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FOREWORD

The purpose of this Toxicological Review is to provide scientific support and rationale
for the hazard and dose-response assessment in IRIS pertaining to exposure to bromobenzene. It
is not intended to be a comprehensive treatise on the chemical or toxicological nature of
bromobenzene.

In Section 6, Major Conclusions in the Characterization of Hazard and Dose Response,
EPA has characterized its overall confidence in the quantitative and qualitative aspects of hazard
and dose response by addressing knowledge gaps, uncertainties, quality of data, and scientific
controversies. The discussion is intended to convey the limitations of the assessment and to aid
and guide the risk assessor in the ensuing steps of the risk assessment process.

For other general information about this assessment or other questions relating to IRIS,
the reader is referred to EPA’s IRIS Hotline at (202) 566-1676 (phone), (202) 566-1749 (fax), or
hotline.iris@epa.gov (email address).
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1. INTRODUCTION

This document presents background information and justification for the Integrated Risk
Information System (IRIS) Summary of the hazard and dose-response assessment of
bromobenzene. IRIS Summaries may include oral reference dose (RfD) and inhalation reference
concentration (RfC) values for chronic and less-than-lifetime exposure durations, and a
carcinogenicity assessment.

The RfD and RfC provide quantitative information for use in risk assessments for health
effects known or assumed to be produced through a nonlinear (possibly threshold) mode of
action. The RfD (expressed in units of mg/kg-day) is defined as an estimate (with uncertainty
spanning perhaps an order of magnitude) of a daily exposure to the human population (including
sensitive subgroups) that is likely to be without an appreciable risk of deleterious effects during a
lifetime. The inhalation RfC (expressed in units of mg/m®) is analogous to the oral RfD, but
provides a continuous inhalation exposure estimate. The inhalation RfC considers toxic effects
for both the respiratory system (portal-of-entry) and for effects peripheral to the respiratory
system (extrarespiratory or systemic effects). Reference values may also be derived for acute
(=24 hours), short-term (up to 30 days), and subchronic (up to 10% of average lifetime) exposure
durations, all of which are derived based on an assumption of continuous exposure throughout
the duration specified.

The carcinogenicity assessment provides information on the carcinogenic hazard
potential of the substance in question and quantitative estimates of risk from oral and inhalation
exposure. The information includes a weight-of-evidence judgment of the likelihood that the
agent is a human carcinogen and the conditions under which the carcinogenic effects may be
expressed. Quantitative risk estimates are derived from the application of a low-dose
extrapolation procedure, and are presented in two ways to better facilitate their use. First, route-
specific risk values are presented. The “oral slope factor” is an upper bound on the estimate of
risk per mg/kg-day of oral exposure. Similarly, a “unit risk” is an upper bound on the estimate of
risk per unit of concentration, either per pg/L drinking water or per ug/m? air breathed. Second,
the estimated concentration of the chemical substance in drinking water or air when associated
with cancer risks of 1 in 10,000, 1 in 100,000, or 1 in 1,000,000 is also provided.

Development of these hazard identification and dose-response assessments for
bromobenzene has followed the general guidelines for risk assessment as set forth by the
National Research Council (1983). U.S. Environmental Protection Agency (EPA) guidelines and
Risk Assessment Forum Technical Panel Reports that were used in the development of this
assessment include the following: Guidelines for Developmental Toxicity Risk Assessment (U.S.
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EPA, 1991), Guidelines for Reproductive Toxicity Risk Assessment (U.S. EPA, 1996), Guidelines
for Neurotoxicity Risk Assessment (U.S. EPA, 1998a), Guidelines for Carcinogen Risk
Assessment (U.S. EPA, 2005a), Supplemental Guidance for Assessing Susceptibility from Early-
Life Exposure to Carcinogens (U.S. EPA, 2005b), Recommendations for and Documentation of
Biological Values for Use in Risk Assessment (U.S. EPA, 1988), (proposed) Interim Policy for
Particle Size and Limit Concentration Issues in Inhalation Toxicity (U.S. EPA, 1994a), Methods
for Derivation of Inhalation Reference Concentrations and Application of Inhalation Dosimetry
(U.S. EPA, 1994b), Use of the Benchmark Dose Approach in Health Risk Assessment (U.S. EPA,
1995), Science Policy Council Handbook: Peer Review (U.S. EPA, 1998b, 2000a, 2005¢),
Science Policy Council Handbook: Risk Characterization (U.S. EPA, 2000b), Benchmark Dose
Technical Guidance Document (U.S. EPA, 2000c), and A Review of the Reference Dose and
Reference Concentration Processes (U.S. EPA, 2002).

The literature search strategy employed for this compound was based on the Chemical
Abstract Service Registry Number (CASRN) and at least one common name. Any pertinent
scientific information submitted by the public to the IRIS Submission Desk was also considered
in the development of this document. The relevant literature was reviewed through February,
2007.
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2. CHEMICAL AND PHYSICAL INFORMATION RELEVANT TO ASSESSMENTS

6/7/07

Bromobenzene is a heavy, colorless liquid with a pungent odor (Lewis, 1997).
Synonyms include monobromobenzene and phenyl bromide (Budavari, 2001). Selected
chemical and physical properties of bromobenzene are listed below:

Br

Figure 2-1. Chemical structure of bromobenzene

CASRN:
Molecular weight:
Chemical formula:
Boiling point:
Melting point:
Vapor pressure:
Density:

Vapor density:
Water solubility:
Other solubility:

Partition coefficient:
Flash point:
Heat of combustion:

Heat of vaporization:

Critical temperature:
Critical pressure:
Viscosity:

Vapor density (air=1):

Surface tension:

Soil sorption constant:

Air pollution factors:

Henry’s Law constant:
OH reaction rate constant:

108-86-1 (Lide, 2000)

157.01 (Budavari, 2001)

CeHsBr (Budavari, 2001)

156.0°C (Lide, 2000)

