered by treatment. Such changes couldindicatethat afeedback inhibition
may have developed on the synthesis of glycogen as a result of its
accumulation in hepatocytes.

Carter et a. (1995) examined the time course of DCA’s effects in the
liver of B6C3F, mice at concentrations of 0, 0.5 or 5 g/litre in drinking-water
for up to30 days. Asreported in prior studies, the high-dosegroup displayed
severeliver hypertrophy. However, a smaller, but consistent, increaseinliver
weight becameevident withaslittleas 10 days of treatment a 0.5 g/litre. Even
at thisrelatively low dose, some hepatocytes appeared to have lost nuclei or
possessed nuclei that had undergone some degree of karyolysis. These
experimentsalso appeared to rule out cytotoxicity and reparative hyperplasia
as consistent features of DCA'’ s effects. The authors suggested that this was
in apparent contrast to the earlier observations of Sanchez & Bull (1990).
However, Sanchez & Bull (1990), in al4-day study in mice, noted that these
effectswereclosely associated with what appearedtobeinfarcted areasinthe
liver of mice treated with high doses of DCA rather than cytotoxicity. These
infarcts are thought tobe secondary tothe severe swellingof hepatocytes that
resultsfrom DCA treatment. This interpretationis supported by the apparent
lack of cytotoxic effectsof DCA in isolated hepatocytes of bothmiceandrats
a concentrationsinthe mmol/litrerange (Bruschi & Bull,1993). Subsequently,
theseinfarcted areas have beenidentified as acinar necrosis (ILSI, 1997), which
occurs in asomewhat random fashion when high concentrations of DCA ($2
g/litre) areadministered for prolonged periods of time (Stauber & Bull, 1997).
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It is important to note that the dog appears to be very sensitive to the
effectsof DCA ontheliver; substantial increasesin liver weights are observed
a daily doses as low as 12.5 mg/kg of body weight per day for a 90-day
period (Cicmanec et al., 1991). By comparison, the lowest effect level noted
inmiceis 0.5 gllitre of drinking-water, which approximates 70-100 mg/kg of
body weight per day (Carter et al. 1995), and the lowest effect level noted in
ratsis 125 mg/kg of body weight per day (Katz et al., 1981).

Reproductive effects

DCA produces testicular toxicity when administered at high doses in
drinking-water. These effects were first noted in studies of the generd toxicity
of DCA (Katz et d., 1981) and were discussed above (section 4.2.1.1).
Cicmanecet d. (1991) followed up on these original observations in dogs and
detected degeneration of the testicular epithelium and syncytial giant cell
formation at doses as low as 12.5 mg/kg of body weight.

Toth et d. (1992) examined DCA’s ability to modify male reproductive
functionin Long-Evans rats given 0, 31, 62 or 125 mg/kg of body weight per
day by gavege for 10 weeks. Reduced weights of accessory organs
(epididymis, caudaepididymis and preputial gland) were observed at doses as
low as 31 mg/kg of body weight per day. Epididymal sperm counts were
found to be depressed and sperm morphology was increasingly abnormal at
doses of 62 mg/kgof body weight per day and above. Theselatter effects were
accompanied by changesin sperm motion. Fertility was tested in overnight
matings and was found to be depressed only a the highest dose evaluated,
125 mg/kg of body weight per day.

The testicular toxicity of DCA was evaluated in adult male rats given
both single and multiple (up to 14 days) ora doses. Delayed spermiation and
atered resorption of residual bodieswere observed in rats given single doses
of 1500 or 3000 mg/kg of body weight; these effects persisted to varying
degress on post-treatment days 2, 14 and 28. Delayed spermiation and
formation of atypical residual bodies were also observed on days 2, 5, 9 and
14 in rats dosed daily with 54, 160, 480 or 1440 mg/kg of body weight per
day. Distorted sperm heads and acrosomes were observed in step 15
spermatids after administration of doses of 480 and 1440 mg/kg of body
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weight per day for 14 days. Decreases in the percentage of motile sperm
occurred after 9 days at doses of 480 and 1440 mg/kgof body weight per day
and after 14 daysat 160 mg/kg of body weight per day. Increased numbers of
fused epididymal spermwereobserved ondays14,9and 5 in rats dosed with
160, 480 or 1440 mg/kg of body weight per day, respectively; other
morphological abnormalities occurred at 160 mg/kgof body weight per day and
higher. On day 14, asignificant decrease in epididymis weight was observed
at 480 and 1440 mg/kg of body weight per day, and epididymal sperm count
was decreased at 160 mg/kgof body weight per day and higher. These studies
demonstrate that the testicular toxicity induced by DCA is similar to that
produced by the analogue DBA (see section 4.2.3.2). However, the testicular
toxicity of DCA islesssevereat equal mol/litre concentrations. Moreover, the
DCA-induced testicular lesions occur at lower doses asthe duration of dosing
increases, indicating the importance of using low-dose subchronic exposures
to assess the health risk of prevalent DBPs (Linder et al., 1997a).

DCA was found to be more potent than TCA in inhibiting in vitro
fertilization of BSD2F, mouse gametes (Cosby & Dukelow, 1992). For DCA,
the percentage of gametes fertilized dropped from 87.0% to 67.3% at the
lowest concentration tested, 100 mg/litre. No effects were noted for TCA a
100 mg/litre; at 1000 mg/litre, however, 71.8% of the gametes were fertilized.
Both responses were statistically different from those of their concurrent
control groups.

Developmental effects

DCA has been shown to induce soft tissue abnormalities in feta rats
when administered by gavage in awater vehicletotheir dams during gestation
days 6-15 (Smith et d., 1992). These effects were observed at doses of 140
mg/kg of body weight per day and above and were not observed at 14 mg/kg
of body weight per day. The heart was the most common target organ. An
interventricular septal defect between the ascending aorta and the right
ventricle was most commonly observed. Urogenital defects (bilateral
hydronephrosis and rend papilla) and defects of the orbit were also observed.
Inasubsequent publication, theseauthors identified the most sensitiveperiod
to be days 12-15 of gestation (Epstein et al., 1992).
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Some limited experimentation has been conducted to evaluate the
developmental effects of DCA in rat whole embryo culture (Saillenfait et al.,
1995). The applicability of these datato the in vivo situation is difficult to
evaluate based on the very high concentrations that were utilized in these
studies. At a concentration of 1 mmol/litre, DCA retarded growth of the
embryos by avariety of measures. It required 2.5 mmol/litre to induce brain
and eye defects and 3.5 mmol/litre to produce abnormalities in other organ
systems.

Neurotoxicity

Yount et a. (1982) demonstrated that DCA administered to ratsintheir
feed a doses of 2.5-4 mmol/kg of body weight per day (322—716 mg/kg of
body weight per day) produced hindlimb weakness and abnormal gait within
2-4 weeks of treatment. These effects were associated with significant
reductions in nerve conduction velocity and a decrease in the cross-sectional
area of thetibial nerve.

Toxicity in humans

DCA wasfirstinvestigated as apotential oraly effective hypoglycaemic
agent. Stacpoole et d. (1978) found that DCA, administered in doses of 34
g of dichloroacetate as the sodium salt per day for 67 days (43-57 mg/kg of
body weight per day for a 70-kg person), significantly reduced fasting
hyperglycaemiain patientswithdiabetes mellitusal oneor in combination with
hyperlipoproteinaemiaby 24%. |n addition, plasma lactic acid concentrations
dropped by 73% and plasma aanine concentrations by 82%. Only mild
sedation was noticed by some of the patients, and there was no evidence of
altered blood countsor prothrombin time. There was aslower, but significant,
decline in plasma triglyceride levels and less consistent effects on plasma
cholesterol. $-Hydroxybutyrate concentrations in plasma increased
significantly and continuously over the 6 days of administration. Uric acid
concentrations in serum increased and those in urine decreased, reflecting a
50% decrease in urinary clearance.

Further details onthe early investigations of DCA as an oral antidiabetic
agent have been reviewed extensively (Crabb et al., 1981; Stacpoole, 1989;
Stacpoole & Greene, 1992) and will not be dwelt on extensively in the present
review. The man reason that DCA was not fully developed for this
application was that longer-term administration to patients induced a
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reversible polyneuropathy (Moore et a., 1979b; Stacpoole, 1989). As
discussed above, similar pathology was reported in experimental animals by
several authors, whichadded significant weight tothis observation. Subsequent
workinrats suggested that thiaminedeficiency contributed tothe development
of peripheral neuropathy (Stacpoole et a., 1990). However, a recent report
(Kurlemann et ., 1995) indicated that supplementingthediet with 100 mg of
thiamine daily did little to ameliorate the development of polyneuropathy of
apatient treated with DCA at a dose of 100 mg/kg of body weight for 20
weeks.

Subsequently, DCA has been investigated extensively in the treatment
of congenital lactic acidosis (Coude et al., 1978; Stacpoole & Greene, 1992;
Toth et al., 1993), adisease that is frequently fatal. More recently, DCA has
been evaluated with successin the treatment of lactic acidosis associated with
severe maariain children (Krishnaet a., 1995). It is also apparently effective
in treatment of lactic acidosis associated with liver transplantation (Shangraw
et a., 1994). DCA has been reported to improve psychiatric symptoms, as
well asto markedly decrease élevated lactic acid levels in an individua with
mitochondrial myopathy (Saijo et d., 1991). Doses of up to 100 mg/kg of
body weight per day were administered. In a second study, DCA was shown
toreverselesions to the basal gangliain a patient withcomplex| deficiency as
measured by computerized tomography (CT) scan and magnetic resonance
imaging (MRI) (Kimura et al., 1995). However, a second patient with
pyruvate dehydrogenase complex deficiency displayed only transient
improvement.

Based onwork doneinanimals, several studies have examined theeffects
of DCA on cardiovascular function under avariety of disease conditions and
atered physiological states. DCA was found to stimulate myocardial lactate
consumption and improve left ventricular efficiency in 10 patients with
congestiveheart failure(Bersinet al., 1994). Onthe other hand, although DCA
decreased blood lactate levels in patients with congestive heart failure, it had
no effect on exercise time, peak exercise oxygen consumption or flow to the
exercising leg (Wilson et a., 1988). In normal individuals, DCA decreased
blood lacta e levels when exercising at less than 80% of average maximd
oxygen consumption, but it did not affect blood lactate concentrations at
exhaustion (Carraro et ., 1989).
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These studies show that DCA has somebeneficia effectsin avariety of
metabolic diseases. Acutely, DCA produces little in the way of risk, because
short exposures are without apparent adverse effect. However, despite the
limited number of subjects that have been studied, the results, when coupled
with the results of animal experiments, indicate relatively strongly that DCA
is neurotoxic in humans. The delayed induction of these toxicities may be
attributable in part to the fact that systemic concentrations of DCA can be
expected to sharply increase with prolonged treatment, a least at the high
doses used therapeutically, typically in the range 25-100 mg/kg of body
weight. There is no human evidence of adverse effects at lower exposures to
DCA (e.g., those that would be derived from drinking chlorinated water).

Carcinogenicity and mutagenicity

IARC has evaluated the carcinogenicity of DCA and, based on the data
available & the time, concluded that there is inadequate evidence for its
carcinogenicity in humans and limited evidence for its carcinogenicity in
experimental animals. The compound was assignedto Group 3: not classifiable
astoits carcinogenicity to humans (IARC, 1995).

DCA isavery effectiveinducer of hepatic tumoursin both mice and rats
at high doses. Severa studiesinmaeand female B6C3F,; mice found multiple
tumoursper animal with treatment concentrations of 2 g/litre and above with
aslittle as 1 year of treatment (Herren-Freund et al., 1987; Bull et a., 1990;
DeAngelo et a., 1991; Danid et d., 1992a; Pereira, 1996). These studies are
summarizedin Table 15. Early intreatment (i.e., 52 weeks), the dose—response
curve isvery steep, with essentially no response observed at concentrations
of 1 g/litre, but as many as four tumours per liverinmicetreated with2 g/litre
(Bull et al., 1990). However, concentrations as low as 0.5 g/litre will result in
a hepatic tumour incidence of approximately 80% in a full 2-year study
(Daniel et d., 19924).

Hepatictumoursare also induced by DCA in maleF344 rats (Richmond
et a., 1995). High doses of DCA given to rats also produce overt signs of
peripheral neuropathy. Nevertheless, increased incidences of hyperplastic
nodules, hepatocellular adenoma and hepatocellular carcinomawere observed
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Table 15. Carcinogenic effects of dichloroacetate in rodents

Species (sex) Dose Duratio Tumour HN & HA® HC? Reference
(g/litre) n site
(weeks) Incidence Tumour/n Incidence Tumour/n
(multiplicity (multiplicity
) )
Mice
B6C3F; (M) 0 61 Herren-Freund et
al. (1987)
5 61 Liver 25/26 (4.6) 21/26 (1.7)
B6C3F; (M) 1 52 Liver 2/11 0.3 - - Bull et al. (1990)
2 52 Liver 23/24 3.6 5/24 0.25
2 37 Liver 711 2.2 0/11 0
B6C3F; (M) 0 60 Liver 0/10 0 0/10 0 DeAngelo et al.
(1991)
0.5 60 Liver
3.5 60 Liver 12/12 2.3 8/12 1.7
5 60 Liver 27/30 2.3 25/30 2.2
0 75 Liver 2/28 0.07
0.05 75 Liver 4/29 0.31

0.5 75 Liver 3/27 0.11




Table 15 (Contd).

Species (sex) Dose Duratio Tumour HN & HA? HC? Reference
(g/litre) n site
(weeks) Incidence Tumour/n Incidence Tumour/n
(multiplicity (multiplicity
) )
0 104 Liver 1/20 0.05 2/20 0.1 Daniel et al.
(1992a)
0.5 104 Liver 12/24 0.5 15/24 0.63
B6C3F; (F) 0 52 Liver 1/40 0.03 0/40 0 Pereira (1996)
0.28 52 Liver 0/40 0 0/40 0
0.93 52 Liver 3/20 0.20 0/20 0
2.8 52 Liver 7/20 0.45 1/20 0.1
0 81 Liver 2/90 0.02 2/90 0.02
0.28 81 Liver 3/50 0.06 0/50 0
0.93 81 Liver 7/28 0.32 1/28 0.04
2.8 81 Liver 16/19 5.6 5/19 0.37
Rats
F344 (M) 0 60 Liver 0/7 0 0/7 0 Richmond et al.
(1995)
0.05 60 Liver 0/7 0 0/7 0
0.5 60 Liver 0/7 0 0/7 0
2.4 60 Liver (26/27) 0.96 1/27 0.04




Table 15 (Contd).

Qo o o

Species (sex) Dose Duratio Tumour HN & HA? HC? Reference
(g/litre) n site
(weeks) Incidence Tumour/n Incidence Tumour/n
(multiplicity (multiplicity
) )
0 104 Liver 1/23 0.04 0/23 0
0.05 104 Liver 0/26 0 0/26 0
0.5 104 Liver (9/29) 0.31 3/29 0.1
2.4 104 Liver NRe NR NR NR
F344 (M) 0 104 Liver 1/33 0.03 1/33 0.03 DeAngelo et al.
(1996)
0.05 104 Liver 0/26 0 0/26 0
0.5 104 Liver 5/29 0.17 3/29 0.10
1.6¢ 104 Liver 4/28 0.14 6/28 0.24

Combined hepatocellular nodules and hepatocellular adenomas.

Hepatocellular carcinoma.
NR = not reported.

Concentration was 2.6 g/litre of drinking-water for 18 weeks and then lowered to 1 g/litre to give a mean daily concentration of 1.6 g/litre.
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a 60 weeks of treatment a 2.4 g/litre (Table 15). As in mice, if DCA
treatment was extended to 104 weeks, the incidence of theselesionswas 41%
in agroup of 29 rats a a treatment concentration of 0.5 g/litre. No tumours
wereobserved at 0.05 g/litre, and only one hepatic tumour was observed in 23
control rats.

Estimated doses of DCA in mg/kgof body weight per day for thestudies
in Table 15 were asfollows (ILSI, 1997; US EPA, 1998a):

Herren-Freund et a. (1997): 5 g/litre = 1000 mg/kg of body weight per
day

Bull et al. (1990): 1 or 2 g/litre = 140 or 300 mg/kg of body weight per
day

DeAngelo et a. (1991): 0.05, 0.5, 3.5 or 5 gllitre = 7.6, 77, 410 or 486
mg/kg of body weight per day

Daniel et a. (1992a): 0.5 g/litre = 95 mg/kg of body weight per day

Pereira (1996): 0.26, 0.86 or 2.6 g/litre = 40, 120 or 330 mg/kg of body
weight per day

Richmond et d. (1995): 0.05, 0.5 or 2.4 g/litre = 4, 40 or 300 mg/kg of
body weight per day

DeAngeo e d. (1996): 0.05, 0.5 or 1.6 g/litre = 4, 40 or 140 mg/kg of
body weight per day.

Male F344 ratswereexposed for 2 yearsto DCA in their drinking-water
a concentrations of 0.05, 0.5 or 1.6 g/litre. Based upon the pathological
examination, DCA induced observable signsof toxicity inthe nervoussystem,
liver and myocardium. However, treatment-related neoplastic lesions were
observed only intheliver. A statistically significant increasein carcinogenicity
(hepatocellular carcinoma) was noted at 1.6 g/litre. Exposure to 0.5 g/litre
increased hepatocellular neoplasia (carcinoma and adenoma) at 100 weeks.
Calculation of thetime-weighted mean daily dose at which 50% of theanimas
exhibited liver neoplasia indicated that the F344 malerat (approximately 10
mg/kg of body weight per day) is 10 times more sensitive than the B6C3F,
male mouse (approximately 100 mg/kgof body weight per day) (DeAngelo et
al., 1996).

The ability of DCA to induce damage to DNA that could give riseto
mutationsor chromosomal damage has been studied both in vivo and in vitro.
Classical evaluations of DCA in Salmonella typhimurium tester strains,
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bothwithand without metabolic activation, have been largely negative if held
to the standard of at least a2-fold increase in apparent mutation frequency
(Waskell, 1978; Herbert et al., 1980). However, a number of more recent
studies have suggested some potential for DCA-induced modifications in
DNA. DeMarini et a. (1994) reported that DCA induced prophage in
Escherichia coli a a concentration of 0.26 mmol/litre and produced 2.7 and
4.2 revertants per ppm in S. typhimurium strain TA100 with and without S9
addition, respectively. There are some difficultiesin interpreting this report,
as the authors introduced DCA as a vapour, and it isnot clear whether the
concentrations reported (i.e., ppm) refer to air or medium concentrations.
Second, at least in the case of the Salmonella assay,the DCA was introduced
as the free acid and alowed to vaporize and partition into the incubation
medium. Because DCA isastrong acid, and if sufficient timeis allowed, such
conditions could result in near-quantitative transfer of DCA to the medium.
The amount volatilized in this case was approximately 60-600 mmol.
Therefore, it islikely that the pH of this small amount of medium (2.5 ml) was
substantially modified, even if only a fraction of thisrelatively large amount
of strong acid was indeed transferred to the medium. The amount of DCA
introduced into the prophage assay was unclear because the method of
addition was not described, athough the introduction to the journal article
implied that it was again being tested as a voldtile.

Fox et a. (1996) recently published an evaluation of the mutagenic
effects of sodium dichloroacetate. These investigations found no evidence of
increased mutation rates in Salmonella typhimurium tester strains TA98,
TA100, TA1535 or TA1537; Escherichia coli strain WP2urvA; or the
mouselymphomaforward mutation assay, whether incubated in the presence
or absenceof rat liver 3 fraction for metabolic activation. Theseauthorsfound
no evidencethat DCA was capable of inducing chromosomal aberrations in
CHO cdlsin vitro at doses of up to 1100 mg/kg of body weight for 3 days.
These studies utilized neutralized DCA, supporting the contention that
positive results in prior studies may have been due to artefactua results
obtained by testing of the free acid or because various sources of DCA have
greater amounts of impurities.

Giller et d. (1997) examined the mutagenicity of DCA in the SOS
chromotest, the Ames fluctuation assay and the newt micronucleus assay.
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DCA induced apositiveresponseat 500 - g/ml (approximately 3.5 mmol/litre)
in the SOS chromotest and at concentrations ranging from 100 to 1500 - g/ml
(approximately 1-10 mmol/litre) in the Ames fluctuation assay. The effects
were observed at a lower concentration in the absence of S9. The
concentrations used in these studies exceed the peak systemic concentrations
of DCA that produce a high incidence of liver tumours in mice by
approximately 3 ordersof magnitude (Kato-Weinsteinet a., 1998). Moreover,
it appears that the authors utilized the free acid in these experiments, raising
the possibility of a pH artefact. The newt micronucleus assay was found to
be negative.

DCA has been shown to produce a mutagenic and clastogenic response
in the in vitro mouse lymphoma assay, but only a doses a or above 1
mmol/litre (Harrington-Brock et al., 1998).

Analogous difficulties have been encountered when attempting to
document the mutagenic effects of DCA in vivo. Nelson & Bull (1988) and
Nelson et al. (1989) reported that DCA induced single strand breaks (SSB) in
hepatic DNA when administered by gavagetobothmiceand rats. Subsequent
investigatorswereunableto replicatetheseresultsin detail (Chang et al., 1992;
Danid et a., 1993a). However, a smal transitory increase in SSB was
observed withdoses of 5and 10 mmol/kgof body weight in maleB6C3F, mice
(Chang & 4., 1992). The bases of the discrepancies in these results are not
clear, but could, in part, be attributed to slightly different methods. As noted
in the subsequent section on TCA (section 4.2.2), the Nelson & Bull (1988)
results were not replicated by Styles et a. (1991), although therewas greater
similarity in the methods used. More recently, Austin et al. (1996) showed
that acute doses of DCA oxidatively damage nuclear DNA, measured as
increases in the 8-hydroxy-2-deoxyguanosine (8-OH-dG) relative to 2-
deoxyguanosine content of the isolated DNA. Thetimecourse of this damage
is more consistent with the development of SSB breaksreported by Chang et
a. (1992) and could represent therepair processthat involves strand scission.
Therearetwo important points that must be made: (i) theinduction of SSB by
Chang et a. (1992) was very small relative to that seen with the positive
controls, diethylnitrosamine and methylmethane sulfonate; and (ii) athough
increased 8-OH-dG was observed with acutetreatmentswithDCA, therewas
not a sustained elevation of this adduct in nuclear DNA of mice when
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treatments were extended to 3 or 10 weeks in drinking-water (Parrish et a.,
1996).

Fuscoeet a. (1996) reported results obtai ned with the mouse peripheral
blood micronucleus assay. They found a small, but statistically significant,
increaseinpolychromaticerythrocytes containingmicronuclei in maleB6C3F,;
mice treated for 9 days with 3.5 g of DCA per litre of drinking-water.
However, this response was not maintained through 28 days of exposure.
These investigators also examined DNA migration in the single-cell gel assay.
In this case, DCA appeared to retard migration of DNA, suggesting the
possibility of DNA cross-linking after 28 days of treatment at 3.5 g/litre.
Neither assay reveded significant effectsof DCA at concentrations of 2 g/litre
or below. DCA induces 3—4 tumours per animal within 1 year a 2 g/litre in
drinking-water (Bull et a., 1990). The higher doseaddslittletothe tumorigenic
response. Moreinformation with regard tothe possibility that DCA can cause
mutations in liver cellsisfound in arecent study using the lacl locus in the
Big Blue® transgenic mouse mutagenesis assay (Leavitt et al., 1997). These
investigators used adrinking-water routeand the same doses of DCA aswere
used in the rodent bioassay. After 10 and 60 weeks of DCA administration,
an increased frequency of mutants was observed at the high dose(3.5g/litre).
Mutational spectral analysis of thesemutationsrevealed a different spectrum
in the mutants from DCA-treated animals than was seen in the untreated
animals. At this high dose of DCA, alarge portion of the liver can actualy be
tumour tissue. Becausetumoursresult fromclonal expansion, the presence of
tumour tissue in the evaluated sample would give a falsely high mutation
frequency if alacl mutation occurred in the rapidly expanding tumour clone.
Thus, these indications of genotoxic activity may have little to do with the
induction of hepatic cancer by DCA.

DCA appears to specifically stimulate outgrowth of hepatocellular
adenomas, rather than hepatocellular carcinomas. Pereira & Phelps (1996)
examined the role of DCA as a promoter of methylnitrosourea (MNU)-
initiated hepatic tumoursin female B6C3F, mice. These dataare provided in
graphic form in Figure 2. At aconcentration of 2.6 g/litre of drinking-water,
DCA induced avery large increase in thenumber of hepatocellular adenomas,
but had no significant effect on the induction of hepatocellular carcinomas.
These data would appear to be consistent with the stop experiments of Bull
et a. (1990), who found that suspension of treatment with DCA appearedto
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arrest progression of liver tumours, but resulted in ayield of hepatocellular
adenomas and nodules that was proportional to the total dose of DCA
administered. In contrast, most of the tumours that remained after the
suspension of TCA treatment for 3 months were hepatocellular carcinomas.

More recent studies on the effects of DCA on cell replication within
normal hepatocytes and hyperplastic nodules and tumours (predominantly
adenomas) indicate that DCA has selective effects. Stauber & Bull (1997)
found that DCA had a small, stimulatory effect on the replication rate of
normal hepatocytes over the first 14 days of treatment. As treatment was
extended to 28 days and beyond, these effects became inhibitory at
concentrations in drinking-water of 0.5 g/litre and above. In contrast,
hepatocytes within nodules and tumours appeared to be resistant to the
inhibitory effects of DCA. At a concentration of 2 g/litre, DCA doubled the
rate a which c-Jun immunoreactive hepatocytes replicated within
hyperplastic nodules and adenomas. This strong stimulation of tumour cell
replication would appear to be responsible for the very rapid induction of
tumours in mice treated with DCA in drinking-water at concentrations of 2
g/litre and above. It would appear that the slower induction of liver tumours
a lower doses of DCA depends primarily on the selective suppression of the
replication of normal hepatocytes relative to that of initiated cells.

