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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, 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 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.

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.

The NTP Technical Reports are available free of charge on the NTP website and cataloged in
PubMed, a free resource developed and maintained by the National Library of Medicine (part of
the National Institutes of Health). Data for these studies are included in NTP’s Chemical Effects
in Biological Systems database.

For questions about the reports and studies, please email NTP or call 984-287-3211.


https://ntp.niehs.nih.gov/
https://www.ncbi.nlm.nih.gov/pubmed/
https://manticore.niehs.nih.gov/cebssearch
https://manticore.niehs.nih.gov/cebssearch
https://tools.niehs.nih.gov/webforms/index.cfm/main/formViewer/form_id/521/to/cdm
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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 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 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 on
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.

e 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.

e 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.

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

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

e 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
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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 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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Abstract

Bromodichloroacetic acid is a haloacetic acid that forms when drinking water supplies
containing natural organic matter are disinfected with chlorine-containing oxidizing compounds
and when bromide is present in the source water. Bromodichloroacetic acid was nominated for
toxicity and carcinogenicity studies by the American Water Works Association Research
Foundation and the United States Environmental Protection Agency because of widespread
human exposure to this water disinfection by-product and because related dihaloacetic acids
were found to be carcinogenic to the liver of rats and mice. Male and female F344/N rats and
B6C3F1/N mice were exposed to bromodichloroacetic acid (greater than 97% pure) in drinking
water for 2 weeks or 3 months, and male and female F344/NTac rats and B6C3F1/N mice were
exposed for 2 years. Genetic toxicology studies were conducted in Salmonella typhimurium,
Escherichia coli, and mouse peripheral blood erythrocytes.

Two-week Study in F344/N Rats

Groups of five male and five female rats were exposed to 0, 62.5, 125, 250, 500, or 1,000 mg
bromodichloroacetic acid/L drinking water for 16 days (equivalent to average daily doses of
approximately 7, 15, 31, 56, or 131 mg bromodichloroacetic acid/kg body weight to males and 8,
15, 30, 58, or 113 mg/kg to females). All rats survived to the end of the study. Mean body
weights of exposed groups of male and female rats were similar to those of the controls. Water
consumption by exposed and control groups was similar. No organ weight differences were
attributed to exposure to bromodichloroacetic acid. No gross or histologic lesions related to
bromodichloroacetic acid exposure were observed.

Two-week Study in Mice

Groups of five male and five female mice were exposed to 0, 62.5, 125, 250, 500, or 1,000 mg
bromodichloroacetic acid/L drinking water for 16 days (equivalent to average daily doses of
approximately 10, 20, 41, 84, or 175 mg/kg to males and 11, 16, 40, 78, or 138 mg/kg to
females). All mice survived to the end of the study. Mean body weights of exposed groups of
male and female mice were similar to those of the controls. Water consumption by exposed and
control groups was similar. No gross or histologic lesions related to bromodichloroacetic acid
exposure were observed.

Three-month Study in F344/N Rats

Groups of 10 male and 10 female rats were exposed to 0, 62.5, 125, 250, 500, or 1,000 mg
bromodichloroacetic acid/L drinking water for 14 weeks (equivalent to average daily doses of
approximately 5, 9, 19, 37, or 72 mg/kg to males and 5, 10, 20, 43, or 69 mg/kg to females). In
addition, groups of 10 male and 10 female clinical pathology study rats were exposed to the
same concentrations for 4 weeks. All exposed rats survived until the end of the study. Mean body
weights of 1,000 mg/L females were significantly less than those of the controls. Kidney weights
of 1,000 mg/L females were significantly greater than those of the controls. Male rats exposed to
1,000 mg/L exhibited decreased left testis weights and sperm motility, suggesting a potential for
bromodichloroacetic acid to be a reproductive toxicant in male rats. No chemical-related
histologic lesions were noted.

Three-month Study in Mice
Groups of 10 male and 10 female mice were exposed to 0, 62.5, 125, 250, 500, or 1,000 mg
bromodichloroacetic acid/L drinking water for 14 weeks (equivalent to average daily doses of
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approximately 7, 15, 30, 59, or 123 mg/kg to males and 9, 17, 36, 70, or 129 mg/kg to females).
All mice survived to the end of the study. Mean body weights of exposed groups were similar to
those of controls. Water consumption by exposed and control groups was generally similar. The
absolute and relative liver weights of 500 and 1,000 mg/L males were significantly greater than
those of controls, and the absolute kidney weight of 1,000 mg/L males was significantly less than
that of controls. In the liver of females exposed to 1,000 mg/L, the incidence of glycogen
depletion (minimal) was significantly greater than the control incidence.

Two-year Study in F344/NTac Rats

Groups of 66 male and 66 female rats were exposed to 0, 250, 500, or 1,000 mg
bromodichloroacetic acid/L drinking water for up to 104 weeks (equivalent to average daily
doses of approximately 11, 21, or 43 mg/kg to males and 13, 28, or 57 mg/kg to females). Eight
male and eight female rats from each group were removed at 6 and 13 months for interim
evaluations.

Survival of 500 and 1,000 mg/L females was significantly less than that of the controls. The
mean body weights of 1,000 mg/L males were approximately 10% less than those of controls
after week 89, and those of 1,000 mg/L females were less after week 13. Water consumption by
1,000 mg/L males was less than that by controls throughout the study; in 1,000 mg/L females,
water consumption was less during the first year of the study but similar to control values during
the second year. At the 6-month interim evaluation, relative liver weights of 500 and 1,000 mg/L
females were significantly greater than those of the controls.

In females, the incidences of mammary gland fibroadenoma and fibroadenoma or carcinoma
(combined) in all exposed groups were significantly greater than the control incidences, as was
the incidence of carcinoma at 1,000 mg/L. The incidence of hyperplasia of the mammary gland
in 1,000 mg/L females was significantly increased. Two males in the 250 mg/L group, three
males in the 500 mg/L group, and one male in the 1,000 mg/L group had mammary gland
fibroadenomas. No fibroadenomas were observed in the control males.

At the 13-month evaluation, the incidence of malignant mesothelioma of the testis in the

1,000 mg/L group was significantly increased. In all organs at 2 years, the incidences of
malignant mesothelioma in males occurred with a positive trend and were significantly increased
in all exposed groups.

The incidences of keratoacanthoma and of basal cell adenoma or carcinoma (combined) of the
skin in males occurred with positive trends, and the 1,000 mg/L group incidences were
significantly greater than the control incidences. The combined incidence of squamous cell
papilloma, keratoacanthoma, sebaceous gland adenoma, basal cell adenoma, basal cell
carcinoma, or squamous cell carcinoma in 1,000 mg/L males was significantly increased. The
incidence of subcutaneous fibroma was significantly increased in 1,000 mg/L males.

The incidences of adenoma of the large intestine (cecum, colon, rectum) were slightly increased
in 500 and 1,000 mg/L males.

Incidences of glioma, oligodendroglioma, and benign granular cell tumor of the meninges
occurred in the brain of male rats in the original evaluation, but the differences between the
exposed group incidences and the control group incidences were not statistically significant. An
extended evaluation of additional brain sections, up to nine per animal, was conducted; one
additional control male had a glioma and one additional 500 mg/L male had an
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oligodendroglioma. While there was no statistically significant increase in the incidences of
glioma or oligodendroglioma (combined), these neoplasms have not been observed in historical
controls.

One male in the control group and three each in the 500 and 1,000 mg/L groups had squamous
cell papillomas or squamous cell carcinomas of the oral cavity (oral mucosa or tongue).

In the bone marrow, the incidences of angiectasis in all exposed groups of males and females and
hyperplasia in all exposed groups of females and in 1,000 mg/L males were significantly
increased when compared to the control group incidences.

At 2 years, the incidence of eosinophilic focus in the liver of 1,000 mg/L males and 500 and
1,000 mg/L females were significantly increased. Also, there were significantly increased
incidences of hepatic hematopoietic cell proliferation in 500 and 1,000 mg/L females.

In the spleen of females, significantly increased incidences of hematopoietic cell proliferation
were observed in the 500 and 1,000 mg/L groups.

Two-year Study in Mice

Groups of 66 male and 66 female mice were exposed to 0, 250, 500, or 1,000 mg
bromodichloroacetic acid/L drinking water for up to 105 weeks (equivalent to average daily
doses of approximately 23, 52, or 108 mg/kg to males and 17, 34, or 68 mg/kg to females).
Seven or eight male and eight female mice from each group were removed at 6 and 14 months
for interim evaluations.

Survival of 500 and 1,000 mg/L males was significantly decreased. The most common cause of
early deaths in 500 mg/L males and 1,000 mg/L males and females appeared to be liver
neoplasms. Compared to those of controls, mean body weights were over 10% less in 500 mg/L
males after week 73, in 1,000 mg/L males after week 57, in 250 and 500 mg/L females after
week 89, and in 1,000 mg/L females after week 73. Water consumption by all exposed groups of
males and by 250 and 500 mg/L females was generally greater than that by controls during the
second year of the study. At the 6-month interim evaluation, left and right kidney weights of
1,000 mg/L males were significantly less than those of the controls.

At the 14-month evaluation, exposure concentration-related increased incidences of atypical
focus of cellular alteration of the liver were noted in all exposed groups of male and female mice,
and the incidences in 1,000 mg/L males and females were significantly increased. A single case
of hepatoblastoma was noted in a 1,000 mg/L male.

At 2 years, the incidences of hepatocellular adenoma in all exposed groups of females,
hepatocellular carcinoma in all exposed groups of males and in 500 and 1,000 mg/L females, and
hepatoblastoma in all exposed groups of males and in 1,000 mg/L females were significantly
increased compared to those in the control groups. The incidences of multiple hepatocellular
carcinoma and multiple hepatoblastoma in males and females and multiple hepatocellular
adenoma in females were generally increased in an exposure concentration-related manner.
When combined, the incidences of hepatocellular adenoma, hepatocellular carcinoma, or
hepatoblastoma were significantly increased in 250 and 1,000 mg/L males and in all exposed
groups of females.
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In the liver, the incidences of eosinophilic focus in exposed females and atypical focus of cellular
alteration (i.e., eosinophilic cell focus and mixed cell focus) in exposed groups of males and
females (except 250 mg/L) were significantly greater than those in the controls.

In the Harderian gland of males, the incidences of adenoma and adenoma or carcinoma
(combined) in the 500 and 1,000 mg/L groups were significantly greater than those in the
controls.

The incidences of atrophy of the testis increased with increasing exposure concentration, and the
increases in the 500 and 1,000 mg/L groups were significant. In the epididymis, the incidences of
atrophy in all exposed groups, hypospermia in the 1,000 mg/L group, and epithelium
degeneration in the 500 and 1,000 mg/L groups were significantly increased.

Genetic Toxicology

Bromodichloroacetic acid was tested in two independent bacterial gene mutation assays. In the
first assay, conducted with an uncharacterized sample of bromodichloroacetic acid, the
compound was judged to be weakly positive based on responses seen in S. typhimurium strain
TA97 in the presence of rat or hamster S9 metabolic activation enzymes; an equivocal response
was obtained in TA97 in the absence of S9, and no mutagenic activity was seen in strains TA98,
TA100, or TA1535. In the second assay, conducted with the same well-characterized lot of
bromodichloroacetic acid that was used in the 2-year bioassays, positive responses were seen in
S. typhimurium strains TA97, TA98, and TA100 and the E. coli strain WP2 uvrA/pkM101 in the
absence of S9. With rat S9, equivocal responses were seen with the three S. typhimurium tester
strains, and a positive response was observed in the E. coli strain. In vivo, no significant
increases in the frequencies of micronucleated normochromatic erythrocytes or the percent of
polychromatic erythrocytes (reticulocytes) were observed in blood samples from male or female
B6C3F1/N mice administered bromodichloroacetic acid in drinking water for 3 months.

Conclusions

Under the conditions of these 2-year studies, there was clear evidence of carcinogenic activity
(see

Explanation of Levels of Evidence of Carcinogenic Activity; see summary of the peer review
panel comments and the public discussion on this Technical Report in Appendix P) of
bromodichloroacetic acid in male F344/NTac rats based on increased incidences of malignant
mesothelioma and the combined incidences of epithelial tumors of the skin. Occurrences of
subcutaneous fibromas were also related to exposure to bromodichloroacetic acid. Occurrences
of glioma or oligodendroglioma (combined) of the brain, squamous cell papilloma and squamous
cell carcinoma of the oral cavity (oral mucosa or tongue), adenoma of the large intestine, and
fibroadenoma of the mammary gland may have been related to exposure to bromodichloroacetic
acid. There was clear evidence of carcinogenic activity of bromodichloroacetic acid in female
F344/NTac rats based on increased incidences of fibroadenoma and carcinoma of the mammary
gland. The occurrences of glioma or oligodendroglioma (combined) of the brain may have been
related to bromodichloroacetic acid exposure. There was clear evidence of carcinogenic activity
of bromodichloroacetic acid in male B6C3F1/N mice based on increased incidences of
hepatocellular carcinoma and hepatoblastoma and increased incidences of adenoma or carcinoma
(combined) of the Harderian gland. There was clear evidence of carcinogenic activity of
bromodichloroacetic acid in female B6C3F1/N mice based on increased incidences of
hepatocellular adenoma, hepatocellular carcinoma, and hepatoblastoma.
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Exposure to bromodichloroacetic acid for 2 years resulted in increased incidences of
nonneoplastic lesions in the bone marrow and liver of male and female rats, spleen of female
rats, liver of male and female mice, and testis and epididymis of male mice.

Synonyms: 2-Bromo-2,2-dichloroacetic acid; bromodichloroethanoic acid
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Summary of the Two-year Carcinogenesis and Genetic Toxicology Studies of Bromodichloroacetic

Acid
Male Female Male Female
F344/NTac Rats F344/NTac Rats B6C3F1/N Mice B6C3F1/N Mice
Concentrations in 0, 250, 500, or 0, 250, 500, or 0, 250, 500, or 0, 250, 500, or
drinking water 1,000 mg/L 1,000 mg/L 1,000 mg/L 1,000 mg/L

Survival rates

Body weights

Nonneoplastic
effects

Neoplastic effects

19/50, 21/50, 25/50,
19/50

1,000 mg/L group

approximately 10%
less than the control
group after week 89

Bone marrow:
angiectasis (4/50,
29/50, 34/50, 40/50);
hyperplasia (17/50,
19/50, 20/50, 30/50)

Liver: eosinophilic
focus (6/50, 10/50,
7/50, 14/50)

All organs: malignant
mesothelioma (1/50,

12/50, 18/50, 37/50)

Skin: squamous cell
papilloma,
keratoacanthoma,
sebaceous gland
adenoma, basal cell
adenoma, basal cell
carcinoma, or
squamous cell
carcinoma (9/50,
7/50, 15/50, 21/50)

Skin (subcutaneous
tissue): fibroma (4/50,
6/50, 10/50, 15/50)

34/50, 26/50, 7/50,
2/50

1,000 mg/L group at
least 10% less than
the control group after
week 13

Bone marrow:
angiectasis (1/50,
19/50, 32/50, 39/50);
hyperplasia (23/50,
35/50, 40/50, 43/50)

Liver: hematopoietic
cell proliferation
(3/50, 7/50, 14/50,
9/50); eosinophilic
focus (6/50, 13/50,
21/50, 22/50)

Spleen: hematopoietic
cell proliferation
(6/50, 13/50, 29/50,
31/50)

Mammary gland:
fibroadenoma (28/50,

47/50, 47/50, 39/50);
carcinoma (0/50,
1/50, 3/50, 8/50)

25/50, 21/50, 12/49,
10/51

500 and 1,000 mg/L
groups at least 10%
less than the control
group after weeks
73 and 57,
respectively

Liver: focus of
cellular alteration,
atypical (0/50, 19/50,
42/49, 43/51)

Testis: atrophy (4/50,
6/50, 13/49, 23/51)

Epididymis: atrophy
(0/50, 7/50, 10/49,
17/51); hypospermia
(0/50, 1/50, 0/49,
17/51); epithelium,
degeneration (1/50,
1/50, 10/49, 6/51)

Liver: hepatocellular
carcinoma (12/50,
22/50, 27/49, 39/51);

hepatoblastoma (4/50,

24/50, 40/49, 34/51)

Harderian gland:
adenoma (6/50,

11/50, 14/49, 19/51);
adenoma or
carcinoma (6/50,
11/50, 14/49, 20/51)

30/50, 33/50, 29/50,
27/50

250 and 500 mg/L
groups at least 10%
less than the control
group after week 89;
1,000 mg/L group at
least 10% less after
week 73

Liver: eosinophilic
focus (22/49, 33/50,
38/49, 40/50); focus
of cellular alteration,
atypical (0/49, 2/50,
6/49, 16/50)

Liver: hepatocellular
adenoma (33/49,
42/50, 42/49, 44/50);
hepatocellular
carcinoma (9/49,
17/50, 22/49, 26/50);
hepatoblastoma (0/49,
1/50, 4/49, 6/50);
hepatocellular
adenoma,
hepatocellular
carcinoma, or
hepatoblastoma
(36/49, 44/50, 43/49,
46/50)
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Male Female Male Female
F344/NTac Rats F344/NTac Rats B6C3F1/N Mice B6C3F1/N Mice
Equivocal findings  Brain: glioma or Brain: glioma or None None
oligodendroglioma oligodendroglioma
(original and (original and

extended evaluations extended evaluations
combined: 1/50, 1/50, combined: 1/50, 0/50,
4/50, 3/50) 3/50, 1/50)

Oral cavity (oral
mucosa and tongue):
squamous cell
papilloma or
squamous cell
carcinoma (1/50,
0/50, 3/50, 3/50)

Large intestine:
adenoma (0/50, 0/50,

2/50, 2/50)
Mammary gland:
fibroadenoma (0/50,
2/50, 3/50, 1/50)
Level of evidence of  Clear evidence Clear evidence Clear evidence Clear evidence
carcinogenic activity
Genetic toxicology
Bacterial gene mutations: Weakly positive in one assay in S. typhimurium strain TA97 with S9,

equivocal in TA97 in the absence of S9, and negative in TA98,
TA100, and TA1535 with and without S9. Positive in a second assay
in TA97, TA98, and TA100 in the absence of S9; equivocal in TA97,
TA98, and TA100 with S9; positive in E. coli

WP2 uvrA/pkM101 with or without S9.

