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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
tetrachloroethylene. It is not intended to be a comprehensive treatise on the chemical or
toxicological nature of tetrachloroethylene.

In Chapter 6, Characterization of Hazard and Dose-Response, the United States
Environmental Protection Agency (EPA) has characterized its overall confidence in the
guantitative and qualitative aspects of hazard and dose-response by addressing knowledge gaps,
uncertainties, quality of data, and scientific controversies. The discussion is intended to convey
the limitations of the assessment and to aid and guide the risk assessor in the ensuing steps of the
risk assessment process.

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

This document presents background information and justification for the Integrated Risk
Information System (IRIS) Summary of the hazard and dose-response assessment of
tetrachloroethylene. 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 RfC is defined as an estimate, with uncertainty
spanning perhaps an order of magnitude, of a continuous inhalation exposure to the human
population (including sensitive subgroups) that is likely to be without an appreciable risk of
deleterious non-cancer effects during a lifetime. The RfC considers toxic effects for both the
respiratory system (portal-of-entry) and for effects peripheral to the respiratory system
(extrarespiratory or systemic effects). Reference values are generally derived for chronic
exposures (up to a lifetime), but may also be derived for acute (#24 hrs), short-term (>24 hrs 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. 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, an inhalation 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
tetrachloroethylene has followed the general guidelines for risk assessment set forth by the
National Research Council (NRC, 1983, 1994). U.S. Environmental Protection Agency (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
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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 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, 1996), Guidelines for Neurotoxicity Risk
Assessment (U.S. EPA, 1998), 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 tetrachloroethylene 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. A comprehensive literature review was carried
out through July 2004. In addition, a number of relevant publications since that time have been

considered and incorporated in the document.
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2. BACKGROUND

2.1. USES AND PHYSICAL/CHEMICAL PROPERTIES

Tetrachloroethylene is a widely used solvent that is produced commercially for use in dry
cleaning, textile processing, and metal-cleaning operations. It has the following use pattern:
55% as a chemical intermediate, 25% for metal cleaning and vapor degreasing, 15% for dry
cleaning and textile processing, and 5% for other unspecified uses (ATSDR, 1997).

Table 2-1 lists the physical and chemical properties of tetrachloroethylene (ATSDR,
1997). The reference citations can be found in the Agency for Toxic Substances and Disease
Registry (ATSDR) document and are not included in the reference list for this document.

2.2. OCCURRENCE AND EXPOSURE

Tetrachloroethylene has been detected in ground water and surface water as well as in air,
soil, food, and breast milk. The primary exposure routes of concern are inhalation of vapor and
ingestion of contaminated water. Although dermal exposure is possible via contaminated tap
water during showering, bathing, or swimming, this is generally not considered a major route of
exposure.

2.2.1. Air

Because of its high volatility, there is considerable potential for release of
tetrachloroethylene into the atmosphere. Once in the air, it is not susceptible to wet deposition
because of its hydrophobicity. The primary method for removal is photooxidation to
trichloroacetyl chloride, trichloroacetic acid (TCA), carbon monoxide, ozone, and phosgene
(U.S. EPA, 1982). However, this reaction is very slow, so tetrachloroethylene is not implicated
in the buildup of any of the reaction products in the troposphere. Though the half-life of
perchloroethylene can vary based on season and environmental conditions, it has been estimated
at 96 days under typical conditions (ATSDR, 1997).

Ambient tetrachloroethylene concentrations vary from source to source and with
proximity to the source. It should be noted that outdoor concentrations can vary widely within a
period of a few hours as a function of wind velocity and direction, precipitation, humidity, and
sunlight. ATSDR (1997) reported mean tetrachloroethylene concentrations of 8.8 pg/m? in areas
close to points of release.
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Table 2-1. Physical and chemical properties of tetrachloroethylene

Property Information Reference
Molecular weight 165.83 Lide (1990)
Color Colorless Sax and Lewis (1987)
Physical state Liquid (at room temperature) Sax and Lewis (1987)
Melting point -19EC Lide (1990)
Boiling point 121EC Lide (1990)
Density at 20EC 1.6227 g/mL Lide (1990)
Density at 25EC No data
Odor Ethereal HSDB (1996)
Odor threshold: water 0.3 ppm U.S. EPA (1987b)
Odor threshold: air 1 ppm U.S. EPA (1987b)
Solubility: water at 25EC 150 mg/L HSDB (1996)

Solubility: organic solvent(s)

Miscible with alcohol, ether,

chloroform, benzene, solvent
hexane, and most of the fixed
and volatile oils

HSDB (1996)

Partition coefficients: 3.4 HSDB (1996)

LOg KOW

Partition coefficients: 2.2B2.7 Seip et al. (1986)
Log Koc Zytner et al. (1989a)
Vapor pressure at 25EC 18.47 mm Hg HSDB (1996)
Henry’s law constant at 25EC 1.8 H 10 atm-m*/mol Gossett (1987)
Autoignition temperature No data

Flashpoint None HSDB (1996)

Flammability limits

Nonflammable

HSDB (1996)

Conversion factors, air

1 mg/L = 141.4 ppm
1 ppm = 6.78 mg/m®

HSDB (1996)

Explosive limits

No data

3
4 Source: ATSDR (1997).
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EPA has carried out modeling to characterize the geographic distribution of
tetrachloroethylene for its National-Scale Air Toxics Assessment database (U.S. EPA, 1996).
Median census tract-based tetrachloroethylene concentrations across the United States were
estimated at about 0.3 pg/m? for urban areas and 0.1 pg/m?® for rural areas (75% upper percentiles
of 0.4 and 0.2 ug/m?®, respectively). The California Air Resources Board (CARB, 1998) reported
a statewide median air concentration of 0.3 pg/m® in 2001, which represents the lowest value in
what has been a decreasing trend since 1990. Note that these averages, which are based on
geographic areas, only characterize the likely exposure of individuals who spend an equal
amount of time in all parts of the defined area, and they may, therefore, significantly
underestimate the exposure of individuals who consistently spend time in subareas that have
higher tetrachloroethylene concentrations.

Near points of use, such as dry cleaners or industrial facilities, indoor exposure to
tetrachloroethylene is more significant than outdoor exposure (U.S. EPA, 2001). Indoor air
concentrations in an apartment above a dry cleaning shop have been measured at up to 4.9 mg/m®
(Verbek and Scheffers, 1980), whereas mean concentrations inside dry cleaning facilities have
been found to vary from 48 mg/m? to 200 mg/m?®, depending on type of facility (Solet et al.,
1990). Concentrations in facilities with post-1990 equipment are likely to be lower (U.S. EPA,
1998).

The off-gassing of garments that have recently been dry-cleaned may be of concern
(Tichenor et al., 1990). In the home, tetrachloroethylene vapors may off-gas from the clothes of
occupationally exposed individuals, or they may come directly from the exhaled breath of
exposed workers (ATSDR, 1997). Relatively high tetrachloroethylene air concentrations have
been measured in the proximity of freshly dry-cleaned clothing stored in small, close spaces. A
residential closet storing newly dry-cleaned clothing had an air concentration of 2.9 mg/m? after
1 day, which rapidly declined to 0.5 mg/m?® and persisted for several days (Tichenor et al., 1990).
There is one documented mortality case: a 2-year-old boy was found dead after being put to
sleep in a room with curtains that had been incorrectly dry-cleaned (Garnier et al., 1996).

Dry-cleaned garments transported in an automobile may also lead to unexpectedly high
levels of exposure. Park et al. (1998) used simulated driving cycles to estimate the
concentrations of several contaminants emitted from in-vehicle sources. Using dry-cleaned
clothes as a source, tetrachloroethylene levels inside a stationary vehicle after 30 minutes reached
0.230 mg/m®. Approximating these exposures is not easy because specific exposure levels would
depend on many factors: car velocity, wind speed, ventilation, and time spent in the automobile.
Another study demonstrating exposure in a car found that transporting a freshly dry-cleaned
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down jacket in a car resulted in a cabin air concentration of 24.8 mg/m?® after 108 minutes (Chien,
1997).

Air exposure may also occur during showering or bathing as dissolved
tetrachloroethylene in the warm tap water is volatilized. Rao and Brown (1993) used an adult
physiologically based pharmacokinetic (PBPK) model combined with a microenvironmental
exposure model to estimate the dose received by inhalation exposure during showering and
bathing as well as by dermal exposure to the water. The tap water concentration of
tetrachloroethylene was 1 mg/L, which is probably a higher concentration than exists in most
water supplies. They also demonstrated that a majority of the tetrachloroethylene in the blood, as
a result of their bathing scenario, resulted from inhalation exposure, while about 15% resulted
from dermal absorption.

2.2.2. Water

Because of its relatively low aqueous solubility (see Table 2-1), it is not likely that
volatilized tetrachloroethylene will enter surface or rain water. However, it has been detected in
drinking water, ground water, and surface water (U.S. EPA, 2001; ATSDR, 1997). Most of this
contamination is probably due to release in water following industrial use or by public use of
consumer products.

Unless a surface water body is in the vicinity of a highly contaminated site, surface waters
are expected to have a lower concentration of tetrachloroethylene than ground water. In an
estimate of drinking water contamination in California, McKone and Bogen (1992) assumed that
surface water would have a negligible contribution to the concentration of tetrachloroethylene
measured in drinking water. Based on data from wells in California, they estimated an average
drinking water concentration of 0.3 pg/L, with a standard deviation of 0.35 pg/L.

In areas near sources of contamination, ground water, and surface water concentrations
can be considerably higher than average. Because the density of tetrachloroethylene is about
60% higher than that of water, tetrachloroethylene is expected to accumulate near the bottom of a
stagnant receiving water body after a large-volume point discharge. Water samples collected
near the bottom of the St. Clair River near Sarnia, Ontario, downstream from several petroleum-
based production facilities, contained tetrachloroethylene concentrations ranging from 0.002 to
34.6 pg/L (EC, 1993). The concentrations in 17 samples of surface water from the lower Niagara
River in New York State in 1981 averaged 0.036 pg/L (with a maximum of 0.134 ug/L; EC,
1993).
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Exposure models have been developed to predict the fate and transport of organic
compounds such as tetrachloroethylene in environmental media, including air, water, and soil.
The outputs from two similar but independently developed environmental exposure models,
CalTOX and Fug3ONT, were compared for a scenario designed to reproduce a residential area
near an industrial contamination site (Maddalena et al., 1995), in which 75 moles/day are
released into the air and 0.7 moles/day are released into surface water. Although the soil
predictions differed, the predictions of tetrachloroethylene in air and ground water were similar,
with the concentration of air predicted by CalTOX approximately 6 pg/m?® and the surface water
concentration 82 pg/L. It should be noted that agreement of the models does not confirm the
validity of either one, but lends some support to the usefulness of the results.