Theinhibitory effect of DCA on replication of normal hepatocytes has
been observed by a number of investigators (Carter et al., 1995). The rate of
replication is sharply inhibited within 5 days at concentrations of DCA of 5
g/litre. At 0.5 g/litre, the replication rate becomes inhibited to the same extent
as observed with 5 g/litre after 20 days of treatment. These decreases in
replication were accompanied by an increase inthe percentage of the cdlls that
were mononucleated, which is probably associated with an increase in
tetraploid cells.

The suppression of cdl replication by DCA in normal hepatocytes of
treated mice is accompanied by decreases in apoptosis (Snyder et al., 1995).
At concentrations of 5 g/litre, the frequency a which apoptotic cdls are
observed dropsby 60-75% with as few as 5 days of treatment. At 0.5 gl/litre,
thereisa downward trend that is observed over the period from 5 to 30 days
such that the frequency of apoptotic bodies at this low dose approaches that
observed at the highest dose at 30 days. Thisresult essentially parallels that
described above for suppression of the rates of cell replication. Thisraisesa
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dilemma as to whether thedriver of the response is suppressed replication or
suppressed apoptosis. Whichever is the case, this has to translate into
suppressed turnover of normal hepatocytes. The question is whether this
suppressive effect on cdl turnover increases the probability of transformation
of hepatocytes.

Small, but statistically significant,increasesintherateof DNA synthesis
in primary cultures of rat hepatocytes have been reported at a concentration
of 1 mmol of DCA per litre (Reddy et ., 1992). Thisisindirect evidence of
an effect onthe rate of cell division, becausereplication rates werenot actually
mesasuredinthis study. Nevertheless, it seems probable that DCA does act as
aweak mitogen. Adaptation or down-regulation of this response has been
consistently observed in vivo as described above. The key observation
appears to be that the mitogenic response is not down-regulated in
hyperplastic nodules or tumours (Stauber & Bull, 1997).

Hyperplastic nodules and tumoursinduced by DCA have somecommon
characterigtics that distinguish them from nodules and tumours that are
induced by TCA. In femae mice, Pereira (1996) indicated that liver tumours
induced by DCA tended to be eosinophilic, whereas those induced by TCA
were basophilic. In mae B6C3F, mice treated with 2 g of DCA per litre, a
substantial fraction (66%) of the altered hepatic foci found and nodules were
reported tobe eosinophilic. However, the larger lesions tend to be basophilic
(Stauber & Bull, 1997). These larger lesions included hyperplastic nodules,
adenomas and carcinomas. These data suggest that there are some differences
in tumour induction by DCA based on sex. However, this difference appears
to be important primarily a high doses ($2 gllitre), where the rate of cell
replicationis enhancedinaset of basophiliclesions. Thedevel opment of these
lesions may account for the much shorter latencies observed in male mice as
compared with female mice at high doses.

As pointed out by previous investigators examining responsesin mae
mice (Bull et a., 1990; DeAngelo et d., 1991), Pereira (1996) found the
dose-response curves describingthe induction of total lesions by DCA to be
non-linear infemalemice. Conversely, the effects of TCA areessentialy linear
with dose.
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Stauber & Bull (1997) found that DCA-induced liver tumours in mae
mice were immunoreactive to ¢-Jun and c-Fos antibodies, whereas TCA-
induced liver tumours were not. This differencewoul d appear consistent with
theobservation that DCA-induced tumoursinfemaemiceexpressed the GST-
B at high levels, whereas TCA-induced tumours werelargely GST-B negative.
The expression of GST-B is dependent on AP-1 transcription factor binding
sitesin the promoter region of the gene. Thus, elevations of ¢-Jun and c-Fos
would be expected to increase GST-B expression (Angel & Karin, 1991).
Conversely, peroxisome proliferator activated receptor (PPAR)-"" is known
to interfere with the c-Jun activity (Sakai et al., 1995). As a consequence,
GST-B is generdly not observed in tumours induced by peroxisome
proliferators.

Tao et a. (1996) reported afurther differentiation of DCA- and TCA-
induced tumours. Non-neoplastic hepatocytes observed in mice treated with
DCA were found to have high levels of TGF-"", whereas cdls within the
tumour expressed much lower levels. The oppositewas observed with TGF-$
expression, which was high in tumours and low in normd tissues. This
differential distribution of expressionwas not observed in non-involvedtissue
and tumoursfrom TCA-treated mice. The preciseinvolvement of thesegrowth
factors in the growthand devel opment of tumours cannot bestated. However,
both TGF-"" and TGF-$ are known to be intimately involved with cell birth
and cell deathprocesses. In liver tissue, TGF-$ expression is associated with
apoptosis (programmed cell death) and TGF-"" expression is associated with
proliferative states. It should be noted that it is not known whether these
differences reflect characteristics of the neoplastic cells or are actually
responses induced by DCA.

Anna et a. (1994) and Ferreira-Gonzalez et a. (1995) independently
assessed the frequency and spectra of H-ras mutations in DCA-induced
tumours. These data and those of historical controls for male B6C3F, mice
(Maronpot et a., 1995) specifically at codon-61 of H-ras are displayed in
Table 16. The mutation frequency in DCA-induced tumours does not differ
significantly from that observed in spontaneous tumours. However, thereis
an obviouschange in the mutation spectrain codon 61, involving asignificant
increase inthe H-ras-61(CTA) mutation largely at the expense of the H-ras-
61(AAA) lesion. A traditional interpretation of changesin mutation spectra
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Table 16. Mutation frequency and spectra with codon 61 of H-ras of B6C3F; mice treated with dichloroacetate and trichloroacetate®

Chemical No. of H-ras 61/ Fraction CAA AAA CGA CTA
no. of tumours

Spontaneous hepatocellular 183/333 0.56 150 (0.45) 106 (0.32) 50 (0.15) 21 (0.06)

carcinomas®

Dichloroacetate? ¢ 61/110 0.55 48 (0.44) 15 (0.14) 25 (0.22) 22 (0.20)

Trichloroacetate® 5/11 0.45 6 (0.55) 4 (0.36) 1(0.09) 0 (0)

Mutations at other codons are not included, although these tumours are kept as part of the denominator. Therefore, all mutants and wild-type

at codon 61 do not add up to the total number of tumours.

Anna et al. (1994).

Ferreira-Gonzalez et al. (1995).

Maronpot et al. (1995).
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would be that this is evidenceof mutation (Reynoldset a., 1987). As pointed
out by Anna et a. (1994), however, such an effect could be accounted for if
cdls expressingaparticular mutation wereselected for by treatment. Sincethe
H-ras-61(CTA) mutation codes for leucine, a neutral amino acid, whereas the
H-ras-61(AAA) mutation codes for lysine, a charged amino acid in this
position, the structures of these two mutant proteins are potentially quite
different in the Switch 2 region of the ras protein. Alterations in structure
within this region could significantly affect the affinity of H-ras binding to
raf~1 and other proteinsinvolved in signal transduction (Druganet a., 1996).

Comparative pharmacokinetics and metabolism

Themammalian metabolism of DCA hasreceived relatively littlestudy.
However, thereis sufficient information to show that its metabolism is very
dose-dependent and isdramatically affected by prior exposure. While some
significant differences in the details of metabolism appear between species,
these general statements hold for both rodents and humans.

A proposed metabolic scheme for DCA, adapted from Larson & Bull
(1992), is provided in Figure 3. Oxalate, glyoxylate, M CA and carbon dioxide
have dl been established as metabolites of DCA (Stacpoole, 1989; Larson &
Bull, 1992; Lin et d., 1993; Gonzalez-Leon ¢ a., 1997). In addition to the
metabolites depicted, thiodiacetate has been observed in small amountsin the
urine of miceandrats (Larson & Bull, 1992). This may arise from the reaction
of MCA with GSH (YlIner, 1971), but other mechanisms are also possible.
The intermediates indicated are hypothetical but reasonable in terms of the
end-products observed. The extent to which reductive dehalogenation and
peroxy radical formation play arole in the metabolismof DCA isunclear. As
discussed later, such reactions clearly play a role in the metabolism of
trihal oacetates, and they are included here for completeness. An additional
pathway to glycolate could also be rationalized by the oxidative metabolism
of MCA.

The human metabolism of DCA first came under study because of its
proposed use as an ora hypoglycaemic agent. Lukas et al. (1980) studied
intravenously infused (over a 20-min interval) doses of 10 and 20 mg/kg of
body weight in two human volunteers at each dose. The low and high doses
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led to mean half-lives of 0.34 and 0.51 h, respectively. Wells et a. (1980)
noted that the peak concentration increased disproportionately when
intravenous doses (30-min infusion) of DCA increased from 1 to 50 mg/kg of
body weight and departed from linearity as doses approached 30 mg/kg of
body weight. Whereas the half-life of DCA in this study was seen to be
approximately 20 min at doses below 25 mg/kg of body weight, the half-life
a higher doses was closer to 40 min, and the mean half-life was 31.8 + 10.9
(standard deviation [SD]) for dl 11 subjects. The authors also noted that
the effects of DCA on plasmalactate and aanine persisted several days after
cessation of repeated oral treatment with DCA, but ended within 12 h after
administering a single intravenous dose. Curry et al. (1985) found that the
mean half-life of DCA increased from 63.3 min to an average of 374 min
following the fifth of a series of 50 mg/kg of body weight doses of DCA
administered intravenously at 2-h intervals. These data suggest that high
repeated doses of DCA appear to hinder the metabolic clearance of DCA.

There are substantial species differences in the metabolism of DCA.
Dogs, in particular, clear DCA from blood at a very low rate. Lukas et al.
(1980) found that the half-life of DCA administered as a single 100 mg/kg of
body weight dose was between 17.1 and 24.6 h. In contrast, the clearance of
the same dose in rats occurred with a haf-life of 2.1-4.4 h. The very much
lower metabolic clearance of DCA in the dog is probably responsible for its
much greater acute toxicity in this species (Katz et al., 1981). However, the
half-life of DCA in humansis much closer to that in rats than to that in dogs
(Curry et al., 1991).

Larson & Bull (1992) studied the metabolism of DCA in mice and rats.
These authors estimated a half-life of 1.5hinmice and 0.9 h in rats following
ora doses. The estimates of half-lifein micein this study were problematic,
because it was clear that there is a tremendous first-pass effect on DCA’s
absorption from the gastrointestinal tract, which was particularly marked in
mice. These authors aso estimated a maximum concentration of DCA from
oral doses of 20 and 100 mg/kg of body weight. In mice, the C,,,, was found
tobe4 and 20 nmol/ml, respectively. Inrats, the C,,,, was foundtobe15and
380 a the same doses. These authors also found that significant amounts of
DCA were metabolized to carbon dioxide and the non-halogenated acids —
glycolate, glyoxylate and oxalate. The fraction of DCA that was metabolized
to carbon dioxide was substantially underestimated in these studies, as was
shown in the more recent study of Xu et al. (1995), in which approximately
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45% of anoral doseof DCA was metabolized to carbon dioxidein micewithin
24h.Linet a. (1993) also provided moredefinitive analyses of the production
of glycolate, glyoxylateand oxal ateas major urinary metabolites of DCA inthe
F344rat. It isnotable for later discussions that these authors found a smaller
percentage of the doseof 1-C-DCA endingup in glycol atethan was observed
with 2-*C-DCA. This was offset by a somewhat greater yield (not
statistically significant) of carbon dioxide from 1-*C-DCA than from 2-%C-
DCA. These datawould suggest that there are alternative pathways from
DCA to carbon dioxide in the rat besides the conversion to glyoxylate.

Thedecreasesin DCA clearancewith repeated doses appear to belargely
due to the inactivation of one enzyme involved in its metabolism. There
appear to be subtle differences in the metabolismof miceand rats that lead to
different manifestations of this inhibition. In experiments that involved
pretreatment of F344 ratsat alevel of 0.2 or 2 g/litreintheir drinking-water for
a 14-day period, it was found that the conversion of an oral dose of DCA to
carbon dioxide was substantially inhibited. Similar pretreatment of mae
B6C3F, mice did not affect carbon dioxide production from DCA. However,
in both cases, it is apparent that the metabolic clearance of DCA from blood
was affected by the DCA pretreatment. In rats, the kinetics of DCA
disappearance were studied with intravenous dosing, which allows more
precise definition of the kinetics. This pretreatment led to an increasein the
half-life of DCA in the blood of rats from 2.4 £ 0.8 hto 10.8 + 2.0 h when
animals were administered a dose of 100 mg/kgof body weight intravenously.
Oral dosing was used in mice, and the major impact of pretreatment was to
increase the C,,,,, from 2.6 = 2.6 Zg/ml in naive miceto 129.9 - g/ml in mice
that had DCA in their drinking-water a 2 g/litre until the prior day (16 h
before administration of the test dose). Therefore, the phenomenonthat DCA
treatment inhibited its own metabolism, which was originaly observed in
humans, could be replicated in both mice and rats.

The mechanism by which this tremendous change in metabolismoccurs
has not been established. It has been shown by Lipscomb et . (1995) that the
bulk of the metabolism of DCA occursincytosolic fractions. Very little DCA
is metabolized in microsomes. It is apparent that the metabolism of DCA in
cytosolic preparations from rodent liver is dependent upon nicotinamide
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cofactor and GSH. However, the metabolismis not mediated by enzymes that
can be recovered on a GSH-sepharose column. Glutathione transferase
activities towards chlorodinitrobenzene were observed in the column.
Subsequent work has shown that it isthe activity inthe cytosol, however, that
is eliminated by DCA treatment (Gonzalez-Leon et al., 1997). Tong et a.
(1998) showed that a substantial fraction of DCA’s metabolism is mediated
by anovel GST, GST-.. This enzyme appearstobesubject to autoinhibition
by DCA.

Mode of action

Some indication of mechanisms by which DCA produces itseffectscan
be gleaned from studies cited in previous sections of this document. While
DCA produces many different types of toxicological effects (i.e.,
neurotoxicity, reproductive and devel opmental toxicities and carcinogenicity),
there may be some features that arecommon to the mechanisms that produce
dl these effects. The particul ars of thosemechanisms remainto be established.
What follows is abrief outline of what is known and some specul ation on how
new research may be applied to developing this information to better assess
the risks associated with the production of DCA as a by-product of the
chlorination of drinking-water.

Given the lack of evidence that induction of DNA damage by DCA is
involved in liver cancer induction, are there plausible aternative mechanisms
that may be invoked? The most common aternative mode of action would be
evidencethat carcinogenic doses of DCA induce cytotoxic damage inthetarget
organ, which leadstoreparative hyperplasia. Although there is someevidence
of single-cell necrosis with chronic exposure (Stauber & Bull, 1997) and
infarcts are occasionally observed (Sanchez & Bull, 1990) in the livers of
B6C3F, mice, this mode of action plays anegligible role at the lowest doses
that induce liver cancer. Small and variableinitial increasesinreplicationrates
of hepatocytes intreated micearereversed with continued treatment, with the
dominant effect becominginhibition of replication within a4- to 8-week period
(Carter et a., 1995; Stauber & Bull, 1997). These observations indicate that
necrosis followed by reparative hyperplasia do not explain the rapid
carcinogenic responses to DCA.
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Additional data add support tothe hypothesis that DCA doesinfact act
largely by a“non-genotoxic” mode of action. Early dataindicated that DCA
was capable of inducing peroxisome proliferation (Nelson & Bull, 1988;
DeAngdoet a., 1989). Whiletheseeffects have been observed by others, they
are clearly of short duration, disappearing within a few months(DeAngelo et
a., 1989). Moreover, it has become apparent that DCA induces hepatic
tumours at dose rates that are significantly below those required to induce
peroxisome proliferation (cf. DeAngelo et al., 1989 and Daniel et ., 1992a).

New research has shown that DCA actsprimarily toincrease the growth
rate of pre-initiated cdls in the liver. Stauber et a. (1998) found that DCA
induces growth of colonies on soft agar when cell suspensions were obtained
from the liver of neonatal mice. The most impressive aspect of these studies
was that the colonies expressed the same phenotype (c-Jun+) as was foundin
DCA-induced tumours in vivo. Smilar experiments produced a c-Jun!
phenotype when TCA was incorporated into the soft agar. A concentration
of 0.5 mmol of DCA per litre was required in the medium to produce a
significant increase inthe number of coloniesformedinal0-day interval when
the cells were derived from naive mice. However, if micewere pretreated with
0.5gof DCA per litreintheir drinking-water prior to the isolation of thecells,
0.02 mmol of DCA per litre was as effective as 0.5 mmol/litre. Moreover, the
yield of colonies was increased by this pretreatment. Theincreased sensitivity
to DCA appears closely related to the finding that pretreating animals with
low levels of DCA (<0.2 g/litre of drinking-water) reduces its metabolism by
more than 90% (Gonzalez-Leon et al., 1997). The increased number of
colonies produced by pretreatment appears to be due to clonal expansion of
these cells. It appears that this activity accounts for the tumours induced by
DCA at higher doses ($2 g/litre) where blood concentrations are found to be
in the 100-500 - mol/litre range. However, blood concentrations ranging from
1to 7 -mol/litreproduced in mice treated with 0.5 g/litre (Kato-Weinstein et
a., 1998) result in an 80% incidence of liver tumours (Danid et d., 1992a),
suggesting that a second mechanism may be involved at lower doses.

At dl carcinogenic doses studied, DCA increases the deposition of
glycogenintheliver (Kato-Weinstein et al., 1998). This suggests that DCA is
modifying cdl signalling pathways. Low intraperitoneal doses of DCA
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produce increases in serum insulin concentrations in response to glucose
chdlenge (Kato-Weinsteinet al., 1998). In contrast, decreasesin seruminsulin
concentrations have been observed in mice chronically administered DCA at
either 0.5 or 2 g/litre(Smithet al., 1997). However, these measurements were
made during the daylight hours when both serum glucose and blood DCA
concentrations are low. Clearly, the involvement of insulin in DCA-induced
liver tumorigenesis needs to be studied further.

Recent studies have provided more substantive evidencethat DCA a
very high levels possesses some ability to induce genotoxic effects. Of
particular note are the studies of Harrington-Brock et a. (1998), who found
significant increases in mutant frequencies in mouse lymphoma cells in vitro
at concentrationsin excess of 1 mmol/litre. Similar potency of DCA has been
observed in the Ames fluctuation assay by Giller et al. (1997). Previous
studies were largely negative or made use of the free acid form of DCA.
Brusick (1986) had previously documented that low pH produces increased
evidence of genotoxic damage in cultured mammalian cells.

Leavitt et al. (1997) reported increased recovery of mutant cellsfromthe
lacl transgenic mouse with varying periods of treatment with DCA in
drinking-water. Significant increases were observed only when mice had been
treated with 3.5 gflitre for 60 weeks, but not for shorter time intervals. No
significant increases were noted at 1 g/litre. Although the authors took careto
ensure that nodules and tumours were excluded from the sampling, Stauber &
Bull (1997) demonstrated that there arenumerouslesionsthat are smaller than
nodulesin B6C3F,; mice maintained on 2 gof DCA per litrefor only 40 weeks.
It was inevitable that some of these microscopic lesions were included within
the tissue samples described. Given the marked stimulation of cell replication
that occurs within lesionsin mice, it is not possible to determine if the effect
reported by Leavitt et d. (1997) is due to mutagenic effects of DCA or its
demonstrated ability tosdlectively stimulatethe growthof tumour phenotype.

Based on the available evidence, it is probable that genotoxic effects of
DCA play little, if any, rolein the induction of liver cancer in rodents at low
doses. This conclusionis based on clear evidencethat DCA is capableof acting
as atumour promoter and produces effects on cell replication or apoptosis at
al carcinogenic doses (Snyder et al., 1995; Pereira& Phelps, 1996; Stauber &
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Bull, 1997). The concentrationsof DCA required to produce genotoxic effects
in vitro and the blood levels hecessary to detect minima genotoxic effects in
vivo are3 orders of magnitude higher than those necessary for induction of an
80% tumour incidence. The recent evaluation by ILS| (1997) also concluded
that the mechanismby which DCA increased livertumourswas non-genotoxic.
However, new dataindicatethat the actual mechanismis by tumour promotion
rather than by cytotoxicity and reparative hyperplasia

The metabolism of DCA is very dose-dependent, with metabolism and
clearance of the chemica being inhibited sharply with high dose rates. Most
data now suggest that it is the parent compound that is responsible for the
effectsrelated to carcinogenicity. Thus, simply on the basis of considerations
of target organ dosimetry, the effectsof DCA would be predicted to increase
sharply at chronic dosing levels that approach or exceed 30 mg/kg of body
weight per day rather than being simple linear functions of dose.
Unfortunately, the available data do not allow the systemic dose versus
external dose relationships to be determined with any precision on the basis
of current information. In rats, the full inhibition was observed at
concentrations of DCA indrinking-water aslow as 0.2 g/litre (Gonzalez-L eon
et a., 1997). The minimum treatment level for DCA’sinhibition of its own
metabolism in mice has not been established. However, blood concentrations
of DCA increase from 2—4 - mol/litrewhenthemicearetreated with 0.5 g/litre
in drinking-water to approximately 300 :mol/litre when the treatment
concentration is 2 gllitre (Kato-Weinstein et a., 1998). These are peak
concentrations measured duringthe night when mice are consumingthe DCA -
containing water. This 100-fold increase in blood concentrations with amere
4-fold increase in dose undoubtedly contributes to the highly non-linear
tumorigenic response for DCA reported previously (Bull et a., 1990). The
effect in humans has been documented to occur with dosesin asimilar range,
30 mg/kg of body weight (Wells et a., 1980). The animal data need to be
extended to lower dosing rates or the human treatmentsneed to beextendedin
time to more precisely define the level of chronic exposurethat is required to
produce this phenomenon. Alternatively, a better understanding of the
mechanism of thisinhibition should allow the critical question of whether the
inhibition is afunction of cumulative dose or daily dose to be answered.
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Theavailabledataindicate that DCA differentialy affectsthereplication
rates of normal hepatocytes and hepatocytes that have been initiated. The
dose-response relationships are complex, with DCA initially stimulating
division of normal hepatocytes. However, at the lower chronic doses used in
animal studies (but still very high relativetothosethat would be derived from
drinking-water), the replication rate of normal hepatocytes is eventually
sharply inhibited. This indicates that normal hepatocytes eventually down-
regulate those pathways that are sensitiveto stimulation by DCA. However,
atered cells, particularly those that express high amounts of aprotein that is
immunoreactive to a c-Jun antibody, do not seem to be able to down-regulate
this response. Thus, the rates of replicationin the preneoplastic lesions with
this phenotypearevery high at the doses that cause DCA tumours todevelop
withavery low latency. Preliminary datasuggest that this continued alteration
in cdl birth and death ratesis also necessary for the tumours to progress to
malignancy (Bull et al., 1990). This interpretation is supported by studies that
employ initiation/promotion designs as well (Pereira, 1996).

On the basis of the above considerations, it is suggested that the
currently available cancer risk estimates for DCA should be modified by
incorporating newly developing information on its comparative metabolism
and modes of action to formulate a biologicaly based dose-response model.
These data are not available a the time of this writing, but should become
available within the next 2-3 years.

The dose—response data for effectsother than cancer vary significantly,
with dogs being extraordinarily sensitive (Katz et al., 1981). However,
inhibition of the metabolismof DCA inchronicaly treated rodents (Gonzal ez-
Leon ¢ d., 1997) and humans (Wells et al., 1980; Curry et a., 1985) may
cause differencesin sensitivities between species to converge somewhat with
repeated treatment or exposure. However, a significant difference in species
sensitivity remains. Cicmanec et a. (1991) identified a LOAEL of 12.5 mg/kg
of body weight per day in dogs treated for 90 days. NOAELs for
hepatomegaly in mice appear to be in the neighbourhood of 0.2 g/litre, which
is approximately 40 mg/kg of body weight per day. On the basis of the rates
of metabolic clearance and the assumption that the intrinsic sensitivities of
different species are similar, the average human would seem to more closely
approximate rats than dogs. To obtain more accurate pictures of human
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sensitivity at low doses, however, it is clear that futurework must focus more
specifically on toxicodynamic variables.

Trichloroacetic acid (trichloroacetate)

LikeDCA, TCA existsamost exclusively in the salt form at pHs found
in drinking-water because of its very low pK, of 0.70 (IARC, 1995).

General toxicological properties and information on dose—response
in animals

Acute toxicity

Very little information exists on the mammalian toxicology of TCA
before it was discovered as a by-product of drinking-water chlorination.
Woodard et al. (1941) determined the oral LDy, of trichloroacetate (i.e.,
neutralized to pH 6-7) to be 3.32 g/kgof body weight in rats and 4.97 g/kg of
body weight in albino micewhen the compound was administered in aqueous
solution. These values werein the same genera range as those for neutralized
acetic acid.

Davis (1990) examined the effects of TCA on blood glucose and lactate
levels following a dosing regimen of total doses of 0.92 or 2.45 mmol/kg of
body weight administered 3timesin 1 day to Sprague-Dawley ratsby gavage.
A typographical error in dosage was suspected and confirmed withthe author
(M.E. Davis, personal communication, 1996). Reductionsin plasma glucose
concentrationswere observed infemales at the high dose, and lactic acid levels
were decreased at 0.92 and 2.45 mmol/kgof body weight doses infemales, but
only a the high dose in males. The authors noted that these high
concentrations were neutralized with sodium hydroxide. However, these are
very low doses of TCA relative to those found to produce similar effectsin
other studies. These initial experiments were followed by a study of the
effectsof TCA administered in drinking-water for 14 days at 0.04, 0.16, 0.63
or 2.38 g/litre. Effectson urinevolume and osmolality were reported to occur
at the highest dose, but not at 0.63 g/litre. Effects on glucose and | actate were
not reported.
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Short-term toxicity

Mather et al. (1990) administered TCA to male Sprague-Dawley ratsin
drinking-water a concentrationsof 0, 50, 500 or 5000 mg/litre (0, 4.1, 36.50r
355 mg/kg of body weight per day) for 90 days. Small, but statistically
insignificant, decreases inbody weight were observed at the highest dose. TCA
produced a significant increase in the liver to body weight ratio at this dose,
but not & 500 mg/litre. This effect was associated with a small, but
statistically significant, increase in cyanide-insensitive acyl CoA oxidase
activity in the liver, an indicator of peroxisome proliferation.