-30.6°C (Lide, 2000)

4.18 mm Hg at 25°C (Riddick et al., 1986)

1.4950 g/mL at 20°C (Lide, 2000)

2.46 (air = 1) (Budavari, 2001)

4.46x10% mg/L at 30°C (Chiou et al., 1977)

Miscible with chloroform, benzene, and petroleum
hydrocarbons. Solubility in alcohol (0.045 g/100 g at
25°C), in ether (71.3 g/100 g at 25°C) (Budavari, 2001)
log Kow = 2.99 (Hansch et al., 1995)

51°C (Budavari, 2001)

-1.98x10” J/kg (HSDB, 2003)

44.54 kJ/mol at 25°C (Lide, 2000)

397°C (Budavari, 2001)

33,912 mm Hg (Budavari, 2001)

1.124 cp at 20°C (Budavari, 2001)

5.41 (Budavari, 2001)

0.036 N/m at 20°C (HSDB, 2003)

Koc =150

1 mg/m® = 0.15 ppm, 1 ppm = 6.53 mg/m* (Verschueren,
2001)

2.47x107® atm m*/mol at 25°C (Shiu and Mackay, 1997)
7.70x10" cm*/molecule sec at 25°C (Atkinson, 1989)

Bromobenzene is prepared commercially by the action of bromide on benzene in the
presence of iron powder (Budavari, 2001). An alternate procedure uses pyridine as a halogen
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carrier. Bromobenzene was produced in quantities less than 10,000 pounds (4.5x10° kg) in 1986,
1990, 1994, 1998, and 2002 (U.S. EPA, 2002). U.S. imports of bromobenzene were 2.00x10° kg
in 1984 (HSDB, 2003). Bromobenzene is used for organic synthesis, especially in the
production of the synthetic intermediate phenyl magnesium bromide (Budavari, 2001; Lewis,
1997). Bromobenzene is also used as an additive to motor oils and a crystallizing solvent.

Release of bromobenzene to the environment may occur during its production and the
production of phenyl magnesium bromide as well as in its use as a solvent and as an additive in
motor oil (HSDB, 2003). It has been detected at low frequencies and at low concentrations in
samples of food, ambient air, and finished water.

If released to air, bromobenzene will exist solely as a vapor in the ambient atmosphere,
based on its vapor pressure of 4.18 mm Hg at 25°C (Bidleman, 1988; Riddick et al., 1986).
Reaction of vapor-phase bromobenzene with photochemically-produced hydroxyl radicals will
result in degradation with an estimated half-life of 21 days (HSDB, 2003).

Bromobenzene is expected to have moderate to high mobility in soil, based on a soil
sorption constant (Koc) of 150 and an octanol/water partition coefficient (log Koy) of 2.99
(Hansch et al., 1995; U.S. EPA, 1987; Swann et al., 1983). Volatilization of bromobenzene from
moist soil surfaces may be significant, based on its Henry’s Law constant of 2.47x107 atm
m*/mol at 25°C (Shiu and Mackay, 1997; Lyman et al., 1990).

If released to water, bromobenzene is not expected to adsorb to suspended solids or
sediment, based on its Koc and water solubility (Swann et al., 1983). Bromobenzene will
volatilize from water surfaces, based on its Henry’s Law constant (Lyman et al., 1990).
Hydrolysis of bromobenzene should be very slow because halogenated aromatics are generally
resistant to hydrolysis (Lyman et al., 1990). Experimental bioconcentration factor (BCF) values
ranging from 8.8 in carp to 190 in algae (Chlorella fusca) suggest that bioconcentration in
aquatic organisms is low to moderately high (HSDB, 2003; CITI, 1992; Freitag et al., 1985).

Bromobenzene does not appear to be degraded rapidly by aquatic microorganisms (U.S.
EPA, 1987). It was not degraded at an initial concentration of 30 mg/L after 4 weeks of
inoculation in 100 mg/L activated sludge during a screening test (CITI, 1992).

Bromobenzene has been detected in water samples from the Delaware River basin, the
Mississippi River, the Hudson River, and Lake Michigan (U.S. EPA, 1987). The average
concentration of bromobenzene from eight observations in stream water reported in 1976 was
12.75 ug/L, with a range of 3-38 ug/L, according to the STORET database (U.S. EPA, 1987).
Bromobenzene was identified with a maximum concentration of 10 ng/L in a contaminated
plume of groundwater near Falmouth, MA over 3500 meters long (Barber et al., 1988). The
plume resulted from the long-term disposal of secondary treated sewage effluent into a shallow,
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unconfined aquifer since 1936. The concentration of 10 ng/L was the lowest concentration
reported for approximately 50 volatile organic compounds that were detected.

Bromobenzene can be formed in small quantities during water chlorination (HSDB,
2003). For example, it has been detected (albeit infrequently) at low concentrations in finished
water in the lower Mississippi River area. During a groundwater supply survey (Westrick et al.,
1984), finished water samples were collected from public water systems located across the
United States that serve both greater than 10,000 persons and fewer than 10,000 persons.
Bromobenzene was detected above 0.5 pg/L (quantitation limit) in 3 out of 280 random sample
sites serving fewer than 10,000 persons with a median of positives of 1.9 ug/L and a maximum
value of 5.8 ug/L. It was also detected in 1 out of 186 random sample sites serving greater than
10,000 persons at 1.7 pug/L. In 2 of 321 nonrandom sample sites serving fewer than 10,000
persons, bromobenzene was detected with a median of positives of 0.97 ug/L and a maximum
value of 1.2 ug/L. Bromobenzene was not detected above the quantitation limit in 158
nonrandom sample sites serving more than 10,000 persons. In 0.13% of 24,125 public water
systems tested in a 20-state cross-section survey conducted for the U.S. EPA Office of Water
between 1993 and 1997 (U.S. EPA, 2003), bromobenzene was detected. The overall median
concentration of the detections was 0.5 ug/L. Detection frequency was higher in public water
systems using surface water (0.23% of 2664 surface water systems) than those using
groundwater (0.12% of 21,461 groundwater systems).

