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FOREWORD

The National Toxicology Program (NTP) is an interagency program within the Public Health Service (PHS) of the
Department of Health and Human Services (HHS) and is headquartered at the National Institute of Environmental
Health Sciences of the National Institutes of Health (NIEHS/NIH). Three agencies contribute resources to the
program: NIEHS/NIH, the National Institute for Occupational Safety and Health of the Centers for Disease
Control and Prevention (NIOSH/CDC), and the National Center for Toxicological Research of the Food and Drug
Administration (NCTR/FDA). Established in 1978, the NTP is charged with coordinating toxicological testing
activities, strengthening the science base in toxicology, developing and validating improved testing methods, and
providing information about potentially toxic substances to health regulatory and research agencies, scientific and
medical communities, and the public.

The Technical Report series began in 1976 with carcinogenesis studies conducted by the National Cancer Institute.
In 1981, this bioassay program was transferred to the NTP. The studies described in the Technical Report series
are designed and conducted to characterize and evaluate the toxicologic potential, including carcinogenic activity,
of selected substances in laboratory animals (usually two species, rats and mice). Substances selected for NTP
toxicity and carcinogenicity studies are chosen primarily on the basis of human exposure, level of production, and
chemical structure. The interpretive conclusions presented in NTP Technical Reports are based only on the results
of these NTP studies. Extrapolation of these results to other species, including characterization of hazards and
risks to humans, requires analyses beyond the intent of these reports. Selection per se is not an indicator of a
substance’s carcinogenic potential.

The NTP conducts its studies in compliance with its laboratory health and safety guidelines and FDA Good
Laboratory Practice Regulations and must meet or exceed all applicable federal, state, and local health and safety
regulations. Animal care and use are in accordance with the Public Health Service Policy on Humane Care and
Use of Animals. Studies are subjected to retrospective quality assurance audits before being presented for public
review.

NTP Technical Reports are indexed in the NIH/NLM PubMed database and are available free of charge
electronically on the NTP website (Attp://ntp.niehs.nih.gov) or in hardcopy upon request from the NTP Central
Data Management group at cdm@niehs.nih.gov or (919) 541-3419.
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SUMMARY

Background

Dibromoacetic acid occurs as a by-product of chlorination of drinking water. We studied the effects of
dibromoacetic acid in drinking water on male and female rats and mice to identify potential toxic or cancer-related
hazards.

Methods

We gave drinking water containing 50, 500 or 1,000 mg of dibromoacetic acid per liter of water to groups of
50 male and female rats and mice for 2 years. Control animals received the same tap water with no chemical
added. At the end of the study, tissues from more than 40 sites were examined for every animal.

Results

Survival was similar for animals receiving dibromoacetic acid and the controls. Male rats receiving dibromoacetic
acid had increased rates of malignant mesotheliomas. The rates of mononuclear cell leukemia increased in
exposed female rats and, to a lesser extent, in exposed male rats. Male and female mice exposed to dibromoacetic
acid had increased rates of a variety of liver cancers, and lung tumors were increased in male mice and, to a lesser
extent, in female mice.

Conclusions

We conclude that dibromoacetic acid in the drinking water caused mesothelioma in male rats and mononuclear cell
leukemia in female rats, and also possibly in male rats. We conclude that dibromoacetic acid caused liver cancer in
male and female mice and lung cancer in male, and possibly also in female mice.
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DIBROMOACETIC ACID

CAS No. 631-64-1

Chemical Formula: C2H2Br202

Molecular Weight: 217.86

Synonyms: Acetic acid, dibromo (9CI); dibromoethanoic acid; dibromoacetate

Dibromoacetic acid is a water disinfection by-product.
Dibromoacetic acid was nominated to the National
Toxicology Program by the United States Environmental
Protection Agency for toxicity and carcinogenicity stud-
ies in rats and mice because of widespread human expo-
sure and because a related dihaloacetate, dichloroacetate,
was found to be carcinogenic to the liver of rats and
mice. Drinking water was selected as the route of expo-
sure to mimic human exposure to this chemical. Male
and female F344/N rats and B6C3F, mice were exposed
to dibromoacetic acid (greater than 99% pure) in drink-
ing water for 2 weeks, 3 months, or 2 years. Genetic
toxicology studies were conducted in Salmonella
typhimurium and peripheral blood erythrocytes of
exposed mice.

2-WEEK STUDY IN RATS

Groups of five male and five female rats were exposed
to 0, 125, 250, 500, 1,000, or 2,000 mg/L dibromoacetic
acid in drinking water for 2 weeks, equivalent to average
daily doses of approximately 17, 32, 67, 134, 270
(males), or 257 (females) mg dibromoacetic acid/kg
body weight. All rats survived to the end of the study.
Mean body weight gains of 1,000 mg/L males and of
500 mg/L females were significantly greater than those
of the controls. Water consumption by exposed and con-

trol groups was similar. Liver weights of exposed males
and females were significantly increased. Right testis
weights of males exposed to 500 mg/L or greater were
significantly decreased. The incidences of hepatocytic
cytoplasmic alteration were significantly increased in
males exposed to 500 mg/L or greater and in 2,000 mg/L
females. Testicular lesions, characterized by a delay in
spermiation and retained spermatids, were noted in
males exposed to 500 mg/L or higher concentrations.

2-WEEK STUDY IN MICE

Groups of five male and five female mice were exposed
to 0, 125, 250, 500, 1,000, or 2,000 mg/L dibromoacetic
acid (equivalent to average daily doses of approximately
24, 47, 95, 178, or 370 mg/kg to males and 22, 53, 88,
166, or 309 mg/kg to females) in drinking water for
2 weeks. All mice survived to the end of the study.
Mean body weight gains of 250 and 500 mg/L males
were significantly greater than those of the controls.
Water consumption by exposed and control groups was
similar. Liver weights of males and females in the 1,000
and 2,000 mg/L groups were significantly increased.
Thymus weights of males and females in the 1,000 and
2,000 mg/L groups were significantly less than those of
controls. The incidences of thymus atrophy were
significantly increased in 1,000 and 2,000 mg/L males



and 2,000 mg/L females. The incidences of morpholog-
ical changes to the germinal epithelium of the testes
were increased in males exposed to 1,000 or 2,000 mg/L.

3-MONTH STUDY IN RATS

Groups of 10 male and 10 female rats were exposed to 0,
125, 250, 500, 1,000, or 2,000 mg/L dibromoacetic acid
(equivalent to average daily doses of approximately 10,
20, 40, 90, and 166 mg/kg to males and 12, 23, 48, 93,
and 181 mg/kg to females) in drinking water for
3 months. All rats survived to the end of the study.
Mean body weights of male and female rats in the
2,000 mg/L group were significantly less than those of
controls. Water consumption by the 2,000 mg/L males
at weeks 1 and 13 and by females at week 13 was less
than that by controls. Small decreases in the erythron
and platelet counts occurred in rats exposed to
2,000 mg/L; minimally impaired erythropoiesis was also
seen in 1,000 mg/L rats. Liver weights of all exposed
groups of males and females were significantly
increased. Male rats in the 2,000 mg/L group had sig-
nificantly decreased testis weights. Testicular atrophy
was noted in the 2,000 mg/L group, and retained sper-
matids were observed in the 500 and 1,000 mg/L groups.
In the pituitary gland of male rats exposed to
2,000 mg/L, the incidence of cellular hypertrophy was
significantly increased. The incidences of hepatocellular
vacuolization were significantly increased in males
exposed to 500 mg/L or greater and in females exposed
to 2,000 mg/L. Hematopoietic cell proliferation was
noted in females in the 2,000 mg/L group.

3-MONTH STUDY IN MICE

Groups of 10 male and 10 female mice were exposed to
0, 125, 250, 500, 1,000, or 2,000 mg/L dibromoacetic
acid (equivalent to average daily doses of approximately
16, 30, 56, 115, and 230 mg/kg to males and 17, 34, 67,
132, and 260 mg/kg to females) in drinking water for
3 months. All mice survived to the end of the study.
Mean body weights and body weight gains of female
mice in the 2,000 mg/L group and the mean body weight
gain of 2,000 mg/L males were significantly less than
those of controls. Water consumption by males in the
2,000 mg/L group was decreased at weeks 1 and 13 rel-
ative to controls. Small decreases in mean cell hemo-
globin and platelet counts occurred in 2,000 mg/L male
mice. Liver weights of males and females exposed to
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500 mg/L or greater were significantly increased.
Hepatocellular cytoplasmic vacuolization was present in
most mice, and the severity was increased in 1,000 and
2,000 mg/L males and females. The incidences of
abnormal testicular morphology were significantly
increased in 1,000 and 2,000 mg/L males.

2-YEAR STUDY IN RATS

Groups of 50 male and 50 female rats were exposed to
drinking water containing 0, 50, 500, and 1,000 mg/L
dibromoacetic acid for 2 years (equivalent to average
daily doses of approximately 2, 20, and 40 mg/kg to
males and 2, 25, and 45 mg/kg to females). Survival of
exposed rats was similar to that of the control groups.
Mean body weights of 1,000 mg/L males and females
were less than those of the controls after weeks 29 and
53, respectively, and those of 500 mg/L males and
females were less after weeks 57 and 85, respectively.
Water consumption by males and females exposed to
1,000 mg/L was less than that by controls during year 2
of the study.

The incidence of malignant mesothelioma was signifi-
cantly increased in 1,000 mg/L male rats. A positive
trend in the incidence of mononuclear cell leukemia
occurred in female rats, and the incidence in 1,000 mg/L
females was significantly increased. The incidences of
mononuclear cell leukemia were increased in 50 and
500 mg/L males. The incidences of cystic degeneration
of the liver were significantly increased in all exposed
groups of male rats. The incidences of alveolar epithe-
lial hyperplasia were significantly increased in 500 and
1,000 mg/L females, and the incidences of nephropathy
were significantly increased in all exposed groups of
females.

2-YEAR STUDY IN MICE

Groups of 50 male and 50 female mice were exposed to
drinking water containing 0, 50, 500, and 1,000 mg/L
dibromoacetic acid for 2 years (equivalent to average
daily doses of approximately 4, 45, and 87 mg/kg to
males and 4, 35, and 65 mg/kg to females). Survival of
exposed mice was similar to that of the controls. Mean
body weights of 50 and 500 mg/L. male mice were
greater than those of the controls after week 85. Water
consumption by exposed mice was generally similar to
that by controls throughout the study.
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The incidences of liver neoplasms occurred with positive
trends in male and female mice. The incidences of mul-
tiple hepatocellular adenoma and hepatocellular ade-
noma or carcinoma (combined) were significantly
increased in all exposed groups of males and in 500 and
1,000 mg/L females. The incidences of hepatoblastoma
were significantly increased in 500 and 1,000 mg/L
males, and the incidences of hepatocellular carcinoma
were significantly increased in 1,000 mg/L males and
500 mg/L females. The incidences of alveolar/bronchi-
olar adenoma occurred with positive trends in males and
females, and the incidence in 500 mg/L male mice was
significantly greater than that in controls.

GENETIC TOXICOLOGY

Dibromoacetic acid was mutagenic in Salmonella
typhimurium strain TA100 with or without rat or hamster
liver metabolic activation enzymes (S9); no activity was
detected in strain TA98, with or without S9. Increased
frequencies of micronucleated normochromatic erythro-
cytes were observed in peripheral blood samples from
male, but not female, mice administered dibromoacetic
acid in drinking water for 3 months.

CONCLUSIONS

Under the conditions of these studies, there was some
evidence of carcinogenic activity* of dibromoacetic acid
in male rats based on an increased incidence of malig-
nant mesothelioma. The increased incidences of mono-
nuclear cell leukemia in male rats may have been related
to dibromoacetic acid exposure. There was some evi-
dence of carcinogenic activity of dibromoacetic acid in
female rats based on an increased incidence and positive
trend of mononuclear cell leukemia. There was clear
evidence of carcinogenic activity of dibromoacetic acid
in male and female mice based on increased incidences
of hepatocellular neoplasms and hepatoblastoma (males
only). Increased incidences of lung neoplasms in male
mice were also considered to be exposure related. The
slight increased incidence of lung neoplasms in female
mice may have been related to dibromoacetic acid
exposure.

Exposure to dibromoacetic acid for 2 years caused
increased incidences of cystic degeneration of the liver
in male rats, increased incidences of alveolar epithelial
hyperplasia and nephropathy in female rats, and
increased incidences of splenic hematopoiesis in male
mice.

* Explanation of Levels of Evidence of Carcinogenic Activity is on page 11. A summary of the Technical Reports Review Subcommittee
comments and the public discussion on this Technical Report appears on page 13.
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Summary of the 2-Year Carcinogenesis and Genetic Toxicology Studies of Dibromoacetic Acid

Male
F344/N Rats

Female
F344/N Rats

Male
B6C3F, Mice

Female
B6C3F, Mice

Concentrations in
drinking water

Body weights

Survival rates

Nonneoplastic effects

Neoplastic effects

Equivocal findings

Level of evidence of
carcinogenic activity

Genetic toxicology

0, 50, 500, or 1,000 mg/L

500 and 1,000 mg/L
groups less than the
control group

34/50, 24/50, 30/50,
28/50

Liver: degeneration,
cystic (3/50, 9/50, 11/50,
15/50)

All organs: malignant
mesothelioma (3/50,
1/50, 0/50, 10/50)

All organs: mononuclear
cell leukemia (17/50,
31/50, 24/50, 13/50)

Some evidence

Salmonella typhimurium gene mutations:

Micronucleated erythrocytes

Mouse peripheral blood in vivo:

0, 50, 500, or 1,000 mg/L

1,000 mg/L group less
than the control group

35/50, 39/50, 35/50,
32/50

Lung: alveolar
epithelium, hyperplasia
(3/50, 7/50, 13/50, 14/50)
Kidney: nephropathy
(18/50, 32/50, 37/50,
40/50)

All organs: mononuclear
cell leukemia (11/50,
13/50, 16/50, 22/50)

None

Some evidence

0, 50, 500, or 1,000 mg/L

50 and 500 mg/L groups
greater than the control
group

31/50, 38/50, 34/50,
31/50

Spleen: hematopoiesis
(18/49, 20/50, 28/50,
38/50)

Liver: hepatocellular
adenoma (18/49, 37/50,
37/50, 42/50);
hepatocellular carcinoma
(14/49, 9/50, 19/50,
26/50); hepatocellular
adenoma or carcinoma
(28/49, 41/50, 42/50,
47/50); hepatoblastoma
(0/49, 4/50, 6/50, 18/50)
Lung:
alveolar/bronchiolar
adenoma (7/49, 5/50,
17/50, 12/50);
alveolar/bronchiolar
adenoma or carcinoma
(12/49, 12/50, 22/50,
17/50)

None

Clear evidence

0, 50, 500, or 1,000 mg/L

Exposed groups similar to
the control group

38/50, 35/50, 32/50,
32/50

None

Liver: hepatocellular
adenoma (19/49, 26/50,
32/50, 35/49);
hepatocellular carcinoma
(3/49, 3/50, 12/50, 8/49),
hepatocellular adenoma
or carcinoma (22/49,
28/50, 37/50, 37/49)

Lung:
alveolar/bronchiolar

adenoma (1/50, 3/50,
3/50, 6/50);
alveolar/bronchiolar
adenoma or carcinoma
(2/50, 5/50, 5/50, 7/50)

Clear evidence

Positive in TA100 with and without S9; negative in TA98 with or without S9

Positive in males; negative in females
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EXPLANATION OF LEVELS OF EVIDENCE OF CARCINOGENIC ACTIVITY

The National Toxicology Program describes the results of individual experiments on a chemical agent and notes the strength of the evidence for
conclusions regarding each study. Negative results, in which the study animals do not have a greater incidence of neoplasia than control
animals, do not necessarily mean that a chemical is not a carcinogen, inasmuch as the experiments are conducted under a limited set of
conditions. Positive results demonstrate that a chemical is carcinogenic for laboratory animals under the conditions of the study and indicate
that exposure to the chemical has the potential for hazard to humans. Other organizations, such as the International Agency for Research on
Cancer, assign a strength of evidence for conclusions based on an examination of all available evidence, including animal studies such as those
conducted by the NTP, epidemiologic studies, and estimates of exposure. Thus, the actual determination of risk to humans from chemicals
found to be carcinogenic in laboratory animals requires a wider analysis that extends beyond the purview of these studies.

Five categories of evidence of carcinogenic activity are used in the Technical Report series to summarize the strength of the evidence observed
in each experiment: two categories for positive results (clear evidence and some evidence); one category for uncertain findings (equivocal
evidence); one category for no observable effects (no evidence); and one category for experiments that cannot be evaluated because of major
flaws (inadequate study). These categories of interpretative conclusions were first adopted in June 1983 and then revised in March 1986 for
use in the Technical Report series to incorporate more specifically the concept of actual weight of evidence of carcinogenic activity. For each
separate experiment (male rats, female rats, male mice, female mice), one of the following five categories is selected to describe the findings.
These categories refer to the strength of the experimental evidence and not to potency or mechanism.

* Clear evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing a dose-related
(i) increase of malignant neoplasms, (ii) increase of a combination of malignant and benign neoplasms, or (iii) marked increase of
benign neoplasms if there is an indication from this or other studies of the ability of such tumors to progress to malignancy.

» Some evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing a chemical-related increased
incidence of neoplasms (malignant, benign, or combined) in which the strength of the response is less than that required for clear
evidence.

* Equivocal evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing a marginal increase of
neoplasms that may be chemical related.

* No evidence of carcinogenic activity is demonstrated by studies that are interpreted as showing no chemical-related increases in
malignant or benign neoplasms.

+ Inadequate study of carcinogenic activity is demonstrated by studies that, because of major qualitative or quantitative limitations,
cannot be interpreted as valid for showing either the presence or absence of carcinogenic activity.

For studies showing multiple chemical-related neoplastic effects that if considered individually would be assigned to different levels of evidence
categories, the following convention has been adopted to convey completely the study results. In a study with clear evidence of carcinogenic
activity at some tissue sites, other responses that alone might be deemed some evidence are indicated as “were also related” to chemical
exposure. In studies with clear or some evidence of carcinogenic activity, other responses that alone might be termed equivocal evidence are
indicated as “may have been” related to chemical exposure.

When a conclusion statement for a particular experiment is selected, consideration must be given to key factors that would extend the actual
boundary of an individual category of evidence. Such consideration should allow for incorporation of scientific experience and current
understanding of long-term carcinogenesis studies in laboratory animals, especially for those evaluations that may be on the borderline between
two adjacent levels. These considerations should include:

 adequacy of the experimental design and conduct;

* occurrence of common versus uncommon neoplasia;

« progression (or lack thereof) from benign to malignant neoplasia as well as from preneoplastic to neoplastic lesions;

« some benign neoplasms have the capacity to regress but others (of the same morphologic type) progress. At present, it is impossible to
identify the difference. Therefore, where progression is known to be a possibility, the most prudent course is to assume that benign
neoplasms of those types have the potential to become malignant;

+ combining benign and malignant tumor incidence known or thought to represent stages of progression in the same organ or tissue;

« latency in tumor induction;

« multiplicity in site-specific neoplasia;

* metastases;

« supporting information from proliferative lesions (hyperplasia) in the same site of neoplasia or in other experiments (same lesion in
another sex or species);

 presence or absence of dose relationships;

« statistical significance of the observed tumor increase;

« concurrent control tumor incidence as well as the historical control rate and variability for a specific neoplasm;

« survival-adjusted analyses and false positive or false negative concerns;

* structure-activity correlations; and

* in some cases, genetic toxicology.
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SUMMARY OF TECHNICAL REPORTS REVIEW SUBCOMMITTEE COMMENTS

On September 27, 2005, the draft Technical Report on
the carcinogenesis studies of dibromoacetic acid
received public review by the National Toxicology
Program’s Board of Scientific Counselors’ Technical
Reports Review Subcommittee. The review meeting
was held at the National Institute of Environmental
Health Sciences, Research Triangle Park, NC.

Dr. R.L. Melnick, NIEHS, described the occurrence of
dibromoacetic acid as a water disinfection by-product,
the design and results of the NTP studies, and the
metabolism and a pharmacokinetic model for the
behavior of the chemical in rats and mice. The proposed
conclusions were some evidence of carcinogenic activity
of dibromoacetic acid in male and female rats and clear
evidence of carcinogenic activity of dibromoacetic acid
in male and female mice. Increased incidences of lung
neoplasms in male mice were also considered to be
exposure related. The slight increased incidence of lung
neoplasms in female mice may have been related to
dibromoacetic acid exposure.

Dr. Walker, a principal reviewer, was unable to attend
the meeting. Dr. Vore, the second principal reviewer,
felt the study was well conducted and reported, and she
agreed with the proposed conclusions. Dr. Elwell asked
for more explanation of the reasons for classifying the
mononuclear cell leukemia in female rats as some
evidence and noted that rather similar values formed the
basis of an equivocal evidence call in a different study
presented at this review. Dr. Crump noted another study
where a similar increase in mononuclear cell leukemia
was considered no evidence. Drs. Roberts and Vore also
expressed a desire for consistency in making
conclusions and commented on the variability of the
occurrence of mononuclear cell leukemia in rats.

Dr. J.R. Bucher, NIEHS, urged that the panel consider
each study as unique and base the conclusions on that
study rather than comparing incidences in studies
conducted separately.

Dr. C.J. Portier, NIEHS, and Dr. Roberts both com-
mented on the high rates of mononuclear cell leukemia
in the low- and mid-dose groups of male rats.

Dr. Vore moved and Dr. Roberts seconded that the con-
clusion for male rats be modified to add that mononu-
clear cell leukemia “may have been related to chemical
exposure.” The motion was carried with five affirmative
votes and one negative (Dr. Elwell).

The following day, on September 28, 2005, following
review of the other reports for this peer review meeting,
including two studies involving conclusions based on
mononuclear cell leukemia in female rats, Dr. Roberts
asked that the panel revisit the conclusions for
dibromoacetic acid to ensure that conclusions from
studies were being considered consistently. The
attendance was the same as on September 27, except that
Dr. Birt was not present.

Dr. Bucher restated the arguments for calling the female
rat leukemia response some evidence, including a
statistically significant trend, a doubling of the incidence
in the high-dose group, and the concurrent control group
matching the historical control mean.

Dr. Roberts asked why the conclusion was different from
that proposed for the 4-methylimidazole study and sug-
gested equivocal evidence might be more appropriate.
Dr. Elwell noted that the statistical support was slightly
stronger for the 4-methylimidazole female rats.
Dr. Crump suggested the historical range from only four
drinking water studies might be artificially tight, given
the variability seen in other studies. Dr. Soper also sug-
gested equivocal evidence might be more appropriate.

Dr. Portier noted that the concurrent control incidence in
the 4-methylimidazole study was lower than in the
dibromoacetic acid study, which was close to the
historical mean.

Dr. Melnick reported having consulted reports of some
previously printed Technical Reports where mononu-
clear cell leukemia contributed to some evidence conclu-
sions. He described the incidences of mononuclear cell
leukemia in the study of C.I. Disperse Blue 1, where the
lesion was part of the conclusion of clear evidence.
Following further discussion, no motion was made to
revise the conclusions approved the previous day. The
panel recommended enhanced discussion of the support-
ing logic for the conclusions.
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INTRODUCTION

Br
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Br

DIBROMOACETIC ACID

CAS No. 631-64-1

Chemical Formula: CszBrzo2

Molecular Weight: 217.86

Synonyms: Acetic acid, dibromo (9CI); dibromoethanoic acid; dibromoacetate

CHEMICAL AND PHYSICAL PROPERTIES

Dibromoacetic acid is a deliquescent crystal (melting
point, 48° C; boiling point, 195° C at 250 mm mercury)
(Weast, 1983). It is a moderately strong acid, having a
pK, of 1.39 (Urbansky, 2000). In dilute solutions at pH
greater than 6, more than 99.99% of the chemical exists
as the dissociated carboxylate anion, dibromoacetate.
Thus, under most conditions of exposure, and in biolog-
ical tissues, this chemical exists as the carboxylate anion.
Although dibromoacetic acid was the test article for this
Technical Report, in the animal, it is described as dibro-
moacetate after it leaves the stomach.

ProbuUCTION, USE,

AND HUMAN EXPOSURE

Chloroacetates are formed when drinking water supplies
containing natural organic matter (e.g., humic or fulvic
acids) are disinfected with chlorine-containing oxidizing
compounds such as chlorine gas, hypochlorous acid, and
hypochlorite. If bromide is present in the source water,
it may be oxidized to hybromous acid-hypobromite ion,
which can react with organic matter to form brominated
organic compounds. The reaction of brominated and/or
chlorinated oxidizing agents with natural organic matter
produces mixed brominated and chlorinated acetic acids,

including mono-, di-, and trichloroacetic acid; mono-,
di-, and tribromoacetic acid; bromochloroacetic acid;
bromodichloroacetic acid; and chlorodibromoacetic
acid. The relative amount of brominated haloacetates
produced in chlorinated drinking water is a function of
the bromide concentration in the source water and the
initial bromine/chlorine ratio.

Coagulation prior to chlorination removes much of the
disinfection by-product precursors from source water
and thereby reduces the amount of disinfection by-
products formed during disinfection. Although possible
reactions of haloacetates in water are decarboxylation
and nucleophilic substitution (hydrolysis), these
processes are very slow in ambient water, and most
decreases in concentrations of haloacetates in drinking
water distribution systems are likely due to biodegrada-
tion (Urbansky, 2001).