Unlike DCA and MCA, TCA does not appear to be a substrate for the
mitochondrial pyruvatecarrier (Halestrap, 1975). TCA does appear toinhibit
the pig heart pyruvate dehydrogenase kinase a approximately the same
concentrations as for DCA (Whitehouse et al., 1974). However, the authors
noted that DCA influenced the proportion of active pyruvate dehydrogenase
in the perfused rat heart, but TCA was inactive under these circumstances.
Although these data were obtained from mitochondria from different sources,
they suggest that there may be some differencesin effects of DCA and TCA
on intermediary metabolism related to their transport into various cellular
compartments.

Bhat et a. (1991) administered TCA to male Sprague-Dawley rats at a
concentration of 45.8 mmol/litre (7.5 ¢/litre) intheir drinking-water for 90 day's
to provide an approximateintake of 785 mg/kg of body weight per day. These
levels produced minimal evidence of liver toxicity by histopathological
examination. However, lower concentrations in drinking-water have been
shown to seriously impair water and food consumption in experimental
animds (Bull et al., 1990; Davis, 1990; Mather et d., 1990; DeAngelo & dl.,
1991). Consequently, it is difficult to determine how these data relate to the
potential effects of the low concentrations of TCA that are found in
chlorinated drinking-water (e.g., in the 10-100 : g/litre range).

The most obvioustarget organfor TCA istheliver. This effect is marked
by ahepatomegaly (Goldsworthy & Popp, 1987; Bull et a., 1990; Mather et
., 1990; Sanchez & Bull, 1990), which is presumably related tothe ability of
TCA to act as a peroxisome proliferator (DeAngelo et a., 1989), sincethat is
acommon findingwiththis classof rodent carcinogens. It could also be related
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to the metabolism of TCA to DCA (Larson & Bull, 1992). However, more
recent data suggest that the apparent conversion of TCA to DCA haslargely
been the result of artefactual conversion when fresh oxygenated blood is
acidified prior to derivatization (Merdink et a., 1998). TCA isclearly without
substantive cytotoxic effects at doses of |ess than 300 mg/kg of body weight
in vivo (Bull et d., 1990; Sanchez & Bull, 1990; Acharya et a., 1995) or
concentrations of up to 5 mmaol/litre in vitro (Bruschi & Bull, 1993).

Reproductive effects

T here have been limited studies of TCA’s effects on reproductive
performance. TCA was found to inhibit in vitro fertilization of gametes from
B6D2F, mice at a concentration of 1000 mg/litre, but was without effect at
100 mg/litre(Cosby & Dukelow, 1992). It isunlikely that theseeffectsat very
high doses relative tothose that might be expected from human consumption
of TCA at concentrations less than 0.1% of the NOEL are of relevance in
assessing risks from exposure to TCA in drinking-water.

Developmental effects

Treatment of pregnant ratswithTCA a 0, 330, 800, 1200 or 1800 mg/kg
of body weight per day by gavage in awater vehicle on gestation days 6-15
produced dose-dependent reductionsin body weight and length of rat pups
from dams administered doses of 800 mg/kg of body weight per day and
above. No effects were observed at 330 mg/kg of body weight per day.
However, there was a significant and dose-related increase in soft tissue
malformations a dl doses studied. The mean frequency of soft tissue
malformations was 3.5 + 8.7% (SD), 9.06 + 12.9%, 30.4 + 28.1%, 55.4 +
36.1% and 96.9 + 8.8% at 0, 330, 800, 1200 and 1800 mg/kg of body weight,
respectively. Most of the increased soft tissue abnormalities were accounted
for by defectsin the cardiovascular system. The major malformation seenwas
laevocardia. However, a doses of 800 mg/kg of body weight and above, a
significant incidence of an interventricular septal defect was observed (Smith
etal., 19893).

Saillenfait et al. (1995) found that TCA, administered to ratsinembryo
culture, began to produce consistent increases in defects at concentrations of
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2.5 mmol/litre and above, with few or no effects observed at 1 mmol/litre.
These defectsincluded brain and eye defects, reduction in the branchia arch
and otic system defects. At concentrations of 3.5 mmol/litre, some evidence
of skeletal defects was observed (i.e., absence of hindlimb bud). As is
discussed below, these concentrations can be achieved in the blood of rats
administered high doses of TCA ($100 mg/kgof body weight) (Larson & Bull,
1992). However, there is considerable doubt about whether these effects
would be induced by the doses of less than 1 :>g/kg of body weight
experienced by humans consuming chlorinated drinking-water.

Neurotoxicity
No reports of neurotoxic effects of TCA were located.

Toxicity in humans

TCA isastrong acid. It iswidely recognized that contact of TCA with
the skin has the potential to produce acid burns, andingestion of TCA has the
potential to damage tissues of the gastrointestinal tract or produce systemic
acidosis, even though specific studies of these effects do not appear in the
literature. Such effects would occur from contact with the crystal or strong
solutions of the free acid. However, such effects have little relevance to the
production of low levels of TCA, as the salt, as a by-product of the
chlorination of drinking-water.

Indirectly, it may bepresumedthat TCA presents little overt hazard to
human healthbecauseit is amajor metaboliteof commonly used solvents such
as trichloroethylene and tetrachl oroethylene. Occupational exposurestothese
solvents have been quite high in the past, but few, if any, effects of the
solvents in humans have been attributed to TCA. Therefore, one would
surmise that TCA is relatively non-toxic to humans under circumstances of
low exposures such as those encountered in chlorinated drinking-water.
However, these largely negative data do not insure against chronic hazards
such as cancer or adverse reproductive outcomes or teratogenicity. The only
reasonable evidence of carcinogenicity due to TCA in animas relates very
specifically to the induction of liver tumours. If TCA's apparent mode of
action istaken into consideration, it isdifficult to identify other tumours that
would beattributable to TCA from animal studies. Recent studies of workers
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in degreasing operations provide little evidence of hepatocellular tumours
(Spirtas et ., 1991; Weliss, 1996).

Carcinogenicity and mutagenicity

IARC has eval uated the carcinogenicity of TCA and concluded that there
isinadequate evidence for its carcinogenicity in humans and limited evidence
for its carcinogenicity in experimenta animals. The compound was assigned
toGroup 3: not classifiableasto its carcinogenicity to humans (IARC, 1995).

TCA induces hepatocellular carcinomas when administered in drinking-
water to male B6C3F, mice (Herren-Freund et a., 1987; Bull et d., 1990;
Daniel et d., 1993a). Although some of the datain the literature are of a
preliminary nature, consistent results were obtained in three independent
studies (Table 17). In two of these studies, dose-related increases in the
incidence of maignant tumours and precancerous lesions were obtained in
B6C3F, miceat concentrationsinwater of between 1 and 5 g/litre and with as
little as 12 monthsof treatment (Bull et ., 1990; Danidl et a., 1993a). Under
similar conditions of treatment, TCA did not induce hepatic tumoursin F344
rats (DeAngelo et al., 1997).

In the study in mice by Pereira (1996) reported in Table 17, aNOAEL
of 0.35 g of TCA per litre can be identified. Drinking-water consumption and
body weight were reported only during the first 4 weeksof the study. These
data were not used; instead, it was assumed that the average daily water
consumption was about 10% of the animal body weight. On this basis, 0.35
gof TCA per litre is equival ent toapproximately 40 mg/kgof body weight per
day.

The available data suggest that TCA has some tumour-promoting
activity. Pereira (1995) and Pereira & Phelps (1996) reported that TCA
increased the yield of both hepatocellular adenomas and hepaocellular
carcinomas in M SU-initiated mice(Figure4). This effect appearsto beevident
at the lowest concentration tested, 0.35 g/litre of drinking-water. Unlike the
circumstance described above with DCA, TCA significantly increased the
yield of hepatocel lular carcinomas aswell as hepatocel lular adenomas after 362
days of treatment. An earlier study by Parnell et al. (1986) suggested that
TCA was capable of promoting tumours initiated by diethylnitrosamine.
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Table 17. Carcinogenic effects of trichloroacetate in rodents

Species (sex) Dose Duration Tumour HN & HA® HC? Reference
(gllitre) (weeks) site - -
Incidenc Tumour/n Incidenc Tumour/n
e (multiplicity) e (multiplicity
)
Mice
B6C3F; (M) 0 61 Liver 2/22 (0.09) 0/22 (0) Herren-Freund et
. al. (1987)
5 61 Liver 8/22 (0.5) 7122 (0.5)
B6C3F; (M) 0 52 Liver 1/35 0.03 0/35 0 Bull et al. (1990)
1 52 Liver 5/11 0.45 2/11 0.18
52 Liver 15/24 0.63 4/24 0.17
37 Liver 2/11 0.18 3/11 0.27
B6C3F; (M) 0 60-95 Liver NRe NR 6.7-10% 0.07-0.15 Daniel et al.
0.05 60 Liver NR NR 22% 0.31 (1993a)
0.5 60 Liver NR NR 38% 0.55
4.5 95 Liver NR NR 87% 2.2

5 60 Liver NR NR 55% 0.97




Table 17 (Contd).

B6C3F; (F) 0
0.35
1.2
3.5

0.35
1.2
3.5

Rats

F344 (M) 0
0.05
0.5
5.0

104
104
104
104

Liver
Liver
Liver
Liver
Liver
Liver
Liver

Liver

Liver
Liver
Liver

Liver

1/40
6/40
3/19
2/20
2/90
14/53
12/27
18/18

2/23
2/24
5/20
1/22

0.03
0.15
0.16
0.10
0.02
0.26
0.44
1.0

0.09

0.08

0.25
0.045

0/40
0/40
0/19
5/20
2/90
0/53
5/27
5/18

0/23
0/24
0/20
1/22

0

0.25
0.02

0.19
0.28

0.045

Pereira (1996)

DeAngelo et al.
(1997)

a Combined hyperplastic nodule and hepatocellular adenoma.

b Hepatocellular carcinoma.
°NR = not reported.
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Fig. 4. Tumour-promoting activity of TCA in the liver of B6C3F; mice that have been previously exposed to methylnitrosourea as an initiator
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However, this study employed (-glutamyl transpeptidase(GGT) asamarker
for preneoplastic foci and was extended for only 6 months. Asaconsequence,
noincreaseintumour yield was noted, athough therewas asignificant increase
in GGT-positive foci that appeared dose-related. GGT is apoor marker for
foci induced by peroxisome proliferators (Sakai et a., 1995). Therefore, this
study may have underestimated the promoting activity of TCA.

The mechanisms by which TCA induces tumours are not clear. TCA
induces peroxisome proliferation in male B6C3F, mice over the same dose
range at which it induces hepatictumours(DeAngeloet a., 1989). Unlike the
situation with DCA, theinduction of peroxisome synthesis by TCA appears
to be sustained over time. Despite a large number of datathat strongly link
peroxisome proliferationwith carcinogenesis, the actual mechanism by which
such chemicals actualy produce cancer may be only loosely associated with
peroxisome proliferation per se (discussed further in section 4.2.2.8).

As noted in Table 16, the mutation spectra of mouse liver tumours
obtained from mice treated with TCA appear to be different from those
observedwith DCA (Ferreria-Gonzalez et d., 1995). However, it isimportant
to note that this result was obtained from avery limited number of animas
(11), only five of which had hepatic tumours. Although none of the tumours
carried the mutation that is apparently selected by DCA treatment, the
sparseness of these data prevents a clear conclusion.

Numerous mutagenicity tests have been conducted on TCA (IARC,
1995). TCA did not induce 8 prophage in Escherichia coli and was not
mutagenic to Salmonella typhimurium strains in the presence or absence of
metabolic activation. TCA, however, reactswith dimethyl sulfoxide (asolvent
used commonly in this assay) to form unstable mutagenic substances, which
have not been identified (Nestmann et al., 1980). TCA did not induce DNA
strand breaks in mammalian cells in vitro. Chromosomal aberrations were not
induced in human lymphocytes exposed in vitro to TCA neutralized to avoid
the effects of low pH seen in cultured mammalian cells.

DNA strand breakswerereported in one laboratory in the livers of mice
and rats treated 4 h previously with TCA; none was obsarved 24 h after
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repeated daily dosing with 500 mg/kg of body weight (Nelson & Bull, 1988;
Nelson et al., 1989). Peroxisome proliferation, as indicated by $-oxidation of
pamitoyl CoA, was observed only after induction of DNA damage (Nelson
et a., 1989). DNA strand breakage was not observed in the livers of mice or
rats(Changet d., 1992). Thereasonsfor the contrastingresultsobtained using
similar techniques are unclear (IARC, 1995).

Giller et a. (1997) examined the effects of TCA in the SOS chromotest
in Escherichia coli Pq37, the Ames fluctuation assay and the newt
micronucleus assay. TCA was negative in the SOS chromotest but exhibited
wesk activity in the Ames fluctuation assay. Effects were observed at the
lowest concentration, 1750 Zg/ml, in the absence of S9 fraction. This
corresponds to TCA concentrations of approximately 10 mmol/litre in the
medium. Newt larvae were found to have an increased frequency of
micronuclel & TCA concentrations of 80 Zg/ml. As with some previous
studies, these tests appear to have been conducted with the free acid, raising
issues of potential artefactsin the results.

Harrington-Brock et al. (1998) studied the mutagenic activity of TCA in
the mouse lymphoma system. A very weak positive result was obtained at
concentrations in excess of 20 mmol/litre. Concentrations of TCA reached in
theblood of mice treated with carcinogenic doses can approach the mmol/litre
range, so it is possible that these results could be relevant to bioassay data.
However, concentrations anticipated in drinking-water would clearly be much
lower (inthe low - mol/litre range).

Inonestudy, TCA induced micronuclel and chromosomal aberrationsin
bone marrow cells and abnormal sperm morphology after injectionintoSwiss
mice in vivo a doses of 125-500 mg/kg of body weight (Bhunya & Behera,
1987). However, Mackay et al. (1995) could not replicatethis finding, even at
doses 10-fold higher.

Comparative pharmacokinetics and metabolism
TCA is readily absorbed from the gastrointestinal tract in experimental

animals and humans(Muller et d., 1974; Larson & Bull, 1992). However, the
major determinant of its blood concentrations at a given doseisitsrelatively
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slow clearance from blood relative to other HAAs. There are substantial
differencesin this clearance by different species. Thehdf-lifeis5.8 hin mice
(Larson & Bull, 1992), 9.3 hinrats (Merdink et a., 1999), 50 h in humans
(Muller et al., 1974) and approximately 200 hin dogs (Muller et d., 1974).

TCA ismuch less extensively metabolized than other HAAs found in
drinking-water. However, one metabolite is DCA (Larson & Bull, 1992),
which is subsequently converted to glyoxylate, glycolate and oxalate, as
outlined in Figure 5. This in turn explains the extensive incorporation of
radiolabel from *C-TCA into blood (Stevenset al., 1992) and tissues (Eyreet
a., 1995), as glyoxylate is rapidly transaminated and converted to glycine.

In mice, some of TCA’s metabolism isindependent of the formation of
DCA asanintermediate. There is evidence that a significant amount of oxalate
is formed independently of DCA formation and that some direct
decarboxylation of trihaloacetates also occurs. The evidence for these
pathways comes largely from studies of the metabolism of
bromodichloroacetate (BDCA) (Xu et d., 1995). The conversion of TCA is,
however, much slower than that of BDCA. The basis for the overall scheme
is discussed more fully in the following section on brominated HAAs. The
reader isalso referred to Figure 5 and the accompanying text for explanation
of the further metabolism of DCA.

Mode of action

The tumorigenic effects of TCA in the liver of B6C3F, mice appear to
be closdly related to its ability to induce synthesis of peroxisomes and
associated proteins (DeAngelo et d., 1989; Bull et d., 1990; Pereira, 1996).
Along with a number of other peroxisome proliferators, TCA was shown to
be capable of activating the PPAR in vitro at concentrations consistent with
the levelsthat are achieved in vivo (Issemann & Green, 1990). The cause-and-
effect relationships between the activation of this receptor and the induction
of cancer are yet to be established. Based upon marked increases in the
numbers of peroxisomes that are observed in rodent species that are
susceptible to this class of carcinogen and the lack of such responsesin other
mammalian species, it has been argued that humans are minimally sensitive to
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the tumorigenic effects of these compounds (Lake, 1995). Peroxisome
proliferatorsarealso knowntovariably affect reproduction and development.
Considering the types of interactions inwhichthe PPARisinvolved, these
observations are not too surprising. However, it is not clear whether a
consistent pattern of developmental anomalies can be associated with
activation of this receptor.

A mouse that was geneticaly engineered with a targeted disruption
PPAR-"" gene failed to respond to the pleiotropic effects of peroxisome
proliferators (Lee et al., 1995).

Non-rodent species, including humans, express the PPARs, and
peroxisome proliferator responsive elements (PPRES) have been identified in
the promoter regions of the genes that areanalogous to those that are induced
in rodents (Varanasi et d., 1996). This suggests that the responsiveness to
peroxisome proliferatorsis in someway modified by other factors. However,
the expression of PPARs in humansis low.

It isimportant to recognize that other mechanisms may beinvolved in
TCA-induced effects. Clearly, the production of DCA as a metabolite could
be involved ininducingeffects associated with this metabolite. The very high
rate of DCA metabolism relative to the rate of TCA metabolism has made it
difficult to detect significant amounts of DCA in the blood (Merdink et a.,
1998). Thereislittledoubt that some DCA isformedinall species. In addition
to DCA, there are a number of reactive and stable metabolites that could
contribute to toxicity. At thistime, there is no evidence that the acid chloride
intermediatepostul ated between DCA and oxa atecontributes anything tothe
toxiceffects of TCA. Chronic TCA administration resultsinthe deposition of
lipofuscin, asign of increased oxidative stress. Moreover, Austin et a. (1995,
1996) obtained evidence of increased li pid peroxidation and increased levels of
8-OH-dG in nuclear DNA of the liver of mice treated with single doses of
TCA. Therefore, the accumulation of lipofuscin could be associated with
mechanisms unrelated to peroxisome proliferation. The most likely radical-
generating sources for lipid peroxidation and oxidative damage to DNA would
bethrough theformation of theradica species (carbon-centred radicals and the
peroxy radicals that would be derived from the reaction of molecular oxygen
withthe carbon-centred radicals). Again, thereis nodirect evidencetoindicate
that these processes are important to any toxicologica response associated
with TCA treatment or exposure.
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It is beyond the scope of the present review to resolve risk assessment
issues associated with peroxisome proliferators. However, several points
should bemade specific toTCA. First, peroxisomeproliferativeresponses are
not genotoxic responses. Second, TCA isoneof the weakest activators of the
PPAR known (Issemann & Green, 1990). Finally, TCA appearsto be only
marginally active as a peroxisome proliferator, even in rats (DeAngelo et al.,
1989). Furthermore, treatment of rats with high levels of TCA in drinking-
water does not induce liver tumours (DeAngelo et a., 1997). These data
strongly suggest that TCA presentslittle carcinogenic hazardto humansat the
low concentrations found in drinking-water.

The key question is whether the carcinogenic and teratogenic effects of
TCA observed at very high doses haveany relevanceat the exposures that are
obtained even under extreme conditions in drinking-water. However, the
application of conventional uncertainty factors would suggest that TCA in
drinking-water represents little hazard to humans at the concentrations
normally encountered in chlorinated drinking-water.

Brominated haloacetic acids

Brominated HAASs are formed in waters that contain bromide, which
strong oxidants like chlorine and ozone are capable of oxidizing to
hypobromous acid. There are very limited data available on the toxicity of
thesechemicals. Therefore, they will be considered as agroup. Thediscussion
below focuses on similarities and differences between brominated and
chlorinated HAAS.

General toxicological properties and information on dose-response
in animals

Linder et a. (1994a) found that the oral LD g, for MBA was 177 mg/kg
of body weight in adult male Sprague-Dawley rats. DBA was much|lesstoxic,
with an LDg, of 1737 mg/kg of body weight. The acute toxicities of the
bromochl oroacetates have not been determined.

No studies have been published on the brominated hal oacetates. Some of
theinformation is available in abstract form and will be touched on briefly.
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Bull and co-workers (Bull & DeAngelo, 1995; Stauber et al., 1998)
conducted a series of experimentswithDBA, bromochloroacetate (BCA) and
BDCA administered to male B6C3F, miceat concentrations ranging from 0.2
to 3 g/litre in their drinking-water. The data obtained from these studies
suggest that toxicologica effects are observed in approximately the same
concentration ranges as for DCA- and TCA-induced toxic effects.

The principal target organ in mice was identified as the liver for al three
brominated HAAS, but the nature of the effects on the liver appears to be
somewhat different for each compound. All the brominated HAA's produce
hepatomegaly, but glycogen accumulation and cytomegaly are more prominent
with BCA and BDCA than with DBA. Conversely, DBA was reported to
produce increases in cyanide-insensitive acyl CoA activity in the liver. BCA
and BDCA produced only small and inconsistent effects on this marker of
peroxisomeproliferation. Thus, it appears that DBA shares TCA’sability to
induce peroxisome proliferation, whereas BCA and BDCA appear to produce
effects much more like those induced by DCA. Consistent with this, the
severity of the hepatomegaly was BCA > BDCA > DBA.

Administration of single doses of BDCA, BCA and DBA by gavage in
water as the vehicleinduced increases in thiobarbituric acid reactive substances
(TBARS) and increased the 8-OH-dG content of nuclear DNA in the liver of
male B6C3F, miceat doses as low as 30 mg/kg of body weight (Austin et al.,
1996). These effectsweresignificantly greater than thoseobserved with TCA
and DCA andtended to increase as the bromine substitution increased within
each series. The order of potency was DBA =BCA >BDCA >DCA > TCA.
Increases in 8-OH-dG content were more rapid and more sustained with the
brominated HAAs. Thisindicates that brominated HAAsdo induce oxidative
stress.

Dose-related increases in the 8-OH-dG content of nuclear DNA of the
liver wereohserved when DBA and BCA wereadministered in drinking-water
to male B6C3F, mice for periods from 3to 10 weeks at concentrations of 0.5
g/litre and above (Parrish et al., 1996). Theeffect of BDCA in drinking-water
was not evaluated. It isnoted that these effects were observed in the same
range in which liver tumours are induced in mice (discussed further below).
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Reproductive effects

MBA and DBA have been examined for spermatotoxic effects in rats.
MBA didnot affect parameters related to male reproductive function (Linder
et a., 1994a) when administered to rats as a single dose of 100 mg/kgof body
weight or at 25 mg/kg of body weight per day administered repeatedly for 14
consecutive days. In contrast, DBA produced degenerating, misshapen
epididymal sperm and abnormal retention of step 19 spermatids following
single doses of DBA in the range 1000-2000 mg/kg of body weight. Caput
sperm counts were significantly reduced on the second day, and substantial
reductions of cauda sperm counts were observed at 14 and 28 days after
treatment. Serumtestosterone levels were significantly depressed onday 2 but
returned to control levels by day 14. Sperm displayed defectsin development
of the shape of sperm heads. Progressive motility of spermwas significantly
reduced at 14 and 28 days after treatment.

A subsequent paper by the same group described astudy inwhich doses
of 0, 10, 30, 90 or 270 mg of DBA per kg of body weight were administered
to rats for 14 consecutive days (Linder et al., 1994b). Marked effects on
epididymal sperm countsand sperm morphology effects were observed at the
highest dose. Approximately 5% of the caput sperm were fused. In contrast
tothesingle-dosestudies, serumtestosteronelevels appeared to beunaffected.
Spermiation also appeared to be mildly affected, with step 19 spermatids
being retained beyond stage V111 in animals dosed with as little as 10 mg/kg of
body weight per day.

DBA was administered to rats for up to 79 daysa 0, 2, 10, 50 or 250
mg/kg of body weight per day by gavage in water. Male fertility was
compromised duringthe second week of treatment at the high dose. This effect
appeared to result from behavioura changes, because artificia insemination
with sperm collected on day 9 of treatment produced offspring. By day 15,
however, no offspring were produced with either biologica or artificia
insemination, indicating that significant qualitative alterations had occurred in
the sperm. Indeed, the 50 mg/kg of body weight per day dose produced
abnormal morphology, decreased motility and decreasesin epididymal sperm
counts. However, ratstreated at this doseremained fertile. Whileno effects on
sperm quality were observed a lower doses, reproductive performance
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appeared depressed a doses as low as 10 mg/kg of body weight per day,
suggesting that these lower doses modified behaviour (Linder et al., 1995).

Histopathological changes wereobserved in the testis and epididymis of
rats gavaged daily for 2—79 dayswith DBA. On treatment day 2, abnormal
retention of step 19 spermatidswas observed inanimas giventhe highest dose
of 250 mg/kg of body weight per day. Additional changes on day 5 included
the fusion of mature spermatids and the presence of atypical residual bodies
(ARB) in the epithelium and lumen of stage X—XII seminiferous tubules. By
day 9, ARB were seen in most stages of the seminiferous epithelia cycle and
in the caput epididymis. On day 16, distorted sperm heads were recognized
in step 12 and older spermatids, and lumina cytoplasmic debris was found
throughout the epididymis. On day 31, therewas vacuolation of the Sertoli cell
cytoplasm, extensive retention of step 19 spermatids near the lumen of stage
IX and X tubules, and vesiculation of the acrosomes of late spermatids.
Marked atrophy of the seminiferous tubules was present 6 months after 42
doses of 250 mg/kg of body weight per day. ARB and retention of step 19
spermatids were observed after 31 and 79 doses of 50 mg/kg of body weight
per day, andincreased retention of step 19 spermatidswas seenin severd rats
dosed with10 mg/kg of body weight per day. No abnormalities were detected
at 2 mg/kg of body weight per day. The changes suggest that the testicular
effects of DBA are sequelae to structural or functiona changesin the Sertoli
cel (Linder et ., 1997b).

