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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 chronic exposure to carbon
tetrachloride. It is not intended to be a comprehensive treatise on the chemical or toxicological
nature of carbon tetrachloride.

The intent of Section 6, Major Conclusions in the Characterization of Hazard and Dose
Response, is to present the major conclusions reached in the derivation of the reference dose,
reference concentration, and cancer assessment, where applicable, and to characterize the overall
confidence in the quantitative and qualitative aspects of hazard and dose response by addressing
the quality of the data and related uncertainties. 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).

xiil DRAFT — DO NOT CITE OR QUOTE



AUTHORS, CONTRIBUTORS, AND REVIEWERS

CHEMICAL MANAGER/AUTHOR

Susan Rieth
National Center for Environmental Assessment
Office of Research and Development

Reeder Sams
National Center for Environmental Assessment
Office of Research and Development

AUTHORS

Mary Manibusan
Health Effects Division
Office of Pesticide Programs

Jennifer Jinot
National Center for Environmental Assessment
Office of Research and Development

Leonid Kopylev
National Center for Environmental Assessment
Office of Research and Development

Paul White
National Center for Environmental Assessment
Office of Research and Development

Paul Schlosser
National Center for Environmental Assessment
Office of Research and Development

Marc Odin

Environmental Science Center
Syracuse Research Corporation
Syracuse, NY

Gary Diamond

Environmental Science Center
Syracuse Research Corporation
Syracuse, NY

Xiv DRAFT — DO NOT CITE OR QUOTE



Margaret Fransen
Environmental Science Center
Syracuse Research Corporation
Syracuse, NY

Julie Klotzbach

Environmental Science Center
Syracuse Research Corporation
Syracuse, NY

David Eastmond

Environmental Toxicology Graduate Program
University of California, Riverside

Riverside, CA

REVIEWERS

INTERNAL EPA REVIEWERS

Joyce Donohue, Office of Water/OST
Anthony DeAngelo, Office of Research and Development/NHEERL
Karen Hammerstrom, Office of Research and Development/NCEA

Genetic Toxicology

Larry Valcovic, Office of Research and Development/NCEA
YinTak Woo, Office of Prevention, Pesticides and Toxic Substances
Channa Keshava, Office of Research and Development/NCEA

Immunotoxicology
Andrew Rooney, Office of Research and Development/NCEA
PBPK

Rob Dewoskin, Office of Research and Development/NCEA
Marina Evans, Office of Research and Development/NHEERL

Mode of Action

YinTak Woo, Office of Prevention, Pesticides and Toxic Substances
Vicki Dellarco, Office of Pollution Prevention

Rita Schoeny, Office of Water/OST

Julie Du, Office of Water/OST

John Whalan, Office of Research and Development/NCEA

Danielle Devoney, Office of Research and Development/NCEA
Jean Zodrow, U.S. EPA Region 10

XV DRAFT — DO NOT CITE OR QUOTE



EXTERNAL PEER REVIEWERS

Summaries of the external peer reviewers’ comments and the disposition of their

recommendations are provided in Appendix A.

XVi DRAFT — DO NOT CITE OR QUOTE



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 carbon
tetrachloride. IRIS Summaries may include oral reference dose (RfD) and inhalation reference
concentration (RfC) values for chronic and other exposure durations, and a carcinogenicity
assessment.

The RfD and RfC, if derived, provide quantitative information for use in risk assessments
for health effects known or assumed to be produced through a nonlinear (presumed 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 effects peripheral
to the respiratory system (extrarespiratory or systemic effects). Reference values are generally
derived for chronic exposures (up to a lifetime), but may also be derived for acute (<24 hours),
short-term (>24 hours up to 30 days), and subchronic (>30 days up to 10% of lifetime) exposure
durations, all of which are derived based on an assumption of continuous exposure throughout
the duration specified. Unless specified otherwise, the RfD and RfC are derived for chronic
exposure duration.

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 may be derived. 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 may be derived from the application of a
low-dose extrapolation procedure. If derived, 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 pg/m’ air breathed.

Development of these hazard identification and dose-response assessments for carbon
tetrachloride has followed the general guidelines for risk assessment as set forth by the National
Research Council (NRC, 1983). EPA Guidelines and Risk Assessment Forum Technical Panel
Reports that may have been used in the development of this assessment include the following:
Guidelines for the Health Risk Assessment of Chemical Mixtures (U.S. EPA, 1986a), Guidelines
for Mutagenicity Risk Assessment (U.S. EPA, 1986b), Recommendations for and Documentation
of Biological Values for Use in Risk Assessment (U.S. EPA, 1988), Guidelines for
Developmental Toxicity Risk Assessment (U.S. EPA, 1991), Interim Policy for Particle Size and
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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),
Guidelines for Reproductive Toxicity Risk Assessment (U.S. EPA, 1996a), Guidelines for
Neurotoxicity Risk Assessment (U.S. EPA, 1998a), Science Policy Council Handbook: Risk
Characterization (U.S. EPA, 2000a), Benchmark Dose Technical Guidance Document (U.S.
EPA, 2000b), Supplementary Guidance for Conducting Health Risk Assessment of Chemical
Mixtures (U.S. EPA, 2000c), A Review of the Reference Dose and Reference Concentration
Processes (U.S. EPA, 2002), Guidelines for Carcinogen Risk Assessment (U.S. EPA, 2005a),
Supplemental Guidance for Assessing Susceptibility from Early-Life Exposure to Carcinogens
(U.S. EPA, 2005b), Science Policy Council Handbook: Peer Review (U.S. EPA, 2006a), and A
Framework for Assessing Health Risks of Environmental Exposures to Children (U.S. EPA,
2006b).

The literature search strategy employed for this compound was based on the Chemical
Abstracts 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 December
2007.
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2. CHEMICAL AND PHYSICAL INFORMATION

Carbon tetrachloride is a colorless liquid with a sweetish odor (NLM, 2003; Lewis,
1997). Synonyms include tetrachloromethane and perchloromethane (NLM, 2003; O’Neil and
Smith, 2001). The chemical structure of carbon tetrachloride is shown in Figure 2-1. Selected
chemical and physical properties of carbon tetrachloride are listed below.

Cl
|

Cl—C—Cl

|
Cl

Figure 2-1. Carbon tetrachloride.

CAS number:

Molecular weight (MW):
Chemical formula:
Boiling point:

Melting point:

Vapor pressure:

Density:

Vapor density (air=1):

Water solubility:
Other solubility:

Partition coefficient:
Flash point:
Autoignition temperature:

Latent heat of vaporization:

Heat of fusion:
Critical temperature:
Critical pressure:
Viscosity:

Surface tension:
Henry’s law constant:

OH reaction rate constant:

56-23-5 (Lide, 2000)

153.82 (O’Neil and Smith, 2001)

CCl4 (O’Neil and Smith, 2001)

76.8 °C (NLM, 2003; Lide, 2000)

—23 °C (NLM, 2003; Lide, 2000)

1.15 x 10* mm Hg at 25 °C (NLM, 2003)

1.5940 g/mL at 20 °C (NLM, 2003; Lide, 2000)

5.32 (NLM, 2003; U.S. Coast Guard, 1999);

5.41 (O’Neil and Smith, 2001)

7.93 x 10> mg/L at 25 °C (NLM, 2003; Horvath, 1982)

Miscible with alcohol, benzene, chloroform, ether,
carbon disulfide, petroleum ether, oils (NLM, 2003;
O’Neil and Smith, 2001)

log Kow =2.83 (NLM, 2003; Hansch et al., 1995)

Not flammable (NLM, 2003; U.S. Coast Guard, 1999)
>1000 °C (Holbrook, 1993)

1.959 x 10° J/kg (U.S. Coast Guard, 1999)

5.09 cal/g (NLM, 2003; U.S. Coast Guard, 1999)
556.35 °C (Daubert and Danner, 1995)

4.56 x 10° Pa (Daubert and Danner, 1995)

0.922 cp at 24 °C (U.S. Coast Guard, 1999)

0.027 N/m at 20 °C (U.S. Coast Guard, 1999)

2.76 x 10% atm m’/mol at 25 °C (NLM, 2003; Leighton
and Calo, 1981)

1.20 x 107'® cm’/molecule second at 25 °C (NLM,
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2003; Atkinson, 1989)

Koc: 71 (NLM, 2003)
Bioconcentration factor (BCF): 3.2-7.4 (NLM, 2003; CITI, 1992)
Conversion factors: 1 mg/m’ = 0.16 ppm (25 °C)

1 ppm = 6.29 mg/m’ (25 °C)

In the United States, carbon tetrachloride is most commonly prepared by chlorinating
methane or by a chlorinating cleavage reaction with less than or equal to C; hydrocarbons or
chlorinated hydrocarbons (Rossberg, 2002). Prior to the late 1950s, carbon tetrachloride was
produced primarily by carbon disulfide chlorination (NLM, 2003; Rossberg, 2002).

Carbon tetrachloride has been used as a dry-cleaning agent, fabric-spotting fluid, solvent,
reagent in chemical synthesis, fire extinguisher fluid, and grain fumigant (NLM, 2003; Holbrook,
1993), but its primary use was in chlorofluorocarbon (CFC) production (NLM, 2003; Rossberg,
2002). Since the mid-1970s, annual use and production has generally declined. The Consumer
Product Safety Commission banned the use of carbon tetrachloride in consumer products in the
1970s. Decline in the use of carbon tetrachloride also accompanied EPA’s increased regulation
of the use of CFCs in propellants (a ban on CFCs in aerosol products went into effect in 1978),
and the adoption of the Montreal Protocol, an international agreement to reduce environmental
concentrations of ozone-depleting chemicals, which was implemented in the U.S. via Title VI of
the Clean Air Act Amendments of 1990 (ATSDR, 2003; Doherty, 2000; Holbrook, 1993). The
ban on production and import of carbon tetrachloride in developed countries, including the U.S.,
took effect on January 1, 1996. Excluded from the production and import ban is the manufacture
of a controlled substance that is subsequently transformed or destroyed and small amounts
exempted for essential laboratory and analytical uses (40 CFR Part 82; 72 Fed Reg 52332, Sept
13, 2007).

Production figures for carbon tetrachloride since the 1970s reflect the regulatory history
of the chemical. Carbon tetrachloride production peaked in the early 1970s, with annual U.S.
production exceeding one billion pounds. Production in the early 1990s had declined to
approximately 300 million pounds (Doherty, 2000). According to ATSDR (2005), manufacture
of carbon tetrachloride in the U.S. in the early 2000s was limited to one company (Vulcan
Materials Company) at two plants with a combined 130 million pound capacity; however, these
capacities were considered flexible because other chlorinated solvents are made using the same
equipment.

Historically, carbon tetrachloride was released into the environment predominantly
through direct emissions to air, with lower amounts discharged to soil and water (ATSDR,
2003). Carbon tetrachloride released to soil or water is expected to volatilize to air based on its
vapor pressure and Henry’s Law constant (NLM, 2003). In air, carbon tetrachloride will exist as
a vapor, as indicated by its vapor pressure (NLM, 2003). The behavior of carbon tetrachloride in
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the atmosphere is the most important aspect of this chemical’s environmental fate. Carbon
tetrachloride does not undergo photodegradation (Holbrook, 1993) or absorb light at wavelengths
found in the troposphere and hence does not undergo direct photolysis in that region of the
atmosphere (NLM, 2003). Carbon tetrachloride that remains in the troposphere eventually rises
into the stratosphere, where it is photolyzed by the shorter wavelength light (Molina and
Rowland, 1974). When carbon tetrachloride photolyzes in the stratosphere, the chlorine radicals
responsible for the destruction of atmospheric ozone are released.

In soil, carbon tetrachloride is expected to be highly mobile based on its K, and is
expected to leach to lower soil horizons and groundwater (NLM, 2003). BCF values indicate
that carbon tetrachloride will not bioconcentrate appreciably in aquatic or marine organisms
(NLM, 2003). Carbon tetrachloride may biodegrade in soil or water under anaerobic conditions;
however, biodegradation of carbon tetrachloride under aerobic conditions does not occur readily
(NLM, 2003; U.S. EPA, 1996b; Semprini, 1995).
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3. TOXICOKINETICS

Carbon tetrachloride is rapidly absorbed by any route of exposure in humans and animals.
Once absorbed, it is widely distributed among tissues, especially those with high lipid content,
reaching peak concentrations in less than 1-6 hours, depending on exposure concentration or
dose. It is metabolized by the liver, lung, and other tissues. Carbon tetrachloride is rapidly

excreted, primarily in exhaled breath.

3.1. ABSORPTION
3.1.1. Oral Exposure

Carbon tetrachloride is readily absorbed through the gastrointestinal tract in humans and
animals. There is evidence of gastrointestinal absorption in humans based on reports of toxicity
following poisoning incidents (Ruprah et al., 1985; Gosselin et al., 1976; von Oettingen, 1964;
Stewart et al., 1963; Umiker and Pearce, 1953). In male Sprague-Dawley rats receiving gavage
bolus doses of approximately 18 or 180 mg/kg, peak concentrations of carbon tetrachloride were
detected in the liver within 1 minute and in the blood within 10 minutes (Sanzgiri et al., 1995;
Bruckner et al., 1990). Total absorption was reduced by 37-56% when the same doses were
administered by infusion over a 2-hour period. An oral dose of about 3200 mg/kg attained a
peak blood concentration in about 2 hours in rats (Marchand et al., 1970). After radiolabeled
carbon tetrachloride was injected into the duodenum of rats, at least 82% was absorbed based on
recoveries of label in exhaled air (Paul and Rubinstein, 1963).

Administration of carbon tetrachloride in a vehicle changes the rate and percentage of
gastrointestinal absorption. Peak blood concentrations were achieved within 3.5-6.0 minutes
after oral exposure in male Sprague-Dawley rats dosed with 25 mg/kg of neat (i.e., undiluted)
carbon tetrachloride (Kim et al., 1990a, b; Gillespie et al., 1990). Relative to the neat compound,
the initial rate of gastrointestinal absorption of 25 mg/kg of carbon tetrachloride was faster with
administration as a saturated solution in water or 0.25% aqueous Emulphor® emulsion but slower
when administered in corn oil. Although the initial rate of absorption in the presence of corn oil
was relatively slow, the total percentage absorbed over 9 hours when administered in corn oil
(83.1%) exceeded the percent absorption for the neat compound (62.8%) and was comparable to
that for the 0.25% aqueous emulsion (85.4%). The highest percent absorption was obtained from
a water vehicle (91.9%). Pharmacokinetic data suggested that corn oil vehicle resulted in slower
absorption from the gastrointestinal tract and subsequently lower peak blood concentrations and

* Emulphor is a polyethoxylated vegetable oil used to incorporate volatile organic compounds
(VOCs) and other lipophilic compounds into aqueous solutions.
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delayed removal from the blood stream (Kim et al., 1990a).

3.1.2. Inhalation Exposure

Data from humans and animals suggest that carbon tetrachloride is rapidly absorbed
through the lungs, which is inferred from the rapid onset of symptoms of toxicity or detection of
carbon tetrachloride in blood or in exhaled air. In volunteers exposed to 10 ppm for 180
minutes, carbon tetrachloride was detectable in exhaled air within 15 minutes (Stewart et al.,
1961). Human subjects exposed to 60 mg/L (9600 ppm) or higher reported symptoms of toxicity
within the first minute of exposure; symptoms appeared after 3 minutes in subjects exposed to 30
mg/L (4800 ppm) (Lehmann and Schmidt-Kehl, 1936). After male Sprague-Dawley rats were
exposed at 100 or 1000 ppm, carbon tetrachloride was detected in arterial blood in the initial 5[
minute samples (Sanzgiri et al., 1995; Bruckner et al., 1990); blood levels rose during the 2-hour
exposure period to a near steady-state level. In dogs exposed to 5000 ppm of carbon
tetrachloride, blood levels reached a near steady-state level within 2 hours (von Oettingen et al.,
1950).