Haloacetates are second to trihalomethanes as the most
commonly detected disinfection by-products in surface
drinking water supplies in the United States (Liang and
Singer, 2003). The relative amounts of these two fami-
lies of chemicals as well as other disinfection by-
products produced in drinking water supplies are
affected by the nature and concentration of the organic
precursor materials, water temperature, pH, the type of
disinfectant, the disinfectant dose, and contact time
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(Liang and Singer, 2003; Huang et al., 2004). For
example, increasing the pH from 6 to 8 increases tri-
halomethane formation, decreases trihaloacetate forma-
tion, and has little effect on mono- and dihaloacetate
levels. Bromoform and dibromoacetate were the pre-
dominant disinfection by-products measured in water
from the Sea of Galilee (approximately 2 mg bromide/L)
that was pretreated with chlorination for algae control
and then disinfected with chlorine dioxide and chlor-
amines (Richardson et al., 2003). Controlled laboratory
studies also showed that dibromoacetate is produced by
chlorine dioxide treatment (Richardson et al., 2003) or
ozonation (Huang et al., 2004) of water containing high
ambient bromide concentrations.

Levels of haloacetic acids in drinking water are regu-
lated by the United States Environmental Protection
Agency (40 CFR, § 141.64). Under the disinfection by-
product rule, the sum of monochloroacetic acid,
dichloroacetic acid, trichloroacetic acid, monobro-
moacetic acid, and dibromoacetic acid is limited to
60 ng/L (60 ppb). This level is believed to reduce risks
from cancer as well as reproductive and developmental
toxicity. A nationwide study of disinfection by-product
occurrence in diverse geographic regions of the United
States was conducted between October 2000 and April
2002 (Weinberg et al., 2002). In this study, 12 water
treatment plants that had different source water quality
and bromide levels and that employed the major disin-
fectants chlorine, chloramines, ozone, and chlorine diox-
ide were sampled quarterly. Concentrations of
dibromoacetate in the finished water ranged up to
18 ng/L and estimates of dibromoacetate concentration
in the distribution systems ranged up to 22 pg/L.

Much higher levels of human exposure to dichloroac-
etate have occurred from therapeutic use of this agent to
treat lactic acidosis; dichloroacetate acts by stimulating
the mitochondrial pyruvate dehydrogenase complex,
resulting in increased oxidation of glucose, lactate, and
pyruvate (Stacpoole et al., 1998). Dichloroacetate is
also a metabolite of trichloroethylene. Health effects of
dichloroacetate may be relevant to dibromoacetate
because of qualitative similarities in the metabolism of
the chlorinated/brominated dihaloacetates.
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ABSORPTION, DISTRIBUTION,

METABOLISM, AND EXCRETION

Dihaloacetates are rapidly absorbed from the gastroin-
testinal tract after oral exposure. The maximum blood
concentration of dibromoacetate in F344/N rats was
reached 1 hour after administration by gavage (Schultz
etal., 1999).

Dihaloacetates exhibit low binding to rat plasma proteins
(Schultz et al., 1999). Forty-eight hours after oral
administration of 1*C-dichloroacetate in male F344/N
rats, 5% to 8% of administered radiolabel was measured
in the liver, 5% to 10% in muscle, 3.3% to 4.5% in skin,
1.4% to 2.6% in blood, and 1.0% to 1.7% in the intes-
tines (Lin et al., 1993). Dibromoacetate was measured
in the testicular interstitial fluid of male Sprague-Dawley
rats given five daily gavage doses of 250 mg dibro-
moacetate/kg body weight (Holmes et al., 2001). The
level of dibromoacetate in testicular fluid peaked at
79 png/mL (approximately 370 uM) 30 minutes after the
last dose, and the half-life was approximately 1.5 hours.
Dibromoacetate was administered to Sprague-Dawley
rats in drinking water at concentrations ranging from 125
to 1,000 ppm (mg/L) with exposures beginning 14 days
before cohabitation and continuing through gestation
and lactation (Christian ef al., 2001). Quantifiable lev-
els of dibromoacetate were measured in parental and
fetal plasma, placental tissue, amniotic fluid, and milk.
Thus, dibromoacetate crosses the placenta and is taken
up by fetal tissue.

The oral bioavailability of dibromoacetate was reported
to be 30% in male F344/N rats (Schultz ef al., 1999).
The lower bioavailability of dibromoacetate compared to
dichloroacetate is due to greater first-pass metabolism of
dibromoacetate in the liver. Biotransformation of
dihaloacetates to glyoxylate occurs primarily in liver
cytosol of rats and humans by a glutathione-dependent
process (James et al., 1997) catalyzed by glutathione-S-
transferase,,, (GST¢) (Tong et al., 1998a). This enzyme
also catalyzes the penultimate step in the tyrosine degra-
dation pathway. Glyoxylate is the only stable metabolite
of dichloroacetate formed by purified GST¢ (Tong et al.,
1998b). The major metabolites identified in the urine or
blood of F344/N rats or B6C3F, mice administered
dichloroacetate are glyoxylate, glycolate, and oxalate
(Lin et al., 1993; Narayanan et al., 1999).



Dibromoacetic Acid, NTP TR 537

In addition to these metabolites, approximately 30% of
radioactivity from orally administered !“C-dichloro-
acetic acid was exhaled as carbon dioxide (Lin et al.,
1993; Xu et al., 1995). Mice metabolize dichloroacetate
at approximately twice the rate of rats (Gonzalez-Leon
etal., 1999).

During GSTg-mediated oxygenation of dichloroacetate
or other dihaloacetates to glyoxylate, glutathione is
required but not consumed. The reaction scheme for the
GST¢-mediated biotransformation of dihaloacetates
(Figure 1) involves displacement of a halide by glu-
tathione to form S-(c-halocarboxymethyl)glutathione,
hydrolysis of this intermediate to form S-(c-hydroxycar-
boxymethyl)glutathione, and elimination of glutathione
to produce glyoxylate (Tong et al., 1998b). Among the
brominated/chlorinated dihaloacetates, the relative rates
of glyoxylate formation catalyzed by purified GST¢ are
bromochloroacetate > dichloroacetate > dibromoacetate.
In an interspecies comparison of the kinetics of
dichloroacetate metabolism, the K with human liver
cytosol was smaller than that with rat or mouse cytosol;
however, the relative rates of metabolism to glyoxylate
(Va/K,,,) were mouse > rat > human (Tong et al,
1998b). Glyoxylate can undergo transamination to
glycine, decarboxylation to form carbon dioxide, and
oxidation to oxalate.

After gavage administration, elimination of dichloro-
acetate in rats occurs by exhalation as carbon dioxide
and excretion of metabolites in the urine (Lin et al.,
1993). Elimination half-lives of dihaloacetates in blood
are less than 4 hours; for dibromoacetate, the plasma
half-life after intravenous injection is approximately 30
to 40 minutes (Schultz et al., 1999). Elimination of
dihaloacetates is primarily by metabolism; less than 3%
of an intravenous dose (500 pmol dibromoacetate/kg
body weight; 109 mg/kg) is excreted as the parent com-
pound in urine and less than 0.1% is eliminated in feces.
Bromine substitution of dihaloacetates increases the rate
of metabolic clearance; dichloroacetate is cleared at half
the rate of dibromoacetate. Pretreatment of male
F344/N rats with 0.2 or 2.0 g dichloroacetate/L drinking
water for 2 weeks reduced the rate of metabolic clear-
ance of subsequent intravenous or gavage doses of
dichloroacetate by sixfold (Gonzalez-Leon et al., 1997).
In addition, pretreatment caused increased blood con-
centration-time profiles and elimination half-lives for
dichloroacetate, decreased formation of carbon dioxide,
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and increased renal excretion of dichloroacetate.
Dichloroacetate pretreatment also inhibited the conver-
sion of dichloroacetate to glyoxylate, oxalate, or glyco-
late in hepatic cytosol.

Metabolic clearance of dichloroacetate was also
decreased in male B6C3F, mice pretreated with 2 g
dichloroacetate/L drinking water for 14 days; however,
the effect in mice was less marked than that in rats
(Gonzalez-Leon et al., 1999). Pretreatment of male
B6C3F, mice with 1 g dichloroacetic acid/L drinking
water for 2 weeks resulted in a threefold decrease in the
rate of metabolism of dichloroacetate in liver cytosol,
and similar reduction in the rate of formation of glyox-
ylate, oxalate, and glycolate (Austin and Bull, 1997).
Elimination of dichloroacetate in children or adults is
also reduced as a result of prior exposure to therapeutic
doses of this agent (Curry et al., 1991; Stacpoole ef al.,
1998). The reduced elimination of dichloroacetate in
pretreated animals is due to irreversible inactivation of
GSTg; the degradation rate constant for GST¢ in the
liver of male F344/N rats given five daily intraperitoneal
injections of 0.30 mmol dichloroacetate/kg body weight
(38 mg/kg) is 0.21/day (Anderson et al., 1999).
Treatment of male F344/N rats with 0.2 g dichloroac-
etate/L drinking water for 7 days reduces liver GST¢
activity by 90%; this reduction markedly decreases the
metabolic elimination of dichloroacetate and increases
its oral bioavailability (Saghir and Schultz, 2002).

Dibromoacetate and bromochloroacetate are also suicide
substrates for GSTg; 12 hours after a single injection of
these dihaloacetates, GST¢ activity in the rat liver is
reduced to 17% and 19%, respectively, of that in con-
trols. Hydrolysis of S-(x-halocarboxymethyl)glu-
tathione forms a hemithioacetal that eliminates
glutathione and yields glyoxylate; however, this inter-
mediate may inactivate GST¢ by covalently binding to a
nucleophilic site on the enzyme (Wempe et al., 1999).
Thus, hydrolysis of this intermediate and inactivation of
GSTg are competing reactions. Based on the differential
effect of dichloroacetate-induced inactivation of GSTg¢
on the elimination of (+)-bromochloroacetate versus
(-)-bromochloroacetate in male F344/N rats, Schultz and
Sylvester (2001) suggested that an additional GST
isoenzyme that is not inactivated by dihaloacetates
might provide a minor contribution to the formation of
glyoxylate in non-pretreated animals.
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Toxicity

Experimental Animals

The LD, for dibromoacetate in male Sprague-Dawley
rats was reported to be 1,737 mg/kg body weight (Linder
et al., 1994a). In male Sprague-Dawley rats gavaged
daily with 250 mg dibromoacetate/kg, weight loss was
evident by week 3, neurological signs including
excitability, awkward gait, atypical limb movement, and
abnormal posturing were evident by week 4, and labored
breathing, light tremor, and difficulty in moving were
observed during week 6 of treatment (Linder et al,
1995).

Studies comparing the effects of dichloroacetate in
mouse liver with those of trichloroacetate indicate that
these agents likely operate by different mechanisms.
Drinking water exposure of male B6C3F, mice to 2 g
dichloroacetate/L for 37 weeks caused hepatomegaly,
cytomegaly, focal necrosis, and accumulation of glyco-
gen in hepatocytes; in contrast, exposure of male mice to
2 g trichloroacetate/L drinking water caused marked
accumulation of lipofuscin (indicator of lipid peroxida-
tion), modest accumulation of glycogen, and no evi-
dence of focal necrosis (Bull et al., 1990). After
52 weeks of exposure, the incidences of hyperplastic
nodules and hepatocellular adenoma and carcinoma
were increased in dichloroacetate- and trichloroacetate-
exposed mice compared to controls. Similar to
dichloroacetate, dibromoacetate and bromochloroacetate
caused liver glycogen accumulation in B6C3F, mice
(Kato-Weinstein et al., 2001). In addition, dibromoac-
etate produced a dose-dependent decrease in serum glu-
cose concentration and transient increases (2 to 4 weeks)
in liver cell replication rates and in the activity of the
peroxisomal enzyme cyanide-insensitive acyl-CoA oxi-
dase. Dibromoacetate and dichloroacetate induced per-
oxisomal palmitoyl-CoA oxidase activity in primary rat
hepatocyte cultures (Walgren et al., 2004).

In a two-generation drinking water study, absolute and
relative liver weights and kidney weights were increased
in pups exposed to 50 ppm or greater concentrations of
dibromoacetate (Christian et al., 2002). No microscopic
changes were associated with these weight increases.

Exposure of adolescent male and female F344/N rats to
0.2 to 1.5 g dibromoacetate/L drinking water for
6 months produced concentration-related neuromuscular
toxicity (Moser et al., 2004). Effects of exposure to
dibromoacetate included decreased grip strength, mild
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gait abnormalities, and decreased sensorimotor respon-
siveness; neuropathological findings included degenera-
tion of spinal cord nerve fibers and spinal cord cellular
vacuolization at the 0.6 and 1.5 g/L concentrations.
Similar neuromuscular effects had been reported in
F344/N rats exposed to dichloroacetate (Moser et al.,
1999).

In an evaluation of cytotoxic potency of drinking water
disinfection by-products in Chinese hamster ovary cells,
dibromoacetate was less potent than bromoacetate and
3-chloro-4-(dichloromethyl)-5-hydroxy-2[5H]-fura-
none, but more potent than chloroacetate, potassium
bromate, tribromoacetate, dichloroacetate, and trichloro-
acetate (Plewa et al., 2002).

Humans
No studies on the toxicity of dibromoacetate in humans
were found in a review of the literature.

REPRODUCTIVE
AND DEVELOPMENTAL TOXICITY

Experimental Animals

Spermatotoxicity in male rats has been identified as one
of the most sensitive toxic endpoints following exposure
to dibromoacetate and dichloroacetate. In adult male
Sprague-Dawley rats administered a single gavage dose
of 1,250 mg dibromoacetate/kg body weight, a transient
decline in serum testosterone, increases in abnormal
sperm head shapes, fusion of spermatid flagella,
decreases in epididymal sperm counts, reduction in
sperm motility, and delayed spermiation described as
abnormal retention of Step 19 spermatids near the lumen
of Stage IX to Stage XII tubules were observed (Linder
et al., 1994a). In follow-up studies with oral doses of
dibromoacetate ranging from 2 to 270 mg/kg for up to
79 days, reduction in epididymal sperm counts and
altered spermiation were observed at 10 mg/kg or higher
doses (Linder et al., 1994b, 1997a). No abnormalities
were detected in the testes or epididymides of rats
exposed to 2 mg/kg. In addition, adverse effects on
sperm morphology and sperm motility were detected at
the 90 mg/kg dose level, and large atypical residual bod-
ies were seen in the lumen and epithelium of seminifer-
ous tubules and in the epididymides. The formation of
atypical residual bodies was suggested to be a result of
impairment of degradative processes of Sertoli cells. In
spite of the changes in sperm quality caused by dibro-
moacetate, the germinal epithelium appeared intact and
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there were no obvious changes in sperm production in
exposed rats. Seminiferous tubule atrophy was observed
only in the testes of rats dosed with 250 mg dibromo-
acetate/kg for 42 days and then held without exposure
for an additional 186 days (Linder et al., 1997a). The
primary spermatotoxic effects of dibromoacetate appear
to be delayed spermiation (retention of mature sperm),
formation of atypical residual bodies, abnormal sperm
morphology, and decreased sperm motility.

Testicular effects caused by dibromoacetate in rats are
similar to those of dichloroacetate; however, the potency
of dibromoacetate-induced testicular toxicity is greater
than that of dichloroacetate (Linder et al., 1997b).
Administration of bromochloroacetate to male Sprague-
Dawley rats also decreased epididymal sperm counts,
decreased the number of motile sperm, increased the
number of epididymal sperm with misshapen heads or
tail defects, increased the number of atypical residual
bodies in seminiferous tubules, and increased the num-
ber of Step 19 spermatids retained in Stages X and XI of
the spermatogenic cycle (Klinefelter e al., 2002).

Fertility of male Sprague-Dawley rats was not altered by
daily gavage treatment with up to 50 mg dibromoac-
etate/kg body weight for up to 79 days; however, male
fertility was compromised in rats treated for 15 days or
more with 250 mg/kg (Linder ef al., 1995). The latter
evaluation was made through natural breeding and after
artificial insemination of female rats with sperm col-
lected from exposed rats. The fertility of cauda epididy-
mal sperm was also reduced in male rats exposed to
8 mg bromochloroacetate/kg or greater doses for
14 days (Klinefelter et al., 2002). The latter evaluation
was made by in utero insemination. In fertility assess-
ments by intrauterine insemination, the ED,  for
decreased male fertility of cauda epididymal sperm col-
lected from Sprague-Dawley rats exposed by gavage for
14 days to dibromoacetate (3.5 mg/kg, 16.1 pmol/kg)
was similar to the ED,  for bromochloroacetate
(2.7 mg/kg, 15.6 pmol/kg) (Kaydos et al., 2004).

Holtzman rats were administered dibromoacetate by
gavage at doses ranging from 62.5 to 250 mg/kg per day
during the first 8 days of pregnancy to determine
whether exposure to dibromoacetate during early preg-
nancy affects female reproduction (Cummings and
Hedge, 1998). No effects were detected on the number
of implantation sites, number of pups per litter, number
of resorptions, or pup weights on day 20; however,
serum levels of estradiol were elevated in exposed dams.
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In a follow-up study, gavage dosing of 90-day old female
Sprague-Dawley rats with 10 to 270 mg dibromoac-
etate/kg for 14 days caused a dose-related alteration in
estrous cyclicity, with a tendency toward longer periods
of persistent estrus (Balchak et al., 2000). In addition,
in vitro exposure of preovulatory follicles to dibromoac-
etate (50 pg/mL for 24 hours) caused an elevation in
estradiol release and suppression of progesterone secre-
tion stimulated with human chorionic gonadotropin;
thus, the disruption of estrous cyclicity by dibromoac-
etate was attributed to alteration of ovarian steroid pro-
duction. Elevations in circulating estradiol in female rats
exposed to dibromoacetate were attributed to suppres-
sion of estradiol catabolism because serum estradiol lev-
els were elevated in ovariectomized rats implanted with
estradiol-containing capsules and then treated with
dibromoacetate (Goldman and Murr, 2003). Daily expo-
sure of female Dutch-belted rabbits to approximately 1
to 50 mg dibromoacetate/kg body weight per day in
drinking water beginning on gestation day 15 and con-
tinuing through 24 weeks did not produce any gross
abnormalities of the reproductive tract or viscera, but did
reduce the number of primordial follicles in prepubertal
and adult rabbits (Bodensteiner et al., 2004). This expo-
sure covers the fetal and neonatal periods when the pri-
mordial follicle pool in rabbits is formed. Reduction in
the population of primordial follicles could result in
early reproductive senescence.

Exposure of Sprague-Dawley rats to 4 to 800 ppm dibro-
moacetate in drinking water from gestation day 15
through adulthood induced delays in pubertal develop-
ment (delayed preputial separation in males and delayed
vaginal opening in females at 400 ppm), and decreases
in the fertility of cauda epididymal sperm at 600 and
800 ppm (Klinefelter et al., 2004). The incidences of
atypical residual bodies, delayed spermiation, misshapen
sperm heads, and atrophic seminiferous tubules were
increased at 400 ppm and greater concentrations; sperm
motility and fertility were decreased at 600 and
800 ppm. Altered steroidogenesis was suggested to be a
contributor to the pubertal delays.

Dibromoacetate was administered to Sprague-Dawley
rats in drinking water at concentrations ranging from 125
to 1,000 ppm (mg/L) with exposures beginning 14 days
before cohabitation and continuing through gestation
and lactation (Christian et al., 2001). The only reported
reproductive and developmental effects were reductions
in mating performance at 1,000 ppm and decreases in
pup body weights at 250 ppm and greater levels.
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In a two-generation reproductive toxicity study,
Sprague-Dawley rats were given dibromoacetate in
drinking water at concentrations of 0, 250, 500, or
650 ppm (Christian et al., 2002). No effects on estrous
cyclicity, mating, fertility, implantation sites, litter sizes,
pup viability, or pup sex ratios were observed in the
parental or F; generation female rats. In parental and F,
generation male rats, increased incidences of delayed
sperm production (retention of Step 19 spermatids in
Stage IX and Stage X seminiferous tubules), atypical
residual bodies in the testis, abnormal sperm shape, and
epididymal abnormalities (atrophy, residual bodies, and
hypospermia) were observed in the 250 ppm or 650 ppm
exposure groups. Delays in preputial separation and
vaginal opening were observed in 650 ppm groups of F,
generation rats. In contrast to the effect of dibromoac-
etate on follicular development in rabbits (Bodensteiner
et al., 2004), no effect on ovarian follicular histology
was observed in rats exposed to dibromoacetate. For this
effect, the rabbit may be a more sensitive species.

Twenty-four hour exposures of mouse embryo cultures
to haloacetates produced adverse effects on neural tube
closure, craniofacial development, and heart develop-
ment (Hunter ef al., 1996). For induction of neural tube
defects, dibromoacetate was more potent than
dichloroacetate.

Humans

No human studies have been reported on reproductive or
developmental effects of dibromoacetate per se; how-
ever, several studies have indicated an association
between exposure to disinfection by-products and alter-
ations in reproductive function or fetal development,
including spontaneous abortions, stillbirths, low birth
weight, and birth defects (Nieuwenhuijsen et al., 2000).

CARCINOGENICITY

Experimental Animals

No studies have been reported on the carcinogenicity of
dibromoacetate in animals. In contrast, several studies
have shown that dichloroacetate administered in drink-
ing water is carcinogenic to the liver of rats and mice.
Hepatocellular adenomas and carcinomas were induced
in male B6C3F, mice exposed to 5 g dichloroacetate/L
drinking water for 61 weeks (Herren-Freund et al.,
1987). The same dose of trichloroacetate was also car-
cinogenic to male mice; however, the incidences of
hepatocellular adenoma and carcinoma in mice exposed
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to trichloroacetate (8 of 22 or 7 of 22, respectively) were
less than those induced with dichloroacetate (25 of 26 or
21 of 26, respectively). In a follow-up drinking water
study, the incidences of liver tumors in male B6C3F,
mice administered 0, 0.05, 0.5, 3.5, or 5 g dichloroac-
etate/L for 60 weeks were 7%, 24%, 11%, 100%, and
90%, respectively, and the mean daily doses of
dichloroacetate in the exposed groups were estimated to
be 7.6, 77, 410, and 486 mg dichloroacetate/kg body
weight, respectively (DeAngelo et al., 1991). Liver
tumor incidences in the 0.05 and 0.5 g/L groups were not
significantly different from controls. However, when
male B6C3F, mice were exposed to 0.5 g dichloroac-
etate/L drinking water for 104 weeks (mean daily dose,
93 mg/kg), the incidences of hepatocellular carcinoma
and adenoma were 63% and 42%, respectively, in ani-
mals that survived to the end of the study; the combined
incidences of liver tumors were 3/20 in controls and
18/24 in dichloroacetate-exposed mice (Daniel et al.,
1992).

Hepatocellular adenomas and carcinomas were induced
in female B6C3F, mice exposed to 20 mmol dichloroac-
etate/L drinking water (2.6 g/L) for 576 days (82 weeks),
and hepatocellular adenomas were induced in female
mice exposed to 6.67 mmol dichloroacetate/L
(0.83 g/L). Hepatocellular adenomas and carcinomas
were also induced in female B6C3F, mice exposed to
20 mmol trichloroacetate/L drinking water (3.3 g/L) for
576 days, and hepatocellular carcinomas were induced
in female mice exposed to 6.7 mmol trichloroacetate/L
(1.1 g/L) (Pereira, 1996). Dichloroacetate induced a pre-
dominance of eosinophilic hepatic foci and tumors,
which consistently stained for the presence of glu-
tathione-S-transferase (GST-Tt); in contrast, tumors
induced by trichloroacetate were predominantly
basophilic and lacked GST-1. In addition, hepatocyte
proliferation was increased after 5 days of exposure to
dichloroacetate or trichloroacetate, but not after 12 or
33 days of exposure.

Based on an analyses of the time- and dose-dependent
relationships for the effects of dichloroacetate on the
induction of preneoplastic and neoplastic lesions in the
livers of exposed mice (DeAngelo ef al., 1999), it was
suggested that dichloroacetate-induced hepatocarcino-
genesis is due to selective growth of a phenotypic cell-
type (basophilic and/or clear cell focal lesions) that does
not respond to normal homeostatic control mechanisms,
such as cells that are resistant to mitoinhibition (Carter
et al., 2003). Hepatocellular necrosis and regenerative
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hyperplasia, as well as steatosis, were not associated
with the development of tumors or prencoplastic lesions.

Dichloroacetate is also carcinogenic to the liver of rats.
Male F344/N rats were exposed to 0, 0.05, 0.5,0r 1.6 g
dichloroacetate/L. drinking water for 100 weeks
(DeAngelo et al., 1996). Mean daily doses of
dichloroacetate were 3.6, 40, and 139 mg/kg body
weight for the three exposed groups. The incidences of
hepatocellular adenoma or carcinoma combined in rats
that survived more than 78 weeks were 3% (1/33) in
controls and 0% (0/26), 24.1% (7/29), and 28.6% (8/28)
in the respective exposed groups. The liver cancer
response was not associated with peroxisome prolifera-
tion, hepatocellular necrosis, or sustained hepatocyte
proliferation.