Micronucleated erythrocytes

Mouse peripheral blood in vivo: Negative in males and females
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Overview of Water Disinfection By-products Program

The disinfection of drinking water by chlorination or chloramination leads to the production of
halogenated by-products. The disinfection by-products are produced by interactions with reactive
chlorine and humic acids derived from algae and the breakdown of vegetative matter. The
composition of the by-products depends on the disinfection process and the source water. There
are seasonal variations in concentrations of disinfection by-products due to increased algal
blooms in warmer weather. Source water high in bromine will contain higher concentrations of
bromo- and mixed chloro/bromo disinfection by-products. Several epidemiologic studies suggest
an association between exposure to disinfection by-products and bladder cancer and reproductive
toxicity' 2. To better understand the risks associated with exposure to disinfection by-products,
the American Water Works Association Research Foundation, the United States Environmental
Protection Agency (USEPA), and others have nominated disinfection by-products for study by
the NTP. In response to this nomination, the NTP developed a plan to evaluate the potential
human health effects of various disinfection by-products. At the start of this program, many of
the disinfection by-products in finished drinking water were unidentified. Thus, the initial focus
was on the chlorinated and brominated trihalomethanes, haloacetic acids, and the oxyhalides.
There are four chloro/bromo trihalomethanes [trichloromethane (chloroform), tribromomethane
(bromoform), bromodichloromethane, and chlorodibromomethane], nine chloro/bromo
haloacetic acids (mono-, di-, and trichloroacetic acids; mono-, di- and tribromoacetic acids;
bromochloroacetic acid, bromodichloroacetic acid, and dibromochloroacetic acid), and three
oxyhalides (bromate, chlorate, and chlorite).

Since these chemicals were nominated for toxicity and carcinogenicity studies, mouse and rat
cancer bioassays were performed by the NTP on all chemicals except bromoacetic acid,
dichloroacetic acid, trichloroacetic acid, tribromoacetic acid, bromate, and chlorite. Bioassay
data are available in the peer-reviewed literature for dichloroacetic acid, trichloroacetic acid,
bromate, and chlorite (reviewed in Richardson et al.t). Dichloroacetic acid induced liver
neoplasms in rats® and mice® #, while trichloroacetic acid induced liver neoplasms only in mice*
®. In mice, bromate increased the incidences of renal neoplasms®; in rats, it increased the
incidences of renal and thyroid tumors as well as mesotheliomas’. Sodium chlorite was negative
in both rats and mice® °. Bromoacetic acid and tribromoacetic acid do not have chronic toxicity
and carcinogenicity studies.

The NTP has evaluated the toxicity and carcinogenicity of all the trihalomethanes. When
administered in corn oil by gavage, all four trihalomethanes were carcinogenic in rats and/or
mice (Table 1). Trichloromethane (chloroform)!° and bromodichloromethane!*?® both produced
renal tubule adenomas and adenocarcinomas in rats while bromodichloromethane induced these
tumors in rats and mice. In mice, liver tumors were observed with trichloromethane (chloroform)
(male and female), bromodichloromethane (female) and chlorodibromomethane (male and
female)!*. When administered in drinking water, no evidence of carcinogenicity was observed in
male rats and female mice receiving bromodichloromethane®?. However, average daily exposures
in the drinking water studies of bromodichloromethane are approximately fourfold lower than
those of the corn oil gavage studies, and the lower dose levels may explain the discrepancy of the
cancer findings between the two studies. Tribromomethane (bromoform) only increased the
incidence of neoplasms of the large intestine in male and female rats, and in mice there was no
evidence of a carcinogenic effect!®.
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Of the nine haloacetic acids, the NTP has evaluated four (monochloroacetic acid, dibromoacetic
acid, bromochloroacetic acid and bromodichloroacetic acid) for toxicity and carcinogenicity in
rats and mice. Dichloroacetic acid was evaluated using the genetically modified mouse models?®.
Monochloroacetic acid was not carcinogenic in either rats or mice!’. Dibromoacetic acid®?,
bromochloroacetic acid*®, and bromodichloroacetic acid (current study) increased the incidences
of malignant mesothelioma in male rats, and all three also increased the incidences of
hepatocellular carcinoma and hepatoblastoma in either male or female mice. Bromochloroacetic
acid and bromodichloroacetic acid also increased the incidences of mammary gland
fibroadenoma in female rats, but dibromoacetic acid did not.

In general, the trihalomethanes and haloacetic acids evaluated by the NTP increased the
incidence of mouse liver tumors. Renal tumors in rats and mice may be a common finding for the
trihalomethanes, while malignant mesotheliomas in male rats may be a common finding for the
brominated haloacetic acids.

The NTP also ran screening-level reproductive and developmental studies and immunotoxicity
screens on several of the disinfection by-products. The results from these screens are used to aid
in prioritization of disinfection by-products for further testing. The reproductive and
developmental screens were typically performed on one rodent species/chemical and examined
the reproductive effects on adult males and females. During the past decade, numerous studies of
the developmental effects of specific disinfection by-products have become available (reviewed
in Colman et al.2), and the need for further reproductive and developmental toxicity studies of
disinfection by-products conducted by the NTP will be considered in light of the published
reports.

The immunotoxicity screens consisted of 28-day repeat dose studies in one gender of rats or
mice. These studies evaluated immune parameters such as T-cell dependent antibody response
and natural Killer cell activity as well as hematology and organ weights. Only five of the

16 disinfection by-products under consideration at the NTP have been evaluated in these
immunotoxicity screens, and only dibromoacetic acid produced results consistent with an
immunotoxic potential. Since the beginning of the disinfection by-product program, a number of
other classes of disinfection by-products have been identified, including the iodinated
trihalomethanes and acetic acids, halonitriles, and N-nitrosamines®.
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Table 1. NTP Water Disinfection By-product Program?

Chemical Maxim_um N Carcinoggnicity _ _
Contaminant Study Conditions (Clear Evidence Genetic Toxicology
(CAS #) b -
Level or Some Evidence)
Trihalomethanes
Trichloromethane Sum of the By corn oil gavage'’ Rats: renal tubule CHO cell sister chromatid exchange: negative
(Chloroform) concentrations  Rats: males (0, 90 or 180 mg/kg adenoma and CHO cell chromosome aberration: equivocal
(67-66-3) of all four per day); females (0, 100 or adenocarcinoma (males)  Salmonella typhimurium: negative
Cl trihalomethanes 200 mg/kg per day) Mice: hepatocellular Rodent bone marrow cytogenetics chromosome
CI—C|:— H as an annual Mice: males (0, 138 or carcinoma (males and aberrations: negative
I average: 277 mg/kg per day); females (0, females) Rodent bone marrow cytogenetics sister chromosome
Cl 0.080 mg/L or 238, or 477 mg/kg per day) exchange: equivocal
80 ppb Mouse lymphoma: positive

Tribromomethane
(Bromoform)
(75-25-2)

Br

|
Br—(IZ—H
Br

Bromodichloromethane
(75-27-4)
Cl

|
Br—CIZ—H

Cl

By corn oil gavage'®

Rats: males and females (0,
100, or 200 mg/kg per day)
Mice: males (0, 50, or

100 mg/kg per day); females (0,
100, or 200 mg/kg per day)

In drinking water*?

Rats: males only (0, 6, 12, or
25 mg/kg per day)

Mice: females only (0, 9, 18, or
36 mg/kg per day)

Rats: uncommon
neoplasms of the large
intestine (males and
females)

Mice: no evidence

Rats: no evidence
Mice: no evidence

Micronucleus, male mouse: positive

CHO cell sister chromatid exchange: weakly positive
CHO cell chromosome aberration: negative
Salmonella typhimurium: positive

Rodent bone marrow cytogenetics chromosome
aberrations: negative

Rodent bone marrow cytogenetics sister chromosome
exchange: positive

Mouse lymphoma: positive

Micronucleus, male mouse: negative

Drosophila sex-linked recessive lethal: positive
Drosophila reciprocal translocations: negative
Drosophila sex-linked recessive lethal: positive
Drosophila reciprocal translocations: negative

CHO cell sister chromatid exchange: equivocal

CHO cell chromosome aberration: negative
Salmonella typhimurium: negative

Rodent bone marrow cytogenetics chromosome
aberrations: negative

Rodent bone marrow cytogenetics sister chromosome
exchange: positive

Mouse lymphoma: positive

Micronucleus, mouse: negative
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Chemical
(CAS #)

Maximum
Contaminant
Levelb

Study Conditions

Carcinogenicity
(Clear Evidence
or Some Evidence)

Genetic Toxicology

By corn oil gavage'!

Rats: males and females (0, 50,
or 100 mg/kg per day)

Mice: males (0, 25, or 50 mg/kg
per day); females (0, 75, or

150 mg/kg per day)

By dermal application, in
drinking water, or by corn oil
gavage'®

FVB Tg.AC hemizygous mice:
Dermal (0,64, 128, or

256 mg/kg per day)

Drinking water (males: 0, 20,
36, or 61 mg/kg per day;
females: 0, 31, 61, or

130 mg/kg per day)

Gavage (0, 25, 50, or

100 mg/kg per day)

B6.129-Trp53™1Bd (N5)
haploinsufficient mice:
Drinking water (males: 0, 16,
31, or 65 mg/kg per day;
females: 0, 26, 50, or

100 mg/kg per day)

Gavage (0, 25, 50, or

100 mg/kg per day)

Rats: renal tubule cell
adenocarcinoma (males
and females); large
intestine adenocarcinoma
(males and females)
Mice: renal tubule cell
adenoma and
adenocarcinoma (males)
hepatocellular adenoma
and adenocarcinoma
(females)

FVB Tg.AC hemizygous
mice: no evidence

B6.129-Trp53™M1Brd (N5)

haploinsufficient mice: no

evidence
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Chemical Maxim_um N Carcinoge:-nicity _ _
Contaminant Study Conditions (Clear Evidence Genetic Toxicology
(CAS#) Level® or Some Evidence)
Chlorodibromomethane By corn oil gavage' Rats: no evidence CHO cell sister chromatid exchange: positive
(124-48-1) Rats: males and females (0, 40, Mice: hepatocellular CHO cell chromosome aberration: negative
Br or 80 mg/kg per day) adenoma or carcinoma Salmonella typhimurium: weakly positive
C!—(|:—H Mice: males and females (0, 50, (females) Rodent bone marrow cytogenetics chromosome
é or 100 mg/kg per day) aberrations: positive
r

Rodent bone marrow cytogenetics sister
chromosome exchange: negative

Mouse lymphoma: positive

Micronucleus, male mouse: negative
Drosophila sex-linked recessive lethal: positive
Drosophila sex-linked recessive lethal: negative

Regulated Haloacetic Acids

Monochloroacetic acid  Sum of the By water gavage’ Rats: no evidence CHO cell sister chromatid exchange: weakly positive
(79-11-8) concentrations  Rats: 0, 15, or 30 mg/kg per Mice: no evidence CHO cell chromosome aberration: negative
H of all five day Salmonella typhimurium: negative
CI—CE:—COOH regulated Mice: 0, 50, or 100 mg/kg per Mouse lymphoma: positive
I haloacetic acids day Micronucleus, male mouse: negative
H as an annual Drosophila sex-linked recessive lethal: positive
average: Drosophila reciprocal translocations: negative
0.060 mg/L or Drosophila sex-linked recessive lethal: equivocal
60 ppb
Monobromoacetic acid Not tested by the NTP Salmonella typhimurium: positive
(79-08-3)
i
Br—(I)—COOH
H

XXVIi



Bromodichloroacetic Acid, NTP TR 583

Chemical Maximum Carcinogenicity
Contaminant Study Conditions (Clear Evidence Genetic Toxicology
(CAS #) Levelb .
evel or Some Evidence)
Dichloroacetic acid Sum of the By dermal application or in FVB Tg.AC hemizygous  Salmonella typhimurium: positive
(79-43-6) concentrations  drinking water'® mice: Dermal: increased ~ Mouse micronuclei: negative
Cl of all five FVB Tg.AC hemizygous mice: incidences of squamous
H—CI:—COOH regulated Dermal (0, 31.25, 125, or cell papilloma (males and
I haloacetic acids 500 mg/kg per day) females)
Cl as an annual Drinking water (males: 0, 75,  Drinking water:
average: 145, or 265 mg/kg per day; marginally increased
0.060 mg/L or  females: 0, 100, 185, or incidences of
60 ppb 285 mg/kg per day) alveolar/bronchiolar

Dibromoacetic acid
(631-64-1)
Br

|
H—C—COOH
|
Br

Trichloroacetic acid

(76-03-9)
ci
Cl—C—COOH
o]

B6.129-Trp53™Bd (N5)
haploinsufficient mice:
Drinking water (males: 0, 16,
31, or 65 mg/kg per day;
females: 0, 26, 50, or

100 mg/kg per day)

In drinking water*8

Rats: males (0, 2, 20, or

40 mg/kg per day); females (0,
2, 25, or 45 mg/kg per day)
Mice: males (0, 4, 45, or

87 mg/kg per day); females (0,
4, 35, or 67 mg/kg per day)

Not tested by the NTP

tumors (males and
females)

B6.129-Trp53M1Brd (N5)
haploinsufficient mice: no
evidence

Rats: malignant Salmonella typhimurium: positive
mesothelioma (males) and Mouse micronuclei: positive
mononuclear cell leukemia

(females)

Mice: hepatocellular

adenoma, hepatocellular

carcinoma, and

hepatoblastoma (males

and females);

alveolar/bronchiolar

adenoma (males)

Salmonella typhimurium: negative
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. Maximum
Chemical

(CAS #)

Contaminant

Levelb

Study Conditions

Carcinogenicity
(Clear Evidence
or Some Evidence)

Genetic Toxicology

Unregulated Haloacetic Acids

Bromochloroacetic acid Not regulated
(5589-96-8)
Br

I
H—Cll—COOH
Cl

Tribromoacetic acid Not regulated
(75-96-7)
Br

|
Br— (ID —COOH
Br
Bromodichloroacetic Not regulated
acid
(71133-14-7)
CI:I
Br— CI: —COOH
Cl

Chlorodibromoacetic Not regulated
acid

(5728-95-5)
Blr

Cl— Ci: —CQOOH
Br

In drinking water®

Rats: males (0, 10, 20, or

40 mg/kg per day); females (0,
13, 25, or 50 mg/kg per day)
Mice: males (0, 20, 50, or

90 mg/kg per day); females (0,
15, 30, or 60 mg/kg per day)

Not tested by the NTP

In drinking water [current
report]

Rats (F344/NTac): males (0,
11, 21, or 43 mg/kg per day);
females (0, 13, 28, or 57 mg/kg
per day)

Mice: males (0, 23, 52, or

108 mg/kg per day); females (0,
17, 34, or 68 mg/kg per day)

Not tested by the NTP

Rats: malignant
mesothelioma (males);
large intestine adenomas
(males and females);
mammary gland (females)
Mice: hepatocellular
adenoma, carcinoma
(males and females);
hepatoblastoma (males)

Not tested

Rats: malignant
mesothelioma and skin
neoplasia (males);
mammary gland (females)
Mice: hepatocellular
carcinoma and
hepatoblastoma (males
and females); Harderian
gland (males)

Salmonella typhimurium: positive
Mouse micronuclei: negative

Salmonella typhimurium: positive

Salmonella typhimurium: positive
Mouse micronuclei: negative

On test
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Chemical Maximum Carcinogenicity
Contaminant Study Conditions (Clear Evidence Genetic Toxicology
(CAS #) b .
Level or Some Evidence)
Oxyhalides

Sodium bromate
(7789-38-0)

Na* 0= Br\f
o

Sodium chlorite
(7758-19-2)
Na* 0=cl
¥
~o

Sodium chlorate

(7775-09-9)
0
Na* 0=c1Z
N
o

0.010 mg/L or
10 ppb as an
annual average

1.0 mg/L or
1 ppm

Not regulated

By dermal application or
in drinking water?°
FVB Tg.AC hemizygous mice:

FVB Tg.AC hemizygous
mice: no evidence
B6.129-Trp53™Bd (N5)

Mouse micronuclei: positive in FVB Tg.AC
hemizygous and B6.129-Trp53™8d (N5)
haploinsufficient mice

Dermal (0, 64, 128, or

256 mg/kg per day in ethanol)
Drinking water (males: 0, 13,
63, or 129 mg/kg per day;
females: 0, 15, 72, or

148 mg/kg per day)

B6.129-Trp53™E (N5)
haploinsufficient mice:
Drinking Water (males: 0, 16,
31, or 65 mg/kg per day;
females: 0, 26, 50, or

100 mg/kg per day)

Not tested by the NTP

In drinking water?