Neurotoxicity

Reference was made to neurotoxic effects in male Sprague-Dawley rats
treated with DBA in reproductive studies (Linder et a., 1994a,b, 1995).
However, no specific investigations of the neurotoxic effects of brominated
HAAs appear to be available.

Toxicity in humans

There are no studies on the health effects of brominated HAAS in
humans.
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Carcinogenicity and mutagenicity

No formal reports have been made of carcinogenic or mutagenic effects
of brominated HAAs. Indications that DBA, BCA and BDCA share the
hepatocarcinogenic effects of TCA and DCA in B6C3F; mice have been
referred to in an abstract (Bull & DeAngelo, 1995).

Giller et a. (1997) examined the genotoxicity of MBA, DBA, and
tribromoacetic acid (TBA) in the SOS chromotest in Escherichia coli PQ37,
the Ames fluctuation assay utilizing Salmonella typhimurium strain TA100
and the newt micronucleus assay in larvae at stage 53 of the developmental
table. MBA was negative in the SOS chromotest at levels as high as 1000
g/ml and in the newt micronucleus assay. However, it was active at
concentrations as low as 20 - g/ml in the Ames fluctuation assay with S9
fraction added to theincubation medium. DBA was positive withand without
Dfraction in the SOS chromotest, requiring 100 - g/ml in theformer caseand
200 Zg/mlinthelatter. Thus, it is about 5 times as potent as DCA inthis test.
In the Ames fluctuation assay, DBA was active at 10 Zg/ml without S9 and
a 30 Zg/ml with S9. TBA was active in the SOS chromotest & 100 -g/ml
with 9 but required 2000 Zg/ml for activity in the Ames fluctuation assay
without S9.

Comparative pharmacokinetics and metabolism

Metabolism of brominated HAAs has received littleattention. Xu et al.
(1995) studied the metabolismof BDCA inmale B6C3F; mice. As predicted,
substitution of a bromine for a chlorine in TCA resulted in a substantially
greater extent of trihal oacetate metabolism. Whereas 45% of a 100 mg/kg of
body weight dose of TCA was eliminated unchanged in the urine of mice
within 24 h, less than 4% of the sasme dose of BDCA was found in the urine.
At lower doses, only afraction of a percent of the BDCA was eliminated
unchanged.

There is evidence for substantial conversion of BDCA to DCA in both
ratsand mice(Xu et al., 1995; Schultz et al., 1999). Becauseof the established
ability of DCA to induce hepatic tumours in both mice and rats (discussed
above), this may have implicationsfor assessing the risk associated with this
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compound (see Figures 3 and 5 for ageneral description of dihal oacetate and
trihal oacetate metabolism, respectively).

The metabolism of BDCA s differentially modified in mice and rats as
doses areincreased. Xu et a. (1995) found that the kinetics of carbon dioxide
production from 1-**C-BDCA suggested an efficient conversion of BDCA to
carbon dioxide through DCA at low doses, but a direct decarboxylation
reaction becameimportant as doses approached 100 mg/kgof body weight (Xu
et al., 1995; Austin& Bull, 1997). This complex activity was not observed in
rats (Schultz et al., 1999), in that a progressively smaller fraction of the dose
is converted to carbon dioxide as dose isincreased. This suggests that direct
decarboxylation playsalessimportant roleinthe metabolismof BDCA inrats
than in mice.

The ratios of urinary metabolites produced by miceand rats suggest that
there are some substantive differences inthe metabolismof BDCA in the two
species. Mice(Xu et a., 1995) produce much higher amounts of oxalate(about
30% of the oraly administered dose) than dorats (about 20%) (Schultz et a.,
1999). The much greater conversion of BDCA to oxalate than for equivalent
doses of DCA suggests that much of the extra oxalate seen in mouse urine
arises from reductive dehalogenation of BDCA, followed by peroxy radical
formation and decomposition to oxalate (Xu et al., 1995).

Asthe BDCA doseisincreased from 20 to 100 mg/kg of body weight in
therat, the fraction of the dosethat is eliminated inthe urineas DCA increases
from about 2% to 13% (Schultz et a., 1999), whereasin mice theincreaseis
from 0.2% to approximately 3%. In therat, increasing the dose from 5 mg/kg
of body weight to 20 or 100 mg/kg of body weight was associated with a
significantly extended half-life of both BDCA and DCA (from 0.9t0 3.7 h).
The increased half-life appears tobeattributed to saturati on of the conversion
of BDCA toDCA. Despite thisinhibition of DCA formation, theblood levels
of DCA observed are actuadly higher than those observed when equivalent
doses of DCA itself are administered. Thus, high doses of BDCA would
appear to inhibit the metabolic clearance of DCA aswell. Consequently, the
toxicology of BDCA should share many of theattributes of DCA toxicology
in the rat. Comparable data do not exist on the blood levels of DCA achieved
by BDCA administration in mice, but the urinary levels of DCA metabolites
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appear to be largely offset by the conversion of BDCA to oxalate, suggesting
that theblood levels of DCA would be significantly lower in mice thaninrats.

Inanimals previously treated with 1 gof DCA per litreindrinking-water,
metabolism of BDCA to carbon dioxide is significantly increased in mice
(Austin & Bull, 1997). This appears to be associated with an increasein the
capacity for the direct decarboxylation of BDCA to form BDCM and carbon
dioxide. Therefore, some effects of BDCA in mice may be attributed to the
formation of BDCM.

These data and dataindicating that pretreatment with DCA also affects
its own metabolism suggest that there may be significant interactionsin the
toxicity of these chemicals at high doses. It remains to be seen if such
interactions occur at treatment concentrations that more closely approximate
those observed in drinking-water.

Mode of action

It is prematureto attempt a definitive discussion of the mechanisms by
which brominated HAAs induce tumours. There are suggestions of
mechanisms that need to be pursued with this class, but there arereally no
data that demonstrate how they contribute to the induction of cancer, nor is
thereafirmbasis for considering whether these mechanisms arerelevant at the
low concentrations of these chemicals found in drinking-water.

The mechanisms associated with the carcinogenic effects of HAAs
include those identified for DCA and TCA.. It is apparent that more than one
mechanism is responsible for the effectsof this class and that the importance
of these mechanismsto the activity of individual members of the classvaries.
In part, these differences in mechanism can be related to the differences in
tumour phenotypes that are induced. One phenotype seems to be associated
with prior characterizations of tumoursinduced by peroxisome proliferators
and is induced by TCA (DeAngelo et al., 1989; Stauber et al., 1998). The
second phenotype involves glycogen-poor tumours that stain heavily with
antibodies to c-Jun and c-Fos. This phenotype is produced by DCA. These
effectsareprobably produced by selection of lesions with differing defectsin
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cdl sgnalingpathwaysthat control theprocessesof cell divisionand cell death.

Based upon the data of Giller a a. (1997), the brominated HAAs are
about 10-fold more potent than their chlorinated analoguesin their ability to
induce point mutations. This does not establish that they areinducing cancer
by mutagenic mechanisms in vivo, but this activity will have to be taken into
account as data on their carcinogenic activity become more complete.

The HAAsvary widely in their ability to induce oxidative stress and to
elevate the 8-OH-dG content of nuclear DNA of the liver. This property
becomesincreasingly apparent withthe brominated compounds(Austinet .,
1996; Parrish et al., 1996). It is notable that the brominated anal ogues are not
more potent inducers of hepatic tumours than the corresponding chlorinated
HAAs. Therefore, it is doubtful that this mechanism isthe most important
determinant of this effect.

No specific mechanisms have been associated with the effects of DBA
on mae reproduction or as a developmenta toxin. However, it would be
surprising if the effects on cell signalling systems that appear to beinvolved
in the carcinogenic responses do not also contribute to these effects.

Higher molecular weight halogenated acids

Studies of by-product formation from humicand fulvic acidsinthe 1970s
and early 1980s demonstrated that there is a complex array of halogenated
carboxylic acids in addition to the HAAs (Christman et al., 1983). Some of
these acids have been identified in drinking-water as well, but, as discussed
elsewhere in this document, both the scopeand quantitative nature of thedata
that areavailable for drinking-water itself are limited. Littleattention has been
paid to these higher molecular weight acids in either the toxicological or
epidemiological literature. However, it is important to recognize that they
makeup thebulk of the total organic halogenthat is present indrinking-water.

Beyond theHAASs, the most studied group of halogenated acids are the
chloropropionic acids. Aswith DCA, the major impetusfor thesestudies has
been potential therapeutic applications rather than concerns over exposureto
the compounds as contaminants of drinking-water. Therefore, there are few
datathat have been devel oped for hazard identification purposes, and evenless
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information is available on dose-response on effects other than those being
explored for therapeutic purposes.

By far the most data on chloropropionic acids exist for 2-
chloropropionate (2-CP). This compound shares the hypoglycaemic effects
of DCA. It wasfirst used as an experimental tool to segregatedirect effects of
DCA fromthoseof its metabolites. Oxalateand glyoxylatearetwo metabolites
of DCA that seem to be responsible for its effects on gluconeogenesis from
lactate (Crabb & Harris, 1979). Since 2-CP is not metabolized to these
compounds and failed to inhibit gluconeogenesis, these data effectively argue
that this effect of DCA is largely attributable to these two metabolites. In
contrast, 2-CP still decreased blood glucoseinratswheninfused intravenously
a arate of 300 mg/kgof body weight per hour. AswithDCA, 2-CP increased
concentrations of circulating ketone bodies but significantly reduced blood
concentrations of lactate. As had been previously demonstrated with DCA,
concentrations of 1 and 5 mmol of 2-CP per litre significantly enhanced the
activity of pyruvate dehydrogenase.

Yount et al. (1982) compared the effects of DCA and 2-CP in mice and
rats. They extended theseinvestigationsintothe area of comparativetoxicities
of the two compounds as well. The acute oral LD, for 2-CP in fasted ICR
micewas 15.4 + 0.1 mmol/kg of body weight, making it approximately twice
astoxic as DCA on amolar basis. However, neither compound isredly very
toxic acutely (2-CP= 1671 mg/kgof body weight; DCA = 4100 mg/kgof body
weight).

Male Wistar rats were administered the sodium salts of 2-CP and DCA
a 0.04 mol/kgof feed for 12 weeks. Theseconcentrations correspond to about
4.3 and 5.1 g of 2-CP and DCA per kg of feed, respectively. Actua dosesto
the animals are difficult tocal culateaccurately becausethe body weights were
not provided and because significant effects of both compounds on body
weight gain were noted. If an average weight of 300 g is assumed for rats for
the duration of theexperiment (i.e., study was started withweanling rats), the
doses can be estimated to be roughly 300 mg/kg of body weight per day for
DCA and 250 mg/kg of body weight per day for 2-CP.

Both DCA and 2-CP decreased the growth rate and food consumption
of treated rats and caused neurotoxic effects (e.g., hind limb weakness). 2-CP
treatment caused testicular abnormdlities and significantly lowered plasma
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triacylglycerol levels compared with control or DCA-treated rats. In mature
rats, total serum ketone bodies were increased by DCA but not by 2-CP
(Yount et d., 1982).

2-CP, as either the L- or D-isomer, is rapidly and extensively
metabolized intheliver cytosol by amechanism that depletes GSH (Wyatt et
al., 1996). Significant depletion of non-protein sulfhydryl content (primarily
GSH) was observed withsingleacuteoral doses of 62.5 mg/kg of body weight
and aboveinmdeAlderley Park Wistar-derived rats. This effect was observed
to bemaximal at 4 h and returned to control valuesin approximately 48 h. A
slower depletion of non-protein sulfhydryl content was observed in the
cerebellum and forebrain with doses of 750 mg/kg of body weight. The
depletion was observed to be maximal about 24 h after administration in the
cerebellum and between 12 and 24 h in the forebrain. The depletion in the
cerebellum occurred with doses that also resulted in theinduction of granule
cell necrosisinthe cerebellum. Although depletion of non-protein sulfhydryl
groups tended torecover in the liver, the effect in the cerebellum appeared to
be partially cumulative with each daily dose.

Aswith DCA, the largest capacity for 2-CP metabolism appears to be
inthe cytosolic fraction of the hepatocyte, whereas metabolismin microsomes
is quite small. L-CP appears to be dightly more active in depleting cytosolic
fractionsof GSH. Inthe process, the metabolite2-S-glutathionylpropanic acid
is formed. On the basis of the stoichiometry between GSH depletion and
formation of this product and prior observationsof Polhuijs et a. (1989, 1991)
with 2-bromocarboxylic acids, it was concluded that 2-CPwas asubstrate for
a2-class GST.

Haloaldehydes and haloketones

A diverse set of halogenated adehydes and ketones are formed in the
disinfection of drinking-water. The most important in terms of having been
identified in drinking-water is trichloroacetaldehyde or chloral hydrate, which
is discussed separately. The remainder of the group is discussed collectively.
From the perspective of drinking-water problems, the class has received very
little attention, but its members have been identified as key metabolites of
chemicals such astrichloroethylene, vinyl chlorideand dibromochl oropropane
(Omichinski et al., 1988; Spengler & Singer, 1988). The principal evidencethat
they are formed comes from studies of chlorinated humic and fulvic acids
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(Meier et a., 1983, 1985a) and of kraft pulp chlorination (Kringstad et al.,
1981). However, when specifically looked for in drinking-water using
techniques withadequateanalytical sensitivity, selected membersof the group
have been found in concentrations that are somewhere between those of the
HANs and HAAs (Coleman et al., 1984).

These two classes of chemicals played an important role in the initia
studies of chemicals formed in thechlorination of drinking-water. Theinterest
in them was sparked by the fact that they were among the first by-products
to be identified that contributed to the mutagenic activity produced in
chlorinated water (Cheh et a., 1980). Attention faded from this group when
MX was identified, becausethis compound contributed the major proportion
of the mutagenic activity produced by chlorine (Meier, 1988). Because these
chemicals represent an additional group of mutagenic chemicals, someof which
are capable of initiating skin tumours, it is important to acknowledge their
presence. However, because of the lack of data that can be used to assessthe
degree of hazard, the present review will not be comprehensive.

Chloral hydrate (trichloroacetaldehyde, chloral)

Trichloroacetaldehyde (chlordl) is hydrated in water and in the body to
form the well-known sedative-hypnotic, chloral hydrate. M ost toxicologica
and metabolic studies have been conducted with chloral hydrate rather than
trying to deal with maintaining the aldehyde in the dehydrated state.

It should be recognized that where there are significant amounts of
bromide in treated drinking-water, the use of oxidants will also produce
brominated analogues of chloral hydrate. This has been poorly documented
with the trihaoacetadehydes, but the brominated analogues have been
observed in a system where chlorination reactions with fulvic acid are
conducted in the presence of high bromide concentrations (Xie & Reckhow,
1993). The lack of datafrom actual water suppliesisin large part dueto the
lack of appropriate analytical standards. In a broad sense, however, theratios
of chloral hydrate, bromodichloroacetaldehyde, dibromochloroacetaldehyde
and tribromoacetal dehyde should more or less parallel those seen with the
analogous trihaloacetates. A second problem isthat there is not a significant
body of toxicologica literature available for these analogues because they are
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not utilized in commerce. This represents a significant data gap because
bromine substitution can be anticipatedto result in greater metabolism of the
trihal oacetaldehydes, as has been demonstrated for the trihal oacetates (Xu et
a., 1995). Asaconsequence, an exaggeration of thoseeffectsof chlora hydrate
that are secondary to metabolism through reactive intermediates might be
expected (Hoz ¢ d., 1991). Owing to the lack of data, however, it is
inappropriate to speculate much further. Therefore, the remainder of this
section will specifically addressthe datathet are available for chloral hydrate.

General toxicological properties and information on dose-response
in animals

Chloral hydrate is primarily known for its depressant effects on the
central nervous system (Gilman et al., 1991). The usual doses required to
produce central nervous system depression in humans range from about 500
to 2000 mg in adults. These effects do not appear to have been extensively
studied in experimental animals.

Chlora hydrate was administered for 90 days in drinking-water to male
and female Sprague-Dawley rats at concentrations of 300, 600, 1200 or 2400
mg/litre. Hepatocel lular necrosis was observedin 2 of 10 maeratstreated with
concentrations of either 1200 or 2400 mg of chloral hydrate per litre (Daniel
et a., 1992b). No liver damage was seeninfemalerats. The necrosis observed
at the highest dose was indicated as being more severe than that observed a
1200 mg/litre, providing some indication of a dose—response. It is of interest
that there was no sign of hepatomegaly produced by chlora hydrate at either
this dose or any lower dose. If it is assumed that ratsdrink about 10% of their
body weight per day, thelevel of 1200 mg/litre corresponds to approximately
120 mg/kg of body weight per day, or about 8 gfor a70-kghuman, close to the
estimated doses in the study by van Heijst et al. (1977).

In contrast to findings in rats, male CD-1 mice displayed hepatomegaly
when doses of 144 mg of chlora hydrate per kg of body weight per day were
administered by gavagefor aperiod of 14 days(Sanderset d., 1982). No effect
was observed at 14.4 mg/kg of body weight per day. Other organs remained
normd a gross necropsy, and there were no signs of altered serum enzyme
levels (e.g., LDH or serum glutamate—pyruvate transaminase [SGPT]) or
atered BUN. These data suggest that chloral hydrate is not cytotoxic at these
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doses. This short-term experiment was followed by a second experiment in
which mice(140 per sexper group) were administered 70 or 700 mgof chloral
hydrate per litre in drinking-water for up to 90 days. These levels were
estimated to yield the same doses as those used in the 14-day range-finding
study and averaged 18 or 173 mg/kg of body weight per day for female mice
and 16 or 160 mg/kg of body weight per day for male mice. Male mice
displayed hepatomegaly after 90 days of treatment a both the low and high
doses (Sanders et al., 1982). Small, but statistically significant, increases in
LDH and serum glutamate—-oxal oacetate transaminase (SGOT)were observed
at the high dose, but not at 70 mg/litre. The female mice did not demonstrate
the hepatomegaly observed in males, but they did show alterationsin hepatic
microsomal parameters. Thesedataare of potential significance in considering
the greater sensitivity of mice (abeit of another strain) to the hepato-
carcinogenic effects of chloral hydrate as compared with rats.

Chloral hydratehasthepotential of interactingwithother drugs by direct
and indirect means. Most commonly cited is a potentiation with alcohol that
has been associated with the so-called “Mickey Finn” (Gilman et d., 1991).
Thisisattributed tointeractionswithcommon stepsin the metabolismof both
chlora hydrate and acohol (Gessner & Cabana, 1970; Sellers et a., 1972).
Combined exposure appearstointerferewithglucuronidation of the metabolite
trichloroethanol and with its conversion to TCA (Kaplan et al., 1967; Sellers
et a., 1972). Moreover, trichloroethanol is probably the metaboliteof chloral
hydratethat is primarily responsiblefor itscentral nervous system depressant
effects (Gilman et al., 1991); thus, there is undoubtedly somewhat of a
pharmacological interaction as well. Increased sensitivity to the hypnotic
activity of chlora hydrate in paraoxon-treated animals has been suggested to
result from an increased sensitivity of the brain to hypoxia (Koepke et a.,
1974). The other mgjor interaction associated with chloral hydrate is the
ability of its metabolites, particularly TCA, to compete for binding sites on
plasma proteins. This type of interaction has been held responsible for
increased pharmacological and toxicological reactions to warfarin (Sdllers &
Koch-Weser, 1970; Koch-Weser et a., 1971) and bis-hydroxycoumarin
(Cucinell et d., 1966).
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Toxicity in humans

The primary effect seen with ingestion of chlora hydrate is central
nervous system depression, thebasis of itsusein therapeutics. The usual dose
recommended for sedation is 250 mg 3 times daily. The hypnotic dose is
generally given as 500-1000 mg, but 2000 mg is required to be effective in
many adults(Gilman et al., 1991). Neonates arefrequently treated withdoses
of chloral hydrate in the range of 30-40 mg/kg of body weight (Lambert et .,
1990). In recent years, chloral hydrate has become popular for sedating
subjects, particularly children, to aidin performingdiagnostic procedures such
as CT scans, eectroencephalograms (EEG) and electrocardiograms (ECG),
whererelatively higher doses havebeen utilized (32-80 mg/kg of body weight,
Silver & Steir, 1971; 100 mg/kg of body weight, Farber & Abramow, 1985).

The most important acute toxic effect is the production of cardiac
arrhythmias. Wheredoses in adults have been estimated, they are considerably
above those commonly used for therapeutic purposes, most oftenin excess of
8 g. Most of the available studies involved poisoning or overdose situations.
However, one study closdy examined the induction of arrhythmias in
paediatric cases undergoing EEGs (Silver & Steir, 1971). The dose range was
32-80 mg/kg of body weight, and in only 2 of 12 subjects was a sinus
arrhythmiaassociatedwiththe administration of chlora hydrate. Thissuggests
that doses at the lower end of this range may approximate a threshold. Doses
in the range of 96 mg/kg of body weight and above have consistently been
shownto produce arrhythmias in children (Nordenberg et al., 1971; Farber &
Abramow, 1985; Hirsch & Zauder, 1986). In a 70-kg adult, 32 mg/kg of body
weight would equal adose of 2240 mg.

Lower doses of chloral hydrate have been associated with some adverse
side-effects. A study of newborns administered chlora hydrate indicated a
high incidence of direct hyperbilirubinaemia(Lambert et a., 1990). This effect
was associated more with continuous use than with an acute dose, however.
Thedoserateto affected (40 mg/kg of body weight) and unaffected (33 mg/kg
of body weight) neonates was not significantly different. The total dosein
affected children was 1035 mg relative to 135 mg in the unaffected children.
Thus, a more protracted use of chloral hydrate in the affected group was
apparently responsible for the hyperbilirubinaemia observed. These data
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suggest that there islittleconcern over this effect with single doses of chloral
hydrate. Because neonates are generaly thought to be more sensitive to
hyperbilirubinaemia, this effect is probably of less concern for adults.

There havebeen occasiond reports of liver damage induced by high doses
of chloral hydrate by ingestion (van Heijst et d., 1977; Gilman et a., 1991).
The short-term datafrom mice, discussed previously, support the conclusion
that an effect onthe liver is unlikely to be observed in humans until very high
doses are reached. Longer-term exposures (eg., months) lead to some
enlargement of the liver, if humans are as sensitive as micein this regard, but
the doses remain considerably above the fraction of a - g/kg of body weight
that would be expected from most chlorinated drinking-waters. The clinica
literature suggests that humans are closer to rats in the sensitivity of their
liversto chloral hydrate.

A single modern case of fixed cutaneous eruptions was noted in the
literature (Miller et al., 1966). This was associated with a therapeutic doseof
chlora hydrate (500 mg) in a 57-year-old man. These lesions are termed
“fixed” because they tend to occur a the same locations on the body with
repeated exposures. An earlier case was reported in 1878. This seemstobea
rare side-effect of chloral hydrate that is completely reversible. There have
been other reported skin reactions to chlora hydrate ingestion, but these
appear to berelatively rare aswell (Almeyda & Levantine, 1972).

Carcinogenicity and mutagenicity

IARC has evaluated the carcinogenicity of chloral and chlora hydrateand
concluded that thereisinadequateevidencefor their carcinogenicity inhumans,
limited evidence for the carcinogenicity of chloral hydrate in experimental
animas and inadequate evidence for the carcinogenicity of chloral in
experimental animals. Bothchlora and chlora hydratewereassigned to Group
3: the compounds are not classifiable as to their carcinogenicity to humans
(IARC, 1995).

A more recent concern with chloral hydrate has been findings that it has
some genotoxic and carcinogenic effects in animals and in vitro test systems
(Table 18). Interpretation of some of these data is difficult, as many
investigators failed to document the purity of the chemical tested.
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Table 18. Results of genotoxicity assays of chloral hydrate

Dose Test system Result Reference
[conc.]?
10 Salmonella Chloral hydrate purified Waskell
mg/plat before use (1978)
e TA100 Positive, S9 enhanced
TA98 slightly
Negative
1-5 Salmonella Bignami
mg/plat TA1535 Negative et al.
e TA100 Positive; decreased with S9 (1980)
2-10 Streptomyces Positive Bignami
mg/plat coelicolor et al.
e (1980)
1-10 Aspergillus Positive Bignami
mg/plat nidulans et al.
e (1980)
82.7- Mouse Produces non-disjunction Russo et
413.5 spermatocytes Increases hyperhaploidy at al. (1984)
mg/kg all doses tested
bw, i.p.
[5-20 Saccharomyces  Increased mitotic gene Bronzetti
mmol/ cerevisiae conversion at trp+ locus in et al.
litre] presence of S9; ilv+ (1984)
revertants not affected
[5-10 Aspergillus Increased mitotic segregation Crebelli et
mmol/ nidulans at both doses, purity stated al. (1985)
litre] 99%
[1-25 Saccharomyces Inhibits sporulation and Sora &
mmol/ cerevisiae increased diploid and Carbone
litre] disomic clones (1987)
[25-250 DNA-—protein Negative Keller &
mmol/ cross-links in Heck
litre] isolated rat (1988)
liver nuclei
[0.001- Chinese Increased number of Furnus et
0.003%] hamster aneuploid cells at all doses; al. (1990)
embryonic other chromosomal
diploid cells aberrations produced at two
higher concentrations
0.008-5 Salmonella All negative, purity of Leuschner
mg/plat TA98 compound specified &
e TA100 Leuschner
TA1535 (1991)
TA1537
TA1538
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Table 18 (contd).