Several studies have examined potential mechanisms of
hepatocarcinogenesis of dihaloacetates. Single gavage
administration of halogenated acetic acids induced lipid
peroxidation and formation of 8-hydroxydeoxyguano-
sine adducts in nuclear DNA in the liver of male B6C3F,
mice; the relative potencies for these effects were dibro-
moacetate = bromochloroacetate > dichloroacetate >
trichloroacetate (Austin ef al., 1996). These results sug-
gest that DNA damage from oxidative stress induced by
these agents may contribute to the hepatocarcinogenic
process. In male B6C3F, mice exposed to 2.0 g
dichloroacetate/L drinking water, hepatocyte division
rates were increased after 14 days of exposure; after 28
or 280 days of exposure, hepatocyte division rates were
reduced in livers of dichloroacetate-treated mice com-
pared to controls (Stauber and Bull, 1997). Altered
hepatic foci and liver tumors in dichloroacetate-treated
mice showed higher immunoreactivity to the oncopro-
teins c-Jun and c-Fos and higher rates of cell division
than the surrounding nonlesioned liver tissue. Increased
cell replication rates in hepatic foci and tumors and
decreased rates in normal hepatocytes of mice exposed
to dichloroacetate provide a selective growth advantage
to initiated cells. In a follow-up study, incubation of pri-
mary hepatocyte cultures from untreated male B6C3F,
mice with 0.5 to 2.0 mM dichloroacetate enhanced the
formation of anchorage-independent colonies in soft
agar (Stauber et al., 1998). A fourfold increase in colony
formation was measured when hepatocytes were
obtained from mice pretreated with 0.5 g dichloroac-
etate/L drinking water for 2 weeks.  Although
dichloroacetate did not induce c-Jun expression in hepa-
tocyte monolayers, the colonies promoted by dichloro-
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acetate were immunoreactive with c-Jun antibody.
These results suggest that dichloroacetate was selective
for c-Jun* subpopulations.

Gavage administration of 500 mg dichloroacetate/kg
body weight to female B6C3F, mice for 5 days caused
decreased DNA methylation and increased mRNA
expression of the c-myc proto-oncogene (Pereira ef al.,
2001). Administration of 3.2 g dichloroacetate/L drink-
ing water for 36 weeks increased the incidence and mul-
tiplicity of liver tumors but not kidney tumors in
N-methyl-N-nitrosourea-initiated mice. Thus, hypo-
methylation of c-myc and increased expression of this
gene may be involved in the promotion of liver tumors
by dichloroacetate. Exposure of female B6C3F, mice
and male F344/N rats to 1,000 or 2,000 mg dibromoac-
etate/L drinking water for 28 days caused a decrease in
the 5-methylcytosine content of DNA and hypomethyla-
tion and increased mRNA expression of the c-myc and
insulin-like growth factor II genes (Tao et al., 2004).
Treatment with dibromoacetate also caused glycogen
accumulation and peroxisome proliferation in the mouse
and rat liver. Thus, dibromoacetate and dichloroacetate
induce similar biochemical and molecular effects, some
of which may be involved in hepatocarcinogenesis.

The mutational spectrum at codon 61 of the H-ras gene
was different in liver tumors obtained from male
B6C3F, mice exposed to 500 mg dichloroacetate/L
drinking water for 76 weeks compared to liver tumors
from control mice (Anna et al., 1994). Although the fre-
quency of liver tumors with H-ras codon 61 mutations
was not significantly different in dichloroacetate-
exposed (62%) and control (69%) mice, the dichloroac-
etate-treated mice had increased CAA-CTA and
decreased CAA-AAA mutations. Hence, base-substitu-
tion mutations may be involved in the hepatocarcino-
genicity of dichloroacetic acid.

Humans

No studies have been reported on the carcinogenicity of
dibromoacetate in humans per se; however, several stud-
ies have examined cancer risks associated with exposure
to disinfection by-products. A meta-analysis of epi-
demiology studies published before 1989 on cancer and
chlorination by-products in drinking water yielded a rel-
ative risk estimate of 1.21 [95% confidence interval
(CD): 1.09 to 1.34] for bladder cancer and 1.38 (95% CI:
1.01 to 1.87) for rectal cancer (Morris et al., 1992). A
population-based case-control study in Colorado also
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found an association between prolonged exposures to
chlorinated surface water and increased bladder cancer
risk in men and women for both smokers and nonsmok-
ers (McGeehin ef al., 1993). An elevation in brain can-
cer risk was also associated with exposure to chlorinated
surface water (Cantor et al., 1999).

Dichloroacetate is listed as likely to be carcinogenic in
humans by the United States Environmental Protection
Agency (USEPA, 2003). Based on sufficient evidence
of carcinogenicity in experimental animals, dichloroac-
etate was listed by the International Agency for
Research on Cancer (IARC, 2004) as possibly carcino-
genic to humans (Group 2B).

GENETIC ToXiCcITY

Several studies have demonstrated genotoxicity of
dihaloacetates. Both dibromoacetate and dichloroac-
etate induced DNA damage in the Escherichia coli SOS
repair assay, and both were mutagenic in Salmonella
typhimurium strain TA100 in an Ames fluctuation test
(Giller et al., 1997). Dibromoacetate and dichloroac-
etate were also reported to be mutagenic in
S. typhimurium strains TA98 and TA100 with and with-
out metabolic activation (Kargalioglu et al., 2002);
however, dibromoacetate was the more potent mutagen
in these two strains. In strain RSJ100, a derivative of
TA1535 containing a rat GSTT1-1 gene, dichloroacetate
was mutagenic, but dibromoacetate was not. Dibromo-
acetate also induced DNA strand breaks in Chinese ham-
ster ovary cells as measured by the Comet assay (Plewa
et al., 2002); dichloroacetate was not genotoxic in this
assay. Administration of dibromoacetate or bromo-
chloroacetate in drinking water to male B6C3F, mice at
concentrations of 0.1, 0.5, or 2.0 g/LL for 3 weeks pro-
duced increases in the content of 8-hydroxy-
deoxyguanosine in liver nuclear DNA; this effect,
indicative of oxidative DNA damage, was not seen after
administration of dichloroacetate (Parrish ef al., 1996).
A metabolite of dihaloacetate biotransformation, gly-
oxylate, is mutagenic in S. typhimurium strains TA97,
TA100, and TA104 in the absence of S9; glyoxylate was
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mutagenic in strain TA102 in the presence of S9 (Sayato
etal., 1987).

Dichloroacetate induced prophage lambda in E. coli and
mutations in S. typhimurium strain TA100 that were pri-
marily GC-AT transitions (DeMarini et al., 1994). An
increase in mutant frequency was observed in the liver
of transgenic male B6C3F, mice (harboring the bacter-
ial lacl gene) that were exposed to 1.0 or 3.5¢g
dichloroacetate/L drinking water for 60 weeks (Leavitt
et al., 1997); mutations were primarily GC~AT transi-
tions, as well as transitions and transversions at TA sites.
In addition, dichloroacetate induced gene mutations and
chromosome aberrations in L5178Y/TK"" mouse lym-
phoma cells (Harrington-Brock er al., 1998). Male
B6C3F, mice were exposed to dichloroacetate in drink-
ing water at concentrations of 0.5, 1, 2, or 3.5 g/L for up
to 31 weeks and evaluated for genotoxic effects in
peripheral blood (Fuscoe et al., 1996). Small but signif-
icant increases were observed in the frequencies of poly-
chromatic and normochromatic erythrocytes; in
addition, the authors suggested that dichloroacetate may
also cause DNA crosslinking because DNA migration
from leukocytes of exposed mice was decreased in the
Comet assay. In contrast to many of the above studies
that indicate genotoxic activity of dichloroacetate, Fox
et al. (1996) reported that sodium dichloroacetate did
not induce mutations in Salmonella, E. coli, or L5178Y
mouse lymphoma cells, did not induce chromosomal
aberrations in Chinese hamster ovary cells, and did not
induce micronuclei in rat bone marrow cells.

STUDY RATIONALE

Dibromoacetic acid was nominated to the NTP by the
United States Environmental Protection Agency for tox-
icity and carcinogenicity studies in rats and mice
because of widespread human exposure to this bromi-
nated water disinfection by-product and because a
related dihaloacetate, dichloroacetate, was found to be
carcinogenic to the liver of rats and mice. Drinking
water was selected as the route of exposure to mimic
human exposure to this chemical.
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MATERIALS AND METHODS

PROCUREMENT
AND CHARACTERIZATION

OF DIBROMOACETIC ACID

Dibromoacetic acid was obtained from Fluka (Buchs,
Switzerland) in one lot (46019/1 55196). Lot
46019/1 55196 was used in the 2-week, 3-month and
2-year studies. Identity, purity, and stability analyses
were conducted by the analytical chemistry laboratory at
Battelle Columbus Operations (Columbus, OH) and by
the study laboratory at Southern Research Institute
(Birmingham, AL) (Appendix I). Karl Fischer titration,
elemental analysis, and melting point determination
were performed by Galbraith Laboratories, Inc.
(Knoxville, TN).

Lot 46019/1 55196, a clumped white powder or moist
white crystalline solid, was identified as dibromoacetic
acid by the study laboratory using infrared spectroscopy
and by the analytical chemistry laboratory using
infrared, ultraviolet/visible, and proton and carbon-13
nuclear magnetic resonance spectroscopy. The purity of
lot 46019/1 55196 was determined by the analytical lab-
oratory using functional group titration, ion chromatog-
raphy, and high performance liquid chromatography
(HPLC) and by the study laboratory using HPLC.

Karl Fischer titration indicated 0.27% water. Elemental
analyses for carbon, hydrogen, and bromine were in
agreement with the theoretical values for dibromoacetic
acid. The melting point determination was slightly
higher (38.6° C) than that given by the manufacturer’s
certificate of analysis and Material Safety Data Sheet
(32° to 38° C). Functional group titration indicated a
purity of greater than 100% which was consistent with
the manufacturer’s certificate of analysis. Ion chromato-
graphy (IC) indicated one major peak and two impurities
with a combined area of 3.4% (3.2% and 0.2%). Using
HPLC and standard addition, the 3.2% impurity seen by
IC was found to have the same retention time as mono-
bromoacetic acid and was shown to be overestimated by
IC. HPLC, with standard addition, indicated one major
peak and one impurity with a relative peak area of
0.34%. The overall purity was determined to be greater
than 99%.

Stability studies of the bulk chemical were performed by
the analytical chemistry laboratory using HPLC. These
studies indicated that dibromoacetic acid showed no
degradation after 15 days when stored protected from
light at temperatures up to 60° C. To ensure stability, the
bulk chemical was stored at room temperature, protected
from light, in sealed amber glass containers.

PREPARATION AND ANALYSIS

OF DOSE FORMULATIONS

The dose formulations were prepared once during the
2-week studies, four times during the 3-month studies,
and approximately every 2 weeks throughout the 2-year
studies. The dose formulations were prepared by mixing
dibromoacetic acid with tap water. Formulations were
adjusted to pH 5 with 0.1 N sodium hydroxide and
stored in sealed opaque glass or Nalgene® containers at
5° C for up to 42 days.

Homogeneity studies of 125 and 2,000 mg/mL formula-
tions were conducted by the study laboratory, and stabil-
ity studies of a 10 pg/mL formulation (pH 5) were
conducted by the analytical study laboratory using IC.
Homogeneity was confirmed, and stability was con-
firmed for up to 42 days when stored at 5° C in sealed
opaque glass or Nalgene® containers and at animal room
conditions for up to 3 days.

Periodic analyses of the dose formulations of dibro-
moacetic acid were conducted by the study laboratory
using IC. During the 2-week studies, the dose formula-
tions were analyzed once; all five of the dose formula-
tions for rats and mice were within 10% of the target
concentrations, with no value greater than 10% of the
target concentration. Animal room samples of these
dose formulations were also analyzed; all 23 samples
analyzed were within 10% of the target concentrations.
During the 3-month studies, the dose formulations were
analyzed at the beginning, midpoint, and end of the stud-
ies; all 20 of the dose formulations used for rats and mice
were within 10% of the target concentrations, with no
value more than 9% from the target concentration.
Animal room samples of these dose formulations were
also analyzed; 26 of 30 samples were within 10% of the
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target concentrations. During the 2-year studies, the
dose formulations were analyzed approximately every 7
to 8 weeks. All 34 of the dose formulations analyzed
were within 10% of the target concentrations. Animal
room samples of these dose formulations were also ana-
lyzed; 23 of 24 samples were within 10% of the target
concentrations.

2-WEEK STUDIES

Male and female F344/N rats and B6C3F, mice were
obtained from Taconic Farms, Inc. (Germantown, NY).
On receipt, the rats and mice were 4 weeks old. Animals
were quarantined for 12 (mice) or 13 (rats) days and
were 6 weeks old on the first day of the studies. Groups
of five male and five female rats and mice were exposed
to 0, 125, 250, 500, 1,000, or 2,000 mg dibromoacetic
acid/L in the drinking water for 15 days. Feed and water
were available ad libitum. Rats and female mice were
housed five per cage, and male mice were house indi-
vidually. Clinical findings were recorded daily for rats
and mice. Water consumption was recorded weekly for
a 7-day period. The animals were weighed initially, on
day 8, and at the end of the studies. Details of the study
design and animal maintenance are summarized in
Table 1.

Necropsies were performed on all animals. The heart,
right kidney, liver, lung, right testis, and thymus were
weighed. Histopathologic examinations were performed
on the kidney, liver, lung, and testis of 0 and 2,000 mg/L
rats and mice; these tissues were examined to a no-effect
level in the remaining exposure groups.

3-MONTH STUDIES

The 3-month studies were conducted to evaluate the
cumulative toxic effects of repeated exposure to dibro-
moacetic acid and to determine the appropriate exposure
concentrations to be used in the 2-year studies.

Male and female F344/N rats and B6C3F, mice were
obtained from Taconic Farms, Inc. (Germantown, NY).
On receipt, the rats and mice were 4 weeks old. Rats
were quarantined for 11 (males) or 12 (females) days,
and mice were quarantined for 13 (females) or
14 (males) days; rats and mice were 6 weeks old on the
first day of the studies. Before the studies began, five
male and five female rats and mice were randomly
selected for parasite evaluation and gross observation for
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evidence of disease. At the end of the studies, serologic
analyses were performed on five male and five female
control rats and mice using the protocols of the NTP
Sentinel Animal Program (Appendix L).

Groups of 10 male and 10 female rats and mice were
exposed to 0, 125, 250, 500, 1,000, or 2,000 mg dibro-
moacetic acid/L in the drinking water for 3 months;
groups of 10 male and 10 female special study rats and
mice were exposed to the same concentrations for
4 weeks. Feed and water were available ad libitum.
Rats and female mice were housed five per cage, and
male mice were housed individually. Clinical findings
were recorded weekly for core study rats and mice.
Water consumption was measured weekly for a 7-day
period. The animals were weighed initially, weekly, and
at the end of the studies. Details of the study design and
animal maintenance are summarized in Table 1.

Blood was collected from the retroorbital sinus of spe-
cial study rats on days 4 and 21 and from core study rats
and mice at the end of the studies for hematology (rats
and mice) and clinical chemistry (rats) analyses.
Animals were anesthetized with a CO,/O, mixture. The
parameters measured are listed in Table 1. Blood sam-
ples for hematology were placed in tubes containing
EDTA. Erythrocyte, platelet, and leukocyte counts;
hematocrit value; hemoglobin concentration; and mean
cell volume, hemoglobin, and hemoglobin concentration
were determined using a Technicon H-1™ (Bayer
HealthCare LLC, Tarrytown, NY) with reagents from
Bayer, Inc. (Tustin, CA), R&D Systems, Inc.
(Minneapolis, MN), or Fisher Scientific (Norcross, GA).
Reticulocytes were counted using a Coulter Model Elite
XL Flow Cytometer (Coulter Corp., Miami, FL) with
reagents supplied by the manufacturer or Molecular
Probes (Eugene, OR). Samples for clinical chemistry
analyses were placed in tubes with no anticoagulent.
Samples were analyzed using a Hitachi 911 automated
analyzer (Roche Diagnostics Corporation, Indianapolis,
IN) with reagents from Boehringer Mannheim
Biochemicals (Indianapolis, IN) or Sigma Chemical Co.
(St. Louis, MO), except sorbitol dehydrogenase was
measured using a Cobas Fara chemistry analyzer (Roche
Diagnostics Corporation).

On day 22 and for 5 days thereafter, 0.4 mg/mL BrdU
was added to the drinking water of groups of 10 special
study rats and mice. These animals were weighed and
then sacrificed by CO, asphyxiation on day 27 for cell
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proliferation studies. The liver was weighed, and the
brain, colon, duodenum, kidney, liver, and urinary blad-
der were collected and fixed in 10% neutral buffered for-
malin for 18 to 24 hours, embedded in paraffin, and
shipped to NTP. The duodenum and liver from 0, 500,
1,000, and 2,000 mg/L rats and mice were shipped to
Pathology Associates Division of Charles River
Laboratories (Frederick, MD) for analyses of labeled
and unlabeled hepatocytes to determine the BrdU label-
ing index. Tissue sections were incubated with a mono-
clonal antibody to BrdU (Becton Dickenson 1:100 for
rats and Serotec 1:100 for mice) and reagents required
for the avidin-biotin peroxidase (Vectasin ABC peroxi-
dase kit, Vector Laboratories, Burlingame, CA) method
for the detection of the antigen-antibody complex. BrdU
incorporated into cells in S phase was localized by the
chromagen 3,3’-diaminobenzidine tetrahydrochloride,
and tissues were counterstained with hematoxylin. The
percentage of nuclear-stained hepatocytes was scored in
at least 3,000 hepatocytes in 10 fields per slide at 200x.

At the end of the 3-month studies, samples were col-
lected for sperm count and motility and vaginal cytology
evaluations on 10 male and 10 female core study rats
and mice exposed to 0, 500, 1,000, or 2,000 mg/L. The
parameters evaluated are listed in Table 1. For 12 con-
secutive days prior to scheduled terminal sacrifice, the
vaginal vaults of the females were moistened with
saline, if necessary, and samples of vaginal fluid and
cells were stained. Relative numbers of leukocytes,
nucleated epithelial cells, and large squamous epithelial
cells were determined and used to ascertain estrous cycle
stage (i.e., diestrus, proestrus, estrus, and metestrus).
Male animals were evaluated for sperm count and motil-
ity. The left testis and left epididymis were isolated and
weighed. The tail of the epididymis (cauda epididymis)
was then removed from the epididymal body (corpus
epididymis) and weighed. Test yolk (rats) or modified
Tyrode’s buffer (mice) was applied to slides, and a small
incision was made at the distal border of the cauda epi-
didymis. The sperm effluxing from the incision were
dispersed in the buffer on the slides, and the numbers of
motile and nonmotile spermatozoa were counted for five
fields per slide by two observers. Following completion
of sperm motility estimates, each left cauda epididymis
was placed in buffered saline solution. Caudae were
finely minced, and the tissue was incubated in the saline
solution and then heat fixed at 65° C. Sperm density was
then determined microscopically with the aid of a hema-
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cytometer. To quantify spermatogenesis, the testicular
spermatid count was determined by removing the tunica
albuginea and homogenizing the left testis in phosphate-
buffered saline containing 10% dimethyl sulfoxide.
Homogenization-resistant spermatid nuclei were
counted with a hemacytometer.

Necropsies were performed on all core study rats and
mice. The heart, right kidney, liver, lung, right testis,
and thymus of core study animals were weighed.
Tissues for microscopic examination were fixed and pre-
served in 10% neutral buffered formalin, processed and
trimmed, embedded in paraffin, sectioned to a thickness
of 5 um, and stained with hematoxylin and eosin.
Complete histopathologic examinations were performed
on 0 and 2,000 mg/L rats and mice. Table 1 lists the tis-
sues and organs routinely examined.

2-YEAR STUDIES
Study Design

Groups of 50 male and 50 female rats and mice were
exposed to 0, 50, 500, or 1,000 mg dibromoacetic acid/L
in the drinking water for 105 to 106 weeks.

Source and Specification of Animals

Male and female F344/N rats and B6C3F, mice were
obtained from Taconic Farms, Inc. (Germantown, NY)
for use in the 2-year studies. Rats and mice were quar-
antined for 14 days before the beginning of the studies.
Five male and five female rats and mice were randomly
selected for parasite evaluation and gross observation of
disease. Rats and mice were approximately 6 weeks old
at the beginning of the studies. The health of the animals
was monitored during the studies according to the proto-
cols of the NTP Sentinel Animal Program (Appendix L).

Animal Maintenance

Male rats were housed up to three per cage, and female
rats and mice were housed five per cage; male mice were
housed individually. Feed and water were available
ad libitum. During the course of these studies, tap water
samples at the study laboratory were found to contain
44.7+22.6 ng/L  of dihaloacetic acids and
3.8 +2.9 ng/L of dibromoacetic acid. Cages and racks
were rotated twice weekly. Further details of animal
maintenance are given in Table 1. Information on feed
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composition and contaminants is

Appendix K.

provided in

Clinical Examinations and Pathology

All animals were observed twice daily. Clinical findings
were recorded at 4-week intervals beginning at week 5.
Water consumption was recorded weekly for the first
13 weeks, then for 7 days every 4 weeks. Body weights
were recorded on day 1, weekly during the first
13 weeks, at 4-week intervals thereafter, and at terminal
sacrifice.

Complete necropsies and microscopic examinations
were performed on all rats and mice. At necropsy, all
organs and tissues were examined for grossly visible
lesions, and all major tissues were fixed and preserved in
10% neutral buffered formalin, processed and trimmed,
embedded in paraffin, sectioned to a thickness of 5 um,
and stained with hematoxylin and eosin for microscopic
examination. For all paired organs (e.g., adrenal gland,
kidney, ovary), samples from each organ were examined.
Tissues examined microscopically are listed in Table 1.

Microscopic evaluations were completed by the study
laboratory pathologist, and the pathology data were
entered into the Toxicology Data Management System.
The slides, paraffin blocks, and residual wet tissues were
sent to the NTP Archives for inventory, slide/block
match, and wet tissue audit. The slides, individual ani-
mal data records, and pathology tables were evaluated
by an independent quality assessment laboratory. The
individual animal records and tables were compared for
accuracy, the slide and tissue counts were verified, and
the histotechnique was evaluated. For the 2-year studies,
a quality assessment pathologist evaluated slides from
all tumors and all potential target organs, which included
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the liver and lung of male and female rats and mice; the
epididymis, kidney, mediastinal lymph node, mesentery,
peritoneum, seminal vesicle, spleen, and testis of male
rats; the kidney, pancreatic islets, spleen, uterus, and
vagina of female rats; the bone marrow, eye, harderian
gland, kidney, mandibular lymph node, pancreatic islets,
and parathyroid gland of male mice; and the mesenteric
lymph node, pancreatic islets, spleen, and thymus of
female mice.

The quality assessment report and the reviewed slides
were submitted to the NTP Pathology Working Group
(PWG) chairperson, who reviewed the selected tissues
and addressed any inconsistencies in the diagnoses made
by the laboratory and quality assessment pathologists.
Representative histopathology slides containing exam-
ples of lesions related to chemical administration, exam-
ples of disagreements in diagnoses between the
laboratory and quality assessment pathologists, or
lesions of general interest were presented by the chair-
person to the PWG for review. The PWG consisted of
the quality assessment pathologist and other pathologists
experienced in rodent toxicologic pathology. This group
examined the tissues without any knowledge of dose
groups or previously rendered diagnoses. When the
PWG consensus differed from the opinion of the labora-
tory pathologist, the diagnosis was changed. Final diag-
noses for reviewed lesions represent a consensus
between the laboratory pathologist, reviewing patholo-
gist(s), and the PWG. Details of these review proce-
dures have been described, in part, by Maronpot and
Boorman (1982) and Boorman et al. (1985). For subse-
quent analyses of the pathology data, the decision of
whether to evaluate the diagnosed lesions for each tissue
type separately or combined was generally based on the
guidelines of McConnell et al. (1986).
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TABLE 1

Experimental Design and Materials and Methods in the Drinking Water Studies of Dibromoacetic Acid
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2-Week Studies

3-Month Studies

2-Year Studies

Study Laboratory
Southern Research Institute
(Birmingham, AL)

Strain and Species
F344/N rats
B6C3F, mice

Animal Source
Taconic Farms, Inc. (Germantown, NY)

Time Held Before Studies
Rats: 13 days
Mice: 12 days

Average Age When Studies Began

6 weeks

Date of First Exposure
Rats: November 25, 1998
Mice: November 24, 1998

Duration of Exposure
15 days

Date of Last Exposure
Rats: December 9, 1998
Mice: December 8, 1999

Necropsy Dates
Rats: December 9, 1998
Mice: December 8, 1998

Average Age at Necropsy
8 weeks

Size of Study Groups

5 males and 5 females

Method of Distribution

Animals were distributed randomly into
groups of approximately equal initial mean
body weights.

Animals per Cage
Rats: 5
Mice: 1 (males); 5 (females)

Method of Animal Identification
Tail tattoo

Southern Research Institute
(Birmingham, AL)

F344/N rats
B6C3F, mice

Taconic Farms, Inc. (Germantown, NY)

Rats: 11 (males) or 12 (females) days
Mice: 14 (males) or 13 (females) days

6 weeks

Rats: February 15 (males) or
16 (females), 1999

Mice: February 17 (females) or
18 (males), 1999

14 weeks

Rats: May 17 (males) or 18 (females), 1999
Mice: May 19 (females) or 20 (males), 1999

Rats: May 17 (males) or 18 (females), 1999
Mice: May 19 (females) or 20 (males), 1999

19 weeks

Core: 10 males and 10 females
Special Study: 10 males and 10 females

Same as 2-week studies

Rats: 5

Mice: 1 (males); 5 (females)

Tail tattoo

Southern Research Institute
(Birmingham, AL)

F344/N rats
B6C3F, mice

Taconic Farms, Inc. (Germantown, NY)

14 days

6 weeks

Rats: March 8, 2000

Mice: February 23, 2000

105 to 106 weeks

Rats: March 14, 2002
Mice: February 28, 2002

Rats: March 6-14, 2002
Mice: February 20-28, 2002

110 to 111 weeks

50 males and 50 females

Same as 2-week studies

Rats: 3 (males); 5 (females)
Mice: 1 (males); 5 (females)

Tail tattoo
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TABLE 1
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Experimental Design and Materials and Methods in the Drinking Water Studies of Dibromoacetic Acid

2-Week Studies

3-Month Studies

2-Year Studies

Diet

Irradiated NTP-2000 wafer rodent feed
(Zeigler Brothers, Inc., Gardners, PA),
available ad libitum

Water

Tap water (Birmingham, AL, municipal
water supply) provided in amber glass
bottles (Wheaton, Millville, NJ) with
Teflon®-lined caps and stainless steel sipper
tubes (Allentown Caging, Allentown, NJ),
available ad libitum, changed twice weekly

Cages

Solid bottom polycarbonate (Lab Products,
Inc., Maywood, NJ) changed once (male
mice) or twice weekly

Bedding

Heat-treated irradiated hardwood chips
(PJ. Murphy Forest Products, Corp.,
Montville, NJ); changed with cage once
(male mice) or twice weekly

Cage Filters
Reemay® spun-bonded polyester (Andico,
Birmingham, AL) changed every 2 weeks

Racks
Stainless steel (Lab Products, Inc.,
Maywood, NJ) changed every 2 weeks

Animal Room Environment
Temperature: 72° +3°F

Relative humidity: 50% + 15%
Room fluorescent light: 12 hours/day
Room air changes: 10/hour

Exposure Concentrations
0, 125, 250, 500, 1,000, or 2,000 mg/L
in drinking water

Type and Frequency of Observation
Observed twice daily; animals were weighed
initially, on day 8, and at the end of the

studies; clinical findings were recorded daily.