Lehmann and Schmidt-Kehl (1936) estimated that approximately 63% of inhaled carbon
tetrachloride vapor was absorbed by the lungs in human subjects exposed to “a few mg per liter.”
In monkeys exposed to carbon tetrachloride at 46 ppm for periods between 2 and 5 hours, an
average of 30% of the total amount inhaled was absorbed, and the rate of absorption averaged
0.022 mg/kg-minute (McCollister et al., 1951). Rats that were exposed at 4000 ppm for 6 hours
had initial body burdens of approximately 14 mg of carbon tetrachloride and 257 ug of its
metabolite chloroform (Dambrauskas and Cornish, 1970). Initial body burdens in rats, mice, and
hamsters that were exposed to 20 ppm of carbon tetrachloride vapor for 4 hours were 7.7, 10.6,
and 4.0 mg/kg, respectively (Benson and Springer, 1999). In vitro experiments of carbon
tetrachloride indicated blood/air partition coefficients of 2.73—4.20 for human blood (Fisher et
al., 1997; Gargas et al., 1989) and 4.52 for rat blood (Gargas et al., 1986).

3.1.3. Dermal Exposure

Carbon tetrachloride is absorbed rapidly through the skin. The chemical was detected in
alveolar air within 10 minutes in human subjects who immersed their thumbs in neat liquid
(Stewart and Dodd, 1964). Animal studies have found similar results. Carbon tetrachloride was
detected in blood within 5 minutes of dermal application of neat liquid in guinea pigs (Jakobson
et al., 1982). The percutaneous absorption rate for carbon tetrachloride applied neat to the
abdominal skin of male ICR mice was estimated as 53.6 + 9.3 nmoles/minute/cm” (Tsuruta,
1975). Morgan et al. (1991) compared dermal absorption of carbon tetrachloride in rats when
applied neat or in aqueous solution. With neat application, maximum blood levels were reached
within 30 minutes, and approximately one quarter of the applied volume (0.54 mL) was absorbed
in a 24-hour period. With application in saturated aqueous solution, absorption was slower (peak
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blood levels were not attained until 10 hours after exposure), and a somewhat lower amount
(0.39 mL) was absorbed in 24 hours.

Dermal absorption of radiolabeled carbon tetrachloride vapor was low in monkeys
exposed to 485 or 1150 ppm for about 4 hours (McCollister et al., 1951). Blood concentrations
at the end of exposure were approximately equivalent to 0.012—0.03 mg carbon tetrachloride/100
g blood but were undetectable after 48 hours; concentrations in exhaled air were equivalent to
0.0008-0.003 mg carbon tetrachloride/L but were undetectable 120 hours later. The authors
concluded that, for whole-body exposures to carbon tetrachloride vapor, the dermally absorbed

fraction would be negligible.

3.2. DISTRIBUTION
3.2.1. Oral Exposure

No data are available for the distribution of carbon tetrachloride in humans. Animal
studies indicate that the largest fraction of an absorbed oral dose of carbon tetrachloride is
initially distributed to fat. After administration of about 3200 mg/kg to rats, peak levels of
radiolabeled carbon tetrachloride were observed after about 2 hours in blood, muscle, liver, and
brain and after 5.5 hours in fat (Marchand et al., 1970). Peak tissue levels of carbon tetrachloride
were similar in blood and muscle but were twice as high in the brain, 5 times higher in liver, and
50 times higher in fat. Similar results were obtained in rabbits treated with a low dose of carbon
tetrachloride (Fowler, 1969). Six hours after an oral dose of 1.6 mg/kg, recoveries of parent
compound totaled 787 pg/g in fat, 96 pg/g in liver, 20 pg/g in kidney, and 21 pg/g in muscle;
distributions of the carbon tetrachloride metabolites chloroform and hexachloroethane were
highest in fat and liver but were below 5 pg/g. Forty-eight hours after dosing, tissue
concentrations of the parent compound were 45 pg/g in fat, 3.8 pg/g in liver, and <I pg/g in the
other tissues; chloroform was present at <1 ug/g in the four tissues, whereas hexachloroethane
was present at 6.8 pg/g in fat, 1 pg/g in liver, and <1 pg/g in other tissues.

3.2.2. Inhalation Exposure

A similar pattern of distribution has been found in animals exposed to carbon
tetrachloride by inhalation. Rats exposed to 4000 ppm for 6 hours showed the largest
concentrations of carbon tetrachloride in the fat (1674 pg/g), followed by the brain (407 pg/g),
kidney (233 pg/g), liver (136 pg/g), and blood (64 pg/g) (Dambrauskas and Cornish, 1970). The
liver also contained 10 pg/g of chloroform (as a carbon tetrachloride metabolite). Monkeys
exposed to 46 ppm of radiolabeled carbon tetrachloride vapor for 5 hours had the highest
concentration of label in fat, with decreasing amounts in the liver, bone marrow, blood, brain,
kidney, heart, spleen, muscle, lung, and bone (McCollister et al., 1951). The concentrations in
fat and liver were eightfold and threefold higher, respectively, than concentrations in blood.

Bergman (1983) followed the distribution of radiolabeled carbon tetrachloride by wholel
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body autoradiography in mice exposed by inhalation for 10 minutes and sacrificed at time points
up to 24 hours; sections were either processed at low temperatures to retain volatile radioactivity
(primarily parent compound), evaporated to retain only nonvolatile radioactivity (metabolites), or
evaporated and then extracted to retain only protein- and nucleic acid-bound radioactivity
(metabolites covalently bound to protein and nucleic acids). Immediately after exposure by
inhalation, high levels of volatile radioactivity were detectable in fat, bone marrow, and nervous
tissues (spinal cord and white matter of the brain). Nonvolatile and partly nonextractable
radioactivity was detected in the liver, kidney cortex, lung, bronchi, gastrointestinal mucosa
(especially in the glandular stomach, colon, and rectum), nasal mucosa, salivary glands, vaginal
and uterine mucosa, and, interstitially, in the testis; nonvolatile radioactivity was also detected in
urine and bile. The distribution pattern of volatile carbon tetrachloride and its nonvolatile
metabolites was similar 30 minutes after exposure. Volatile radioactivity was detectable at
relatively high levels in the nervous system at 4 hours and in fat at 8 hours but not at 24 hours.
The pattern of labeling in the liver demonstrated a centrilobular concentration. Bergman (1983)
reported a good correlation between nonextractable radioactivity and published tissue
concentrations of cytochrome (CYP) P450.

Sanzgiri et al. (1997) compared the tissue distribution of carbon tetrachloride
administered by inhalation (1000 ppm for 2 hours) and the equivalent oral dose (179 mg/kg)
given as a single bolus dose or gastric infusion over 2 hours. Table 3-1 shows area under the
curve (AUC) for the 24-hour monitoring period, the maximum tissue concentrations (Cp,x), and
the times (Tmax) at which the maxima occurred. Maximal tissue concentrations were reached
quickest by gavage dosing, followed by inhalation and then gastric infusion. By all routes,
attainment of maximal levels was slower in fat than in other tissues. Maximal levels in fat were
considerably in excess of the maximal levels in other tissues, regardless of route of exposure.
Among tissues other than fat, distribution kinetics of carbon tetrachloride were generally similar
for the different tissues, except that maximal levels were higher and attained more quickly in the
liver than in other tissues following bolus oral administration.
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Table 3-1. AUC, Cpayx, and T,y in rat tissues following administration of
179 mg/kg carbon tetrachloride by inhalation (1000 ppm for 2 hours),
oral bolus dosing, or gastric infusion over 2 hours

Inhalation Oral bolus Gastric infusion

Tissue AUC AUC AUC
(ngxminute/ Chnax Thax | (ngxminute/ | Cax T max (ngxminute/ Chnax Tmax
mL) (ng/g) | (min) mL) (ng/g) | (min) mL) (ng/g) | (min)
Liver 2823 20 30 1023 58 1 149 0.5 | 120
Kidney 3064 25 30 3029 14 5 800 4 120
Lung 2952 24 30 2908 10 15 2842 6 180
Brain 3255 28 30 4223 15 15 2683 10 150
Fat 230,699 1506 240 235,471 246 120 165,983 179 360
Heart 2571 18 30 2747 10 5 1900 8 120
Muscle 3248 18 30 4117 7 60 2164 10 150
Spleen 2035 13 30 4096 12 5 1660 6 150

Source: Sanzgiri et al., 1997.

Benson et al. (2001) compared the initial and delayed tissue distribution of inhaled
carbon tetrachloride in rats, mice, and hamsters exposed to 20 ppm of radiolabeled carbon
tetrachloride for 4 hours. Immediately after exposure, the percentage of the initial body burden
present in major tissues was 30% in rats and hamsters and 40% in mice; the highest proportion at
that time was in the liver of mice and hamsters and in the fat in rats. Two days later, the liver
contained the highest amount in all three species. The results in rats reflect the initial lipophilic
distribution of carbon tetrachloride and the subsequent accumulation in the liver.

3.2.3. Dermal Exposure

Few data are available regarding tissue concentrations of carbon tetrachloride following
dermal exposure. One study of guinea pigs given topical application of carbon tetrachloride
found that blood concentrations of the chemical increased during the first half hour of exposure
but then declined to about 25% of peak levels despite continued exposure over a 6-hour period
(Jakobson et al., 1982).

3.2.4. Lactational Transfer

Fisher et al. (1997) experimentally derived a human milk/blood partition coefficient of
3.26 for carbon tetrachloride, which would suggest a potential sensitive subpopulation of nursing
infants based on the possibility of lactational transfer.
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3.3. METABOLISM

Carbon tetrachloride is metabolized in the body, primarily by the liver, but also in the
kidney, lung, and other tissues containing CYP450. The percent of a given dose that is
metabolized varies with dose, as discussed in Section 3.4.

The metabolism of carbon tetrachloride has been extensively studied in in vivo and in
vitro mammalian systems. Based on available data, a proposed metabolic scheme for carbon
tetrachloride is illustrated in Figure 3-1. There is considerable evidence that the initial step in
biotransformation of carbon tetrachloride is reductive dehalogenation: reductive cleavage of one
carbon-chlorine bond to yield chloride ion and the trichloromethyl radical (Reinke and Janzen,
1991; Tomasi et al., 1987; McCay et al., 1984; Mico and Pohl, 1983; Slater, 1982; Poyer et al.,
1980, 1978; Lai et al., 1979).

The initial reaction step is catalyzed by an NADPH-dependent CYP450 that is inducible
by phenobarbital or ethanol (Castillo et al., 1992; Noguchi et al., 1982a; Sipes et al., 1977). In
humans and animals, CYP2E]1 is the primary enzyme involved with carbon tetrachloride
bioactivation, while CYP3A may be involved under high exposure conditions (Zangar et al.,
2000; Raucy et al., 1993). As demonstrated in studies with CYP2EI genetic knockout mice, this
enzyme is required for the development of hepatotoxicity (as measured by elevated liver
enzymes and liver histopathology) in mice exposed to carbon tetrachloride (Wong et al., 1998).

The fate of the trichloromethyl radical is dependent on the availability of oxygen and
includes several alternative pathways for anaerobic or aerobic conditions. Anaerobically, the
trichloromethyl radical may dimerize to form hexachloroethane, which has been detected in
animal tissues (Uehleke et al., 1973; Fowler, 1969). Addition of a proton and an electron to the
radical results in the formation of chloroform (CHCI3), which has been detected in exposed rats
and rabbits (Reynolds et al., 1984; Ahr et al., 1980; Glende et al., 1976; Uehleke et al., 1973;
Dambrauskas and Cornish, 1970; Fowler, 1969). The trichloromethyl radical can undergo
further reductive dehalogenation catalyzed by CYP450 to form dichlorocarbene (:CCl,), which
can bind irreversibly to tissue components or react with water to form formyl chloride (HCOCI),
which decomposes to carbon monoxide (Galelli and Castro, 1998; Pohl et al., 1984; Ahr et al.,
1980; Wolf et al., 1977). The trichloromethyl radical can bind directly to microsomal lipids and
proteins (Fanelli and Castro, 1995; Ansari et al., 1982; Villarruel et al., 1977), as well as the
heme portion of CYP450.
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Figure 3-1. Metabolic scheme for carbon tetrachloride.

CYP450, usually CYP2EL, but also CYP3A; R = acceptor molecule, such as protein or lipid.

Source: ACGIH, 2001.
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Aerobically, the trichloromethyl radical can be trapped by oxygen to form the
trichloromethyl peroxy radical, which can bind to tissue proteins (Galelli and Castro, 1998;
Packer et al., 1978) or decompose to form phosgene (COCl,) (Pohl et al., 1984) and an
electrophilic form of chlorine (Pohl et al., 1984). The trichloromethyl peroxy radical is the
primary initiator of lipid peroxidation that occurs from exposure to carbon tetrachloride (Boll et
al., 2001a; McCay et al., 1984; Rao and Recknagel, 1969). Carbon dioxide is generated by the
hydrolytic cleavage of phosgene (Shah et al., 1979). Phosgene may also be conjugated to
reduced glutathione (GSH) to form diglutathionyl dithiocarbonate or to cysteine to form
oxothiazolidine carboxylic acid (U.S. EPA, 2001a).

Continued exposure to carbon tetrachloride has been shown to temporarily reduce its
initial toxicity in rat studies (Glende, 1972). This phenomenon is related to the loss of CYP450
content (suicide inactivation), which has also been observed in treated rats (de Toranzo et al.,
1978), resulting from the formation of reactive intermediates, such as the trichloromethyl radical
(Fernandez et al., 1982; Noguchi et al., 1982b; de Groot and Haas, 1981; Glende, 1972). Under
anaerobic conditions, heme tetrapyrrolic structures of the human or rat CYP450 enzymes are
destroyed in a process that follows pseudo first-order kinetics (Manno et al., 1992, 1988).
Although the fast and slow half-lives for the two species are similar (3.2 and 28.9 minutes for the
rat and 4.0 and 29.8 minutes for the human), inactivation is more severe in the rat, with 1
molecule of rat CYP450 enzyme lost for every 26 molecules of substrate metabolized, compared
with a loss of 1 molecule of human enzyme for every 196 molecules of substrate processed
(Manno et al., 1992, 1988). Based on the studies by Manno et al. (1992, 1988), deactivation of
the CYP450 enzyme is reduced more in rats than in humans. Accordingly, enzyme deactivation
is less significant in humans than in rats.

As demonstrated qualitatively by the distribution of nonvolatile radioactivity
(metabolites) in the autoradiography study by Bergman (1983) and quantitatively in other in vivo
assays (see Section 3.2), carbon tetrachloride is metabolized in many tissues throughout the body
but most significantly in the liver. The amount of carbon tetrachloride metabolized in a given
tissue is related to the CYP450 content of the tissue (Bergman, 1983; Villarruel et al., 1977). In
the liver, the greatest accumulation of carbon tetrachloride metabolites occurs in the centrilobular
region, which has high CYP450 levels (Bergman, 1983).

Zangar et al. (2000) measured carbon tetrachloride metabolic rate constants for human
and animal hepatic microsomal preparations in vitro (Table 3-2). Results suggest that the
metabolic rate in humans is more similar to the rate in rats than in other rodent species.
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Table 3-2. Metabolic rate constants for hepatic microsomes in vitro

Ky A\
Species (M) (nmol/minute/mg protein)
Human 56.8 2.26
Rat 59.1 3.1
Mouse 29.3 2.86
Hamster 30.2 4.1

# K= Michaelis-Menten constant.
b Vimax = Maximum velocity of enzyme reaction.

Source: Zangar et al., 2000.

Metabolism of carbon tetrachloride can be induced by chemicals that increase the
expression of CYP2E1 or CYP3A (see Section 4.8.6. for further discussion).

3.4. ELIMINATION

In humans and animals exposed to carbon tetrachloride by any route, the unmetabolized
parent compound is excreted in exhaled air. Additionally, animal studies show that volatile
metabolites are released in exhaled air, whereas nonvolatile metabolites are excreted in feces and
to a lesser degree in urine.

Six hours after an attempted suicide by ingestion of an unknown amount of carbon
tetrachloride in a mixture with methanol, the concentration of carbon tetrachloride in expired air
was ~2500 pg/L and declined to ~120 pg/L after 1 day and to ~1 pg/L after 20 days (Stewart et
al., 1963). In a worker acutely exposed to mixed solvent vapors, the concentration of carbon
tetrachloride in alveolar air declined from an initial value of ~4000 ppm to ~0.003 ppm after 15
days (Stewart et al., 1965). Human subjects (n=6) who inhaled carbon tetrachloride vapor at 10
ppm for 3 hours had concentrations in expired air of 1 ppm 15 minutes postexposure and about
0.28 ppm 5 hours postexposure (Stewart et al., 1961). Approximately 33% of the absorbed dose
was excreted in exhaled air within 1 hour in human subjects who inhaled radiochlorine-labeled
carbon tetrachloride in a single breath (Morgan et al., 1970). Following dermal exposure to neat
carbon tetrachloride, excretion into alveolar air was detectable within 10 minutes in three human
subjects (Stewart and Dodd, 1964). Concentrations in alveolar air ranged from 0.11-0.83 ppm
by the end of a 30-minute exposure, peaking 30 minutes postexposure and beginning to decline 1
hour postexposure; after 5 hours, the concentrations were 0.12—0.14 ppm. Using a physiological
four compartment model, Sato and Nakajima (1987) calculated that 93% of inhaled carbon
tetrachloride vapor was removed unchanged via the lungs (assuming an alveolar ventilation rate
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of 336 L/hour), while 7% was cleared metabolically in humans.