Bromobenzene has been detected at low concentrations in air samples collected near
unidentified emission sources (U.S. EPA, 1987; Brodzinsky and Singh, 1982). In 35 air samples
from El Dorado, AR collected from 1976 to 1978, bromobenzene concentrations ranged from
0.83 to 2100 ppt, with a mean concentration of 210 ppt. In 28 air samples from Magnolia, AR
collected in 1977, bromobenzene concentrations ranged from 0 to 8.3 ppt, with a mean
concentration of 1.5 ppt. Bromobenzene was not detected in seven air samples from Grand
Canyon, AZ or in one air sample from Edison, NJ.

Heikes et al. (1995) detected bromobenzene in 2 of 234 table foods above the limit of
quantitation (1.83 ppb) using EPA Method 524.2. Concentrations were 4.69 ppb in sandwich
cookies and 9.06 ppb in cake doughnuts. The authors stated that volatile halocarbons (VHCs)
are frequently encountered in table-ready foods as contaminant residues and that foods high in
fat had more elevated levels (>1000 ppb).
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3. TOXICOKINETICS RELEVANT TO ASSESSMENTS

3.1. ABSORPTION

Data on absorption of bromobenzene by the gastrointestinal tract, respiratory tract, or
skin in humans are not available. Findings of systemic effects following oral (Casini et al., 1984,
1985; Kluwe et al., 1984) or inhalation (Dahl et al., 1990; Brondeau et al., 1986) exposure of
animals serve as an indication that bromobenzene is absorbed through the gastrointestinal tract
and lungs. Quantitative data on absorption of orally-administered bromobenzene are limited.
However, bromobenzene is readily absorbed by the gastrointestinal tract, as evidenced by the
appearance of metabolites of bromobenzene (detected by gas chromatography-mass
spectrometry [GC-MS]) in the urine of rats, mice, and rabbits that had been administered single
oral doses (3—-30 mg/kg-day) of bromobenzene (Ogino, 1984a). The urinary metabolites
accounted for 60-70% of the administered dose, most of which had been recovered in the first 8
hours following dosing. Absorption of bromobenzene across the lungs was demonstrated by the
appearance of parent compound (determined by head-space GC) in the blood of laboratory
animals immediately following a single 4-hour inhalation exposure to bromobenzene vapors
(Aarstad et al., 1990). At 1000 ppm, measured bromobenzene blood concentrations were 153,
102, and 47 mg/mL for rats, mice, and rabbits, respectively. In vitro experiments with rat blood
indicated a blood/air partition coefficient of approximately 200 (Aarstad et al., 1990). A
blood/air partition coefficient for bromobenzene in humans was not found.

3.2. DISTRIBUTION

Results of parenteral injection studies in animals indicate that, following absorption,
bromobenzene and its metabolites are widely distributed, with highest levels found in adipose
tissue (Ogino, 1984b; Zampaglione et al., 1973; Reid et al., 1971).

The distribution of bromobenzene following intraperitoneal injection of a 750 mg/kg-day
dose of bromobenzene (in sesame oil) was studied in male Sprague-Dawley rats (Reid et al.,
1971). Levels of bromobenzene in tissues obtained 4 and 24 hours after administration were
determined by gas-liquid chromatography of tissue extracts for all tissues except fat. Levels of
bromobenzene in fat were calculated from detected levels of *H and the specific activity of the
applied *H-bromobenzene. At 4 hours post-injection, the highest levels of bromobenzene were
found in fat (5600 ug/g tissue), followed by liver (282 ng/g), kidney (235 ug/g), brain (206
ug/g), heart (146 ng/g), lung (142 pg/g), stomach (132 pg/g), and blood plasma (34 ug/g). After
24 hours, measured concentrations were: fat (400 ug/g), kidney (19 ug/g), stomach (17 ug/g),
liver (11 pg/g), brain (7.0 ug/g), lung (6.2 ng/g), heart (5.0 ug/g), and blood plasma (2 ug/g).
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In another study, concentrations of bromobenzene in tissues from rats 10 hours after
intraperitoneal injection of 5 mg of bromobenzene were highest in adipose tissue (3.38 ug/g),
followed by liver (0.18 pg/g), seminal fluid (0.15 ng/g), blood (0.12 ug/g), brain (0.08 ng/g), and
pectoral muscle (0.04 ug/g). Levels of bromobenzene in kidney, spleen, heart, and lung tissues
were below the detection limit of 0.01 pug/g. Levels of phenolic metabolites (m-bromophenol
and p-bromophenol) were highest in the kidney (0.43 ng/g), lungs (0.27 pg/g), and blood (0.19
ug/g), with lesser amounts in seminal fluid, brain, heart, liver, and pectoral muscle; proportions
of the individual phenols (m-bromophenol and p-bromophenol) were approximately equal in
each of the tissues examined (Ogino, 1984b). The phenols were below the level of detection
(0.01 ng/g) in spleen and adipose tissues. Concentrations of bromobenzene were reported to
show a pattern of peaking within 10 hours after dosing, followed by rapidly decreasing
concentrations, but collected data to show this pattern were not reported (Ogino, 1984b).

In order to monitor tissue distribution immediately following exposure, male Sprague-
Dawley rats were administered **C-bromobenzene intravenously at a dose of 10 pmol/kg and
plasma levels of radioactivity were monitored (Zampaglione et al., 1973). Plasma levels dropped
triphasically during 70 minutes following administration. During the first 5 minutes following
dosing, radioactivity in the liver increased to a peak, at which time measured radioactivity was
highest in the liver, followed by adipose tissue and plasma in decreasing order. Levels in the
liver subsequently dropped in a manner similar to that of plasma radioactivity, although
measured levels in the liver remained higher than those in the plasma. Adipose tissue levels
reached a peak within 20 minutes after dosing and remained high throughout the 70-minute
observation period.