Water consumption was recorded weekly.

Irradiated NTP-2000 pelleted rodent feed
(Zeigler Brothers, Inc., Gardners, PA),
available ad libitum

Same as 2-week studies

Same as 2-week studies

Same as 2-week studies

Same as 2-week studies

Same as 2-week studies

Temperature: 72° +3° F

Relative humidity: 50% + 15%
Room fluorescent light: 12 hours/day
Room air changes: 10/hour

0, 125, 250, 500, 1,000, or 2,000 mg/L
in drinking water

Observed twice daily; core study animals
were weighed initially, weekly, and at the
end of the studies; clinical findings were
recorded weekly. Water consumption was
recorded weekly.

Same as 2-week studies

Same as 2-week studies

Same as 2-week studies

Same as 2-week studies

Same as 2-week studies

Same as 2-week studies

Temperature: 72° £ 3°F

Relative humidity: 50% + 15%
Room fluorescent light: 12 hours/day
Room air changes: 10/hour

0, 50, 500, or 1,000 mg/L in drinking water

Observed twice daily; animals were weighed
initially, weekly for the first 13 weeks, at
4-week intervals thereafter, and at the end of
the studies; clinical findings were recorded at
4-week intervals beginning at week 5. Water
consumption was recorded weekly for the
first 13 weeks, and every 4 weeks thereafter.
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TABLE 1
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Experimental Design and Materials and Methods in the Drinking Water Studies of Dibromoacetic Acid

2-Week Studies

3-Month Studies

2-Year Studies

Method of Sacrifice
CO , asphyxiation

Necropsy

Necropsies were performed on all animals.
Organs weighed were the heart, right kidney,
liver, lung, right testis, and thymus.

Clinical Pathology
None

Histopathology

Microscopic examinations were performed
on 0 and 2,000 mg/L animals. In addition to
gross lesions and tissue masses, the
following tissues were examined to a
no-effect level: kidney, liver, lung, testis,
and thymus.

(6[0) N asphyxiation

Necropsies were performed on all core study
animals. Organs weighed were the heart,
right kidney, liver, lung, right testis, and
thymus.

Blood was collected from the retroorbital
sinus of special study rats on days 4 and 21
and from core study rats and mice at the end
of the studies for hematology (rats and mice)
and clinical chemistry (rats).

Hematology: hematocrit; hemoglobin
concentration; erythrocyte, reticuloctye, and
platelet counts; erythrocyte morphology;
mean cell volume; mean cell hemoglobin;
mean cell hemoglobin concentration; and
leukocyte count and differentials

Clinical chemistry: urea nitrogen,
creatinine, total protein, albumin, alanine
aminotransferase, alkaline phosphatase,
creatine kinase, sorbitol dehydrogenase, and
bile acids

Complete histopathologic examinations were
performed on core study animals exposed to
0 or 2,000 mg/L. In addition to gross lesions
and tissue masses, the following tissues were
examined to a no-effect level: adrenal gland,
bone with marrow, brain, clitoral gland,
esophagus, gallbladder (mice), heart and
aorta, large intestine (cecum, colon, rectum),
small intestine (duodenum, jejunum, ileum),
kidney, liver, lung, lymph nodes (mandibular
and mesenteric), mammary gland, nose,
ovary, pancreas, parathyroid gland, pituitary
gland, preputial gland, prostate gland,
salivary gland, seminal vesicle, skin, spleen,
stomach (forestomach and glandular), testis
with epididymis, thymus, thyroid gland,
trachea, urinary bladder, and uterus.

CO2 asphyxiation

Necropsies were performed on all animals.

None

Complete histopathologic examinations were
performed on all animals. In addition to
gross lesions and tissue masses, the
following tissues were examined: adrenal
gland, bone with marrow, brain, clitoral
gland, esophagus, eye, gallbladder (mice),
harderian gland, heart and aorta, large
intestine (cecum, colon, rectum), small
intestine (duodenum, jejunum, ileum),
kidney, liver, lung, lymph nodes (mandibular
and mesenteric), mammary gland, nose,
ovary, pancreas, parathyroid gland, pituitary
gland, preputial gland, prostate gland,
salivary gland, seminal vesicle, skin, spleen,
stomach (forestomach and glandular), testis
with epididymis, thymus, thyroid gland,
trachea, urinary bladder, and uterus.
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TABLE 1
Experimental Design and Materials and Methods in the Drinking Water Studies of Dibromoacetic Acid

2-Week Studies 3-Month Studies 2-Year Studies

Sperm Motility

and Vaginal Cytology

None At the end of the studies, sperm samples None
were collected from core study male animals
in the 0, 500, 1,000, and 2,000 mg/L groups
for sperm count and motility evaluations.
The following parameters were evaluated:
spermatid heads per testis and per gram
testis, spermatid counts, and epididymal
spermatozoal motility and concentration.
The left cauda, left epididymis, and left testis
were weighed. Vaginal samples were
collected for up to 12 consecutive days prior
to the end of the studies from core study
female animals in the 0, 500, 1,000, and
2,000 mg/L groups for vaginal cytology
evaluations. The estrous cycle length was
evaluated.

Cell Proliferation
None From days 22 to 27, BrdU was added to the None
drinking water of special study rats and mice.
On day 27, the livers of these animals were
weighed, and the brain, colon, duodenum,
kidney, liver, and urinary bladder were
collected and fixed. The duodenum and liver
of 0, 500, 1,000, and 2,000 mg/L rats and
mice were evaluated for BrdU-labeled and
unlabeled cells.
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STATISTICAL METHODS

Survival Analyses

The probability of survival was estimated by the prod-
uct-limit procedure of Kaplan and Meier (1958) and is
presented in the form of graphs. Animals found dead of
other than natural causes or missing were censored from
the survival analyses; animals dying from natural causes
were not censored. Statistical analyses for possible
dose-related effects on survival used Cox’s (1972)
method for testing two groups for equality and Tarone’s
(1975) life table test to identify dose-related trends. All
reported P values for the survival analyses are two sided.

Calculation of Incidence

The incidences of neoplasms or nonneoplastic lesions
are presented in Tables A1, AS, B1, B5, C1, C5, D1, and
D5 as the numbers of animals bearing such lesions at a
specific anatomic site and the numbers of animals with
that site examined microscopically. For calculation of
statistical significance, the incidences of most neoplasms
(Tables A3, B3, C3, and D3) and all nonneoplastic
lesions are given as the numbers of animals affected at
each site examined microscopically. However, when
macroscopic examination was required to detect neo-
plasms in certain tissues (e.g., harderian gland, intestine,
mammary gland, and skin) before microscopic evalua-
tion, or when neoplasms had multiple potential sites of
occurrence (e.g., leukemia or lymphoma), the denomina-
tors consist of the number of animals on which a
necropsy was performed. Tables A3, B3, C3, and D3
also give the survival-adjusted neoplasm rate for each
group and each site-specific neoplasm. This survival-
adjusted rate (based on the Poly-3 method described
below) accounts for differential mortality by assigning a
reduced risk of neoplasm, proportional to the third
power of the fraction of time on study, only to site-
specific, lesion-free animals that do not reach terminal
sacrifice.

Analysis of Neoplasm

and Nonneoplastic Lesion Incidences

The Poly-k test (Bailer and Portier, 1988; Portier and
Bailer, 1989; Piegorsch and Bailer, 1997) was used to
assess neoplasm and nonneoplastic lesion prevalence.
This test is a survival-adjusted quantal-response proce-
dure that modifies the Cochran-Armitage linear trend
test to take survival differences into account. More
specifically, this method modifies the denominator in the
quantal estimate of lesion incidence to approximate
more closely the total number of animal years at risk.
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For analysis of a given site, each animal is assigned a
risk weight. This value is one if the animal had a lesion
at that site or if it survived until terminal sacrifice; if the
animal died prior to terminal sacrifice and did not have a
lesion at that site, its risk weight is the fraction of the
entire study time that it survived, raised to the kth power.

This method yields a lesion prevalence rate that depends
only upon the choice of a shape parameter for a Weibull
hazard function describing cumulative lesion incidence
over time (Bailer and Portier, 1988). Unless otherwise
specified, a value of k=3 was used in the analysis of site-
specific lesions. This value was recommended by Bailer
and Portier (1988) following an evaluation of neoplasm
onset time distributions for a variety of site-specific neo-
plasms in control F344/N rats and B6C3F | mice (Portier
et al., 1986). Bailer and Portier (1988) showed that the
Poly-3 test gave valid results if the true value of k was
anywhere in the range from 1 to 5. A further advantage
of the Poly-3 method is that it does not require lesion
lethality assumptions. Variation introduced by the use of
risk weights, which reflect differential mortality, was
accommodated by adjusting the variance of the Poly-3
statistic as recommended by Bieler and Williams (1993).

Tests of significance included pairwise comparisons of
each exposed group with controls and a test for an over-
all exposure-related trend. Continuity-corrected Poly-3
tests were used in the analysis of lesion incidence, and
reported P values are one sided. The significance of
lower incidences or decreasing trends in lesions is repre-
sented as 1-P with the letter N added (e.g., P=0.99 is
presented as P=0.01N).

Analysis of Continuous Variables

Two approaches were employed to assess the signifi-
cance of pairwise comparisons between exposed and
control groups in the analysis of continuous variables.
Organ and body weight data, which historically have
approximately normal distributions, were analyzed with
the parametric multiple comparison procedures of
Dunnett (1955) and Williams (1971, 1972).
Hematology, clinical chemistry, spermatid, and epididy-
mal spermatozoal data, which have typically skewed dis-
tributions, were analyzed using the nonparametric
multiple comparison methods of Shirley (1977) (as mod-
ified by Williams, 1986) and Dunn (1964). Jonckheere’s
test (Jonckheere, 1954) was used to assess the signifi-
cance of the dose-related trends and to determine
whether a trend-sensitive test (Williams® or Shirley’s
test) was more appropriate for pairwise comparisons
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than a test that does not assume a monotonic dose-
related trend (Dunnett’s or Dunn’s test). Prior to statis-
tical analysis, extreme values identified by the outlier
test of Dixon and Massey (1957) were examined by NTP
personnel, and implausible values were eliminated from
the analysis. Average severity values were analyzed for
significance with the Mann-Whitney U test (Hollander
and Wolfe, 1973). Because vaginal cytology data are
proportions (the proportion of the observation period
that an animal was in a given estrous stage), an arcsine
transformation was used to bring the data into closer
conformance with a normality assumption. Treatment
effects were investigated by applying a multivariate
analysis of variance (Morrison, 1976) to the transformed
data to test for simultaneous equality of measurements
across exposure concentrations. The BrdU labeling
index was analyzed for significance using the Student’s
t-test (two sided, unequal variance).

Historical Control Data

The concurrent control group represents the most valid
comparison to the treated groups and is the only control
group analyzed statistically in NTP bioassays. However,
historical control data are often helpful in interpreting
potential treatment-related effects, particularly for
uncommon or rare neoplasm types. For meaningful
comparisons, the conditions for studies in the historical
database must be generally similar. One significant
factor affecting the background incidence of neoplasms
at a variety of sites is diet. In 1995, the NTP incorpo-
rated a new diet (NTP-2000) that contains less protein
and more fiber and fat than the NIH-07 diet previously
used in toxicity and carcinogenicity studies (Rao, 1996,
1997). The current NTP historical database contains all
studies that use the NTP-2000 diet with histopathology
findings completed up to the present. A second potential
source of variability is route of administration. In gen-
eral, the historical database for a given study will include
studies using the same route of administration, and the
overall incidences of neoplasms for all routes of admin-
istration are included for comparison, including the pres-
ent study.

QUALITY ASSURANCE METHODS

The 3-month and 2-year studies were conducted in com-
pliance with Food and Drug Administration Good
Laboratory Practice Regulations (21 CFR, Part 58). In
addition, as records from the 2-year studies were sub-
mitted to the NTP Archives, these studies were audited
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retrospectively by an independent quality assurance con-
tractor. Separate audits covered completeness and accu-
racy of the pathology data, pathology specimens, final
pathology tables, and a draft of this NTP Technical
Report. Audit procedures and findings are presented in
the reports and are on file at NIEHS. The audit findings
were reviewed and assessed by NTP staff, and all com-
ments were resolved or otherwise addressed during the
preparation of this Technical Report.

GENETIC TOXICOLOGY

The genetic toxicity of dibromoacetic acid was assessed
by testing the ability of the chemical to induce mutations
in various strains of Salmonella typhimurium and
increases in the frequency of micronucleated erythro-
cytes in peripheral blood of exposed mice. Micronuclei
(literally “small nuclei” or Howell-Jolly bodies) are bio-
markers of induced structural or numerical chormosomal
alterations and are formed when acentric fragments or
whole chomosomes fail to incorporate into either of two
daughter nuclei during cell division (Schmid, 1975;
Heddle et al., 1983). The protocols for these studies and
the results are given in Appendix E.

The genetic toxicity studies have evolved from an earlier
effort by the NTP to develop a comprehensive database
permitting a critical anticipation of a chemical’s car-
cinogenicity in experimental animals based on numerous
considerations, including the molecular structure of the
chemical and its observed effects in short-term in vitro
and in vivo genetic toxicity tests (structure-activity
relationships). The short-term tests were originally
developed to clarify proposed mechanisms of chemical-
induced DNA damage based on the relationship between
electrophilicity and mutagenicity (Miller and Miller,
1977) and the somatic mutation theory of cancer (Straus,
1981; Crawford, 1985). However, it should be noted
that not all cancers arise through genotoxic mechanisms.

DNA reactivity combined with Sa/monella mutagenicity
is highly correlated with induction of carcinogenicity in
multiple species/sexes of rodents and at multiple tissue
sites (Ashby and Tennant, 1991). A positive response in
the Salmonella test was shown to be the most predictive
in vitro indicator for rodent carcinogenicity (89% of the
Salmonella mutagens are rodent carcinogens) (Tennant
etal., 1987; Zeiger et al., 1990). Additionally, no bat-
tery of tests that included the Salmonella test improved
the predictivity of the Salmonella test alone. However,
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these other tests can provide useful information on the
types of DNA and chromosomal damage induced by the
chemical under investigation.

The predictivity for carcinogenicity of a positive
response in acute in vivo bone marrow chromosome
aberration or micronucleus tests appears to be less than
that in the Salmonella test (Shelby ef al., 1993; Shelby
and Witt, 1995). However, clearly positive results in
long-term peripheral blood micronucleus tests have high
predictivity for rodent carcinogenicity (Witt et al,
2000); negative results in this assay do not correlate well
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with either negative or positive results in rodent carcino-
genicity studies. Because of the theoretical and
observed associations between induced genetic damage
and adverse effects in somatic and germ cells, the deter-
mination of in vivo genetic effects is important to the
overall understanding of the risks associated with expo-
sure to a particular chemical. Most organic chemicals
that are identified by the International Agency for
Research on Cancer as human carcinogens, other than
hormones, are genotoxic. The vast majority of these are
detected by both the Salmonella assay and rodent bone
marrow cytogenetics tests (Shelby, 1988; Shelby and
Zeiger, 1990).
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RESULTS

RATS

2-WEEK STUDY

All rats survived to the end of the study (Table 2). Final
mean body weights of male and female rats were similar
to those of the controls; mean body weight gains of
1,000 mg/L males and of 500 mg/L females were signif-
icantly greater than those of the controls. Water con-
sumption by exposed and control groups was similar.
Drinking water concentrations of 125, 250, 500, 1,000,
and 2,000 mg/L resulted in average daily doses of
approximately 17, 31, 67, 134, and 270 mg dibro-
moacetic acid/kg body weight to males and 17, 33, 67,
135, and 257 mg/kg body weight to females. There

TABLE 2

were no clinical findings related to dibromoacetic acid
exposure.

Liver weights of all exposed groups of males and
females were significantly increased (Table G1).
Absolute and relative heart weights of male rats in the
2,000 mg/L group and relative heart weights of all other
groups of males and females exposed to 500 mg/L or
greater were significantly less than those of the controls.
Right testis weights of males exposed to 500 mg/L or
greater were significantly decreased.

Survival, Body Weights, and Water Consumption of Rats
in the 2-Week Drinking Water Study of Dibromoacetic Acid

b —_— Final Weight
Mean Body Weight™ (g) Relative Water
Concentration Survival Initial Final Change to Controls ConsumptionC
(mg/L) (%) Week 1 Week 2
Male
0 5/5 102 +3 161 £4 58+£2 14.5 14.8
125 5/5 101 +4 169 £6 68 +£3 105 154 15.4
250 5/5 104 + 4 167 £8 62+4 104 14.3 14.5
500 5/5 100+ 3 167 £5 67 £2 104 15.2 15.1
1,000 5/5 102 +4 171 +£4 69 + 3* 106 15.6 15.3
2,000 5/5 101 +3 166 £5 65 +3 103 15.2 15.6
Female
0 5/5 90 £3 1203 30+£2 12.1 11.8
125 5/5 86 £1 121 £2 35+£3 101 12.9 12.2
250 5/5 93+2 129 +£2 36 +1 107 13.6 12.7
500 5/5 87+3 125+3 38+ 1* 104 13.5 12.3
1,000 5/5 84 +2 118 +4 34+2 98 13.0 11.8
2,000 5/5 89+3 124 +£4 35+1 103 12.8 12.0
*  Significantly different (P<0.05) from the control group by Dunnett’s test
Z Number of animals surviving at 2 weeks/number initially in group
. Weights and weight changes are given as mean + standard error.

Water consumption is expressed as grams per animal per day.
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Histopathologically, testicular lesions were noted in
males exposed to 500 mg/L or higher concentrations.
The lesions were characterized by delays in spermiation.
Step 19 spermatids were retained and found in the outer-
most part of seminiferous epithelium adjacent to the
lumen in stages IX and X of the spermatogenic cycle.
These changes were occasionally accompanied by large
residual bodies. The overall severity of the lesions was
mild. In the 1,000 mg/L group, all five animals had
delayed spermiation with retained spermatids. In the
500 mg/L group, four animals had delayed spermiation
with retained spermatids, and a single animal was with-
out abnormalities. No abnormalities were observed in
the 250 mg/L group.

The incidences of minimal, diffuse hepatocytic cytoplas-
mic alteration were significantly increased in males
exposed to 500 mg/L or greater and in 2,000 mg/L
females (males: 0 mg/L, 0/5; 125 mg/L, 0/5; 250 mg/L,
2/5; 500 mg/L, 5/5; 1,000 mg/L, 5/5; 2,000 mg/L, 5/5;
females: 0 mg/L, 0/5; 1,000 mg/L, 0/5; 2,000 mg/L,
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5/5). Affected hepatocytes were considered minimally
enlarged, granular or vacuolated (up to 25% greater than
normal). The hepatocellular change caused the
appearance of tightly packed cells with resulting com-
pression of sinusoids. The cytoplasm of affected cells
appeared pale and stained lightly eosinophilic. The
hepatocellular cytoplasm in control rats was charac-
terized by a more homogenous and darker eosinophilic
staining appearance.

Exposure Concentration Selection Rationale: Based on
the lack of lethality, clinical signs of toxicity, water con-
sumption changes, and body weight changes, dibro-
moacetic acid exposure concentrations selected for the
3-month drinking water study in rats were 125, 250, 500,
1,000, and 2,000 mg/L. The 2,000 mg/L concentration
provides a dose of dibromoacetic acid that has been
reported to cause decreases in body weight gain and neu-
rologic effects in rats with exposures longer than
2 weeks.
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3-MONTH STUDY

All rats survived to the end of the study (Table 3). Final
mean body weights and body weight gains of male and
female rats receiving 2,000 mg/L were significantly less
than those of the controls. Water consumption by
2,000 mg/L males and females was less than that by con-
trols at weeks 1 and 13. Water consumption by all
exposed groups of females at week 13 was generally less
than that by controls. Drinking water concentrations of
125, 250, 500, 1,000, and 2,000 mg/L resulted in aver-
age daily doses of approximately 10, 20, 40, 90, and
166 mg dibromoacetic acid/kg body weight to males and

TABLE 3
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12, 23, 48, 93, and 181 mg/kg to females. There were no
clinical findings related to dibromoacetic acid exposure.

Liver weights of all exposed groups of males and
females were significantly increased (Table G2). Kidney
weights of males and females exposed to 500 mg/L or
greater were significantly increased. Heart weights of
male and female rats in the 2,000 mg/L groups were
decreased. Male rats in the 2,000 mg/L group had sig-
nificantly decreased testis weights. Lung weights were
decreased in the 2,000 mg/L females, and thymus
weights were decreased in 2,000 mg/L males and in
1,000 and 2,000 mg/L females.

Survival, Body Weights, and Water Consumption of Rats
in the 3-Month Drinking Water Study of Dibromoacetic Acid

Final Weight
Mean Body Weightb (g) Relative Water
Concentration Survival® Initial Final Change to Controls ConsumptionC
(mg/L) (%) Week 1 Week 13
Male

0 10/10 82 +1 327+5 245+ 4 14.1 16.4

125 10/10 80 £1 334+ 6 253 +6 102 14.1 15.3

250 10/10 82+2 335+4 253 +4 103 14.7 16.1

500 10/10 82+1 334+4 253 +4 102 15.1 16.5

1,000 10/10 83 +1 334+ 6 2516 102 16.5 16.5

2,000 10/10 81+2 298 + 3** 217 £ 3%* 91 13.1 15.7
Female

0 10/10 78 £1 192+£3 114+2 13.5 13.2

125 10/10 79+£2 190 £3 111+£2 99 13.3 12.7

250 10/10 77 +1 190 +£2 113+£2 99 12.8 11.9

500 10/10 76 £2 190 £3 114 +4 99 14.3 12.5

1,000 10/10 76 £1 188 +£3 111 +3 98 14.2 11.6

2,000 10/10 77 +1 169 + 2** 92 £ 2%* 88 12.6 11.4

** Significantly different (P<0.01) from the control group by Williams’ or Dunnett’s test

Number of animals surviving at 3 months/number initially in group
Weights and weight changes are given as mean + standard error.
Water consumption is expressed as grams per animal per day.
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Hematology and clinical chemistry data are listed in
Tables 4 and F1. There were changes in the erythron that
would be consistent with a very minimal ineffective
erythropoietic response in male and female rats. The
erythron alterations were generally characterized by
decreases in hematocrit, hemoglobin, mean cell volume,
and mean cell hemoglobin values. These changes were
small (~8% or less decrease) and occurred in the 1,000
and 2,000 mg/L male and female groups at multiple time
points. In males, these alterations were transient and
most consistently occurred in the 2,000 mg/L group on
day 21; by week 13, there were no differences in the
erythron variables between exposed and control animals.
In females, the decreases occurred on day 21 and,
though ameliorated, were also present at week 14. There
were no changes in red blood cell counts, suggesting the
treatment effect resulted in a minimal decrease in
erythrocyte size only; it was not deemed clinically
significant.

In the 2,000 mg/L male and female rats, a small decrease
in platelet counts (~15% or less decrease) occurred on
day 21 (males) and at week 14 (males and females). The
resulting platelet counts suggested a small effect on
platelet production, release, or peripheral distribution
and were not considered clinically significant.

In the female rats, there were changes in the leukon that
would generally be consistent with a physiological
stress- or steroid-induced response; the changes were
characterized by decreases in white blood cell and lym-
phocyte counts (Table F1). These changes were not
dose-related, were mild (~20% decrease), and occurred
in the 1,000 and 2,000 mg/L female groups at week 14.
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On day 4, there were increases in serum alkaline phos-
phatase activities and bile acid concentrations in male
and female rats. Alkaline phosphatase activity was
increased, but not in a dose-related manner in the
500 mg/L or greater males and females; bile acid con-
centrations were increased in the 1,000 and 2,000 mg/L
groups. The increases in these variables were transient,
and on day 21, they had either disappeared or reversed.
For example, alkaline phosphatase activities were
decreased by less than 20% in exposed male and female
animals on day 21. The increases observed for alkaline
phosphatase activity and bile acid concentration on
day 4 were consistent with an acute cholestatic event that
was transient and abrogated on day 21; the mechanism
for this effect is unknown.

On day 4, there were small decreases (~10% or less) in
serum albumin and/or total protein concentration in
2,000 mg/L male and female groups. This was a tran-
sient finding, which was replaced by increased albumin
and/or total protein concentration values on day 21. By
week 14, significantly increased concentrations (at
~15% or less) occurred in all exposed groups of male
and female rats. The increased total protein concentra-
tion was probably related to the increased albumin con-
centration, and since there are no known conditions in
which increased albumin production occurs, it would be
consistent with a physiological dehydration-type
response.