Animal studies evaluated elimination of carbon tetrachloride following oral or inhalation
exposures. In rats receiving equivalent doses by inhalation or bolus gavage, terminal elimination
half-lives (t;,) were about 4 hours (Bruckner et al., 1990).

Reynolds et al. (1984) evaluated elimination parameters during a 24-hour period in rats
exposed by gavage to ['*C]-carbon tetrachloride at doses ranging from 15 to 4000 mg/kg. At the
low dose of 15 mg/kg, 19% of the administered dose was eliminated in exhaled air as the parent
compound, 28% as CO, (accounting for 83% of metabolites), and 0.11% as chloroform (0.3% of
metabolites); 2.9% of metabolites remained bound in the liver, while 2.7% were excreted in
urine and 11% in feces. At doses >600 mg/kg, >76% of the administered dose was exhaled as
parent compound, <2% was exhaled as CO, (accounting for 50-60% of metabolites), and
<0.40% as chloroform (11-19% of metabolites); 2—4% of metabolites remained bound in the
liver, while 3-9% of metabolites were excreted in urine and 7-30% in feces. At 15 mg/kg, peak
exhalation rates were 11, 2.6, and 0.02 pmoles/hour per kg for CO,, parent compound, and
chloroform, respectively; the timing of the peak rates occurred in 15—45 minutes, within 2 hours,
and slightly after 2 hours for CO,, parent compound, and chloroform, respectively. At 4000
mg/kg, peak exhalation rates were 88, 1550, and 3.40 pmoles/hour per kg for CO,, parent
compound, and chloroform, respectively; compared with the lower doses, peak rates were
achieved more quickly for CO, than for parent compound and chloroform.

In monkeys exposed by inhalation to radiolabeled carbon tetrachloride at 46 ppm for 5.75
hours, 21% of the total absorbed dose was eliminated during the initial 18 hours as carbon
dioxide and parent compound or volatile metabolite (McCollister et al., 1951). Within 75 days
following the end of exposure, 11% was eliminated as carbon dioxide and 40% as parent
compound or volatile metabolite in exhaled breath. The majority of urinary and fecal excretion
occurred in the 5 days following exposure; a small amount of label was detectable in feces after
12 days and in urine after 15 days.

In rats exposed to radiolabeled carbon tetrachloride vapor by inhalation at 100 or 1000
ppm for 8 hours for 1-5 days, no fecal elimination was detected (Page and Carlson, 1994); in
comparison, intravenous administration resulted in biliary and nonbiliary fecal elimination that
was less than 1% of the administered dose.

Sanzgiri et al. (1997) measured the elimination of carbon tetrachloride from tissues in rats
exposed to 1000 ppm via inhalation for 2 hours or the equivalent oral dose of 179 mg/kg
administered as a single bolus dose or by intragastric infusion over 2 hours. The half-lives of
elimination from various tissues are given in Table 3-3. Elimination half-lives were slowest for
fat, which is poorly perfused, but similar for the other tissues.
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Table 3-3. Elimination half-life (t;;) and apparent clearance of carbon
tetrachloride from rat tissues following administration of 179 mg/kg
(1000 ppm, 2 hours) by inhalation, oral bolus dosing, or gastric infusion
over 2 hours

Inhalation Oral bolus Gastric infusion
tin Clearance tin Clearance tin Clearance
Tissue (minutes) | (mL/minute/kg) | (minutes) | (mL/minute/kg) | (minutes) | (mL/minute/kg)

Liver 249 63 323 175 269 1198
Kidney 204 58 278 59 190 224
Lung 226 61 442 62 249 72
Brain 248 55 313 42 250 67
Fat 665 0.8 780 0.8 358 1
Heart 274 70 490 65 216 94
Muscle 218 55 649 43 262 83
Spleen 273 88 472 44 208 108

Source: Sanzgiri et al., 1997.

Benson et al. (2001) compared elimination parameters in rats, mice, and hamsters
exposed to 20 ppm of ['*C]-labeled carbon tetrachloride for 4 hours. In the 48 hours following
exposure, approximately 65—-83% of the initial body burdens were eliminated as volatile organic
compounds or CO; in exhaled air. Elimination half-times were 7.4, 8.8, and 5.3 hours for CO,
and 4.3, 0.8, and 3.6 hours for the volatile organic compounds for rats, mice, and hamsters,
respectively. Elimination in the urine and feces combined constituted less than 10% of the initial
body burden in rats and less than 20% in mice and hamsters.

Paustenbach et al. (1986a, b) and Veng-Pedersen et al. (1987) compared the
pharmacokinetics of carbon tetrachloride in rats exposed to 100 ppm of carbon tetrachloride
vapor in scenarios that mirror human work schedules: 8 hours/day for 5 days or 11.5 hours/day
for 4 days. Additional groups were exposed on a 2-week schedule for 5 or 3 additional days,
respectively. Following 2 weeks of exposure at 8 hours/day, 45% of the label was eliminated in
exhaled air (~97.5% as parent compound) and 48% in feces. Exposure at 11.5 hours/day for 2
weeks resulted in elimination of 32% in exhaled air and 62% in feces. On either schedule, less
than 8% was excreted in urine and less than 2% was exhaled as CO,. The elimination profiles
for exhaled air were biphasic. For the 2-week 8 hours/day and 11.5 hours/day schedules,
elimination of the parent compound in breath had half-lives for the fast and slow phases of 96
and 455 minutes and 89 and 568 minutes, respectively. Similarly, half-lives for the fast and slow
phases of elimination of CO, were 305 and 829 minutes on the 8-hour schedule and 455 and
1824 minutes on the 11.5-hour schedule. The authors concluded that the longer daily exposure
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placed more of the absorbed dose into the poorly-perfused fat compartment. The half-lives of
elimination in urine and feces for the 2-week exposures were 1066 and 3700 minutes for the 8[
hour schedule and 944 and 6700 minutes for the 11.5-hour schedule.

Rats or gerbils intraperitoneally injected with carbon tetrachloride at a dose of 128—-159
mg/kg eliminated 80-90% in exhaled air as carbon tetrachloride and less than 1% as CO,
(Young and Mehendale, 1989).

3.5. PHYSIOLOGICALLY BASED PHARMACOKINETIC MODELS

Physiologically based pharmacokinetic (PBPK) models are available for carbon
tetrachloride for exposures by the inhalation route (Yoon et al., 2007; Fisher et al., 2004; Thrall
et al., 2000; Benson and Springer, 1999; Evans et al., 1994; Paustenbach et al., 1988, 1987;
Gargas et al., 1986) and the oral route (Fisher et al., 2004; Semino et al., 1997; Gallo et al.,
1993). The models are based primarily on experimental data from rodents. However, Thrall et
al. (2000) derived in vivo metabolic rate constants for humans based on human in vitro metabolic
constants and in vivo/in vitro ratios for metabolic rate constants derived from animals (also

reported in Benson and Springer, 1999).

Gargas et al. (1986)

Gargas et al. (1986) used the PBPK model framework developed by Ramsey and
Andersen (1984) for styrene, together with experimentally derived tissue partition coefficients
and gas uptake data for carbon tetrachloride, to estimate in vivo metabolic rate constants for
carbon tetrachloride in rats. The model comprises a series of differential equations describing
the rate of carbon tetrachloride entry into and exit from a series of body compartments, including
liver, fat, muscle, and viscera (richly perfused organs), as well as arterial and venous blood.
Gas-uptake data were obtained in a closed recirculated exposure system. Partition coefficients
were experimentally derived in a series of in vitro studies using the tissues of interest. The
researchers found that the uptake kinetics of carbon tetrachloride were adequately described by
modeling metabolism of the compound as a single saturable process with Vi, of 0.92 pmol/hour
(0.14 mg/hour) and K,,, of 1.62 pumol/L (0.25 mg/L).

Paustenbach et al. (1988, 1987)

Paustenbach et al. (1988, 1987) developed a four-compartment PBPK model (similar in
structure to Gargas et al., 1986) to describe the disposition of carbon tetrachloride absorbed
during inhalation, based on the framework developed by Ramsey and Andersen (1984) and the
parameter values reported by Gargas et al. (1986). Metabolism, assumed to occur only in the
liver compartment, was modeled as a single, saturable pathway. Metabolites were apportioned
into three separate storage compartments, leading to elimination in the exhaled breath, urine, and

feces, respectively. In order to accommodate the observed biphasic elimination of CO,,
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equations were included to allow for the interconversion from the urinary or fecal pools to
production of CO,. The model also included a time delay of 23.5 hours for fecal excretion to
account for the observed delay in appearance of radioactivity in the feces. Parameter values
needed to run the model included partition coefficients (determined experimentally by vial
equilibration), biochemical constants for carbon tetrachloride metabolism (determined
experimentally by gas uptake studies), and physiological parameters (estimated from the
literature, from previous pharmacokinetic studies, and from the process of fitting the carbon
tetrachloride data during model development). Selection of the optimal parameters for fat
compartment volume, blood flow, V., and K,, were determined by the quality of the visual fit
of the model predictions with laboratory data; sensitivity analysis indicated that changes to other
parameters had little effect on the simulation and were thus not subject to optimization. Model
parameters are presented in Table 3-4. Calibration of the rat model was done using data for
Sprague-Dawley rats exposed to 100 ppm of carbon tetrachloride for 4, 5, 7, or 10 exposures as
reported in Paustenbach et al. (1986a, b). The model reliably predicted values for the following
experimental parameters: concentration of ['*C] activity in adipose tissue, concentration of ['*C](]
carbon tetrachloride in the expired breath, concentration of '*CO, in the expired breath, activity

of "C in the urine, and activity of ['*C] in the feces.
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Table 3-4. Physiological parameters for the rat, monkey, and human
PBPK models for carbon tetrachloride

Parameter Rat (0.42 kg) Monkey (4.6 kg) Human (70 kg)
Cardiac output (liters blood/hour) 8.15 41.2° 256"
Alveolar ventilation (liters air/hour) 7.91 43.9° 254*
Tissue volumes (percent of total)

Liver 4 4 4

Fat 8 10 20°

Muscle 74 72 62

Richly perfused organs 5 5 5
Blood flow (percent of total)

Liver 25 25 25

Fat 4 4 6

Muscle 20 20 18

Richly perfused organs 51 51 51
Metabolism

Vinax (mg/hour) 0.35 1.91% 12.72%

K., (mg/liter) 0.25 0.25° 0.25°

* Allometrically scaled from the rat data using (body weight)"”.

" Assumed to be the same as in rats.

° Tissue volume for fat in humans is shown in Table 2 of Paustenbach et al. (1998) as 10%; however, the
text of this paper states that the rat model was scaled up to humans using a fat compartment of 20% of
body weight. The 20% value was determined to be correct.

Source: Paustenbach et al., 1988.

In order to extend the model to monkeys and humans, the rat model was scaled up,
resulting in models for monkeys and humans that were used to predict the concentration of
carbon tetrachloride in expired air. For both the monkey model and the human model, cardiac

0-75 , and the K,,, was

output, alveolar ventilation, and Vy,,x were estimated using (body weight)
assumed to be the same as for the rat. The rat model was scaled to monkeys, using a body
weight (BW) of 4.6 kg, a body fat estimate of 10%, and fat perfusion of 4% of cardiac output;
other parameters were assumed to be the same as in the rat. The monkey model was calibrated
by using the data of McCollister et al. (1951), which measured the concentration of expired
carbon tetrachloride after a 370-minute exposure to 50 ppm. The time course was accurately
predicted, except for long periods (>240 hours) after exposure in which the model predicted
lower concentrations than were demonstrated experimentally. The study authors suggested that
small amounts (0.4%) of carbon tetrachloride may have been converted into C,Clg, which has a

much longer half-life in adipose tissue and would account for the slow elimination of small
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amounts of radiolabel. The rat model was scaled up to humans by using an experimentally
measured human blood:air partition coefficient, a body weight of 70 kg, and a fat compartment
of 20% BW. Model simulations of concentration of carbon tetrachloride in expired air over time
were compared with the data of Stewart et al. (1961), who exposed human volunteers to 49 ppm
of carbon tetrachloride for 70 minutes or to 10 ppm of carbon tetrachloride for 180 minutes;
there was good agreement between the model simulation and the measured results. The model
predicted that at concentrations up to 100 ppm, the rat, monkey, and human metabolize carbon
tetrachloride in a similar manner. Because of physiological differences, the models predicted
species differences in carbon tetrachloride accumulation in fat. The rat PBPK model accurately
described carbon tetrachloride concentrations in adipose tissue where no significant day-to-day
accumulation in fat or blood was observed following repeated exposure to 100 ppm for 8 or

11.5 hours/day, whereas the human model predicted day-to-day increases in carbon tetrachloride
in fat following inhalation exposure to 5 ppm for 8 hours/day.

Thrall et al. (2000); Benson and Springer (1999)

Thrall et al. (2000) and Benson and Springer (1999) expanded the rat PBPK model of
Paustenbach et al. (1988) to include parameters for the mouse and the hamster. The mouse and
hamster models consist of five compartments identical to the rat model (lung, liver, fat, muscle,
and richly perfused tissues). Metabolism is still assumed to occur only in the liver and is
modeled by a single, saturable pathway that results in products that may be eliminated in the
expired air, urine, or feces. For the mouse, tissue:air partition coefficients were assumed to be
equal to those for the rat, with the exception of the blood:air coefficient, which was measured
with the vial equilibration technique. Tissue:blood partition coefficients were then calculated by
dividing the tissue:air coefficients by the blood:air coefficients. Metabolic rate constants (i.e.,
Vimax and K;;,) were measured in whole animals by using gas uptake studies with a closed
recirculating chamber; in comparison to the rat, the mouse has a slightly higher capacity (higher
in vivo Vi) and lower affinity (higher in vivo K,) for metabolizing carbon tetrachloride.
Physiological parameters for the mouse model were based on published values in the literature
(Andersen et al., 1987). Model predictions for initial body burden, exhaled carbon tetrachloride,
and exhaled CO, were compared with data collected over a 48-hour period following a 4-hour
inhalation exposure to 20 ppm of ['* C]-carbon tetrachloride (data from a personal
communication and not presented in the manuscript); ratios of predicted/observed concentrations
ranged from 1.1 to 1.4, indicating very good agreement among observed and predicted values.
For the hamster, coefficients for blood:air, muscle:air, liver:air, and fat:air were determined by
the vial equilibration technique. Hamster tissue:air partition coefficients did not differ
significantly from those of the rat. Tissue:blood partition coefficients were then calculated by
dividing the tissue:air coefficients by the blood:air coefficients. Metabolic rate constants (i.e.,

Vmax and K;,,) were measured in whole animals by using gas uptake studies with a closed
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recirculating chamber; in comparison to the rat, the hamster has a higher capacity (higher in vivo
Viax) and lower affinity (higher in vivo K,,) for metabolizing carbon tetrachloride. Physiological
parameters for the hamster model were those used in the rat model. The hamster model tended
to overpredict uptake from exposure at low concentrations and underpredict the uptake from
exposure at high concentrations (1800 ppm exposure). Model predictions for initial body
burden, exhaled carbon tetrachloride, and exhaled CO, were compared with data collected over a
48-hour period following a 4-hour inhalation exposure to 20 ppm of ['* C]-carbon tetrachloride
(data from a personal communication and not presented in the manuscript); ratios of
predicted/observed concentrations ranged from 0.6 to 2.1 for all three species, and from 0.6 to
1.4 for rats and mice (see Appendix C for a comparison of model predictions and
experimentally-derived data).