The off-gassing of tetrachloroethylene from a drinking water supply can result in
exposure. In 1976, EPA measured tetrachloroethylene levels ranging from 800 to 2,000 pg/L in
drinking water samples in Massachusetts (Paulu et al., 1999). Similar levels were reported
elsewhere in New England. These concentrations were attributed to the vinyl-lined ashestos-
cement pipes that were used to carry water in this area (Webler and Brown, 1993). Letkiewicz et
al. (1982) estimated that 53% of newborn infants are formula-fed from drinking water sources
and the other 47% receive all of their fluid from breast milk. Taking into account volatilization
during boiling of water, they indicate that the uptake of tetrachloroethylene in formula-fed infants
on a mg/kg-day basis is 10 times higher than in adults with the same level of drinking water
contamination.

Although dermal exposure is possible via contaminated tap water during showering,
bathing, or swimming, this is generally not considered a major route of exposure. Rao and
Brown (1993) demonstrated that only 15% of the tetrachloroethylene in the blood resulted from
dermal exposure as compared to inhalation of vapors.

2.2.3. Food

Certain foods have been found to be contaminated with tetrachloroethylene (U.S. EPA,
2001). Because of the lipophilic nature of tetrachloroethylene, it may bind to lipid molecules in
such foods as margarine, oils, meats, and other fatty foods stored in areas where there is
tetrachloroethylene in the air. In 1988, elevated tetrachloroethylene levels were seen in
margarine and butter samples obtained from grocery stores located near dry cleaning facilities
(Entz and Diachenko, 1988). Further studies confirmed that close proximity to a dry cleaning
facility was associated with elevated tetrachloroethylene levels in butter samples (Kacew and
Lambert, 1997). Nonetheless, food is not considered to be a major exposure pathway. Other

This document is a draft for review purposes only and does not constitute Agency policy
06/06/08 2-5 DRAFT-DO NOT CITE OR QUOTE



© 00 N O 0o A W DN P

W W W W W W NN DN DNDNDNDNDDNDDDNNDNDNDDNPRPFP P PP PR PR RP R
O A WO NP O O© 0 N O B WONPFP O O© 00 NO Ol b WODN - O

sources of information about tetrachloroethylene in foods are the Food and Drug Administration
(FDA, 2003) and Fleming-Jones and Smith (2003).

2.2.4. Breast Milk

Due to its lipid solubility, tetrachloroethylene can concentrate in milk (NYS DOH, 2000;
Schreiber, 1993; Sheldon et al., 1985). Breast milk can contain high concentrations of
tetrachloroethylene and some of its toxic metabolites. Reported levels of tetrachloroethylene in
breast milk have ranged up to 43 pg/L in the general population (U.S. EPA, 2001).

Schreiber (1993) used a PBPK model to estimate the dose a nursing infant might receive
from an exposed mother’s breast milk. This study showed that it is possible for the dose an
infant receives through breast milk to approach levels that could result in adverse health effects
and exceed the 1988 EPA RfD of 0.01 mg/kg-day (U.S. EPA, 1988). Actual indoor air
concentrations (24-hr average), as measured in apartments in New York State, were used to
predict potential levels in breast milk in these modeling scenarios. The apartments included one
located above a dry cleaning facility that used an old dry-to-dry machine (average concentration,
45.8mg/m®), three located above facilities that used transfer machines (average concentration,
7.7mg/m®), and two located above facilities that used newer dry-to-dry machines (average
concentration, 0.25 mg/m?®; Schreiber, 1993). The predicted breast milk concentrations in these
scenarios ranged from 16 to 3,000 pg/L. Assuming that a 7.2 kg infant ingests 700 mL of breast
milk per day, Schreiber (1993) determined that the infant dose from milk could range from
0.0015 to 0.3 mg/kg-day.

Using the same exposure conditions as Schreiber (1993), Byczkowski et al. (1994)
predicted lower doses to the infant (0.0009-0.202 mg/kg-day), although these doses approached
levels that could result in adverse health effects. Exceedances of the RfD were seen only in those
apartments above old dry-to-dry machines (0.202 mg/kg-day) or above transfer machines (0.029
mg/kg-day). Ingestion through breast milk and infant exposures is discussed further in
Section 4.8. However, Schreiber (1997) has suggested that if infants live adjacent to or in close
proximity to dry cleaning facilitates, the dose received through breast milk ingestion will be
insignificant when compared with that from their inhalation exposure.

In one case study, the breast milk of a woman was found to contain 10 mg/L of
tetrachloroethylene 1 hr following a visit to her husband at his work in a dry cleaning
establishment. This concentration dropped to 3 mg/L after 24 hrs. Her child suffered from
obstructive jaundice and hepatomegaly, but these conditions improved when breastfeeding was
discontinued (Bagnell and Ellenberger, 1977).
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2.2.5. Direct Ingestion

In rare circumstances, direct ingestion of tetrachloroethylene has been documented. A
6-year-old boy who directly ingested 12-16 g tetrachloroethylene experienced drowsiness,
vertigo, agitation, and hallucinations. He then lost consciousness and went into a coma, and later
recovered (Koppel et al., 1985). Follow-up testing on the boy was not reported, so any potential
long-term effects of the exposure are unknown.
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3. TOXICOKINETICS

3.1. ABSORPTION

Tetrachloroethylene is rapidly absorbed into the bloodstream following oral and
inhalation exposures. It can also be absorbed across the skin following dermal exposure to either
pure or diluted solvent or vapors (Stewart and Dodd, 1964; Nakai et al., 1999; Poet et al., 2002).

3.1.1. Inhalation

The major exposure route for tetrachloroethylene is considered to be inhalation (U.S.
EPA, 1985; IARC, 1995). Pulmonary uptake of tetrachloroethylene is rapid; however, complete
tissue equilibrium occurs only after several hours. Absorption into the systemic circulation
through pulmonary uptake is proportional to the ventilation rate, the duration of exposure, and, at
lower ambient concentrations to which humans are likely to be exposed, the concentration in the
inspired air (Hake and Stewart, 1977; Monster et al., 1979).

Chiu et al. (2007) reported that peak levels of tetrachloroethylene in venous blood and air
occurred near the end of a 6-hr inhalation exposure to 1 ppm and declined thereafter. In the
Monster et al. (1979) study, uptake after 4 hrs was 75% of its value at the onset of exposure.
Increased physical activity increases uptake but lowers the alveolar partial pressure, thus
removing more tetrachloroethylene from the alveoli, resulting in a longer time to reach tissue
equilibrium (Pezzagno et al., 1988).

The blood/gas partition coefficient for tetrachloroethylene describes how the chemical
will partition itself between the two phases. Specifically, it is the ratio of concentrations at
steady state; i.e., when all rates are constant after equilibrium has been reached. Reported values
for the coefficient in humans range from around 10 to 20 (e.g., Byczkowski and Fisher, 1994;
Reitz et al., 1996; Droz and Guillemin, 1986; Ward et al., 1988; Gearhart et al., 1993; Hattis et
al., 1990), meaning that if tetrachloroethylene is in equilibrium, the concentration in blood will
be 10 to 20 times higher than the concentration in the alveoli.

Opdam and Smolders (1986) determined concentrations of tetrachloroethylene in alveolar
air for 1- to 60-second residence times (the time interval from the beginning of an inhalation to
the end of the next inhalation) for six volunteers exposed to 0.5 to 9.8 ppm of chemical for 1 to
60 minutes. These investigators found the concentrations of tetrachloroethylene in alveolar air to
decrease with residence times for breaths during exposure periods but to increase during post-
exposure for residence times less than 10 seconds. Alveolar air tetrachloroethylene
concentration correlated with the concentrations in pulmonary artery mixed venous blood.

This document is a draft for review purposes only and does not constitute Agency policy
06/06/08 3-1 DRAFT-DO NOT CITE OR QUOTE



© 00 N o O A W DN P

W W W W W W DN DNMNDNDDNMNMNNMNMNDNDNDNDDNNMNDNNRPRP R PR P RFPRP P P PP
g B WO NP O © 00 NO O D WDNPFP O O 0 NO O D W DN BF— O

Like the studies in humans, inhalation studies in laboratory animals provide clear
evidence that tetrachloroethylene is readily absorbed via the lungs into the systemic circulation
(e.g., Pegg et al., 1979; Dallas et al., 1994a).

3.1.2. Oral

Gastric absorption of tetrachloroethylene occurs at a relatively rapid rate and is
essentially complete. Close to 100% of oral doses are absorbed from the gut, according to
reports of several studies conducted in mice, rats, and dogs (Dallas et al., 1994a, 1995; Frantz
and Watanabe, 1983; Pegg et al., 1979; Schumann et al., 1980). Absorption into the systemic
circulation was indicated by blood tetrachloroethylene levels of 21.5 pg/mL following accidental
ingestion of the chemical by a 6-year-old boy (Koppel et al., 1985).

3.1.3. Dermal

Absorption of tetrachloroethylene by humans following dermal exposure to vapors of the
chemical has been reported to be relatively insignificant (only 1%) when compared with
absorption via inhalation of vapors (Riihimaki and Pfaffli, 1978; Nakai et al., 1999). The
amount of chemical absorbed during the immersion of one thumb in liquid tetrachloroethylene is
equivalent to the uptake during inhalation of 10 to 15 ppm of the compound for the same time
period (Stewart and Dodd, 1964).

Studies in animals confirm that dermal uptake of tetrachloroethylene following vapor
exposure is minimal when compared with pulmonary uptake (Tsuruta, 1989; McDougal et al.,
1990), whereas dermal uptake is greater following direct skin application (Jakobson et al., 1982).
Notably, the conclusions of Bogen et al. (1992), based on the results of their study in hairless
guinea pigs, indicate that dermal absorption of tetrachloroethylene from contaminated water
supplies could be an important route of exposure for humans. These investigators estimated that
a standard 70 kg man with 80% of his body immersed in water would completely absorb the
amount of tetrachloroethylene in 2 L of that water.