Monks et al. (1982) assessed distribution by monitoring covalent binding to the protein
fraction in various tissues following intraperitoneal injection of 3 mmol/kg (471 mg/kg-day) of
14C-bromobenzene in male Sprague-Dawley rats. Covalent binding to proteins was most
prominent in the liver, followed by the kidney, small intestine, lung, and muscle.

3.3. METABOLISM

The metabolism of bromobenzene has been extensively studied in in vivo and in vitro
mammalian systems (see Lau and Monks, 1997a,b; Lertratanangkoon et al., 1993; Lau and
Monks, 1988). Based on available data, a proposed metabolic scheme for bromobenzene is
illustrated in Figure 3-1. There are two initial competing steps involving conversion of
bromobenzene to either the 3,4-oxide derivative catalyzed by phenobarbital-induced cytochrome
isozymes CYP 450 1A2, 2A6, 2B6, and 3A4 or the 2,3-oxide derivative catalyzed by
3-methylcholanthrene and B-naphthoflavone-induced CYP isozymes, CYP 450 1A1, 1A2, and
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Figure 3-1. Proposed metabolic scheme for bromobenzene in mammals
(adapted from Lertratanangkoon et al., 1993; Lau and Monks, 1988)
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1B1, as well as phenobarbital-induced CYP isozymes (Girault et al., 2005; Krusekopf et al.,
2003; Lau and Zannoni, 1979, 1981a; Reid et al., 1971).

The predominant metabolic pathway in the rat liver leads to enzymatic (glutathione-S-
transferase) conjugation of the 3,4-oxide derivative with glutathione, followed by urinary
excretion as premercapturic and mercapturic acids, as evidenced by the recovery of
approximately 70% of the radioactivity as mercapturic acids in the urine of male Sprague-
Dawley rats that had been injected intravenously with 0.05 mmol/kg (7.9 mg/kg-day) of
14C-bromobenzene (Zampaglione et al., 1973). Glutathione conjugation is thought to be a
protective mechanism for acute bromobenzene hepatotoxicity (see Section 4.5.3). The 2,3-oxide
derivative has not been observed to undergo glutathione conjugation.

Both the 3,4- and 2,3-oxide derivatives may be converted to the corresponding
dihydrodiols by epoxide hydrolase (EH). The subsequent formation of bromophenols (2-, 3-,
and 4-bromophenol) from the oxide derivatives includes several proposed pathways
(Lertratanangkoon et al., 1993; Lau and Monks, 1988). The chemical instability of the 2,3-oxide
derivative and its relatively short biological half-life indicate that spontaneous rearrangement is
the predominant pathway to the formation of 2-bromophenol in the rat and guinea pig in vivo
(Lertratanangkoon et al., 1993), although it has been suggested that both 2- and 3-bromophenol
may also be formed by rearrangement of the 2,3-dihydrodiol (Lertratanangkoon et al., 1987,
1993; see also Figure 3-1). Other pathways to the formation of 3-bromophenol may include
rearrangement of the 3,4-dihydrodiol or the 4-S-glutathione conjugate of the 3,4-oxide derivative
(Lertratanangkoon et al., 1987, 1993). Spontaneous rearrangement of the 3,4-dihydrodiol is
thought to be the major pathway leading to the formation of 4-bromophenol in the rat, whereas
the pathway leading through the 3-S-glutathione conjugate of the 3,4-oxide derivative is thought
to predominate in the guinea pig (Lertratanangkoon et al., 1987, 1993).

The bromophenol metabolites may be subsequently oxidized by CYP to their respective
bromocatechols (2-, 3-, or 4-bromocatechol, Figure 3-1), likely involving bromophenol oxide
intermediates. The 4-bromocatechol may also be formed via dihydrodiol dehydrogenase
(DDDH)-catalyzed conversion of the 3,4-dihydrodiol, the pathway that appears to predominate
in the rat in vivo (Miller et al., 1990). The 4-bromophenol may undergo oxidative debromination
to form 1,4-benzoquinone (Slaughter and Hanzlik, 1991; Zheng and Hanzlik, 1992). Redox
cycling of 2- and 4-bromocatechol and conjugation by glutathione S-transferase (GT) produce
2-bromo-3-(glutathion-S-yL)hydroquinone and 6-glutathion-S-yL-4-bromocatechol, respectively
(Lau and Monks, 1988).

Mercapturic acids are the predominant urinary metabolites of bromobenzene in
laboratory animals, indicating that glutathione conjugation of the 3,4-epoxide is the primary
metabolic pathway for bromobenzene. Approximately 60-70% of the administered dose was
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detected (using GC-MS) as mercapturic acids, derived from the 3,4-oxide pathway, in the
24-hour urine of rats given bromobenzene parenterally at doses ranging from 7.9 to 158
mg/kg-day (Chakrabarti and Brodeur, 1984; Zampaglione et al., 1973). Following oral
administration of bromobenzene (10 mg/rat, 1 mg/mouse, 10 mg/rabbit), approximately 50-60%
of the 96-hour urinary recovery of bromobenzene metabolites was in the form of
4-bromophenylmercapturic acid (Ogino, 1984a). Other metabolites that have been measured in
the urine of rats include the phenolic compounds, dihydrodiols, catechols, and hydroquinones
(Miller et al., 1990; Lertratanangkoon and Horning, 1987; Chakrabarti and Brodeur, 1984; Lau et
al., 1984a; Monks et al., 1984a,b; Jollow et al., 1974; Zampaglione et al., 1973).