Thrall et al. (2000) and Benson and Springer (1999) used in vitro data on metabolism of
carbon tetrachloride by human liver microsomes (Zangar et al., 2000), together with in vitro and
in vivo rodent data, to estimate the in vivo human metabolic rate constants. The calculation is
presented in Table 3-5. Briefly, in vivo Vma /K ratios were obtained for the rodent species after
Vimax Was normalized for milligrams of liver protein. The corresponding in vitro Vpmax/Ky, ratios
were calculated in the same manner, and the in vivo/in vitro ratios were calculated, giving values
of 1.40, 1.01, and 1.70 for the rat, mouse, and hamster, respectively. As these values were very
similar, a human in vivo Vy.x/Ki, ratio of 1.37 was estimated as the mean of the rat, mouse, and
hamster ratios. Because the human K, in vitro is similar to that of the rat, the in vivo human K,
was assumed to be the same as that of the rat, allowing for the calculation of a human in vivo
Vimax 0f 29.15 mg/hour. The researchers used the new value for V. in the human PBPK model
of Paustenbach et al. (1988), with other parameters remaining as previously described, and
compared it with the human data of Stewart et al. (1961). The model simulation of expired
carbon tetrachloride levels provided good agreement with the experimental data, particularly at
longer periods postexposure (see Appendix C for a comparison of model predictions and
experimentally-derived data).
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Table 3-5. Comparison of metabolism from in vitro and in vivo studies

Rat Mouse Hamster Human
BW (kg) 0.25 0.025 0.15 70
Liver weight (g)* 10 1 6 2800
mg protein/g liver® 13.8 21.9 17.8 12.8
In vivo Vi (mg/hour/kg BW)® 0.4 0.79 6.39 1.49
In vivo Ve (mg/hour) 0.15 5.97x107 1.69 29.15
In vivo V. (mg/hour/mg protein) 1.1x10° 2.7x10° 0.016" 8.1x107*
In vivo K, (mg/L)° 0.25 0.46 1.14 0.25"
In vivo Vpa/Ku 4.4x10° 5.9x10° 0.014¢ 3.2x10°
In vitro V., (umol/hour/mg protein)* 0.186 0.1712 0.246 0.135
In vitro K, (umol/L)° 59.1 293 30.2 56.8
In Vitro V ne/Ku (L/hour/mg protein) 3.15x10°° 5.86x10° 8.14x107° 2.38x10°
Ratio (in vivo/in vitro) 1.4 1.01 1.7 1.37

*Calculated as 4% of body weight.

®From Reitz et al. (1996), except hamster, which was estimated as the mean of mouse and rat.
“Rodents: experimentally measured; humans: calculated (see text).

4Rodents: calculated from in vivo Vi (mg/hour/kg BW) using BW” (personal communication; email
dated 9/5/2006, from Dr. Karla Thrall, Pacific Northwest National Laboratory, to Susan Rieth, U.S.
EPA); humans: calculated (see text).

¢ Data from Zangar et al. (2000).

Corrected from value of 0.16 in Table 5 of Thrall et al. (2000) (personal communication; email dated
9/5/2006, from Dr. Karla Thrall, Pacific Northwest National Laboratory, to Susan Rieth, U.S. EPA).

£ Corrected from value of 0.14 in Table 5 of Thrall et al. (2000) (personal communication; email dated
9/5/2006, from Dr. Karla Thrall, Pacific Northwest National Laboratory, to Susan Rieth, U.S. EPA).
%‘Assumed to be equal to the rat based on in vitro K,;, comparisons.

"Calculated as the average of the rat, mouse, and hamster in vivo/in vitro ratios.

Source: Thrall et al., 2000.

Other Extensions of the Paustenbach et al. (1988) Model

Several other models have been developed as extensions of the Paustenbach et al. (1988)
model. Semino et al. (1997) added a gastrointestinal compartment to the inhalation model of
Paustenbach et al. (1988) to describe uptake of carbon tetrachloride administered by a single
gavage dose at levels of 25 or 50 mg/kg in corn oil or at a dose of 17.25 mg/kg in 0.25% aqueous
Emulphor to male F344 rats. The gastrointestinal compartment was divided into a series of
sequential absorption subcompartments, each characterized by three parameters: emptying time,
absorption rate constant (describing input to the portal circulation), and bioavailability. These
parameters were optimized against the experimental results for concentrations of parent carbon
tetrachloride in arterial blood or exhaled air. The number of subcompartments was also varied;
nine subcompartments were needed to obtain a good fit of this data set for delivery by corn oil

gavage, whereas only six or seven subcompartments were needed for aqueous Emulphor. The

22 DRAFT — DO NOT CITE OR QUOTE



model simulated the higher rapid initial uptake with the aqueous vehicle and the more pulsatile
absorption profile observed from corn oil delivery following a single exposure. The
subcompartments were not intended to correspond to actual anatomic segments of the
gastrointestinal tract, and the values generated for oral uptake parameters were not intended to
represent true physiological measurements.

Thrall and Kenny (1996) adapted the PBPK model of Paustenbach et al. (1988) to
simulate an intravenous route of exposure in the male F344 rat. The model added equations to
simulate the introduction of carbon tetrachloride into the mixed venous blood pool.
Physiological parameters were adjusted to account for the smaller body size of F344 rats
compared with Sprague-Dawley rats, using data from Arms and Travis (1988). The model was
used to predict the concentration of carbon tetrachloride in the expired air after a single
intravenous exposure and was compared with real-time monitoring data from rats given a single
injection of carbon tetrachloride at 0.6 or 1.5 mg/kg BW. With the exception of underestimation
of the initial peak in exhalation, the model predictions were in good agreement with the
measured data.

El-Masri et al. (1996) modified the PBPK rat model of Paustenbach et al. (1988) to
include a linked physiologically based pharmacodynamic (PBPD) model for hepatocellular
injury and animal death. First-order rate constants governed simulated cell mitosis and birth,
injury (due to carbon tetrachloride-induced vacuolation and incidental injury), repair, delay of
mitosis and repair, cell death, and phagocytosis by macrophages. Animal death was simulated to
occur when >50% of hepatocytes died. The data of Lockard et al. (1983) was used to visually
optimize the PBPD model rate constants.

Other models of carbon tetrachloride disposition were developed independent of Thrall et
al. (2000) or Paustenbach et al. (1988) and are discussed further below.

Gallo et al. (1993)

Gallo et al. (1993) developed a physiological and systems analysis hybrid
pharmacokinetic model for blood concentration-time data obtained during intravenous or oral
administration. The systems analysis procedure was based on a disposition-decomposition
method for deriving an absorption input function for each regimen. Equations were derived,
representing input into the blood, distribution to and from the blood to the peripheral tissues, and
elimination from the blood, allowing for the estimation of arterial and venous blood
concentrations but not concentrations in target tissues. Experimental data were collected for
male Sprague-Dawley rats given a single oral dose of 25 mg/kg in one of four ways (undiluted,
in corn oil, as an emulsion in 0.25% Emulphor, or in water) and from other rats receiving the
same dose in aqueous polyethylene glycol 400 as an intravenous bolus injection. A hybrid
model that combined model parameters available in the literature with the absorption input
functions obtained by systems analysis adequately described the observed blood concentration[]
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time data. The same model using conventional first-order absorption inputs provided less
accurate fits to the data. Both the standard model and the hybrid model overestimated the initial
concentration in blood for the oral or intravenous routes.

Evans et al. (1994)

Evans et al. (1994) developed a PBPK model for carbon tetrachloride in rats based on the
Ramsey and Andersen (1984) model for styrene. Flow-limited compartments for liver, fat, and
rapidly and slowly perfused tissues were connected by arterial and venous blood. The
investigators derived partition coefficients from blood, liver, fat, and muscle samples of naive
male Fischer-344 rats. Physiological parameter values were taken from the literature.
Metabolism of carbon tetrachloride was constrained to the liver and described by Michaelis-
Menten kinetics. Vpax and K;, were estimated by optimizing the model to closed-chamber gas
uptake data, generated by the study authors, for adult male Fischer-344 rats exposed to 25, 100,
250, or 1000 ppm carbon tetrachloride for 6 hours. The resulting Vyaxc and K, values were
0.37 mg/hr/kg and 1.3 mg/L, respectively. The predicted decreases in chamber carbon
tetrachloride concentrations were very similar to observations for all exposure levels and time
points. A sensitivity analysis was performed on all of the model parameters. For the low
exposure (25 ppm), the blood:air partition coefficient (5.49), followed by the fat:blood partition
coefficient (51.3) and fat tissue volume (8%), had the greatest effects on simulated chamber
concentration. However, the fat:blood partition coefficient and fat tissue volume dominated the
decrease in chamber concentration in the 1000-ppm exposure.

The model of Evans et al. (1994) was applied to examine the effect of methanol
pretreatment of rats (10,000 ppm for 6 hours) at 24 and 48 hours prior to 6-hour closed-chamber
carbon tetrachloride exposures of 25, 100, 250, or 1000 ppm (Evans and Simmons, 1996). Vpaxc
was optimized against the gas uptake data from all exposure levels. A Vpaxc value of
0.48 mg/hr/kg for the 24-hour methanol pretreatment group resulted in very good agreement of
the predicted and observed chamber concentrations at all exposure levels, indicating that
induction of carbon tetrachloride metabolism could be adequately simulated. Good agreement
was also achieved between predicted and observed chamber concentrations at all exposure levels
for the 48-hour methanol pretreatment group. The estimated Vmaxc value of 0.18 mg/hr/kg,
which was very close to the carbon tetrachloride-only value of 0.11 mg/hr/kg (from Evans et al.,
1994), indicated that the effect of methanol induction of carbon tetrachloride metabolism had
practically ceased by this time.

Yoshida et al. (1999)

Yoshida et al. (1999) used a classical compartment pharmacokinetic model to derive rates
of absorption of carbon tetrachloride in rats exposed at low concentrations in a closed chamber
system. Experimentally, rats were exposed at initial concentrations between 10 and 1000 ppb,
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and the changes in chamber concentrations were measured over 6 hours. The model, like the
experimental system, had three compartments: a tank containing barium chloride to capture the
compound, the exposure chamber into which the compound was injected, and the rat. The model
consisted of three differential equations describing the apparent volumes of distribution for the
three compartments. The model included single rate constants for inhalation, exhalation, and
metabolic elimination processes in the rat. The rate constant for exhalation was determined to be
higher than that for elimination. Metabolic elimination of carbon tetrachloride was estimated as
0.53 pmol/hour/kg at 10 ppm.

Andersen et al. (1996) developed a model to describe the anaerobic in vitro metabolism
of carbon tetrachloride in a two-phase, closed-chamber headspace vial. Data were generated
from hepatic microsomal preparations from fed or fasting adult male F344 rats. Partition
coefficients were experimentally derived for phosphate buffer to air and microsomal suspension
to air. In addition to the Michaelis-Menten kinetic constants, a first-order loss-rate constant was
required for accurate fitting of the model. The model described the kinetics of anaerobic

transformation of carbon tetrachloride to chloroform.

Fisher et al. (2004)

Fisher et al. (2004) developed a PBPK model for simultaneous exposures to carbon
tetrachloride and tetrachloroethylene in mice. The model contained a 4-compartment structure
(liver, fat, and richly and slowly perfused tissues) for carbon tetrachloride based on the Ramsey
and Andersen (1984) model and tetrachloroethylene based on a modified form of the Gearhart et
al. (1993) model. Absorption from the gastrointestinal tract was simulated as a 2-compartment,
3-parameter model (Figure 3-2). Rate coefficients were estimated by visually fitting these
parameters to blood data following single oral gavage doses of carbon tetrachloride (20, 50, or
100 mg/kg carbon tetrachloride alone, 10 or 100 mg/kg tetrachloroethylene alone, and 1, 5, 20,
50, or 100 mg/kg carbon tetrachloride followed 1 hour later by 10 or 100 mg/kg
tetrachloroethylene; all oral bolus doses were administered in aqueous emulsion vehicle).
Metabolism for both chemicals was represented as a saturable Michaelis-Menten pathway in the
liver only. Carbon tetrachloride-induced suicide inhibition was modeled with a second-order
inhibition constant, Kp, which was used to calculate the loss of metabolic capacity (Vmaxc) for
both carbon tetrachloride and tetrachloroethylene. A submodel for trichloroacetic acid, the sole
metabolite of tetrachloroethylene oxidation, was included in which the rate of trichloroacetic
acid production in the liver was equal to the rate of tetrachloroethylene metabolism. Four
compartments for trichloroacetic acid were included: liver, kidney, and rapidly and slowly
perfused tissues.
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Figure 3-2. Two-compartment model for simulating gastrointestinal absorption of
carbon tetrachloride administered to mice as a single gavage dose in Emulphor
(Fisher et al., 2004).

Values for rate coefficients were derived by visual fit of model predictions to observed blood carbon
tetrachloride kinetics in mice. The value for K1 was dose dependent (0.4 hr' for 20 mg/kg dose and 10 hr
for 50 and 100 mg/kg doses). Values for K2 and K3 were 2 and 0.05 hr”', respectively.

1

Carbon tetrachloride partition coefficients for blood, liver, fat, and muscle (representing
slowly perfused tissue) were determined by the study authors (Fisher et al., 2004) using the vial
equilibration method of Gargas et al. (1989). Partition coefficients for tetrachloroethylene and
trichloroacetic acid were taken from Gearhart et al. (1993) and Abbas and Fisher (1997),
respectively. Physiological constants for mice were taken from the compendium of Brown et al.
(1997). Data for carbon tetrachloride gas uptake exposures of 130 ppm (Thrall et al., 2000) and
50, 450, or 1250 ppm (Fisher et al., 2004) in male B6C3F1 mice were used to optimize Vmaxc

0.75

and K, resulting in values of 1 mg/hr/kg™"” and 0.3 mg/L, respectively. For tetrachloroethylene,

gas uptake-derived Vpaxc and Ky, values of 6 mg/hr/kgo‘75

and 3 mg/L, respectively, were taken
from Gearhart et al. (1993). Oral absorption rate constants for carbon tetrachloride and
tetrachloroethylene were visually fitted from the blood concentration data for each chemical.
The value for Kp was estimated by optimization of the model to blood trichloroacetic acid
concentrations following co-exposures of tetrachloroethylene and carbon tetrachloride via oral
bolus dosing. See Appendix C for a summary of parameter values used in the Fisher et al.

(2004) model.
Yoon et al. (2007)

Yoon et al. (2007) explored the effect of extrahepatic carbon tetrachloride metabolism in
rats and humans on estimates of hepatic V. and Ky,,. The investigators developed an 8!
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compartment, flow-limited PBPK model, including compartments for lung, liver, brain, kidney,
fat, rapidly and slowly perfused tissues, and the gastrointestinal tract. Physiological parameter
values were taken from the literature (Delp et al., 1991; U.S. EPA, 2000e; Brown et al., 1997).
Tissue partition coefficients for the rat were taken from Evans et al. (1994). Gas uptake data
from closed-chamber experiments (Evans et al., 1994) were used to estimate values of Vi (0.13
mg/kr/kg”"®) and K, (1.10 mg/L) in the liver. Data for estimation of extrahepatic metabolism
were generated from in vitro CYP2EI-mediated microsomal metabolism of carbon tetrachloride
in liver, brain, skin, kidney, lung, and fat. No metabolic activity was detected in the fat, brain, or
skin. Estimates of extrahepatic in vivo metabolism in the lung and kidney were modeled as the
liver Vnax adjusted by the tissue volume-normalized ratio of Vmax, in vitro tissue / Vmax, in vitro liver-
Simulations of open-chamber inhalation exposures (ATSDR, 2003) were used to compare the
effect of the presence or absence of extrahepatic metabolism on the following dose metrics:
carbon tetrachloride blood Cy,.x, AUC for carbon tetrachloride in blood over a 24-hour period,
total carbon tetrachloride metabolized in the body, and carbon tetrachloride metabolized in the
liver (normalized for liver volume). The presence or absence of extrahepatic metabolism did not
affect either the estimation of hepatic V. and Ky, or the predicted dose metrics. The proportion
of liver metabolism estimated for the lung and kidney was quite small, 0.79 and 0.93%,
respectively, based on the microsomal studies. This resulted in identical values for V.« and all
of the examined dose metrics, and similar values for K;;, (1.10 and 1.14 mg/L without and with
extrahepatic metabolism, respectively).
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4. HAZARD IDENTIFICATION

4.1. STUDIES IN HUMANS—EPIDEMIOLOGY, CASE REPORTS, CLINICAL
CONTROLS
4.1.1. Oral Exposure
4.1.1.1. Human Poisoning Incidents

Case reports reveal that individuals acutely poisoned with carbon tetrachloride can
exhibit gastrointestinal toxicity (nausea, vomiting, diarrhea, and abdominal pain) and
neurotoxicity (drowsiness, coma, or seizures) (Ruprah et al., 1985; Stewart et al., 1963; New et
al., 1962). Hepatic involvement has been demonstrated by liver enlargement and significant
elevations in serum enzyme (>100-fold increases in alanine aminotransferase [ALT] or aspartate
aminotransferase [AST]) and bilirubin levels (Ruprah et al., 1985; Stewart et al., 1963). One of
two individuals who received one 5 mL dose of carbon tetrachloride as an antihelmintic
exhibited microscopic pathology in the liver (granular degeneration); a third person who received
a second dose 2 weeks later had fatty degeneration of the liver, as well as swelling of the
proximal tubules of the kidney (Docherty and Nicholls, 1923; Docherty and Burgess, 1922).
Renal effects (oliguria and increases in blood urea nitrogen [BUN]) may occur within 1-8 days
of acute exposure (New et al., 1962). Umiker and Pearce (1953) noted that, after ingestion of
fatal doses of carbon tetrachloride, the primary cause of death during the first week was hepatic
injury and afterwards was renal insufficiency. Pulmonary lesions (lung congestion, edema,
bronchopneumonia, fibrinous exudate, alveolar epithelial proliferation) appear about 8 days after
exposure and have been considered to be secondary effects of renal failure (Umiker and Pearce,
1953). Human fatalities from ingestion of carbon tetrachloride may occur with ingestion of
amounts as low as 2—3 mL (45-68 mg/kg, based on the reference adult BW of 70 kg) (Ruprah et
al., 1985; Gosselin et al., 1976).