Rats: males (0, 5, 35, or

75 mg/kg per day); females (O,
5, 45, or 95 mg/kg per day)
Mice: males (0, 40, 80, or

160 mg/kg per day); females (0,
30, 60, or 120 mg/kg per day)

haploinsufficient mice: no
evidence

Not tested Not tested

Salmonella typhimurium: negative
Mouse micronuclei: negative

Rats: thyroid gland
follicular cell carcinoma
(male) or adenoma
(female)

Mice: none

@Unless otherwise stated, rats are F344/N and mice are B6C3F1.
bMaximum concentration levels are set as close to the health goals as possible, considering cost, benefits, and the ability of public water systems to detect and remove contaminants
using suitable treatment technologies.
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Introduction

CIT.I
Br—CIZ—COOH
Cl

Figure 1. Bromodichloroacetic Acid (CASRN 71133-14-7; Chemical Formula: C;HBrCI,O;;
Molecular Weight: 207.84)

Synonyms: 2-Bromo-2,2-dichloroacetic acid; bromodichloroethanoic acid.

Chemical and Physical Properties

Bromodichloroacetic acid is a crystalline compound with a melting point of 69° to 72°C%. It is a
moderately strong acid with an estimated pKa of 0.6123. The pKa for dihaloacetic acids,
including bromochloroacetic acid, dichloroacetic acid, and dibromoacetic acid, is approximately
1.3%%24 Thus, under most conditions of exposure and in biological tissues, this chemical exists
as the carboxylate anion. Bromodichloroacetic acid has an estimated water solubility of

4.9 x 10° mg/L at 25°C and an estimated Henry’s Law constant of 7.9 x 10~° atm-m*/mole at
25°C%,

Formation, Occurrence, and Human Exposure

Bromodichloroacetic acid is a member of the haloacetic acid (HAA) family of chemicals. HAAS
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 hypobromous 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 compounds, including
mono-, di-, and trichloroacetic acids; mono-, di-, and tribromoacetic acids; bromochloroacetic
acid; bromodichloroacetic acid; and chlorodibromoacetic acid. The relative amount of
brominated HAASs produced in chlorinated drinking water is a function of the bromide
concentration in the source water and the initial bromine/chlorine ratio. Of the nine chlorinated
and/or brominated HAAs, five (mono-, di-, and trichloroacetic acids and mono- and
dibromoacetic acids) are regulated by the United States Environmental Protection Agency
(USEPA) and four (bromochloro-, bromodichloro-, dibromochloro- and tribromoacetic acids) are
unregulated.

HAA:s are second to trihalomethanes as the most commonly detected class of disinfection
by-products in surface drinking water supplies in the United States?®. The relative amounts of
these two families 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?® 27, For
example, increasing the pH from 6 to 8 increases trihalomethane formation and decreases
trihaloacetic acid formation, but has little effect on mono- and dihaloacetic acid levels.
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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 HAAs in water are decarboxylation and nucleophilic
substitution (hydrolysis), these processes are very slow in ambient water, and most decreases in
concentrations of HAAs in drinking water distribution systems are likely due to
biodegradation?®,

Levels of HAAs in drinking water are regulated by the USEPAZ. Under the disinfection
by-products rule, the sum of the concentrations of monochloroacetic acid, dichloroacetic acid,
trichloroacetic acid, monobromoacetic acid, and dibromoacetic acid is limited to 60 ug/L

(60 ppb). This level is believed to reduce risks from cancer as well as reproductive and
developmental toxicity. However, bromodichloroacetic acid is not included in the five HAAs
regulated by the USEPA under the current disinfection by-products rule. A nationwide study of
disinfection by-product occurrence in diverse geographic regions of the United States was
conducted between October 2000 and April 2002%°, In this study, 12 water treatment plants that
had different source water quality and bromide levels and that employed the major disinfectants
chlorine, chloramines, ozone, and chlorine dioxide were sampled quarterly. Concentrations of
bromodichloroacetic acid in finished water samples and in the distribution systems ranged from
less than 2 to 15 pg/L. Bromodichloroacetic acid’s portion of the total HAAs can range from 1%
to 20%%C. The Environmental Working Group?! has developed a database of chemical analyses
from 47,576 water suppliers, of which 938 have tested for bromodichloroacetic acid from 2004
to 2009. Similar to the study by Weinberg et al.>°, most facilities were below the detection limit
of 2 pg/L; the highest yearly average level of bromodichloroacetic acid reported in drinking
water from a single facility was 11.12 pg/L with a seasonal range of 7.22 to 16.85 pg/L.

Absorption, Distribution, Metabolism, and Excretion

Experimental Animals

There are few studies on the fate of bromodichloroacetic acid in experimental animals, but much
can be learned about the absorption, distribution, metabolism, and excretion of
bromodichloroacetic acid from the data on other HAAs. Dihaloacetic acids are rapidly absorbed
from the gastrointestinal tract of rats after oral exposure?® 22, In male F344 rats,
bromodichloroacetic acid bioavailability was estimated at 96% following an oral exposure in an
aqueous vehicle?®. Dihaloacetic acids exhibit low binding to rat plasma proteins. For example, in
plasma obtained from dosed F344 rats, 93% of the measured bromochloroacetic acid was in the
unbound fraction?. In contrast, bromodichloroacetic acid exhibits higher binding to rat plasma
proteins with approximately 49% unbound. Compared to dihaloacetic acids, where 1% to 3% of
the dose is eliminated in the urine, trihaloacetic acids are readily excreted (30% to 58%) in the
urine of rats following an oral exposure?. In rats, dihaloacetic acids are minor metabolites of
bromodichloroacetic acid or other trihaloacetic acids. Schultz et al.?® evaluated the toxicokinetics
and oral bioavailability of a mixture of haloacetic acids, one of which was bromodichloroacetic
acid. In this study, a mixture containing trichloroacetic acid, bromochloroacetic acid,
bromodichloroacetic acid, and dibromoacetic acid was administered intravenously and by gavage
to naive rats. In the mixture, the half-life of trichloroacetic acid was approximately 8 hours,
while bromodichloroacetic acid had a half-life of approximately 1.85 hours. Bromochloroacetic
acid and dibromoacetic acid had half-lives of approximately 44 minutes when given
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intravenously. In a similar study, Saghir and Schultz®® examined the effects of glutathione
depletion on the half-life of a mixture of haloacetic acids. Depletion of glutathione-s-transferase
zeta decreased the half-life of bromodichloroacetic acid when given intravenously but had no
effect when given by gavage. Oral bioavailability of bromodichloroacetic acid was
approximately 80% to 95% in this mixture.

While there are no direct data on bioavailability of bromodichloroacetic acid in mice, following
an exposure by oral gavage to bromodichloroacetic acid, over 90% of the radioactivity was
recovered in the urine, carcass, and exhaled CO., with only 10% of the chemical-derived
radioactivity present in the feces®*. This study suggests that, following oral exposure,
bromodichloroacetic acid is well absorbed in mice. In mice, 24 hours after an oral gavage
exposure to [**C1]-bromodichloroacetic acid, approximately 10% of the radioactivity remains in
the carcass, compared to approximately 30% of the radioactivity remaining in the carcass of
mice treated with [**C12]- trichloroacetic acid or [**C12]-dichloroacetic acid. Approximately
40% to 50% of bromodichloroacetic acid is eliminated in the urine and 5% to 10% in the feces.
A significant amount (25% to 30%) is eliminated as CO- through respiration. Xu et al.3*
proposed a metabolic scheme for bromodichloroacetic acid in mice (Figure 2). Approximately
30% of bromodichloroacetic acid is eliminated in the urine as oxalate. In contrast, less than 7%
of dichloroacetic acid or trichloroacetic acid is eliminated as oxalate. These data suggest that
bromodichloroacetic acid metabolism is different than that of di- or trichloroacetic acid and that
little of the bromodichloroacetic acid is metabolized to dichloroacetic acid. Based on these
metabolic differences, Xu and colleagues postulated that the toxicity of bromodichloroacetic acid
may be different than that of trichloroacetic acid. The half-life of bromodichloroacetic acid in
mice ranges from 1 to 2 hours and appears dose dependent with shorter half-lives at 5 mg/kg
compared to 100 mg/kg®.

A comparison of the in vitro metabolism of bromodichloroacetic acid, chlorodibromoacetic acid,
and tribromoacetic acid was conducted by Saghir et al.®® in mouse, rat, and human liver
microsomes. In all three systems, intrinsic metabolic clearance was similar for tribromoacetic
acid and chlorodibromoacetic acid, with the intrinsic clearance of bromodichloroacetic acid at
about one half of that of the other haloacetic acids. The metabolism of bromodichloroacetic acid
appeared to proceed by reductive debromination because the metabolic rates were greatest under
nitrogen.

Humans

There are no studies evaluating the absorption, distribution, metabolism, or elimination of
bromodichloroacetic acid in humans. One study did evaluate the in vitro metabolism of
chlorodibromoacetic acid using human microsomes and recombinant enzymes®.

Toxicity

Very few data are available on the toxicity of bromodichloroacetic acid. There are no in vivo
toxicity studies in which bromodichloroacetic acid is administered alone to experimental
animals. Health effects data are available on other HAAs such as dichloroacetic acid,
dibromoacetic acid, and bromochloroacetic acid. The results of toxicity studies on other HAAS
may provide insight into the potential health effects of bromodichloroacetic acid. However,
because of qualitative and quantitative differences in the metabolism of bromodichloroacetic
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acid compared to other HAAs, the toxic effects of mono- and dihalogenated acetic acids may be
different than those produced by bromodichloroacetic acid.

Experimental Animals

Studies comparing the effects of dichloroacetic acid in mouse liver with those of trichloroacetic
acid indicate that these agents induce different spectra of hepatotoxicity. Both dichloroacetic acid
and trichloroacetic acid increased the incidences of hyperplastic nodules and hepatocellular
adenoma and carcinoma in male B6C3F1 mice following 52 weeks of exposure by drinking
water. However, dichloroacetic acid caused hepatomegaly, cytomegaly, focal necrosis, and
accumulation of glycogen in hepatocytes, while trichloroacetic acid caused marked accumulation
of lipofuscin (indicator of lipid peroxidation), modest accumulation of glycogen, and no
evidence of focal necrosis. Similar to dichloroacetic acid, bromochloroacetic acid and
dibromoacetic acid caused glycogen accumulation in the liver of B6C3F1 mice®’. However,
dibromoacetic acid, but not bromochloroacetic acid, produced transient increases (2 to 4 weeks)
in liver cell replication rates and in peroxisomal acyl-CoA oxidase activity. Dibromoacetic acid
and dichloroacetic acid also induced peroxisomal palmitoyl-CoA oxidase activity in primary rat
hepatocyte cultures®®. Hepatocellular vacuolization was observed in F344/N rats (increased
incidence) and B6C3F1 mice (increased severity) administered dibromoacetic acid in drinking
water at concentrations ranging from 125 to 2,000 mg/L for 3 months!® %, Similarly,
bromochloroacetic acid produced hepatocellular vacuolization in female F344/N rats and male
and female B6C3F1 mice following exposure in the drinking water for 3 months®®.

The liver is clearly a target for haloacetic acids, but there are some differences in the hepatic
effects of these chemicals. The hepatotoxic effects of dibromoacetic and dichloroacetic acid are
thought to be mediated, in part, by PPARa activation. In contrast, there was no evidence of
PPARu activation by bromochloroacetic acid. Two haloacetic acids, dibromo- and dichloroacetic
acids, induce peripheral neurotoxicity in rats, but others in this class have not been evaluated.
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Figure 2. Proposed Scheme for the Biotransformation of Bromodichloroacetic Acid in Mice

Source: Xu et al., 1995.34

Both dibromoacetic acid and dichloroacetic acid induce peripheral neurotoxicity. In adolescent
male and female F344/NCR rats exposed to 0.2 to 1.5 g dibromoacetic acid/L drinking water for
6 months, a concentration-related neuromuscular toxicity occurred®. Effects of exposure to
dibromoacetic acid included decreased grip strength, mild gait abnormalities, and decreased
sensorimotor responsiveness; neuropathologic findings included degeneration of spinal cord
nerve fibers and spinal cord cellular vacuolization at the 0.6 and 1.5 g/L concentrations.
Dichloroacetic acid exposure induced similar neuromuscular effects in F344/NCR rats*'.

Humans

No studies on the toxicity of bromodichloroacetic acid in humans were found in a review of the
literature.

Reproductive and Developmental Toxicity

Experimental Animals

No in vivo studies examining the effects of bromodichloroacetic acid on reproductive and
developmental toxicity are available. Inferences on the potential effects of bromodichloroacetic
acid as a reproductive and developmental toxicant may be made from toxicity studies of the
dihaloacetic acids. Spermatotoxicity in male rats has been identified as one of the most sensitive
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toxic endpoints following exposure to dihaloacetic acids. Initial studies evaluated the effects of
dibromoacetic acid and dichloroacetic acid, while later studies also examined male reproductive
toxicity of bromochloroacetic acid. Fewer studies have examined the effects of HAAs on the
female reproductive system. In general, little has been observed in females, with the exception of
dibromoacetic acid, which is reported to alter estrus cyclicity at exposures of 90 and 270 mg/kg
per day by gavage*.

In male Sprague Dawley rats, exposure to bromochloroacetic acid for 14 days decreased epidid-
ymal 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 number of Step 19 spermatids retained in Stages X and
XI of the spermatogenic cycle*®. Dichloroacetic acid produces similar effects in Sprague Dawley
rats* as does dibromoacetic acid in Sprague Dawley rats***” and in F344/NTac rats and

B6C3F1 mice!® 3, In spite of the changes in sperm quality caused by dibromoacetic acid at daily
doses up to approximately 150 mg/kg, the germinal epithelium appeared intact, and there were
no obvious changes in sperm production in exposed rats. At higher doses of dibromoacetic acid,
germinal epithelial atrophy was induced in exposed rats3% 4.

Juvenile and adult C57BL/6 male mice were exposed daily to 0, 8, 24, 72, or 216 mg/kg
bromochloroacetic acid for 14 days and evaluated for reproductive performance in a 40-day
continuous breeding assay“®. Juvenile mice, exposed from postnatal day 8 through postnatal
day 21, were allowed to mature to 14 weeks of age and then entered into the 40-day mating
study. No effects on reproductive parameters were observed in the juvenile study. Effects on
fertility were observed only during the first 10 days of mating in mice exposed as adults. In the
two highest adult exposure groups, the mean number of litters per male, the percentage of litters
per female bred, and the total number of fetuses per male were reduced. In addition,
histopathology evaluations of testes after the final dosing with bromochloroacetic acid revealed
spermatids with abnormal head morphology and atypical residual bodies. Thus, diminished male
fertility was attributed to disruption of spermatid differentiation by bromochloroacetic acid.
Treatment with bromochloroacetic acid did not affect relative testis, epididymal, or seminal
vesicle weights.

The fertility of cauda epididymal sperm evaluated by in utero insemination was reduced in male
rats exposed to 8, 24, or 72 mg bromochloroacetic acid/kg body weight for 14 days*:. In male
Sprague Dawley rats gavaged daily with up to 50 mg dibromoacetic acid/kg for up to 79 days,
fertility was not altered; however, male fertility was compromised in rats treated for 15 days or
longer with 250 mg/kg*. The latter evaluation was made through natural breeding and after
artificial insemination of female rats with sperm collected from exposed rats. In fertility
assessments by intrauterine insemination, the EDso for decreased fertility of cauda epididymal
sperm collected from male Sprague Dawley rats receiving 2.7 mg/kg (15.6 pumol/kg)
bromochloroacetic acid by gavage for 14 days was similar to the EDso for dibromoacetic acid
(3.5 mg/kg, 16.1 pmol/kg)*.

In a short-term reproductive toxicity screen, male and female rats were exposed to 0, 60, 200, or
600 ppm (mg/L) bromochloroacetic acid in the drinking water during cohabitation and separated
after mating®l. Treatment of dams continued until gestation day 20 when they were examined for
fertility and pregnancy status. Treatment of males continued until 30 days after mating, at which
time they were necropsied and examined for sperm counts, motility, and morphology; organ
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weights; and histopathologic changes in reproductive organs. In a concomitant developmental
toxicity screen, pregnant rats were exposed to the same concentrations of bromochloroacetic acid
in drinking water from gestation day 6 until onset of birth. Treatment-related findings included a
significant decrease in total implants per litter and a significant decrease in the number of live
fetuses per litter at 600 ppm (50 mg/kg per day). At 600 ppm, water consumption was decreased
by 21% to 34% and the albumin/globulin ratios were increased, consistent with signs of
dehydration. The 600 ppm concentration produced a consistent decrease in water consumption in
both sexes, and the decreased water consumption may have affected reproductive function in
females. From these data, bromochloroacetic acid is taste-aversive and a general toxicant in both
sexes at 600 ppm and also a female reproductive toxicant at 600 ppm. Studies that observed an
effect of bromochloroacetic acid on male reproductive organs*® 4% 0 ysed oral gavage doses
equal to or higher than those used in the NTP drinking water study®-.