On day 21 and at week 14, decreases in alanine amino-
transferase activity occurred in exposed male and female
animals, which could suggest an altered enzyme metab-
olism or inhibition. Other scattered changes in the
hematological and clinical chemistry variables occurred
but were not considered toxicologically relevant.
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TABLE 4
Selected Hematology and Clinical Chemistry Data for Rats in the 3-Month Drinking Water Study
of Dibromoacetic Acid®

0 mg/L 125 mg/L 250 mg/LL 500 mg/L 1,000 mg/L 2,000 mg/L
Male
Hematology
n
Day 4 10 10 10 10 10 10
Day 21 10 10 10 10 10 10
Week 14 10 10 10 10 10 9
Hematocrit (%)
Day 4 453 +0.8 42.5+0.9 442 +0.7 437+£0.5 45.1+£0.9 45.7+£0.6
Day 21 462 +£0.7 455 +0.6 45.6 £0.6 453+0.5 455+0.6 42.8 £0.6%*
Week 14 46.8 +0.3 457 +0.5 454 +0.6 453 +£0.5* 455+0.3 453+0.3
Hemoglobin (g/dL)
Day 4 147 +£0.3 13.9+0.3 14.5+0.2 143 +0.2 147 +£0.3 15.1+0.2
Day 21 15.4+0.2 15.0+0.2 152+0.2 15.0+0.2 15.0+0.2 14.2 +£0.2%*
Week 14 p 154 +0.1 15.1+0.2 15.0 £0.1* 15.1+0.1 15.1+0.1 15.0 £0.1
Erythrocytes (10 /uL)
Day 4 7.30 £0.12 6.90 +£0.15 7.20 £0.11 7.11£0.11 7.49 +£0.16 7.66 +0.12
Day 21 7.65 +0.13 7.49 +£0.11 7.49 +£0.10 7.42 +0.06 7.63 £0.10 7.26 £0.11
Week 14 9.08 +0.08 8.86 +0.10 8.78 £0.11 8.80 +0.09 8.85+£0.07 8.89 +0.06
Mean cell volume (fL)
Day 4 62.0+0.3 61.6+0.3 61.5+04 61.4+0.2 60.3 +0.5% 59.7 £ 0.2%*
Day 21 60.5+0.3 60.8 £0.5 60.9 £ 0.4 61.1+04 59.7+0.3 59.0 £0.3*
Week 14 51.6 £0.2 51.5+0.2 51.7 +£0.1 51.5+0.2 51.5+0.2 50.9 +£0.2
Mean cell hemoglobin (pg)
Day 4 20.1 £0.1 20.1 £0.1 20.1 £0.1 20.0 0.1 19.7+£0.2 19.8 £0.1*
Day 21 20.1 £0.1 20.1 £0.2 20.4 +£0.1 20.3 £0.1 19.7 £0.1%* 19.6 £ 0.1%*
Week 14 N 17.0 £0.1 17.0 £0.1 17.1+0.1 17.2 0.1 17.0 £0.1 16.9 +0.1
Platelets (10" /uL)
Day 4 875.8 £ 15.7 920.8 +25.7 909.1 +13.9 939.0 £26.3 868.7 + 18.5 828.5+24.5
Day 21 869.2 + 18.6 883.7+13.5 859.6 £ 17.0 894.3 +19.7 836.8£9.9 742.2 + 14.8%*
Week 14 636.1 £9.9 629.0 +14.2 634.7 £ 12.6 646.5 +8.9 610.8 8.5 572.2 £ 12.3%*
Clinical Chemistry
n 10 10 10 10 10 10
Total protein (g/dL)
Day 4 55+0.1 53+0.1 53+0.1 54 +0.1 5.2 £0.0% 4.9 +£0.1%*
Day 21 6.3 +0.1 6.5+0.1 6.6 £0.1*% 6.5+0.1 6.5+0.1 6.0 0.1
Week 14 6.7 +£0.0 6.8 0.1 6.9 +£0.1* 6.9 +£0.1* 7.0 £0.1%* 6.9 £0.1%*
Albumin (g/dL)
Day 4 40+0.1 3.9+0.1 40+0.1 4.0+0.1 3.9+0.0 3.8 +£0.1%
Day 21 45+0.0 47+0.1 47 +0.1%* 47+0.1 47 +0.1%* 45+0.1
Week 14 48+0.0 49+0.1* 5.1+0.1%* 5.0 +£0.1%* 5.1 +0.0%* 5.2 £0.1%*
Alkaline phosphatase (IU/L)
Day 4 745 + 17 754 £ 14 769 £ 25 805 +22* 818 £ 17* 788 £ 17*
Day 21 556 +8 509 £ 11%* 515+ 16* 516 £ 11* 504 + 19%* 479 & TH*
Week 14 200 + 10 182 +4 201 £ 10 174 +9 186 £ 6 192 +6
Bile acids (umol/L)
Day 4 349 +3.1 339422 359+22 38.0 £2.7 52.8 +£3.3%* 53.2 £2.9%*
Day 21 249+1.5 262 +1.2 31.7 & 1.4%* 26.0 £ 0.9 29.0 1.7 242 +1.1

Week 14 204 +2.1 16.6 £ 1.7 13.6 £0.7* 18.5+1.7 17.8+1.9 169+1.5
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TABLE 4
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Selected Hematology and Clinical Chemistry Data for Rats in the 3-Month Drinking Water Study

of Dibromoacetic Acid

0 mg/L 125 mg/L 250 mg/LL 500 mg/L 1,000 mg/L 2,000 mg/L
Female
Hematology
n
Day 4 10 9 10 10 10 10
Day 21 10 10 10 9 9 10
Week 14 10 10 10 10 10 10
Hematocrit (%)
Day 4 43.5+0.6 445+0.5 45.1+£0.7 458 +1.2 455+0.7 46.6 = 1.0
Day 21 46.2+0.3 454+£0.4 449+0.5 46.8 £0.7 44.2 +(.4%* 43.4 +(.8%*
Week 14 424403 429+0.4 42.7+0.3 424+0.5 415+0.5 409 +0.5
Hemoglobin (g/dL)
Day 4 143+0.2 14.6 £0.2 14.8 £0.3 152+04 15.1+0.3 154403
Day 21 15.6 £0.1 153+0.2 153+0.2 15.7+0.2 15.0 £ 0.2* 14.7 £ 0.2%*
Week 14 6 13.7+£0.1 13.9 +£0.1 13.9+0.1 13.8 0.1 13.5+0.2 132 +£0.1%*
Erythrocytes (10 /uL)
Day 4 7.53 £0.11 7.71 £0.12 7.76 £ 0.15 7.96 +£0.19 7.90 +£0.14 8.23 £0.16%*
Day 21 7.98 +£0.07 7.77 +£0.06 7.70 £ 0.10 8.08 £0.13 7.73 £0.13 7.79 £0.15
Week 14 8.07 +£0.05 8.11 £0.05 8.13 £0.05 8.13+£0.10 8.06 +0.09 7.97 +0.08
Mean cell volume (fL)
Day 4 57.8+£0.3 57.8+04 582403 57502 57.7+0.3 56.7+0.5
Day 21 57.9+03 58.4+0.5 58.4+0.2 58.0+0.5 57.2+0.6 55.7 £ 0.3%*
Week 14 52.5+0.2 53.0+£0.2 52.6+0.2 52.1+£0.2 51.5+£0.2% 51.3 £0.2%*
Mean cell hemoglobin (pg)
Day 4 19.0 £0.1 19.0 £0.1 19.0 £0.1 19.0 £0.1 19.0 £0.1 18.7 +0.1
Day 21 19.6 £0.1 19.7 £0.1 19.9 £0.1 19.5£0.1 19.4 +£0.1 18.9 +£0.1%*
Week 143 17.0 £0.1 17.1 +£0.1 17.2 +0.1 17.0 £0.1 16.7 +0.1* 16.6 £0.1*
Platelets (107/uL)
Day 4 766.0 = 19.4 802.3 £23.6 800.1 +£24.8 794.9 +£25.8 820.2 +£21.1 744.6 £12.5
Day 21 7229 +19.2 815.3+24.9 803.8 +14.8 806.1 +£25.1 754.4+£224 705.3 +£19.8
Week 14 690.2 + 15.6 661.5+10.5 689.0 £ 154 674.7 +£10.7 660.1 +13.9 608.2 + 10.9%*
Clinical Chemistry
n
Day 4 10 9 10 10 10 10
Day 21 10 10 10 8 9 10
Week 14 10 10 10 10 10 10
Total protein (g/dL)
Day 4 5.6 +0.1 5.6 0.1 5.7+0.1 5.6 +0.1 53+0.1 52+0.1*
Day 21 6.2 +0.1 6.3 +0.1 6.3 +0.1 6.6 +0.1* 6.7 +£0.1%* 6.4 +0.1*
Week 14 6.7 +0.1 7.1 +0.1% 7.4 +£0.1%* 7.3 £0.1%* 7.5+0.1%* 7.4 £0.1%*
Albumin (g/dL)
Day 4 41+0.1 43+0.1 43+0.1 43+0.1 4.0+0.1 4.0+0.1
Day 21 4.6+0.1 4.8+0.1% 48 +0.1%* 4.9 +£0.1%* 5.140.1%* 5.0+0.1%*
Week 14 52402 5.6 £0.1* 59 +0.1%* 5.8 +£0.1%* 6.0 +£0.1%* 5.9 +£0.1%*
Alkaline phosphatase (IU/L)
Day 4 550 + 13 596 +24 582 +15 642 £ 25%* 674 £ 31%* 613 +£26%*
Day 21 374+ 10 355+8 341 £ 12% 356 £ 10 317 £ 9** 302 £ 10%**
Week 14 165+ 8 162 +7 162 +6 152+5 149 +5 142 + 6*
Bile acids (umol/L)
Day 4 21.5+2.0 229422 25.1+2.1 259+1.9 32.9 +£3.3%* 44.8 + 4.8%*
Day 21 24.0+2.4 17.5 £ 0.9% 203+1.2 204+ 1.6 18.2+0.9 18.1+0.7
Week 14 229 +2.1 25.6+2.9 20.7 +£2.7 225+2.8 23.0+3.1 249+2.8

*  Significantly different (P<0.05) from the control group by Dunn’s or Shirley’s test

**P<0.01

Mean =+ standard error. Statistical tests were performed on unrounded data.



Dibromoacetic Acid, NTP TR 537

Cell proliferation in the liver of 1,000 and 2,000 mg/L
male rats, but not in female rats, was significantly
greater than in the controls (Table 5). Eight of 10 males
in the 1,000 mg/L group had labeling indices greater
than the highest individual control value (data not
shown). The biological significance of this difference is
not clear since the increases were not dose-related and
increases in liver weights were the same for male and
female rats.

Treatment-related histopathological changes were noted
in the liver, pituitary gland, epididymis, testes, and
spleen.  Although treatment-related organ weight
changes were noted in the kidney, heart, lung, and thy-
mus, no corresponding microscopic changes were noted.

Testicular atrophy was noted in the 2,000 mg/L group,
and retained spermatids were observed in the 500 and
1,000 mg/L groups; 250 mg/L was the no-observed-
effect level (NOEL) for testicular lesions (Table 6;
Plates 1 and 2). Testicular atrophy was characterized by
marked degeneration/loss of germinal epithelium,
giant/syncytial cell formation, vacuolation of Sertoli
cells, mild nonsuppurative inflammation around some
venules, and more prominent interstitial cells. The tes-
ticular atrophy correlated with the decreased right testis
weight noted in this group. Gradation of the testicular
lesions was as follows: minimal (grade 1), depletion of
approximately 5% or less of germinal epithelium; mild
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(grade 2), depletion of approximately 6% to 20% of ger-
minal epithelium; moderate (grade 3), depletion of
approximately 21% to 50% of germinal epithelium;
marked (grade 4), depletion of approximately 51% or
greater of germinal epithelium. Hypospermia was sig-
nificantly increased in the epididymis, and sperm motil-
ity and spermatid heads were significantly reduced in
2,000 mg/L males (Tables 6 and H1).

Testicular changes seen in groups treated with 500 and
1,000 mg/L were similar to those seen in the 14-day
study. The lesions were characterized by delays in sper-
miation. Step 19 spermatids were retained and found in
the outermost part of the seminiferous epithelium adja-
cent to the lumen in stages IX and X of the spermato-
genic cycle.  These changes were occasionally
accompanied by large residual bodies. The overall
severity of the lesions was mild.

In the pituitary gland of male rats exposed to
2,000 mg/L, cellular hypertrophy was noted (Table 6).
This alteration was characterized by increased cytoplas-
mic pallor, enlargement, and vacuolation of the cells of
the pituitary gland pars distalis. This change is consid-
ered to be secondary to the testicular atrophy. The
hypertrophic cells are commonly called “castration
cells” and were seen following orchiectomy, considered
to be due to hypertrophy of the FSH LH secreting cells
(MacKenzie and Boorman, 1990).

BrdU Labeling Index in the Liver of Rats in the 3-Month Drinking Water Study of Dibromoacetic Acid®

0 mg/L 500 mg/L 1,000 mg/L 2,000 mg/L
Male
Labeling Index (%) 0.20 £0.10 1.07 £1.29 0.48 £ 0.26** 0.77 + 0.48*
Female b b
Labeling Index (%) 0.93 +0.37 0.83 +0.40 1.16 £0.71 0.88 = 0.66

* Significantly different (P<0.05) from the control group by Student’s #-test

** P<0.01
Data are presented as mean + standard deviation (n=10).

b n=9
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TABLE 6
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Incidences of Selected Nonneoplastic Lesions in Rats in the 3-Month Drinking Water Study

of Dibromoacetic Acid

0 mg/L 125 mg/L 250 mg/L 500 mg/L 1,000 mg/L 2,000 mg/L
Male
Testes” 10 10 10 10 10 10
Delayed Spermiation, .
Retained Spermatids 0 0 0 8** (1.6) 8** (2.0) 0
Germinal Epithelium, Atrophy 0 0 0 0 10%* (3.4)
Epididymis 10 10 10 10 10 9
Hypospermia 0 0 0 0 0 9%* (3.1)
Pituitary Gland 10 10 10 10 10 10
Pars Distalis, Hypertrophy 1 (1.0 0 0 0 0 6*  (1.3)
Liver 10 10 10 10 10 10
Hepatocyte,
Vacuolization, Cytoplasmic 3 (1.0 5 (1.0) 7 (1.0) 9% (1.3) 9% (1.3) 10** (2.0)
Female
Liver 10 10 10 10 10 10
Hepatocyte,
Vacuolization, Cytoplasmic 0 0 1 (1.0) 0 3 (1.0) 10** (1.5)
Spleen 10 10 10 10 10 10
Hematopoietic Cell Proliferation 0 0 0 0 0 4% (1.3)

*  Significantly different (P<0.05) from the control group by the Fisher exact test

** P<0.01
Number of animals with tissue examined microscopically
Number of animals with lesion

Average severity grade of lesions in affected animals: 1=minimal, 2=mild, 3=moderate, 4=marked

In the liver, an exposure concentration-related increase
in the centrilobular to midzonal glycogen-like hepato-
cellular vacuolization was noted in males in all exposed
groups and in females in the 1,000 and 2,000 mg/L
groups (Table 6). Involvement was characterized as
minimal to mild.

In the spleen, minimal to mild hematopoietic cell prolif-
eration was noted in females in the 2,000 mg/L group

(Table 6). This change was characterized by minimal
increases in the myeloid and erythroid precursors in the
red pulp.

Exposure Concentration Selection Rationale: Based on
decreased body weight gain, organ weight effects, and
severity of testicular lesions observed at 2,000 mg/L,
dibromoacetic acid exposure concentrations selected for
the 2-year drinking water study in rats were 50, 500, and
1,000 mg/L.
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2-YEAR STUDY

Survival

Estimates of 2-year survival probabilities for male and
female rats are shown in Table 7 and in the Kaplan-
Meier survival curves (Figure 2). Treatment with dibro-
moacetic acid had no effect on survival of male or
female rats.

Body Weights, Water and Compound
Consumption, and Clinical Findings

Mean body weights of 1,000 mg/L males and females
were less than those of the controls after week 29 and
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week 49, respectively, and those of 500 mg/L males
were less after week 57 (Figure 3; Tables 8 and 9).
Water consumption by males and females exposed to
1,000 mg/L was less than that by controls during year 2
of the study (Tables J1 and J2). Drinking water concen-
trations of 50, 500, and 1,000 mg/L resulted in average
daily doses of approximately 2, 20, and 40 mg/kg to
males and 2, 25, and 45 mg/kg to females.

Survival of Rats in the 2-Year Drinking Water Study of Dibromoacetic Acid

0 mg/LL 50 mg/L 500 mg/L 1,000 mg/L

Male

Animals initially in study 50 50 50 50
Accidental death” 0 0 0 1
Moribund 4 15 12 12
Natural deaths 12 11 8e 9
Animals surviving to study termination 34 24 30 28
Percent probability ot; survival at end of study 68 48 60 57
Mean survival (days) 683 676 652 666
Survival analysisd P=0.784 P=0.092 P=0.406 P=0.332
Female

Animals initially in study 50 50 50 50
Moribund 4 5 9 14
Natural deaths 11 6 ¢ 6 f 4
Animals surviving to study termination 35 39 35 32
Percent probability of survival at end of study 70 78 70 64
Mean survival (days) 690 705 693 683
Survival analysis P=0.232 P=0.427N P=1.000N P=0.674

Censored from survival analyses
Kaplan-Meier determinations
Mean of all deaths (uncensored, censored, and terminal sacrifice)

oo ow

The result of the life table trend test (Tarone, 1975) is in the control column, and the results of the life table pairwise comparisons
(Cox, 1972) with the controls are in the exposed group columns. A lower mortality in an exposed group is indicated by N.

o

Includes three animals that died during the last week of the study
Includes one animal that died during the last week of the study

s
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PROBABILITY OF SURVIVAL

MALE RATS
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FIGURE 2
Kaplan-Meier Survival Curves for Male and Female Rats Exposed to Dibromoacetic Acid
in Drinking Water for 2 Years
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FIGURE 3
Growth Curves for Male and Female Rats Exposed to Dibromoacetic Acid
in Drinking Water for 2 Years
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TABLE 8
Mean Body Weights and Survival of Male Rats in the 2-Year Drinking Water Study of Dibromoacetic Acid

Weeks 0 mg/L 50 mg/L 500 mg/L 1,000 mg/L
on Av. Wt. No. of Av. Wt. Wt. (% of No. of Av. Wt. Wt. (% of No. of Av. Wt. Wt. (% of No. of
Study (@ Survivors (€3] controls) Survivors (€9 controls) Survivors (€3} controls) Survivors
1 108 50 110 102 50 110 102 50 108 101 50
2 140 50 143 103 50 145 104 50 142 102 50
3 174 50 173 100 50 179 103 50 178 102 50
4 203 50 205 101 50 206 102 49 206 102 50
5 227 50 227 100 50 229 101 49 230 101 50
6 254 50 253 99 50 255 100 49 255 100 50
7 271 50 268 99 50 268 99 49 272 100 50
8 286 50 283 99 50 283 99 49 285 100 50
9 303 50 296 98 50 296 98 49 299 99 50
10 319 50 314 98 50 311 97 49 313 98 50
11 325 50 319 98 50 314 97 49 316 97 50
12 337 50 329 98 50 323 96 49 325 96 50
13 350 50 338 97 50 330 94 49 331 95 50
17 374 50 368 99 50 360 96 49 357 96 50
21 398 50 392 99 50 382 96 49 377 95 50
25 418 50 413 99 50 401 96 49 398 95 50
29 434 50 430 99 50 416 96 49 413 95 50
33 452 49 445 99 50 432 96 49 427 94 50
37 467 49 458 98 50 442 95 49 438 94 50
41 473 49 467 99 50 452 96 48 445 94 50
45 484 49 475 98 50 462 96 48 452 94 50
49 494 49 484 98 50 468 95 48 457 93 50
53 503 49 491 98 50 475 94 48 462 92 49
57 509 49 498 98 50 483 95 48 467 92 48
61 516 49 501 97 50 485 94 47 467 91 48
65 519 47 501 97 48 485 93 45 462 89 47
69 522 47 507 97 47 489 94 45 467 90 47
73 523 47 504 96 47 491 94 45 469 90 47
77 522 45 508 98 45 486 93 44 462 89 44
81 522 45 509 98 44 487 93 42 457 88 43
85 512 45 506 99 44 474 93 40 449 88 41
89 516 43 503 97 41 479 93 34 441 85 40
93 521 40 492 95 38 477 92 34 450 87 35
97 515 39 496 96 35 463 90 34 445 86 32
101 509 36 504 99 30 457 90 31 435 86 30
Mean for weeks
1-13 254 251 99 250 99 251 99
14-52 444 437 99 424 96 418 94

53-101 516 502 97 479 93 456 89
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TABLE 9
Mean Body Weights and Survival of Female Rats in the 2-Year Drinking Water Study of Dibromoacetic Acid

Weeks 0 mg/L 50 mg/L 500 mg/L 1,000 mg/L
on Av. Wt. No. of Av. Wt. Wt. (% of No. of Av. Wt. Wt. (% of No. of Av. Wt. Wt. (% of No. of
Study (€3} Survivors (@ controls) Survivors (€9 controls) Survivors (€3} controls) Survivors
1 92 50 92 101 50 92 101 50 95 104 50
2 112 50 114 102 50 116 104 50 119 106 50
3 126 50 126 100 50 130 103 50 132 105 50
4 140 50 140 100 50 145 103 50 147 105 50
5 152 50 150 99 50 154 102 50 156 103 50
6 160 50 159 100 50 163 102 50 163 102 50
7 167 50 166 99 50 170 102 50 171 102 50
8 171 50 170 99 50 174 102 50 173 102 50
9 176 50 174 99 50 178 101 50 179 102 50
10 181 50 181 100 50 184 102 50 183 101 50
11 185 50 183 99 50 184 100 50 184 100 50
12 190 50 187 98 50 189 99 50 189 99 50
13 192 50 189 98 50 190 99 50 189 98 50
17 207 50 204 99 50 205 99 50 207 100 50
21 219 50 219 100 50 219 100 50 215 98 50
25 220 49 218 99 50 220 100 50 218 99 50
29 229 49 225 98 50 228 100 50 225 98 50
33 239 49 235 99 50 236 99 50 236 99 50
37 244 49 242 99 50 242 99 50 241 99 49
41 251 49 251 100 50 250 100 50 243 97 49
45 258 49 257 100 50 252 98 50 249 97 49
49 265 49 265 100 50 259 98 50 254 96 49
53 276 49 276 100 50 272 99 50 260 94 49
57 287 49 286 100 49 278 97 50 268 93 49
61 294 49 295 100 49 288 98 50 272 93 48
65 306 49 305 100 49 292 95 48 281 92 48
69 312 49 313 101 49 298 96 48 288 93 48
73 317 49 319 101 49 307 97 47 292 92 48
77 326 48 324 99 46 316 97 46 294 90 48
81 332 48 329 99 46 317 95 46 296 89 48
85 334 48 333 100 46 316 95 46 301 90 45
89 342 43 338 99 46 324 95 45 304 89 44
93 346 39 347 100 46 326 94 41 307 89 40
97 350 37 347 99 45 332 95 39 303 86 36
101 351 35 340 97 40 336 96 37 306 87 32
Mean for weeks
1-13 157 156 100 159 102 160 102
14-52 237 235 99 235 99 232 98

53-101 321 319 100 308 96 290 91
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Toxicokinetics

After a single gavage dose of dibromoacetic acid (25, 50,
or 125 mg/kg) to male and female F344/N rats, the
plasma concentration versus time data can be described
by a one-compartment model with no lag phase and
first-order absorption and elimination for both males and
females (Appendix N). A comparison of the absorption
and elimination rate constants for all three gavage dose
groups to the elimination rate constant following a single
intravenous administration of 25 mg/kg indicated that
the gavage profiles were characteristic of a flip-flop
model, where the initial upward phase of the profile is a
measure of elimination and the terminal linear phase
actually reflects absorption. The elimination half-life
was approximately 6 to 12 minutes. Calculated values
for clearance, volume of distribution, and area under the
plasma concentration versus time curves (AUC) extrap-
olated to infinity were not accurate due to the flip-flop
kinetics; however, the AUC, ,.,. values were not
affected by extrapolation in the terminal linear phase.
This parameter increased with increasing dose, and the
increase was approximately dose-proportional.
Bioavailability increased with dose and ranged from
approximately 43% to 61% for males and 64% to 91%
for females.

TABLE 10
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Pathology and Statistical Analyses

This section describes the statistically significant or bio-
logically noteworthy changes in the incidences of malig-
nant mesothelioma and mononuclear cell leukemia and
neoplasms or nonneoplastic lesions of the liver, lung,
kidney, and pituitary gland. Summaries of the inci-
dences of neoplasms and nonneoplastic lesions, individ-
ual animal tumor diagnoses, statistical analyses of
primary neoplasms that occurred with an incidence of at
least 5% in at least one animal group, and historical inci-
dences for neoplasms mentioned in this section are pre-
sented in Appendix A for male rats and Appendix B for
female rats.