Dose Test system Result Reference

[conc.]2

500 Mouse Negative Leuschner

mg/kg micronucleus &

bw, i.p. Leuschner

(1991)

100- Chromosome, Negative at 6 and 24 h Leuschner

1000 rat bone &

mg/kg marrow Leuschner

bw, p.o. (1991)

250-75 Human Increased hyperdiploid Vagnarelli

0 -g/ml peripheral nuclei, and percentage of et al.
blood aneuploid mitosis; purity (1990)
lymphocytes specified at 99%

300 Ames Metabolism-dependent Giller et

g/ml fluctuation positive response in TA100; al. (1995)
assay negative at 100 Zg/ml

200 Newt larvae Micronuclei in peripheral Giller et

g/ml micronucleus blood erythrocytes in vivo; al. (1995)
assay negative at 100 Zg/ml

a  Abbreviations used: conc. = concentration; bw = body weight; i.p. =
intraperitoneal; p.o. = per os.

Nevertheless, chlora hydrate tends to be positive in Salmonella
typhimurium strain TA100, but not in TA98 (Waskell, 1978) or TA1535
(Bignami et a., 1980). The activity towards TA100 was very weak in one
assay (Waskell, 1978) and substantialy greater in another (Bignami et al.,
1980). It was notable that Waskell (1978) recrystallized chloral hydrate from
acohol 6 times before subjecting it to test. Bignami et a. (1980) aso found
that chloral hydrate was capable of inducing point mutations in other test
systems. A third group found chloral hydrateto benegative in TA98, TA100,
TA1535, TA1537 and TA1538 (Leuschner & Leuschner, 1991), and the
purity of the chloral hydrate was specified. Keller & Heck (1988) could find
no evidence of DNA—protein cross-links with chloral hydrate treatment of
isolated rat liver nuclei. A number of |aboratories have shown that chloral
hydrate is capable of producing chromosomal aberrations in vitro (Bronzetti
et a., 1984; Crebelli et al., 1985; Sora & Carbone, 1987; Furnus et a., 1990;
Vagnardli et a., 1990), includinganeuploid cells. Chromosomal effects appear
to be more consistently observed, and, thus, these results are more
convincing. Even in these cases, however, the purity of the compound tested
was generally not determined.
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Chloral hydrate has been extensively studied as a potentially genotoxic
agent. It has been eval uated inthe recommended screening battery and severa
other assays, including genetic aterationsinrodent germcells. Chlord hydrate
is positive in bacterial mutation tests, indicating that it is capable of inducing
point mutations (Waskell, 1978; Haworth et d., 1983; Giller et a., 1995). It
is positive in the mouse lymphoma assay for mutations at the Tk locus
(Harrington-Brock et d., 1998). Chloral hydrate is also positive in several
other in vitro assays for genetic damage. It induces anueploidy in Chinese
hamster embryonicfibroblasts (Natargjan, 1993), Chinesehamster pulmonary
lines LUC2 and Don.Wq.3H (Warr et a., 1993) and human peripheral blood
lymphocytes (Sbrana et a., 1993). Positive micronuclei induction was
observed in Chinese hamster cells (Lynch & Parry, 1993) and human
peripheral blood lymphocytes (Ferguson et a., 1993), and chromosomal
aberrations werefound in Chinesehamster embryonic diploid cells (Furnus et
a.,1990). It is not clear whether chloral hydrateis capable of inducinggenetic
damage in vivo. There is a mixture of positive and negetive in vivo data
Russo & Levis (1992) found chlora hydrate to be capable of inducing
aneuploidy in mouse spermatocytes. Two different groups observed an
increasein micronuclei in mousespermatidswhentreatment involved exposure
of spermatogonia stem cells (Allen et al., 1994; Nutley et a., 1996). Russo et
a. (1992) found chloral hydrate to induce micronuclei in mouse bone marrow
erythrocytes. Other laboratories have found chloral hydrate to be negative in
in vivo experiments (Xu & Adler, 1990; Adler, 1993). So far, chloral hydrate
has been found to give negeative test results in studies with mouse oocytes
(Mailhes et ., 1993). Although chloral hydratecaninduceavariety of genetic
events (mutation, aneuploidy, structural chromosomal aberrations), it does so
with avery low potency.

Chloral hydrate has been reported to produce hepatic tumoursin male
B6C3F, micein two studies. One study administered by gavage a single dose
of 5or 10 mgof chlord hydrate per kg of body weight to groups of 25 and 20
maemiceat 15 days of age (Rijhsinghani et a., 1986). Theresponsetothe 10
mg/kg of body weight dose led to statistically elevated levels of tumours
between 48 and 92 weeks, but the results are based on the appearance of three
adenomas and three carcinomas amongeight animals. Moreover, the historical
control incidence of hepatic tumours in the male of this hybrid is generdly
about 25% and has beenreported to be in excess of 40% in individual studies.
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Thus, the small numbers of animals makeit difficult to give much credence to
the results of this study. A second study (Daniel et al., 1992a), however,
showed that chloral hydrate administered in drinking-water to a group of 40
male B6C3F,; mice for 104 weeks at 1 g/litre (166 mg/kg of body weight per
day) resulted ina71%incidenceof hepatic tumours (combined adenomas and
carcinomas). Thefact that much higher doses wererequired toinducetumours
in the same hybrid mouse in this study raises further questions about the
Rijhsinghani et al. (1986) study; however, mice of this age are known to be
very sensitive to tumour initiators (Vesselinovich et al., 1974). However, the
Daniel et a. (1992a) study does clearly indicatethat chloral hydrateis capable
of inducing tumours in B6C3F,; mice when themicearesubjectedtoalifetime
exposure.?

The question of whether chlora hydrate itself contributes to its
carcinogenic effectsis critical becauseat |east two of itsmetabolites, TCA and
DCA, arecomparatively potent inducersof hepatic tumoursin B6C3F, mice.
This question can be resolved only by demonstrating (i) that the clastogenic

8 After the Task Group meeting, three new studies in B6C3F, mice on the
carcinogenicity of chlora hydrate appeared (NTP, 2000ab; George et a., in
press). In the firg (NTP, 2000a), no carcinogenic effet was observed following
the administration of a single dose of chlord hydrate (the dose was up to 5 times
higher than that used in the study of Rijhsinghai et al., 1986), while in the two
other studies, males had an increased incidence of hepatic tumours after life-time
exposure (NTP, 2000b; George et al., in press). In the NTP life-time study (NTP,
2000b), a sdlightly elevated incidence of pituitary adenomas, of borderline
statistical significance, was observed in female mice.

References:

NTP (2000a) Toxicology and carcinogenesisstudies of chloral hydrate in B6C3F,
mice (gavage studies). Research Triangle Park, North Carolina, US department
of Health and Human Services, National Toxicology Program (NTP-TR-502).

NTP (2000b) Toxicology and carcinogenesis studies of chloral hydrate (ad
libitum and dietary controlled) in male B6C3F1 mice (gavage study). Research
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National Toxicology Program (NTP-TR-503).
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effectsof chlora hydrateplay arolein the development of tumoursor (ii) that
TCA, DCA or a combination of both chemicals are produced in sufficient
quantities to completely account for the induction of liver tumours without
significant contribution from earlier, morereactivemetabolites. This question
ismore critically assessed in the next section.

4.3.1.4 Comparative metabolism and pharmacokinetics

The metabolism of chloral hydrate has received considerable attention
over the years because of its extensive use as a sedative-hypnotic (Marshall
& Owens, 1954; Kaplan et a., 1967; Gessner & Cabana, 1970; Cabana &
Gessner, 1970; Sellerset al., 1972; Garrett & Lambert, 1973; Mayers et d.,
1991). A series of older studies provide a still valid general picture of the
conversion of chloral hydrateto its two major metabolites, trichloroethanol
and TCA. More recent studies have focused more specifically on species

differences in this metabolism and have begun to focus on minor metabolic
pathways.

Figure6 provides asimplified schemeof chlora hydratemetabolism. The

reader is referred to theappropriatesectionsof this document to evaluate the
further metabolism of the products TCA and DCA.

Zl H Zl H
| - .
- — % e—fr—(—nH —> Trichiorocthanol
; i C\\@ | | v glucuronide
«l © clH
Chloral .
beydrate Trichloroethanol
Cl Cl
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l Zl
res DA L0 99432

Fig. 6. Metabolism of chloral hydrate in mammalian systems
(adapted from Marshall & Owens, 1954; Kaplan et al., 1967).
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The magor fate of chlord hydrate is to undergo reduction to
trichloroethanol, with a smaller, but significant, fraction being oxidized to
TCA. Initially, formation of trichloroethanol is favoured because the redox
potential within cells in vivo favoursreduction (Kawamotoet al., 1987). This
initial tendency is accentuated by a rapid glucuronidation of the
trichloroethanol that is formed (Marshall & Owens, 1954). Asis pointed out
below, this may be akey feature in the interspecies differences in chloral
hydrate metabolism. With time, however, more TCA isformed as aresult of
enterohepatic circulation of the trichloroethanol glucuronide (Stenner et al.,
1996). The glucuronide is hydrolysed to trichloroethanol, which can be
oxidizedto TCA, withchloral hydrateas anintermediate. Under physiological
conditions, theformation of TCA isfor dl practical purposesirreversible, and
thenet conversion of chloral hydrate to TCA will continueaslongasthereare
significant amounts of trichloroethanol entrained in the enterohepatic
circulation.

The production of these major products of chloral hydrate metabolism
isrelatively well understood. However, the exact source of a number of minor
metabolites is less well understood. The reaction rates and mechanisms
involved arejust beginningto be studied. Understandingthesemechanisms will
be key to understanding whether the effects of chloral hydrate can be
attributed primarily toitsconversion to chemicals of established toxicological
properties, such as trichloroethanol, DCA and TCA, or whether the activities
of reactiveintermediatesmust al so be considered. Formation of DCA probably
requires radica formation, but it is not clear whether the radical would be
formed fromtrichloroethanol, chloral hydrate or TCA. If DCA isderived from
the first two compounds, the dichloroacetaldehyde that would result as an
intermediatecould pose some toxicological problems aswell. Moreover, Ni et
a. (1996) suggested from their ESR data that a trichloromethyl radical is
formed from chlora hydrate. Such an intermediate could contribute to the
toxicological effects of chlora hydrate aswell.

Available pharmacokinetic data have focused upon the réelative role of
trichloroethanol as themetaboliteof chloral hydrate that is responsible for its
central nervous system-depressant activity (Butler, 1948, 1949; Marshall &
Owens, 1954; Garrett & Lambert, 1973). Conversely,avariety of metabolites
have been suggested as responsible for the toxic effectsof chloral hydrate and
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itsability toinduceliver cancerinmice, in particular (Daniel et d., 1992a). The
critical question iswhether an early reactivemetabolite — e.g., thefreeradicas
identified by Ni et al. (1996) — induces clastogenic effects that are important
to tumour development. The competing, but not necessarily exclusive,
hypothesisis that the clearly hepatocarcinogenic metabolites TCA and DCA
areproduced in sufficient quantity to account for someor dl of theliver cancer
that results from chloral hydrate treatment.

While TCA and trichloroethanol are well established metabolites of
chlord hydrate, DCA has been only recently recognized as a potentially
important metabolite with respect to liver tumour induction. Part of the
difficulty isthat DCA is much more rapidly metabolized than either TCA or
trichloroethanol,andpeak concentrationswoul d be expected to besignificantly
lower. This first became apparent when DCA appeared to be produced in
significant quantities from trichloroethylene administered to B6C3F, mice
(Templin et a., 1993). Chloral hydrate is the first stable metabolite of
trichloroethylene metabolism (Cole et al., 1975); thus, these data prompt an
examination of the role that chloral hydrateplaysintheformationof DCA. In
contrast with these resultsin mice, DCA was not detectablein rats and dogs
administered similar doses (Templin et al., 1995). It became apparent that
some of the DCA that was measured in these studies may have arisen
artefactually through dehaogenation of TCA under acid conditions in fresh
blood (Ketchaet a., 1996). As a consequenceof this series of findings, newer
studies have examined whether DCA is produced from chloral hydratein a
number of species.

Recent results of Abbas et al. (1996) showed that doses of 10 and 100
mg of chlora hydrate per kg of body weight result in approximately 2.4 and
10 - g of DCA per ml of blood. However, it must be noted that a variety of
artefactsof DCA formationfrom TCA inblood suggest that theseresults need
to be viewed with caution (Ketcha et al., 1996). Indeed, Merdink et al. (1998)
found that DCA was not measurable in mice dosed with 50 mg of chloral
hydrate per kg of body weight.

Mode of action
The mechanism of action involved in chlora hydrate-induced liver
tumours in mice remains to be established. Clearly, chlora hydrate is

converted to at |east one metabolite, TCA, that appearsto act as a peroxisome
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proliferator. There is some possibility that it is converted to DCA, a
compound that acts primarily as a tumour promoter (Stauber & Bull, 1997).

Ontheother hand, chlord hydrateis distinct from theseother two compounds
in that it appears to be clastogenic in vivo, but & very high doses. The
questionis, does this clastogenic activity play aroleintumorigenesis?Thefact

that chloral hydrate appearsto produce only hepatic tumoursinmiceparalels

the species specificity of TCA and suggests that other activities are perhaps
not involved.

Halogenated aldehydes and ketones other than chloral hydrate

General toxicological properties and information on dose—response
in animals

Haloaldehydes

Relatively few data are available todescribe acute, short-term or chronic
toxicities for the hal oacetal dehydes. Ingenerd , al dehydes areirritant chemicals,
and substitution of chlorine generally increases thisirritancy. However, it is
unlikely that irritant effects will occur at concentrations that are encountered
in drinking-water. Chloroacetaldehyde is an example of a haloaldehyde for
which some dataexit, athough it has not been commonly found in drinking-
water. Concentrations of chloroacetaldehyde as low as 0.02% produced
intradermal irritation, 7.5% produced rather severedermal irritation and 0.03%
irritated the eyes of rabbits (Lawrence et al., 1972).

When administered systemically, halogenated aldehydes are quite toxic.
Again because of alack of appropriate data, chloroacetal dehyde will be used
for illustrative purposes. Lawrence et al. (1972) reported the oral LDg, in
Sprague-Dawley rats to be 89 and 103 mg/kg of body weight in males and
females, respectively. In male ICR mice, the ora LDy, was found to be 82
mg/kgof body weight. Inlonger-terminvestigations, Lawrenceand co-workers
(1972) utilized intraperitoneal injections or inhaation as the method of
administration. Intraperitoneal injections of 2.2 or 4.4 mg/kg of body weight
per day for 30 days in made Sprague-Dawley rats produced significant
decreases in haemoglobin, haematocrit and erythrocytes a the highest dose.
Thiswas consistent with its ability to induce haemolysis of erythrocytes at
concentrationsof 0.2 mol of chloroacetaldehyde per litreand above. However,
the validity of this in vitro observation as a dependable indicator of in vivo
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effects is suspect because of the extremely high concentrations that were
utilized. The 4.4 mg/kg of body weight dose produced reductions in body
weight and induced significant increasesin the organ to body weight ratios for
the brain, gonads, heart, kidneys, lungs and spleen. These effects appeared to
be largely the result of reduced body weight rather than changes in absolute
organ weights.

Lawrence et d. (1972) pointed out the importance of route of
administration to the toxicity of chloroacetaldehyde. If administered
intraperitoneally, it is 10-30times as potent as its metabolite2-chloroethanal.
However, the toxicity of the two compounds is more or lessequivalent when
they are administered orally, and 2-chloroethanol is about 4 times as toxic as
chloroaceta dehyde when applied topically. These differences are most likely
attributed torelative rates of absorption versus metabolic conversion and the
many non-specific reactions in which chloroacetaldehyde would be expected
to beinvolved in the gastrointestinal tract and on the skin. This issue should
be reflected in the systemic toxicities of halogenated aldehydes, in general.

A 104-week study of chloroacetaldehyde utilizing drinking-water asthe
mode of administration was conducted in male B6C3F; mice (Daniel € al.,
19924). Only asingleconcentrationwas used (100 mg/litre), which yielded an
average dose of 17 mg/kgof body weight (i.e., larger than administered to rats
intraperitoneally). This dose did not lead to excessive mortality or depress
body weight gains. It did not affect weights of the liver, kidneys, testes or
spleen. There was no remarkable non-tumour pathology in 40 tissues that
were sampled and examined microscopically in five of the animalsthat were
seridly sacrificed during the course of the experiment. An apparent increase
in the incidence of liver histopathologica change was described as
hepatocellular necrosis, hyperplasia and cytomegaly. However, these effects
were very mild and of doubtful significanceas compared with the same types
of pathology in control mice.

Sood & O'Brien (1993) examined the effects of chloroacetaldehyde in
isolated rat hepatocytes. A concentration of 0.5 mmol/litre was found to be
cytotoxic, whereas 0.2 mmol/litre was without apparent effect. The
cytotoxicity could be essentially abolished by dithiothreitol in the incubation
media. The requirement for high concentrationsinthis in vitro experiment and
the apparent lack of effect (albeit administered to a different species) at
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relatively high concentrations in the animals’ drinking-water (100 mg/litre)
suggest that there is little concern about hepatotoxicity at the very low
concentrations that might be expected to be found in chlorinated drinking-
water.

Haloketones

Toxicologica data in experimental animas for the haloketones are
extremely limited. The hal opropanones are the most commonly studied group
of this class, but most of thework has been directed at mutagenic effects of the
chemicals.

Laurie et al. (1986) studied the effects of 1,1- and 1,3-DCPN in CD-1
mice. 1,1-DCPN was administered in paraffin, and 1,3-DCPN was
administered as an aqueous solution. 1,1-DCPN significantly increased the
levelsof ASAT, ALAT and LDH at doses of 325 mg/kg of body weight.1,3-
DCPN was evauated to a maximum dose of 20 mg/kg of body weight and
appeared tobe without effect on the serum enzymes. However, the LD ¢, for
1,3-DCPN was stated to be 25 mg/kg of body weight,indicatingthat the liver
was probably not the critical target organ for this compound, a least with
acute treatment. At doses of 130 mg/kgof body weight and greater, 1,1-DCPN
significantly depressed hepatic GSH levels. Again, 1,3-DCPN was without
effect a the dose of 20 mg/kg of body weight. Most of the decrease in GSH
produced by 1,1-DCPN was observed in the post-mitochondrial cellular
fraction as opposed to the mitochondrial fraction.

A mgjor thrust of the Laurie et a. (1986) paper was to determine the
extent to which 1,1- and 1,3-DCPN modified the toxicity of carbon
tetrachloride. Carbon tetrachl oride was administeredat doses rangingfrom 0.02
to 1.0 ml/kgof body weight. The 0.02 ml/kg of body weight dose produced an
elevation of serum enzymes onits own. However, when carbon tetrachloride
was administered 4 h after 1,1-DCPN, the dose of 1,1-DCPN that was
requiredtosignificantly increaseserum enzyme levels was decreased from 325
to 130 mg/kgof body weight. Since a doublingof thedoseof 1,1-DCPN would
have produced a similar response and the dose of carbon tetrachloride was
aboveathreshold response level, the interaction between carbon tetrachloride
and 1,1-DCPN would seem to be no more than additive. Inhibition of the
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toxicologica effects of carbon tetrachloride in a dose-related manner was
observed when 1,3-DCPN was administered prior to carbon tetrachloride.

Merrick et al. (1987) studied the cytotoxic effects of chloropropanone
(CPN), 1,1-DCPN and 1,3-DCPN on isolated hepatocytes of mae Sprague-
Dawley rats. The chloropropanones were all shown to react with GSH in
solution. At concentrations of 10 mmol/litre, the rate of GSH reaction was
most rapid with 1,3-DCPN, followed by CPN and then 1,1-DCPN. This
reactivity paralleled the ability of the compounds to induce cytotoxicity in
isolated hepatocytes. Significant increases in ASAT release were observed
with 1,3-DCPN at 0.5 mmol/litre, CPN at 1 mmol/litreand 1,1-DCPN at 5
mmol/litre. As would be expected, GSH depletion was observed at
concentrations of 1,3-DCPN as low as 0.1 mmol/litre. The other two
compounds were significantly less active in depleting GSH, but were of
approximately equivalent potency with one another.

A study of 1,1,1-TCPN was conducted in Sprague-Dawley rats by
Danid et al. (1993b). Acute, 10-day and 90-day experimentswere performed.
1,1,1-TCPN was administered in corn oil by gavage. Doses in the 10-day
study were0, 16, 48, 161 or 483 mg/kg of body weight per day. Inthe 90-day
study, doses of 30, 90 or 270 mg/kg of body weight per day were
administered. Inthe 10-day study, 8 out of 10 male and 7 out of 10 femderats
died at 483 mg/kg of body weight per day before the conclusion of the
treatments. Two mae rats also died a 161 mg/kg of body weight per day.
Although there was not a significant effect on body weight in the survivors,
there was a 10% increase in liver to body weight ratios at 161 mg/kg of body
weight per day in both male and female rats. Evidence of hyperkeratosis was
found in the forestomach of both male and female ratstreated a doses of 48
mg/kgof body weight per day and greater. No adverse effect was observed a
16 mg/kg of body weight per day.

Increases inrelativeliver weight were observed inthe 90-day experiment
at 270 mg/kgof body weight per day inmale rats, but not at 90 mg/kg of body
weight per day. Ataxiawas reported in both sexes at the 270 mg/kg of body
weight per day doselevel. Increasesin the incidence of forestomach lesions
wereobserved in bothsexes at 90 and 270 mg/kgof body weight per day, with
the most frequent observation being hyperkeratosis followed by acanthosis.
The overall NOAEL in the 10-day and 90-day studies is 30 mg/kg of body
weight per day.
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In summary, the toxicological effects of the halopropanones provide
evidence that some of the representatives of this class are highly toxic, with
acute lethal doses being as low as 25 mgkg of body weight. The
gastrointestinal tract and liver appear to be key target organs for some
members of the class. However, no target organ was identified for the most
acutely toxic of the group, 1,3-DCPN.

Toxicity in humans

No data on the effects of either halogenated adehydes or halogenated
ketones on human subjects were identified.

Carcinogenicity and mutagenicity

There are considerable data on the mutagenic properties of various
halogenated aldehydes and ketones. A comparison of the mutagenic activity,
measured in Salmonella typhimurium tester strains, of the halogenated
adehydes found in drinking-water with that of chloroacetaldehyde is
summarized (not comprehensively) in Table 19. Table 20 provides a similar
summary of results with halogenated ketones. These data are presented to
demonstrate that the activity of these compoundsis not dissimilar from that
observed with chloroacetaldehyde, a metabolite of a large number of
carcinogenic chemicals, including vinyl chloride. Therefore, it will be used as
aprototype for the class. This is not to suggest that this is an adegquate
substitutefor appropriatedatafor the other compounds. It mustbe recognized
that the data available for this class are completely inadequate for making
substantive estimates of the impact of these chemicals on human health; in
particular, mutagenicity datain bacterial systems do not necessarily reflect
activity in vivo.

Haloaldehydes

Chloroacetaldehyde has been extensively studied with respect to the
types of interactions that it has with DNA. The adducts formed in animas
treated with vinyl chloride are the same as those produced with
chloroacetaldehyde (Green & Hathway, 1978). The cyclic etheno adducts
formed with cytosine and adenine seem particularly important in mutagenic
responses observed with chloroacetaldehyde (Spengler & Singer, 1988;
Jacobsen et al., 1989).
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Table 19. Mutagenic activity of halogenated aldehydes produced by
chlorination in the Salmonella/microsome assay

Compound Strain Net revertants/  Reference
plate
1S9 +S9
Chloroacetaldehyde TA100 440 ~330 Bignami et al.
(1980)
2-Chloropropenal TA100 135 49 Segall et al. (1985)
2-Bromopropenal TA100 1140 108 Segall et al. (1985)
2-Bromopropenal TA100 400 Gordon et al.
(1985)
2,3-Dibromopropanal TA100 300 Gordon et al.
(1985)
2,3-Dichloropropenal TA100 91 5 Segall et al. (1985)
3,3-Dichloropropenal TA100 0.7 Meier et al.
(1985a,b)
2,3,3- TA100 224 Rosen et al. (1980)
Trichloropropenal
3-Chloro-2-butenal TA100 68 42 Segall et al. (1985)
3-Bromo-2-butenal TA100 108 39 Segall et al. (1985)

2-Bromo-3-methyl-2- TA100 <0.5 <0.5 Segall et al. (1985)
butenal

Table 20. Mutagenic activity of halogenated ketones produced by
chlorination in the Salmonella/microsome assay

Compound Strain Net revertants/  Reference
plate
1S9 +S9
CPN TA100 NMa NM Merrick et al. (1987)
1,1-DCPN TA100 0.04 Meier et al. (1985a)
1,3-DCPN TA100 25.2 Meier et al. (1985a)
1,1,1-TCPN TA100 0.12 Meier et al. (1985a)
1,1,3-TCPN TA100 3.9 Douglas et al.
(1985)
1,1,3,3-Tetrachloro- TA100 1.5 Meier et al. (1985a)
propanone
Pentachloropropano TA100 0.86 Meier et al. (1985a)
ne

aNM = non-mutagenic.
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Therearealimited number of studies that have examined the carcinogenic
properties of chloroacetaldehyde in rather specialized test systems. Van
Duurenet d. (1979) examined the carcinogenic activity of chloroacetaldehyde
in mouse skin initiation/promotion studies, with subcutaneous injection and
by stomach tube. In the initiation/promotion assay, chloroacetaldehyde was
applied to the skin of 30 female HallCR Swiss mice, & a dose of 1.0 mg per
application per mouse, 3 times weekly for up to 581 days, or as asingledose
followed by 2.5 Zgof TPA 3 times weekly for 576 days. No evidence of
increased skin tumour yield was found. The intragastric treatments involved
administration of 0.25 mg per mouse per week (1.8 mg/kgof body weight per
day if a20-gbody weight is assumed). In this case, sections of lung, liver and
stomach were taken for histopathological examination. No signs of increased
tumour incidencewerefound. A fourth experiment involved the subcutaneous
injection in 30 mice of 0.25 mgper mouse(1.8 mg/kgof body weight per day,
assuming a 20-g body weight for the mouse). Microscopic examination of
sections of the liver and injection sites revedled no evidence of increased
tumour yield.