Holtzman rats were administered dibromoacetic acid by gavage at doses ranging from 62.5 to
250 mg/kg per day during the first 8 days of pregnancy to determine if administration during
early pregnancy would affect female reproduction®. 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 dosed dams. In a follow-up study, gavage
dosing of 90-day-old female Sprague Dawley rats with 10 to 270 mg dibromoacetic acid/kg for
14 days caused a dose-related alteration in estrous cyclicity, with a tendency toward longer
periods of persistent estrus*2. In addition, in vitro exposure of preovulatory follicles to
dibromoacetic acid (50 pug/mL for 24 hours) caused an elevation in estradiol release and
suppression of progesterone secretion stimulated with human chorionic gonadotropin; thus, the
disruption of estrous cyclicity by dibromoacetic acid was attributed to alteration of ovarian
steroid production. Elevations in circulating estradiol in female rats exposed to dibromoacetic
acid were attributed to suppression of estradiol catabolism because serum estradiol levels were
elevated in ovariectomized rats implanted with estradiol-containing capsules and then treated
with dibromoacetic acid®.

Daily exposure of female Dutch belted rabbits to approximately 1 to 50 mg dibromoacetic
acid/kg body weight per day in drinking water beginning on gestation day 15 and continuing
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®. This exposure
covers the fetal and neonatal periods when the primordial 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 dibromoacetic acid in drinking water from
gestation day 15 through adulthood induced delays in pubertal development (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®. Altered steroidogenesis was suggested
to be a contributor to the pubertal delays.

Dibromoacetic acid 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®®. Exposure to dibromoacetic acid at
concentrations of 250, 500, or 1,000 ppm reduced food and water consumption in the dams. The
only reported reproductive and developmental effects were decreases in pup body weights at
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250 ppm or greater, the severity of which was positively associated with the decreased food and
water consumption in the dam.

In a two-generation reproductive toxicity study, Sprague Dawley rats were given dibromoacetic
acid in drinking water at concentrations of 0, 250, 500, or 650 ppm®’. No effects on estrous
cyclicity, mating, fertility, implantation sites, litter sizes, pup viability, or pup sex ratios were
observed in the parental or F1 generation female rats. In parental and F1 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 or 650 ppm groups. Delays in preputial separation and vaginal opening were observed in
650 ppm groups of F1 generation rats. In contrast to the effect of dibromoacetic acid on follicular
development in rabbits®*, no effect on ovarian follicular histology was observed in rats exposed
to dibromoacetic acid. For this effect, the rabbit may be a more sensitive species.

Exposure of mouse whole embryo cultures to HAAs for up to 26 hours caused defects in neural
tube closure, craniofacial abnormalities, prosencephalic and pharyngeal arch hypoplasia,
deficient caudal growth, and eye and heart defects®® °. Monohaloacetic acids tended to be more
potent than dihaloacetic acids, which were more potent than trihaloacetic acids. Brominated
acetic acids and mixed bromo/chloroacetic acids were more potent than their chlorinated
analogs. In this model, bromodichloroacetic acid disrupted embryogenesis and altered
morphogenesis®.

In order to study the potential toxic effects of whole disinfection by-product mixtures, the
USEPA generated a concentrated chlorinated drinking water. The source water was obtained
from East Fork Lake in Ohio, spiked with bromide and iodide, coagulated, chlorinated, and
concentrated 136-fold®:. This water was used as the test article in a multigenerational rat
bioassay®?. Endpoints evaluated were pup weight, prenatal loss, pregnancy rate, gestation length,
puberty onset in males, growth, estrous cyclicity, hormone levels, immunologic, and
neurodevelopmental parameters. Significant effects were observed for delayed puberty for

F1 females, reduced caput epididymal sperm counts in F1 adult males, and increased incidences
of thyroid gland follicular cell hypertrophy in adult females. While bromodichloroacetic acid
was present, its role in the effects of this mixture, if any, is uncertain.

A number of haloacetic acids have been evaluated for potential reproductive toxicity in
experimental animals. In general, the dihaloacetic acids are male reproductive toxicants in rats
and mice. There are fewer studies on the potential for female reproductive toxicity of haloacetic
acids and only dibromoacetic acid appears to have any effect on the female reproductive system.

Humans

No studies have been reported on reproductive or developmental effects of bromodichloroacetic
acid alone in humans. However, several studies have indicated an association between exposure
to disinfection by-products and alterations in reproductive function or fetal development,
including spontaneous abortions, stillbirths, low birth weights, and birth defects®. Although
associations between stillbirth risk and exposure to disinfection by-products have been
demonstrated, no association was observed with HAAs after controlling for exposures to
trihalomethanes®* ¢, Associations between exposure to the five dihaloacetic acids regulated by
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the USEPA and impaired fetal growth have been reported®, but these studies did not include
bromodichloroacetic acid.

Carcinogenicity

Experimental Animals

No studies have been reported on the carcinogenicity of bromodichloroacetic acid in animals.
However, several studies have shown that dichloroacetic acid administered in drinking water is
carcinogenic to the liver of rats and mice. Hepatocellular adenomas and carcinomas were
induced in male and female B6C3F1 mice exposed to up to 5 g dichloroacetic acid/L drinking
water for at least 61 weeks®” and up to 104 weeks®: . When length of exposure was increased, a
lower concentration of dichloroacetic acid was required to induce the hepatocarcinogenic
response in mice; the liver tumor response was significantly increased at 0.5 g/L or greater after
104 weeks of exposure®®,

Dichloroacetic acid is also carcinogenic to the liver of rats. Male F344/N rats were exposed to 0,
0.05, 0.5, or 1.6 g dichloroacetic acid/L drinking water for 100 weeks®. Mean daily doses of
dichloroacetic acid 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 tumor response was not associated with peroxisome
proliferation, hepatocellular necrosis, or sustained hepatocyte proliferation.

Dibromoacetic acid was administered for 2 years to male and female F344/N rats and

B6C3F1 mice in drinking water at concentrations of 0, 50, 500, or 1,000 mg/L% %, Incidences of
exposure-related neoplasms were increased at multiple sites; these included mononuclear cell
leukemia and abdominal cavity mesothelioma in rats, and liver and lung neoplasms in mice. The
increased incidences of hepatocellular neoplasms in male mice were significant even in the

50 mg/L group, an exposure equivalent to an average daily dose of approximately 4 mg/kg.

Bromochloroacetic acid is also carcinogenic in rats and mice. Groups of 50 male and 50 female
F344/N and B6C3F1 mice were exposed to drinking water containing 250, 500, or 1,000 mg/L
for 2 years'®. Exposed male rats had increased rates of malignant mesothelioma. Adenomas of
the large intestine were observed in both male and female rats administered the highest
concentration of bromochloroacetic acid. Exposed female rats also had increased incidences of
multiple fibroadenoma of the mammary gland. Slightly increased incidences of hepatocellular
adenoma in exposed male and female rats and pancreatic islet adenoma in exposed male rats
were also observed. Male and female mice administered bromochloroacetic acid had increased
incidences of hepatocellular adenoma and carcinoma. Male mice also had an exposure
concentration-dependent increase in the incidences of hepatoblastoma.

The results of carcinogenicity studies of trichloroacetic acid are not as consistent as those of the
dihaloacetic acids. DeAngelo et al.® did not observe increases in the incidences of liver tumors in
male F344 rats exposed to up to 5 g/L trichloroacetic acid in drinking water for 104 weeks. In
contrast, increased incidences of liver tumors (adenomas and carcinomas) have been observed in
male and female B6C3F1 mice following chronic exposure to trichloroacetic acid in the drinking
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water at concentrations up to 2 g/L* 0. It is possible that these differences represent species
specific responses to trichloroacetic acid.

Mechanistic studies examining the potential modes of action of HAAs have focused on the liver.
The roles of PPAR-a activation, DNA damage, oxidative stress and cytotoxicity, and
regenerative proliferation in liver carcinogenicity of HAAs have been examined in several
studies. Single gavage administration of HAAs induced lipid peroxidation and formation of
8-hydroxydeoxyguanosine adducts in nuclear DNA in the liver of male B6C3F1 mice; the
relative potencies for these effects were dibromoacetic acid ~ bromochloroacetic

acid > dichloroacetic acid > trichloroacetic acid’. These results suggest that DNA damage from
oxidative stress induced by these agents may contribute to the hepatocarcinogenic process. In
male B6C3F1 mice exposed to 2.0 g dichloroacetic acid/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 dichloroacetic acid-treated mice compared to controls’.
Altered hepatic foci and liver tumors in dichloroacetic acid-treated mice showed higher
immunoreactivity to the oncoproteins 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 dichloroacetic acid provide a
selective growth advantage to initiated cells. In a follow-up study, incubation of primary
hepatocyte cultures from untreated male B6C3F1 mice with 0.5 to 2.0 mM dichloroacetic acid
enhanced the formation of anchorage-independent colonies in soft agar”. A fourfold increase in
colony formation was measured when hepatocytes were obtained from mice pretreated with 0.5 g
dichloroacetic acid/L drinking water for 2 weeks. Although dichloroacetic acid did not induce c-
Jun expression in hepatocyte monolayers, the colonies promoted by dichloroacetic acid were
immunoreactive with c-Jun antibody. These results suggest that dichloroacetic acid was selective
for c-Jun™ subpopulations.

Gavage administration of 500 mg dichloroacetic acid/kg body weight to female B6C3F1 mice
for 5 days caused decreased DNA methylation and increased mRNA expression of the c-myc
proto-oncogene’®. Administration of 3.2 g dichloroacetic acid/L drinking water for 36 weeks
increased the incidences and multiplicities of liver tumors but not kidney tumors in N-methyl-N-
nitrosourea-initiated mice. Thus, hypomethylation of c-myc and increased expression of this gene
may be involved in the promotion of liver tumors by dichloroacetic acid. Exposure of female
B6C3F1 mice and male F344/N rats to 1,000 or 2,000 mg dibromoacetic acid/L drinking water
for 28 days caused a decrease in the 5-methylcytosine content of DNA and increased mRNA
expression of the c-myc and insulin-like growth factor Il genes™. Dibromoacetic acid and
dichloroacetic acid also caused hypomethylation of DNA in kidneys of male B6C3F1 mice and
male F344 rats exposed to these agents via the drinking water’®. Treatment with dibromoacetic
acid also caused glycogen accumulation and peroxisome proliferation in the mouse and rat liver.
Thus, dibromoacetic acid and dichloroacetic acid appear to induce similar biochemical and
molecular effects.

The mutational spectrum at codon 61 of the H-ras gene was different in liver tumors obtained
from male B6C3F1 mice exposed to 500 mg dichloroacetic acid/L drinking water for 76 weeks
compared to liver tumors from control mice’’. The frequency of liver tumors with H-ras codon
61 dichloroacetic acid-treated mice had increased CAA — CTA and decreased CAA — AAA
mutations. Hence, base-substitution mutations may be involved in the hepatocarcinogenicity of
dichloroacetic acid.
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The di- and trihaloacetic acids that have been tested are carcinogenic in rodents. Target tissues
are liver in mice, mesothelium in male rats, and mammary gland in female rats. Other tumors in
rats, such as hepatocellular adenomas and pancreatic islet cell adenomas, have been observed,
but not consistently, across chemicals.

Humans

No studies have been reported on the carcinogenicity of bromodichloroacetic acid in humans.
However, several studies have examined cancer risks associated with exposure to disinfection
by-products. A meta-analysis of epidemiology studies published before 1989 on cancer and
chlorination by-products in drinking water yielded a relative risk estimate of 1.21 [95%
confidence interval (CI): 1.09 to 1.34] for bladder cancer and 1.38 (95% CI: 1.01 to 1.87) for
rectal cancer’®. A population-based case-control study in Colorado also found an association
between prolonged exposures to chlorinated surface water and increased bladder cancer risk in
men and women for both smokers and nonsmokers’. An elevation in brain cancer risk was also
associated with exposure to chlorinated surface water®.

A more recent meta-analysis of studies on chlorinated drinking water reported long-term
drinking of chlorinated water was associated with an increased risk of bladder cancer8. This
study was followed up by a posterior pooled analysis of six case-control studies of bladder
cancer that confirmed an increased risk of bladder cancer associated with exposure to
disinfection by-products®?. In addition to drinking chlorinated water, exposure to disinfection by-
products also occurs from activities such as bathing, showering, and swimming pool
attendance®. In the Spanish bladder cancer study, exposure to disinfection by-products from
ingestion or dermal contact resulted in an increased risk of bladder cancer, particularly for the
dermal route®®. One of the challenges to interpreting these studies is the difficulty in attributing
the risk to individual chemicals. Disinfection by-products consist of a variety of chemical classes
for which one or more representatives have been shown to induce cancer in rodents®.

Genetic Toxicity

There is very little information about the genotoxicity of bromodichloroacetic acid or mixed
trihaloacetic acids in general. Only one study was found in the literature that reported on the
genotoxicity of bromodichloroacetic acid. In this class study, twelve haloacetic acids were tested
for induction of DNA damage using the comet assay in Chinese hamster ovary cells®,
Bromodichloroacetic acid gave negative results at concentrations up to 30 mM, whereas
chlorodibromoacetic acid gave positive results at a concentration of 14 mM. However,
chlorodibromoacetic acid was the least potent compound among the nine haloacetic acids that
were positive in the comet assay and potencies ranged by 1,000-fold.

The genotoxicity of dichloroacetic acid is of interest as dichloroacetic acid is one of the
metabolic products of bromodichloroacetic acid in mice®**, and dichloroacetic acid is
carcinogenic in mice* 875, Dichloroacetic acid has been tested in bacterial mutagenicity assays,
in vitro mammalian cell assays, and in vivo mutagenesis and micronucleus assays. Dichloroacetic
acid was positive in Salmonella typhimurium strains TA100, TA98, and RSJ100 (a derivative of
TA1535 that expresses the Phase Il metabolic enzyme, GST1-1, from rat) in the absence of
metabolic activation®8, whether the exposure was by vapor or in solution. Mixed results were
obtained in the presence of rat liver S9 microsomal fraction (S9 mix). Dichloroacetic acid shifted
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the mutational spectrum in TA100 by increasing G:C to A:T transitions®®. One study found that
dichloroacetic acid induced the Escherichia coli PQ37 SOS repair system at a concentration of
500 puL/mL, but the effect did not occur in the presence of S9 mix®. Conversely, in a prophage
induction assay, dichloroacetic acid was a weak positive at a concentration of 2 mg/mL only in
the presence of S9 mix®.

With regard to in vitro mammalian cell assays, dichloroacetic acid has been tested in the comet
assay and the mouse lymphoma assay. Dichloroacetic acid did not induce DNA damage,
measured by the comet assay, in Chinese hamster ovary cells® or in freshly isolated rat or mouse
hepatocytes exposed to the chemical for 4 hours at concentrations as high as 10 mM?®. However,
in the same study, dichloroacetic acid induced DNA damage in a human lymphoblastoid cell line
(CCRF-CEM) at a concentration of 1 mM. Dichloroacetic acid was positive in the mouse
lymphoma L5178Y/tk*~ assay in the absence of S9 mix at a concentration of 300 ug/mL®,

Dichloroacetic acid has been tested for genotoxic effects in vivo using the comet assay and the
micronucleus assay, and in transgenic mice carrying lambda shuttle vectors for mutational
analyses. With regard to the comet assay, Chang et al.®® obtained negative results in

B6C3F1 mice and Fischer 344 rats given single doses of dichloroacetic acid (10 mM/kg) by
gavage or multiple exposures in drinking water (up to 5 g/L for mice and up to 2 g/L for rats).
The tissues that were assessed for damage after single doses included stomach, duodenum, liver,
and spleen. Only liver was assessed after multiple exposures to dichloroacetic acid®®. Fuscoe et
al.%! also observed no increase in DNA damage, measured by the comet assay, in blood
leukocytes of B6C3F1 mice exposed to dichloroacetic acid in drinking water for 28 days at
concentrations up to 3.5 g/L. However, Nelson and Bull® obtained positive results in the comet
assay in liver samples from B6C3F1 mice and Sprague Dawley rats exposed to a single dose of
dichloroacetic acid (10 mmol/kg) by gavage. Parrish et al.>® examined whether dichloroacetic
acid increased oxidative damage to DNA. Levels of 8-0xo0-2'-deoxyguanosine were not increased
in DNA from the livers of B6C3F1 mice exposed to dichloroacetic acid in drinking water for

3 or 10 weeks (doses of 3 g/L or 2 g/L, respectively). With regard to the micronucleus assay,
micronucleated polychromatic erythrocytes (MN-PCE) in peripheral blood were increased in
B6C3F1 mice exposed to dichloroacetic acid for 9 days in drinking water at a concentration of
3.5 g/L%. Furthermore, the same study showed increases in micronucleated normochromatic
erythrocytes (MN-NCE) after 10, 26, or 31 weeks of exposure to 3.5 g/L dichloroacetic acid.
However, in studies conducted by the NTP using p53*~ mice or Tg.AC mice (mice carrying one
copy of a mutant v-Ha-Ras oncogene), no increases in micronucleated erythrocytes were
detected in peripheral blood after 3 months of exposure to dichloroacetic acid (highest
concentration of 2 g/L)*®. Lastly, although dichloroacetic acid did not increase the frequency of
mutations at the transgenic lacl locus in Big Blue® B6C3F1 mice (liver) after 4 or 10 weeks of
exposure through drinking water, the mutant frequency was 2.3-fold greater than the control after
60 weeks of exposure at a concentration of 3.5 g/L%. Also, the mutation spectrum shifted, with
increased mutagenesis at T:A base pairs compared to controls.