3.2. DISTRIBUTION AND BODY BURDEN

Once absorbed, tetrachloroethylene is distributed by first-order diffusion processes to all
tissues in the mammalian body. The highest concentrations of tetrachloroethylene are found in
adipose tissue due to the lipophilicity of the compound (U.S. EPA, 1985). Concentrations of
tetrachloroethylene reach higher levels in brain and liver than in many other tissues (Garnier et
al., 1996; Levine et al., 1981; Lukaszewski, 1979). Absolute tissue concentrations are directly
proportional to the body burden or exposure dose. Due to its lipid solubility, tetrachloroethylene
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is also concentrated in milk, and it has been measured in human breast milk (Schreiber, 1993,
1997; Schreiber et al., 2002; NYS DOH, 2000). Higher concentrations occur in milk having
higher fat content; e.g., a noticeable difference exists between the milk/blood partition
coefficients for rats (12) and for humans (2.8; Byczkowski and Fisher, 1994), reflecting the
higher fat content of rat milk. Tetrachloroethylene readily crosses both the blood-brain barrier
and the placenta. Partition coefficients for various tissues, relative to blood or air, have been
reported by several investigators (Ward et al., 1988; Dallas et al., 1994a, b; Gearhart et al., 1993;
Byczkowski and Fisher, 1994). Section 3.5 presents examples of these.

Repeated daily inhalation exposures of human volunteers to tetrachloroethylene indicate
accumulation of the compound in the body, which is thought to be due to its high lipid solubility.
Because of its long residence time in adipose tissue, repeated daily exposure results in an
accumulated concentration; tetrachloroethylene from new exposures adds to the residual
concentration from previous exposures until steady state is reached. Blood levels of
tetrachloroethylene increase over several days with continued daily exposures. Following
cessation of these exposures, it is still present in the blood. Exhalation of the compound
continues over a number of days due to its slow release from the adipose tissue (Stewart et al.,
1977; Altmann et al., 1990; Skender et al., 1991). For a given concentration in blood or air, the
half-time—the time necessary to equilibrate the adipose tissue to 50% of its final
concentration—is about 25 hrs (Monster, 1979; Fernandez et al., 1976). Therefore, during a
single 8-hr exposure, adipose tissue does not reach steady-state equilibrium.

Tetrachloroethylene uptake by fatty tissue during the working hours of the week is
countered by the elimination that occurs during nonexposure times of nights and weekends; thus,
for persons exposed to tetrachloroethylene on a five-day-a-week work schedule, an equilibrium
is eventually established, but it requires a time period of 3 to 4 weeks of exposure for adipose
tissue to reach plateau concentrations (U.S. EPA, 1985).

Animal studies provide clear evidence that tetrachloroethylene distributes widely to all
tissues of the body, readily crossing the blood-brain barrier and the placenta (Schumann et al.,
1980; Ghantous et al., 1986; Savolainen et al., 1977; Dallas et al., 1994b). Following exposure
of rats to tetrachloroethylene, the compound has been measured in blood, fat, brain, lungs, liver,
kidneys, heart, and skeletal muscle (Savolainen et al., 1977; Dallas et al., 1994b). Highest tissue
concentrations were found in adipose tissue (60 or more times blood level) and in brain and liver
(4 and 5 times blood level, respectively), as can be calculated from the rat tissue distribution data
of Savolainen et al. (1977). Dallas et al. (1994b) found the concentration in fat to be 9 to 18
times the concentrations found in nonfat tissues. Skeletal muscle contained the lowest
concentration. In one human fatality case, the concentration of tetrachloroethylene in the brain
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was 120 times higher than concentrations measured in the lung. In another case the
concentration in the liver was 8, 3.4, and 3.5 times higher, respectively, than concentrations
measured in the lung, kidney, and brain (Levine et al., 1981).

3.3. METABOLISM

This section describes the metabolism of tetrachloroethylene, identifying metabolites
thought to be causally associated with toxic responses as well as those used to evaluate the flux
of parent compound through the known metabolic pathways. Sex- and species-dependent
differences in the metabolism of tetrachloroethylene and potential contributors to interindividual
differences are identified. Factors that influence metabolism in humans are mentioned. See
Section 4.9 for further discussion of how these factors affect variability and susceptibility.

3.3.1. Introduction

The metabolism of tetrachloroethylene has been studied mostly in mice, rats, and humans
(for reviews, see Dekant et al., 1987, 1989; Anders et al., 1988; IARC, 1995; U.S. EPA, 1985,
1986, 1991; Lash and Parker, 2001). Tetrachloroethylene is metabolized in laboratory animals
and in humans through at least two distinct pathways: oxidative metabolism via the cytochrome
P450 (CYP [also abbreviated as P450 and CYP 450]) mixed-function oxidase system and
glutathione (GSH) conjugation followed by subsequent further biotransformation and processing,
either through the cysteine conjugate beta lyase pathway or by other enzymes including flavin-
containing monooxygenase 3 (FMO3) and CYP3A (Daniel, 1963; Filser and Bolt, 1979; Pegg et
al., 1979; Costa and lvanetich, 1980; Dekant et al., 1987, 1989; Anders et al., 1988; U.S. EPA,
1985, 1991; IARC, 1995; Birner et al., 1996; Lash et al., 1998; Volkel et al., 1998; Lash and
Parker, 2001). The conjugative pathway, although the minor route quantitatively, is
toxicologically significant because it yields relatively potent toxic metabolites (Vamvakas et al.,
1987, 19894, b, c; Dekant et al., 1986a, b, 1989; Werner et al., 1996; Anders et al., 1988; Lash
and Parker, 2001).

3.3.2. Extent of Metabolism

Studies in both animals and humans indicate that overall metabolism of
tetrachloroethylene is relatively limited (reviewed in U.S. EPA, 1985, 1991; Lash and Parker,
2001), as evidenced by the high percentage of absorbed dose excreted in the breath as the parent
molecule (Stewart et al., 1961, 1970; Monster et al., 1979, 1983; Boettner and Muranko, 1969;
Ikeda and Otsuji, 1972; Essing et al., 1973; Fernandez et al., 1976; May, 1976; Ohtsuki et al.,
1983; Yllner, 1961; Daniel, 1963; Filser and Bolt, 1979; Pegg et al., 1979; Frantz and Watanabe,
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1983; Schumann et al., 1980; Buben and O’Flaherty, 1985; Volkel et al., 1998). Because of its
high lipid solubility, tetrachloroethylene can be sequestered in fat and, thus, not all metabolism is
evident in short sampling time periods.

The extent of metabolism after inhalation exposure in humans has been estimated by
measuring trichloro-compounds excreted in the urine and exhalation of tetrachloroethylene in
expired air (Bolanowska and Golacka, 1972; Fernandez et al., 1976; Monster et al., 1979, 1983,
Monster and Houtkooper, 1979; lkeda et al., 1972; Boettner and Muranko, 1969; Essing et al.,
1973; May, 1976; Stewart et al., 1961, 1970). Several studies reported only about 1-3% of the
estimated amounts inhaled were metabolized to TCA and other chlorinated metabolites, although
additional tetrachloroethylene—as much as 20% or more of the dose—may be metabolized over
a longer period (Monster et al., 1979; U.S. EPA, 1985, 1991; Bois et al., 1996; Bogen et al.,
1992). For example, Chiu et al. (2007) noted that although an average of 0.4% of
tetrachloroethylene intake (1 ppm for 6 hrs) was recovered in urine as TCA, total recovery in
urine and exhaled air accounted for on average only 82% of intake. This would imply 18%
metabolized, but Chiu et al. (2007) noted substantial uncertainty and variability in these
calculations and concluded they were consistent with previous studies at higher exposures.
Interestingly, Chiu et al. (2007) also noted significant variability among the seven subjects and
among the four occasions, contributing to the uncertainty in measurements.

The extent of metabolism in animals has been estimated by conducting excretion-balance
studies using isotopically labeled tetrachloroethylene. In rodents, 2—88% of the dose was
metabolized, depending on dose level and species: the higher the dose the smaller the percent
metabolized. Rats metabolized a lower percent of a given tetrachloroethylene body burden than
did mice (Yllner, 1961; Daniel, 1963; Filser and Bolt, 1979; Pegg et al., 1979; Frantz and
Watanabe, 1983; Schumann et al., 1980). As an example, using data from the Pegg et al. (1979)
and Schumann et al. (1980) studies in rats, EPA calculated that the percent of body burdens
excreted were unchanged following exposure to 10 and 600 ppm for 6 hrs, were 68 and 99%,
respectively (U.S. EPA, 1985). For comparison, studies in mice exposed to 10 ppm for 6 hrs
found pulmonary excretion of only 12%, whereas 83% of the tetrachloroethylene was excreted
by the pulmonary route for a body burden of about 11 mg from oral administration (U.S. EPA,
1985). As body burden is increased, the proportion of tetrachloroethylene excreted unchanged
increases and the percent metabolized decreases.

3.3.3. Pathways of Metabolism

The two known biotransformation pathways for tetrachloroethylene metabolism are (1)
oxidation by cytochrome P450 (CYP) enzymes and (2) conjugation with GSH followed by
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further processing of the conjugate through various pathway bifurcation branches. The initial
step in the metabolism of tetrachloroethylene may be either epoxidation or chlorine migration for
the oxidative pathway or conjugation with GSH for the secondary pathway (Costa and lvanetich,
1980; Miller and Guengerich, 1982, 1983; Dekant et al., 1986b, 1987, 1998; Lash et al., 1998;
Lash and Parker, 2001). It is possible that other as yet unrecognized pathways for
tetrachloroethylene exist in humans (Sakamoto, 1976; Monster et al., 1979; U.S. EPA, 1985,
1991; Bois et al., 1996).

3.3.3.1. Cytochrome P450-Dependent Oxidation

Oxidative metabolism by the cytochrome P450, or CYP-dependent, pathway is
quantitatively the major route of tetrachloroethylene biotransformation (U.S. EPA, 1991; IARC,
1995; Lash and Parker, 2001). This pathway was initially proposed by Powell (1945) for
trichloroethylene and was subsequently supported for tetrachloroethylene by the results of YlIner
(1961), Daniel (1963), Leibman and Ortiz (1970, 1977), Costa and lvanetich (1980), and others.
The pathway is operative in humans and rodents and leads to several metabolites, some of which
are known toxins and carcinogens (U.S. EPA, 1991; IARC, 1995). Figure 3-1 depicts the overall
scheme of tetrachloroethylene P450 metabolism. Known metabolites presented in this figure are
identified by an asterisk.