4.1.1.2. Epidemiology Studies

Epidemiological studies have investigated possible associations between oral exposure to
carbon tetrachloride and a variety of adverse birth outcomes (Croen et al., 1997; Bove et al.,
1995, 1992a, b); however, because of multiple chemical exposures and insufficient power, these
studies are considered limited and insufficient to determine whether there is an association
between carbon tetrachloride exposure and adverse birth outcomes.

Bove et al. (1995, 1992a,b)

Bove et al. (1995, 1992a,b) evaluated the relationship between contamination of public
drinking water with organic compounds (including carbon tetrachloride) and adverse birth
outcomes in a cross-sectional study of births in four counties in northern New Jersey. The study
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population consisted of registered live births and fetal deaths occurring from January 1, 1985, to
December 31, 1988, in 75 towns (selected from a total of 146 in the four counties), where most
residents were served by public water systems and most births occurred in the state. After
exclusion of plural births and fetal deaths from therapeutic abortions or chromosomal anomalies,
the subjects totaled 80,938 live births and 594 fetal deaths. Fetal death certificates available for
all fetal deaths with gestational age greater than 20 weeks and the New Jersey Birth Defects
Registry were used to gather data on a selection of adverse birth outcomes. A comparison group
of 52,334 births that had no adverse outcomes was included in the study to evaluate categorical
outcomes. Exposure to organic compounds was estimated from the monthly records of the 49
water companies serving the study population (water samples were collected at the tap). In
addition to carbon tetrachloride, other contaminants in the drinking water included
trihalomethanes (primarily chloroform), 1,2-dichloroethane, dichloroethylenes, 1,1,11]
trichloroethane, trichloroethylene, tetrachloroethylene, and benzene. Levels of all of these
compounds, other than benzene, were higher than carbon tetrachloride; levels of trihalomethanes
were 20- to 40-fold higher. For carbon tetrachloride, the exposed population was defined in one
of two ways: those with exposure to >1 ppb in the drinking water or those with any detectable
amount in the drinking water. In either case, the size of the comparison group with exposure to
carbon tetrachloride was small: 357 births where levels >1 ppb were detected and 1993 births
where any carbon tetrachloride was detected.

Carbon tetrachloride and the other contaminants were evaluated for effects on 13 selected
birth outcomes (birth weight among term births, term low birth weight, small for gestational age,
preterm birth, very low birth weight, fetal death, central nervous system defects, neural tube
defects, oral clefts, major cardiac defects, ventricular septal defects, all cardiac defects, and all
surveillance defects). Odds ratios (ORs) for an association between each outcome and carbon
tetrachloride were calculated as the ratio of the risk of the outcome in the population with the
specified exposure (either > nd or >1 ppb) to the risk in the population without the specified
exposure. ORs were adjusted for maternal age, race, education, parity, adequacy of prenatal
care, and sex of the child. Positive associations were found between exposure to carbon
tetrachloride in drinking water at concentrations above 1 ppb and certain adverse outcomes: low
birth weight (<2.5 kg) among term births (OR = 2.26, 95% confidence interval [CI]: 1.41-3.60)
and small (at or below their race-, sex- and gestation week-specific tenth percentile weight) for
gestational age (OR = 1.34, 95% CI: 1.02-1.80). These same effects, however, were also
significantly associated with exposure to trihalomethanes, which were present in much higher
levels and were much more prevalent in the drinking water supply (i.e., had a much larger
exposed population and number of cases). While there was a statistically positive association
between exposure to >1 ppb carbon tetrachloride and occurrence of neural tube defects (OR =
5.39, 95% CI: 1.31-22.2), it was based on only two cases in the exposed population. Using a
criterion of OR >1.5 without consideration of Cls, the authors also reported positive relationships
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between carbon tetrachloride and several of the other adverse outcomes tested. However, the
reliability of these purported relationships is suspect without statistical support. Maternal
interviews were conducted for a sample of the study population to collect more detailed
information about potential confounders, such as maternal occupational exposures, smoking,
medical histories, height, and gestational weight gain. Adjustment for these additional risk
factors had no appreciable effect on the results for carbon tetrachloride. Interpretation of the
study results is hindered by simultaneous exposure to multiple chemicals in the drinking water,
the relatively small number of people exposed to carbon tetrachloride and the low levels to
which they were exposed, and the limited characterization of exposure to carbon tetrachloride
(and the other chemicals tested).

Croen et al., 1997

Croen et al. (1997) used data from two population-based case-control studies to
determine whether maternal residential proximity to hazardous waste sites increased the risk for
certain birth defects in California. Residential histories were obtained by interviews with
mothers of infants with specific birth defects (neural tube defects [507 cases] in one study; heart
defects [201 cases] and oral cleft defects [439 cases] in the other) and mothers of controls in the
two studies (517 for the neural tube study and 455 for the other two defects). Information was
collected on 764 inactive waste sites as well as 105 National Priority List sites. Multivariate
analysis was used to control for potential confounding effects, such as maternal race/ethnicity,
income, and education. The study found no increased risk of heart defects or oral cleft defects
among offspring of mothers living near a waste site containing carbon tetrachloride, but this
study had little power to detect effects. Odds ratios for neural tube defects associated with

carbon tetrachloride were not provided.

4.1.2. Inhalation Exposure
4.1.2.1. Acute Exposure Incidents

The initial acute effects of carbon tetrachloride in humans exposed by inhalation are
similar to effects reported from humans exposed orally (Stewart et al., 1965; New et al., 1962;
Norwood et al., 1950); these effects include gastrointestinal symptoms (nausea and vomiting,
diarrhea, abdominal pain), hepatic effects (elevated serum AST, mild jaundice, and, in fatal
cases, necrosis of the liver), and neurological effects (headache, dizziness, weakness). As with
acute oral exposure, inhalation exposure causes renal effects (oliguria, elevated BUN) that
appear 1-8 days after exposure, with an average delay of 4 days (New et al., 1962). Renal
histopathological effects in fatal cases include nephrosis, degeneration, and interstitial
inflammation of the kidney (Norwood et al., 1950). Pulmonary edema is a secondary
consequence of renal insufficiency (Umiker and Pearce, 1953; Norwood et al., 1950). Some case
reports noted that a high intake of alcohol, which can enhance carbon tetrachloride toxicity, was
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common among the patients intoxicated by inhaled carbon tetrachloride (New et al., 1962;
Norwood et al., 1950).

Lehmann and Schmidt-Kehl (1936) described the neurological symptoms in humans
exposed briefly to carbon tetrachloride vapor at concentrations of 20 mg/L (3200 ppm) and
above. No effect was observed following exposure at 20 mg/L for 5 minutes. Exposure at
30 mg/L (4800 ppm) for 2.5 minutes resulted in slight drowsiness after 5 minutes. Exposures at
40 mg/L (6400 ppm) for 3 minutes resulted in tremor and drowsiness, followed by staggering.
The highest tested exposure, 89 mg/L (14,100 ppm) for 0.8 minutes, resulted in loss of
consciousness. Stewart et al. (1961) reported no adverse effects (such as nausea or dizziness) in
male volunteers exposed to carbon tetrachloride vapor at 49 ppm for 70 minutes or 10—11 ppm
for 180 minutes.

4.1.2.2. Epidemiology Studies

Occupational exposure to unknown concentrations of carbon tetrachloride vapor for
periods between 6 weeks and 3 months resulted in gastrointestinal effects (nausea, vomiting,
abdominal pain, anorexia), hepatic effects (jaundice), and neurological effects (headache,
dizziness) (Norwood et al., 1950). Kazantzis and Bomford (1960) described symptoms in 17
workers exposed to carbon tetrachloride vapor at concentrations between 45 and 97 ppm without
adequate ventilation. Symptoms in 15/17 workers included anorexia and nausea and, in more
than half of the workers, vomiting, epigastric discomfort or distension, depression, irritability,
headache, or giddiness. Symptoms typically developed in the latter half of the workweek and
cleared over the weekend. One of the workers, who reported having symptoms for 2 years,
previously had an increased serum AST level, but levels were normal for this individual and
seven others examined by the authors for this study. Similarly, Elkins (1942) reported results of
industrial hygiene evaluations in 11 plants in which workers were exposed to carbon
tetrachloride vapor. At concentrations between 5 and <85 ppm, nausea was the most common
symptom, but vomiting, headache, and body weight loss were also observed.

Tomenson et al., 1995

Tomenson et al. (1995) conducted a cross-sectional study of hepatic function in 135
carbon tetrachloride-exposed workers in three chemical plants in northwest England and in a
control group of 276 unexposed workers. The latter came from two sites, including one of the
plants that provided workers for the exposed group and a plant nearby where carbon tetrachloride
was not used. Controls had not held jobs with potential exposure to carbon tetrachloride or other
known hepatotoxins during the previous 5 years. Subjects were administered a questionnaire
that collected information on medical history, alcohol consumption, and length of service in a job
exposed to carbon tetrachloride. Blood samples were obtained from subjects after a 12-hour fast
that included abstinence from alcohol; samples were collected for about 60 subjects over 2 weeks
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in November 1986 and for the remaining subjects over 8 weeks starting in February 1987. Blood
samples were analyzed for ALT, AST, alkaline phosphatase (ALP), y -glutamyl transferase
(GGT), glutamate dehydrogenase (GDH), 5'-nucleotidase, total bile acids, cholesterol,
triglycerides, and hematological variables.

The exposure assessment was based on historical personal monitoring data for various
jobs at the three plants. Subjects were placed into one of three exposure categories (low,
medium, or high), according to their current jobs. When objective monitoring data were not
available for a particular combination of job and location (as was the case for 23 of 40 in the low
exposure group, 35 of 54 in the medium exposure group, and 2 of the 61 in the high exposure
group), an industrial hygienist classified the exposure qualitatively based on comparison with
similar groups. The quantitative exposure levels nominally associated with each of these
categories were: <1 ppm for “low,” 1.1-3.9 ppm for “medium,” and 4 ppm—11.9 ppm for “high.”
Exposed workers were also categorized according to length of time in job (<1 year, 1-5 years,
and >5 years).

Study and control groups were found to be well matched for age, height, weight, work
patterns, and, generally, alcohol consumption. Almost all (97-98%) control and exposed
workers were current drinkers, and the proportions of low, medium, and high alcohol drinkers
were roughly similar in the two groups (p = 0.30 for Chi-square comparison of 4 levels of
alcohol use between exposed and non-exposed). However, there was a slightly higher proportion
of very high drinkers (5—7 units every day or > 8 units at least 3-4 times per week) in the exposed
group (27%) than in controls (20%) (p = 0.20 for Chi-square comparison of high alcohol use
between exposed and non-exposed). Serum levels of GGT, bile acids, and triglycerides were
significantly increased in the high and/or very high alcohol consumption groups. In addition,
serum levels of GGT, cholesterol, triglycerides, AST, and 5'-nucleotidase were found to be
significantly related to age. Ages of workers in both control and exposed groups were
approximately normally distributed, with similar means and ranges.

Analysis of variance was used to investigate the relationship between carbon
tetrachloride exposure and serum chemistry and hematology variables, while controlling for age,
sampling time, and alcohol consumption. Initial analyses also included an interaction term
between carbon tetrachloride and alcohol consumption, but no evidence for any interaction was
found and the term was dropped from subsequent analyses. No analyses based on length of time
on job (i.e., duration of exposure) are presented in the published paper.

Multivariate analysis, based on simultaneous consideration of ALT, AST, ALP, and GGT
as dependent variables, revealed a statistically significant (p<0.05) difference between exposed
and unexposed workers. There was no evidence, however, of a dose-response across the levels
of exposure. In univariate analyses, in which each dependent variable was assessed separately,
there were no significant differences between the carbon tetrachloride-exposed group and the
control group for any of the serum chemistry variables. However, there was evidence of
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increased levels of ALP and GGT in the medium and high exposure groups, with the differences
between the medium exposure group and controls being statistically significant (p < 0.05) (see
Table 4-1). GDH was significantly increased in the medium-exposure group but declined in the
high-exposure group to the level seen in controls (see Table 4-1). There was little difference in
the mean adjusted serum ALT, AST, bile acids, and 5'-nucleotidase levels across exposure
categories.

Table 4-1. Mean of selected serum chemistry and hematology variables in
relation to carbon tetrachloride exposure in British chemical workers

Exposure group

Variable® Control Low Medium High
ALT (mU/mL)" 20.54 (1.03) 20.35 (1.08) 20.82 (1.05) 19.39 (1.06)
AST (mU/mL)" 16.48 (1.02) 15.25 (1.05) 15.88 (1.04) 15.62 (1.04)
ALP (mU/mL)" 125.79 (1.02) 122.2 (1.05) 137.10° (1.04) 135.1 (1.04)
GGT (mU/mL)" 26.89 (1.05) 26.89 (1.11) 33.17°(1.08) 31.5(1.08)
GDH (mU/mL)" 3 (1.05) 3.26 (1.10) 3.57°(1.07) 2.98 (1.07)
Total bile acids (umol/L)" 1.06 (1.06) 1 (1.00) 1.25 (1.25) 1.28 (1.28)
5'-Nucleotidase (mU/mL) 5.89 (1.03) 6.54 (1.08) 6.25 (1.06) 5.75 (1.06)
Hemoglobin (g/dL) 15.97 (0.08) 15.6 (0.19) 15.39°(0.14) 15.71 (0.14)
Packed cell volume (%) 48.54 (0.23) 47.32°(0.54) 47.32°(0.39) 48.05 (0,41)
Red blood cell count (x 10'%/L) 5.61(0.03) 5.5(0.08) 5.47°(0.06) 5.5 (0.06)

*Results are presented as least square means, adjusted for age, sampling time, and alcohol consumption.
®Analyzed after logarithmic transformation; values are geometric means with standard error of the mean
(SEM).

‘p<0.05 (pairwise comparison).

Source: Tomenson et al., 1995.

Statistically significant changes were found for some of the hematological variables
(decreased red blood cell count, hemoglobin, and packed cell volume) in the univariate analyses
but without a dose response. Compared with the unexposed controls, there were very slight
(2.5-3.5%) statistically significant decreases in all three of these variables in the medium
exposure group and in packed cell volume in the low-exposure group (Table 4-1). Values for all
three hematological variables were similar to controls in the high-exposure group.

In an alternative analysis, a normal range was determined for each serum chemistry and
hematology variable based on the 2.5 and 97.5% quantiles in the control group. The proportion
of exposed workers exceeding the normal range was significantly elevated for ALT (8%) and
GGT (11%) but not for the other serum chemistry or hematology variables. This analysis did not
include any adjustment for alcohol intake or other potential confounders. The researchers noted
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that, for the serum chemistry variables, the upper normal limits defined based on the control
group were notably higher than the upper limits of the reference ranges for these tests supplied
by the manufacturers, indicating a difference between the control group and the population used
to derive the reference values, which are often hospital or university employees. This may have
been related to high alcohol consumption in the study controls, whose alcohol intake was similar
to the exposed group.