The mixed dihaloacetic acid, bromochloroacetic acid was positive in S. typhimurium strain
TA100, in tests conducted with and without exogenous metabolic activation enzymes (S9); no
mutagenicity was detected in strain TA98 or in E. coli WP2 uvrA/pKM101, with or without S9.
No significant increases in the frequencies of micronucleated erythrocytes were observed in
blood samples of male or female mice exposed to bromochloroacetic acid for 3 months in
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drinking water, indicating no induction of chromosomal damage in proerythrocytes under these
conditions in mice®®.

Taken together, although there is little published information on the genotoxicity of
bromodichloroacetic acid, one of its metabolites, dichloroacetic acid, is consistently positive in
bacterial mutagenicity assays in the absence of metabolic activation, gives mixed results in DNA
damage (comet) assays, and shows signs of in vivo mutagenicity and effects on chromosomal
stability in rodents after long-term exposures at high doses.

Study Rationale

Bromodichloroacetic acid was nominated to the NTP by the American Water Works Association
Research Foundation and the USEPA for toxicity and carcinogenicity studies in rats and mice
because of widespread human exposure to this water disinfection by-product and because related
dihaloacetic acids were found to be carcinogenic in rats and mice. In addition, this study is part
of a series of NTP studies to provide data on di- and trihaloacetic acids and to compare the
toxicity and carcinogenicity of chlorinated, brominated, and mixed chloro/bromo acetic acids.
Drinking water was selected as the route of exposure to mimic human exposure to this chemical.

13
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Materials and Methods

Procurement and Characterization of Bromodichloroacetic Acid

Bromodichloroacetic acid was obtained from Radian International, LLC (Austin, TX), in one lot
(31542-80) and from Chemfinet Services, Inc. (Tarrytown, NY), in one lot (NJ 87-90/9/2005).
Lot 31542-80 was used in the 2-week and 3-month studies, and lot NJ 87-90/9/2005 was used in
the 2-year studies and in one of the genetic toxicology assays. Identity and purity analyses were
conducted by the analytical chemistry laboratory at Battelle Chemistry Support Services
(Columbus, OH) and the study laboratories at Southern Research Institute (SRI) (Birmingham,
AL) for the 2-week and 3-month studies and at Battelle Columbus Operations (Columbus, OH)
for the 2-year studies. Karl Fischer titration was performed by Galbraith Laboratories (Knoxville,
TN), and elemental analyses were performed by Prevalere Life Sciences, Inc. (Whitesboro, NY),
and Elemental Analysis Corp. (Lexington, KY) (Appendix J). Reports on analyses performed in
support of the bromodichloroacetic acid studies are on file at the National Institute of
Environmental Health Sciences.

Both lots of the chemical, an off-white crystalline solid, were identified as bromodichloroacetic
acid by the analytical chemistry laboratory using infrared (IR) and proton and carbon-13 nuclear
magnetic resonance (NMR) spectroscopy and by the study laboratories using IR and NMR (SRl
only) spectroscopy. For lot 31542-80, Karl Fischer titration indicated 440 ppm water. High-
performance liquid chromatography with ultraviolet detection (HPLC/UV) indicated one major
peak and no impurities greater than 0.1% of the total peak area. lon chromatography indicated
one major peak and four impurities, each greater than 0.1% of the total peak area, with a
combined area of 1.2%. Titration of the acid functional group indicated a purity of 100%,
assuming all titratable acid was present as bromodichloroacetic acid. The overall purity of

lot 31542-80 was estimated to be approximately 99%. For lot NJ 87-90/9/2005, Karl Fischer
titration indicated approximately 0.4% water; elemental analyses for carbon and hydrogen were
in agreement with theoretical values; PIXE analysis indicated the presence of carbon (13%),
hydrogen (0.5%), oxygen (17%), chlorine (31%), and bromine (38%), consistent with the
theoretical values; no significant impurities were detected. HPLC/UV indicated one major peak
with two impurities greater than 0.1% of the major peak area with a combined area of 0.6%.
These two impurities were identified as monochloroacetic acid and dibromochloroacetic acid
based on retention times matching to standards. Analysis by gas chromatography (GC) with
flame ionization (FID) found two impurities. The larger peak was identified as
dibromochloroacetic acid by GC/mass spectroscopy and was quantified at 2.7% by standard
addition followed by GC/FID analysis. Functional group titration indicated a purity of
approximately 95%, assuming all titratable acid was present as bromodichloroacetic acid. The
overall purity of lot NJ87-90/9/2005 was determined to be greater than 97%.

To ensure stability, lot 31542-80 was stored at approximately —20°C in amber glass bottles with
Teflon®-lined lids protected from light and moisture during the 2-week and 3-month studies.
Prior to the 2-year study, a forced degradation study of a reference standard was performed by
the study laboratory using HPLC/UV; no degradation occurred. For the 2-year studies, the bulk
chemical was stored at —20°C in sealed amber glass bottles with Teflon®-lined lids, secured by
tape, and placed in a sealed glove bag filled with nitrogen, or repackaged in sealed amber glass
bottles under a nitrogen headspace. Periodic reanalyses of the test chemical were performed
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twice during the 3-month studies and at least every 6 months during the 2-year studies using
HPLC/UV; no degradation of the test chemical was observed.

Preparation and Analysis of Dose Formulations

The dose formulations were prepared by mixing bromodichloroacetic acid with tap water and
stored in sealed Nalgene® containers with a minimal headspace at 5°C for up to 40 (3-month
studies) or 42 (2-week and 2-year studies) days (Table J-2).

Stability studies of the 62.5 mg/L dose formulation were performed by the analytical chemistry
laboratory using HPLC/UV. Stability was confirmed for dose formulations stored in sealed
amber glass or Nalgene® high density polyethylene containers at 5°C for at least 42 days and for
7 days under simulated animal room conditions.

Periodic analyses of the dose formulations of bromodichloroacetic acid were conducted by the
study laboratories using HPLC/UV. During the 2-week studies, the dose formulations were
analyzed once; all five dose formulations for rats and mice were within 10% of the target
concentrations (Table J-3). Animal room samples of these dose formulations were also analyzed,
all five samples for rats and all five for mice 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 studies; all 15 dose formulations for rats and mice were within 10% of the target
concentrations (Table J-4). Animal room samples of these dose formulations were analyzed, and
all 15 for rats and all 14 for mice were within 10% of the target concentrations. During the
2-year studies, the dose formulations were analyzed approximately every 6 weeks, and all

63 dose formulations for rats and all 57 for mice were within 10% of the target concentrations
(Table J-5). Animal room samples were also analyzed; all 12 for rats and all 12 for mice were
within 10% of the target concentrations.

Tap water from the City of Columbus municipal supply was used as the vehicle. Samples of the
tap water were taken within 30 days prior to the study start at 3-month intervals throughout the
study, and within 30 days of the end of the in-life phase and analyzed by an NIEHS analytical
contractor for total chlorates, trihalomethanes, and haloacetic acids. Bromodichloroacetic acid
was measured in the tap water and was below the detection limit (approximately 0.6 pg/mL) in
all samples analyzed. This detection limit was 100 times lower than the lowest concentration in
the exposed animals in the 2-week and 3-month studies and 400 times lower than the lowest
concentrations in the exposed animals in the 2-year studies. Note that in a nationwide study,
bromodichloroacetic acid levels ranged from below detection limits to 15 pg/L* and that the
highest concentration reported is approximately 4,200 times lower than the lowest concentration
used in the 2-week and 3-month studies and 16,666 times lower than the lowest concentration
used in the 2-year studies.

Animal Source

Male and female F344/N rats and B6C3F1/N mice were obtained from the NTP colony
maintained at Taconic Farms, Inc. (Germantown, NY), for the 2-week and 3-month studies. For
the 2-year studies, male and female F344/NTac rats were obtained from the commercial colony
at Taconic Farms, Inc., and the B6C3F1/N mice were obtained from the NTP colony maintained
at Taconic Farms, Inc. The rationale for change of strain from F344/N to F344/NTac was a

15



Bromodichloroacetic Acid, NTP TR 583

programmatic decision. For many years the NTP used the inbred F344/N rat for its toxicity and
carcinogenicity studies. Over a period of time, the F344/N exhibited sporadic seizures and
idiopathic chylothorax and consistently high rates of mononuclear cell leukemia and testicular
neoplasia. Because of these issues in the F344/N rat and the NTP’s desire to find a more fecund
rat model that could be used in both reproductive and carcinogenesis studies for comparative
purposes, a change in the rat model was explored. Following a workshop in 2005, the F344 rat
from the Taconic commercial colony (F344/NTac) was used for a few NTP studies to allow the
NTP time to evaluate different rat models. The F344/NTac was used in four subchronic and two
chronic studies (cobalt metal and bromodichloroacetic acid) between 2005 and 2006%°.

Animal Welfare

Animal care and use are in accordance with the Public Health Service Policy on Humane Care
and Use of Animals. All animal studies were conducted in an animal facility accredited by the
Association for the Assessment and Accreditation of Laboratory Animal Care International.
Studies were approved by the Battelle Columbus Operations Animal Care and Use Committee
and conducted in accordance with all relevant NIH and NTP animal care and use policies and
applicable federal, state, and local regulations and guidelines.

Two-week Studies

The 2-week study was designed to determine the range of exposure levels for the 3-month study
and to evaluate if bromodichloroacetic acid was a PPAR activator. On receipt, the rats and mice
were 4 to 5 weeks old. Animals were quarantined for 12 (rats) or 14 (mice) days and were 5 to

6 (rats) or 6 to 7 (mice) weeks old on the first day of the studies. Groups of five male and five
female rats and mice were exposed to 0, 62.5, 125, 250, 500, or 1,000 mg bromodichloroacetic
acid/L drinking water for 16 days. The exposure concentrations were based on previous studies
of dichloroacetic acid® 1% 8% dibromoacetic acid'®, and bromochloroacetic acid®®. Because
bromochloroacetic acid is more potent than dichloroacetic acid based on mass, concentrations of
bromodichloroacetic acid equivalent to those used in bromochloroacetic acid studies based on
mass were selected. Groups of five male and five female special study rats and mice were
exposed to the same concentrations for 17 days. 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 daily for core study rats and mice. Water consumption was recorded
twice weekly by cage on a 3-day/4-day schedule. The core study animals were weighed initially,
on days 8 and 15, and at the end of the studies. Details of the study design and animal
maintenance are summarized in Table 2.

Assays of the liver enzyme acetyl-CoA hydrolase were performed using the livers of special
study animals at the end of the studies. The liver was perfused with buffer (pH 7.4) to stabilize
the enzyme, removed, trimmed, rinsed in ice-cold saline, blotted dry, and weighed. Livers were
stored frozen until homogenization, preparation of supernatants, and determination of
acetyl-CoA hydrolase activity using the method of Nakanishi et al.®’. Supernatant protein levels
were determined using a modification of the Lowry et al.*® method and used to normalize
enzyme activity.

Necropsies were performed on all core study rats and mice, and the heart, right kidney liver,
lung, right testis, and thymus were weighed. Histopathology was performed on the colon, small
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intestine, kidney, liver, and stomach in all core study control and 1,000 mg/L rats and mice.
These tissues were examined to a no-effect level in rats. Table 2 lists the tissues and organs
examined.

Three-month Studies

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

On receipt, the rats and mice were 4 to 5 weeks old. Animals were quarantined for 13 or 14 (rats)
or 11 or 12 (mice) days and were 6 to 7 (rats) or 5 to 6 (mice) 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 evidence of disease. The health of the
animals was monitored during the studies according to the protocols of the NTP Sentinel Animal
Program (Appendix M).

Groups of 10 male and 10 female rats and mice were exposed to 0, 62.5, 125, 250, 500, or

1,000 mg bromodichloroacetic acid/L drinking water for 14 weeks. In addition, groups of

10 male and 10 female clinical pathology study rats 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 recorded weekly by cage for all core study animals.
The core study animals were weighed initially, weekly, and at the end of the studies; special
study animals were weighed initially and at terminal sacrifice. Details of the study design and
animal maintenance are summarized in Table 2.

Animals were anesthetized with a mixture of CO2/O: prior to collection of blood samples. Blood
was collected from the retroorbital plexus of clinical pathology rats on days 3 and 21 and from
the retroorbital plexus of core study rats and the retroorbital sinus of mice at the end of the
studies for hematology and clinical chemistry (rats only). Blood samples were collected into
microcollection serum separator tubes, and serum was obtained by centrifugation for clinical
chemistry. Blood was also collected into microcollection tubes containing potassium EDTA as
the anticoagulant for hematology. Reagents (except those used for reticulocyte count) were
obtained from Bayer, Inc. (Tustin, CA), R&D Systems (Minneapolis, MN), or Fisher Scientific,
Inc. (Norcross, GA). Clinical chemistry parameters were measured using a Hitachi 911
chemistry analyzer (Boeringer Mannheim, Indianapolis, IN), and hematology parameters (except
reticulocyte count) were measured using the Technicon He1™ automated hematology analyzer
(Bayer HealthCare LLC, Tarrytown, NY). Reticulocytes were counted using a Coulter

Model XL flow cytometer (Coulter Corp., Miami, FL); the reagents were manufactured and
supplied by Coulter Corp., Molecular Probes (Eugene, OR), or Aldrich Chemical Co.
(Milwaukee, WI). Blood smears were prepared within approximately 2 hours of sample
collection to evaluate platelet and erythrocyte morphologies by light microscopy. The parameters
measured are listed in Table 2

At the end of the 3-month studies, samples were collected for sperm motility and vaginal
cytology evaluations on rats and mice exposed to 0, 250, 500, and 1,000 mg /L. The parameters
evaluated are listed in Table 2. For 12 consecutive days prior to scheduled terminal kill, the
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vaginal vaults of the females were moistened with saline, if necessary, and samples of vaginal
fluid and cells were stained with crystal violet. 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 motility. 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 epididymis. 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
hemacytometer. To quantify spermatogenesis, the testicular spermatid head 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 animals; and the heart, right kidney, liver, lung,
right testis, and thymus were weighed. Tissues for microscopic examination were fixed and
preserved in 10% neutral buffered formalin (except eyes were fixed in Davidson’s solution and
testes in modified Davidson’s solution), processed and trimmed, embedded in paraffin, sectioned
to a thickness of 4 to 6 um, and stained with hematoxylin and eosin (H&E). Complete
histopathology examinations were performed by the study laboratory pathologist on 0 and

1,000 mg/L core study rats and mice; tissues were examined to a no-effect level in the remaining
exposure groups. Table 2 lists the tissues and organs routinely examined.

After a review of the laboratory reports and selected histopathology slides by a quality
assessment (QA) pathologist, the findings and reviewed slides were submitted to a NTP
Pathology Working Group (PWG) coordinator for a second independent review. Any
inconsistencies in the diagnoses made by the study laboratory and QA pathologists were resolved
by the NTP pathology peer review process. Final diagnoses for reviewed lesions represent a
consensus of the PWG or a consensus between the study laboratory pathologist, NTP
pathologist, QA pathologist(s), and the PWG coordinator. Details of these review procedures
have been described, in part, by Maronpot and Boorman® and Boorman et al.*%.

Two-year Studies

Study Design

Groups of 66 male and 66 female rats and mice were exposed to 0, 250, 500, or 1,000 mg
bromodichloroacetic acid/L drinking water ad libitum for up to 104 (rats) or 105 (mice) weeks.
Seven or eight male and eight female rats and mice from each group were evaluated at 6 months,
13 months (rats), or 14 months (mice).

Rats were quarantined for 14 (males) or 15 (females) days and mice for 11 (females) or
12 (males) 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
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were 5 to 6 weeks old at the beginning of the studies. The health of the animals was monitored
during the studies according to the protocols of the NTP Sentinel Animal Program
(Appendix M).

Rats were housed one to three (males) or one to five (females) per cage and mice were housed
individually (males) or one to five (females) per cage. Feed and water were available ad libitum.
Water consumption was measured for a 7-day period every 4 weeks beginning week 4. Cages
were changed twice weekly, and racks were rotated once every 2 weeks. Further details of
animal maintenance are given in Table 2. Information on feed composition and contaminants is
provided in Appendix L.

Clinical Examinations and Pathology

All animals were observed twice daily. Body weights were recorded initially, and clinical
findings and body weights were recorded every 4 weeks thereafter, beginning at week 5, and at
the end of the studies.