The major excretory metabolite of the oxidative pathway, TCA, is excreted in the urine of
all species tested. Figure 3-1 identifies many common urinary metabolites, including
dichloroacetic acid (DCA), trichloroacetylethanolamide, oxalylethanalamide, and oxalic acid.
Trichloroethanol (TCOH) has been measured in some, but not all, studies (Bonse et al., 1975;
Bonse and Henschler, 1976; Yllner, 1961; Dmitrieva, 1967; Pegg et al., 1979; Ogata et al., 1962,
1971; Tanaka and Ikeda, 1968; Ikeda and Otsuji, 1972; Ikeda et al., 1972; Monster et al., 1983;
Weichardt and Lindner, 1975; Dekant et al., 1986b, 1987; Birner et al., 1996; U.S. EPA, 1985,
1986, 1991). Oxalic acid is a relatively major urinary metabolite in rats (Dmitrieva, 1967; Pegg
etal., 1979). Pulmonary excretion of carbon dioxide (CO,) has been identified in exhaled breath
from rodents exposed to **C-labeled tetrachloroethylene (Pegg et al., 1979; Schumann et al.,
1980). Oxalic acid and formic acid plus CO; are hypothesized to arise from action of
microsomal epoxide hydrase on the initial epoxide intermediate to yield tetrachloroethylene
glycol, which may then be further processed via two routes to these aforementioned end
products.

Oxidative metabolism of tetrachloroethylene, irrespective of the route of administration,
occurs predominantly in the liver but also occurs at other sites. For example, the kidneys exhibit
cytochrome P450 enzyme activities, mostly in the proximal tubules, although total activity is
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Figure 3-1. Postulated scheme for the metabolism of tetrachloroethylene by
the P450 oxidative pathway. Tetrachloroethylene and identified (*) metabolites:
1 tetrachloroethylene, 2 tetrachloroethylene oxide, 3 trichloroacetyl chloride, 4
trichloroacetic acid, 5 dichloroacetic acid, 6 monochloroacetic acid, 7 chloral, 8
trichloroethanol, 9 trichloroethanol glucuronide, 10 trichloroacetyl ethanolamide,
11 tetrachloroethylene glycol, 12 ethandioyl dichloride, 13 oxalic acid, 14
glyoxylic acid chloride, 15 carbon dioxide, 16 formic acid, 17 P450 intermediate,
18 chloral hydrate, 19 glyoxylic acid, and 20 glycine.

Sources: Adapted from Pegg et al. (1979), Costa and lvanetich (1980), U.S. EPA
(1985), Dekant et al. (1986a), Lash and Parker (2001).
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markedly less than in the liver (Lash and Parker, 2001; Lash et al., 2001). CYP enzymes
occurring in other extrahepatic tissues—brain and lungs, for example—may also contribute to
oxidative metabolism of tetrachloroethylene.

3.3.3.1.1. Formation of tetrachloroethylene oxide. The first step in the oxidation of
tetrachloroethylene is hypothesized to yield 1,1,2,2-tetrachloroethylene oxide, a relatively
unstable epoxide (Costa and Ivanetich, 1980; Miller and Guengerich, 1982, 1983). Although an
initial epoxide metabolite has not been unequivocally demonstrated for tetrachloroethylene,
evidence for this epoxide does exist. The epoxide has been chemically synthesized (Frankel et
al., 1957; Bonse et al., 1975; Kline et al., 1978). The several potential fates of
tetrachloroethylene epoxide include trichloroacetyl chloride, oxalate dichloride through
tetrachloroethylene glycol, trichloroacetyl aminoethanol, and possibly chloral hydrate (in
equilibrium with chloral; Bonse and Henschler, 1976; Henschler and Bonse, 1977; Pegg et al.,
1979; U.S. EPA, 1985, 1986). Formation of trichloroacetyl chloride directly from
tetrachloroethylene, without the formation of the epoxide intermediate, via the mechanism of
CYP-mediated olefin oxidation has also been postulated (Guengerich and Macdonald, 1984).

3.3.3.1.2. Metabolism to Trichloroacetic Acid (TCA) and possibly Trichloroethanol (TCOH).
Measurement of urinary TCA has been used as a biomarker for tetrachloroethylene exposure
(U.S. EPA, 1985; IARC, 1995), although TCA can be a by-product of metabolism of other
chemical compounds. TCA, a major tetrachloroethylene urinary metabolite in both humans and
laboratory rodents (Yllner, 1961; Daniel, 1963; Leibman and Ortiz, 1970, 1977; Birner et al.,
1996; Dekant et al., 1987; Ohtsuki et al., 1983; Volkel et al., 1998), is believed to result
primarily from the oxidation of tetrachloroethylene to trichloroacetyl chloride. This oxidation
may occur through the epoxide intermediate, with chloride migration leading to the reactive
trichloroacetyl chloride, which can then react with amino groups of cellular proteins or undergo
hydrolysis to produce the TCA. N-(di- and trichloroacetylated)-L-lysines, formed by interaction
of tetrachloroethylene reactive metabolites with protein, have been identified in liver and kidney
tissue of rats exposed to tetrachloroethylene (Birner et al., 1994; Pahler et al., 1999a).

The proposed chloral hydrate intermediate is another potential source of TCA, but chloral
hydrate can also be further metabolized to TCOH (Sellers et al., 1972; Birner et al., 1996). This
latter pathway to TCOH would be the favored reaction, and it is thought to be catalyzed by both
alcohol dehydrogenase (Larson and Bull, 1989) and CYP2E1 (Schultz and Weiner, 1979; Ni et
al., 1996). The resulting TCOH is then conjugated with glucuronide, a reversible reaction, and
both the alcohol and its glucuronide conjugate have been reportedly detected as urinary excretion

products following tetrachloroethylene exposures. TCOH has been detected in the urine of
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subjects exposed to tetrachloroethylene in some studies (Birner et al., 1996; Ikeda and Otsuji,
1972; Ikeda et al., 1972; Ogata et al., 1962, 1971; Tanaka and Ikeda, 1968; Monster et al., 1983;
Weichardt and Lindner, 1975; Schreiber et al., 2002), but could not be identified by others
(Fernandez et al., 1976; Hake and Stewart, 1977; Monster et al., 1979; Volkel et al., 1998;
Yllner, 1961; Daniel, 1963; Buben and O’Flaherty, 1985; Costa and lvanetich, 1980). TCOH is
thought to be an artifact of the methodology used or could arise due to unknown exposures to
other chemicals. Thus, because TCOH is clearly not a significant metabolite for
tetrachloroethylene, very little, if any, TCA produced from tetrachloroethylene metabolism is
likely to come through chloral, either directly or indirectly through TCOH (Lash and Parker,
2001).

3.3.3.1.3. Formation of dichloroacetic acid (DCA) and other products. TCA is the major
source of DCA from the tetrachloroethylene P450 oxidation pathway. Although DCA has been
identified as a tetrachloroethylene urinary metabolite (Yllner, 1961; Dekant et al., 1987; Volkel
et al., 1998), it is not clear whether the DCA is a product of further metabolism of TCA, of
another pathway originating with GSH conjugation, or both. The major organ site of DCA
production is likely to differ for each pathway, with DCA arising from oxidative metabolism
primarily in the liver and from GSH-dependent metabolism products mostly in the kidney. The
amount of DCA produced from tetrachloroethylene oxidative metabolism may vary across
species and is likely to be less than TCA. This is because DCA derived from P450 oxidation
comes only from dechlorination of TCA, which is not extensively metabolized, but rather, is
mostly excreted unchanged in urine.

The lack of a role for DCA in tetrachloroethylene liver toxicity is supported by the
limited findings of Maronpot and his coworkers (Anna et al., 1994; Maronpot et al., 1995),
which showed no similarities in mutation spectra between tetrachloroethylene-induced liver
tumors and DCA-induced liver tumors. It is interesting to note, however, that the kinetics of
metabolism and the sensitivity of target tissue to TCA and DCA and their precursors are likely of
key importance to understanding species differences in responsiveness to tetrachloroethylene.

Dechlorination of TCA to DCA is catalyzed by gut contents (ingested food and bacteria)
of the rat and mouse (Moghaddam et al., 1996); isolated mouse microflora have been shown to
convert TCA to DCA (Moghaddam et al., 1997). DCA can be rather quickly processed to other
chemical species, such as monochloroacetic acid (MCA), glycolic acid, glyoxylic acid, and
oxalic acid (Abbas and Fisher, 1997; Lash et al., 2000; Bull, 2000; Board et al., 1997; Tong et
al., 1998a, b; Lash and Parker, 2001). Conversion to glyoxylic acid is thought to occur by action
of the GST zeta (GSTZ in humans) isoform of glutathione S-transferase (GST; Lash et al., 2000).
DCA is a mechanism-based inactivator of GSTZ, of which five polymorphic variants exist
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(Tzeng et al., 2000). Potent and irreversible inhibition of GSTZ activity by DCA occurs, and the
substrate inhibition of the enzyme in vitro differs between rats and humans, with the enzyme
being relatively more sensitive to inhibition by DCA in rats. Further degradation of DCA in the
liver occurs primarily in hepatic cytosol (Lipscomb et al., 1995). Human liver cytosol is less
efficient than either rat or mouse liver cytosol in processing DCA (Lipscomb et al., 1995).

Trichloroacetyl ethanolamide also may be formed from the tetrachloroethylene oxide
intermediate or from the alternative chlorine migration in an oxygenated tetrachloroethylene
transition state. **CO, has been recovered from laboratory animals administered **C-labeled
tetrachloroethylene (Frantz and Watanabe, 1983; Pegg et al., 1979; Schumann et al., 1980). A
measurable portion of tetrachloroethylene is completely metabolized in a dose-dependent manner
to CO,. The oxalate metabolite excretory product may be derived from DCA or MCA (Tong et
al., 1998a, b), although oxalic acid is also produced from the epoxide through tetrachlorodiacetyl
chloride and oxalic acid dichloride intermediates (Pegg et al., 1979; Costa and Ivanetich, 1980).
The occurrence of oxalic acid and of CO, as major metabolites of tetrachloroethylene, at least in
rodents, indicates the existence of pathway(s) of metabolism other than the primary TCA
pathway.

3.3.3.1.4. Species-dependent differences. Although thought to be qualitatively similar, there are
clear differences among species in the quantitative aspects of tetrachloroethylene metabolism
(Schumann et al., 1980; Ikeda and Otsuji, 1972; Volkel et al., 1998; U.S. EPA, 1991; Lash and
Parker, 2001). These differences are in the relative yields and kinetic behavior of metabolites
(Volkel et al., 1998; Ohtsuki et al., 1983; Green et al., 1990; U.S. EPA, 1985, 1991). Rodents
and humans differ in relative rates of tetrachloroethylene metabolism in key target organs, in the
doses at which saturation of metabolism occurs, and in the half-times in the body.

The rate of metabolism of tetrachloroethylene is faster in rodents than in humans and
higher blood levels of metabolites are obtained in rodents as compared to humans. The higher
blood levels of metabolites in rodents are particularly noticeable at the higher tetrachloroethylene
exposure levels because saturation is approached at lower exposure levels in humans than in
rodents. The half-time in the body of these metabolites is, however, noticeably longer for
humans than for rodents (144 hrs in humans vs. approximately 10 hrs or less in rodents; see U.S.
EPA, 1985). It is for this reason that examinations of tetrachloroethylene concentration and
toxicity associations must reflect both blood concentration and time-integrated dose metrics such
as area-under-the-curve.