Individuals with one or more test results in excess of three standard deviations (SDs)
outside the control group mean were examined by a gastroenterologist. One exposed worker had
clinically detectable liver disease, but this could not be related to exposure to carbon
tetrachloride. The only other clinical findings were non-Hodgkin’s lymphoma (NHL) in an
exposed worker and hemochromatosis in a control worker.

The observed decreases in hemoglobin, packed cell volume, and red blood cell count
were not considered to indicate a biologically significant effect of carbon tetrachloride, as the
observed changes were minimal and not clearly related to level of carbon tetrachloride exposure.
The results were generally suggestive of an effect on the liver, but were not consistent across the
liver variables or exposure levels. The overall difference seen in the multivariate analyses of the
four enzymes (ALT, AST, ALP, GGT) seemed to be driven by the increase in GGT, and to a
lesser extent in ALP, in the medium and high exposure groups. For GGT, the levels in the
medium and high carbon tetrachloride exposure groups were similar to the levels seen in the high
and very high alcohol use categories (geometric mean 30.04 and 32.32 mU/mL, respectively, in
these two alcohol use groups compared with 24.6 mU/mL in the low alcohol use groups). There
was little difference between the low carbon tetrachloride exposure group (<1 ppm estimated
exposure levels) and the no exposure group on any of the liver enzymes.

It is unclear to what extent the observed changes in serum enzyme levels reflect clinically
significant changes. The researchers suggest that their results show some enzyme leakage from
cells but without a measurable deficit in liver function (as assessed by total bile acid levels), and
they note that no effects of clinical significance were observed. Increased serum levels of ALT,
AST, ALP and GGT are indicators of liver damage (with ALP and GGT increased in exposed
workers), but none are specific for liver disease. Elevated ALP is used in the diagnosis of
hepatobiliary disease and bone disease, and elevated GGT in the diagnosis of liver disease. The
measurement of serum GTT levels can be used to ascertain whether observed elevations of ALP
are due to skeletal disease of reflect the presence of a hepatobiliary condition (Tietz, 1976).

One limitation of the study is the lack of information pertaining to the reliability (e.g.,
coefficient of variation, comparison with known standards) of the enzyme measures. The
investigators noted that a follow-up study conducted at one site 3 years later revealed clear
evidence of differences in laboratory procedures between the laboratories that had performed the
testing of blood samples in the cross sectional and follow-up studies. In addition, it was noted
that differences in the hematological variables (i.e., hemoglobin, packed cell volume, and red
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blood count) were observed between the samples collected in November 1986 and those
collected in February and March of 1987.

Overall, this study provides suggestive evidence of an effect from occupational carbon
tetrachloride exposure on hepatic serum enzymes, indicative of effects on the human liver.
Specifically, serum enzyme results suggested an exposure-related effect in the medium and high
exposure categories (>1-3.9 ppm [>6.3—24.5 mg/m’] and 4-11.9 ppm [25.2—75 mg/m’]). ALP
and GGT were elevated to a similar degree in both medium and high exposure categories
(although the difference was statistically significant only in the medium exposure category), and
enzyme levels in these exposure groups were comparable to the levels of ALP and GGT seen in
very high alcohol consumers. Confidence in the exposure monitoring for the medium exposure
group is relatively low, where exposures were estimated for over half (35/54) of the workers.
Confidence in the exposure monitoring for the high exposure group, where exposures were
measured for 59/61 workers, is higher. Because enzyme levels in these two groups were
comparable, an average concentration of the medium and high exposure groups (weighted by
number of subjects within specific exposure ranges) of 5.5 ppm (35 mg/m’) was considered to be
an estimate of the lowest-observed-adverse-effect level (LOAEL).” No effects on serum enzyme
levels were seen in the low exposure category (i.e., <1 ppm [<6.3 mg/m’]). Because exposures
were estimated for more than half (23/40) of the workers in this exposure category and because
this category covers exposures less than 1 ppm, a NOAEL could not be determined.

Seidler et al., 1999
Seidler et al. (1999) evaluated the association between maternal occupational exposure to

® An average exposure concentration for medium and high exposure categories (weighted by number of subjects
within specific exposure ranges) was calculated as follows using data in the appendix to Tomensen et al. (1995):

Exposure category Exposure conc. (ppm) | Number of | Product of conc. x number of subjects
[mid-point of range] subjects (ppm-subject)
Medium 1.5 4 6
2.5 10 25
3.5 5 17.5
2.5 (estimated)* 35 87.5
High 5 14 70
7 14 98
9 16 144
11 15 165
8 (estimated)* 2 16
Sum 115 629
Average conc. for medium and 5.5%*
high exposure categories (ppm)

* Estimated exposures were assumed to be the mid-point of the exposure category.

** Average calculated as the sum of the product of exposure concentration x number subjects for the individual
exposure ranges in the medium and high exposure categories divided by the total number of subjects, or 629 ppm![]
subject + 115 subjects = 5.5 ppm.
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chemicals and the risk of infants small for gestational age in singleton births in a prospective
cohort study of 3946 pregnant women in West Germany from 1987 to 1988. The final group of
1865 women included those who completed a questionnaire on sociodemographic, psychosocial,
nutritional, environmental, and occupational factors, for whom pregnancy outcomes were known
and who were working at the time of the interview. Women with stillbirths, multiple births, and
incompletely recorded outcomes were excluded. A semiquantitative job-exposure matrix,
incorporating consideration of likelihood of exposure, intensity of exposure, and proportion of
time at work, was used to classify occupational exposure to eight chemicals or chemical groups,
including carbon tetrachloride. ORs were calculated, adjusting for age, smoking status, alcohol
consumption, body mass index, number of former births, and income as potential confounders.
The study found no association between occupational exposure to carbon tetrachloride and the
risk of infants small for gestational age. The power of this study was limited. Of the 1865
births, only 64 mothers had potential exposures to carbon tetrachloride characterized as “low” or

“moderate.”

Cancer studies

Several epidemiological studies have investigated potential associations between cancers
of various types and exposure to carbon tetrachloride. The subjects of all of these studies
experienced multiple chemical exposures, and the exposures were estimated qualitatively based
on historical information. These studies, therefore, can provide only suggestive evidence for
such associations.

Exposure to carbon tetrachloride was not found to be associated with cancer risk in case-
control studies for astrocytic brain cancer in white males (300 cases and 320 controls) from three
areas of the U.S. where a high proportion of the workforce is employed in petroleum refining and
chemical manufacture (after adjustment for several potential confounders) (Heineman et al.,
1994), for lung cancer in male employees (308 cases and 588 controls) of a Texas chemical plant
(Bond et al., 1986), for pancreatic cancer in residents (63,097 cases and 252,386 controls) from
24 U.S. states (Kernan et al., 1999), for renal cell carcinoma in Minnesota residents (438 cases
and 687 controls) (Dosemeci et al., 1999), for rectal cancer in Montreal residents (257 cases and
533 controls) (Dumas et al., 2000), or for lymphoma in a population (age 18-80 years) recruited
from six study regions in Germany. In the general population-based case-control studies (Seidler
et al., 2007; Kernan et al., 1999: Dosemeci et al., 1999; Dumas et al., 2000), occupation/industry
information obtained from questionnaires, interviews or death certificates in combination with a
job exposure matrix was used to characterize chemical exposures. There was evidence for a
weak association between exposure to carbon tetrachloride and excess risk for breast cancer
among white female residents of 24 U.S. states; the OR was 1.21 (95% CI: 1.1-1.3) for those
thought to have had the highest intensity of exposure to carbon tetrachloride [based on
occupation listed on death certificates] (Cantor et al., 1995). Among white male workers at a
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rubber manufacturing plant in Akron, Ohio, there was a significant age-adjusted association
between exposure to carbon tetrachloride and death from lymphosarcoma (6 exposed out of 9
cases, OR = 4.2, p<0.5) and lymphocytic leukemia (8 exposed out of 10 cases, OR = 15.3,
p<0.001) (Wilcosky et al., 1984; Checkoway et al., 1984). Kubale et al. (2005) reported that
exposure to solvents (including carbon tetrachloride and benzene) was significantly associated
with leukemia mortality in civilian workers at the Portsmouth Naval Shipyard in Kittery, Maine
(OR =1.03, 95% CI: 1.01-1.06). The findings with respect to carbon tetrachloride are uncertain,
however, because solvent exposures cannot be separated, exposure misclassification was
considered likely, and the phase out of carbon tetrachloride began in 1948, whereas the cohort
considered deaths between 1952 and 1996. No case-control studies were identified that looked
for an association between carbon tetrachloride and liver tumors or adrenal gland tumors (the
tumor types found in laboratory bioassays with carbon tetrachloride).

Spirtas et al. (1991) conducted a retrospective cohort study of 14,457 aircraft
maintenance workers at Hill Air Force Base in Utah to evaluate mortality associated with
workplace exposures, particularly trichloroethylene. Carbon tetrachloride was one of more than
20 chemicals include in the study. Spirtas et al. found increased mortality for NHL in white
female workers who had been exposed to carbon tetrachloride, in comparison with the Utah
population (Spirtas et al., 1991). However, in a follow-up study of the same cohort (Blair et al.,
1998) that extended the follow-up of worker mortality from 1982 to 1990, the relative risk
(calculated as the ratio of the rate of NHL mortality in the exposed and unexposed portions of the
cohort, adjusted for date of birth, calendar year of death, and sex) of NHL mortality was not
significantly increased in the female cohort (relative risk = 3.3, 95% CI: 0.9-12.7). A cohort of
dry cleaners in St. Louis, Missouri, showed slight significant excesses for deaths from all cancers
(standardized mortality ratio [SMR] = 1.2, 95% CI: 1.0-1.3), esophageal cancer (SMR = 2.1,
95% CI: 1.1-3.6), and cervical cancer (SMR = 1.7, 95% CI: 1.0-2.0) (Blair et al., 1990, 1979).
Risk of esophageal cancer was increased specifically in workers with the highest cumulative
exposure (SMR = 0.9, 0.3, and 2.8 in the low, medium, and high cumulative exposure
categories). There also appeared to be an increase in the risk of lymphatic and hematopoietic
cancers in the high-exposure group (SMR = 4.0), although this apparent increase was based on
only five cases. While some of these workers are likely to have been exposed to carbon
tetrachloride, no separate analysis was conducted for those exposed to carbon tetrachloride or
any other individual chemical. A cohort of Finnish laboratory workers exposed to carbon
tetrachloride and other chemicals showed no increased risk of cancer of any type, although the
average follow-up time of 15.7 years for the cohort may have been too short to reveal risks for
rare cancers with longer latency periods (Kauppinen et al., 2003).

An association between inhalation of carbon tetrachloride and liver cancer in humans was
suggested by two case reports (Tracey and Sherlock, 1968; Johnstone, 1948). Johnstone (1948)
reported the death of a 30-year-old female from liver cancer after 2—3 years of occupational
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exposure (assistant to a metallurgist) to carbon tetrachloride at levels that produced signs of
central nervous system toxicity, fatigue, and jaundice. Carbon tetrachloride exposure levels were
not assessed. Prior to carbon tetrachloride exposure, the woman had a history of “biliary colic”
and jaundice and had been studied for “gall bladder disease.” A 66-year-old man died of
hepatocellular carcinoma 7 years after acute inhalation exposure from carpets that had been
cleaned with carbon tetrachloride (Tracey and Sherlock, 1968). The man was asymptomatic for
5 days after exposure but then developed vomiting, diarrhea, anuria, and jaundice. Although the
patient had no prior history of liver disease, he reported daily consumption of “several alcoholic
drinks”; the duration of alcohol consumption was not given. At the time of death, the liver tumor
was extensive, with very little normal tissue remaining. The potential contribution of alcohol
consumption to liver disease in this patient could not be ruled out. Because of complicating
factors (e.g., alcohol consumption, previous history of liver disease), small number of individuals
involved, single exposure in one case, and relatively short time spans between exposure and
tumor appearance, a causal relationship between carbon tetrachloride and liver tumors cannot be
established from these case reports.

4.1.3. Dermal Exposure

There is evidence from one case report of health effects from exposure to carbon
tetrachloride that can at least partially be attributed to absorption across the skin (Farrell and
Senseman, 1944). The worker was exposed 8 hours/day by using a fine spray of carbon
tetrachloride to saturate a cloth wrapped around the fingers. Although some exposure is likely to
have occurred by inhalation, the authors considered absorption through the skin of the hands to
be the primary route of exposure. After an unspecified period of time at this job, the worker
developed polyneuritis. Symptoms included weakness, pain in the limbs, and loss or reduction
of certain reflexes. The patient, whose body weight was not reported, lost 8 pounds in the month
between onset of illness and hospitalization. The signs and symptoms of neurotoxicity reversed

after several months without exposure.

4.2. SUBCHRONIC AND CHRONIC STUDIES AND CANCER BIOASSAYS IN
ANIMALS—ORAL AND INHALATION

Consistent with human data, toxicity assays in animals exposed orally or by inhalation
identify the liver to be the major target organ, with oral NOAELs between 0.71 and 0.86 mg/kg
and oral LOAELSs between 7.1 and 17.8 mg/kg. Hepatic carcinogenicity has also been reported
in rats and mice exposed orally or by inhalation to carbon tetrachloride. While the liver appears
to be the primary target organ for both oral and inhalation studies, the kidney is also a sensitive
target organ for carbon tetrachloride exposure. Nephritis and nephrosis are very common effects
following inhalation exposure to carbon tetrachloride.
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4.2.1. Oral Exposure
4.2.1.1. Subchronic Toxicity
Litchfield and Gartland, 1974

Litchfield and Gartland (1974) conducted a series of assays evaluating hepatic effects in
beagle dogs treated with carbon tetrachloride in gelatin capsules prior to their daily food intake.
In one experiment, groups of six male and six female young adult dogs were dosed with 797
mg/kg-day for up to 28 days. Blood samples taken before treatment and at 7-day intervals were
evaluated for serum ALT, AST, ALP, ornithine carbamoyl transferase (OCT), and creatine
kinase. At termination, livers were examined for histopathology. In a second experiment, three
female dogs were given 32 mg/kg-day for 8 weeks. Blood was sampled before treatment and at
2,3,5,6,7,and 8 weeks. Livers were examined for histopathology after sacrifice. Control
values were obtained from untreated dogs. No clinical signs of toxicity were observed. In dogs
treated at 797 mg/kg-day, increases in serum ALT levels (2- to 34-fold in 4/6 males and 6/6
females) and OCT (2- to 20-fold in 3/6 males and 6/6 females) were observed after 14-28 days.
All dogs exhibited hepatic histopathology (minimal to moderately severe centrilobular fatty
vacuolization, sometimes accompanied by single cell necrosis), the severity of which correlated
with the level of serum ALT and OCT in individual dogs. Dogs that showed no enzyme level
effect or a twofold increase only in ALT had minimal vacuolization with very occasional
necrosis. Dogs that had two- to eightfold increases in ALT and two- to threefold increases in
OCT had minimal to moderate vacuolization with occasional necrosis. Dogs with 8- to 11-fold
increases in ALT and 4- to 7-fold increases in OCT had moderate vacuolation with single cell
necrosis, and those with 18- to 34-fold increases in ALT and 20-fold increases in OCT had
moderately severe vacuolation with single cell necrosis. The female dogs given 32 mg/kg-day
for 8 weeks showed no change in serum enzyme levels and no histopathology of the liver. In
this study, 797 mg/kg-day was a LOAEL based on reported hepatic effects in six male and six
female dogs, and 32 mg/kg-day was a NOAEL based on no hepatic effects reported in three
female dogs. Given the wide dose spacing in this study, there is considerable uncertainty about
the assigned value of the NOAEL and LOAEL.