At the 6-month interim evaluation, necropsies were performed on eight male and eight female
rats and mice. Organ weights for kidney and liver were collected. The bladder; lungs; kidneys;
spleen; a section of the left and median lobes of the liver; and a section of the proximal, medial,
and distal colon were collected, fixed in 10 percent neutral buffered formalin, trimmed, and
embedded in paraffin blocks. The remainder of the liver was frozen in liquid nitrogen and the
remainder of the colon preserved in 10 percent neutral buffered formalin. Only the liver (rats and
mice) and colon (rats only) were examined microscopically.

For the second interim evaluation, eight male and eight female rats (13 months) and seven male
and eight female mice (14 months) were shipped live to Dr. Tony DeAngelo at the United States
Environmental Protection Agency. One of the 14-month special study mice died prior to
shipping, and the data from this mouse was included in the analysis of the 2-year study, resulting
in 51 male mice used in the 2-year study. The colon and small intestines from all male and
female rats were examined for potential neoplasms. Any neoplasms found were collected and
processed to H&E slides and then evaluated microscopically. Additionally, the testes from all
male rats were trimmed, processed, sectioned, and stained with H&E for microscopic evaluation.
The slides of the rat testes (epididymis not present) were evaluated for possible hyperplasias and
neoplasms, particularly of the mesothelium. Only the liver of mice was microscopically
examined at this interim evaluation.

Following study termination at the end of the 2-year studies, complete necropsies and
microscopic examinations were performed on all core study 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 (except eyes which were fixed in Davidson’s
solution and testes in modified Davidson’s solution), processed and trimmed, embedded in
paraffin, sectioned to a thickness of 4 to 6 um, and stained with H&E 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 2. An extended evaluation
of the male and female rat brains involved the examination of wet tissue for the presence of gross
lesions of the brain and the histopathologic examination of an additional three sections of
paraffin-embedded brain from the superficial, middle, and deep aspects of the original brain
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block, resulting in the examination of nine sections of brain not previously examined for most of
the animals. In a few cases, the amount of tissue remaining in the block only provided for one or
two additional sections.

At the end of the 2-year studies, microscopic evaluations were completed by the study laboratory
pathologist, and the pathology data were entered into the Toxicology Data Management System.
The report, slides, paraffin blocks, residual wet tissues, and pathology data were sent to the NTP
Archives for inventory, slide/block match, wet tissue audit, and storage. The slides, individual
animal data records, and pathology tables were evaluated by an independent QA 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 QA pathologist
evaluated slides from all tumors and all potential target organs, which included the liver of rats
and mice; the bone marrow, brain, and spleen of rats; the epididymis, prostate gland, seminal
vesicle, skin, stomach (forestomach and glandular), and testis of male rats; the mammary gland
and pituitary gland of female rats; and the epididymis, Harderian gland, lung, and testis of male
mice.

The QA report and the reviewed slides were submitted to the NTP PWG coordinator, who
reviewed the selected tissues and addressed any inconsistencies in the diagnoses made by the
laboratory and QA pathologists. Representative histopathology slides containing examples of
lesions related to chemical administration, examples of disagreements in diagnoses between the
laboratory and QA pathologists, or lesions of general interest were presented by the coordinator
to the PWG for review. The PWG consisted of the QA pathologist and other pathologists
experienced in rodent toxicologic pathology. This group examined the tissues without any
knowledge of dose groups. When the PWG consensus differed from the opinion of the laboratory
pathologist, the diagnosis was changed. Final diagnoses for reviewed lesions represent a
consensus between the laboratory pathologist, reviewing pathologist(s), and the PWG. Details of
these review procedures have been described, in part, by Maronpot and Boorman®® and Boorman
et al.’%. For subsequent 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.?%,

Molecular Pathology Studies

A collection of neoplasms for molecular biology analysis was triggered when a potential
chemical-related response was noted in moribund animals or at terminal sacrifice. Tumors
greater than 5 mm in diameter were sectioned in half; one half was flash frozen in liquid
nitrogen, and the other half was placed in 10% neutral buffered formalin for histopathology
examination. In this 2-year study, representative mammary gland neoplasm samples from
F344/NTac rats and liver neoplasm samples from B6C3F1/N mice were collected in liquid
nitrogen for molecular biology studies at study termination.

Targeted gPCR Arrays on Rat Mammary Gland Adenocarcinoma: Four frozen mammary gland
adenocarcinomas from exposed female F344/NTac rats were evaluated in this study

(Appendix N). No concurrent control normal mammary gland tissues or spontaneous mammary
gland adenocarcinomas were collected in this study. However, normal mammary gland tissues
from five age-matched female F344/N rats were obtained from the National Institute on Aging.
The frozen spontaneous mammary gland adenocarcinomas were sourced from five age-matched
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F344/N vehicle controls from other NTP chronic studies. RNA was extracted from these laser
capture microdissected (LCM) frozen samples. A rat-specific PCR array (PARN-131Z,
SABiosciences, Frederick, MD) was used to identify differential expression of genes relevant for
mammary gland tumorigenesis (84 genes represented).

Molecular Analysis of Mouse Hepatoblastoma and Hepatocellular Carcinoma: For the
microarray studies, six each of frozen hepatoblastoma, hepatocellular carcinoma, and adjacent
nontumor liver tissue samples were collected from the exposed mice (Appendix O). In addition,
six age-matched normal liver samples from control mice were collected. RNA was extracted
from the LCM frozen tissue samples, and microarray was performed using Affymetrix Mouse
Genome 430 2.0 GeneChip® arrays. Differentially expressed genes between sample groups were
compared to examine the altered molecular pathways.

Mutation analysis was conducted on hotspot regions of the H-ras and Ctnnb1l (#-catenin) genes
in the liver neoplasms resulting from chronic exposure to bromodichloroacetic acid. Each of the
liver neoplasms selected for mutation analysis contained both the hepatoblastoma and the
adjacent hepatocellular carcinoma. Representative hepatoblastoma and hepatocellular carcinoma
samples were LCM from formalin fixed, paraffin embedded liver neoplasms (n = 30). DNA was
extracted from the LCM samples and subjected to PCR amplification and sequencing using
previously published methods'%.
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Table 2. Experimental Design and Materials and Methods in the Drinking Water Studies of

Bromodichloroacetic Acid

Two-week Studies

Three-month Studies

Two-year Studies

Study Laboratory

Southern Research Institute
(Birmingham, AL)
Strain and Species

F344/N rats
B6C3F1/N mice

Animal Source

Taconic Farms, Inc.
(Germantown, NY)

Time Held Before Studies

Rats: 12 days
Mice: 14 days

Age Range When Studies
Began

Rats: 5 to 6 weeks
Mice: 6 to 7 weeks

Date of First Exposure

Rats: August 21, 2000
Mice: August 23, 2000

Duration of Exposure

16 (core study) or 17 (special
study) days

Date of Last Exposure

Rats: September 5 (core study) or
6 (special study), 2000

Mice: September 7 (core study)
or 8 (special study), 2000

Necropsy Dates

Rats: September 5, 2000
Mice: September 7, 2000

Age Range at Necropsy

Rats: 8 weeks
Mice: 8 to 9 weeks

Size of Study Groups

Southern Research Institute
(Birmingham, AL)

F344/N rats
B6C3F1/N mice

Taconic Farms, Inc. (Germantown,

NY)

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

Rats: 6 to 7 weeks
Mice: 5 to 6 weeks

Rats: November 14 (males) or
15 (females), 2000

Mice: November 12 (females) or
13 (males), 2000

4 (clinical pathology) or 14 (core
study) weeks

Rats: February 14 (males) or
15 (females), 2001

Mice: February 12 (females) or
13 (males), 2001

Rats: February 14 (males) or
15 (females), 2001

Mice: February 12 (females) or
13 (males), 2001

Rats: 19 to 20 weeks
Mice: 18 to 19 weeks

Battelle Columbus Operations
(Columbus, OH)

F344/NTac rats
B6C3F1/N mice

Taconic Farms, Inc. (Germantown, NY)

Rats: 14 (males) or 15 (females) days
Mice: 11 (females) or 12 (males) days

Rats: 5 to 6 (males) or 6 (females) weeks
Mice: 5 to 6 (females) or 6 (males) weeks

Rats: October 26 (males) or 27 (females),
2006

Mice: September 25 (females) or

26 (males), 2006

Rats: 104 weeks
Mice: 105 weeks

Rats: October 21 (males) or 23 (females),
2008

Mice: September 24 (females) or

25 (males), 2008

Core study rats: October 20 through

21 (males) or 22 through 23 (females),
2008

Core study mice: September 22 through
24 (females) or 24 through 25 (males),
2008

Rats: 109 to 110 weeks
Mice: 109 to 111 (females) or 110 to
111 (males) weeks
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Two-week Studies Three-month Studies

Two-year Studies

5 males and 5 females 10 males and 10 females

Method of Distribution

Animals were distributed Same as 2-week studies
randomly into groups of

approximately equal initial mean

body weights.

Animals per Cage

Rats: 5 Rats: 5
Mice: 1 (males) or 5 (females) Mice: 1 (males) or 5 (females)

Method of Animal
Identification

Tail tattoo Tail tattoo

Diet

Irradiated NTP-2000 wafer feed Same as 2-week studies
(Zeigler Brothers, Inc., Gardners,

PA), available ad libitum,
changed weekly

Water

Tap water (Birmingham, AL, Same as 2-week studies
municipal supply) via amber

glass water bottles with plastic

screw caps with Teflon® liners

(Wheaton, Millville, NJ) and

stainless steel double-ball sipper

tubes (Allentown Caging,

Allentown, NJ), available ad

libitum; sipper tubes changed

twice weekly

Cages

Solid bottom polycarbonate cages Same as 2-week studies
(Lab Products, Inc., Maywood,

NJ), changed once (male mice) or

twice weekly

Bedding

Irradiated hardwood chip bedding Same as 2-week studies
(P.J. Murphy Forest Products,

Inc., Montville, NJ), changed

once (male mice) or twice weekly

Rack Filters
Disposable Reemay® spun- Same as 2-week studies
bonded polyester filter (Andico,

Birmingham, AL), changed every
2 weeks

6-month interim evaluation: 8 males and
8 females

13- (rats) or 14- (mice) month interim
evaluation: 7 (1,000 mg/L mice) or

8 males and 8 females

Core study: 50 or 51 (1,000 mg/L mice)
males and 50 females

Same as 2-week studies

Rats: 1 to 3 (males) or 1 to 5 (females)
Mice: 1 (male) or 5 (study females)

Tail tattoo

Same as 2-week studies

Tap water (Columbus, OH, municipal
supply) via glass bottles (Allentown
Caging, Allentown, NJ; VWR,
Westchester, PA; or Qorpak, Bridgeville,
PA) with bottle caps lined with Teflon®-
coated septa (Qorpak or Supelco,
Bellefonte, PA) and with stainless steel
double-ball bearing sipper tubes (Ancare
Corp., Bellmore, NY), available ad
libitum and changed twice weekly

Polycarbonate cages (Lab Products, Inc.,
Seaford, DE), changed twice weekly and
rotated in racks every 2 weeks

Irradiated Sani-Chips hardwood chip
bedding (P.J. Murphy Forest Products,
Inc., Montville, NJ), changed twice
weekly

Spun-bonded polyester filter sheets
(Snow Filtration Co. (Cincinnati, OH),
changed every 2 weeks
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Two-week Studies

Three-month Studies

Two-year Studies

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: at least
10/hour

Exposure Concentrations
0, 62.5, 125, 250, 500, or

1,000 mg/L drinking water,
available ad libitum

Same as 2-week studies

Temperature: 72° + 3°F
Relative humidity: 50% * 15%

Room fluorescent light: 12 hours/day
Room air changes: at least 10/hour

0, 62.5, 125, 250, 500, or

1,000 mg/L drinking water, available

ad libitum

Type and Frequency of Observation

Observed twice daily; core study Observed twice daily. Core study
animals were weighed initially,
weekly, and at the end of the studies;
special study animals were weighed
initially and at terminal sacrifice.

animals were weighed initially,
on days 8 and 15, and at the end
of the studies; and clinical
findings were recorded daily.
Special study animals were

weighed initially and at the end of consumption were recorded weekly

the studies. Water consumption
was recorded twice weekly by

cage, on a 3-day/4-day schedule.

Method of Kill
Carbon dioxide asphyxiation
Necropsy

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

right kidney, liver, lung, right

testis, and thymus were weighed.

Clinical findings and water

for core study animals.

Same as 2-week studies

right testis, and thymus.

Stainless steel (Lab Products, Inc.,
Seaford, DE), changed and rotated every
2 weeks

Temperature: 72° + 3°F

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

0, 250, 500, or 1,000 mg/L drinking
water, available ad libitum

Observed twice daily; animals were
weighed initially; and animals were
weighed and clinical findings were
recorded every four weeks thereafter,
beginning at week 5, and at the end of the
studies. Water consumption was recorded
one week per month beginning week 4.

Same as 2-week studies

Necropsies were performed on all

animals. Organs weighed for 6-month
interim evaluation rats and mice were
kidneys (both left and right) and liver.
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Two-week Studies

Three-month Studies

Two-year Studies

Clinical Pathology
None

Histopathology

In addition to gross lesions and
tissue masses, the following
tissues were examined in

Blood was collected from the
retroorbital plexus of clinical
pathology rats on days 3 and 21 and
from retroorbital plexus of core
study rats and the retroorbital sinus
in mice at the end of the studies for
hematology and clinical chemistry
(rats only).

Hematology: hematocrit,
hemoglobin concentration;
erythrocyte, reticulocyte, platelet,
and nucleated erythrocyte counts;
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 histopathology was

Complete histopathology was performed
performed on 0 and 1,000 mg/L core on all core study rats and mice. In

controls, to a no-effect level in
rats, and in 1,000 mg/L mice:

jejunum, ileum), kidney, liver,

and stomach (forestomach and
glandular).

Sperm Motility and Vaginal Cytology

study animals. In addition to gross
lesions and tissue masses, the
following tissues were examined to a
colon, small intestine (duodenum, no-effect level: 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, spleen, stomach
(forestomach and glandular), testis
(with epididymis and vaginal tunics),
thymus, thyroid gland, trachea,
urinary bladder, and uterus.

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, 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 and
vaginal tunics, thymus, thyroid gland,
tongue (rats), trachea, urinary bladder,
and uterus. For the 6-month interim
evaluation, the large intestine (rats only)
and liver were examined. For the 13-
month (rats) or 14-month (mice) interim
evaluation, the large intestine (rats only),
small intestine (rats only), testes (rats
only), and liver (mice only) were
examined.
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Two-week Studies

Three-month Studies

Two-year Studies

None

Acetyl-CoA Hydrolase Activity

The livers of all special study
animals were weighed, and
acetyl-CoA hydrolase activity
was measured.

Molecular Pathology Studies

At the end of the studies, spermatid  None
and sperm samples were collected
from male animals in the 0, 250,
500, and 1,000 mg/L groups. The
following parameters were
evaluated: spermatid heads per testis
and per gram testis, sperm motility,
and sperm per cauda epididymis and
per gram cauda epididymis. 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 females exposed to 0, 250, 500,
or 1,000 mg/L.

None None

Targeted qPCR Arrays on Rat Mammary Gland Adenocarcinoma

None Four frozen mammary gland
adenocarcinomas from female
F344/NTac rats in the current study, five
spontaneous mammary gland
adenocarcinomas from unexposed
F344/N rats from five other 2-year NTP
studies, and laser capture microdissected
mammary gland epithelium from five
age- and sex-matched F344/N rats
(obtained from the National Institute on
Aging) were used for pathway specific
breast cancer qPCR arrays.

None

Molecular Analysis of Mouse Hepatoblastoma and Hepatocellular Carcinoma

None Frozen hepatoblastoma, associated
hepatocellular carcinoma, and adjacent
normal liver samples were obtained from
B6C3F1/N mice using laser capture
microdissection, and Affymetrix
microarray analysis was performed to
identify differentially expressed genes
between sample groups. To study the
comparative mutation profile in
hepatoblastoma and associated
hepatocellular carcinoma, H-ras codon
61 and exon 2 & 3 Ctnnbl mutation
spectra were analyzed in 30 formalin-
fixed paraffin embedded hepatoblastoma
and associated hepatocellular carcinoma
tissues from mice.

None
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Statistical Methods

Survival Analyses

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

103

Calculation of Incidence

The incidences of neoplasms or nonneoplastic lesions are presented in Table A-1, Table A-3,
Table B-1, Table B-3, Table C-1, Table C-4, Table D-1, and Table D-4 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 (Table A-2, Table B-2, Table C-2, and Table D-2) 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 neoplasms in certain tissues (e.g., mesentery,
pleura, peripheral nerve, skeletal muscle, tongue, tooth, and Zymbal’s gland) before microscopic
evaluation, the denominators consist of the number of animals that had a gross abnormality.
When neoplasms had multiple potential sites of occurrence (e.g., leukemia or lymphoma), the
denominators consist of the number of animals on which a necropsy was performed. Table A-2,
Table B-2, Table C-2, and Table D-2 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 kill.