A second group of mouse skin initiation/promotion experiments with
chloroacetaldehyde were conducted by Zajdela et a. (1980). Single doses of
0.05, 0.1, 1.0 or 2.5 mg of chloroacetaldehyde dissolved in acetone were
applied to mae and femae XVIInc/Z mice (2028 per group). This was
followed by applicationof TPA at 2 g, 3 timesweekly for 42 weeks. There
was no significant difference between mice receivingTPA aloneand thosethat
had been initiated by chloroacetal dehyde.

There appears to be only one study that examined the carcinogenic
activity of halogenated aldehydes administered in drinking-water over a
lifetime (Daniel et al., 1992a). Male B6C3F, mice treated with 0.1 g of
chloroacetaldehyde per litre of drinking-water for 104 weeks were found to
have an incidence of eight hepatocellular carcinomas in 26 mice examined
(31%). In addition, 8% of these mice were diagnosed as having hepatocel lular
adenoma, and another 8% were found to have hyperplastic nodules. This
compared with two carcinomas in 20 control mice examined (10%), one with
adenoma (5%) and no hyperplastic nodules (0%). In a comparison with
previous studies, the experiment utilized asignificantly higher dose(17 mg/kg
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of body weight per day) as well as a continuous treatment. It is possible that
these tumours were induced by the genotoxic properties of the chemical.

Robinson et d. (1989) examined the ability of four other halogenated
addehydes to act as tumour initiators in the skin of Sencar mice: 2-
chloropropenal, 2-bromopropenal, 3,3-dichloropropenal and 2,3,3-
trichloropropenal. The compoundswere administered topically in six divided
doses over a 2-week period (total doses were 600-2400 mg/kg of body
weight). Two weeks after thefind initiatingdose, TPA was applied at a dose
of 1 g 3 times weekly for 20 weeks. Both 2-chloropropena and 2-
bromopropenal significantly increased tumour yield at 24 weeks and
significantly increased the yield of sgquamous cell carcinomas at 52 weeks at
total topical doses of 1200 mg/kg of body weight and above. Both the benign
tumour and malignant tumour yields were greater with 2-bromopropenal than
with 2-chloropropenal. An experiment utilizing oral administration of these
compounds during the initiation period was included in this study. Oral
administration of 2-chloropropenal did not produce consistent, dose-related
responses. However, there appeared to beasubstantial increaseinskin tumour
yield at anoral doseof 300 mg of 2-bromopropenal per kg of body weight (19
tumoursin 38 mice [50%] vs. 20 tumoursin 110 control mice [18%]).

On the basis of these studies, it must be concluded that there is a
potential carcinogenic hazard associated withthe halogenated aldehydes. Only
a single compound, chloroacetaldehyde, was evaluated as a carcinogen in a
lifetime study, and only one dose level was studied. It appears to be more
potent as a carcinogen than the corresponding THM and HAA by-products.
Many members of the class are mutagenic, and chloroacetaldehyde, at least,
appears to produce tumoursin theliver a less than cytotoxic doses. Based
upon the comparison between 2-chloropropenal and 2-bromopropenal, there
is some reason to believe that the brominated by-products are more potent
than the corresponding chlorinated by-products. Therefore, concern must be
expressed over disinfection processes that activate bromide, as well as those
that simply chlorinate. However, the currently available dataarenot sufficient
to allow the hazards associated with these compounds to be estimated.
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Haloketones

A number of hal opropanones have beentested in mutagenesis assays. To
facilitate comparison of their relative potencies, selected results from assays
that were conducted in Salmonella typhimurium tester strain TA100 were
incorporated into Table 20. For the most part, the data sel ected for thistable
were abstracted from papers in which more than one haloketone was
evaluated, rather than being selected because they were identified as the best
vaue for each individual chemicdl that exists in the literature. Some of the
compounds have been shown to be active in other Salmonella tester strains
and other mutagenesis and clastogenesis assays. There was little to be gained
from an exhaustive review of this literature, so further consideration of the
mutagenic activity will be limited to those systems that extended eval uations
to other end-points in vitro or attempted to confirm in vitro observations in
Vivo.

1,3-DCPN was found to induce SCEsin V79 cells at concentrations as
low as 0.002 mmol/litre (von der Hudeet al., 1987). Blazak et al. (1988) found
that 1,1,1-TCPN and 1,1,3-TCPN were ableto act asclastogensin CHO cells
in vitro. Structural aberrationswereproduced at a 1,1,3-TCPN concentration
of 1.5 g/ml, whereas a concentration of 23 - g/ml was required for asimilar
response to 1,1,1-TCPN. However, the dose—response for 1,1,3-TCPN was
limited by cytotoxicity. Experiments were also conducted focusing on the
ability of 1,1,1-TCPN and 1,1,3-TCPN to induce micronuclei in
polychromatic erythrocytes and to induce sperm head abnormalitiesin mice
in vivo. 1,1,1-TCPN was found to be negative in both assays in the dose
range 75-300 mg/kgof body weight, whereas 1,1,3-TCPN was negativeinthe
range 3-12 mg/kg of body weight.

Robinsonet a. (1989) tested CPN, 1,1-DCPN, 1,3-DCPN, 1,1,1-TCPN
and 1,1,3-TCPN asinitiators in the skin of Sencar mice. The compoundswere
administered by topical application in acetone with total doses that ranged
from 37.5 to 4800 mg/kg of body weight (doses of 600 mg/kg of body weight
and abovewereadministeredin six equal doses over a 2-week period to avoid
cytotoxicor lethal effects of the compounds). Other groupsof animalstreated
with the chemicas were also administered similar doses by intragastric
intubation. The initiating treatments were followed by a promotion schedule
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that involved the topical application of 1 Zg of TPA 3 times weekly for 20
weeks. Tumour counts were reported at 24 weeks; if the incidence was
elevated within this time period, the mice were held until 52 weeks on study
prior to sacrifice, and histological evaluations of the tumours were made.
Amongthe haloketones, only 1,3-DCPN was found toproduceadose-related
increase in tumour incidence. A single topical dose of 37.5 mg/kg of body
weight was sufficient to initiate skin tumours, and the response increased
progressively as doses were increased to 150 mg/kg of body weight. At higher
doses, the response decreased in magnitude. Splitting the 300 mg/kg of body
weight dose into six equa doses over a 2-week period increased the
tumorigenic response relative to asingle dose of 300 mg/kg of body weight.
However, this response was also attenuated, as the multiple-dose schedule
utilized higher doses. This attenuation of theresponsewas particularly marked
in total tumour yields, which included many benign tumours. It was less
effective in limiting the yield of squamous cell carcinomas.

In conclusion, the carcinogenic activity of the DBPsin the haloaldehyde
and hal oketone classes, withthe exception of chloroacetal dehyde, has not been
evaluated in lifetime studies in experimental animals. However, other tests
confirm that they have carcinogenic properties. 1,3-DCPN was the most
potent tumour initiator in both classes of DBPs. A single doseof 75 mg/kgof
body weight produces atotal tumour yield equivalent to that produced by
1200 mgof 2-bromopropenal, the most potent of the hal oaldehydes, per kgof
body weight. 2-Bromopropenal is about 40 times as potent as 1,3-DCPN as
amutagen. The other hal opropanones do not appear to be capable of acting as
tumour initiators in the mouse skin.

Comparative pharmacokinetics and metabolism

No information was identified in the available literature.

Mode of action

The data available indicate that these two groups of chemicals contain
compounds that possess mutagenic activity. As these effects have been
identified in in vitro or bacterial test systems, there is no assurance that this
isthe manner in which they contribute to toxicity or carcinogenicity. A few
chemicals have been shownto beinitiatorsinthe mouseskin, but it is not clear
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whether that would be atarget organ as aresult of chronic ingestion of these
chemicas. Other chemicds appear to have activities that could contributeless
directly to the induction of cancer, particularly as cytotoxic compounds. It is
clear from the limited data available that it would be inappropriate to try to
generalize data from only afew examplestothesetwo larger classes of DBPs.

Haloacetonitriles

General toxicological properties and information on dose—
response in animals and humans

The HANsarediscussed inasinglesection of this document because the
toxicological data on them are quite limited. The dihal oacetonitriles (DHAN)
— DCAN, BCAN and DBAN — are the most important in terms of
concentrationsfound in chlorinated drinking-water. However, therearelimited
data on bromoacetonitrile (BAN), chloroacetonitrile (CAN) and
trichloroacetonitrile (TCAN) that are included for compl eteness.

Hayes et al. (1986) examined the general toxicologica effects of DCAN
and DBAN in male and female ICR mice and CD rats. In mice, the acute oral
(by gavagein corn ail) LD, was reported to be 270 (males) and 279 (females)
mg/kg of body weight for DCAN and 289 (males) and 303 (femaes) mg/kg of
body weight for DBAN. In rats, the LDg, was found to be 339 (males) and
330 (females) mg/kg of body weight for DCAN and 245 (males) and 361
(females) mg/kg of body weight for DBAN. Hussein & Ahmed (1987) found
somewhat lower oral LDgsinrats: BAN, 25.8 mg/kg of body weight; DBAN,
98.9 mg/kg of body weight; CAN, 152.8 mg/kg of body weight; and DCAN,
202.4 mg/kg of body weight. These |atter data were reported only in abstract
form, and the vehicleused was not indicated. As discussed below, some of the
toxicologica responses to chemicds in this class appear to depend on the
nature of the vehicle in which they were administered.

DCAN and DBAN were aso studied over 14- and 90-day treatment
intervals (Hayes et a., 1986). DCAN dissolved in corn oil was administered
tomaeandfemaeCD ratsby gavageat 12, 23, 45 or 90 mg/kg of body weight
per day for 14 days and at 8, 33 or 65 mg/kg of body weight per day for 90
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days. DBAN was administered to male and female CD rats at daily doses of
23,45, 90 or 180 mg/kg of body weight per day for 14 daysand at 6, 23 or 45
mg/kgof body weight per day for 90 days. Increased mortality was produced
at 33mgof DCAN per kg of body weight per day and at 45 mg of DBAN per
kg of body weight per day inthe 90-day studies. Body weight was decreased
and lower weights and organ to body weight ratios were observed for spleen
and gonads with doses of 65 mg of DCAN per kgof body weight per day and
above. The NOAELsfor DCAN were45 mg/kg of body weight per day for 14
days and 8 mg/kg of body weight per day for 90 days of exposure. The
NOAELSs for DBAN were 23 mg/kgof body weight per day a 90 days and 45
mg/kg of body weight per day a 14 days. No serum chemistry changes
indicative of adverse effects were seen with either compound at sublethal
doses.

Reproductive and developmental toxicity

Smith et . (1987) examinedthe effect of CAN, DCAN, TCAN, BCAN
and DBAN on female reproduction in an in vivo teratology screening test in
Long-Evans hooded rats. DCAN and TCAN at doses of 55 mg/kg of body
weight administered intricaprylin by gavage from day 7 to day 21 of gestation
significantly reduced the percentage of femaes delivering viable litters,
increased resorption rates and reduced maternal weight gain. BCAN and
DBAN at the same dose were without effect. All of the HANS reduced the
mean birthweight of pups, and the DHA Nsreduced the postnatal weight gain
till the fourth day after birth. Postnatal survival was reducedwithDCAN and
TCAN but not with BCAN or DBAN. These pups continued to display
reduced body weights into puberty. BCAN aso resulted in significantly
depressed weights a puberty, athough the effect was smaller than that
observed with DCAN or TCAN.

The hydra assay system for developmental toxicity has also been used
to screen some of theHANSs (Fu et al., 1990). Both DBAN and TCAN were
found to be of the same generd order of toxicity to adult and embryonic
animals. Based on these findings, the authors predicted that DBAN and
TCAN would not be teratogenic at non-maternally toxic doses.

The developmental toxicity of DCAN was followed up in full-scale
teratology studies (Smith et a., 1989b). In this case, DCAN dissolved in
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tricaprylin was administered to Long-Evans rats at doses of 0, 5, 15, 25 or 45
mg/kg of body weight per day from day 6 to day 18 of gestation.
Embryolethality and fetal resorptions were statistically significant at 25 and
45 mg/kgof body weight per day. The highest dose was also maternally toxic.
Soft tissue anomalies, including an intraventricular septal defect in the heart,
hydronephrosis, fused uretersand cryptorchidism, wereobserved at this dose.
Skeletal abnormalities (fused and cervica ribs) were produced in a dose-
dependent manner and weresignificantly increased at 45 mg/kgof body weight
per day. A NOAEL was found to be 15 mg/kg of body weight per day.

TCAN was evaluated in two teratology studies by the same laboratory
(Smith et a., 1988; Christ et al., 1996). The first of these studies utilized
tricaprylin as the vehicle, whereas the second utilized corn ail. In the first
study, embryolethality was observed a doses aslow as 7.5 mg/kg of body
weight per day. Doses of 15 mg/kg of body weight per day and above
produced soft tissue abnormalities, including fetal cardiovascular anomalies
(Smith et d., 1988). TCAN administered in a corn oil vehicle produced
cardiovascular defectsat 55 mg/kg of body weight per day (Christ et d., 1996).
The effects observed at this dose were found at significantly lower incidence
than observed in the 15 mg/kg of body weight per day dose of the previous
study. The abnormalities were milder, being simply positiona (laevocardia),
instead of theinterventricular septal defect and adefect between the ascending
aortaandright ventriclethat were observed withthetricaprylinvehicle. Onthe
other hand, more skeletal defectswere observed with the corn oil vehicle. The
authors attributed these differences to an interaction between the tricaprylin
vehicle and TCAN. However, tricaprylin and corn oil are not representative
of drinking-water exposure. It is not possible to determine whether theresults
obtained withtricaprylin or the results obtained with corn oil providethe most
valid test. The results could be just as readily ascribed to an inhibition of the
effects of the corn ail vehicle. Asaconsequence, thesedata present somewhat
of adifficulty ininterpretingresultsfor dl of the HANsthat have been tested,
because the only vehicle in which most have been evaluated was tricaprylin.
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Carcinogenicity and mutagenicity

IARC has evaluated BCAN, CAN, DBAN, DCAN and TCAN and
concluded that there is inadequate evidence for their carcinogenicity in
experimental animals. No data were available on their carcinogenicity in
humans. Consequently, these HANSs were assigned to Group 3: the agent is
not classifiable asto its carcinogenicity to humans (IARC, 1991, 1999).

Bull et al. (1985) tested the ability of CAN, DCAN, TCAN, BCAN and
DBAN to induce point mutations in the Salmonella/microsome assay, to
induce SCEsin CHO céllsin vitro, to produce micronuclei in polychromatic
erythrocytesin CD-1 mice andto act astumour initiatorsinthe skin of Sencar
mice.

DCAN produced a clear increase in mutagenic activity in Salmonella
typhimurium strains TA1535 and TA100. This response was not altered by
the inclusion of the S9 system to metabolically activate the compound, if
needed. BCAN aso produced a positive response a low doses, but the
dose—response curve was interrupted at high doses by cytotoxicity. Inthis
case, the inclusion of the S9 fraction appeared to simply allow the bacteriato
survive cytotoxic effects. This perhaps arose through a non-specific
inactivation of the electrophilic character of the compound. BCAN produced
asimilar, but less marked, trend in strain TA100. The other HANSs were
negative in the Salmonella/microsome assay.

All of the HANSs tested increased the frequency of SCEs in CHO cells.
The potencies in the absence of S9 were DBAN >BCAN >DCAN i TCAN
> CAN. Asin the Salmonella/microsome assay, the addition of 9 alowed
higher doses to be tested rather than modifying the response to a given
concentration. In contrast, none of the HANswas found toinduce micronucle
in CD-1 mice in vivo.

TheHANsweretested for their ability to initiate tumoursin theskin of
Sencar mice (Bull et a., 1985). In this experiment, the HANs were
administered topically to the shaved backs of the micein six doses over a 2-
week period. Two weeks following the last initiation treatment, TPA
dissolved in acetone was applied topically at a dose of 1 - g per mouse, 3
times weekly for 20 weeks. The total initiating doses were 1200, 2400 and
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4800 mg/kg of body weight. Significant increases in skin tumours were
observed with CAN, TCAN, BCAN and DBAN. DBAN produced the
greatest response a a dose of 2400 mg/kg of body weight, but the response
decreased in magnitude as the dose was increased to 4800 mg/kg of body
weight. The shape of this dose-response curve was checked in arepetition of
the experiment, and theresultswerevirtually identical. It was postul ated that
the attenuated response at the higher dose was caused by the cytotoxicity to
initiated cells. BCAN also increased the incidence of skin tumours, but no
significant increase in tumour incidence was induced by DCAN. The
carcinogenicity of the DHANS in mouse skin was seen to progressively
increase as bromine was substituted for chlorine in the compound. On the
other hand, CAN appeared to be among the more potent of the HANs in
initiating skin tumours. TCAN gave inconsistent results.

CAN, TCAN and BCAN produced smdl, but significant,increasesinthe
incidence of lung tumoursin female A/J mice (40 mice per chemica tested)
when administered by gavage a doses of 10 mg/kg of body weight, 3 times
weekly for 8weeks (Bull & Robinson, 1985). Mice were started on treatment
a 10 weeks of age and sacrificed a 9 months of age. No significant effects
were observed with DBAN and DCAN. The differences in tumorigenic
response are too small for meaningful rankings of the compounds for potency
in this lung tumour-susceptible strain.

DCAN was found to induce aneuploidy in Drosophila (Osgood &
Sterling, 1991) at a concentration of 8.6 mg/litre. On the other hand, DBAN
produced inconsistent results but was tested a much lower concentrations
(0.3 mg/litre) because of its higher degree of toxicity. Low levels of sodium
cyanide (0.2 mg/litre) were also found to be active in this test system. Since
DCAN is metabolized to cyanide, the authors suggested that the cyanideion
(CN") was responsiblefor theresponse. DCAN is somewhat more efficiently
converted to cyanide in rats than is DBAN (Peeira et a., 1984). This
difference would be multiplied by the much higher concentration of DCAN
that was tested.

Danid et a. (1986) found that the HANswere direct-actingel ectrophiles
with the following decreasing order of reactivity: DBAN >> BCAN > CAN
>> DCAN >> TCAN. The ability to induce DNA strand breakage in human
CCRF-CEM cellswas found to follow a considerably different order: TCAN
>>BCAN > DBAN >DCAN > CAN. It isof interest that tumour-initiating
activity paraleled dkylation potential in a cell-free system rather than an
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ability to induce strand breaks in DNA in intact cells or toinducemutationin
Salmonella (BCAN > DCAN >> DBAN >TCAN = CAN =0). If CAN is
omitted from the group, mutagenicity parallels the extent to which the HAN
is converted to cyanide in vivo (Danid et d., 1986). This discordant set of
parallels suggests that some property may be affecting the ability of the test
systems to measure the response or that the responses are not mediated
through acommonmechanism. Clearly, cytotoxic effectslimited the responses
of Salmonella to the brominated HANs. Similar activity appeared to be
affecting the mouse skin initiation/promotion studies, but only after afairly
robust response was observed. Some of the other effectsmay be only loosely
associated with a health effect. For example, the induction of SSBsin DNA
can arise from cytolethal effects. Moreover, such breaks reflect DNA repair
processes as well as damage. Therefore, it is suggested that the carcinogenic
potency of this class best parallels alkylation potential.

TCAN was found to covalently bind with macromolecules in liver,
kidney and stomach of the F344 rat (Lin et d, 1992). The covalent binding
indexwas found to bethe highest in the DNA of the stomach, followed by the
liver, and was lowest inthekidney. The bindingof 14C was significantly higher
when it was in the C, position rather than in C,, indicating that the nitrile
carbon islost. The adducts formed were labile, and no specific adducts were
identified. Adducts to blood proteins were also observed with TCAN.
Covalent bindingof DBAN or DCAN to DNA could not bedemonstrated (Lin
et a., 1986), but binding to proteins was apparently not investigated with
these HANSs.

In conclusion, the HANs do possess carcinogenic and mutagenic
properties inshort-termtests. However, without appropriatelong-term animal
studies, the carcinogenic risk from HANSs cannot be estimated.

Comparative pharmacokinetics and metabolism

The metabolism of the HANS has received some preliminary study, but
little information existson the pharmacokinetics of the parent compounds or
their products. It is aso important to note that some of the HANs inhibit
enzymes that are important in the metabolism of other chemicals that are
foreign to the body.
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Pereiraet a. (1984) found the following percentage of the original doses
of the HANSs eliminated in the urine within 24 h asthiocyanate: CAN, 14%;
BCAN, 12.8%; DCAN, 9.3%; DBAN, 7.7%; and TCAN, 2.3%. This was
compared with 42% of a dose of propionitrile. On the basis of this limited
information and a general scheme for the elimination of cyanide from nitriles,
published by Silver et d. (1982), Pereiraet a. (1984) proposed that additional
products of HAN metabolism would be &s follows: CAN, formaldehyde;
DHANSs, formyl cyanide or formyl halide; and TCAN, phosgene or
cyanoformyl chloride. Theseproductswoul dbedirect-actingal kylatingagents.

Roby et al. (1986) studied the metabolism and excretion of DCAN
labelled with *C in either the C, or C, position in both made F344 rats and
B6C3F, mice. The metabolic fate of the two carbons was significantly
different in both mice and rats: C, is metabolized much more efficiently to
carbon dioxide, whereas a very much higher proportion of C; is found as
urinary metabolites, at least in mice. These results are consistent with the
proposal of Pereira et a. (1984) suggesting metabolites that would be
converted efficiently to carbon dioxide from C,.

The HANSs inhibit enzymesin the liver of therat that are traditionally
associated with the metabolism of foreign compounds. Pereira et d. (1984)
demonstratedtheinhibition of dimethylnitrosamine demethylaseactivity. This
activity has been traditionally associated with the cytochrome P450 isoform
2E1, dthough therewas nodirect confirmation of thisin the study. However,
two forms of the enzyme activity were identified, one with ak,,, of 2 x 107°
and the other with aK, of 7 x 1072 Based on a plot presented in the paper,
DBAN appears to be inhibiting the high-affinity enzyme by either a non-
competitive or uncompetitive mechanism. The kinetics of inhibition were
examined in vitro and the enzyme : inhibitor dissociation constants (K;s)
reported to be as follows: DBAN, 3 x 10> BCAN, 4 x 10 DCAN or
TCAN, 2 x 10 and CAN, 9 x 1072. Although not commented upon by the
authors, the kinetics of inhibitionby TCAN wereclearly different from those
of the DHANSs, suggesting some differences in the mechanism or the form of
the enzymethat might beaffected. The authorsexamined the effectsof DBAN
or TCAN administered orally to ratsat doses of 0.75 mmol/kgof body weight
onthe dimethylnitrosamine demethylaseactivity intheliver at 3and 10 h after
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administration. TCAN significantly reduced the activity of the enzyme by
about 30% at both time intervals, but DBAN did not, despite the fact that it
was themore potent inhibitor in vitro. This could represent adifferenceinthe
extent to which the two compounds are absorbed systemically, or it could be
related to the nature of the inhibition (i.e., reversible vs. irreversible).

Ahmed et d. (1989) demonstrated inhibition of cytosolic GSTs by
HANS in vitro. Doses (mmol/litre) at which 50% inhibition of the activity of
the enzyme GST occurred were as follows: DCAN, 2.49; TCAN, 0.34;
DBAN, 0.82; CAN, >10; and BAN, >10. This |atter observation has not been
established to occur in animals (Gao et a., 1996). Activation and inactivation
of various DBPs are catalysed by various isoforms of GST (Pegram et a.,
1997; Tonget al., 1998). In this case, toxicity isreduced by inhibition of GST;
however, mutagenic activity of brominated THMs appears to depend upon a
GSH pathway (Pegram et al., 1997). Similarly, GSTs appear to play an
important role in the metabolism of HAAs (Tong et al., 1998).

While these effects on the metabolism of other DBPs could be of
importance, there are no data with which to relate these effects to
concentrations that would be encountered in drinking-water.

Mode of action

The induction of skin tumours appears closely correlated with the
alkylatingpotential withinthis classof chlorination by-products (Daniel et al.,
1986). This suggeststhat the carcinogenic activity of theHANsmay berelated
to mutagenic effects, despite the fact that cytotoxicity limits the capability of
test systems to detect such activity. Cytotoxicity actually appears to inhibit
the tumour-initiating activity responses rather than to amplify them, as has
been seen with other DBPs. This suggests that the HANSs retain some
specificity for inducing cytotoxic responsesin initiated cells.

Another concern inthis class is the ahility of certain membersto induce
developmental delays. At present,interpretation of theseresultsis somewhat
clouded by the issues of interactionsinthetoxicity of thetest compound with
its vehicles, as discussed in the recent publication of Christ et al. (1996). No
satisfactory explanation has been offered for these results. Such effects may
be the result of fairly subtle changes in the pharmacokinetics and metabolism
of the compound, or, as Christ et al. (1996) suggest, TCAN may have acted
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synergistically with a subthreshold effect of tricaprylin on developmental
processes. This is suggested by a minimal, but consistent, response in
treatment groups that received tricaprylin only relative to a group of naive
controls.

The potential importance of the HANS as cyanogens has not been
extensively explored. As noted above, Pereira et a. (1984) indicated that
significant portions of the dose of the HANSs are eliminated as thiocyanate in
the urine. Thus, cyanide release could be contributing significantly to the
effects of these chemicals at high doses.