Malignant Mesothelioma: The incidence of malignant
mesothelioma in male rats was significantly increased in
the 1,000 mg/L group (Tables 10 and A3). The inci-
dence in the 1,000 mg/L group exceeded the historical
range in controls from drinking water studies (Tables 10
and Ad4a). Mesothelioma was seen on the abdominal
wall and serosal surface of several abdominal organs
(e.g., mesentery, peritoneum, testes, epididymis, prostate
and seminal vesicles, pancreas, adrenal gland, spleen,
mesenteric lymph nodes, kidney, urinary bladder, stom-
ach, and skeletal muscle). The distinction between

Incidences of Malignant Mesothelioma in Male Rats in the 2-Year Drinking Water Study

of Dibromoacetic Acid

0 mg/L 50 mg/L 500 mg/L 1,000 mg/L
Malignant Mesothelioma®
Overall rate 3/50 (6%) 1/50 (2%) 0/50 (0%) 10/50 (20%)
Adjusted rate® 6.9% 2.4% 0.0% 22.6%
Terminal rate 2/34 (6%) 1/24 (4%) 0/30 (0%) 2/28 (7%)
First incidence (days) 591 729 (T) _f 512
Poly-3 test® P<0.001 P=0.325N P=0.137N P=0.035

(T) Terminal sacrifice
a

Historical incidence for 2-year drinking water studies with controls given NTP-2000 diet (mean + standard deviation):

15/250 (6.0% + 4.2%), range 0%-12%
Number of neoplasm-bearing animals/number of animals necropsied

Observed incidence at terminal kill

o o o o

Poly-3 estimated neoplasm incidence after adjustment for intercurrent mortality

Beneath the control incidence is the P value associated with the trend test. Beneath the exposed group incidence are the P values

corresponding to pairwise comparisons between the controls and that exposed group. The Poly-3 test accounts for the differential mortality
in animals that do not reach terminal sacrifice. A lower incidence in an exposed group is indicated by N.

Not applicable; no neoplasms in animal group
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benign and malignant mesothelioma is not clear (Hall,
1990). Because neoplastic cells were found throughout
the peritoneum, all mesotheliomas were classified as
malignant.

Microscopically, mesothelioma consisted of exophytic,
papillary projections of one or more layers of plump,
cuboidal mesothelial cells with prominent, basophilic,
round nuclei and abundant eosinophilic to amphophilic
cytoplasm, on a supporting pedunculated, fibrovascular
stromal stalk (Plates 3 and 4). The amount of the stro-
mal component varied considerably, and at times the
pleomorphic mesothelial cells took on a tubular appear-
ance or occurred in packets that were densely packed. In
NTP studies, chemically induced mesotheliomas have
been seen almost exclusively in male rats.

Mononuclear Cell Leukemia: A positive trend in the
incidence of mononuclear cell leukemia occurred in
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female rats (Tables 11 and B3), and the incidence in
1,000 mg/L females was significantly increased. A sig-
nificant increase in mononuclear cell leukemia also
occurred in 50 mg/L males (Tables 11 and A3). The
incidences of mononuclear cell leukemia in 50 and
500 mg/L males and in 500 and 1,000 mg/L females
exceeded the historical control ranges from drinking
water studies (Tables 11, A4b, and B4). Mononuclear
cell leukemia is one of the most common spontaneously
occurring hematopoietic system neoplasms seen in
F344/N rats. Mononuclear cell leukemia is a rapidly
progressive, lethal neoplastic disease that first develops
in the spleen, with infiltrates of neoplastic cells also
occurring in the liver, lung, lymph nodes, bone marrow,
and most other organs (Elwell ef al., 1996). There was
no evidence of splenic toxicity in males; hence, the
decrease in mononuclear cell leukemia incidence in the
1,000 mg/L group compared to that in the 50 mg/L
group was not due to toxicity in the spleen at the higher
exposure concentration.

Incidences of Mononuclear Cell Leukemia in Rats in the 2-Year Drinking Water Study

of Dibromoacetic Acid

0 mg/L 50 mg/L 500 mg/L 1,000 mg/L
Male
Mononuclear Cell Leukemia®
Overall rate 17/50 (34%) 31/50 (62%) 24/50 (48%) 13/50 (26%)
Adjusted rate® 37.0% 66.2% 56.2% 30.2%
Terminal rate 11/34 (32%) 15/24 (63%) 16/30 (53%) 5/28 (18%)
First incidence (days) 437 446 423 386
Poly-3 test® P=0.026N P=0.003 P=0.051 P=0.325N
Female

Mononuclear Cell Leukemiaf

Overall rate 11/50 (22%)

Adjusted rate 24.3%
Terminal rate 8/35 (23%)
First incidence (days) 605

Poly-3 test P=0.006

13/50 (26%) 16/50 (32%) 22/50 (44%)

27.1% 34.7% 47.4%
8/39 (21%) 11/35 31%) 12/32 (38%)
509 519 395
P=0.474 P=0.195 P=0.016

79/250 (31.6% + 3.3%), range 26%-34%
Number of neoplasm-bearing animals/number of animals necropsied

Observed incidence at terminal kill

o A o o

Historical incidence for 2-year drinking water studies with controls given NTP-2000 diet (mean + standard deviation):

Poly-3 estimated neoplasm incidence after adjustment for intercurrent mortality

Beneath the control incidence is the P value associated with the trend test. Beneath the exposed group incidence are the P values

corresponding to pairwise comparisons between the controls and that exposed group. The Poly-3 test accounts for the differential mortality
in animals that do not reach terminal sacrifice. A negative trend or a lower incidence in an exposed group is indicated by N.

Historical incidence: 47/200 (23.5% + 4.4%), range 20%-30%
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Liver: The incidences of cystic degeneration in male
rats were significantly increased in all exposed groups
(Tables 12 and A5). However, the overall change was
minimal to mild. Microscopically, this change consisted
of focal areas of severe hepatocytic vacuolization in
which a number of adjacent hepatocytes had ruptured
and coalesced, forming large cystic spaces containing a
faintly eosinophilic, flocculent material.

Lung: The incidences of alveolar epithelial hyperplasia
were significantly increased in 500 and 1,000 mg/L
females (Tables 12 and B4). Microscopically, hyperpla-
sia of alveolar epithelium consisted of focal thickening
of the alveolar septa caused by increased numbers of
prominent, cuboidal type II pneumocytes, with mainte-
nance of normal alveolar septal architecture. There was
a marginal increase in the incidence of alveolar/bronchi-
olar adenoma or carcinoma in 1,000 mg/L females (2/50,
3/50, 2/50, 5/50; Table B3), and the incidence exceeded

TABLE 12
Incidences of Selected Nonneoplastic Lesions in Rats
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the historical control range for 2-year drinking water
studies [8/200 (4.0% + 1.6%), range 2%-6%].

Kidney: The incidences of nephropathy were signifi-
cantly increased in all exposed groups of females
(Tables 12 and B4). Nephropathy consisted of focal to
multifocal regenerative renal tubules surrounded by a
thickened basement membrane, glomerular thickening,
tubular protein casts, and chronic inflammatory infil-
trates with fibrosis. In a number of cases graded mini-
mal, the lesions consisted almost exclusively of a few
tubular protein casts.

Pituitary Gland: The incidence of pars distalis adenoma
was significantly decreased in 1,000 mg/L males (23/50,
21/49, 17/49, 8/50; Table A3). The incidence of ade-
noma in 1,000 mg/L males was less than the range in
historical controls [89/244 (36.4% =+ 8.7%), range
26%-46%] while that in the control group was at the
upper end of the historical control range.

in the 2-Year Drinking Water Study of Dibromoacetic Acid

0 mg/L 50 mg/L 500 mg/L 1,000 mg/L
Male
Liver" . 50 . 50 50 50
Degeneration, Cystic 3 (1.0) 9* (1.4) 11* (1.5) 15%* (1.3)
Female
Lung 50 50 50 50
Alveolar Epithelium, Hyperplasia 3 (1.3) 7 (1.9 13** (1.7) 14** (1.9)
Kidney 50 50 50 50
Nephropathy 18 (1.1) 32%* (1.3) 37%* (1.4) 40%* (1.3)

*  Significantly different (P<0.05) from the control group by the Poly-3 test

:* P<0.01
Number of animals with tissue examined microscopically
Number of animals with lesion

Average severity grade of lesions in affected animals: 1=minimal, 2=mild, 3=moderate, 4=marked
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MIcCE

2-WEEK STUDY

All mice survived to the end of the study (Table 13).
Final mean body weights of male and female mice were
similar to those of the controls; mean body weight gains
of 250 and 500 mg/L males were significantly greater
than that of the controls. Water consumption by exposed
and control groups was similar. Drinking water concen-
trations of 0, 125, 250, 500, 1,000, and 2,000 mg/L
resulted in average daily doses of approximately 0, 24,
47, 95, 178, and 370 mg dibromoacetic acid/kg body
weight to males and 0, 22, 53, 88, 166, and 309 mg/kg to
females. There were no clinical findings related to
dibromoacetic acid exposure.

Liver weights of males in the 1,000 and 2,000 mg/L
groups and females in the 500, 1,000, and 2,000 mg/L
groups were significantly increased (Table G3). Thymus
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weights of males and females in the 1,000 and
2,000 mg/L groups were significantly decreased com-
pared to controls. Gross lesions observed in the thymus
and liver of male and female mice were considered to be
related to exposure to dibromoacetic acid.

The incidences of thymus atrophy were increased in
males exposed to 1,000 or 2,000 mg/L and in
2,000 mg/L females (males: 0 mg/L, 0/5; 125 mg/L, 0/5;
250 mg/L, 0/5; 500 mg/L, 0/5; 1,000 mg/L, 4/5;
2,000 mg/L, 5/5; females: 0/5, 0/5, 0/5, 0/5, 0/5, 5/5).
This lesion consisted of a minimal to mild decrease in
the thickness of the thymic cortex.

The incidences of morphological changes to the germi-
nal epithelium in the testis were significantly increased
in males exposed to 1,000 or 2,000 mg/L (0/5, 0/5, 0/5,
1/5, 5/5, 5/5). This change was characterized by the
presence of large (15 to 35 microns) round to oval

Survival, Body Weights, and Water Consumption of Mice
in the 2-Week Drinking Water Study of Dibromoacetic Acid

b Final Weight
Mean Body Weight™ (g) Relative Water
Concentration Survival® Initial Final Change to Controls ConsumptionC
(mg/L) (%) Week 1 Week 2
Male
0 5/5 224+04 252+04 28+03 4.3 4.6
125 5/5 22.0+0.5 244 £0.6 25+03 97 4.2 4.4
250 5/5 21.6 £0.4 255+04 3.8 £0.2% 101 4.4 4.2
500 5/5 22.6 0.4 264 +04 3.8 £0.2% 105 4.4 4.6
1,000 5/5 22.5+0.3 257+£0.3 32+0.2 102 4.2 4.1
2,000 5/5 21.5+04 245+04 3.0+£0.2 97 4.1 4.1
Female
0 5/5 18.7+0.2 20.5+0.4 19+04 32 3.5
125 5/5 18.5+0.5 20.5+0.3 1.9+04 100 3.4 3.1
250 5/5 18.6 £0.3 20.6 +0.3 1.9+0.2 100 3.5 4.7
500 5/5 18.7+0.4 21.0+0.4 23+04 102 3.1 3.7
1,000 5/5 18.7+£0.3 214+03 27+£03 104 3.0 34
2,000 5/5 18.5+0.3 209+04 24+0.2 102 2.8 3.1
*  Significantly different (P<0.05) from the control group by Dunnett’s test
z Number of animals surviving at 2 weeks/number initially in group
. Weights and weight changes are given as mean + standard error.

Water consumption is expressed as grams per animal per day.
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amphophilic to eosinophilic bodies (interpreted as atyp-
ical residual bodies) in seminiferous tubules, and occa-
sional spermatid retention. The atypical residual bodies
were present free in the lumen and also near the base-
ment membrane of the seminiferous tubules.

Dibromoacetic Acid, NTP TR 537

Exposure Concentration Selection Rationale: Based on
lack of lethality, clinical signs of toxicity, and body
weight changes, dibromoacetic acid exposure concentra-
tions selected for the 3-month drinking water study in
mice were 125, 250, 500, 1,000, and 2,000 mg/L.
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3-MONTH STUDY

All mice survived to the end of the study (Table 14).
Final mean body weights of 2,000 mg/L females and
body weight gains of 2,000 mg/L males and females
were significantly less than those of the controls. Water
consumption by males in the 2,000 mg/L group was
decreased at weeks 1 and 13 relative to control mice.
Drinking water concentrations of 125, 250, 500, 1,000,
and 2,000 mg/L resulted in average daily doses of
approximately 16, 30, 56, 115, and 230 mg dibro-
moacetic acid/kg body weight to males and 17, 34, 67,
132, and 260 mg/kg to females. There were no clinical
findings related to dibromoacetic acid exposure.
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The hematology data for mice in the 3-month toxicity
study of dibromoacetic acid are listed in Table F2. In
general, mice were affected much less than rats when
administered the same exposure concentrations of dibro-
moacetic acid. Of the erythron effects observed in the
rats, only the mean cell hemoglobin values demonstrated
a similar decrease. This change was small (~3%) and
only occurred in the 2,000 mg/L male mice. Small
decreases in platelet counts (~16%) and white blood cell
counts (~23%) in the 2,000 mg/L male mice were also
observed in rats. Other changes in the hematological
variables in male mice were not considered toxicologi-
cally relevant; no changes occurred in female mice.

Survival, Body Weights, and Water Consumption of Mice
in the 3-Month Drinking Water Study of Dibromoacetic Acid

Final Weight
Mean Body Weight” (g) Relative Water
Concentration Survival’ Initial Final Change to Controls ConsumptionC
(mg/L) (%) Week 1 Week 13
Male

0 10/10 23.0+0.3 382+1.1 15.2+0.9 44 3.7

125 10/10 22.9+0.2 39.1£0.6 16.3 £0.6 102 4.0 3.5

250 10/10 23.6+0.2 40.1 £0.4 16.5+0.4 105 4.2 3.6

500 10/10 22.7+0.5 39.6 £ 1.0 17.0 £ 0.9 104 4.0 3.1

1,000 10/10 23.1+0.2 37.6 £0.9 144+1.0 98 4.1 3.1

2,000 10/10 23.1+0.2 351 +1.1 120+ 1.1* 92 3.8 2.9
Female

0 10/10 18.4+0.2 30.0+1.2 11.6+£1.0 3.2 3.0

125 10/10 184 +0.3 304+1.0 12.0+0.9 101 3.0 3.0

250 10/10 18.6 £0.2 30.5+0.8 11.9+0.8 102 3.0 3.1

500 10/10 18.7+0.2 29.7+0.8 10.9£0.9 99 3.0 2.9

1,000 10/10 182+0.4 29.5+0.6 11.3+0.7 98 3.1 3.1

2,000 10/10 18.7+£0.3 26.5 £ 0.6%* 7.8 £0.6%* 88 2.6 3.0

*  Significantly different (P<0.05) from the control group by Williams’ or Dunnett’s test

** P<0.01
Number of animals surviving at 3 months/number initially in group
Weights and weight changes are given as mean + standard error.
Water consumption is expressed as grams per animal per day.
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Lung weights were increased in 1,000 and 2,000 mg/L
females. Liver weights of males and females exposed to
500 mg/L or greater were significantly increased
(Table G4).

There were no significant increases between exposed
and control mice in BrdU labeling index in the liver
(Table 15); the decrease in 2,000 mg/L males was not
considered biologically significant.

Hepatocellular cytoplasmic vacuolization was present in
most mice, and the severity was increased in 1,000 and
2,000 mg/L males and females [males: 0 mg/L, 10/10
(1.6); 125 mg/L, 9/10 (1.6); 250 mg/L, 10/10 (1.5);
500 mg/L, 10/10 (1.5); 1,000 mg/L, 10/10 (2.1);
2,000 mg/L, 10/10 (2.9); females: 10/10 (1.5), 10/10
(1.5), 8/8 (1.5), 10/10 (1.7), 10/10 (2.3), 10/10 (2.7)].
The increased severity of vacuolization correlated in
general with the increased liver weight. No correspond-
ing liver morphological change to explain the statisti-
cally significant increased organ weight was noted in the
500 mg/L group. The cytoplasmic vacuoles were more
accentuated in the periportal regions and had morpho-
logical characteristics suggestive of glycogen, such as
ragged outline and no displacement of the nuclei.

TABLE 15
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The incidences of abnormal testicular morphology were
significantly increased in 1,000 and 2,000 mg/L males
[0/10, 0/10, 0/10, 0/10, 9/10 (1.0), 10/10 (2.0)]. This
change was characterized by the presence of large (15 to
35 micron) round to oval amphophilic to eosinophilic
bodies (interpreted as atypical residual bodies) in semi-
niferous tubules, occasional spermatid retention, and
rare vacuolization of Sertoli cells (Plates 5 and 6). The
atypical residual bodies were present free in the lumen
and also near the basement membrane of the seminifer-
ous tubules. They were also observed in the head and
tail of the epididymis. The severity grades for this
change were based upon the extent of atypical residual
bodies within seminiferous tubules, with minimal sever-
ity representing only a few atypical residual bodies
within scattered tubules and marked severity represent-
ing many atypical residual bodies within a majority of
tubules. The change in the epididymis is considered to
represent downstream collection of cells from the testes.
There was no effect on epididymal sperm concentration,
sperm motility, or spermatid heads (Table H3).

Exposure Concentration Selection Rationale: Based on
decreased body weight gain and the severity of micro-
scopic lesions at 2,000 mg/L, dibromoacetic acid expo-
sure concentrations selected for the 2-year drinking
water study in mice were 50, 500, and 1,000 mg/L.

BrdU Labeling Index in the Liver of Mice in the 3-Month Drinking Water Study of Dibromoacetic Acid®

0 mg/L 500 mg/L 1,000 mg/L 2,000 mg/L
Male
Labeling Index (%) 0.71 £0.24 0.40 £0.20 0.53+£0.33 0.28 £0.15*
Female
Labeling Index (%) 2.58 £ 1.09 2,12+ 141 1.96 £0.70 1.82 +£1.96

*  Significantly different (P<0.05) from the control group by Student’s #-test

Data are presented as mean + standard deviation (n=10).
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2-YEAR STUDY

Survival

Estimates of 2-year survival probabilities for male and
female mice are shown in Table 16 and in the Kaplan-
Meier survival curves (Figure 4). Treatment with dibro-
moacetic acid had no effect on survival of male or
female mice.

Body Weights, Water and Compound
Consumption, and Clinical Findings

Mean body weights of 50 and 500 mg/L male mice were
greater than those of the controls after week 85
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(Figure 5; Tables 17 and 18). Mean body weights of
exposed groups of female mice were generally similar to
those of the controls throughout the study. Water con-
sumption by exposed mice was generally similar to that
by controls throughout the study (Tables J3 and J4).
Drinking water concentrations of 50, 500, and
1,000 mg/L resulted in average daily doses of approxi-
mately 4, 45, and 87 mg/kg to males and 4, 35, and
65 mg/kg to females.

Survival of Mice in the 2-Year Drinking Water Study of Dibromoacetic Acid

0 mg/L 50 mg/L 500 mg/L 1,000 mg/L

Male

Animals initially in study 50 50 50 50
Other” 1 0 0 0
Moribund 4 6 3 6
Natural deaths 14 6 13 13
Animals surviving to study termination 31 38 34 31
Percent probability Of(; survival at end of study 63 76 68 62
Mean survival (days) 685 703 689 690
Survival analysisd P=0.428 P=0.22IN P=0.813N P=1.000
Female

Animals initially in study 50 50 50 50
Moribund 2 2 5 7
Natural deaths 10 13 13e 11
Animals surviving to study termination 38 35 32 32
Percent probability of survival at end of study 76 70 64 64
Mean survival (days) 704 700 695 697
Survival analysis P=0.276 P=0.658 P=0.273 P=0.309

Censored from survival analyses
Kaplan-Meier determinations
Mean of all deaths (uncensored, censored, and terminal sacrifice)

o0 o o

The result of the life table trend test (Tarone, 1975) is in the control column, and the results of the life table pairwise comparisons
(Cox, 1972) with the controls are in the exposed group columns. A lower mortality in an exposed group is indicated by N.

Includes one animal that died during the last week of the study
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PROBABILITY OF SURVIVAL
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FIGURE 4
Kaplan-Meier Survival Curves for Male and Female Mice Exposed to Dibromoacetic Acid
in Drinking Water for 2 Years
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MEAN BODY WEIGHT IN GRAWS

MALE MICE
W O MG/L

O 50 MG/L

A 500 MG/t
[J 1000  MG/L

WEEKS ON STUDY

75

)
20

105

MEAN BODY WEIGHT IN GRAMS

FEMALE MICE
W o MG/L

O 50 MG/L

A 500 MG/L

[ 1000 WG/L

WEEKS ON STUDY

FIGURE 5

Growth Curves for Male and Female Mice Exposed to Dibromoacetic Acid

in Drinking Water for 2 Years

T
90

106

59



60 Dibromoacetic Acid, NTP TR 537

TABLE 17
Mean Body Weights and Survival of Male Mice in the 2-Year Drinking Water Study of Dibromoacetic Acid
‘Weeks 0 mg/L 50 mg/L 500 mg/L 1,000 mg/L
on Av. Wt. No. of Av. Wt. Wt. (% of No. of Av. Wt. Wt. (% of No. of Av. Wt. Wt. (% of No. of
Study (€3] Survivors (€3] controls) Survivors (2 controls) Survivors (€9) controls) Survivors
1 21.9 50 22.1 101 50 22.4 102 50 22.5 103 50
2 242 50 24.4 101 50 24.9 103 50 24.7 102 50
3 25.7 50 25.9 101 50 26.3 102 50 26.2 102 50
4 27.1 50 27.4 101 50 27.8 103 50 27.5 102 50
5 28.9 50 29.2 101 50 29.3 101 50 29.1 101 50
6 30.2 50 30.6 101 50 30.6 101 50 30.1 100 50
7 31.9 50 324 102 50 322 101 50 319 100 50
8 334 50 338 101 50 334 100 50 33.1 99 50
9 34.8 50 35.1 101 50 344 99 50 339 97 50
10 359 50 36.3 101 50 35.6 99 50 352 98 50
11 374 50 37.9 101 50 36.9 99 50 36.6 98 50
12 383 50 39.1 102 50 383 100 50 37.8 99 50
13 39.7 50° 40.2 101 50 39.3 99 50 389 98 50
17 43.7 50 44.8 103 50 43.0 98 50 42.7 98 50
21 47.0 50 47.8 102 50 46.8 100 50 46.5 99 50
25 49.4 50 49.6 100 50 48.9 99 50 49.3 100 50
29 50.0 50 50.5 101 50 49.8 100 50 50.0 100 50
33 50.9 49 51.3 101 50 50.5 99 50 50.8 100 50
37 522 49 52.6 101 50 51.7 99 50 51.8 99 50
41 52.1 49 529 102 50 522 100 50 522 100 50
45 522 49 52.5 101 49 523 100 50 52.3 100 50
49 52.1 49 53.0 102 49 52.4 101 50 52.8 101 50
53 522 49 53.3 102 49 52.6 101 50 53.1 102 50
57 511 49 52.7 103 49 52.6 103 49 52.8 103 50
61 52.0 49 53.3 103 49 53.1 102 49 53.1 102 50
65 52.5 48 54.0 103 49 53.4 102 48 53.8 103 50
69 51.7 46 54.0 104 49 53.3 103 48 52.6 102 48
73 52.1 45 54.1 104 49 53.0 102 48 52.6 101 47
77 51.6 44 53.8 104 49 529 103 47 52.0 101 47
81 51.8 44 53.8 104 48 52.1 101 47 52.0 100 46
85 50.7 44 52.8 104 46 51.9 102 45 50.5 100 45
89 48.7 42 51.7 106 45 51.5 106 43 50.3 103 44
93 48.1 39 51.0 106 45 51.6 107 40 49.3 103 41
97 473 36 49.9 106 43 50.5 107 38 48.3 102 38
101 46.7 36 50.0 107 40 51.1 109 36 46.6 100 34

Mean for weeks

1-13 31.5 31.9 101 31.6 101 31.3 100
14-52 50.0 50.6 101 49.7 100 49.8 100
53-101 50.5 52.6 104 523 104 51.4 102

Number of animals weighed for this week is less than the number surviving
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TABLE 18
Mean Body Weights and Survival of Female Mice in the 2-Year Drinking Water Study of Dibromoacetic Acid

Weeks 0 mg/L 50 mg/L 500 mg/L 1,000 mg/L
on Av. Wt. No. of Av. Wt. Wt. (% of No. of Av. Wt. Wt. (% of No. of Av. Wt. Wt. (% of No. of
Study (2 Survivors (€4) controls) Survivors (€9 controls) Survivors (2 controls) Survivors
1 18.4 50 18.6 101 50 18.8 102 50 18.5 101 50
2 19.4 50 19.3 100 50 19.7 102 50 29.7 102 50
3 20.5 50 20.4 100 50 20.8 102 50 20.7 101 50
4 21.2 50 21.1 100 50 21.5 101 50 213 101 50
5 222 50 222 100 50 22.7 102 50 22.5 101 50
6 234 50 233 100 50 23.9 102 50 23.5 100 50
7 243 50 242 100 50 24.7 102 50 24.4 100 50
8 24.6 50 249 101 50 254 103 50 24.9 101 50
9 25.7 50 25.7 100 50 26.3 102 50 25.8 100 50
10 26.7 50 26.1 98 50 27.4 103 50 26.7 100 50
11 28.0 50 27.8 99 50 28.3 101 50 27.8 99 50
12 28.4 50 28.3 100 50 29.4 104 50 27.9 98 50
13 29.8 50 29.0 97 50 30.0 101 50 29.2 98 50
17 34.8 50 34.0 98 50 34.7 100 50 33.0 95 50
21 38.9 50 382 98 50 384 99 50 36.3 93 50
25 44.0 50 44.0 100 50 435 99 50 42.1 96 50
29 47.6 50 47.9 101 50 46.7 98 50 45.0 95 50
33 49.7 50 50.4 101 50 49.2 99 50 47.1 95 50
37 53.5 50 54.6 102 50 524 98 50 50.4 94 50
41 56.2 50 56.2 100 50 54.3 97 50 52.4 93 49
45 57.0 50 57.9 102 50 55.5 97 50 53.9 95 49
49 58.0 50 59.1 102 50 57.3 99 50 55.6 96 49
53 60.1 50 60.4 101 50 59.2 99 50 57.3 95 49
57 60.9 50 60.6 100 49 59.8 98 50 58.2 96 49
61 63.4 50 62.1 98 49 61.2 97 50 60.0 95 49
65 64.5 50 62.3 98 49 62.0 98 50 61.0 96 48
69 64.1 49 62.7 98 49 62.5 98 50 61.2 96 48
73 63.8 49 63.1 99 47 62.9 99 49 61.1 96 48
77 64.3 48 63.6 99 47 63.3 98 48 62.0 96 48
81 63.2 47 63.1 100 47 61.3 97 47 60.7 96 48
85 63.1 46 61.8 98 46 61.8 98 46 59.2 94 48
89 63.2 45 62.5 99 44 61.4 97 45 60.4 96 46
93 63.6 44 63.9 101 44 61.9 97 40 60.9 96 44
97 60.8 42 62.1 102 43 59.2 97 38 583 96 42
101 59.0 42 59.5 101 40 57.9 98 35 56.6 96 38

Mean for weeks

1-13 24.0 23.9 100 24.5 102 24.1 100
14-52 48.9 49.1 100 48.0 98 46.2 95
53-101 62.5 62.1 99 61.1 98 59.8 96
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Toxicokinetics

In toxicokinetic studies similar to those conducted in
rats, male and female B6C3F, mice were given a single
gavage dose (70, 175, or 350 mg/kg) or a single intra-
venous injection (70 mg/kg) of dibromoacetic acid
(Appendix N). The single gavage doses gave results that
were described by the same model as in the rat study,
with an elimination half-life range of approximately 2 to
7 minutes for males and females. The AUC ;... Val-
ues increased with increasing dose, and the increase was
greater than dose-proportional; this effect was attributed
to a dose-dependent change in the terminal linear phase.
Bioavailability increased with dose for both sexes of
mice and ranged from approximately 11% to 44%.