Analysis of Neoplasm and Nonneoplastic Lesion Incidences

The Poly-k test!?-1% was used to assess neoplasm and nonneoplastic lesion prevalence. This test
is a survival-adjusted quantal-response procedure 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. 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 kill;
if the animal died prior to terminal kill 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 timet®®.
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'® following an evaluation of neoplasm onset time
distributions for a variety of site-specific neoplasms in control F344/N rats and B6C3F1/N
mice'®. Bailer and Portier'® 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

27



Bromodichloroacetic Acid, NTP TR 583

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*°,

Tests of significance included pairwise comparisons of each dosed group with controls and a test
for an overall dose-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 represented as 1-P with the letter N added (e.g., P =0.99 is
presented as P = 0.01N). For neoplasms and nonneoplastic lesions detected at the interim
evaluation, the Fisher exact test''!, a procedure based on the overall proportion of affected
animals, was used.

Analysis of Continuous Variables

Two approaches were employed to assess the significance of pairwise comparisons between
dosed 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*'? and Williams*® 1, Hematology, clinical
chemistry, acetyl-CoA hydrolase activity, spermatid, and epididymal spermatozoal data, which
have typically skewed distributions, were analyzed using the nonparametric multiple comparison
methods of Shirley!*® (as modified by Williams!®) and Dunn®!’. Jonckheere’s test!'® was used to
assess the significance of the dose-related trends and to determine whether a trend-sensitive test
(Williams’ or Shirley’s test) was more appropriate for pairwise comparisons than a test that does
not assume a monotonic dose-related trend (Dunnett’s or Dunn’s test). Prior to statistical
analysis, extreme values identified by the outlier test of Dixon and Massey!® were examined by
NTP personnel, and implausible values were eliminated from the analysis. Proportions of regular
cycling females in each dosed group were compared to the control group using the Fisher exact
test'!!, Tests for extended periods of estrus, diestrus, metestrus, and proestrus, as well as skipped
estrus and skipped diestrus, were constructed based on a Markov chain model proposed by
Girard and Sager*?°. For each dose group, a transition probability matrix was estimated for
transitions among the proestrus, estrus, metestrus, and diestrus stages, with provision for
extended stays within each stage as well as for skipping estrus or diestrus within a cycle.
Equality of transition matrices among dose groups and between the control group and each dosed
group was tested using chi-square statistics.

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 uyncommon or
rare neoplasm types. For meaningful comparisons, the conditions for studies in the historical
control database must be generally similar. Significant factors affecting the background
incidences of neoplasms at a variety of sites are diet, sex, strain/stock, and route of exposure. The
NTP historical control database contains all 2-year studies for each species, sex, and strain/stock
with histopathology findings in control animals completed within the most recent 5-year
period'?1123 In general, the historical control database for a given study includes studies using
the same route of administration, and the overall incidences of neoplasms in controls for all
routes of administration are included for comparison, including the current mouse study. There
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are only two studies that used the F344/NTac rats in the historical control database, the current
study and a cobalt metal study. The current study is a drinking water study in F344/NTac rats;
the cobalt metal study was by inhalation. Therefore, only historical control incidences for all
routes and all vehicles are presented for F344/NTac rats in this Technical Report.

Quality Assurance Methods

The 2-week, 3-month, and 2-year studies were conducted in compliance with Food and Drug
Administration Good Laboratory Practice Regulations!?. In addition, as records from the 3-
month and 2-year studies were submitted to the NTP Archives, these studies were audited
retrospectively by an independent QA contractor. Separate audits covered completeness and
accuracy 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 comments were
resolved or otherwise addressed during the preparation of this Technical Report.

Genetic Toxicology

The genetic toxicity of bromodichloroacetic acid was assessed by testing the ability of the
chemical to induce mutations in various strains of Salmonella typhimurium and Escherichia coli
and increases in the frequency of micronucleated erythrocytes in mouse peripheral blood.
Micronuclei (literally “small nuclei” or Howell-Jolly bodies) are biomarkers of induced
structural or numerical chromosomal alterations and are formed when acentric fragments or
whole chromosomes fail to incorporate into either of two daughter nuclei during cell division!2>
126 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 carcinogenicity 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*?” and the somatic mutation theory of cancer'?® 12°, However, it
should be noted that not all cancers arise through genotoxic mechanisms.

DNA reactivity combined with Salmonella mutagenicity is highly correlated with induction of
carcinogenicity in multiple species/sexes of rodents and at multiple tissue sites**°. 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)'3t: 132, Additionally,
no battery of tests that included the Salmonella test improved the predictivity of the Salmonella
test alone. However, 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'33 134 However, clearly positive results in long-term peripheral blood micronucleus tests
have high predictivity for rodent carcinogenicity; a weak response in one sex only or negative
results in both sexes in this assay do not correlate well with either negative or positive results in
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rodent carcinogenicity studies'®. Because of the theoretical and observed associations between
induced genetic damage and adverse effects in somatic and germ cells, the determination of in
vivo genetic effects is important to the overall understanding of the risks associated with
exposure to a particular chemical.
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Results

Two-week Study in F344/N Rats

All rats survived to the end of the study (Table 3). Final mean body weights and body weight
gains of exposed groups of male and female rats were similar to those of the controls. Water
consumption by exposed and control groups was similar. Drinking water concentrations of 62.5,
125, 250, 500, and 1,000 mg/L resulted in average daily doses of approximately 7, 15, 31, 56,
and 131 mg bromodichloroacetic acid/kg body weight to males and 8, 15, 30, 58, and 113 mg/kg
to females. There were no clinical findings related to bromodichloroacetic acid exposure.

At the end of the 2-week study, no increases in acetyl-CoA hydrolase activities were observed in
either male or female rats (Table G-1), suggesting that bromodichloroacetic acid does not
activate PPARa, and these assays were not performed in the 3-month and 2-year studies.

No organ weight differences were attributed to exposure to bromodichloroacetic acid
(Table H-1). No gross or microscopic lesions related to chemical exposure were observed.

Exposure Concentration Selection Rationale: Because no mortality or toxicologic effects were
seen in the 2-week study, exposure concentrations selected for the 3-month drinking water study
in F344/N rats were 62.5, 125, 250, 500, and 1,000 mg/L.

Table 3. Survival, Body Weights, and Water Consumption of F344/N Rats in the Two-week
Drinking Water Study of Bromodichloroacetic Acid?

Concentration Survival® IQ(‘;&?} Eg.]di: ng; r\]/(i:]/eeilgnht Flr;eaglz\tlsllght Convs\l/Ja;Fprtion Con\g\(J?;egtion
(mg/L) Weight Weight @ to Controls Week 1 Week 3
(9) (9) (%)
Male
0 5/5 102+2 163%5 61+4 13 16
62.5 5/5 105+2 1704 66 £ 3 104 15 17
125 5/5 101+2 165%4 64+3 102 14 17
250 5/5 103+2 1707 68+5 105 16 17
500 5/5 102+2 158%5 55+ 6 97 14 15
1,000 5/5 100+2 164+3 64+3 101 15 =
Female
0 5/5 90+1 124+%2 34+1 13 12
62.5 5/5 91+2 125+3 3B+l 101 13 14
125 5/5 88+2 124+2 36+3 100 13 13
250 5/5 88+1 123%2 3B+l 99 12 13
500 5/5 90+2 118+3 29+1 96 12 12
1,000 5/5 88+3 1203 32+2 97 11 12

AWeights and weight changes are given as mean + standard error. Water consumption is expressed as grams per animal per day.
Differences in weights and weight changes from the control group are not significant by Dunnett’s test.

®Number of animals surviving at 16 days/number initially in group.

cUsed bottle was spilled; no water consumption data available for week 3.
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Three-month Study in F344/N Rats

All rats survived until the end of the study except one female in the control group that died
during week 7 (Table 4). Final mean body weights and body weight gains of 1,000 mg/L females
were less than those of the controls by approximately 5% and 12%, respectively (Table 4 and
Figure 3). No treatment-related effects on body weights or body weight gains were observed in
male rats. Drinking water concentrations of 62.5, 125, 250, 500, and 1,000 mg/L resulted in
average daily doses of approximately 5, 9, 19, 37, and 72 mg bromodichloroacetic acid/kg body
weight to males and 5, 10, 20, 43, and 69 mg/kg to females. No chemical-related clinical
findings were observed.

Table 4. Survival, Body Weights, and Water Consumption of F344/N Rats in the Three-month
Drinking Water Study of Bromodichloroacetic Acid?

Concentration Survival® Ig:).t(;?) E:)r.]da;: ngj r\]/?/?eiignht Flrlglglliecght Con\g\{ﬁ;e;tion Con\g\ﬁ;er;’tion
(mg/L) Weight  Weight @ to Controls Week 1 (g) Week 13 (g)
(9) (9) (%)
Male
0 10/10 115+1 341+5 226 £5 16 16
62.5 10/10 115+1 349+38 2347 102 16 16
125 10/10 114+1 349+6 2357 102 16 17
250 10/10 1162 3565 240 £6 104 16 17
500 10/10 1152 3506 235+6 103 16 16
1,000 10/10 113+2 3366 2293+ 6 99 14 15
Female
0 9/10¢ 103+1 194+3 912 14 11
62.5 10/10 103+1 206+3 103+3 106 14 15
125 10/10 104+1 2032 99+2 105 13 12
250 10/10 102+1 193+3 90+3 100 14 11
500 10/10 104+1 1972 93+2 101 14 12
1,000 10/10  103+1 184 +2** 80+ 2** 95 11 10

**Significantly different (p < 0.01) from the control group by Williams’ test.

AWeights and weight changes are given as mean + standard error. Water consumption is expressed as grams per animal per day.
PNumber of animals surviving at 14 weeks/number initially in group.

“Week of death: 7.
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Figure 3. Growth Curves for F344/N Rats Exposed to Bromodichloroacetic Acid in Drinking Water
for Three Months

Compared to the control group, on day 3, there were mild increases (<11%) in hematocrit values,
hemoglobin concentrations, and red blood cell counts in several exposed groups of female rats,
but most consistently at 1,000 mg/L (Table F-1). These increases were not seen on day 21 and
were consistent with mild transient hemoconcentration, as evidenced by the decrease in water
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consumption by the 1,000 mg/L females. Urea nitrogen concentrations were also mildly
increased in females, consistent with mild dehydration as the rats acclimated to the study; this
parameter was mildly elevated in all the exposed groups on day 3 and in the 250 mg/L or greater
groups on day 21. This change in urea nitrogen concentration resolved by week 14.

At week 14, the 500 and 1,000 mg/L females had mild decreases in serum total protein
concentrations (Table F-1). In addition, serum albumin concentrations were mildly decreased in
all exposed female groups. The magnitude of the decrease was greatest in the 1,000 mg/L
females (>11%). The decreases in the total protein concentration were driven by the decreases in
albumin concentration, as albumin is a major component of the total protein concentration. The
mechanism for the decrease in albumin concentration was not clear.

The absolute kidney weights of 1,000 mg/L females and relative kidney weights of 250, 500, and
1,000 mg/L females were significantly greater than those of the controls by approximately 5% to
15% (Table H-2). Relative liver weights were increased by approximately 9% in males exposed
to 1,000 mg/L. These changes in organ weights, though statistically significant, were considered
minor effects.

Male rats exposed to 1,000 mg/L bromodichloroacetic acid in drinking water exhibited decreased
left testis weights and sperm motility (approximately 5% less than concurrent controls)

(Table I-1). A similar decrease in weight was not observed in the right testis (Table H-2) or
epididymis measurement (Table I-1). No correlating histopathology findings were noted. Given
the small magnitude of change, inconsistent response in testis weight, and absence of correlating
histopathology, the relationship of the observed changes to bromodichloroacetic acid exposure is
uncertain. Female rats exposed to 250 mg/L exhibited a higher probability of extended estrus
(Table 1-2). Given that this was only observed at the lowest exposure concentration tested and
occurred in the absence of histopathology findings, its relationship to bromodichloroacetic acid
exposure is uncertain.

No chemical-related gross or histopathology findings were observed in either male or female
rats.

Exposure Concentration Selection Rationale: Based on the limited effects of
bromodichloroacetic acid exposure in the 3-month study, exposure concentrations selected for
the 2-year drinking water study in F344/NTac rats were 250, 500, and 1,000 mg/L. Higher
concentrations of bromodichloroacetic acid were not considered based on the 2-year NTP study
of bromochloroacetic acid*®, which used these exposure concentrations and resulted in clear
evidence of carcinogenicity in rats.

Two-year Study in F344/NTac Rats

Survival

Estimates of 2-year survival probabilities for male and female rats are shown in Table 5 and in
the Kaplan-Meier survival curves (Figure 4). Survival of 500 and 1,000 mg/L females was
significantly less than that of the controls. Early deaths in the female rats were due to moribund
sacrifice of animals with mammary gland fibroadenomas and carcinomas. There was no
significant effect on survival in male rats.
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Table 5. Survival of F344/NTac Rats in the Two-year Drinking Water Study of
Bromodichloroacetic Acid

0 mg/L 250 mg/L 500 mg/L 1,000 mg/L
Male
Animals initially in study 66 66 66 66
Six-month interim evaluation? 8 8 8 8
Thirteen-month interim evaluation? 8 8 8 8
Moribund 26 23 20 27
Natural deaths 5 6 5 4
Animals surviving to study termination 19 21 25 19
Percent probability of survival at end of study® 38 42 50 38
Mean survival (days)® 658 655 676 654
Survival analysis® P =1.000 P =0.648N P =0.186N P =1.000
Female
Animals initially in study 66 66 66 66
Six-month interim evaluation® 8 8 8 8
Thirteen-month interim evaluation? 8 8 8 8
Moribund 10 22 42 44
Natural deaths 6 2 1 4
Animals surviving to study termination 34 26 7
Percent probability of survival at end of study 68 52 14 4
Mean survival (days) 694 683 616 589
Survival analysis P <0.001 P=0.141 P <0.001 P <0.001

aCensored from survival analyses.

bKaplan-Meier determinations.

°Mean of all deaths (uncensored and terminal Kill).

9The result of the life table trend test'® is in the control column, and the results of the life table pairwise comparisons® with the
controls are in the exposed group columns. A lower mortality in an exposure group is indicated by N.
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Figure 4. Kaplan-Meier Survival Curves for F344/NTac Rats Exposed to Bromodichloroacetic Acid
in Drinking Water for Two Years
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Body Weights, Water and Compound Consumption, Clinical Findings, and
Organ Weights

The mean body weights of 1,000 mg/L males were approximately 10% less than those of
controls after week 89 (Table 6; Figure 5). This was associated with an approximately 10%
decrease in water consumption (Table K-1). Body weights of the 1,000 mg/L females were 10%
less than those of the controls after week 13 and dropped to about 80% of controls by 52 weeks
(Table 7; Figure 5). In 1,000 mg/L females, water consumption was less during the first year of
the study but similar to control values during the second year (Table K-2). The decreased body
weight and moribundity and mortality appears unrelated to the decreased water intake in the
females. Drinking water concentrations of 250, 500, and 1,000 mg/L resulted in average daily
doses of approximately 11, 21, and 43 mg bromodichloroacetic acid/kg body weight to males
and approximately 13, 28, and 57 mg/kg to females. No clinical findings related to chemical
exposure were observed. At the 6-month interim evaluation, absolute and relative liver weights
of 500 mg/L females were significantly increased, as was the relative live weight in 1,000 mg/L
females (Table H-3).