Bruckner et al., 1986

Groups of 15-16 adult male Sprague-Dawley rats were given doses of 0, 1, 10, or 33
mg/kg of analytical-grade carbon tetrachloride by gavage in corn oil 5 days/week for 12 weeks
(time-weighted average doses of 0, 0.71, 7.1, or 23.6 mg/kg-day). Body weight was measured
twice weekly. Blood samples were taken from five rats from each group at 2-week intervals
(each individual animal served as a blood donor twice, at 6-week intervals). After 12 weeks, 7-9
animals from each group were sacrificed. The remaining animals were maintained without
carbon tetrachloride treatment for an additional 2 weeks and then sacrificed. Following sacrifice,

a terminal blood sample was taken by cardiac puncture. The liver and kidneys were removed,
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weighed, and processed for histopathological examination. Blood samples were used for
determination of serum ALT, OCT, and sorbitol dehydrogenase (SDH), all of which are
indicators of liver injury, and BUN, an indicator of kidney damage. At the end of the exposure
period, substantial toxicity was evident in rats exposed to 23.6 mg/kg-day. Body weight gain in
this group was significantly reduced by about 6% after 30 days and 17% after 90 days. Liver
toxicity in this group was manifested by significantly elevated ALT (up to 34 times control
levels), SDH (up to 50 times control levels), and OCT (up to 8 times control levels) from week 2
through the end of exposure, significantly increased liver:body weight ratio, and extensive
occurrence of degenerative lesions. Observed liver lesions included lipid vacuolization, nuclear
and cellular polymorphism, bile duct hyperplasia, and periportal fibrosis. Severe degenerative
changes, such as Councilman-like bodies (single-cell necrosis), deeply eosinophilic cytoplasm,
and pyknotic nuclei, were occasionally noted as well. No evidence of nephrotoxicity was
observed. Only moderate effects were seen in animals exposed to 7.1 mg/kg-day. Body weight
gain was similar to controls, and liver toxicity was shown only by a significant (two- to
threefold) elevation of SDH during the second half of the exposure period and the presence of
mild centrilobular vacuolization in the liver. During the 2-week recovery period, serum ALT
and SDH levels returned towards control levels in both mid- and high-dose rats. Hepatic lesions
were still present in both groups, but severity was reduced for lesions other than fibrosis and bile
duct hyperplasia, the severity of which did not change. No effects were observed in rats exposed
to 0.71 mg/kg-day. This study identified a NOAEL of 0.71 mg/kg-day and a LOAEL of 7.1
mg/kg-day for carbon tetrachloride-induced liver toxicity.

Allis et al., 1990

Allis et al. (1990) conducted a study to investigate the ability of rats to recover from
toxicity induced by subchronic exposure to carbon tetrachloride. Groups of 48 60-day-old male
F344 rats were given 0, 20, or 40 mg/kg of carbon tetrachloride 5 days/week for 12 weeks
(average daily doses of 0, 14.3, or 28.6 mg/kg-day) by gavage in corn oil. Food consumption by
cage was measured throughout the study. Rats were weighed several times during the first week
and once a week thereafter. After 12 weeks, treatment with carbon tetrachloride was stopped.
Six animals from each group were sacrificed 1, 3, 8, and 15 days after exposure termination.
Upon sacrifice, a terminal blood sample was taken for determination of total bilirubin,
triglycerides, cholesterol, ALT, AST, ALP, and lactate dehydrogenase (LDH). The liver was
weighed, and samples were taken for light microscopic examination and determination of protein
and CYP450. The remaining 24 animals were used to determine liver uptake relative to the
spleen for a sulfur colloid labeled with technetium-99m and for tritiated 2-deoxyglucose®. Rats

¢ Relative efficiency of liver uptake of the labeled sulfur colloid is a diagnostic test for human cirrhosis and
considered by investigators to be an indirect measure of hepatocyte function. Hepatic uptake of 2-deoxyglucose is
an indicator of hepatic glucose utilization.
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used for this purpose were maintained as long as 22 days postexposure. The only toxicity
endpoint measured in these “remaining” animals was liver weight. Both doses of carbon
tetrachloride were hepatotoxic, although the high dose produced significantly greater toxicity
than the low dose. One day after the end of exposure, significant dose-related changes were
found for liver:body weight ratio and serum ALT, AST, and LDH (all increased) and liver
CYP450 (decreased) in both dose groups. In addition, serum ALP and cholesterol were
increased in the high-dose group. Histopathological examination of the liver revealed, among
low-dose rats, cirrhosis in 2/6 and vacuolar degeneration and hepatocellular necrosis in 6/6 and,
among high dose rats, cirrhosis (as well as degeneration and necrosis) in 6/6. Serum enzyme
levels and CYP450 returned to control levels within 8 days of the end of exposure. Severity of
microscopic lesions declined during the postexposure period, but cirrhosis persisted in the high-
dose group through the end of the experiment. Relative liver weight decreased during the
postexposure period but did not reach control levels in the high-dose group even after 22 days.
Neither of the radiolabeled tracer techniques detected a decreased functional capacity in cirrhotic
livers, a finding that could not be explained by the investigators. The low dose of 14.3 mg/kgl[’
day was a LOAEL for hepatic toxicity in this study.

Koporec et al., 1995

Koporec et al. (1995) evaluated the effect of different dosing vehicles on the subchronic
oral toxicity of carbon tetrachloride in the rat. Groups of 11 male Sprague-Dawley rats were
treated with carbon tetrachloride by gavage at doses of 0, 25, or 100 mg/kg, 5 days/week for 13
weeks (average daily doses of 0, 17.8, or 71.4 mg/kg-day). The compound was administered in
corn oil or as an aqueous emulsion in 1% Emulphor. An untreated control group was followed in
addition to vehicle controls. Blood samples were taken from 45 rats/group after weeks 4 and 8
for analysis of SDH and ALT. All surviving rats were sacrificed at the end of exposure at which
time additional blood samples were collected and the liver was weighed and sampled for
histopathology and biochemical studies (triglyceride, microsomal protein, CYP450, and glucose!’
6-phosphatase [G6Pase]).

Mortality was found in all treated groups. The number of deaths was higher for rats
treated with the Emulphor vehicle than with corn oil and increased with dose for both vehicles.
Mortality was about 75% and 25% in the high- and low-dose Emulphor groups and about 45%
and 10% in the high- and low-dose corn oil groups. No deaths occurred in any of the control
groups. Body weight decreased in a dose-related fashion throughout the study to a comparable
extent in rats treated with either vehicle. Terminal body weights were reduced about 25%
(statistically significant) in the high-dose groups (both vehicles) and about 6% in the low-dose
groups (both vehicles). Serum chemistry analyses showed statistically significant dose-related
increases in SDH and ALT at both dose levels after 4-13 weeks of treatment with either vehicle.
Increases in SDH were as high as 10-fold in the low-dose groups and 100-fold in the high-dose
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groups, while increases in ALT were about twofold in the low-dose groups and 25-fold in the
high-dose groups. The results were similar for rats treated in either vehicle. Liver microsomal
enzyme activities (CYP450 and G6Pase) were significantly reduced only in the high-dose
groups, and, again, the magnitudes of the effects were similar for rats treated in either vehicle.
Absolute and relative liver weights were slightly but significantly increased in the high-dose rats
treated in Emulphor but in no other groups. The researchers noted that the livers were perfused
with saline to facilitate collection of biochemical data and suggested that this procedure may
have influenced the liver weight results. Liver histopathology findings were similar in rats
treated in either vehicle. In the low-dose groups, lesions, seen in almost all animals, consisted
primarily of minimal-to-slight vacuolation and minimal fibrosis. In the high-dose groups,
vacuolation and fibrosis were moderate-to-moderately severe (all animals), and other lesions
were also seen in all animals, including minimal-to-slight necrosis and moderate-to-moderately
severe cytomegaly, nodular hyperplasia, oval-cell hyperplasia, and bile-duct hyperplasia. The
low dose of 17.8 mg/kg-day, which produced hepatic effects in rats with either the corn oil or the
Emulphor vehicle, was considered a frank effect level (FEL) by the U.S. EPA because of the
increased mortality at this dose level. Vehicle did not influence hepatotoxicity in this study, but

lethality appeared to be enhanced by dosing in Emulphor.

Condie et al., 1986

A study comparing the effects of two different gavage vehicles on subchronic toxicity of
carbon tetrachloride was also performed in mice. CD-1 mice (12/sex/group) were treated with 0,
1.2, 12, or 120 mg/kg of carbon tetrachloride (98.2% pure) by gavage in either corn oil or 1%
Tween-60 aqueous emulsion 5 days/week for 12 weeks (average daily doses of 0, 0.86, 8.6, or 86
mg/kg-day) (Condie et al., 1986). The mice were caged in groups of six and provided with food
and water ad libitum. Food and water consumption and body weights were measured twice
weekly. At terminal sacrifice, blood samples were drawn for determination of serum ALT, AST,
and LDH. The livers were examined grossly, weighed, and processed for histopathological
examination. Fifteen deaths occurred during the study, half of which were attributed to gavage
error; the others were not dose related. These early deaths were scattered over dose groups and
did not appear to influence the study outcome. Body weight was not affected by treatment in any
exposure group. Hepatotoxicity was indicated in the high-dose group (86 mg/kg-day) by
significantly elevated liver weight and liver:body weight ratio; significantly elevated ALT (77—
89 times control levels in corn oil and 10-19 times control levels in Tween-60), AST (14-15
times control levels in corn oil and 3—4 times control levels in Tween-60), and LDH (12-15
times control levels in corn oil and 2-3 times control levels in Tween-60); and increased
incidence and severity of hepatic lesions, such as hepatocellular vacuolization, inflammation,
hepatocytomegaly, necrosis, and portal bridging fibrosis. At this dose, the only difference

between gavage vehicles was a greater incidence and severity of necrosis in mice given carbon
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tetrachloride in corn oil. The difference between vehicles was more apparent at the middle dose
of 8.6 mg/kg-day. This dose produced significantly elevated ALT and mild-to-moderate liver
lesions in mice gavaged with corn oil but was identified as a NOAEL for mice gavaged with
Tween-60. The low dose of 0.86 mg/kg-day was identified as the NOAEL for mice gavaged
with corn oil. In general, both sexes responded similarly, with severity of histopathologic
changes in males slightly greater than females.

Hayes et al., 1986

Another study in mice was conducted at higher doses. CD-1 mice (20/sex/group) were
gavaged daily with 0, 12, 120, 540, or 1200 mg/kg-day of carbon tetrachloride (high
performance liquid chromatography grade, purity >99%) in corn oil for 90 days (Hayes et al.,
1986). An untreated control group of 20 male and 20 female mice was maintained as well. The
mice were observed for clinical signs of toxicity twice daily and weighed weekly. At
termination of exposure, the mice were sacrificed, blood was collected by cardiac puncture, and
gross necropsy was performed. Organ weights were determined for brain, liver, spleen, lungs,
thymus, kidneys, and testes, and samples were taken from the liver and kidney for
histopathological examination. The blood samples were used for comprehensive hematological
and clinical chemistry analyses. Urinalysis was also performed, although collection of urine was
not described. Determination of effect was made by comparing test groups to the vehicle
controls. Untreated controls were also compared with the vehicle controls. Observed effects
were reported in mice of both sexes at all dose levels and generally appeared to be dose-related.
These effects included increases in serum LDH, ALT, AST, ALP, and 5'-nucleotidase and a
decrease in serum glucose. Absolute and relative liver, spleen, and thymus weights were
increased. A variety of treatment-related lesions were observed in the liver, including fatty
change, hepatocytomegaly, karyomegaly, bile duct hyperplasia, necrosis, and chronic hepatitis.
No treatment-related lesions were observed in the kidney. No changes were found in urinalysis
or hematology parameters. It should be noted that, compared with untreated controls, vehicle
controls themselves had significantly elevated serum LDH and ALT, altered organ weights, and
increased incidence of liver lesions (e.g., necrosis in 5/19 versus 0/20 in untreated controls and
20/20 in 12 mg/kg-day group). This study failed to identify a NOAEL; the low dose of 12
mg/kg-day was a LOAEL for hepatic effects.

4.2.1.2. Chronic Toxicity and Carcinogenicity
4.2.1.2.1. Early National Cancer Institute studies
Edwards, 1941

Researchers at the National Cancer Institute (NCI) performed a series of early
experiments on the tumorigenicity of orally ingested carbon tetrachloride in mice. In the first of
these experiments, groups of 143 male strain C3H mice (2-3.5 months old) were treated with 0.1
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mL of a 40% solution of carbon tetrachloride in olive oil (0.04 mL or 64 mg of carbon
tetrachloride) by gavage two or three times/week for a total of 23—58 doses per mouse over a
period of 8—16 weeks (Edwards, 1941). [Because body weights were not provided, doses in
mg/kg-day could not be estimated.] This dose produced parenchymal necrosis of the liver but no
renal damage and was not lethal with repeated administration. Necropsies performed 2—147 days
after the last feeding, when the animals were between 6 and 10 months of age, found hepatomas
in 126/143 mice (88%). Tumors were typically multiple and were similar in appearance to
spontaneous hepatoma. No metastases were found. As in spontaneous hepatoma, the tumor
cells were morphologically similar to hepatic parenchymal cells. An olive oil control group
consisted of 23 male C3H mice given 39-50 gavage doses of 0.1 mL of olive oil (two or three
per week) and autopsied between 9 and 11 months of age. Only 1 of the 23 mice in this group
(4%) had a hepatoma. In untreated male C3H mice from the same stock, autopsies performed on
17 animals at 8.5-9 months of age found no hepatic tumors, while the incidence was 10% in
animals autopsied at 11 months of age and 26% in 341 animals autopsied at 11-19 months of
age.

Edwards and Dalton, 1942; Edwards et al., 1942; Edwards, 1941

Similar experiments performed by the same researchers in other strains of mice with
lower spontaneous incidence of hepatoma than C3H mice (strains A, C, Y, and L) produced
similar results (Edwards and Dalton, 1942; Edwards et al., 1942; Edwards, 1941). A lower, but
still hepatotoxic (based on histopathologically observed cirrhosis), dose was administered in one
experiment. A group of 58 strain A female mice 2.5 months of age were treated with 0.1 mL of
5% carbon tetrachloride in olive oil (0.005 mL or 8 mg of carbon tetrachloride) three times
weekly for 25-29 doses over a 2-month period (Edwards and Dalton, 1942). [Because body
weights were not provided, doses in mg/kg-day could not be estimated.] The mice were
autopsied from 2 days to 4.5 months after the last dosing. The incidence of hepatoma was 71%.
The tumors were morphologically similar to those seen in mice treated with the higher dose. In a
related experiment by the same investigators, doses ranging from 0.005 mL (8 mg) to 0.04 mL
(64 mg) did not produce any hepatomas in 2-month-old mice treated only one to three times and
autopsied 2—12 months later. The livers of mice in this latter experiment showed complete
regeneration, with only limited evidence of the earlier damage caused by dosing. These studies,
and a subsequent one designed specifically to investigate the possibility of a sex-related
difference in susceptibility to carbon tetrachloride tumorigenicity in C3H mice (Andervont,
1958), found no evidence of any such difference between the sexes.

Eschenbrenner and Miller, 1946
A study with multiple dose levels was conducted by Eschenbrenner and Miller (1946) in

order to investigate the relationship between necrotic damage and regenerative processes in the
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liver and induction of hepatoma. Strain A mice (five/sex/group) were treated by gavage with 0,
0.125, 0.25, 0.5, or 1% of carbon tetrachloride in olive oil, receiving either 30 doses of 0.02
mL/g BW at 4-day intervals or 120 doses of 0.005 mL/g BW daily. Doses of carbon
tetrachloride, then, were 0, 10, 20, 40, or 80 mg/kg-day daily or 0, 40, 80, or 160 mg/kg-day
every 4 days for 120 days. The mice were 3 months old at the start of treatment and 7 months
old at the end of treatment. Mice were maintained for one month without treatment. One
additional dose was given 24 hours before sacrifice (at 8 months of age). Mice were examined
for presence of hepatomas and necrotic lesions in the liver. No necrosis or hepatoma was found
in control animals. No necrosis was observed in mice treated with either 0.005 or 0.02 mL/g of
0.125% solution (i.e., 120 doses of 10 mg/kg-day or 30 doses of 40 mg/kg-day). Although no
hepatomas were found by gross examination, two mice in the group that received 30 intermittent
40 mg/kg-day doses were found to have very small tumors (hepatomas) by microscopic
examination. Necrosis was produced only with 30 intermittent doses of 80 and 160 mg/kg-day.
Hepatomas were produced with 30 intermittent doses of 80 and 160 mg/kg-day as well as 120
continuous doses of 20, 40, or 80 mg/kg-day. The investigators observed, based on results of
separate experiments involving 1 or 2 doses, that all dose levels under both dosing regimens
(except 120 daily doses of 10 mg/kg-day) were expected to have produced initial liver necrosis,
although it was not observed at terminal sacrifice.