Animal studies have elucidated species-specific differences in urinary excretion of the
bromophenols (2-, 3-, and 4-bromophenol) following exposure to bromobenzene. For example,
in the 96-hour urine of mice that had been administered a nontoxic oral dose of bromobenzene (1
mg/mouse; approximately 33 mg/kg-day), 2-bromophenol accounted for 12.1% of the dose,
3-bromophenol accounted for 8.8%, and 4-bromophenol accounted for 3.1% (Ogino, 1984a). In
similarly-treated rats (10 mg/rat; approximately 56 mg/kg-day), however, 2-bromophenol
accounted for only 2.6% of the dose, while 3-bromophenol accounted for 19.2% and
4-bromophenol accounted for 13.1%. In the urine of the mice, 2-bromophenol was 4 times more
prevalent than 4-bromophenol, whereas 4-bromophenol was 5 times more prevalent than
2-bromophenol in the urine of the rats. This metabolic difference between rats and mice has
been associated with a difference in susceptibility to bromobenzene acute nephrotoxicity (Reid,
1973; see also Section 4.5.3).

Metabolism of bromobenzene in the liver appears to be capacity-limited. For example,
approximately 79% of the radioactivity from an intraperitoneally-injected nonhepatotoxic (130
mg/kg-day) dose of **C-bromobenzene was recovered in the urine of rats within 24 hours
following administration, whereas only 47% was recovered following a hepatotoxic (1200
mg/kg-day) dose (Lertratanangkoon and Horning, 1987). Section 4.5.3 discusses relationships
between glutathione depletion and hepatotoxicity in more detail.

Although liver tissue has been shown to be capable of producing all of the major
metabolites depicted in Figure 3-1, as demonstrated by numerous in vivo and in vitro animal
studies, bromobenzene can be metabolized at sites other than the liver. In vitro studies in rats
and mice have demonstrated that lung (Monks et al., 1982; Reid et al., 1973) and kidney (Monks
et al., 1982) tissues are capable of metabolizing bromobenzene, although the extent to which
extrahepatic tissues metabolize bromobenzene in vivo is not known.

Following oral exposure, a first-pass metabolic effect is expected to occur due to the
extensive metabolic capacity of the liver; however, the extent of the first-pass effect as a function
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of administered dose has not been empirically characterized. Likewise, the extent of first-pass
metabolism in the lung has not been demonstrated following inhalation exposure.

Recent studies have noted that intraperitoneal injection of bromobenzene into rats can
induce many different types of enzymes. In a toxicogenomics approach, Heijne et al. (2005,
2004, 2003) noted induction of more than 20 liver proteins (including y-glutamylcysteine
synthetase, a key enzyme in glutathione biosynthesis) and transient changes in the transcriptional
expression of numerous genes involved in drug metabolism, oxidative stress, glutathione
depletion, the acute phase response, metabolism, and intracellular signaling following
intraperitoneal administration of bromobenzene to rats. Other studies (Minami et al., 2005;
Stierum et al., 2005; Waters et al., 2006) have utilized toxicogenomics to characterize the
relationship between bromobenzene hepatotoxicity and hepatic gene expression profiles.

3.4. ELIMINATION

Results of animal studies indicate that urinary excretion of metabolites is the principal
route of elimination of absorbed bromobenzene (Lertratanangkoon and Horning, 1987; Merrick
et al., 1986; Ogino, 1984a; Zampaglione et al., 1973; Reid et al., 1971), although biliary
excretion of the 3- and 4-glutathionyl conjugates formed from the 3,4-oxide derivative has been
demonstrated in bile-cannulated rats (Sipes et al., 1974).

In rats, mice, and rabbits given bromobenzene in single oral doses of approximately 3-30
mg/kg-day, detection of metabolites in urine collected for 4 days accounted for 60-70% of the
administered dose, most of which had been recovered within 8 hours following administration
(Ogino, 1984a). Small amounts of parent compound were detected in the urine and feces of all
three species. Approximately 85% of an intraperitoneally injected dose (250 mg/kg-day) of
14C-bromobenzene was excreted within 24 hours as metabolites in the urine of rats (Reid et al.,
1971). In other rat studies, metabolites detected in the urine collected for 48 hours accounted for
more than 90% of administered doses of 8 mg/kg-day (intravenous) or 1570 mg/kg-day
(intraperitoneal) (Zampaglione et al., 1973).

Biliary excretion of bromobenzene-glutathione conjugate has been demonstrated in rats;
the rate of biliary excretion can be used as an index of in vivo activation of bromobenzene
(Madhu and Klaassen, 1992). Additional information regarding biliary excretion of
bromobenzene metabolites was demonstrated in bile-cannulated rats that were administered a
non-hepatotoxic dose (20 mg/kg-day) of **C-bromobenzene in the femoral vein (Sipes et al.,
1974). Cumulative excretion of radioactivity in the bile was 56% of administered radioactivity
during 3 hours after dosing. Combined with demonstrations that, in normal non-cannulated rats,
elimination of bromobenzene predominantly occurs via urinary excretion of metabolites (Ogino,
1984a; Zampaglione et al., 1973; Reid et al., 1971) and not via fecal excretion (Ogino, 1984a), it
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appears that most of the metabolites in the bile are reabsorbed from the intestine by enterohepatic
circulation and subsequently excreted by the kidneys.

The biological half-life of bromobenzene in laboratory animals is relatively short. Using
a two-phase model, Ogino (1984a) calculated a half-life of 4.65 hours for the first phase (0-16
hours) and 26.8 hours for the second phase (24-96 hours), based on total excretion of brominated
compounds in the urine of mice given a single oral dose of approximately 33 mg/kg-day. A first-
order elimination half-life of 5.87 hours was calculated for clearance of radioactivity from the
blood of rats given a relatively high (1178 mg/kg-day) dose of **C-bromobenzene by
intraperitoneal injection (Merrick et al., 1986). A much shorter first-phase half-life
(approximately 10 minutes) was reported for the elimination of radioactivity from the whole
body of rats that had been injected intravenously with a nontoxic (8 mg/kg-day) dose of
radiolabeled bromobenzene (Zampaglione et al., 1973). In this study, a second-phase half-life
was not calculated.