A study of species differences in tetrachloroethylene metabolism conducted by Dekant
and colleagues is presented in VVolkel et al. (1998). These investigators compared both oxidative
and GSH-dependent metabolism in rats and humans exposed for 6 hrs to 10, 20, or 40 ppm
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tetrachloroethylene by inhalation. Rats were also exposed to 400 ppm concentrations. TCA was
the major urinary excretion product in both species; however, the elimination half-time was more
than four times slower in humans than in rats. Blood plasma concentrations of the metabolite
were higher (three- to eight-fold, depending on the dose) in rats than in humans exposed to
identical air concentration levels. These observations are in agreement with metabolic rates in
general, which are higher in mice than in rats; rats, in turn, have higher metabolic rates than do
larger animals, including humans. Dekant and his coworkers also reported urinary excretion of
DCA by rats but not humans. They concluded most of the DCA resulted from GSH-dependent
metabolism. DCA, however, is further metabolized by P450 enzymes, which, in turn, limits its
detectability in urine.

3.3.3.1.5. Cytochrome P450 (CYP) isoforms and genetic polymorphisms. Relatively few
studies provide information about which specific CYP isoforms play a role in tetrachloroethylene
oxidative metabolism. CYP2EL is presumed to have an important role in tetrachloroethylene
metabolism (Lash and Parker, 2001); however, the chemical-specific related data are too sparse
to provide strong support for this assumption (Doherty et al., 1996). CYP2B1/2 may also be
important for the metabolism of tetrachloroethylene. CYP3A isoenzymes may contribute to the
generation of reactive sulfoxides from metabolites of the GSH pathway (see below). Costa and
Ivanetich (1980) showed increased hepatic metabolism following treatment with agents now
known to induce these isoenzymes specifically.

Genetic polymorphisms are DNA sequence variations that result in changes in protein
sequence of an enzyme that can alter the enzyme’s ability to catalyze a reaction or alter the
expression of an allele. Polymorphisms are known for most of the CYP enzymes including
CYP2E1 (McCarver et al., 1998; Hu et al., 1999) and CYP3A4 (Sata et al., 2000; Westlind et al.,
1999).

Metabolism of tetrachloroethylene to its putative epoxide is likely affected by CYP
enzymes. The metabolism of the putative metabolite chloral hydrate to TCOH and TCA may be
catalyzed by both alcohol dehydrogenase and CYP2E1. Oxidation of TCOH is catalyzed by
P450 enzymes, with CYP2EL the likely predominant isoform involved, although other
isoenzymes may also play a role, even substituting for CYP2E1 in processing
tetrachloroethylene. Rat kidney expresses CYP2E1 (Cummings et al., 1999; Speerschneider and
Dekant, 1995), although human kidney has not been shown to do so (Amet et al., 1997,
Cummings et al., 2000a). Therefore, renal CYP metabolism by this isoform in rat kidney would
be relevant only insofar as the involvement of other isoenzymes in metabolizing
tetrachloroethylene via this route.
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3.3.3.2. Glutathione (GSH) Conjugation Pathway

Figure 3-2 shows the second metabolic pathway for tetrachloroethylene (Dekant et al.,
1987, 1988; Sausen and Elfarra, 1990; Volkel et al., 1998). This GSH pathway was
subsequently shown to exist in both rodents and humans (Volkel et al., 1998).

The GSH pathway is initiated by the conjugation of the parent tetrachloroethylene
molecule with GSH to form S-(1,2,2-trichlorovinyl)glutathione (trichlorovinyl glutathione, or
TCVG). This reaction, which is catalyzed by the GSH-S-transferase enzymes (GSTSs), a group
of enzyme isoforms, was traditionally considered to be a detoxification reaction, leading to more
water-soluble compounds that are more readily excreted. In many cases, however, as with
certain halogenated alkanes and alkenes such as tetrachloroethylene, GSH conjugation can be
important for bioactivation. The critical step for the alkenes would occur after the enzymatic
removal of the glutamyl and glycine residues from the GSH conjugate to yield the corresponding
cysteine S-conjugate, which in the case of tetrachloroethylene would be S-(1,2,2-trichlorovinyl)
cysteine (trichlorovinyl cysteine, or TCVC; Dekant et al., 1987, 1989; Anders et al., 1988; Green
etal., 1990; Vamvakas et al., 1987, 1989a, b, c).

Tetrachloroethylene conjugation with GSH is thought to primarily occur through an
interorgan process. GSH conjugation occurs predominantly in the liver to form TCVG, which is
then further metabolized to the corresponding cysteine conjugate, TCVC, by the enzymes
gamma-glutamyltransferase (GGT) and cysteinylglycine dipeptidase. TCVC acts as a substrate
for several enzymes. Beta lyase cleaves TCVC to yield an unstable thiol, giving rise to cytotoxic
and mutagenic products, particularly the reactive thioketene. TCVC may also be activated by
cysteine conjugate S-oxidase activity, which also can rearrange to form the reactive thioketene.
Although Green et al. (1990) hypothesized that GSH conjugation and subsequent activation of
tetrachloroethylene did not occur in humans, the N-acetyl urinary metabolite has subsequently
been clearly identified in humans exposed to tetrachloroethylene in occupational settings, in
laboratory studies, and in residential buildings (Birner et al., 1996; Volkel et al., 1998; Schreiber
et al., 2002). Therefore, this pathway is now known to operate in humans as well as in rodents.

This GSH conjugation pathway was recognized much later than was the oxidative
pathway, probably because it is relatively minor quantitatively compared with the CYP pathway,
yet it may be toxicologically influential (U.S. EPA, 1991; IARC, 1995; Lash and Parker, 2001).
The evidence for this is based on in vitro kinetics and the relatively low recovery of urinary
mercapturates as compared with urinary TCA and other CYP-derived metabolites (Green et al.,
1990; Birner et al., 1996). Urinary mercapturates comprise from 1% to as little as 0.03% of total
recovered urinary metabolites, but this does not reflect the total flux through the GSH pathway
but rather only the portion that is excreted. In particular, the amount of the mercapturate product
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Figure 3-2. Metabolism of tetrachloroethylene by the glutathione
conjugation pathway. Tetrachloroethylene and identified (*) metabolites: 1
tetrachloroethylene, 2 S-1,2,2-trichlorovinyl) glutathione (TCVG), 3
S-(1,2,2-trichlorovinyl)-L-cysteine (TCVC), 4 N-acetyl trichlorovinyl cysteine
(NACTCVC), 5 NACTCVC sulfoxide, 6 1,2,2-trichlorovinylthiol, 7 TCVCSO, 8
2,2-dichlorothioketene, and 9 dichloroacetate. Enzymes: glutathione-
S-transferase (GST), gamma-glutamyltransferase (GGT), dipeptidase (DP), beta
lyase, FMO3, CCNAT, acylase, CYP3A1/2, and CYP3A4. Unstable reactive

metabolites are shown in brackets.

Source: Lash and Parker (2001).
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excreted in the urine also does not reflect the amount of the more important portion that is
converted to toxic by-products through further metabolism.

For tetrachloroethylene, the GSH pathway is associated with renal toxicity (Anders et al.,
1988; Dekant et al., 1989; U.S. EPA, 1991; IARC, 1995; Lash et al., 2000; Lash and Parker,
2001). The initial conjugation with GSH occurs mainly in the liver (Dekant et al., 1987; Green
et al., 1990; Vamvakas et al., 1987, 1989a), with transport of the conjugate and its cysteine
counterpart to the kidney target organ for further processing. This first step also occurs within
the kidney (Lash et al., 1998). As shown in Figure 3-2, tetrachloroethylene is initially
conjugated with GSH to form TCVG. This reaction is catalyzed by cytosolic and microsomal
GSTs. TCVG is then processed through the cysteinylglycine conjugate S-(1,2,2,trichlorovinyl)-
L-cysteinylglycine to TCVC by the enzymatic removal of glutamyl and glycine residues by GGT
and various membrane-bound dipeptidases known as cysteinylglycine dipeptidase (reviewed by
Anders et al., 1988; Dekant et al., 1989; U.S. EPA, 1991, Lash and Parker, 2001). These
enzymes reside in tissues other than the kidneys (e.g., the brain), indicating a potential for toxic
reactive metabolite formation in those tissues as well. Conversion of TCVG to TCVC by these
cleavage enzymes leads to a critical bifurcation point of the GSH pathway because the TCVC
may be processed by certain enzymes to yield reactive, toxic chemical species, although it may
be metabolized via a different route to yield an excretory product (Lash and Parker, 2001).

Importantly, the TCVC metabolite may also act as a substrate for renal beta lyases
(Dekant et al., 1988 reviewed by Anders et al., 1988; Dekant et al., 1989; U.S. EPA, 1991; Lash
et al., 2000; Lash and Parker, 2001). Renal beta lyases are known to cleave TCVC to yield an
unstable thiol, 1,2,2-trichlorovinylthiol, that may give rise to a reactive chemical species that can
form covalent adducts with cellular nucleophiles, including DNA and proteins (Volkel et al.,
1999). Beta lyases are a family of pyridoxal phosphate-containing enzymes that are located in
several tissues besides the kidneys, including liver and brain, and in intestinal flora, although
their substrate specificities may vary. Hepatic beta lyase is distinct from renal beta lyase and has
not been found to have a role in TCVVC metabolism. Beta lyase activity is higher in rat kidney
than in human kidney (Cooper, 1994; Lash et al., 1990), which is consistent with overall
metabolic rates being higher in smaller versus larger mammalian species.

In addition to activation by beta lyases, TCVC may be metabolized by a flavin-containing
monooxygenase, FMO3, or CYP enzymes to TCVC sulfoxide (TCVCSO), another reactive
metabolite (Ripp et al., 1997). TCVSO is a more potent nephrotoxicant than TCVVC (Elfarra and
Krause 2007). These TCVC sulfoxide and beta lyase cleavage products rearrange, forming a
thioketene (Dekant et al., 1988; Ripp et al., 1997), which is a potent acylating agent capable of
binding to cellular macromolecules, including DNA (Birner et al., 1996; Pahler et al., 19994, b;

Volkel et al., 1999). Interestingly, the thioketene can degrade to form DCA, potentially making
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this metabolite a product of both tetrachloroethylene metabolism pathways (Dekant et al., 1987;
Volkel et al., 1998).