Della Porta et al., 1961

An oral cancer bioassay for carbon tetrachloride in hamsters was also conducted. Della
Porta et al. (1961) treated Syrian golden hamsters (10/sex) with carbon tetrachloride by gavage
weekly for 30 weeks. For the first 7 weeks, 0.25 mL of 5% carbon tetrachloride in corn oil (12.5
uL or 20 mg of carbon tetrachloride) was administered; this dose was halved for the remainder of
the exposure period. [Because body weight was not provided, doses in mg/kg-day could not be
estimated.] Animals were observed for an additional 25 weeks prior to sacrifice. Four females
and five males died during the treatment period, and three more females died during the
observation period. The remaining three females and five males were sacrificed at the end of the
55" week. Cirrhotic changes in the liver were seen in the animals that died during treatment and
to a lesser extent in the other animals as well. Of the 10 hamsters (five males and five females)
that died or were killed between weeks 43 and 55, all had liver-cell carcinomas, typically
multiple, and one had metastasized to the mesenteric and cervical lymph nodes. No liver-cell
tumors were observed in an untreated group of 109 male and 145 female hamsters from the same
breeder or in another group of 50 males and 30 females given 0.5 mL of corn oil by gavage twice
weekly for 45 weeks.

4.2.1.2.2. NCI bioassay. NCI (1977, 1976a, b; Weisburger, 1977) used carbon tetrachloride as a
positive control in cancer assays for chloroform, trichloroethylene, and 1,1, 1-trichloroethane in
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rats and mice, and findings are reported in appendices to the bioassay reports for these other
chlorinated solvents. Neoplastic and nonneoplastic incidence data were also available through
the National Toxicology Program database search application (NTP, 2007).d Groups of
Osborne-Mendel rats (50/sex/group) were administered carbon tetrachloride by corn oil gavage
at time-weighted average doses of 47 or 94 mg/kg for males and 80 or 159 mg/kg for females, 5
days/week for 78 weeks. Rats were maintained without treatment for an additional 32 weeks.
Only 7/50 (14%) males and 14/50 (28%) females in the high-dose group and 14/50 (28%) males
and 26/50 (52%) females in the low-dose group survived to 110 weeks. In the pooled negative
control group, 26/100 (26%) males and 51/100 (51%) females survived to the end of the study.
Both doses of carbon tetrachloride resulted in marked heptotoxicity (including fatty changes),
with resultant fibrosis, cirrhosis, bile duct proliferation, and regeneration. Based on the NTP
database of neoplastic and nonneoplastic incidences (NTP, 2007), all other major organ systems
were examined for histopathological changes; however, no treatment-related effects other than
those in the liver were reported. The incidence of liver tumors was low in all groups.
Hepatocellular carcinoma was recorded in 1/99 pooled control, 2/49 low-dose, and 2/50 high-
dose males and in 0/98 pooled control, 4/49 low-dose, and 2/49 high-dose females. Neoplastic
nodules in the liver were seen in 0/99 pooled controls and 2/50 low-dose and 1/50 high-dose
males, and in 2/98 pooled controls and 2/49 low-dose and 3/49 high-dose females. The increase
in carcinomas was statistically significant in low-dose females in relation to pooled controls.
High early mortality, particularly in the high-dose group, may have affected the power of this
study to detect a carcinogenic effect.

In the same study, groups of male and female B6C3F1 mice received gavage doses of
1250 or 2500 mg/kg, 5 days/week for 78 weeks, and were maintained without treatment for 32
additional weeks. Mortality was markedly increased in treated mice. Survival was about 20% in
low-dose groups and <10% in high-dose groups at 78 weeks (versus 70% in control males and
90% in control females), and only one treated mouse survived to study termination at 92 weeks
(versus 50% in control males and 80% in control females). Liver toxicity (cirrhosis, bile duct
proliferation, toxic hepatitis, and fatty liver) was reported in only a few treated mice. According
to the NTP database of neoplastic and nonneoplastic incidences (NTP, 2007), the only other
nonneoplastic lesions in mice that appeared to be increased in a dose-related fashion was chronic
murine pneumonia in the lungs. Almost all treated mice, even those that died early, had
hepatocellular carcinomas (49/49 low-dose males, 47/48 high-dose males, 40/41 low-dose
females, and 43/45 high-dose females). In pooled controls, incidence was only 5/77 (6%) in
males and 1/80 (1%) in females. The incidence of adrenal adenoma and pheochromocytoma was
also increased in male mice (concurrent control: 0/18, low-dose: 28/49, high-dose: 27/48) and

4 In a few instances, the tumor incidence values differed slightly between the NCI bioassay reports where carbon
tetrachloride was included as a positive control, the Weisburger (1977) review, and the NTP database. In those
instances, the incidence value included in the Toxicological Review was taken from the NTP database.
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female mice (concurrent control: 0/18, low-dose: 15/41, high-dose: 10/45) (NTP, 2007;
Weisburger, 1977).

4.2.2. Inhalation Exposure
4.2.2.1. Subchronic Toxicity
Smyth et al., 1936

Smyth et al. (1936) exposed groups of 24 guinea pigs (strain not specified) and 24
Wistar-derived rats (mixed sexes of both species) to 50, 100, 200, or 400 ppm (315, 630, 1260,
or 2520 mg/m’) of carbon tetrachloride vapor (>99% pure), 8 hours/day, 5 days/week for up to
10.5 months. The guinea pigs in this study received a purely vegetarian diet, but, because the
authors felt that low calcium in this diet may have affected the toxicity results, additional groups
of 16 guinea pigs fed diets supplemented with calcium were tested at concentrations of 25 ppm
(157 mg/m?), as well as 50, 100, and 200 ppm. In addition to the rats and guinea pigs, groups of
four monkeys (species and sex not specified) were exposed to 50 or 200 ppm using the same
protocol. Use of controls was not described, although controls apparently were included in the
study. All animals were weighed weekly. Blood counts (all species) and urinalysis (guinea pigs
and monkeys) were performed monthly. The fertility of rats and guinea pigs, which were housed
in mixed-sex groups and produced litters during the study, was monitored. All animals that
survived to scheduled sacrifice (including some animals that were sacrificed only after recovery
periods of varying durations) and most of those dying during the study were examined for gross
pathology. Tissue samples for histopathological examination were taken from the liver, kidney,
adrenal gland, spleen, heart, sciatic and optic nerves, and ocular muscle. Serum chemistry
analyses were performed on some animals as well. No statistical tests were conducted.

Guinea pigs of all exposure groups, including those that received diets supplemented with
calcium, suffered substantial mortality (>25-80% among “uninfected” guinea pigs). Mortality in
controls was not reported. In contrast, mortality among “uninfected” rats was limited to two
animals exposed to 400 ppm. No monkeys died during the study. Body weight gain was
reported to be markedly reduced among survivors in all groups of guinea pigs, compared with
that in controls. Body weight gain was also reduced by about 30% among rats exposed to 400
ppm. Too few litters were born to guinea pigs during the study to determine if exposure had any
effect, but, in rats, fertility was reduced in the 200 and 400 ppm groups. In guinea pigs, fatty
changes in the liver were seen at all dose levels, and cirrhosis developed at >50 ppm. In rats,
fatty changes were seen at >50 ppm and cirrhosis at >100 ppm. In monkeys, mild fatty
degeneration of the liver was found at both 50 and 200 ppm. Other pathological changes in
animals exposed to these concentrations included renal tubular degeneration, degeneration of the
adrenal glands (with necrosis in guinea pigs), and damage to the sciatic nerve. This study did not
include concentrations low enough to identify a NOAEL for any of the three species tested. For
guinea pigs, the low concentration of 25 ppm was a frank effect level that produced substantial
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mortality. For rats and monkeys, the low concentration of 50 ppm was a LOAEL that produced
fatty changes in the liver. This study provides evidence of the progression of toxic liver effects
from fatty changes in the liver at lower doses to liver cirrhosis at higher doses. Because of the
age of the study, knowledge that bacterial and viral infections were a common problem at that
time, and the confounding that pregnancy (or lack of pregnancy) could have had on body
weights, the findings from this study much be interpreted with caution.

Adams et al., 1952

Adams et al. (1952) conducted studies in which Wistar-derived rats (15-25/sex), outbred
guinea pigs (5-9/sex), outbred rabbits (1-2/sex), and rhesus monkeys (1-2 of either sex) were
exposed to carbon tetrachloride vapor (>99% pure), 7 hours/day, 5 days/week for 6 months at
concentrations of 5, 10, 25, 50, 100, 200, or 400 ppm (31, 63, 157, 315, 630, 1260, or 2520
mg/m’). Matched control groups, both unexposed and air exposed, were included in these
experiments. Animals were observed frequently for appearance and general behavior and
weighed twice weekly. Selected animals were used for hematological analyses periodically
throughout the study. Moribund animals and those surviving to scheduled sacrifice were
necropsied. The lungs, heart, liver, kidneys, spleen, and testes were weighed, and sections from
these and 10 other tissues were prepared for histopathological examination. In many cases,
terminal blood samples were collected and used for serum chemistry analyses, and part of the
liver was frozen and used for lipid analyses.

In this study, the primary target of carbon tetrachloride in all species was the liver. In
guinea pigs, liver effects progressed from a slight, statistical increase in relative liver weight in
females, but not males, at 5 ppm (not considered adverse by itself) to include slight-to-moderate
fatty degeneration and increases in liver total lipid, neutral fat, and esterified cholesterol at 10
ppm, and cirrhosis at 25 ppm. Liver effects became progressively more severe at higher
concentrations. Growth retardation was first observed at 25 ppm and progressed to rapid loss of
weight at 200 ppm. In the kidney, slight tubular degeneration was first observed at 200 ppm and
increased kidney weight at 400 ppm. Mortality was increased at >100 ppm. A similar
progression of effects was seen in rats, with no effects at 5 ppm, mild liver changes at 10 ppm,
cirrhosis at 50 ppm, and liver necrosis, kidney effects, testicular atrophy, growth depression, and
mortality at >200 ppm. In rabbits, 10 ppm was without effect, 25 ppm produced mild liver
changes, 50 ppm produced moderate liver changes, and 100 ppm produced growth depression.
Monkeys were the most resistant species tested, with evidence of adverse effects (mild liver
lesions and increased liver lipid) only at 100 ppm, the highest concentration tested. This study
identified NOAEL and LOAEL values, respectively, of 5 and 10 ppm in rats and guinea pigs, 10
and 25 ppm in rabbits, and 50 and 100 ppm in monkeys, all based on hepatotoxic effects.

Prendergast et al., 1967
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Prendergast et al. (1967) exposed groups of 15 Sprague-Dawley or Long-Evans rats, 15
Hartley guinea pigs, three New Zealand rabbits, two beagle dogs, and three squirrel monkeys
(sex not specified) to carbon tetrachloride vapor (“highest purity available”) either by continuous
exposure to 1 or 10 ppm (6.1 or 61 mg/m’) for 90 days or intermittent exposure (8 hours/day, 5
days/week) to 82 ppm (515 mg/m’) for 6 weeks. The control group consisted of 304 rats, 314
guinea pigs, 48 rabbits, 34 dogs, and 57 monkeys. In order to generate the 1 ppm concentration,
the researchers found it necessary to dilute the carbon tetrachloride in 10 ppm of n-octane.
Therefore, a vehicle control group exposed to 10 ppm of n-octane was included in this study.
Animals were observed routinely for signs of toxicity and weighed monthly. Blood samples for
hematological analysis were taken at the end of the exposure period. Following sacrifice,
animals were necropsied and sections of the heart, lung, liver, spleen, and kidney were taken for
histopathological examination. Serum chemistry and liver lipid analyses were performed on
some animals. No statistical tests were conducted.

Intermittent exposure to 82 ppm resulted in the death of 3/15 guinea pigs and 1/3
monkeys. [This compares to mortality in the control groups of 7/304 (2.3%) rats, 2/314 (0.64%)
guinea pigs, 2/48 (4.2%) rabbits, 0/34 dogs, and 1/57 (1.7%) monkeys.] Body weight gain was
reduced in all species relative to the controls, and all species except rats actually lost weight
during the study. Mottled livers were seen in all species except dogs. Histopathological
examination of the liver revealed fatty changes that decreased in severity from guinea pigs to rats
to rabbits to dogs to monkeys. Liver lipid content of guinea pigs was increased about threefold
compared with controls. The only other effect noted was interstitial inflammation in the lungs of
all species. Continuous exposure to 10 ppm resulted in the deaths of 3/15 guinea pigs. Body
weight gain was depressed in all species relative to the controls, and monkeys appeared visibly
emaciated. Gross examination showed the presence of enlarged/discolored livers in all species
except dogs. Microscopic examination revealed fatty changes in the liver that were most
prominent in rats and guinea pigs but were present in the other species as well. Lung effects
were not reported in this group. Continuous exposure to 1 ppm produced no mortality or clinical
signs of toxicity. Weight gain relative to the controls was reduced in guinea pigs, rabbits, dogs,
and monkeys but not in rats. The only histopathological findings were nonspecific inflammatory
changes in the liver, kidney, heart, and lungs. No effects were noted in the n-octane control
group. The results of this study suggest a NOAEL of 1 ppm (6.1 mg/m®) and a LOAEL of 10
ppm (61 mg/m’) for rats, guinea pigs, rabbits, dogs, and monkeys based on hepatotoxicity.
Effects on growth were reported at both exposure levels, but the data are difficult to interpret, as
only starting body weights and percent change are reported, the changes did not occur in a dose-
related manner in all species, and no statistical comparisons were performed. It is unclear
whether inflammatory changes observed in the lungs of some exposed animals occurred in
controls as well.
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Nagano et al., 2007a [Japan Bioassay Research Center (JBRC), 1998]

Groups of F344/DuCrj rats (10/sex/group) were exposed (whole body) to 0, 10, 30, 90,
270, or 810 ppm (0, 63, 189, 566, 1700, or 5094 mg/m") of carbon tetrachloride (99.8% pure)
vapor for 6 hours/day, 5 days/week for 13 weeks (Nagano et al., 2007a). [This study was
previously available as an unpublished study by the Japan Bioassay Research Center (JBRC,
1998).] Rats were observed once a day for clinical signs, behavioral changes, and mortality and
were weighed weekly. Urinalysis (pH, protein, occult blood, glucose, ketone body, bilirubin,
and urobilinogen) was performed at the end of the dosing period. Blood for hematological
(erythrocytes, hemoglobin, hematocrit, platelets, and leukocyte differential) and serum chemistry
analyses (AST, ALT, LDH, ALP, total bilirubin, creatine phosphokinase, urea nitrogen,
creatinine, total protein, albumin, albumin/globulin ratio, glucose, total cholesterol, phospholipid,
sodium, potassium, chloride, calcium, and inorganic phosphorus) was taken during euthanization
at the scheduled sacrifice after overnight fasting. All organs and tissues were examined for gross
lesions, and organ weights were recorded for the thymus, adrenal gland, ovary, testis, heart, lung,
kidney, spleen, liver and brain. Tissues (not specified) were fixed for histopathological analysis;
lesions were presented for selected tissues (liver and kidney). Additionally, livers of control and
810-ppm male rats were sectioned for examination of hepatic altered cell foci, a preneoplastic
lesion, by immunohistochemical staining with anti-GST-P using an avidin-biotin-peroxidase
complex method.

No deaths occurred in any group. Body weight in the 810 ppm males was lower than in
controls throughout the study. At termination, the decrease was about 20% (p<0.01). Body
weight was consistently lower than controls in the 810 ppm females as well, but the difference at
termination was slight (4%) and not statistically significant. Statistically significant, dose-related
decreases in hemoglobin and hematocrit were observed at 90 ppm in both males and females. At
810 ppm, red blood cell count was also significantly decreased in both sexes. Serum chemistry
changes included large, statistically significant and dose-related increases in ALT, AST, LDH,
ALP, and LAP (leucine aminopeptidase) in males at 270 ppm and females at 90 ppm. Total
bilirubin was significantly increased in male rats at 810 ppm and female rats at >270 ppm.
Serum levels of creatine phosphokinase (CPK) were statistically increased in females at 30 ppm
and above, but there was little change as exposure level increased from 90 to 810 ppm. CPK
levels in males were not statistically different from those in controls. In the urine, protein levels
were increased in males at 270 ppm and in females at 90 ppm. Urinary pH was decreased and
the presence of occult blood was noted in males and females at 810 ppm. Relative liver weights
were signi