Pathology and Statistical Analyses

This section describes the statistically significant or bio-
logically noteworthy changes in the incidences of malig-
nant lymphoma and neoplasms or nonneoplastic lesions
of the liver, lung, eye, and spleen. Summaries of the
incidences of neoplasms and nonneoplastic lesions, indi-
vidual animal tumor diagnoses, statistical analyses of
primary neoplasms that occurred with an incidence of at
least 5% in at least one animal group, and historical inci-
dences for neoplasms mentioned in this section are pre-
sented in Appendix C for male mice and Appendix D for
female mice.

Liver: The incidences of liver neoplasms occurred with
positive trends in male and female mice (Tables 19, C3,
and D3). The incidences of multiple hepatocellular ade-
noma and hepatocellular adenoma or carcinoma (com-
bined) were significantly increased in all exposed groups
of males. The incidences of hepatoblastoma were sig-
nificantly increased in 500 and 1,000 mg/L males, and
the incidence of hepatocellular carcinoma was signifi-
cantly increased in 1,000 mg/L males. The incidences of
hepatocellular adenoma, carcinoma, and adenoma or
carcinoma (combined) in all groups of males (except
carcinoma at 50 mg/L) exceeded, or were at the high end
of, the historical ranges in drinking water controls
(Tables 19 and C4a). The incidence of hepatoblastoma
in 1,000 mg/L males also exceeded the historical control
range. The incidences of multiple hepatocellular ade-
noma and hepatocellular adenoma or carcinoma (com-
bined) were significantly increased in 500 and
1,000 mg/L females. The incidence of hepatocellular
carcinoma was significantly increased in 500 mg/L
females. The incidences of hepatocellular adenoma and
adenoma or carcinoma (combined) in 500 and
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1,000 mg/L females exceeded the historical ranges in
controls (Tables 19 and D4a).

Hepatocellular adenoma consisted of one or more dis-
crete masses with distinct borders that caused definite
compression of the surrounding normal parenchyma.
Adenomas usually were composed of hepatocytes that
appeared similar to the surrounding parenchyma except
that the normal lobular architecture was not apparent and
plates of neoplastic hepatocytes intersected the sur-
rounding normal hepatocytes at sharp angles, rather than
merging with them (Plates 7 and 8). Hepatocellular car-
cinoma consisted of one or more discrete masses that
generally had irregular borders due to localized areas of
growth of neoplastic hepatocytes into the surrounding
normal parenchyma. The neoplastic hepatocytes often
were somewhat atypical, but the major distinguishing
feature of carcinoma was the presence of abnormal pat-
terns of growth. The most common abnormal growth
pattern was formation of trabeculae of neoplastic hepa-
tocytes that were three or more cell layers thick, while
less commonly the neoplastic cells formed glandular
structures or solid masses (Plate 9).

Hepatoblastoma consisted of well-demarcated hypercel-
lular areas, often with fluid- or blood-filled spaces and
multifocal necrosis. The tumors were composed of pleo-
morphic collections of polygonal to elongated cells with
ovoid to pyriform, hyperchromatic nuclei and variable
amounts of eosinophilic to amphophilic cytoplasm.
These cells were often arranged in palisading rows or
glandular, “rosette” formations. Mitotic figures were
numerous (Plate 10). Hepatoblastomas were frequently
diagnosed in mice that also had hepatocellular adenoma
or carcinoma. There was no consistent difference in the
microscopic appearance of the liver neoplasm between
the control and exposed groups. Hepatoblastomas are
rare neoplasms with a low spontaneous incidence in
mice (Harada et al., 1999). They are considered part of
the continuum in the development of hepatocellular neo-
plasms, are often observed within or adjacent to an exist-
ing hepatocellular adenoma or carcinoma, and are
considered an undifferentiated variant of hepatocellular
neoplasms. With chemicals that are hepatocarcinogens,
there appears to be a positive association between
increased incidences of hepatoblastoma and increased
incidences of hepatocellular carcinoma in mice; the
malignant potential of hepatoblastoma appears to be
similar to that of hepatocellular carcinoma. In NTP
2-year studies, as many as 6 (mean incidence 1.5%)
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TABLE 19
Incidences of Neoplasms of the Liver in Mice in the 2-Year Drinking Water Study of Dibromoacetic Acid

0 mg/L 50 mg/L 500 mg/L 1,000 mg/L
Male
Number Examined Microscopically 49 50 50 50

Hepatocellular Adenoma, Multiplea 6 17* 24%* 27%*
Hepatocellular Adenoma (includes multiple)b

Overall rate® 18/49 (37%) 37/50 (74%) 37/50 (74%) 42/50 (84%)

Adjusted rate? 41.6% 78.0% 80.1% 88.7%

Terminal rate® 14/31 (45%) 31/38 (82%) 29/34 (85%) 29/31 (94%)

First incidence (days) 596 573 573 469

Poly-3 test’ P<0.001 P<0.001 P<0.001 P<0.001
Hepatocellular Carcinoma, Multiple 3 2 5 15%*
Hepatocellular Carcinoma (includes mul'[iple)g

Overall rate 14/49 (29%) 9/50 (18%) 19/50 (38%) 26/50 (52%)

Adjusted rate 31.3% 19.4% 40.7% 54.9%

Terminal rate 6/31 (19%) 6/38 (16%) 10/34 (29%) 14/31 (45%)

First incidence (days) 451 659 573 476

Poly-3 test P<0.001 P=0.14IN P=0.236 P=0.016
Hepatocellular Adenoma or Carcinomah

Overall rate 28/49 (57%) 41/50 (82%) 42/50 (84%) 47/50 (94%)

Adjusted rate 61.2% 85.8% 88.3% 96.0%

Terminal rate 17/31 (55%) 33/38 (87%) 30/34 (88%) 30/31 (97%)

First incidence (days) 451 573 573 469

Poly-3 test P<0.001 P=0.004 P<0.001 P<0.001
Hepatoblastoma, Multiple 0 0 3 2
Hepatoblastoma (includes multiple)l

Overall rate 0/49 (0%) 4/50 (8%) 6/50 (12%) 18/50 (36%)

Adjusted rate 0.0% 8.7% 13.3% 39.1%

Terminal rate 0/31 (0%) 3/38 (8%) 3/34 (9%) 9/31 (29%)

First incidence (days) - 717 573 469

Poly-3 test P<0.001 P=0.072 P=0.019 P<0.001
Hepatocellular Adenoma, Hepatocellular Carcinoma, or Hepatoblastoma

Overall rate 28/49 (57%) 41/50 (82%) 43/50 (86%) 48/50 (96%)

Adjusted rate 61.2% 85.8% 90.4% 97.4%

Terminal rate 17/31 (55%) 33/38 (87%) 31/34 (91%) 30/31 (97%)

First incidence (days) 451 573 573 469

Poly-3 test P<0.001 P=0.004 P<0.001 P<0.001
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TABLE 19
Incidences of Neoplasms of the Liver in Mice in the 2-Year Drinking Water Study of Dibromoacetic Acid

0 mg/L 50 mg/L 500 mg/L 1,000 mg/L
Female
Number Examined Microscopically 49 50 50 49

Hepatocellular Adenoma, Multiple 11 14 23%* 26%*
Hepatocellular Adenoma (includes multiple)k

Overall rate 19/49 (39%) 26/50 (52%) 32/50 (64%) 35/49 (71%)

Adjusted rate 41.4% 56.8% 69.7% 75.9%

Terminal rate 18/38 (47%) 22/35 (63%) 26/32 (81%) 28/32 (88%)

First incidence (days) 653 694 573 636

Poly-3 test P<0.001 P=0.098 P=0.004 P<0.001
Hepatocellular Carcinoma, Multiple 1 1 5 3
Hepatocellular Carcinoma (includes multiple)1

Overall rate 3/49 (6%) 3/50 (6%) 12/50 (24%) 8/49 (16%)

Adjusted rate 6.5% 6.6% 26.7% 17.7%

Terminal rate 1/38 (3%) 2/35 (6%) 9/32 (28%) 7/32 (22%)

First incidence (days) 658 694 617 671

Poly-3 test P=0.019 P=0.659 P=0.009 P=0.094
Hepatocellular Adenoma or Carcinoma

Overall rate 22/49 (45%) 28/50 (56%) 37/50 (74%) 37/49 (76%)

Adjusted rate 47.6% 61.2% 79.5% 79.8%

Terminal rate 19/38 (50%) 24/35 (69%) 28/32 (88%) 29/32 (91%)

First incidence (days) 653 694 573 636

Poly-3 test P<0.001 P=0.131 P<0.001 P<0.001
Hepatoblastoma 1 0 1 0

* Significantly different (P<0.05) from the control group by the Poly-3 test

:*Pg0.01

Number of animals with lesion

Historical incidence for 2-year drinking water studies with controls given the NTP-2000 diet (mean + standard deviation):
84/197 (34.3% =+ 22.3%), range 34%-63%

Number of animals with neoplasm/number of animals with liver examined microscopically

Poly-3 estimated neoplasm incidence after adjustment for intercurrent mortality

Observed incidence at terminal kill

Beneath the control incidence is the P value associated with the trend test. Beneath the exposed group incidence are the P values
corresponding to pairwise comparisons between the controls and that exposed group. The Poly-3 test accounts for the differential
mortality in animals that do not reach terminal sacrifice. A lower incidence in an exposed group is indicated by N.

Historical incidence: 57/197 (23.3% + 15.5%), range 18%-42%

Historical incidence: 122/197 (49.7% + 31.1%), range 48%-85%

Historical incidence: 11/197 (4.5% + 6.2%), range 0%-13%

Not applicable; no neoplasms in animal group

Historical incidence: 93/248 (37.6% + 18.0%), range 18%-61%

Historical incidence: 28/248 (11.3% % 9.1%), range 4%-26%

Historical incidence: 110/248 (44.4% + 18.1%), range 20%-63%

b

- 0o o0

5 —® = =~ own
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hepatoblastomas have occurred in individual male con-
trol groups (all routes) fed the NTP-2000 diet; the high-
est control incidence was observed in a drinking water
control group.

Lung: The incidences of alveolar/bronchiolar adenoma
occurred with a positive trend in males and females
(Tables 20, C3, and D3). The incidence of adenoma in
500 mg/L male mice was significantly greater than that
in controls. Alveolar/bronchiolar carcinoma occurred in
control and exposed mice. The incidences of
alveolar/bronchiolar adenoma in 500 and 1,000 mg/L
males exceeded the historical range in drinking water
controls, and that of 1,000 mg/L. females was at the
upper end of the historical control range (Tables 20, C4b,
and D4b). Increases in the incidences of alveolar hyper-
plasia were noted in all treated groups of males, but the
increases were not significant. Alveolar/bronchiolar
adenoma consisted of well demarcated hypercellular
masses distorting the normal septal architecture and
were characterized by well-differentiated cuboidal to
round cells forming papillary projections into the alveo-
lar or bronchiolar lumens and slight compression of the
surrounding parenchyma. Alveolar/bronchiolar carci-
noma consisted of more irregular hypercellular masses
distorting the normal septal architecture and were char-
acterized by fairly pleomorphic, polygonal to columnar
cells forming papillary and solid projections into alveo-
lar or bronchiolar lumens, with variable peripheral com-
pression and invasion. There was no consistent
difference in the microscopic appearance of the lung
neoplasms between the control and treated groups.

Malignant ymphoma: A significant increase in the inci-
dence of malignant lymphoma occurred in 50 mg/L male
mice compared to controls (0 mg/L, 0/50; 50 mg/L, 5/50;
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500 mg/L, 3/50; 1,000 mg/L, 2/50; Table C3), and the
incidence exceeded the historical control range [5/199
(2.0% =+ 2.5%), range 0%- 6%]. However there was a
negative trend in the incidences of malignant lymphoma
in the female mice, and the incidence in the 1,000 mg/L
group was significantly decreased (27/50, 24/50, 17/50,
14/50; Table D3). In females, the incidences in the con-
trol and 50 mg/L groups were near the upper end of the
historical control range while the incidence in the
1,000 mg/L group was near the middle of the historical
control range [91/250 (36.4 + 22.7), range 10%-58%].

Eye: The incidence of cataract was significantly
increased in 1,000 mg/L male mice (0/49, 1/50, 1/50,
6/50; Table C5). Cataract, unilateral or bilateral, con-
sisted of one or more areas within the lens composed of
swelling, degeneration and fragmentation of the lens
fibers. These were most often located just under the lens
capsule. Because the eye was not routinely checked in
NTP studies until recently, the real historical mean for
this cataract is unknown. However, according to Geiss
and Yoshitomi (1999), severe mature cataracts are
uncommon in old B6C3F, mice; focal posterior subcap-
sular degeneration is more frequent (up to 15%). It is
therefore suggested that the apparent increased incidence
of cataracts in the present study is not treatment-related.

Spleen: The incidence of hematopoietic cell prolifera-
tion was significantly increased in male mice exposed to
1,000 mg/L (0 mg/L, 18/49; 50 mg/L, 20/50; 500 mg/L,
28/50; 1,000 mg/L, 38/50; Table C5). Hematopoietic
cell proliferation consisted of an increase in the normal
active hematopoietic tissue, expanding the red pulp.
Both myeloid and erythroid cell series were affected;
megakaryocytes were often increased as well.
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TABLE 20
Incidences of Neoplasms and Nonneoplastic Lesions of the Lung in Mice in the 2-Year Drinking Water
Study of Dibromoacetic Acid

0 mg/L 50 mg/L 500 mg/L 1,000 mg/L
Male
Number Examined Microscopicall;g 49 b 50 50 50
Alveolar Epithelium, Hyperplasia 2 (1.5) 6 (1.7) 6 (2.3) 7 (1.9)
Alveolar/bronchiolar Adenoma, Multiple 0 1 2 4
Alveolar/bronchiolar Adenoma (includes multiple)C
Overall rate . 7/49 (14%) 5/50 (10%) 17/50 (34%) 12/50 (24%)
Adjusted rate, 16.3% 10.8% 38.4% 26.6%
Terminal rate 5/31 (16%) 4/38 (11%) 15/34 (44%) 8/31 (26%)
First incidence (days) 482 596 604 489
Poly-3 test® P=0.019 P=0.326N P=0.016 P=0.178
Alveolar/bronchiolar Carcinoma, Multiple h 2 1 2 3
Alveolar/bronchiolar Carcinoma (includes multiple) 5 8 8 7
Alveolar/bronchiolar Adenoma or Carcinomai
Overall rate 12/49 (24%) 12/50 (24%) 22/50 (44%) 17/50 (34%)
Adjusted rate 27.7% 25.7% 49.4% 37.3%
Terminal rate 8/31 (26%) 9/38 (24%) 18/34 (53%) 11/31 (36%)
First incidence (days) 482 596 604 489

Poly-3 test P=0.066 P=0.513N P=0.027 P=0.226
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TABLE 20
Incidences of Neoplasms and Nonneoplastic Lesions of the Lung in Mice in the 2-Year Drinking Water
Study of Dibromoacetic Acid

0 mg/L 50 mg/L 500 mg/L 1,000 mg/L
Female
Number Examined Microscopically 50 50 50 50
Alveolar/bronchiolar Adenomaj
Overall rate 1/50 (2%) 3/50 (6%) 3/50 (6%) 6/50 (12%)
Adjusted rate 2.2% 6.5% 6.7% 13.2%
Terminal rate 1/38 (3%) 2/35 (6%) 1/32 (3%) 4/32 (13%)
First incidence (days) 729 (T) 490 553 636
Poly-3 test P=0.044 P=0.307 P=0.297 P=0.054
Alveolar/bronchiolar Carcinomak 1 2 2 2
Alveolar/bronchiolar Adenoma or Carcinomal
Overall rate 2/50 (4%) 5/50 (10%) 5/50 (10%) 7/50 (14%)
Adjusted rate 4.4% 10.8% 11.0% 15.4%
Terminal rate 2/38 (5%) 3/35 (9%) 2/32 (6%) 5/32 (16%)
First incidence (days) 729 (T) 490 553 636
Poly-3 test P=0.095 P=0.219 P=0.210 P=0.076

ST) Terminal sacrifice
Number of animals with lesion

l: Average severity grade of lesions in affected animals: 1=minimal, 2=mild, 3=moderate, 4=marked
Historical incidence for 2-year drinking water studies with controls given NTP-2000 diet (mean + standard deviation:
d 26/199 (10.5% + 7.7%), range 6%-20%
. Number of animals with neoplasm/number of animals with lung examined microscopically
¢ Poly-3 estimated neoplasm incidence after adjustment for intercurrent mortality
Observed incidence at terminal kill
£ Beneath the control incidence is the P value associated with the trend test. Beneath the exposed group incidence are the P values
corresponding to pairwise comparisons between the controls and that exposed group. The Poly-3 test accounts for the differential
b mortality in animals that do not reach terminal sacrifice. A lower incidence in an exposed group is indicated by N.
. Historical incidence: 16/199 (6.4% + 3.9%), range 6%-10%
. Historical incidence: 41/199 (16.5% = 10.7%), range 12%-26%
Jk Historical incidence: 13/250 (5.2% + 4.2%), range 2%-12%
) Historical incidence: 5/250 (2.0% = 1.4%), range 0%-4%

Historical incidence: 16/250 (6.4% + 3.9%), range 2%-12%
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GENETIC TOXICOLOGY

Dibromoacetic acid, tested over a concentration range of
33 to 10,000 pg/plate, was mutagenic in Salmonella
typhimurium strain TA100, with and without 30% rat or
hamster liver metabolic activation enzymes (S9); no
activity was detected in strain TA9S8, with or without rat
or hamster liver S9 enzymes (Table E1). Increased fre-
quencies of micronucleated normochromatic erythro-
cytes (NCEs) were observed in peripheral blood samples
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from male B6C3F, mice administered 125 to 2,000 mg
dibromoacetic acid/L in drinking water for 3 months; no
increases in NCEs were seen in female mice similarly
exposed (Table E2). No evidence of bone marrow toxi-
city, as measured by the percentage of immature (poly-
chromatic) erythrocytes among total erythrocytes, was
observed in either male or female mice.
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PLATE 2
Marked (grade 4) testicular atrophy (end stage lesion) in a male rat exposed to Testicular atrophy (end stage lesion) in a male rat exposed to 2,000 mg/L
2,000 mg/L dibromoacetic acid in drinking water for 3 months. Note that all dibromoacetic acid in drinking water for 3 months. The seminiferous tubules
seminiferous tubules (arrows) in the field are atrophic. H&E; 10X are lined only by Sertoli cells (arrows). H&E; 80%

PLATE 3 PLATE 4
Malignant mesothelioma (arrow) growing on the serosal surface of the testes in Higher magnification of Plate 3 showing the structure of papillary exophytic
a male rat exposed to 1,000 mg/L dibromoacetic acid in drinking water for projection (arrows) in the malignant mesothelioma. H&E; 50%

2 years. There is also a spontaneous interstitial cell neoplasm (asterisk).
H&E; 8%



PLATE § PLATE 6
Two abnormal residual bodies (arrows) in the testis of a male mouse exposed Numerous abnormal residual bodies (arrows) in the testis of the same mouse
to 2,000 mg/L dibromoacetic acid in drinking water for 3 months. H&E; 80x presented in Plate 5. H&E; 80%

PLATE 7 PLATE 8

Hepatocellular adenoma in a male mouse exposed to 1,000 mg/L dibromoacetic Hepatocellular adenoma in a male mouse exposed to 1,000 mg/L
acid in drinking water for 2 years. The neoplasm had distinct borders, causing dibromoacetic acid in drinking water for 2 years. Note the hepatocytes have a
definite compression of the surrounding normal parenchyma (arrows). relatively normal appearance, the lack of normal lobular architecture, and the
H&E; 10x plates of neoplastic hepatocytes intersect the surrounding normal hepatocytes

at sharp angles rather than merging with them (arrows). H&E; 20%



PLATE 9

Hepatocellular carcinoma in a male mouse exposed to 1,000 mg/L
dibromoacetic acid in drinking water for 2 years. The neoplastic hepatocytes
are somewhat atypical, with formation of trabeculae that are three or more cell
layers thick (arrows). H&E; 10x

PLATE 10

Hepatoblastoma in a male mouse exposed to 1,000 mg/L dibromoacetic acid in
drinking water for 2 years. The hypercellular neoplasm is well demarcated
(arrows) and composed of a pleomorphic collection of polygonal to elongate
cells with ovoid to pyriform, hyperchromatic nuclei. These cells are arranged
in palisading rows or glandular, “rosette” formations. H&E; 10%
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DISCUSSION AND CONCLUSIONS

Dibromoacetic acid is a drinking water disinfection by-
product formed by the reaction of chlorine oxidizing
agents with natural organic matter in source water con-
taining bromide. The United States Environmental
Protection Agency regulates drinking water levels of
dibromoacetic acid, along with monochloroacetic acid,
dichloroacetic acid, trichloroacetic acid, and monobro-
moacetic acid at a limit of 60 pg/L for the sum of these
haloacetic acids (40 CFR, § 141.64). Toxicity and car-
cinogenicity studies of dibromoacetic acid in rats and
mice were nominated to the NTP by the USEPA because
of widespread human exposure to this brominated water
disinfection by-product and because a related
dihaloacetic acid, dichloroacetic acid, was found to be
carcinogenic to the liver of mice (Herren-Freund et al.,
1987; DeAngelo et al., 1991; Daniel ef al., 1992) and
rats (DeAngelo et al., 1996). Dibromoacetic acid was
administered in drinking water to mimic the major route
of human exposure to this chemical.

In the 3-month drinking water study in rats, exposure to
dibromoacetic acid (adjusted to pH 5.0) caused reduc-
tions in body weight gain in the 2,000 mg/L groups of
males and females, increases in liver weights at all expo-
sure concentrations (125 mg/L and higher), and minimal
to mild hepatocellular cytoplasmic vacuolization at
500 mg/L or greater in males and in 2,000 mg/L females.
The lowest exposure concentration in the 3-month study,
125 mg/L, resulted in an average daily dose of 10 mg
dibromoacetic acid/kg body weight to males and
12 mg/kg to females. Hepatocyte cytoplasmic vac-
uolization in males exposed to 1,000 or 2,000 mg/L was
associated with marginal increases in DNA replication,
indicative of slight increases in hepatocyte proliferation.
In a two-generation study, absolute and relative liver
weights were increased in parental and F1 generation
male and female Sprague-Dawley rats exposed to 50,
250, or 650 ppm (mg/L) dibromoacetic acid in drinking
water; however, no corresponding microscopic changes
in the liver were reported in that study (Christian et al.,
2002).

Testicular lesions induced in rats in 2-week and 3-month
studies were similar to those described previously

(Linder et al., 1994b; 1997a) and were characterized by
a delay in spermiation with retention of step 19 sper-
matids in the seminiferous epithelium adjacent to the
lumen of stage IX and stage X tubules of the spermato-
genic cycle. These changes were accompanied by the
presence of atypical residual bodies. The lowest con-
centration of dibromoacetic acid showing this effect in
the 3-month study was 500 mg/L, equivalent to a mean
daily dose of 40 mg/kg. Decreased testicular weight and
incidence of testicular atrophy were observed in the
2,000 mg/L group (166 mg/kg). Linder et al. (1997b)
observed altered spermiation at 10 mg/kg or greater
doses in Sprague-Dawley rats exposed to dibromoacetic
acid by gavage for 31 or 79 days and seminiferous
tubule atrophy at 250 mg/kg per day. The difference in
dose response between the present study and that of
Linder ef al. (1997b) might be due to the use of different
rat strains (F344/N versus Sprague-Dawley) or different
methods of exposure (drinking water versus gavage).
The formation of atypical residual bodies was suggested
to be a result of impaired degradative function in Sertoli
cells. Sperm morphology evaluations in the present
study showed reductions in epididymal sperm counts,
sperm motility, and spermatid heads at 2,000 mg/L
(166 mg/kg) but not at 1,000 mg/L (90 mg/kg).
Hypospermia was also diagnosed in the epididymis of
rats in the present study. Linder et al. (1994b) detected
altered sperm morphology and reduced sperm motility
with 14 daily gavage doses of 90 mg/kg.