3.5,  PHYSIOLOGICALLY BASED TOXICOKINETIC MODELS (PBTK)
No PBTK models have been developed for bromobenzene.
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4. HAZARD IDENTIFICATION

4.1. STUDIES IN HUMANS—EPIDEMIOLOGY, CASE REPORTS, CLINICAL
CONTROLS
Studies on health effects in humans exposed to bromobenzene were not identified in
literature searches.

4.2. LESS-THAN-LIFETIME AND CHRONIC STUDIES AND CANCER BIOASSAYS

IN ANIMALS—ORAL AND INHALATION
4.2.1. Oral Exposure
4.2.1.1. Subchronic Toxicity

The National Toxicology Program (NTP) conducted subchronic gavage studies of
bromobenzene in rats (NTP, 1985a) and mice (NTP, 1985b). These studies have not been
officially released by NTP, but unpublished reports, including the review comments and
conclusions of NTP’s Pathology Working Group (NTP, 1986a), were obtained from NTP. The
unpublished NTP studies are available by calling EPA’s IRIS Hotline at (202)566-1676, by fax
at (202)566-1749 or by email at iris@epa.gov.

Groups of 10 male and 10 female Fischer 344/N rats were given 0, 50, 100, 200, 400, or
600 mg/kg-day of bromobenzene (>99% purity) by gavage in corn oil 5 days/week for 90 days in
the basic study. In a supplementary study designed to evaluate clinical pathologic effects of
bromobenzene, groups of five rats/sex were similarly treated with 0, 50, 200, or 600 mg/kg-day
and housed individually in metabolism cages throughout the study; urine samples were collected
from these rats on days 1, 3, 23, and 94 for detailed urinalysis. Blood samples were collected on
days 2, 4, 24, and 95 for hematology and clinical chemistry. Rats from both the basic and
supplementary studies were observed twice daily for morbidity and mortality. Clinical
observations and body weight measurements were performed weekly. Blood samples for
hematologic and clinical pathologic examinations were collected from all surviving rats at
terminal sacrifice. Terminal body and organ (liver, brain, testis, kidney, lung, heart, and thymus)
weights were recorded; organ-to-body weight and organ-to-brain weight ratios were calculated
for each sex. Complete gross necropsy was performed on all rats. Complete histopathologic
examinations of all major tissues and organs (including liver, kidney, urinary bladder, spleen,
pancreas, brain, spinal cord, sciatic nerve [if neurologic signs were present], heart, lung, trachea,
nasal cavity, esophagus, stomach, small intestine, cecum, colon, uterus, ovaries, preputial or
clitoral glands, testes, prostate, seminal vesicles, sternebrae, adrenals, pituitary, thyroid,
parathyroids, salivary gland, mandibular and mesenteric lymph nodes, thymus, mammary gland,
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blood, gross lesions, and tissue masses) were performed on all control rats and all rats from the
400- and 600-mg/kg-day dose groups.

In the basic study, all rats of the 50- and 100-mg/kg-day groups were subjected to
histopathologic examination of liver and kidney. Furthermore, sections of livers from all control
and bromobenzene-treated rats were examined following hematoxylin and eosin (H&E) and
periodic acid-Schiff (PAS) staining for glycogen. In the supplementary study, liver and kidney
tissues from all rats and any gross lesions were examined histologically. Serum of rats in the
supplementary study was assessed for blood urea nitrogen (BUN), creatinine, alanine
aminotransferase (ALT), sorbitol dehydrogenase (SDH), glucose, and aspartate aminotransferase
(AST). Parameters assessed in urinalysis included volume, color, specific gravity, pH,
hemoglobin, glucose, creatinine, and protein. Hematologic evaluations of blood collected at
terminal sacrifice from all surviving rats included erythrocyte and leukocyte counts and
morphology; hemoglobin concentration; volume of packed cells; measures of mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin
content (MCHC); qualitative estimates of leukocyte differential count; and platelet and
reticulocyte counts. Serum was analyzed for BUN, creatinine, ALT, SDH, total protein,
albumin, albumin/globulin ratio, glucose, and AST.

In the basic study, treatment-related clinical signs were observed only at the 600 mg/kg-
day dose level and included ruffled fur (9/10 rats of each sex), emaciation (9/10 rats of each sex),
tremors (2/10 males and 1/10 females), ataxia (1/10 of each sex), hypoactivity (5/10 males and
7/10 females), and ocular discharge (2/10 of each sex). Observations of similar clinical signs
were made in rats of the supplementary study, but distinguishing between treatment-related
clinical signs and symptoms that may have resulted from repeated anesthesia, blood sample
collection, and prolonged housing in metabolism cages was difficult.

Treatment-related mortality was observed in male and female rats at 600 mg/kg-day (9/10
males and 8/10 females in the basic study and 3/5 males and 1/5 females in the supplementary
study). By the end of week 7, mortality rates in high-dose male and female rats were 7/10 and
3/10, respectively. Occasional deaths at lower doses were attributed to gavage error.
Statistically significantly reduced mean body weight (approximately 7-11% lower than controls)
was observed in 400-mg/kg-day male rats from week 5 until study end. At 600 mg/kg-day, both
male and female rats were visibly emaciated. Table 4-1 presents terminal body and liver weights
and serum levels of selected liver enzymes in male and female rats of the basic study. Dose-
related statistically significantly increased mean liver and kidney weights (absolute, relative-to-
body weight) were observed at doses >100 mg/kg-day in male rats and at all dose levels
(including 50 mg/kg-day) in female rats. Changes in the 600 mg/kg-day males were similar in
magnitude to changes in the 400 mg/kg-day males, but could not be assessed for statistical
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Table 4-1. Effects of bromobenzene on terminal body and liver weights and serum liver enzymes of male and female Fischer 344/N rats exposed by
oral gavage 5 days/week for 90 days in the basic study (mean +/- standard deviation)