Halogenated hydroxyfuranone derivatives

The halogenated hydroxyfuranones werefirstidentified in the bleaching
of pulp (Holmbom et al., 1984). The first member of this class, MX, was
found because of its high mutagenic activity in Salmonella tester strains. In
the same time frame, mutagenic activity had been associated with the
chlorination of drinking-water (Meier, 1988). The high specific mutagenic
activity of MX prompted examination of the possibility that it could
contribute to the mutagenic activity that had been identified in chlorinated
drinking-water. Subsequent experimentation confirmed this hypothesis.
Estimates of the contribution of M X to the mutagenic activity in drinking-
water ranged from 3% to 57% (Hemming et &., 1986; Meier et al., 1987z;
Kronberg & Vartiainen, 1988). The lower estimates should probably be
discounted, becausethe methodsfor recovering MX and other mutagens from
water have varied. Moreover, it isimportant torecognizethat theseestimates
apply only to MX itself. A variety of related compounds are produced that
are also mutagens (Daniel et al., 1991b; DeM arini et al., 1995; Suzuki &
Nakanishi, 1995), but which havereceived very littletoxicologica study. The
contribution of these related compounds has not been estimated.

The present section will focus on theresearch subsequent to that which
identified M X as an important chlorination by-product. This review will
confine itself to newer data that provide some perspective on possible
mechanisms of action in vivo. To avoid unnecessary redundancy, other
furanones will be discussed only asthey have been investigated to aid in an
understanding of responsesto MX.
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General toxicological properties and information on dose—
response in animals

The lack of a commercial source of MX has limited research in
experimental animals. However, a number of in vivo studies and a
carcinogenesis study of MX have been published (Bull et al., 1995;
Komulainen et al., 1997). Reported epidemiological associations of drinking-
water mutagenicity with cancer of the gastrointestina and urinary tracts
(Koivusalo et a., 1994b, 1996, 1997) provided additional impetus for
investigating the compound.

Three studies explicitly examined the acute toxicity of MX. The oral
LDy, for M X in Swiss-Webster micewas determined to be 128 mg/kg of body
weight when MX was administered for 2 consecutive daysby gavage (Meier
et al., 1987h). Doses of 70% of the LD, and less (#90 mg/kg of body weight)
had no significant effect on body weight of the mice, nor were they lethal.
Most mice died within 24 h of receiving thefirst dose. Mice that died were
found to have enlarged stomachs with moderate haemorrhagic areas in the
forestomach. Very limited mortality was observed in weanling CD-1 mice
administered asingledoseof 144 mg/kg of body weight (Mullins& Proudlock,
1990). Inthis study, foca epithelial hyperplasiawas observedin the stomach,
and some vacuolation of the superficial villus epithelium was observed in the
duodenum and jejunum. Evidence of increased numbersof mitotic figures was
observed in the liver, and the possibility of some cytotoxicity was identified
in the urinary bladder. Komulainen et al. (1994) administered MXindistilled
water to mae Wistar rats. Rats tolerated doses of 200 mg/kg of body weight
administered by gavage but displayed severe symptoms, including dyspnoea,
laborious breathing, depressed motor activity and cyanosis at higher doses
(Komulainenetal., 1994). An LD, of 230 mg/kg in 48 hourswas identifiedin
this study.

Thestudy of Meier et a. (1996) examined the effectsof al4-day course
of MX treatment by gavage at a dose of 64 mg/kg of body weight per day on
a number of enzyme activities in the liver of rats. MX treatment reduced
hepatic levels of catalase, cytochrome PA450 reductase, aminopyrine
demethylase and aromatic hydrocarbon hydroxylase. It did not affect fatty
acyl CoA oxidase, glutamylcysteine synthetase, GST or glutathione
peroxidase. The main result of such effects would be potential modifications
of metabolism of various xenobiotics and endogenous biochemicals.
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A more extensive study of the effect of MX on enzyme activities in
various tissues was conducted by Heiskanen et al. (1995) inWistar rats. This
study employed a constant daily dose of 30 mg/kg of body weight
administered by gavege for 18 weeksas the low dose, whereas the higher dose
was achieved by initiating treatment at 45 mg/kgof body weight (7 weeks) and
raising it to 60 mg/kg of body weight (2 weeks) and to 75 mg/kg of body
weight (5 weeks). A dose-related decreasein ethoxyresorufin-O-deethylase
activity was observed in liver and kidney. MX appears to inhibit this
enzyme's activity directly based upon in vitro experiments conducted by the
authors. However, the high concentrations required (0.9 mmol/litre) are
unlikely to be approached systemically from the very low levels found in
chlorinated drinking-water. The treatment also increased the activities of two
phase 2 enzymes, uridine diphosphate-glucuronosyltransferase and GST, in
the kidneys in a dose-dependent manner, but only in female rats. The health
consequences of such modifications are uncertain, but could reflect an effect
on physiological mechanisms associated with differences in sex. Again, it is
important to recognize that these effects were produced at doses that were
chronically, aswell as acutely, toxic and unlikely to be remotely approached
at the low concentrations found in chlorinated drinking-water.

Ina subchronic (14—18 weeks) toxicity study, Wistar rats (15 per sex per
group) were given MX by gavage, 5 days per week, at doses of 0 or 30 mg/kg
of body weight (low dose) for 18 weeks or, in the high-dose group, at doses
increasing from 45to 75 mg/kg of body weight over 14 weeks. The high dose
was finaly lethal (two maes and onefemaedied) and caused hypersalivation,
wheezing respiration, emaciation and tangled fur in animals. Increased water
consumption, decreased body weights and food consumption, elevated plasma
cholesterol and triglycerides, and increased urine excretion werenoted in high-
dose malerats. Urine specific gravity was decreased and the relative weights
of the liver and kidneys were increased in both sexes at both doses in
comparison withthe controls. At both doses, duodenal hyperplasia occurred
in males and females, and dight focal epithelial hyperplasiaintheforestomach
was observed in males. Splenic atrophy and haemosiderosis wereseenintwo
high-dosefemales, and epithelial cell atypiawas seenintheurinary bladder of
onehigh-dosemaeand female. The frequency of bone marrow polychromatic
erythrocytes with micronuclei was dightly increased only in low-dose male
rats (Vaittinen et al., 1995).
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Toxicity in humans

There havebeen no studies of the effects of these compounds in humans.
Carcinogenicity and mutagenicity
Studies in bacteria and mammalian cells in vitro

There have been extensive studies of the mutagenic activity of MX and
related chemicals. In vitro studies have extended knowledge beyond the initial
characterization of simple mutagenic responses to (i) demonstrate effectsin
higher test systems, (ii) extend the data to other genotoxic end-points, (ii)
characterize the mutagenic lesions produced in DNA and (iv) develop
structural correlates. At higher levels of biological organizaion, a limited
number of studies have been conducted to document that the genotoxic form
of MX reaches the systemic circulation and to measure mutagenic effects in
particular cell typesin vivo.

Meier et d. (1987b) demonstrated that M X induced chromosomal
aberrations in CHO cdls a concentrations as low as 4 Zg/ml in vitro.
However, theseauthorswere unableto demonstrateanincreased frequency of
micronuclei in the bone marrow of Swiss-Webster mice following two
consecutive daily doses administered by gavage at 70% of the LD, (90 mg/kg
of body weight x 2). Treatment with 30-300 mol of M X per litre (1 h)
induced DNA damage in aconcentration-dependent manner in suspensions of
rat hepatocytes. DNA damage was induced in V79 Chinese hamster cells and
inisolatedrat testicular cells at the same concentrationsasin hepatocytes. V79
cdls exposed to 2-5 Zmol of M X per litre (2 h) showed an increased
frequency of SCE, whereas no significant effect on hypoxanthine-guanine
phosphoribosyltransferasemutationinduction was observed (Brunborget al.,
1991).

Watanabe et al. (1994) found that the mutagenic activity of MX was
effectively inhibited by sulfhydryl compounds such as cysteine, cysteamine,
GSH, dithiothreitol and 2-mercaptoethanol. Pre-incubation of 0.5 Zg of M X
with 15 Zg of cysteine in a phosphate buffer a 37 °C for 15 min prior to
exposure of bacterial cells depleted the mutagenic activity of M X. Together
withtheresult showingachangein the UV spectra, the authors suggested that
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sulfhydryl compounds inactivate M X by direct chemical interaction before
MX induces DNA damage. On the other hand, avariety of antioxidantsother
than the sulfhydryl compounds showed no inhibitory effects. Investigation
using structural analogues of cysteine revealed that the thiol moiety was
indispensable for antimutagenic activity, and the amino moiety appeared to
enhance the MX-inactivating reaction of the sulfhydryl group.

Incubation of both rat and mouse hepatocytes with MX in vitro
resulted in a dose-dependent increase in UDS at subcytotoxic concentrations
(1-10 zmol of MX per litre; 20-h incubation). Depletion of GSH stores by
pretreatment of rat hepatocytes withbuthionine sulfoximine did not result in
a ggnificant increasein UDS produced by MX. In contrast, MX did not
induce UDS in mouse hepatocytes ex vivo either 3 or 16 h following
administration of asingle oral dose of 100 mg of MX per kg of body weight.
Despite the ability of MX to produce repairable DNA damage, restricted
access of M X to the liver may prevent ameasurable UDS response in vivo
(Nunn et a., 1997).

Jansson et al. (1995) examined MX and a related compound, 3,4-
(dichloro)-5-hydroxy-2(5H)-furanone (M A, a so known as mucochloric acid),
in the CHO hypoxanthine phosphoribosyl transferase (iprf) locus assay
system where 6-thioguanineresistance (TG'") isthe parameter measured. Both
MX and M A induced TG" mutants. Indirect evidencewas provided to suggest
that the difference in sensitivity in the bacterial systems was related to
differential ability torepair bulky adductshypothesized to beinduced by M X
versus smaller adducts suggested to occur as aresult of MA treatment. These
results are interesting, consideringthefact that Daniel et al. (1991b) found that
MX and MA were of approximately equivalent potencies ininducing nuclear
anomalies in gastrointestinal cells of the B6C3F,; mouse.

Harrington-Brock et d. (1995) recently examined MX in the
L5178/TK*¥€3.7.2C mouse lymphoma system. A mutant frequency of 1027
per 10° surviving cells was found. There was, however, a predominance of
small-colony mutants. Small colonies more commonly arise from clastogenic
effects than from point mutations. In parallel experiments, M X was found to
have clastogenic effects (chromatid breaks and rearrangements). Point
mutations and clastogenic effects were both observed at a medium
concentration of 0.75 Zg/ml.
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MX and MA also induced micronuclel when applied to inflorescences
of pollen mother cels of Tradescantia (Hdma et d., 1995). M X was
approximately 5 times as potent as MA in this assay system.

DeMarini et a. (1995) compared the mutation spectra induced by MX
and extracts of water treated with chlorine, chloramine, ozone or ozone
followed by chlorine or chloramine in Salmonella typhimurium strains
TA98 and TA100. The mutation spectra induced in the hisG46 codon
displayed apredominanceof the GAC mutationwithM X, but therewere also
significant increases in the CTC andtoalesser extent ACC mutations. These
latter mutationsarenot typical of MX. Since MX has never beenidentified as
aby-product of ozonation, it is somewhat surprisingthat extracts of ozonated
water produced a similar spectrum, even though these extracts are much less
potent than thoseobtained from chlorinated or chloraminated water (i.e., they
produced net increases in mutant colonies that are only about twice the
spontaneous rate). The mutation spectra induced in the TA98 hisD3052
alele more clearly differentiated between ozone and chlorinated or chlorami-
nated water. In this case, virtualy all of the frameshift mutations induced by
raw and ozonated water extracts involved hotspot mutations, whereas only
30-50% of thoseinduced by M X or extracts from water that had beentreated
with chlorine or chloramine involved the hotspot. Thus, the TA98 mutations
are consistent with the hypothesis that the chemicas responsible for
mutagenic effects of ozonated water are distinct from those induced by
chlorination by-products.

Hyttinen et a. (1996) found that M X and M A inducedifferent mutation
spectra in the DNA of Salmonella typhimurium hisG46 codons (target
codon sequence is CCC). The predominant mutation was GAC followed by
ACC in MX-treated colonies, whereas CTC dominated the spectra produced
by MA. MX primarily induced G:C 6 T:A transversions, whereas M A
produced G:C 6 A:T transitions in the second base of the codon. The G:C 6
T:A transversion in Salmonella was aso observed in the iprt gene of CHO
cdls (Hyttinen et a., 1996). Knasmuller et a. (1996) found the same
difference in the mutation spectra of MX and MA in S. typhimurium
mutants. Theselatter authors further found that 3-chloro-4-(chloromethyl)-5-
hydroxy-2(5H)-furanone (CMCF) produced the same transversion as M X,
while chloromal onaldehyde produced the same transition found with MA.
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Some complex structure—activity relationships appear to occur with
these two types of halofuranones. Kronberg et a. (1993) found that MA
forms ethenocarbaldehyde derivatives with adenosine and cytidine, with
chloroacetal dehyde beingan intermediate. A s pointed out by Knasmuller et al.
(1996), ethenocytosine adducts formed by vinyl chloride cause G:C 6 A:T
transitions as reported for MA. The mutations induced by MX are similar to
those produced by carcinogens that form bulky adducts, such as
benzo[a] pyrene and 4-aminobiphenyl. Bulky adductsblockreplicationleading
to base substitutions according to the “adenine rule” (Strauss, 1991). As a
consequence, there may be some significant differencesin the health impact
(e.g., tumour site or character if they are found to be carcinogenic) of the
mutagenic activities of these two chlorohydroxyfuranone derivatives.

Ishiguro et al. (1988) examined structure—activity relationships for MX
and related compounds. Their studies identified the chlorine substitution on
C, as being very important to the mutagenic activity of MX. Association of
similar losses in mutagenic activity by removing the analogous chlorine from
an open-ring structure compound, 3-(dichloromethyl)-4,4-dichloro-2-
chlorobutenoic acid, strongly supported this hypothesis.

Lal ondeand co-workers(LalLondeet a., 1991a,b, 1992; Lalonde & Xie,
1992, 1993) conducted a series of experimental and computational studies to
relate the electronic structure of MX and related compounds with mutagenic
activity withintheclass. Substitutions for the hydroxyl group ledtoreduction
of mutagenic activity by a factor of 100. Remova of the C; or Cg chlorines
from the structure reduced mutagenic activity by afactor of 10. Removal of
the second chlorine a C; caused a very large further reduction of mutagenic
activity (by a factor of 1000) (LalLonde et al., 1991b). The mutagenicity
appears to depend on the dectron density a C,, C, or C, based upon °C
chemical shifts observed by nuclear magnetic resonance. Expansion of these
studies supported the hypothesis that the mutagenic properties of the class
paralleled the eectrophilic character of chemicas within the class and the
ahility to stabilize aradical anion following acceptance of a single electron.

Another difference in the chemistry of MA and M X, which might have

biologica implications, is that GSH readily displaces the chlorine on C, of
MA, greatly reducing its electrophilicity. On the other hand, GSH or
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N—acetylcysteine reacts with M X to produce mixtures that are intractable to
analysis, with the release of hydrogen sulfide (LaLonde & Xie, 1993).

Studies in experimental animals

In vivo studies are of two types: those that use bacteria systems to
document absorption of M X (or mutagenic metabolite), and those in which
effects on the test animal are directly measured.

Fekadu et al. (1994) injected mixtures of repair-competent and repair-
deficient Escherichia coli K-12 cells intravenously into mice as test cells,
and the animals were subsequently treated with 200 mg of test chemical per
kg of body weight. Two hours later, the mice were sacrificed and cells
recovered fromvariousorgans. M X, CMCF and MA were thetest chemicals.
The differential survival of the DNA repair-deficient strain versus a repair-
competent variant is used to detect mutagenic activity. All three compounds
significantly reduced recovery of the repair-deficient strain in the stomach,
lung, intestine, liver, kidney and spleen. In afurther experiment, the effects of
lower doses of MX (4.3, 13 and 40 mg/kgof body weight) were investigated.
Significantly depressed recovery was seenwithM X doses as low as 4.3 mg/kg
of body weight. MA did not modify recovery of the repair-deficient strain at
doses less than or equal to 40 mg/kg of body weight. These data suggest that
significant amounts of M X or a mut agenic metabolite reach the systematic
circulation and at least reach the extracellular water. They do not clearly
demonstrate effects in the target tissue of the experimental animal.

Meier et a. (1996) found that only 0.3% of the original dose was
excretedin agenotoxically active form in the urineof ratsadministeredM X at
a dose of 64 mg/kg of body weight for 14 days by gavage. No evidence of
micronuclei induction was detected in periphera blood erythrocytesin mice
treated with asimilar protocol. Whereas mutagenic activity was observed in
urine & doses of 64 mg/kg of body weight, no significant mutagenic activity
was observed at doses of 32 mg/kg of body weight and below.

Brunborg et al. (1990, 1991) studied DNA damage induced by MX and

other compounds in organs of rats using the alkaline elution assay (to detect
strand breaks). While clear evidence of strand breaks was obtained with

243



EHC 216: Disinfectants and Disinfectant By-products

dibromochloropropane and 2-amino-3,4-dimethylimidazo[ 4,5-f]quinoline, no
significant effects were observed withM X after an intraperitoneal dose of 18
mg/kg of body weight or at oral doses of up to 125 mg/kgof body weight. The
organsexaminedincluded the small and large intestine, stomach, liver, kidney,
lung, bone marrow, urinary bladder and testis.

Nishikawa et d. (1994) investigated cell proliferation and lipid
peroxidation in the glandular stomach mucosain Wistar rats given 0, 6.25,
12.5, 25 or 50 mg of M X per litre in their drinking-water for 5 weeks.
Statistically significant cell proliferation increased in adose-dependent manner
up to 25 mg/litre. The MX treatment was al so associated withincreased lipid
peroxidation levels in the gastric mucosa as well as in the urine, with loose
dose dependence, dthough not a 50 mg/litre. Histopathologically, gastric
erosion was noted in rats receiving 25 mg of MX per litre or more. These
results suggest that MX may exert a gastric tumour-promoting action in rats,
even a low doses that do not giveriseto toxic effects, because of the clear
dose-response relationship evident at low levels.

Theperipheral lymphocytes of maeand femaeHan: Wistar rats exposed
toM X at 30 or 45-75 mg/kgof body weight per day by gavage, 5 daysaweek
for 14-18 weeks, showed significant dose-related increases in SCEs at both
levels of exposure in both sexes (Jansson et al., 1993).

The peripheral lymphocytes of male Han:Wistar rats exposed to M X
(25-150 mg/kg of body weight) by gavage on 3 consecutive days showed a
significant dose-related increase in chromosomal damage measured as
micronucle, inadditionto SCEs. Moreover, MX produced a significant dose-
related increase in SCEs in the kidney cells of theexposedrats. However, the
magnitude of the genotoxic responses observed was relatively weak (Maki-
Paakkanen & Jansson, 1995).

Daniel et a. (1991b) found that M X and MA induced nuclear anomalies
in the epithelia cells of the gastrointestinal tract of B6C3F, mice. Doses of
0.37 mmol/kg of body weight (approximately 80 mg/kg of body weight)
produced a modest increase in nuclear anomalies inthe duodenum. There was
no effect at 0.28 mmol/kg of body weight. Mullins & Proudlock (1990) and
Proudlock & Crouch (1990) also found insignificant increases in nuclear
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anomaliesin the non-glandular stomach, urinary bladder, jejunum and ileum.
These latter authors noted that a the top dose a which nuclear anomdies
were observed (144 mg/kg of body weight), there was significant irritation,
inflammation and evidence of apoptotic cels in the gastrointestinal tract.
These changes render the significance of the observed nuclear anomalies
uncertain.

MX was administered to Wistar rats (50 per sex per group)indrinking-
water for 104 weeks at 0, 0.4, 1.3 or 5.0 mg/kg of body weight per day for
malesand 0, 0.6, 1.9 or 6.6 mg/kg of body weight per day for females. Dose-
dependent increases in the incidence of some tumours were observed in rats,
while the same MX doses had no obvious toxic effects on animals. Increases
in tumours of the lung, mammary gland, haematopoietic system, liver,
pancreas, adrenal gland and thyroid were observed, but few showed a clear
dose—response (Table 21) (Komulainen et a., 1997).

Comparative pharmacokinetics and metabolism

There are very few dataon the metabolismand pharmacokinetics of M X
or related compounds. Ringhand et a. (1989) examined the distribution of
radioactivity derived from 3-14C-M X in male F344 rats. Approximately 35%
of theradiolabel was eliminated in the urine and 47% in thefaeces, with about
6% remaining in the body after 48 h. Neither the parent compound nor any
specific metabolites were identified in any body compartment or fluid.

Horth et al. (1991) studied the disposition of 3-*C-MX in male CD-1
mice. ¥C was rapidly absorbed, reaching pesk valuesin blood within 15 min
of its administration. There was some evidence for binding to protein and
retention of label within tissues, but no attempt was made to identify the
chemical form in which the *C was bound, so it was not clear whether MX
was bindingby virtue of its electrophilic character or whether this represented
metabolic incorporation of metabolites of MX. Approximately 57% of the
radioactivity was eliminated in the urine and 28% in the faeces. Lessthan 1%
of the initial dose was retained in the carcass 120 h after administration, but
most of this was associated with the stomach. It was stated that the urinary
metabolites were polar, but no specific identifications were made.
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Table 21. Summary of primary tumours observed in selected tissues in male rats after exposure to 3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-
furanone (MX) in drinking-water for 104 weeks?

Tissue Control MX (mg/kg of body weight per day) PP
0.4 1.3 5.0
Integumentary system
Skin, subcutaneous tissue® 50 50 50 50
Basal cell tumour? 1(2%) 1(2%) 3 (6%) 0.0314
Mammary glands® 50 50 50 49
Adenocarcinoma¢ 1(2%) 0.3162
Fibroadenoma¢ 1(2%) 3 (6%) 1(2%) 0.2996
Fibromad 1(2%) 0.4749

Respiratory system

Lungs® 50 50 50 50
Alveolar & bronchiolar carcinomas? 1(2%)
Alveolar & bronchiolar adenomas? 2 (4%) 1 (2%) 1(2%) 7 (14%) 0.0015

Haematopoietic system

Multiple tissues® 50 50 50 50




Table 21 (Contd).

Tissue Control MX (mg/kg of body weight per day) Pr
0.4 1.3 5.0
Lymphoma & leukaemia“ 3 (6%) 4 (8%) 3 (6%) 0.1527
Digestive system
Livers 50 50 50 50
Carcinoma? 2 (4%) 1(2%) 0.1605
Hepatocholangiocarcinoma¢ 1(2%) 0.4897
Cholangioma¢ 1(2%) 4 (8%) 0.0009
Adenoma? 1(2%) 2 (4%) 4 (8%) 0.0142
Pancreas® 50 50 50 50
Langerhans’ cell carcinoma¢ 4 (8%) 3 (6%) 5(10%) 4 (8%) 0.3769
Langerhans’ cell adenoma? 5 (10%) 8 (16%) 8 (16%) 12 (24%) 0.0116
Acinar cell adenoma? 2 (4%) 3 (6%) 2 (4%) 4 (8%) 0.1243
Endocrine system
Adrenal glands® 50 50 50 50
Pheochromocytoma, malignant? 1(2%) 0.3213
Pheochromocytoma, benign? 5(10%) 2 (4%) 9 (18%) 3 (6%) 0.4830




Table 21 (Contd).

Tissue Control MX (mg/kg of body weight per day) =

0.4 1.3 5.0

Cortical carcinoma? 2 (4%) 1(2%) 0.9447

Cortical adenoma? 5 (10%) 2 (4%) 7 (14%) 14 (28%) 0.0001
Thyroid glands® 49 50 50 50

Follicular carcinoma¢ 1(2%) 9 (18%) 27 (55%) 0.0000

Follicular adenoma“ 2 (4%) 20 (40%) 34 (68%) 21 (43%) 0.0045

C-cell carcinoma¢ 2 (4%) 0.4478

C-cell adenoma? 11 (22%) 7 (14%) 10 (20%) 11 (22%) 0.2459

Qa o o o

From Komulainen et al. (1997).

P value from the one-sided trend test. A statistically positive trend at P # 0.05 or lower.

Values (reading across) = number of animals analysed.

Values (reading across) = number of animals with one or more indicated tumours (frequency of animals with tumour as percentage of

examined animals.
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Komulainen et al. (1992) evaluated the pharmacokinetics of MX after a
single oral or intravenousadministrationin Han:Wistar rats using 14C-labelled
compound. Approximately 20-35% of the dosewas absorbed into circulation
from the gastrointestinal tract. The mean dimination haf-life of the
redioactivity inblood was 3.8 h. Traces of radioactivity remained inthe blood
for severa days. The tissues lining the gastrointestinal and urinary tracts,
kidney, stomach, small intestine and urinary bladder contained the highest
radioactivity. The activity declined most slowly inthekidneys. Urinewas the
main excretionroute, with 77% of the total radioactivity appearing in urinein
12 h and 90%in 24 h. No radioactivity was exhdedinair. After an intravenous
administration of *C-MX, the mean elimination half-life was much longer,
22.9h, andthetotal eimination half-lifewas 42.1 h. Results indicate that M X
i's absorbed from the gastrointestinal tract to a considerable degree and is
excreted in urine very rapidly. A fractionof M X or its metabolitesis retained
in blood for alonger period of time.

No dataareavailableinthe scientific literature on the metabolismof M X
or related compounds in humans.

In conclusion, therearedatato suggest that M X or amutagenically active
metabolitereaches thesystemiccirculation in experimental animals. Mutagenic
activity has been detected invariousorgans and tissues using doses as low as
4.3 mg/kg of body weight (Fekadu et al., 1994). If these data are to have
application to estimation of the hazards that MX presents to humans
consuming chlorinated drinking-water, it is essentia to understand whether
M X or a metabolite reaches critical targets in the human body. An essential
component of the information required would be an understanding of the
metabolismand pharmacokinetics of M X and thoseof critical metabolites. The
availabledataaretoo limited to provide much more than very genera guidance
inthisarea

Chlorite

General toxicological properties and information on dose—
response in animals

Concerns over chloritein drinking-water first arose as chlorine dioxide
began to play arolein the primary disinfection of drinking-water. Chloriteis
the principal by-product of oxidative reactions of chlorine dioxide, but
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acidification of chloritesolutionsisonemethod for generating chlorine dioxide
for purposes of water disinfection (Aieta & Berg, 1986).