In addition to beta lyase and FMO3/CYP activation of TCVC, reactive sulfoxides can
also be produced by further CYP3A metabolism of N-acetyl-S-(1,2,2 -trichlorovinyl)-L-cysteine
(NACTCVC; Werner et al., 1996). This tetrachloroethylene-derived mercapturate metabolite
results from TCVC being acetylated via a reversible reaction (Bartels, 1994; Birner et al., 1996;
Duffel and Jakoby, 1982). N-acetyl-S-(1,2,2-trichlorovinyl)-L-cysteine may be excreted in the
urine. However, in addition to its activation to sulfoxides via CYP3A metabolism, it can also be
transported to other organs and deactylated intracellularly, regenerating the cysteine conjugate
TCVC and thus making it available to other enzymes for activation (Uttamsingh et al., 1998). It
should be noted that the N-acetylation reaction is catalyzed by an enzyme located in the
endoplasmic reticulum that is distinct from the cytosolic enzymes that are polymorphic in
humans (Lash and Parker, 2001).

3.3.3.2.1. Glutathione S-transferase (GST) isoenzymes/polymorphisms. GSTs are a family of
isoenzymes (Mannervik, 1985) found in cytoplasm. A distinct microsomal GST isoenzyme also
exists in most mammalian tissues (Otieno et al., 1997). Although GST activity occurs in most
cell types, the liver is by far the predominant site of GSH conjugation. GST alpha, designated as
GSTA in humans, is the predominate isoenzyme expressed in normal kidney from rodents and
humans (Campbell et al., 1991; Overby et al., 1994; Mitchell et al., 1997; Rodilla et al., 1998;
Cummings et al., 2000b). Awvailable data thus far do not indicate that variability in activity of
this isoenzyme is important to differences in individual susceptibility to toxicity. GSTZ
catalyzes the oxidative metabolism of DCA to glyoxylate (Board et al., 1997; Tong et al., 1998a,
b), however, the tetrachloroethylene metabolite DCA has been shown to be a potent, irreversible
inhibitor of GSTZ activity (Tzeng et al., 2000).

There are five human polymorphic variants of this GSTZ isoenzyme (Tzeng et al., 2000;
U.S. EPA, 1998). These genetic polymorphisms may influence tetrachloroethylene metabolism
although human data regarding this hypothesis are lacking. There are some species differences
in the other three cytoplasmic GSTs relevant to liver and kidney. GSTP expression is the most
variable and appears to be polymorphic in humans (Rodilla et al., 1998). It has been found in rat
liver (Cummings et al., 1999), but only in biliary ducts in humans (Terrier et al., 1990; Campbell
etal., 1991). GSTP has been detected within the human kidney in various cell types (Terrier et
al., 1990) but has not been isolated from rat kidney cells (Cummings et al., 1999), although
GSTP has also been detected in rabbit kidney (Cummings et al., 1999).

Two homodimeric GST theta (GSTT) isoenzymes have been identified in human kidney
(Veitch et al., 1997; Cummings et al., 2000a). GSTT has been detected in rat and mouse liver
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and in mouse but not rat kidney (Cummings et al., 1999; Quondamatteo et al., 1998). GST mu
(GSTM) has been detected in rat kidney distal tubule cells (Cummings et al., 2000b) and in
mouse and rabbit liver and kidney (Overby et al., 1994; Mitchell et al., 1997), but it was not
detected in human kidney (Cummings et al., 2000a). It is not clear just how the differences in
these isoenzymes are related to species differences in tetrachloroethylene toxicity because the
isoenzyme specificity and reaction rates have not yet been studied with regard to
tetrachloroethylene (Lash and Parker, 2001).

Some controversy surrounds the importance of the GSH conjugation pathway with regard
to tetrachloroethylene metabolism in humans. As noted above, the GSH pathway for
tetrachloroethylene was originally demonstrated only in rodents, and interpretation of the then-
existing data led some scientists to conclude that the pathway was not operative in humans
(Green et al., 1990; U.S. EPA, 1991). More recent data clearly demonstrate the existence of the
pathway in humans (Birner et al., 1996; Volkel et al., 1998; Schreiber et al., 2002). There are
discrepancies regarding reported rates of tetrachloroethylene GSH metabolism, however (Green
et al., 1990; Dekant et al., 1987; Lash et al., 1998; Lash and Parker, 2001). These differences
may be due, in part, to different chemical assay methodology or to problems resulting from the
stability of the chemical product being measured or both (Lash and Parker, 2001). Some of the
published findings concerning TCVG production would not predict any less susceptibility for
humans than for rodents with regard to renal toxicity (Lash et al., 1998).

3.3.3.2.2. Gamma-glutamyltransferase (GGT). Species-dependent differences in GGT
(Hinchman and Ballatori, 1990) also are not thought to be limiting, because renal activity is
present at high enough levels even in humans so that GGT activity is not the rate-limiting step in
the metabolism. Species-dependent differences in this enzyme (described below) would have
only a very small quantitative effect on the overall metabolism of TCVG and other similar GSH
conjugates. Species differences in GGT activities, therefore, would not have a major role in
species differences in renal toxicity (Lash and Parker, 2001) in affecting transformation of
TCVG to TCVC, and thus, should not be important to differences in susceptibility to
tetrachloroethylene-induced renal toxicity.

GGT is the only enzyme that can split the gamma-glutamy! bond in the GSH conjugates
to form cysteine conjugates (Lash and Parker, 2001). It is this reaction that creates TCVC, the
substrate for the enzymes that generate the toxic metabolites. Therefore, the distribution of GGT
is important. Renal proximal tubular cells have the highest activities of GGT of all tissues,
although GGT activity also occurs in the liver, and the kidney-to-liver ratio of this enzyme varies
among species. In the rat, the specific activity ratio is 875 (Hinchman and Ballatori, 1990). The
ratio is lower in other species that have been studied. The tissue distribution and relative activity
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have not been fully studied in humans, but it is known that GGT activity is considerably higher
in human liver than in rodent liver (Lash and Parker, 2001). The kidney-to-liver ratio of GGT
for humans is thought to be closer to those of pigs (2) and Macaques (5) than to those of rats or
mice (423). For this reason, use of a rodent model for the processing of the tetrachloroethylene
GSH conjugate to the corresponding cysteine conjugate would overestimate the contribution of
the kidneys and underestimate the contribution of the liver in cleaving TCVG to TCVC. Even
so, the liver excretes most of the cysteine conjugates such as TCVC into the bile or plasma,
where it is cycled to the kidneys and taken up into renal epithelial cells. So, the TCVC will still
end up in the kidneys.

3.3.3.2.3. Beta lyase. The beta lyase enzyme is among the most important activator of toxic
products in the conjugation pathway, a fact particularly well documented in the kidney. There
are some data, however, that indicate that renal beta lyase-dependent metabolism is greater in
rats than in mice or in humans and greater in male than in female rats (Green et al., 1990; Lash et
al., 1990; Volkel et al., 1998). This is not entirely in keeping with metabolic rates in general,
which are higher in mice than in rats, and rats, in turn have higher metabolic rates than do larger
animals, including humans. Studies that measured only cytoplasmic beta lyase activity did not
consider the importance of mitochondrial beta lyase activity, which may be key to
tetrachloroethylene metabolite toxicity (Lash et al., 2001).

In contrast, it must also be noted that species comparisons of tetrachloroethylene
metabolism in chronic exposures on a surface area- or metabolic-rate basis rather than on a direct
body-weight basis, particularly when including the total area-under-the-curve (AUC) for amount
metabolized, indicate that metabolite production in rats and humans may not differ significantly
(U.S. EPA, 1986; Rhomberg, 1992; Calabrese, 1983). The fact is that metabolic rates and the
amounts metabolized are not the same thing. Metabolic rates are always faster in smaller
species. Total AUC may or may not be similar among species. Even if AUC is the same, the
peak blood levels may differ greatly from species to species. In other words, the
pharmacokinetics are not the same.

The higher percentage of mercapturate found in rat versus human urine does not indicate
a higher level of production of toxic products in the rat, because excreted mercapturate allows no
estimate of the amount of TCVC or N-acetyl TCVC being processed through alternate routes
(Lash and Parker, 2001). The relatively higher percentage of DCA in the urine may, however,
indicate a relatively higher beta lyase enzyme activity and a higher thioketene production in rats
if the DCA is indeed largely the product of the GST pathway rather than the oxidative pathway
(Volkel et al., 1998). It is not known whether sex-dependent variation of beta lyase activity
exists in humans as it does in rats (Volkel et al., 1998).
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And finally, it is important to note that because the enzymes involved in this activation
pathway are also present in other tissues (Dohn and Anders, 1982; Stevens, 1985; Stevens and
Jacoby, 1983; Tateishi et al., 1978; Tomisawa et al., 1984, 1986; Larsen, 1985; Larsen and
Stevens, 1986; Alberati-Giani et al., 1995; Malherbe et al., 1995), there exists a potential for
formation of the reactive metabolites at sites other than the kidney, e.g., in the brain. In one
carcinogenicity bioassay of tetrachloroethylene, a biologically significant elevation of gliomas in
the rat brain was reported (NTP, 1986). Whether or not toxic metabolites resulting from beta
lyase activity in the brain play a role in the development of the gliomas in the rat has not been
studied. The possibility that such tetrachloroethylene metabolites could be involved in the mode
of tumorigenic action producing gliomas is not unrealistic.

3.3.3.3. Relative Roles of the Cytochrome P450 (CYP) and Glutathione (GSH) Pathways

Although it is clear that the oxidative CYP pathway is quantitatively more important than
the GSH conjugation pathway, the interorgan patterns for some of the intermediate metabolites,
as well as the relative toxicity of certain key metabolites generated from these pathways,
influence the relative importance of the two pathways in determining toxicity. It is still not
certain which metabolites, alone or in combination, are explicitly responsible for specific
tetrachloroethylene toxicities, and it is likely that different metabolites contribute to toxicity at
different target sites. In general, CYP metabolism is associated with tetrachloroethylene-induced
liver toxicity, whereas GSH conjugation followed by further processing by beta lyase and other
enzymes is associated with tetrachloroethylene-induced renal toxicity. There is a possibility that
beta lyase products could contribute to toxicity in the brain, for example, and be a factor in the
gliomas observed in rats. The parent compound itself is also likely to be a contributing factor to
tetrachloroethylene neurotoxicity, particularly central nervous system (CNS) effects.