37



Bromodichloroacetic Acid, NTP TR 583

Table 6. Mean Body Weights and Survival of Male F344/NTac Rats in the Two-year Drinking
Water Study of Bromodichloroacetic Acid

0 mg/L 250 mg/L 500 mg/L 1,000 mg/L

Day Av. No.of Av. Wt (%of No.of Av. Wt (%of No.of Av. Wt (% of No.of
Wt. Survivors Wt. Controls) Survivors Wt. Controls) Survivors Wt. Controls) Survivors

(9) (9) (9) (9)

1 94 66 93 99 66 93 99 66 94 100 66
29 211 66 206 98 66 205 97 66 201 95 66
57 282 66 276 98 66 270 96 66 267 95 66
85 330 66 321 97 66 312 95 66 309 94 66
113 365 66 356 98 66 345 95 66 342 94 66
141 395 66 382 97 65 370 94 66 367 93 66
169 420 66 405 97 65 393 94 66 387 92 66

1972 431 58 420 97 57 407 95 58 400 93 58
225 449 58 438 97 57 425 95 58 417 93 58
253 464 58 449 97 57 438 94 58 430 93 58
281 478 58 464 97 57 452 95 58 440 92 58
309 490 58 474 97 56 462 94 58 451 92 58
337 500 58 486 97 56 474 95 58 457 91 58
365 510 58 491 96 56 479 94 58 463 91 58
393 517 49 498 96 48 484 94 50 470 91 49
421 520 49 502 97 48 486 94 50 472 91 49
449 524 49 505 96 48 490 94 49 472 90 48
477 527 48 506 96 48 492 94 48 473 90 47
505 526 48 511 97 48 497 95 47 473 90 45
533 528 48 512 97 43 500 95 46 470 89 45
561 519 45 507 98 42 496 95 46 472 91 43
589 509 40 504 99 42 496 97 43 470 92 39
617 509 34 503 99 37 491 96 41 468 92 37
645 512 32 498 97 33 482 94 38 457 89 32
673 494 26 479 97 32 474 96 35 445 90 27
701 485 20 465 96 25 468 96 29 434 89 23

Mean for Weeks
1-13 229 224 98 220 96 218 95

14-52 444 430 97 418 94 410 92

53-101 514 499 97 487 95 465 90

aAnimals removed for interim evaluations during weeks 27 and 54.
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Table 7. Mean Body Weights and Survival of Female F344/NTac Rats in the Two-year Drinking
Water Study of Bromodichloroacetic Acid

0 mg/L 250 mg/L 500 mg/L 1,000 mg/L

Day Av. No.of Av. Wt (%of No.of Av. Wt (%of No.of Av. Wt (% of No.of
Wt. Survivors Wt. Controls) Survivors Wt. Controls) Survivors Wt. Controls) Survivors

(9) (9) (9) (9)

1 87 66 87 100 66 88 100 66 88 100 66
29 147 66 145 99 66 143 97 66 138 94 66
57 175 66 171 98 66 167 95 66 159 91 66
85 189 66 184 98 66 180 95 66 171 90 66

113 202 66 195 96 66 191 94 66 178 88 66
141 213 66 204 96 66 198 93 66 186 87 66
169 223 66 212 95 66 206 92 66 191 86 66
1972 231 58 220 95 58 212 92 58 197 85 58
225 241 58 229 95 58 221 92 58 204 85 58
253 250 58 238 95 58 227 91 58 210 84 57
281 258 58 246 95 58 235 91 58 214 83 57
309 266 58 255 96 58 241 91 58 218 82 57
337 277 57 263 95 58 252 91 57 224 81 57
365 285 57 272 95 58 258 91 57 229 80 57
393 295 49 282 96 50 269 91 48 238 81 49
421 304 49 293 96 50 276 91 48 244 80 47
449 313 48 300 96 50 283 91 46 247 79 47
477 321 48 306 95 50 290 90 46 251 78 47
505 327 48 314 96 50 294 90 44 256 78 45
533 334 48 320 96 50 300 90 43 260 78 40
561 340 47 327 96 47 306 90 40 266 78 35
589 344 47 328 95 43 307 89 34 272 79 30
617 349 46 335 96 40 313 90 31 266 76 25
645 353 41 338 96 35 312 88 18 268 76 7
673 351 40 340 97 34 306 87 10 266 76 3
701 348 36 342 98 32 312 90 9 265 76 3
Mean for Weeks
1-13 150 147 98 145 97 139 94
14-52 240 229 95 220 92 202 85
53-101 328 315 96 294 90 256 78

aAnimals removed for interim evaluations during weeks 27 and 54.
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Figure 5. Growth Curves for F344/NTac Rats Exposed to Bromodichloroacetic Acid in Drinking
Water for Two Years
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Pathology and Statistical Analyses

This section describes the statistically significant or biologically noteworthy changes in the
incidences of mesothelioma and neoplasms and/or nonneoplastic lesions of the mammary gland,
skin, large intestine, brain, bone marrow, liver, oral cavity (oral mucosa and tongue), and spleen.
Summaries of the incidences of neoplasms and nonneoplastic lesions and statistical analyses of
primary neoplasms that occurred with an incidence of at least 5% in at least one animal group are
presented in Appendix A for male rats and Appendix B for female rats.

Mammary Gland: Fibroadenoma was noted in all exposed groups of males (Table 8, Table A-1,
and Table A-2). In females, there were positive trends in the incidences of fibroadenoma;
carcinoma; and fibroadenoma, adenoma, or carcinoma (combined) (Table 8, Table B-1,

Table B-2). The incidences of fibroadenoma and of the combined neoplasms in all exposed
groups were significantly greater than the control incidences, as was the incidence of carcinoma
at 1,000 mg/L. In both male and female rats, mammary gland fibroadenomas were characterized
by multiple, discrete, variably sized islands of well differentiated glandular alveoli that
frequently contained secretory material within abundant fibrous connective tissue stroma. In the
case of female mammary gland adenoma, the neoplasm was well demarcated from the adjacent
mammary tissue. The regular architecture of the gland was distorted, and there was an increase
in size and variability in diameter of glandular lobules. Mammary gland carcinomas occasionally
arose within fibroadenomas and consisted of epithelium arranged in alveolar, papillary, or solid
patterns. Neoplastic alveolar epithelium often piled up to 10 layers thick and the
nuclear/cytoplasmic ratio was increased in epithelial cells. Mammary gland carcinomas
sometimes contained areas of squamous differentiation and/or central areas of necrosis.

Increased incidences of hyperplasia of the mammary gland were noted in all female exposed
groups; the incidence in the 1,000 mg/L group was significantly increased. In most cases, the
severity assigned was minimal. Mammary gland hyperplasia is characterized by enlarged lobules
with increased numbers of alveoli of variable sizes lined usually by a single layer of well
differentiated epithelium with minimal cellular atypia. The interlobular ducts and the alveoli are
separated by scant collagenous connective tissue stroma.

Malignant Mesothelioma: In the testis at 13 months, two 500 mg/L males and five 1,000 mg/L
males had malignant mesothelioma, and the incidence in the 1,000 mg/L group was significantly
increased (Table 9). Minimal to moderate hyperplasia of the mesothelial layer was also observed
in these groups [0 mg/L, 0/8; 250 mg/L, 0/8; 500 mg/L, 1/8 (1.0); 1,000 mg/L, 3/8 (2.0)].
Malignant mesothelioma was characterized by discrete proliferative single or multiple layers of
plump mesothelial cells often overlying fibrovascular cores, and these neoplasms occasionally
invaded the subjacent tissues.

The incidences of malignant mesothelioma in multiple organs at 2 years occurred with a positive
trend and were significantly increased in all exposed groups (Table 9 and Table A-2).
Mesotheliomas were seen primarily in the tunica vaginalis of the testis and epididymis and in
some cases extended to the seminal vesicle and prostate gland of male rats.

Histologically, malignant mesotheliomas were characterized by areas of mesothelial proliferation
along the peritoneal surface of the tunica vaginalis of male reproductive tissues and comprised
plump papillary projections of neoplastic mesothelial cells overlying fibrovascular cores

(Figure 9). The most prominent proliferations were generally located along the epididymides
with smaller areas associated with the testes, seminal vesicles, and prostate gland.
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Table 8. Incidences of Neoplasms and Nonneoplastic Lesions of the Mammary Gland in F344/NTac
Rats in the Two-year Drinking Water Study of Bromodichloroacetic Acid

0 mg/L 250 mg/L 500 mg/L 1,000 mg/L
Male
Number Necropsied 50 50 50 50
Hyperplasia® 6 (1.2)° 1* (1.0) 2 (1.0) 1(1.0)
Fibroadenoma® 0 2 3 1
Female
Number Necropsied 50 50 50 50
Hyperplasia 4(1.3) 2 (15) 10** (1.2)
Fibroadenoma, Multiple 34** 37** 27**
Fibroadenoma (includes multiple)¢
Overall ratee 28/50 (56%) 47/50 (94%) 47/50 (94%) 39/50 (78%)
Adjusted rate’ 60.1% 96.6% 99.1% 89.6%
Terminal rate? 21/34 (62%) 26/26 (100%) 7/7 (100%) 2/2 (100%)
First incidence (days) 551 558 449 414
Poly-3 test" P <0.001 P <0.001 P <0.001 P <0.001
Adenomal 1 2 3 1
Carcinoma’
Overall rate 0/50 (0%) 1/50 (2%) 3/50 (6%) 8/50 (16%0)

Adjusted rate
Terminal rate
First incidence (days)
Poly-3 test

Adenoma or Carcinoma¥

0.0%
0/34 (0%)
_

P <0.001
1

Fibroadenoma, Adenoma, or Carcinoma'

Overall rate

Adjusted rate
Terminal rate

First incidence (days)
Poly-3 test

28/50 (56%)

60.1%

21/34 (62%)

551
P <0.001

2.3%
0/26 (0%)
558
P =0.492
3

47/50 (94%)
96.6%
26/26 (100%)
558
P <0.001

9.1%
017 (0%)
533
P=0.074
-

48/50 (96%)
99.4%
717 (100%)
386
P < 0.001

25.8%
0/2 (0%)
509
P < 0.001

9**

42/50 (84%)
92.5%
2/2 (100%)
414
P <0.001

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

**P < 0.01.
@Number of animals with lesion.

bAverage severity grade of lesions in affected animals: 1 = minimal, 2 = mild, 3 = moderate, 4 = marked.
Historical control incidence for 2-year studies (all routes): 1/100.

dHistorical control incidence: 46/100.

®Number of animals with neoplasm per number of animals necropsied.
Poly-3 estimated neoplasm incidence after adjustment for intercurrent mortality.

90bserved incidence at terminal Kill.

hBeneath 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 differential
mortality in animals that do not reach terminal kill.

iHistorical control incidence: 2/100.

iNot applicable; no neoplasms in animal group.
kHistorical control incidence: 4/100.
'Historical control incidence: 48/100.
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Table 9. Incidences of Malignant Mesothelioma in Male F344/NTac Rats in the Two-year Drinking
Water Study of Bromodichloroacetic Acid

0 mg/L 250 mg/L 500 mg/L 1,000 mg/L
Thirteen-month Interim Evaluation
Number with Testis Examined Microscopically 8 8 8 8
Malignant Mesothelioma, Bilateral® 0 0 1 1
Malignant Mesothelioma (includes bilateral)® 0 0 2 5*
Two-year Study
Multiple Organs, Malignant Mesothelioma®
Overall rate 1/50 (2%)  12/50 (24%)  18/50 (36%)  37/50 (74%)
Adjusted rate® 2.6% 28.0% 40.6% 77.5%
Terminal rate 0/19 (0%)  3/21(14%)  10/25(40%)  12/19 (63%)
First incidence (days) 683 309 442 389
Poly-3 test? P <0.001 P <0.001 P <0.001 P <0.001

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

aNumber of animals with neoplasm.

PHistorical control data not available.

Historical control incidence for 2-year studies (all routes): 3/100.

9Number of animals with neoplasm per number of animals necropsied.

Poly-3 estimated neoplasm incidence after adjustment for intercurrent mortality.

fObserved incidence at terminal kill.

9Beneath 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 differential
mortality in animals that do not reach terminal kill.

Skin: The incidences of basal cell adenoma or carcinoma (combined) in males occurred with a
positive trend, and the 1,000 mg/L group incidence was significantly greater than the control
incidence (Table 10, Table A-1, and Table A-2). Microscopically, basal cell adenomas were
present as elevated nodules that extended into the dermis and were composed of ribbons and
cords of basal cells separated by a thin fibrovascular stroma. In some of these cases, there was
multifocal sebaceous differentiation. The superficial surface of some basal cell adenomas was
ulcerated and contained small areas of hemorrhage. Basal cell carcinoma consisted of an
epithelial mass that extended far into the dermis and was composed of basal cells arranged in
cords, nests, and solid sheets. Basal cell carcinomas displayed moderate nuclear pleomorphism
and numerous mitotic figures. Frequently, areas of squamous and sebaceous differentiation were
present, as well as small areas of necrosis and associated inflammation.

Two incidences of sebaceous gland adenoma were noted in each exposed group of males.
Histologically, sebaceous gland adenomas were characterized by well circumscribed lobular
dermal masses composed of irregularly shaped acini of sebaceous epithelium containing
abundant foamy cytoplasm lined by a thin layer of basal epithelium.

The incidences of keratoacanthoma in males exposed to 500 and 1,000 mg/L were increased
(significantly for the 1,000 mg/L group) and occurred with a positive trend. Keratoacanthoma is
a well demarcated cup-shaped mass arising in the epithelium and extending into the dermis. The
central portion of these masses was filled with abundant layers of desquamated keratin debris
and lined by a thickened layer of squamous epithelium.

43



Bromodichloroacetic Acid, NTP TR 583

The combined incidence of squamous cell papilloma, keratoacanthoma, sebaceous gland
adenoma, basal cell adenoma, basal cell carcinoma, or squamous cell carcinoma in 1,000 mg/L
males was significantly increased.

Table 10. Incidences of Neoplasms of the Skin in Male F344/NTac Rats in the Two-year Drinking
Water Study of Bromodichloroacetic Acid

0 mg/L 250 mg/L 500 mg/L 1,000 mg/L

Number Necropsied 50 50 50 50
Squamous Cell Papilloma® ® 3 1 0 1
Keratoacanthoma, Multiple 0 0 0 3
Keratoacanthoma (includes multiple)®

Overall rate 7/50 (14%)  3/50 (6%)  10/50 (20%)  15/50 (30%)
Adjusted rate® 17.3% 7.6% 23.2% 37.1%
Terminal ratef 1/19 (5%) 2/21 (10%)  5/25 (20%) 7/19 (37%)
First incidence (days) 544 716 493 621
Poly-3 test? P=0.003 P=0.162N P =0.346 P =0.035
Basal Cell Adenoma" 0 0 4 4
Basal Cell Carcinoma’ 0 0 0 1

Basal Cell Adenoma or Carcinoma”

Overall rate 0/50 (0%) 0/50 (0%) 4/50 (8%) 5/50 (10%)
Adjusted rate 0.0% 0.0% 9.3% 12.8%
Terminal rate 0/19 (0%) 0/21 (0%) 1/25 (4%) 3/19 (16%)
First incidence (days) — - 513 629
Poly-3 test P =0.004 —x P=0.074 P =0.030
Squamous Cell Carcinoma 0 1 1 0
Squamous Cell Papilloma, Keratoacanthoma, Basal Cell Adenoma, Basal Cell Carcinoma, or Squamous Cell
Carcinoma!'
Overall rate 9/50 (18%)  5/50 (10%) 14/50 (28%)  19/50 (38%)
Adjusted rate 22.2% 12.7% 31.8% 46.8%
Terminal rate 2/19 (11%)  3/21(14%)  7/25(28%)  10/19 (53%)
First incidence (days) 544 716 493 621
Poly-3 test P <0.001 P =0.201N P=0.226 P=0.014
Sebaceous Gland, Adenoma™ 0 2 2 2

Squamous Cell Papilloma, Keratoacanthoma, Sebaceous Gland Adenoma, Basal Cell Adenoma, Basal Cell
Carcinoma, or Squamous Cell Carcinoma™

Overall rate 9/50 (18%)  7/50 (14%) 15/50 (30%)  21/50 (42%)
Adjusted rate 22.2%. 17.4% 33.7% 50.4%
Terminal rate 2/19 (11%)  4/21 (19%)  7/25(28%)  10/19 (53%)
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0 mg/L 250 mg/L 500 mg/L 1,000 mg/L

First incidence (days) 544 509 493 436
Poly-3 test P<0.001 P=0.397N P=0.171 P =0.005
Subcutaneous Tissue, Fibroma, Multiple 0 1 0 2

Subcutaneous Tissue, Fibroma (includes multiple)™

Overall rate 4/50 8%)  6/50 (12%) 10/50 (20%)  15/50 (30%)
Adjusted rate 10.2% 14.8% 23.3% 36.0%
Terminal rate 2/19 (11%)  2/21 (10%)  7/25 (28%) 7/19 (37%)
First incidence (days) 657 595 442 467
Poly-3 test P <0.001 P=0.391 P =0.098 P =0.005

aNumber of animals with neoplasm.

bHistorical control incidence for 2-year studies (all routes): 3/100.

°Historical control incidence: 11/100.

9Number of animals with neoplasm per number of animals necropsied.

¢Poly-3 estimated neoplasm incidence after adjustment for intercurrent mortality.

fObserved incidence at terminal kill.

9Beneath 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 differential
mortality in animals that do not reach terminal kill. A lower incidence in an exposure group is indicated by N.

hHistorical control incidence: 2/100.

iHistorical control incidence: 0/100.

iNot applicable; no neoplasms in animal group.

kValue of statistic cannot be computed.

'Historical control incidence: 1/100.

™No historical control data available.

Also, in males, exposure concentration-related increased incidences of fibroma in the
subcutaneous tissue were noted in the exposed groups, and the increase was significant in the
1,000 mg/L group. Fibroma is a noninvasive expansile circumscribed neoplasm consisting of
proliferative fibrocytes in an abundant collagenous stroma. Mitoses and cellular atypia are
minimal to absent.

Large Intestine: At 6 and 13 months, no significant microscopic findings were present in the
colon. At 2 years, no adenomas of the large intestine (cecum, colon, or rectum) were observed in
the male control group or the 250 mg/L group, while one and two adenomas were observed in
the 500 and 1,000 mg/L groups of the males (Table 11 and Table A-1). There were one, zero,
one, and two adenomas of the large intestine (cecum, colon, or rectum) in the control, 250, 500,
and 1,000 mg/L groups of females, respectively (Table 11 and Table B-1).

The adenomas consisted of well circumscribed solitary exophytic masses composed of single to
multiple layered neoplastic epithelial cells arranged in variably differentiated acinar structures
and overlying a broad fibromuscular stalk. The neoplastic cells were tall, columnar with
indistinct borders, moderate amphophilic cytoplasm, ovoid nuclei with finely stippled chromatin
and up to three nucleoli. Epithelial cells often piled up to six layers thick and the mitotic index
averaged up to six per high power field among all cases. The neoplastic cells had increased
ba