Male rats

Dose (mg/kg-day) Controls 50 100 200 400 600
Number of rats 10 10 9 8 10 1°
Body weight (g) 343.0+12.9 330.3+12.2 3423+ 185 331.3 +20.0 293.0° + 11.9 203.1°
Liver weight (g) 9.16 + 0.66 Not available 10.64° + 0.76 11.29° + 0.69 11.87° + 0.80 10.50
Difference (%)" -- +16.2 +23.3 +29.6 +14.6
Ratio liver/body weight 26.72 +1.88 Not available 31.08" +1.18 34.10° + 0.68 40.56" + 3.16 51.70°
Difference (%) -- +16.4 +21.7 +51.9 +93.6
Serum AST (IU/L) 83.70 + 10.97 93.40 + 18.39 82.56 + 17.63 87.88 + 10.64 820.10° + 694.95 268.00
Serum ALT (IU/L) 41.90 +9.33 41.30 + 6.66 38.67 +9.45 39.50 + 7.28 893.20° + 727.39 403.00
Serum SDH (IU/L) 3.90 + 2.59 3.68 + 1.85 3.56 + 0.96 5.25 + 1.64 311.90° + 228.19 80.00

Female rats
Dose (mg/kg-day) Controls 50 100 200 400 600
Number of rats 10 10 10 10 10 3?
Body weight (g) 192.8+9.0 197.1 +11.9 1935+9.1 187.6 + 8.2 182.3° + 105 167.4°+9.8
Liver weight (g) 4.68 +0.35 5.23° + 0.37 5.55° + 0.36 6.28° + 0.40 7.85° + 0.49 9.11° + 0.57
Difference (%)" -- +11.6 +18.6 +34.2 +67.7 +94.7
Ratio liver/body weight 24.25+1.13 26.55" + 1.23 28.69° + 1.20 33.48" + 1.37 43.11° + 2.38 54.78° + 6.64
Difference (%) - +9.5 +18.3 +38.1 +77.8 +125.9
Serum AST (IU/L) 88.50 + 23.69 83.50 + 5.35 74.30 +12.92 72.60 + 10.24 215.20 + 339.55 119.00 + 48.00
Serum ALT (IU/L) 41.70 + 10.83 37.50 + 5.16 30.70 + 6.17 27.80 +4.71 265.38 + 596.73 111.00 + 59.00
Serum SDH (IU/L) 3.80 + 0.98 4.00 + 1.26 6.20° + 1.47 3.78 + 0.98 61.60 + 143.07 23.00 + 17.00

®High rates of early mortality at the 600 mg/kg-day dose level (9/10 males and 7/10 females) preclude meaningful statistical analysis of terminal body and organ
weight data or serum enzyme changes

CO~NO OB WN

bStatistically significantly increased from controls (p<0.05) based on student’s two-tailed t-test
“Outside 3 standard deviations from the control mean

dChange relative to controls

Source: NTP (1985a)
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significance because only one survivor remained in this group at study termination. Significant
increases in serum enzymes indicative of hepatotoxicity (ALT, AST, SDH) were found in 400
mg/kg-day male rats, but not males of lower dose levels. Serum SDH was significantly
increased in 100 mg/kg-day female rats (approximately 60% greater than that of controls), but
was not increased at the next higher dose level (200 mg/kg-day). Female rats of the 400
mg/kg-day dose level exhibited mean serum levels of ALT, AST, and SDH that were markedly
increased over controls, but the large variance precluded using the t-test for statistical analysis
(see Table 4-1). Significant increases in serum creatinine (males and females) and BUN (males
only) were also observed at doses >400 mg/kg-day. Effects on the hematopoietic system were
generally unremarkable. Significantly increased mean relative (but not absolute) testis weight
was noted in male rats of the 400 and 600 mg/kg treatment groups (increased by 10 and 35%,
respectively, over controls). There were no indications of treatment-related effects on
reproductive organ weights in female rats.

As shown in Table 4-2, histopathologic examinations revealed treatment-related
significantly increased incidences of rats exhibiting cytomegaly (doses >200 mg/kg-day in males
and >400 mg/kg-day in females), inflammation (doses >200 mg/kg-day in males), and necrosis
(doses >400 mg/kg-day in males and females). Cytomegaly was characterized by an increase in
the size of the nucleus and cytoplasm of individual hepatocytes and was more common in the
central parts of the hepatic lobule. Liver necrosis was primarily coagulative in nature and
considered a direct result of bromobenzene treatment. Inflammation was principally
centrilobular and consisted of focal infiltrates of macrophages, lymphocytes, and occasional
neutrophils. The incidences and severity of each of these liver lesions generally increased with
increasing dose. Centrilobular mineralization was observed in 2/10 and 1/10 high-dose males
and females, respectively, and was considered to be the result of hepatocellular necrosis. Other
histological findings in the liver included cytoplasmic alterations, infiltration, and pigmentation,
which were generally of low incidence and did not exhibit consistent dose-response
characteristics.

There is some evidence to suggest a common mechanism of action for bromobenzene-
induced cytomegaly, necrosis, inflammation, and mineralization. All four lesions were
principally observed in the central part of the hepatic lobules. Significantly increased incidences
of hepatocellular necrosis or inflammation were observed only at doses equal to or greater than
those eliciting significantly increased incidences of cytomegaly. In the NTP report,
inflammation and mineralization were considered to be direct results of hepatocellular necrosis
(NTP, 1985a). Based on these observations, incidences of rats with one or more of these liver
lesions (cytomegaly, necrosis, inflammation, mineralization) were combined for each sex (as
shown in Table 4-2).
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Table 4-2. Incidences of male and female Fischer 344/N rats with liver and kidney lesions
following administration of bromobenzene by gavage 5 days/week for 90 days in the basic