Data from experiments designed to assess the effects of enzyme modulation suggest
competition between the two pathways (Dekant et al., 1987; Lash et al., 1999; Volkel et al.,
1998; Lash et al., 2001). Other data show relatively low urinary excretion of mercapturates as
compared to CYP-derived products. On the basis of these findings, some scientists have
concluded that there is a lack of toxicological significance for the low-affinity, low-activity GSH
pathway except when the high-affinity CYP pathway approaches saturation (Green et al., 1990,
1997; Volkel et al., 1998). However, this conclusion does not consider the relative toxicological
potency or chemical reactivity of the metabolites from the two pathways or the fact that the
amount of mercapturate excreted is not a valid quantitative indicator of the extent of conjugative
pathway metabolism (Lash and Parker, 2001).

Specific tetrachloroethylene metabolites are known to be associated with certain

toxicities when they are administered directly. Exactly how these same compounds—as
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metabolites of tetrachloroethylene—contribute to the various toxicities associated with exposure
to the parent compound is not yet well understood.

3.3.4. Susceptibility

Differences in enzyme activity may lead to variations among individuals in their
sensitivity to tetrachloroethylene toxicities. A 10-fold difference in CYP enzyme metabolic
capacity among humans is a generally accepted norm. Although individual variations in the
CYP2E1 enzymatic activity as high as 20- to 50-fold have been reported (Stephens et al., 1994;
Yoo et al., 1988; Lieber, 1997), these in vitro measurements would be taken out of physiological
context if used to estimate in vivo interindividual variations. Measurable and obvious
differences in CYP enzymatic activity are observed among various ethnic groups and age groups
(Goldstein et al., 1969; Raunio et al., 1995). No chemical-specific data regarding the manner in
which CYP enzyme isoforms might affect susceptibility to adverse effects are available for
tetrachloroethylene.

Diagnosis of polymorphisms in carcinogen-activating and -inactivating enzymes and
cancer susceptibility have been noted (Stephens et al., 1994; Yoo et al., 1988; Raucy, 1995).
Potential strain-dependent differences among rodents and human genetic polymorphisms in
metabolizing enzymes involved in biotransformation of tetrachloroethylene are now known to
exist. Whether CYP polymorphisms could account for interindividual variation in
tetrachloroethylene metabolism among humans—and thus differences in susceptibility to
tetrachloroethylene-induced toxicities—is not known.

The GSTs involved in tetrachloroethylene metabolism are described in Section 3.3.2. A
potential exists for interindividual variation to occur in tetrachloroethylene metabolism as a
result of variability in GST enzyme expression. It is important to note that GST polymorphism
has been associated with increased risk of kidney cancer in people exposed to trichloroethylene.
This information is discussed in EPA’s draft health assessment report on trichloroethylene (U.S.
EPA, 2001). There are no direct, chemical-distinctive data with regard to the specific isoenzyme
family responsible for TCVVG formation in metabolism of tetrachloroethylene. There are
species-dependent differences as to which isozymes occur in liver and kidney, although it is
unknown how the various enzymes are related to differences in metabolism of
tetrachloroethylene. The compound is likely a good substrate for GSTA (Lash and Parker,
2001). GSTT and GSTP occur in human kidney, as does GSTA, the primary isozyme in human
kidney, meaning that there is a potential for differences in the ability to produce TCVG. GSTZ
transforms the tetrachloroethylene metabolite DCA. DCA has also been shown to have a potent
irreversible inhibitory effect on the GSTZ isoenzyme, which is known to have at least four

polymorphic variations.

This document is a draft for review purposes only and does not constitute Agency policy
06/06/08 3-19 DRAFT-DO NOT CITE OR QUOTE



© 00 N O O b W DN P

W W W W W W W NN DNDNMNMNDNMNMNDNMDNMNDMNDNMDMNMNMNMNNNREPEEPRPPERPR PR RFPR P P PR
o O A W NP O O© 0 NO O B WNDNPFPP OO oo NOoO O B WODN - O

Inhibition or induction of the enzymes responsible for tetrachloroethylene metabolism
can, and likely does, alter susceptibility to toxicity (U.S. EPA, 1985; IARC, 1995; Lash and
Parker, 2001). Numerous environmental pollutants and therapeutic agents alike have the
potential to induce or inhibit tetrachloroethylene-metabolizing enzymes. For example,
tetrachloroethylene metabolism is increased by inducers of cytochrome CYP enzymes such as
toluene, phenobarbital, and pregnenolone-16 alpha-carbonitrile, whereas CYP inhibitors such as
SKF 525A, metyrapone, and carbon monoxide decrease tetrachloroethylene metabolism (Moslen
etal., 1977; Ikeda and Imanura, 1973; Costa and Ivanetich, 1980). Chronic exposure to
tetrachloroethylene has been shown to cause self-induction of metabolism (Kaemmerer et al.,
1982; Savolainen et al., 1977; Vainio et al., 1976). Other factors, such as health status or disease
state, activity patterns, or concomitant exposure to other chemicals, can potentially influence
tetrachloroethylene metabolism and its resulting toxicity. Section 4.9 addresses issues
coexposures and cumulative risk in greater detail.

3.3.5. Comparison of Tetrachloroethylene Metabolism with Trichloroethylene Metabolism

Tetrachloroethylene is structurally related to trichloroethylene, and these two compounds
cause similar adverse health effects. The toxic effects, with the possible exception of
neurotoxicity, are attributed to metabolites. TCA, DCA, chloral, and TCOH are reported P450
biotransformation products of tetrachloroethylene and trichloroethylene; however, both the
relative amounts of these metabolites produced and the precursor intermediates in the oxidative
pathways are different for the two compounds. Interestingly, although tetrachloroethylene is not
as extensively biotransformed as trichloroethylene, it is slightly more toxic. Differences in
pharmacodynamics of precursors to P450 metabolic products as well as pharmacokinetic
differences between the two parent compounds may be related to their pharmacologic potencies
(Buben and O’Flaherty, 1985). Excretion of urinary mercapturates indicates that, relative to
P450 oxidation, tetrachloroethylene is more extensively metabolized via GSH conjugation than
is trichloroethylene. However, these urinary excretion products do not reflect the total flux
through the GSH pathway since the resulting glutathione and cysteine conjugates have been
shown to undergo further processing to products that are highly reactive. The Appendix for
Chapter 3 provides additional discussion of tetrachloroethylene/trichloroethylene comparative
metabolism.

3.4. EXCRETION

Tetrachloroethylene is eliminated from the body by two major processes: pulmonary
excretion and rate-limited metabolism. Tetrachloroethylene that is not metabolized is exhaled

unchanged, and this elimination process is the primary pathway of tetrachloroethylene excretion
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in humans for all routes of administration (Monster et al., 1979; Stewart et al., 1961, 1970, 1974,
1977; Guberan and Fernandez, 1974; Opdam and Smolders, 1986; Koppel et al., 1985; Stewart
and Dodd, 1964). Pulmonary elimination of (unchanged) parent compound is also important to
tetrachloroethylene excretion by animals (Pegg et al., 1979; Yllner, 1961; Frantz and Watanabe,
1983; Schumann et al., 1980; Bogen et al., 1992). A very small amount of tetrachloroethylene
has been shown to be eliminated through the skin (Bolanowska and Golacka, 1972); however, it
represents an insignificant percent of total tetrachloroethylene elimination.

Pulmonary elimination of unchanged tetrachloroethylene and other volatile compounds is
related to ventilation rate, cardiac output, and the solubility of the compound in blood and tissue.
The lung clearance of tetrachloroethylene in six adults exposed at rest to 72 ppm and 144 ppm of
tetrachloroethylene averaged 6.1 L/min initially and decreased to 3.8 L/min after 4 hrs (Monster
etal., 1979). Lung clearance represents the volume of air from which all tetrachloroethylene can
be removed per unit time. Normal ventilation rates in adults range from 5-8 L air/min at rest.
Pulmonary elimination of unchanged tetrachloroethylene at the end of exposure is a first-order
diffusion process across the lungs from blood into alveolar air, and it can be thought of as the
inverted equivalent of its uptake from the lungs. Pulmonary excretion occurs in three first-order
phases of desaturation of blood vessel-rich tissues, muscle tissue, and adipose tissues (Monster et
al., 1979; Guberan and Fernandez, 1974). For humans, the half-times of elimination from these
three tissue groups are 12 to 16 hrs, 30 to 40 hrs, and 55 to 65 hrs, respectively (Monster et al.,
1979).

The long half-time of tetrachloroethylene elimination from adipose tissue, due to the high
adipose tissue/blood partition coefficient and the low rate of blood perfusion of the fat tissue
(Eger, 1963), is independent of the body burden of tetrachloroethylene, indicated by parallel
blood and exhaled air concentration decay curves (U.S. EPA, 1985). However, the exhaled air or
end alveolar air concentrations and the blood concentrations after exposure and throughout
desaturation are proportional to the acquired body burden or exposure concentration and
duration, and they can serve as a means of estimating body burdens. The half-life of
tetrachloroethylene in the human body, measured as the inverse of the slope of the log-
concentration versus time curve of the exhaled chemical, varies from 5 to 20 minutes for the first
phase of elimination up to approximately 50 hrs during its extended phase (Chien, 1997; Monster
etal., 1979). The long half-time of tetrachloroethylene pulmonary excretion indicates that a
considerable time is necessary to completely eliminate the compound. This time is greater than
five times the half-life, or about 2 weeks for humans. For the rat, the half-time of pulmonary
elimination is about 7 hrs.

Metabolism of tetrachloroethylene provides another means of elimination of the parent
compound. Metabolism in humans is not considered to be as important to tetrachloroethylene
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excretion as is pulmonary excretion; however, at low ambient exposure concentrations, this may
not be the case. The rationale for assigning greater importance to elimination by metabolism in
humans is discussed later in this section. The biotransformation process is well accepted as
being important to elimination of tetrachloroethylene in rodents (see Metabolism, Section 3.3).

The mean half-time of elimination for total trichloro-compounds for 13 subjects exposed
to tetrachloroethylene was determined to be 144 hrs (Ikeda and Imamura, 1973). When TCA is
administered directly, however, the half-life is not that long. The longer half-life of TCA from
tetrachloroethylene metabolism is likely due to constant metabolic conversion of the parent
compound to TCA as tetrachloroethylene is cycled to the liver over the period of time it is
released from adipose tissue.