Unless otherwise noted, references to chlorite will generdly be to the
sodium salt. Thisisthe form most frequently studied. The term chlorite will
be used if the authors expressed their doses interms of chlorite; if dose levels
wereexpressed as sodium chlorite, they will be identified as such. Thereisno
reason to suspect that other salts of chlorite would exert inherently different
toxicologica effects, so this convention should not lead to confusion. A
preparation of sodium chlorite with lactic acid is specificaly excluded from
consideration here because the actual composition of the product has not been
specified (Scatina et al., 1984). Consequently, it is not clear that the dataon
this product have any relevance to chlorite or vice versa.

Early investigationsof chlorite’ stoxic properties focused almost entirely
on it potential ability to produce methaemoglobin and haemolysis. Heffernan
e a. (1979a) examined the ability of sodium chlorite to induce
methaemogl obinaemiain catsand Sprague-Dawley rats. When administered to
cats as an ora bolus, as little as 20 mg of sodium chlorite per kg of body
weight resulted in formation of significant amounts of methaemoglobin.
Intraperitoneal doses of 20 mg/kg of body weight in rats also induced
methaemogl obinformation. However, when administered indrinking-water,no
significant elevation in methaemogobin was observed in cats (up to 1000
mg/litre as sodium chlorite) or rats (up to 500 mg/litre). Thus, chlorite must
enter into the systemic circulation at a rapid rate, i.e., as a bolus dose, to
induce methaemoglobin formation.

Short-term toxic effectsof chlorite were more systematically assessedin
rats using gavage doses ranging from 25 to 200 mg/kg of body weight
(Harrington et al., 1995a). Minor effectswere observed at 25 and 50 mg/kg of
body weight. At 100 mg/kg of body weight and above, signs of haemolytic
anaemia becameapparent, withdecreases inred blood cell count, haemoglobin
concentration and haematocrit. These data support the idea that bolus doses
were necessary to determine substantial effects on oxidative stress.

Treatment of both cats and rats with sodium chlorite in drinking-water
for extended periods (up to 90 days) resulted in decreases in red blood cell
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counts, haemoglobin concentrations and packed cell volume. These effects
were observed with 500 mg of sodium chlorite per litre in cats (equivalent to
7 mg/kg of body weight per day) and with &s little as 100 mg/litre in rats
(equivaent to 10 mg/kgof body weight per day) (Heffernanet d., 1979a). The
changes in these blood parameters appeared to generally decrease in severity
as thetreatment was extended from 30 to 90 days, suggesting that adaptation
to the treatment was occurring. In rats, however, red blood cdl glutathione
concentrations remained significantly depressed and 2,3-diphosphoglycerate
levels dlevated through 90 days of treatment with concentrations of sodium
chlorite aslow as 50 mg/litre (5 mg/kg of body weight per day). In the cat,
increased turnover of erythrocytes was detectable a concentrations of 100
mg/litre, with no significant effect being observed a 10 mg/litre. Thislatter
concentration resulted in a daily dose of 0.6 mg/kg of body weight per day.
Red blood cdls drawn fromratstreated with 100 mg/litre had significantly less
ability to detoxify hydrogen peroxide that was generated by the addition of
chlorite in vitro. These data show that while the anaemia caused by
haemolysiswas largely compensated for in subchronic treatment of healthy
rats, there was till evidence of oxidative stress being exerted by the chlorite
treatment. Depletion of this reserve capacity could be of importance in
individuals who arein a more compromised state (e.g., glucose-6-phosphate
dehydrogenase deficiency) or who might be exposed to other haemolytic
agents. The lowest concentration a which GSH was depleted significantly
from control levels in rats was 50 mg/litre, and no effect was observed at 10
mg/litre (equivalent to 1 mg/kg of body weight per day).

The results of Heffernan et al. (1979a) have been generdly confirmed by
subsequent studies in a variety of species. Abdel-Rahman et al. (1980) and
Couri & Abdel-Rahman (1980) obtained very similar effectsinratstreated for
up to 11 months. Moore & Calabrese (1980, 1982) produced similar results
inmice, and Bercz et d. (1982) demonstrated reduced red blood cdll countsand
decreased haemoglobinlevels a similar doses in African green monkeys. These
studies tended to identify altered forms of erythrocytes that are commonly
associated with oxidative damage at treatment doses below those that
produced actual anaemia (most consistently at aconcentration of 100 mg/litre,
with hints of such effects at lower doses).
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A more recent study employed doses of sodium chloriteadministered by
gavage to male and female Crl: CD (SD) BR rats (15 per sex per group)
(Harrington et al., 1995a). Doses of 0, 10, 25 or 80 mg of sodium chlorite per
kg of body weight per day were administered daily by gavage for 13 weeks
(equivalent to O, 7.4, 18.6 or 59.7 mg of chlorite per kg of body weight per
day). This study is important because it included many of the standard
parameters of subchronic toxicological studies, whereas previous studies had
focused almost entirely on blood parameters. A gavage dose of 80 mg/kg of
body weight per day produced death in a number of animals. It also resulted
in morphological changes in erythrocytes and significant decreases in
haemoglobin concentrations. Red blood cell counts were reduced dlightly, but
not significantly, at doses of 10 mg/kg of body weight per day in malerats,
withfurther decreases beingobserved at 80 mg/kgof body weight per day. Red
blood cdl counts were significantly depressed in femaleratsat doses of 25
mg/kg of body weight per day and above. As would be expected where
haemolysisis occurring, splenic weightswereincreased. Adrenal weightswere
increased in femaes at 25 and 80 mg/kg of body weight per day, whereas
statistically significant changes were observed only a 80 mg/kgof body weight
per day inmales. Histopathol ogical examination of necropsied tissues revealed
squamous cel epithelial hyperplasia, hyperkeratosis, ulceration, chronic
inflammation and oedema in the stomach of 7 out of 15 maesand 8 out of 15
females given 80 mg/kg of body weight per day doses. This effect was
observed in only 2 out of 15 animals at the 25 mg/kg of body weight per day
dose and was not observed at al at 10 mg/kg of body weight per day.
Microscopic evaluationswere madein 40 additional tissues, and no treatment-
related abnormalities were found.

The Harrington et a. (19953) study confirms the essential findings of
previous studies and, in retrospect, justifies their focus on the blood cdlls as
the critical target for chlorite toxicity. It also confirmed negative results of
other studies that failed to identify significant effects in investigations of
particular target organs (Moore et al., 1984; Connor et al., 1985).

Reproductive and developmental toxicity

Sodium chloritedid not exert any spermatotoxic effects in short-duration
(1-5 days) tests (Linder et a., 1992).
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M oore et al. (1980b) reported that sodium chlorite administered at a
concentration of 100 mg/litre throughout gestation and through 28 days of
|actation reduced the conception rateand the number of pups aive at weaning
in A/Jmice. A significantly reduced pup weight at weaningwas interpreted as
indicating that chlorite retarded growth rate.

Groups of 4-13 Sprague-Dawley rats were treated on gestation days
8-15withsodium chloriteat concentrations of 0, 100, 500 or 2000 mg/litre in
drinking-water, by injection of 10, 20 or 50 mg/kg of body weight per day
intraperitoneally or by gavaging with 200 mg/kg of body weight per day.
Calculated daily doses of sodium chlorite administered to pregnant rats in
drinking-water were 0, 34, 163 or 212 mg. Rats body weights were
approximately 0.3 kg, giving estimated doses of 0, 110, 540 or 710 mg/kg of
body weight per day. Sodium chlorite at 20 or 50 mg/kg of body weight per
day intraperitoneally or at 200 mg/kgof body weight per day by gavage caused
vagind and urethral bleeding. Doses of 10, 20 and 50 mg/kg of body weight per
day intraperitoneally caused 0%, 50% and 100% mortality of dams,
respectively.No deathswere caused by sodium chloriteinthe drinking-water,
but the body weight and food consumption of the dams weredecreased at 500
and 2000 mg/litre. Blood smearsfrom the dams injected intraperitoneally with
al doses or drinking water containing 2000 mg of sodium chlorite per litre
showed irregular, bizarre and ruptured erythrocytes. Injection of 10 or 20
mg/kg of body weight per day or drinking a solution containing 2000 mg/litre
resulted in adecrease in litter size and an increase in stillbirthsand resorption
sites. Drinking 100 or 500 mgof sodium chloriteper litre did not produce any
significant embryotoxicity. Withall treatments, no significant gross soft tissue
or skeletal malformations were observed. Postnatal growth of the pups was
not affected by any treatment of the dams during the gestation period (Couri
et al., 1982a,b).

Theeffectsof chloriteat 1 or 10 mg/litrein drinking-water for 2.5 months
prior tomatingand throughout gestation werestudiedin Sprague-Dawley rats
(Suh et a., 1983). This study indicated an increase in the incidence of
anomdies in fetuses a both concentrations in two separate experiments;
however, because the treatment groups were small (6-9 pregnant females per
group), the effects were not considered statistically significant. Moreover,
there were no consistent differences in either skeletal or soft tissueanomalies.
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Male and female Long-Evans rats were given 0, 1, 10 or 100 mg of
sodium chlorite per litre of drinking-water. Males were exposed for 56 days
before mating and during 10 days of mating; females were treated for 14 days
prior to mating, throughout the 10-day breeding period and gestation and
through today 21 of lactation. Males were eval uated for sperm parametersand
reproductive tract histopathology following the breeding period. Dams and
pups were necropsied at weaning. There was no effect on fertility, litter size
or survival of neonates or on the weight of the testis, epididymis or cauda
epididymis when maes treated as described above were mated with these
females. Decreases in the concentrations of triiodothyronineand thyroxinein
blood were observed on postnatal days 21 and 40 in mae and femae pups
exposed to 100 mg/litre. There were no effects at lower doses. Additionally,
groups of males were exposed to0, 10, 100 or 500 mg of sodium chlorite per
litre for 72—76 days to confirm subtle observed changes in sperm count,
morphology and movement. A significant increase in the percentage of
abnormal sperm morphology and adecreasein the progressive sperm motility
were observed for adult males at 100 and 500 mg/litre (Carlton et a., 1987).

Maobley et al. (1990) exposed groupsof female Sprague-Dawley rats (12
per group) for 9 weeks to drinking-water containing 0, 20 or 40 mg of sodium
chlorite per litre (0, 3 or 6 mg of chlorite per kg of body weight per day)
beginning 10 days prior to breeding with untreated males and until the pups
were sacrificed at 35-42 day spost-conception. Animals exposed to a dose of
6 mg/kg of body weight per day exhibited a consistent and significant
depression in exploratory behaviour on post-conception days 36-39.
Exploratory activity was comparable between treated and control groupsafter
post-conception day 39.

In atwo-generation study conducted by CMA (1997) and described in
TERA (1998), Sprague-Dawley rats (30 per sex per dose) received drinking-
water containing 0, 35, 70 or 300 mg of sodium chloriteper litrefor 10 weeks
and were then paired for mating. Males were exposed through mating, then
sacrificed. Exposure for the femaes continued through mating, pregnancy,
lactation and until necropsy following weaning of their litters. Twenty-five
males and females from each of the first 25 litters to be weaned in atreatment
group were chosen toproducethe F, generation. The F, pups were continued
on the same treatment regimen as their parents. At approximately 14 weeks
of age, they were mated to produce the F,, generation. Because of a reduced
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number of litters in the 70 mg/litre F—F,, generation, the F, animals were
remated following weaning of theF,, generationto producethe F,, generation.
Dosesfor the F, animalswere 0, 3.0, 5.6 or 20.0 mgof chloriteper kgof body
weight per day for malesand 0, 3.8, 7.5 or 28.6 mgof chlorite per kg of body
weight per day for females. For the F; animals, doseswere 0, 2.9,5.90r 22.7
mg of chlorite per kg of body weight per day for maesand 0, 3.8, 7.9 or 28.6
mg of chlorite per kg of body weight per day for females. There were
reductionsin water consumption, food consumption and body weight gain in
both s=xes in al generations at various times throughout the experiment,
primarily inthe 70 and 300 mg/litre groups; these were attributed to alack of
pal atability of the water. At 300 mg/litre, reduced pup survival, reduced body
weight at birthand throughout lactationinF, and F,, lower thymus and spleen
weights in both generations, lowered incidence of pups exhibiting a normal
righting reflex, delaysin sexual development inmalesandfemaesinF, andF,,
and lower red blood cdll parametersinF, were noted. Significant reductionsin
absolute and relative liver weights in F, femaes and F; maes and females,
reduced absolute brain weights in F, and F,, and adecrease in the maximum
response to an auditory startle stimulus on postnatal day 24 but not at
postnatal day 60 were noted in the 300 and 70 mg/litregroups. Minor changes
in red blood cdl parameters in the F, generation were seen at 35 and 70
mg/litre, but theseappear to be within normal ranges based on historical data.
TheNOAEL inthis study was 35 mg/litre (2.9 mg/kgof body weight per day),
based on lower auditory startle amplitude, decreased absolutebrain weight in
the F, and F, generations, and altered liver weightsin two generations.

Harrington et d. (1995b) examined the devel opmental toxicity of chlorite
in New Zedland white rabbits. The rabbits (16 per group) were treated with
0, 200, 600 or 1200 mg of sodium chlorite per litre in their drinking-water
(equal to 0, 10, 26 or 40 mg of chlorite per kg of body weight per day) from
day 7today 19 of pregnancy. The animals were necropsied on day 28. There
were no dose-related increases in defects identified. Minor skeletal anomalies
wereobserved as the concentration of chloriteinwater was increased and food
consumption was depressed.
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Toxicity in humans

The effects of chlorite have received some attention in toxicological and
epidemiological investigations in human subjects. All of these studies were
conducted at doses within an order of magnitude of concentrationsof chlorite
that might be expected in water supplies disinfected with chlorine dioxide.
None pushed the limit of tolerance such that clear effects were observed. As
a consequence, they are not informative for establishing a margin of safety.

An experimental epidemiological study was conducted in the USA ina
small city that had been using chlorine dioxide for some time in the summer
months (April to October) to avoid taste and odour problems associated with
the use of chlorine (Michagl et a., 1981). Chlorinedioxidewas generated from
sodium chlorite that was mixed with chlorine gas and metered into the water.
During the active use of chlorine dioxide, the chlorite concentrations in the
water averaged 5.2mg/litre (range about 3—7 mg/litre). Subjectsweremonitored
for 11 parameters. haematocrit, haemoglobin, red cell count, whitecell count,
mean corpuscular volume, methaemoglobin, BUN, serum creatinine, total
bilirubin, reticulocyte count and osmotic fragility of red blood cells. No effects
could be associated with the switch of treatment from chlorine to chlorine
dioxide disinfection. A total of 197 people were monitored in the exposed
population, and there were 112 non-exposed individuals. Each person served
as his/her own control.

Chlorine dioxide, free chlorine, chloramine and chlorate concentrations
werea so measured and werefoundtobe0.3-1.1,0.5-0.9,0.9-1.8and 0.3-1.8
mg/litre, respectively. The sampling for clinical measurements was done 1
week before chlorine dioxide disinfection began and 10 weeksinto the cycle.
Water samples taken during weeks 10-13 had chlorite levels that were
systematically somewhat below those observed in the prior 9 weeks of
sampling, and the same general trend was observable in other measures of
chlorine dioxide and chlorate. This was not observed with chlorine or chlor-
amines, suggesting that some change in water treatment had occurred. The
authors provided no explanation for this change in water quality, but, since
clinical samples were taken inweek 10, this change inwater quality could have
resulted in lower exposure to chlorite and chlorate.
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The second set of evauations of chlorite in humans involved direct
administration of sodium chlorite inarising-dosetol erance study and afollow-
up study inwhichvolunteersweretreated for 12 weeks, which were reported
oninsevera publications. Lubbers et a. (1981, 1982) provided an overview
of the studies. The detailed results of the rising-dose tolerance study were
reportedin Lubbers & Bianchine (1984), and thoseof the repeated-dosestudy
in Lubbers et al. (1982, 1984a). A fourth paper (Lubbers et al., 1984b)
reported results for three mae volunteers that had glucose-6-phosphate
dehydrogenase deficiency.

The rising-dose tolerance study (Lubbers & Bianchine, 1984) involved
administration of progressively increasing single doses of chlorite (0.01, 0.1,
0.5, 1.0, 1.8 or 2.4 mg/litre) in two 500-ml portions to a group of 10 healthy
adult malevolunteers. Doses were administered on days 1, 4, 7, 10, 13and 16.
In the interval between doses, clinica evaluations of the subjects were
performed and a battery of clinical chemistry tests was performed on blood
and urine samples. These latter tests were primarily directed a potential
haematological effects of chlorite, but serum thyroxine and uptake of
triiodothyroninewere also determined. In addition, blood pressure, ECGsand
other physiological parameters were monitored. No treatment-rel ated effects
were observed.

In the repeated-dose study (Lubbers et al., 19844a), 10 mae volunteers
were administered 5 mg of chlorite per litre in a500-ml portion for 12 weeks
(0.036 mg/kg of body weight per day). Physical examinations and blood and
urine analyses were conducted throughout the duration of treatment and for 8
weeks following the last dose of the solutions. None of the parameters
investigated was found to fall outside the normal range; although there were
some consistent changes in values with time, none of these appeared to be
related to chlorite treatment.

Three individuals with glucose-6-phosphate dehydrogenase deficiency
were identified in the course of the study. This genetic disorder makes
individuals more sensitiveto oxidative damage, whichis frequently manifested
as increased methaemoglobin production and haemolysis when theindividuas
are exposed to oxidative chemicals in sufficient doses. All three individuas
were treated with chlorite in the same concentrationsand in the same manner
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as described for the study of normal individuals (Lubbers et al., 1984b). No
clinically significant changes were found in these individuals.

A study (Ames & Stratton, 1987) was conducted of renal dialysis
patientsin California (USA) after awater district introduced chlorine dioxide
as a drinking-water disinfectant but failed to inform the clinic for 12 months.
Water trestment at the clinic consisted of ion exchange, GAC, 5- - mfiltration
and reverse osmosis. Chlorite levels measured after this treatment were
0.02-0.08 mg/litre, but there were periods during which no chlorine dioxide
was added, and exposures to the patients may havebeen lower. Measures for
28 serum and haematological parameters were available for 17 renal didysis
patients for a period of 3 months before and 1 month after exposure.
Methaemoglobin measures were not available. Only one measure was
statistically associated with the use of water disinfected by chlorine dioxide:
serum uric acid declined by 10% after exposure to disinfected water, a change
that was not considered clinically important. The study found no evidence of
anaemiaor other adverseeffectsof chlorinedioxide-disinfected water for these
rend diaysis patients, but the interpretation of these results is severely
limited because of the small sample size and apparently very low exposures.

Collectively, these studies suggest that humans are probably not
sensitive to the concentrations of chlorite that are likely to be found in water
disinfected with chlorine dioxide. Some safety factor is present in these data,
because it is unlikely that concentrations of chlorite would exceed 1 mg/litre
with new methods of application. However, these studies provide little
information relative to the actual margin of safety that exists between those
concentrationsseenor administered and concentrationsthat would leadto clear
adverse effects. Consequently, these studies do not imply that the
concentrations of chlorite in drinking-water should be without limits.

Carcinogenicity and mutagenicity

Sodium chlorite was reported to produce a concentration-dependent
increase in revertants in Salmonella typhimurium strain TA100 in both the
presence and absence of rat liver 9 fraction (Ishidate et al., 1984). A linear
dose-responsecurvewas observed, andthe net number of revertants produced
a 0.3mgper platewas 88. The D mix used for metabolic activation was from
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the liver of F344 ratspretreated for 5 dayswith polychlorinated biphenyls at
500 mg/kg of body weight.

Meier et d. (1985b) evaluated chlorite in the mouse micronucleus assay,
the mouse bone marrow cytogenetics assay and the mouse sperm head
abnormality assay. The doses administered were 0.2, 0.5 or 1 mg per mouse
or approximately 40 mg/kg of body weight at the highest dose. No statistically
significant results were found in any of the tests. In alater reference, it was
indicated that chloritealsoinduced chromosomal aberrations (Kurokawaet al.,
1986b), but the data were not provided. Hayashi et a. (1988, 1989) found an
increase in micronuclel in the bone marrow of mice given 0, 7.5, 15, 30 or 60
mg/kgof body weight by intraperitoneal injection at doses of 15 and 30 mg/kg
of body weight. In arepeat study in which mice were given 0 or 15 mg/kg of
body weight on 4 successive days, no increase in micronuclei was observed.
Inastudy using the oral route with doses of 0, 37.5, 75, 150 or 300 mg/kg of
body weight, a significant increase in micronuclei was observed only a 150
mg/kg of body weight.

Inacarcinogenicity study, sodium chloritewas administeredto F344 rats
(50 per sex per dose) at concentrations of 0, 300 or 600 mg/litre of drinking-
water (equivalent to0, 18 or 32 and 0, 28 or 41 mg of chlorite per kg of body
weight per day in males and females, respectively) and to B6C3F; mice (50
per sex per dose) at concentrations of 250 or 500 mg/litre (equivalent to 0, 36
or 71 mg/kg of body weight per day) for 85 weeks (Kurokawa et al., 1986b).
The rats became infected with a Sendai virusin all groups, which resulted in
the termination of the study after only 85 weeks. Therewas a statistically
significant increase in the incidence of hyperplastic nodules in mae mice
treated with 250 mg/litre, but not in females. The incidence of theselesionsdid
not increase when the dose of chlorite was increased to 500 mg/litre.
Hepatocel lular carcinomas weretoo few for their observation to add anything
substantive to the evaluation. There were no cther treatment-related changes
in the incidence of other tumoursin either male or female mice.

Groupsof 50 maeand female B6C3F, micewere given 0, 250 or 500 mg
of sodium chloriteper litre in the drinking-water for 80 weeks (0, 36 or 71 mg
of chloriteper kgof body weight per day). A small, but statistically significant
(P < 0.05), increase in the incidence of lung adenomas was observed a 500
mg/litre. The authorsnoted that this was not accompanied by the appearance
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of lung adenocarcinomas and that the incidence was within the range of
historical controls; thus, it was not possible to conclude from these data that
chlorite induced lung tumours (Yokose et a., 1987).

Inan associated experiment, Kurokawa et al. (1984) assessed the ability
of sodium chlorite to promote skin tumoursin a group of 20 femae Sencar
mice. These mice wereinitiated with a single topical application of 20 nmol
(5.1 g of dimethylbenzanthracene in acetone followed by 0.2-ml
applications of sodium chlorite at 20 mg/ml in acetone twice weekly for 51
weeks. A group of 15 femade mice given a single application of
dimethylbenzanthracene followed by applications of acetone were used as
controls. This treatment resulted in 5 of 25 mice having squamous cell
carcinomas at 52 weeks. No tumourswerefound inthe correspondinginitiated
control mice. Both TPA and benzoyl peroxide produced increased tumour
incidence in dimethylbenzanthracene-initiated mice. These data indicate the
potential for aweak tumour-promotingactivity for sodium chlorite. However,
no dose—response information has been forthcoming in the literature.

Comparative pharmacokinetics and metabolism

Somelimited dataontheabsorption, distribution and excretion of chlorite
have been devel oped in rats using ®Cl-labelledchlorite. Thelabel was absorbed
withahalf-lifeof about 3.5 minand eliminated with atermina half-life of 35.2
h (Abdel-Rahman et a., 1982b, 1984b). In 72 h, approximately 35% of the
label was recovered inthe urineand another 5% in thefaeces. Inthe urine, 32%
of the administered dose was determined to be chloride, whereas 6% was
found to be chlorite, utilizing a fractionation procedure developed in a prior
study (Abdel-Rahman et al., 1980). Whilethesestudies did not determine the
form of the radiolabel found in blood, plasma and tissues, it was clear that
there were significant differences in the behaviour of the label derived from
chlorite and chlorate. However, the efforts in this area have been seriously
hampered by thelack of ananalytical method to discriminatebetween chlorine
dioxide, chlorite, chlorate and chloride in vivo.



4.6.6

4.7

4.7.1

Toxicology of Disinfectant By-products

Mode of action

Theadverseeffectsof chloriteappear to be mediated through itsactivity
as an oxidant. However, this question has received very limited attention,
except for theinvolvement of oxidationinits haematological effects. Heffernan
et a. (1979b) demonstrated that chlorite was consumed during the oxidation
of haemoglobin to methaemoglobin in vitro. It was also observed that, unlike
methaemoglobin induction by nitrite, the action of chlorite also depleted the
red blood cdls of GSH, and that this could be partially counteracted by
including glucose in the incubation medium. The oxidative action of chlorite
could be associated with the production of hydrogen peroxide as measured by
the formation of complex | with catalase. This production of hydrogen
peroxide was associated with oxidative damage by demonstratingthat it could
aso be attenuated by the inclusion of glucose in the medium. In a
dose-responsecomparison, it could bedemonstrated that theloss of GSH and
the loss of catalase activity paraleled one another and occurred at
concentrations an order of magnitude lower than those required for
methaemoglobin formation. This is consistent with the behaviour of other
oxidants that produce haemolytic anaemia. Theseobservationsalso appear to
explain why destruction of the red blood cell (measured as decreased
haematocrit, decreased haemogl obinconcentrationsand increased red blood cell
turnover) is amuch more sensitive andimportant measureof chlorite toxicity
than methaemogl obin formation.

Chlorate

General toxicological properties and information on dose—
response in animals

Toxicological dataon chlorate in the open scientificliteraturearelimited
to two short-term studies in dogs (Sheahanet d., 1971; Heywood et d., 1972)
and a series of studies that focused primarily onitsability toinduceoxidative
damage intheblood of rats and chickens (Abdel-Rahman et al., 1980; Couri &
Abdel-Rahman, 1980) and African green monkeys (Bercz et al., 1982). Two
short-term studies, one in dogs and one in rats, carried out by Bio/Dynamics
Inc. in 1987, were reviewed by WHO (1996). In the dog study, aNOAEL