study
Dose (mg/kg-day)?
0 50 100 200 400 600°
Endpoint (€ B2 |8 B |2 |2 |8 |8 |2 |8 |2
T 28 (2 g |2 |2 |g |2 |¢
€ B |2 B |E & |2 B |E |8 |2 |&
Males
Liver, centrilobular
Inflammation 2/10 [1.0]2/10 |1.0| 2/10 | 1.0 | 7/20%|1.6| 9/20% 2.1 | 7/10%| 2.1
Cytomegaly 0/10 0/10 0/10 4/10%| 1.5 [10/10%| 2.0 | 9/10%| 2.4
Necrosis 0/10 0/10 0/10 3/10 |1.3| 9/10° 2.0 | 9/10%| 2.4
Mineralization 0/10 0/10 0/10 0/10 0/10 2/10 | 2.5
Combined® 2/10 2/10 2/10 7/10° 10/10¢ 10/10°
Kidney, tubule
Necrosis 0/10 0/10 0/10 | 2.0 | 0/10 0/10 6/10° | 2.2
Degeneration 2/10 {1.0{ 1/10 {1.0| 2/10 4/10 [1.0] 1/10 | 2.0 | 7/10° | 2.6
Casts 0/10 0/10 0/10 1/10 [1.0| 3/10 | 2.0 | 7/10°| 2.6
Mineralization 0/10 0/10 0/10 0/10 0/10 3/10 | 2.3
Pigment 0/10 0/10 0/10 0/10 7/10%| 1.9 | 0/10
Females
Liver, centrilobular
Inflammation 2/10 |11.5(/2/10 |1.0| 4/10 [ 15| 3/10 (1.0| 6/10 | 1.7 | 5/10 | 2.8
Cytomegaly 0/10 0/10 0/10 3/10 |1.0|10/10% 2.4 | 10/10%| 2.6
Necrosis 0/10 0/10 0/10 0/10 7/10% 2.0 | 9/10| 2.7
Mineralization 0/10 0/10 0/10 0/10 0/10 1/10 | 3.0
Combined® 2/10 2/10 4/10 5/10 10/10¢ 10/10°
Kidney, tubule
Necrosis 0/10 0/10 0/10 0/10 0/10 6/10% | 2.3
Degeneration 0/10 0/10 0/10 0/10 1/10 | 2.0 | 8/20%| 3.0
Casts 0/10 0/10 0/10 0/10 0/10 6/10° | 2.5
Mineralization 0/10 0/10 0/10 1/10 |2.0| 0/10 3/10 | 2.0
Pigment 0/10 0/10 0/10 0/10 8/10% 2.1 | 2/10 | 2.0

®Incidence = number of animals in which lesion was found/number of animals in which organ

was examined.

®Most male and female rats of the 600 mg/kg-day dose level died during the study, which may

have affected incidences of selected lesions.

‘Incidences of rats with one or more of the liver lesion types (cytomegaly, necrosis,
inflammation, mineralization), extracted from individual animal histopathologic results provided
to Syracuse Research Corporation by NTP.

Istatistically significantly different from control groups according to Fisher’s exact test (p<0.05),

performed by Syracuse Research Corporation.
Severity: Average severity score: 1 = minimal, 2 = mild, 3 = moderate, 4 = severe.

Source: NTP (1985a)
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Observed kidney effects included a brown staining pigment of the cytoplasm (presumed
to be bile pigment) in the convoluted tubules of 400-mg/kg-day male and female rats and
degeneration of the convoluted tubules and necrosis in 600-mg/kg-day males and females, in the
absence of indications of tubular regeneration. It was noted that the reduced incidence of the
tubular (brown-staining) pigment in the 600-mg/kg-day rats (0/10 males and 2/10 females) might
be related to high rates of early mortality at this dose level, in which case there may not have
been enough time for this lesion to appear. Other histopathologic effects (hyperkeratosis,
ulceration, and hemorrhage in the stomach; brain mineralization and necrosis; thymus atrophy;
and bone marrow atrophy) were observed only in the high-dose groups of male and female rats.
The effects in the stomach were probably associated with bolus gavage dosing. Atrophy or
necrosis of the thymus was observed in six male and six female rats treated in the 600 mg/kg
dose group. These effects were only noted in rats that died or were euthanized while moribund
and were considered to be the result of stress. Testicular degeneration of moderate severity was
noted in a single high-dose male rat. Gross and histopathologic examinations of female
reproductive tissues did not reveal treatment-related effects.

The NTP Pathology Working Group (NTP, 1986a) reviewed the pathology results from
the subchronic gavage studies in rats and mice (NTP, 1985a). This group designated the brain as
an organ susceptible to chemically-related lesions based on cerebellar necrosis (granular layer)
in 1 of 10 males and 3 of 10 females in the 600 mg/kg dose group; however, some members of
the group (2 of 6 ) thought that degeneration, rather than necrosis, was a more appropriate
descriptor of the lesion in some animals. The Pathology Working Group (NTP, 1986a) noted
that bone marrow atrophy was either absent or only minimally present in the 400 mg/kg group,
but was recorded in 3 of 10 males and 6 of 10 females in the 600 mg/kg group. It was also noted
that most of the rats in this dose group died or were sacrificed in a moribund state and were
emaciated, raising the possibility of marrow atrophy as a secondary rather than a direct effect.
The Pathology Working Group (NTP, 1986a) indicated that testicular degeneration was apparent
in a number of high-dose male rats, but suggested that this effect may have been secondary to
emaciation. .

The most prominent toxicological effects observed in Fischer 344/N rats treated with
bromobenzene by oral gavage for 90 days (NTP, 1985a) were observed in the liver.
Significantly increased incidences of hepatocellular necrosis (a clear indicator of an adverse
effect) were observed at doses of 400 and 600 mg/kg-day in both male and female rats.
Significantly increased incidences of cytomegaly were noted at doses >200 mg/kg-day in male
rats and at doses >400 mg/kg-day in female rats. Statistically significant increases in mean liver
weight were observed at doses as low as 50 mg/kg-day in female rats and 100 mg/kg-day in male
rats.
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