Pituitary gland hypertrophy observed in 2,000 mg/L
males in the 3-month study was considered to be sec-
ondary to testicular atrophy because a similar response
occurs following orchiectomy (MacKenzie and
Boorman, 1990). In female rats, an increase in the inci-
dence of hematopoietic cell proliferation in the spleen,
characterized by increases in myeloid and erythroid pre-
cursors, was associated with mild decreases in white
blood cell and lymphocyte counts at week 14. Increases
in kidney, heart, lung, and thymus weights were not
associated with microscopic changes in these organs.

Based on decreased body weight gains, organ weight
effects, and the severity of testicular lesions at
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2,000 mg/L, drinking water concentrations of dibro-
moacetic acid selected for the 2-year study were 50, 500,
or 1,000 mg/L. In the 2-year study, these exposure con-
centrations had no effect on survival of male or female
rats, while body weights of the 500 and 1,000 mg/L
groups were at most 5% to 15% less than those of con-
trols. These body weight differences were in part due to
decreased water consumption and reduced feed intake.

An increase in the incidence of mesotheliomas was
observed in the 1,000 mg/L group of male rats. The inci-
dence of 20% in this group far exceeded the historical
control rate of mesotheliomas in 2-year drinking water
studies in male rats (mean incidence of 6% =+ 4%). This
malignant lesion was observed at multiple sites through-
out the abdominal cavity (peritoneum). This response
was consistent with the criteria for some evidence of car-
cinogenic activity in male rats. Chemically induced
mesotheliomas have been observed predominantly in
male rats compared to female rats or mice of either sex.
Of over 500 carcinogenicity studies reported by the NTP,
16 agents produced positive evidence of neoplasms in
the mesothelium; of those agents, 15 were active in male
rats, two in female rats and mice, and one in male mice.
Phenoxybenzamine was the only chemical that induced
mesotheliomas in the abdominal cavity of both sexes of
rats and mice (NCI, 1978). Both mutagenic and nonmu-
tagenic chemicals induced neoplasms in the abdominal
cavity mesothelium. There is no apparent relationship
between chemical structure and this neoplastic response.

An increased incidence and positive trend for mononu-
clear cell leukemia was observed in female rats. The
incidence in the high-dose (1,000 mg/L) female rats
(44%) far exceeded the historical control rate for 2-year
drinking water studies in which animals were given the
NTP-2000 diet (mean incidence of 24% + 4%). The
incidence in the 1,000 mg/L female rats was also more
than two standard deviations greater than the historical
rate for 2-year feed studies in 510 female rats (mean
incidence of 24% = 9%). In male rats, the incidence of
mononuclear cell leukemia was increased significantly
in the low-dose (50 mg/L) group (62% versus 34% in
controls), and a marginal increase was observed in the
mid-dose (500 mg/L) group (48%). Both of these inci-
dences exceeded the historical control rate for 2-year
drinking water studies in which male rats were given
NTP-2000 diet (mean incidence of 32% =+ 3%). There
was no difference in incidence of mononuclear cell
leukemia between controls and high-dose (1,000 mg/L)
males (26%). The mononuclear cell leukemia response
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in female rats was considered some evidence of carcino-
genic activity, while the increased incidences in the low-
and mid-dose groups of male rats may have been related
to dibromoacetic acid exposure.

Several factors may influence the interpretation of
mononuclear cell leukemia responses in male and female
F344/N rats and evaluation of level of evidence of car-
cinogenicity for this neoplastic effect. Because the spon-
taneous rate of mononuclear cell leukemia in F344/N
rats is high and variable, historical incidence data are
extremely valuable for evaluating the response in a spe-
cific study. Table 21 provides survival and incidence
data for mononuclear cell leukemia in male and female
F344/N rats from NTP studies reported over the past
20 years in which evaluations of this neoplastic response
were judged to be equivocal evidence (may have been
related to chemical exposure) or some evidence of car-
cinogenic activity. In the dibromoacetic acid study, there
was no effect of treatment on survival of male or female
rats. Because it is difficult to estimate the expected inci-
dences of mononuclear cell leukemia in some of the ear-
lier NTP studies that had high mortality rates, the studies
listed in Table 21 are limited to those in which survival
rates in dosed groups were not significantly different
from those in the respective concurrent control groups.
It is important to note that historical rates have varied
over this time period and that they are affected by diet
and route of exposure. For example, in gavage studies
with corn oil used as the vehicle for chemical adminis-
tration, the incidence of mononuclear cell leukemia is
decreased in control male rats but not in female rats com-
pared to untreated controls (Haseman and Rao, 1992).

Dibromoacetic acid is one of four chemicals included in
Table 21 that was administered in drinking water. In the
other drinking water studies (pyridine, chlorinated water,
and chloraminated water), animals were given the
NIH-07 diet, and the level of evidence of carcinogenic-
ity was judged to be equivocal in female rats (NTP, 1992,
2000a). In contrast to the results with dibromoacetic
acid, for each of these three chemicals, there was ro evi-
dence of mononuclear cell leukemia in male rats, the
increases in treated groups were within two standard
deviations of the historical rates, and the incidences in
the concurrent controls were 7% to 10% less than the
historical rates that were used to evaluate responses in
those studies. In fact, part of the rationale for the deter-
mination of equivocal evidence of carcinogenicity in
those three studies was the lack of evidence for an
increase in mononuclear cell leukemia in male rats and



Dibromoacetic Acid, NTP TR 537

TABLE 21
Incidence of Mononuclear Cell Leukemia in Male and Female F344/N Rats in Selected NTP Studies®

Control Low-Dose Mid-Dose High-Dose
Male
Drinking Water Studies
Dibromoacetic acid (TR 537), equivocal evidence
Overall incidence 34% 62%** 48% 26%
Terminal survival 68% 48% 60% 57%
Historical control rate 31.6% +3.3%
Pyridine (TR 470), no evidenceb
Overall incidence 58% 64% 52% 54%
Terminal survival 50% 40% 50% 32%
Chlorinated water (TR 392), no evidenceb
Overall incidence 49% 49% 54% 57%
Terminal survival 28% 12% 32% 33%
Chloraminated water (TR 392), no evidenceb
Overall incidence 49% 52% 57% 60%
Terminal survival 28% 44% 28% 32%
Gavage Study (Water) b
Hydroquinone (TR 366), no evidence c
Overall incidence 51% 47% NA 56%
Terminal survival 51% 36% NA 38%
Feed Studies
o-Nitroanisole (TR 416), some evidence
Overall incidence 52%** 50% 84%** 68%**
Terminal survival 64%** 69% 48% 18%%**
Historical control rate 48.1% £ 7.7%
Acetominophen (TR 394), no evidenceb
Overall incidence 54% 52% 48% 40%
Terminal survival 54% 56% 46% 48%
Gavage Studies (Corn Oil)
Dichlorvos (TR 342), some evidence
Overall incidence 22%** 40%* NA 42%**
Terminal survival 63% 56% NA 52%
Historical control rate 15.2% + 8.8%
Ampicillin trihydrate (TR 318), equivocal evidence
Overall incidence 10%* 28%%* NA 26%*
Terminal survival 67% 54% NA 55%
Historical control rate 14.0% + 8.0%
Inhalation Studies
Indium phosphide (TR 499), equivocal evidence
Overall incidence 32% 46% 58%* 50%
Terminal survival 54% 58% 58% 52%
Historical control rate 43.5% £ 9.6%
Gallium arsenide (TR 492), no evidence
Overall incidence 38% 56% 66%** 56%*
Terminal survival 26% 26% 30% 26%

Historical control rate 58.0% =+ 8.0%
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TABLE 21
Incidence of Mononuclear Cell Leukemia in Male and Female F344/N Rats in Selected NTP Studies®

Control Low-Dose Mid-Dose High-Dose

Female

Drinking Water Studies

Dibromoacetic acid (TR 537), some evidence
Overall incidence 22%** 26% 32% 44%*
Terminal survival 70% 78% 70% 64%
Historical control rate 23.5% +4.4%

Pyridine (TR 470), equivocal evidence
Overall incidence 24%* 32% 44%* 46%*
Terminal survival 64% 74% 58% 52%
Historical control rate 30.9% + 10.0%

Chlorinated water (TR 392), equivocal evidence
Overall incidence 16%* 14% 37%* 32%
Terminal survival 62% 62% 55% 70%
Historical control rate 26.0% + 8.5%

Chloraminated water (TR 392), equivocal evidence
Overall incidence 16%* 22% 30% 32%*
Terminal survival 62% 56% 58% 48%
Historical control rate 26.0% + 8.5%

Gavage Study (Water)

Hydroquinone (TR 366), some evidence
Overall incidence 16%** 27%%* NA 40%**
Terminal survival 73% 52% NA 63%
Historical control rate 25.1% + 14.9%

Feed Studies

o-Nitroanisole (TR 416), some evidence
Overall incidence 28%** 22% 28% 52%%*
Terminal survival 66% 83% 52% 65%
Historical control rate 26.6% + 8.8%

Acetominophen (TR 394), equivocal evidence
Overall incidence 18%** 34% 30% 48%**
Terminal survival 60% 68% 68% 56%
Historical control rate 20.8% + 8.1%

Gavage Studies (Corn Oil)

Dichlorvos (TR 342), no evidence
Overall incidence 34% 42% NA 46%
Terminal survival 63% 52% NA 52%

Ampicillin trihydrate (TR 318), no evidence
Overall incidence 28% 36% NA 26%
Terminal survival 64% 67% NA 63%

Historical control rate 14.7% + 8.3%
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TABLE 21
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Incidence of Mononuclear Cell Leukemia in Male and Female F344/N Rats in Selected NTP Studies®

Control Low-Dose Mid-Dose High-Dose
Female (continued)
Inhalation Studies
Indium phosphide (TR 499), equivocal evidence
Opverall incidence 28%* 42% 28% 48%%*
Terminal survival 68% 63% 72% 68%
Historical control rate 29.1% + 8.5%
Gallium arsenide (TR 492), some evidence
Opverall incidence 44%** 42% 36% 66%*
Terminal survival 38% 34% 42% 22%

Historical control rate 35.0% + 5.9%

* Significantly different (P<0.05) from the control group by the life-table test or the Poly-3 test

**P<0.01

a

TR318, NTP, 1987; TR499, NTP, 2001; TR492, NTP, 2000b
Historical data not available
NA=not applicable

the lower incidences of leukemia in the concurrent con-
trol groups of female rats compared to historical con-
trols. In the dibromoacetic acid study, a significant
increase in mononuclear cell leukemia was observed in
low-dose males, and a marginal increase that exceeded
the historical control range was observed in the mid-dose
group. The higher spontaneous rates of mononuclear
cell leukemia in control male F344/N rats fed the
NIH-07 diet compared to the NTP-2000 diet might have
masked the ability to detect an increased incidence of
this neoplastic lesion in male rats exposed to pyridine,
chlorinated water, or chloraminated water.

The increased incidence of mononuclear cell leukemia in
female rats exposed to hydroquinone by gavage in water
was judged to be some evidence of carcinogenic activity
(NTP, 1989a). This response, which lacked supportive
evidence in male rats, is not very different from that of
dibromoacetic acid. In the two dosed-feed studies
shown in Table 21, the mononuclear cell leukemia
responses in female rats are similar to that of dibro-
moacetic acid. The effect of o-nitroanisole was consid-
ered to be some evidence of carcinogenic activity (NTP,
1993a), while the acetaminophen effects were consid-
ered to be equivocal evidence of carcinogenicity (NTP,
1993b). The latter determination was based on lack of

TR470, NTP, 2000a; TR392, NTP, 1992; TR366, NTP, 1989a; TR416, NTP, 1993a; TR394, NTP, 1993b; TR342, NTP, 1989b;

supportive evidence in male rats, lack of evidence of
shortened neoplasm latency in exposed groups, and the
generally high and variable spontaneous rate of this neo-
plasm in F344/N rats.

Two corn oil gavage studies, dichlorvos (NTP, 1989b)
and ampicillin trihydrate (NTP, 1987), are listed in
Table 21. As noted above, this route of exposure is asso-
ciated with decreased spontaneous rates of mononuclear
cell leukemia in male rats. The mononuclear cell
leukemia from the dichlorvos study in male F344/N rats
was considered to be some evidence of carcinogenic
activity in male rats. In each of these cases, there was no
supportive evidence of mononuclear cell leukemia in
female rats. The mononuclear cell leukemia for dibro-
moacetic acid in female rats is not very different from
that of dichlorvos or ampicillin trihydrate in male rats.

In the two inhalation studies presented in Table 21, the
increased incidences of mononuclear cell leukemia in
female rats were judged to be some evidence of carcino-
genic activity for gallium arsenide (NTP, 2000b) and
equivocal evidence of carcinogenic activity for indium
phosphide (NTP, 2001). Neither of these responses is
very different from that of dibromoacetic acid, reflecting
the difficulty in judging the appropriate level of evidence
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for this neoplastic effect. The increased incidences of
mononuclear cell leukemia in male rats exposed to gal-
lium arsenide were not considered to be chemical-related
because those rates were similar to the mean historical
incidence in chamber control male rats.

The mononuclear cell leukemia response in female rats
exposed to dibromoacetic acid included a positive trend
and increased incidence that far exceeded historical rates
for this neoplastic lesion; in addition, there were
increased incidences of mononuclear cell leukemia in
male rats. The response in female rats is generally con-
sistent with previous NTP conclusions of some evidence
of carcinogenic activity.

In female rats, the incidences of hyperplasia of the alve-
olar epithelium were significantly increased in the 500
and 1,000 mg/L groups; this response was accompanied
by a marginal increase in the incidence of alveolar/bron-
chiolar adenoma or carcinoma (combined) (4% in con-
trols versus 10% in the 1,000 mg/L group). The
incidence of alveolar/bronchiolar adenoma or carcinoma
(combined) in this group of female rats exceeded the his-
torical control rate for 2-year drinking water studies in
which animals were given NTP-2000 diet (mean inci-
dence of 4% = 2%). Because alveolar epithelial hyper-
plasia is considered to be part of the continuum of
proliferative lesions in lung neoplasia, the combined
responses indicate a proliferative effect of dibromoacetic
acid in the lung.

The only liver lesions observed in the 2-year study in
rats were increased incidences of cystic degeneration in
all exposed groups of males. This finding is in contrast
to the increase in liver neoplasms observed in male
F344/N rats exposed to 500 or 1,600 mg/L
dichloroacetic acid in drinking water for 100 weeks
(DeAngelo et al., 1996). On a molar basis, exposure to
500 mg/L dichloroacetic acid is equivalent to 845 mg/L
dibromoacetic acid. Because there was no increase in
the incidences of liver neoplasms in male rats given
drinking water containing 1,000 mg/L dibromoacetic
acid, there appears to be a difference in the hepatocar-
cinogenic potential of these two dihaloacetic acids in
rats.

The incidences of chronic nephropathy were increased in
all exposed groups of female rats but not in male rats; the
apparent sex difference in identifying this renal effect is
likely due to the higher rate of nephropathy in control
male rats (88%) that precluded the chance of detecting
an increased response. Increases in kidney weights were
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observed in male and female rats in the present 3-month
study and in a two-generation drinking water study
(Christian et al., 2002), but no corresponding histopatho-
logical changes were noted in either of these studies.
The present study indicates that exposure to dibro-
moacetic acid may exacerbate chronic nephropathy in
rats.

In the 3-month drinking water study in mice, dibro-
moacetic acid caused reductions in body weight gain in
the 2,000 mg/L groups of males and females and
increases in liver weights at 500 mg/L or greater in both
sexes. Although hepatocellular cytoplasmic vacuoliza-
tion was observed in most mice including controls, the
severity of this lesion was increased in the 1,000 and
2,000 mg/L groups. There was no increase in hepato-
cyte DNA replication in either sex of mice after 26 days
of exposure.

Testicular lesions, similar to those observed in rats, were
induced in mice exposed to 1,000 or 2,000 mg/L. These
lesions, which had not been reported previously in mice,
were characterized as spermatid retention and large atyp-
ical residual bodies in seminiferous tubules. The atypi-
cal residual bodies in mice were generally larger than
those observed in rats (Plates 5 and 6); however, this
effect was detected at a lower average daily dose in rats
(40 mg/kg) than in mice (115 mg/kg). As noted above
for rats, the lesions observed in mice were also probably
caused by impaired degradative functions carried out by
Sertoli cells. Evaluations of sperm from exposed mice
did not demonstrate any effects on morphology, motility,
or epididymal counts. Neither testicular atrophy nor
decreases in testicular weight were observed in mice
exposed to 2,000 mg/L, the concentration of dibro-
moacetic acid that caused these effects in rats.

Drinking water concentrations of dibromoacetic acid
selected for the 2-year toxicology and carcinogenesis
study (50, 500, and 1,000 mg/L) were based on
decreased body weight gains and the severity of liver
lesions at 2,000 mg/L. In the 2-year study, these expo-
sure concentrations had no significant effects on sur-
vival, water consumption, or body weight gain in male
and female mice.

Exposure of mice to dibromoacetic acid produced sig-
nificant dose-related increases in the incidences of hepa-
tocellular adenomas and carcinomas in males and
females and hepatoblastomas in males. Of particular
note is that the increase in hepatocellular neoplasms in
male mice was significant even at the lowest exposure
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concentration of 50 mg/L, which is equivalent to an
average daily dose of approximately 4 mg/kg. Although
the administration of dichloroacetic acid in drinking
water for 2 years also induced hepatocellular neoplasms
in male B6C3F, mice (DeAngelo et al., 1991), signifi-
cant increases in neoplasm incidence with dichloroacetic
acid were not detected at doses as low as those of dibro-
moacetic acid that induced significant increases. The
potent response observed in this study was not associ-
ated with hepatocellular necrosis or regenerative hyper-
plasia and was considered to be clear evidence of
carcinogenic activity of dibromoacetic acid in male and
female mice. A substantial species difference in suscep-
tibility to dibromoacetic acid-induced liver neoplasia is
noted by comparing the response in mice to the lack of a
response in rats at equivalent exposure concentrations.

Dibromoacetic acid also induced a significant increase
in the incidences of alveolar/bronchiolar neoplasms in
male mice and a marginal increase in female mice. Also
observed in male mice was a dose-related increase in the
incidences of alveolar epithelial hyperplasia, a lesion
that is considered to be part of the continuum of prolif-
erative changes in lung neoplasia. Thus, the lung neo-
plastic response in male mice is considered to be related
to dibromoacetic acid exposure, and the response in
female mice may have been related to dibromoacetic
acid exposure.

The 2-year studies presented here demonstrate the mul-
tiple organ carcinogenicity of dibromoacetic acid in lab-
oratory animals; the primary sites identified in these
studies include the abdominal cavity mesothelium of
male rats and the liver and lung of mice. The mecha-
nisms of neoplasm induction by dibromoacetic acid or
the related dichloroacetic acid are not known. For
dichloroacetic acid, it was suggested that the induction
of liver tumors in mice is due to selective growth of a
phenotypic cell-type that does not respond to mitoin-
hibitory homeostatic control mechanisms (Carter ef al.,
2003). Neither hepatocellular necrosis nor regenerative
hyperplasia was associated with the development of pre-
neoplastic lesions or liver neoplasms in mice. A similar
mechanism of liver neoplasm induction may be operat-
ing for dichloroacetic acid and dibromoacetic acid; data
on dibromoacetic acid are not sufficient to ascertain any
proposed hypothesis. DNA hypomethylation and
increased expression of c-myc and IGF-II genes were
suggested as possible early events in the hepatocarcino-
genicity of dihaloacetic acids in mice (Pereira et al.,
2001; Tao et al., 2004). An early increase in hepatocyte
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proliferation is not likely involved in the mode of action
because no increases in the DNA labeling index were
observed in mice exposed for 26 days and the slight
increase that occurred in male F344/N rats was not
accompanied by an increase in liver tumor response.
DNA damage due to oxidative stress in the livers of
mice exposed to halogenated acetic acids, including
dibromoacetic acid (Austin et al., 1996), may contribute
to the hepatocarcinogenicity of these chemicals. The
carcinogenicity of dibromoacetic acid may also involve
a genotoxic mechanism because this agent induces DNA
damage in Escherichia coli (Giller et al., 1997), muta-
tions in Salmonella typhimurium strains TA98 and
TA100 with and without metabolic activation
(Kargalioglu et al., 2002), and DNA strand breaks in
Chinese hamster ovary cells (Plewa et al, 2002). In
addition, glyoxylate, a metabolite of dihaloacetate bio-
transformation, is mutagenic in S. typhimurium strains
TA97, TA100, and TA104 (Sayato et al., 1987). It is
possible that both a genotoxic effect and selective
growth of an altered phenotypic cell-type are involved in
the carcinogenesis of dibromoacetic acid. For example,
increased cell replication rates in preneoplastic hepatic
foci and tumors and decreased replication rates in nor-
mal hepatocytes of mice exposed to dibromoacetic acid
would provide a selective growth advantage to initiated
cells. DNA hypomethylation may contribute to the
increased expression of proto-oncogenes during the
development of liver neoplasms in mice exposed to
dichloroacetic acid (Pereira et al., 2001) or dibro-
moacetic acid (Tao et al., 2004).

The various roles of parent compound and metabolites in
the toxicity and carcinogenicity of dihaloacetic acids
have not been determined. The major identified metabo-
lites of dihaloacetate biotransformation in rats and mice
are glyoxylate, glycolate, and oxalate (Lin ef al., 1993;
Narayanan ef al., 1999). Biotransformation of dihaloac-
etates to glyoxylate occurs primarily in liver cytosol by
a glutathione dependent process (James ef al., 1997) cat-
alyzed by glutathione-S-transferase,,, (GST¢) (Tong
etal., 1998a). However, because metabolism via the
GSTc¢-mediated displacement of a halide by glutathione
leads to an irreversible inactivation of this enzyme
(Anderson et al., 1999), the rate of metabolic elimina-
tion is reduced and the internal dosimetry (or bioavail-
ability) of the parent compound is increased with
repeated exposures to dihaloacetic acids. This change in
metabolic capability occurs until a new steady state level
of GSTg¢ activity is reached; that level is dependent on
the extent of inactivation and degradation of GST¢ in the
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liver and the rate of resynthesis of this enzyme. Based
on plasma-time course data for dibromoacetic acid in
female rats and male mice, as well as published physio-
logical and biochemical parameters, the absorption,
metabolism, and elimination of this chemical in rats and
mice plus the inactivation and resynthesis of GST¢ in the
liver were modeled (Appendix M). This physiologically
based pharmacokinetic model (PBPK) was used to esti-
mate the areas under each concentration versus time
course curve (AUC) of dibromoacetate in the blood and
liver, as well as the rate of metabolism of dibromoacetate
in the liver via the GST¢ pathway and a nonGST¢ path-
way in rats and mice receiving the drinking water con-
centrations used in the 2-year studies. In rats, the
concentrations of dibromoacetate in the blood and liver
increase disproportionately with increasing concentra-
tions of dibromoacetic acid in the drinking water; for
example, after 15 months of exposure, the blood AUC
increased approximately 600-fold at the 500 mg/L con-
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centration compared to 50 mg/L and increased another
6 fold at the 1,000 mg/L concentration (Figure 6). In
contrast, the rate of metabolism of dibromoacetate via
the GST¢ pathway is equivalent at exposures of 500 and
1,000 mg/L. The nonlinear relationships between these
various internal dose metrics and intake of dibro-
moacetic acid reflect the consequence of GST¢ inactiva-
tion that occurs with dibromoacetate metabolism by this
pathway. Because the shape of the dose response curve
for mesotheliomas in male rats (neoplasm incidence ver-
sus exposure shown in Figure 7) appears to be similar to
that of the blood AUC for dibromoacetate but very dif-
ferent from that of the GST¢ metabolic activity, this neo-
plastic response may be due largely to parent compound.

In mice, the concentrations of dibromoacetate in the
blood and liver and the rate of metabolism of
dibromoacetate via the GST¢ pathway increase propor-
tionally with increasing concentrations of dibromoacetic
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PBPK Model-Based Estimates of 24-Hour Blood AUCs for Dibromoacetate (DBA)
and Daily Rates of GST¢-Mediated Metabolism in the Liver of Female F344/N Rats
at 15 Months During the 2-Year Drinking Water Study of Dibromoacetic Acid
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FIGURE 7

Survival-Adjusted (Poly-3) Mesothelioma Incidences in Male F344/N Rats
Exposed to Dibromoacetic Acid in Drinking Water for 2 Years

acid in the drinking water (Figure 8). Similarly, the inci-
dences of hepatoblastomas in male mice increase pro-
portionally with increasing concentrations of
dibromoacetic acid in the drinking water (Figure9).
Thus, the parent compound, metabolites, or both may be
important contributors to this neoplastic response. The
supralinear-appearing response for hepatocellular ade-
nomas and carcinomas is different than the changes in
parent compound concentration in the liver or the GST¢
metabolic activity that occur with increasing concentra-
tions of dibromoacetic acid in the drinking water. For
example, at 50 mg/L of dibromoacetic acid, there were
relatively low levels of dibromoacetate in the liver and
low rates of GST¢-mediated metabolism, but there was

a significant i