The urinary excretion of tetrachloroethylene biotransformation products, primarily TCA,
has been thought to represent only a small percent of the total absorbed dose of
tetrachloroethylene in humans (U.S. EPA, 1985; ATSDR, 1997). Urinary excretion of TCA (or
total trichloro-compounds) was estimated to be only 1 to 3% in balance studies conducted in
humans (Stewart et al., 1961, 1970; Monster et al., 1979, 1983; Monster and Houtkooper, 1979;
Boettner and Muranko, 1969; Ikeda et al., 1972; Essing et al., 1973; Fernandez et al., 1976; May,
1976). The shortcomings of the human balance studies include the lack of follow-up of the
subjects over a long time period. It is highly likely that a larger percent of the
tetrachloroethylene dose was eventually metabolized. Not all of the dose was accounted for in
these studies, indicating that more of the dose may be metabolized. Part of the dose may be
metabolized to biotransformation products, such as oxalic acid, that were not measured. It is
important to note that estimates of risk calculated directly from the data from such studies would
seriously underestimate risk of exposure, because the tetrachloroethylene dose in some of these
studies does not likely reflect low-dose exposure metabolism (U.S. EPA, 1985, 1991; Bois et al.,
1996).

A literature review published by Hattis et al. (1990) reported estimates of the fraction of
tetrachloroethylene metabolized at a low dose of 1 ppm to range from 2 to 86%. Based on data
from the 1979 Monster et al. study, Bois and his colleagues (Bois et al., 1996) determined that at
exposure levels above the current occupational standards, a median of approximately 1.5% of
inhaled tetrachloroethylene would be metabolized, whereas at ambient air levels (0.001 ppm) the
median estimate of the fraction of inhaled dose that would be metabolized is 36%, a considerably
higher fraction of the dose.

Metabolism of tetrachloroethylene has generally been reported to contribute more to its
elimination in rats and mice than in humans. The relative importance of metabolism elimination
of tetrachloroethylene in rodents depends on the species and the dose (Pegg et al., 1979;
Schumann et al., 1980; Dallas et al., 1994a; Bogen et al., 1992). As the body burden of
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tetrachloroethylene is increased in the rat or mouse, the percentage excreted as unchanged parent
compound increases. Conversely, as metabolism is the other principal route of elimination of
tetrachloroethylene, when the body burden increases, the percentage of the burden metabolized
decreases, although the absolute amount metabolized increases (Pegg et al., 1979; Schumann et
al., 1980). These observations suggest that, in the rodent, metabolism of tetrachloroethylene and
urinary excretion of its metabolites are rate limited and dose dependent, whereas pulmonary
excretion is a first-order process and is dose independent, with half-time and rate constant being
independent of the dose. Data from studies by Filser and Bolt (1979) and Buben and O’Flaherty
(1985) suggest that elimination of tetrachloroethylene by metabolism is greater in mice than in
rats.

3.5. PHYSIOLOGICALLY BASED AND OTHER TOXICOKINETIC MODELING

Most of the understanding of the pharmacokinetics of tetrachloroethylene in humans is
based on a limited number of human data sets (Monster et al., 1979; Fernandez et al., 1976;
Volkel et al., 1998) and on extrapolations from animal data to humans using PBPK modeling.
PBPK models can provide estimates of tissue concentration as well as total metabolism of
tetrachloroethylene. Models that incorporate transfer into milk and subsequent infant exposure
have also been validated using measured human milk concentrations of tetrachloroethylene
(Byczkowski and Fisher, 1994). In addition, researchers have looked at the variability in the
measured and estimated PBPK model parameters and the implications for applying the models to
risk assessment. The critical difference among the various models is in their different
approaches to estimating the metabolic parameters.

3.5.1. Various Physiologically Based Pharmacokinetic (PBPK) Models

Chen and Blancato (1987) developed a PBPK model for rats, mice, and humans. The
metabolic parameters maximum velocity (Vmax) and Michaelis-Menten constant (K,) were
derived by fitting the model to the total amount of metabolized tetrachloroethylene.
Experimental data on total metabolite were available for rodents. However, for humans, it was
assumed that the urinary metabolite TCA, as measured by Monster et al. (1979), accounted for
30% of the total metabolite. This percentage was chosen because it resulted in a better fit. The
model consisted of five compartments: lung, fat tissue, richly perfused tissue, poorly perfused
tissue, and liver. The model was used to estimate cancer risk from inhalation and drinking water
exposures, based on total daily absorbed tetrachloroethylene.

Reitz et al. (1996) developed a PBPK model for rats, mice, and humans that describes the
total metabolism of tetrachloroethylene using Michaelis-Menten kinetics. The partition

coefficients for the five tissue compartments were measured independently and were similar to
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those used by Chen and Blancato (1987), giving confidence in the reasonableness of both sets of
numbers. For rats and mice, the metabolic parameters Vmax and Kp,, as well as the volume and
blood flow rates of the fat compartment, were obtained by simultaneously optimizing the fit to
three sets of in vivo data gathered in 6-hr inhalation radiolabeled tetrachloroethylene exposure
studies. These data were (a) concentration of tetrachloroethylene in exhaled breath, (b)
radioactive body burden present in animals at end of exposure, and (c) total post-exposure
radioactive metabolites recovered from all excreta and carcass homogenates.

The metabolic parameters for humans were estimated as follows using a “parallelogram
approach” (Reitz et al., 1989). First-order constants for the rate of metabolism were measured in
vitro using isolated liver microsomes of all three species. The ratio of these in vivo and in vitro
metabolic rates was assumed to be nearly constant across species, as was found to be the case for
rats and mice. Using this constant ratio, the human in vivo metabolic rate constant per gram of
liver could be determined from the human in vitro value. K, was assumed to be invariant across
species because it is derived solely from the reaction rate constants for the enzyme-catalyzed
metabolic reactions. In contrast, Chen and Blancato (1987) found very different values of K, for
each species because this was a fitted parameter in their model. Vmax, 0n the other hand, depends
on the concentration of the enzyme (substrate) present and is likely to exhibit large inter- and
intraspecies variability. As also noted by Reitz et al. (1996), there are inherent uncertainties in
estimates from in vitro studies.

Reitz et al. (1996) also used a second method for estimating Vax, Which was based on
extrapolation from in vivo animal studies of other chemicals metabolized by cytochrome P450
enzymes. Vmax, SO estimated, was allometrically scaled to humans. The values obtained by Reitz
et al. (1996) through both these independent methods were comparable. The overall average
value of 32.9 mg/hr was then used in the PBPK model. This value compares with the value of
42.2 mg/hr used by Chen and Blancato (1987). The Chen and Blancato (1987) and Reitz et al.
(1996) models differ considerably in the values of K, for humans: 4.66 mg/L and 32.04 mg/L,
respectively. Chen and Blancato (1987) also demonstrated that because tetrachloroethylene is so
poorly metabolized, the levels of tetrachloroethylene in blood and tissues are not extremely
sensitive to the values of Vi and Kp,

A human PBPK model was developed for the purpose of investigating neurotoxicological
endpoints (Rao and Brown, 1993). In this case, tetrachloroethylene, not its metabolites, is of
toxicological interest. This model was similar to the others previously discussed except that it
included a skin compartment to allow for dermal absorption of tetrachloroethylene from shower
water and a brain compartment so that the researchers could evaluate tetrachloroethylene
concentrations in this organ. The model was coupled with an exposure model that predicted the
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amount of tetrachloroethylene a human would be exposed to from water during showering and
bathing.

The values for Vimax and K, in Rao and Brown (1993) were estimated using the method
of Reitz and Nolan (1986). The predictions of the model were fit to total metabolite levels
measured in rats and mice (Schumann et al., 1980; Pegg et al., 1979) to obtain the maximum rate
of metabolism, Vnax (Which varied across species and was allometrically related to body weight
raised to 0.74 power), and K, (considered invariant across species). Other parameters for
tetrachloroethylene were derived from various experimental data reported in the literature. The
value of Vax for humans was determined by fitting the predicted total metabolite level to that
estimated from urinary metabolite measurements in humans (Monster et al., 1979, and Fernandez
et al., 1976, combined), assuming that the ratio of urinary to total metabolites would be the same
in humans as that observed in rats (equal to 0.71). Although the value of K, for humans in the
Rao and Brown (1993) and Reitz et al. (1996) models were similar, their values for Vmax differed
significantly (see Table 3-1). Rao and Brown (1993) also provided parameter estimates for 6-
and 10-year-old children.

Table 3-1. Comparison of Vma/Kn, ratios®

Vimax Km V max/ Km
Model (mg/hr)® (mg/L) (L/hr)
Rao and Brown 6.77 4.56 1.48
Reitz 329 4.66 7.06
Bois et al. 1.86 0.133° 14
Gearhart et al. 5.48 7.7 0.712

# Ratios are for the human models used for animal-to-human extrapolations in this assessment and those of Gearhart
et al. (1993), which accurately predicted production of major metabolite, TCA, in urine.

® 70 kg human.

¢ The “posterior” value for K, in Bois et al. (1996) was multiplied by the liver volume and the liver tissue/blood
partition coefficient in order to conform to the format of the pharmacokinetic equations in this document.

Bois et al. (1996) used a Bayesian analysis in conjunction with a PBPK model that was
structurally similar to that used by Reitz et al. (1996). The analysis used “prior” empirically
determined distributions for the parameters in the model that were based on values in the
literature and other previously conducted PBPK analyses. The Markov Chain Monte Carlo
method was used with the PBPK model to compute updated “posterior” population distributions
of these parameters that provided optimal fits to the individual blood and exhaled
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tetrachloroethylene concentrations of subjects in Monster et al. (1979). Due to lack of good prior
knowledge about the population variability of physiological parameters, standard reference
values were assumed and standard deviations were selected by “reasonable guess” to generate a
relatively diffuse prior.

The Michaelis-Menten parameter, Vmax, Was obtained first for rats and mice by fitting the
model to in vivo data on the rate of total metabolite formation (Bois et al., 1990). The
investigators then estimated human values by using the ratio of human and animal values of
Vmax, @S determined by Reitz (1992). The geometric mean of these values was in agreement with
that obtained by extrapolation from the animal values, based on allometric scaling by body
weight. This value was used as the “prior” estimate of V. Km Was treated as invariant across
species, and the geometric mean of values determined for rats and mice was used as the “prior”
estimate. The Monte Carlo simulation was run for 10,000 iterations, after which time the
parameter distributions converged. Tetrachloroethylene concentrations in blood and exhaled air
were fit extremely well to the Monster et al. (1979) data. The shape of the prior distribution was
seen to have little impact on final results. Model predictions were compared against alveolar
concentrations of subjects in the Opdam and Smolders (1986) study, and all data points were
seen to fall within the 95" percentile envelope of predictions. The exposure concentrations in
this study were 5 to 100 times lower than those used in the Monster et al. (1979) study; thus, this
comparison provides further weight to the strength of the model.

The mean value for the posterior estimate of V. Was 20 times lower than the prior
estimate. Thus, the Bois et al. (1990) results imply that the maximum rate of tetrachloroethylene
metabolism in humans is much lower than that extrapolated by body weight raised to 3/4 power
allometric scaling from rodents.

Other authors have developed models for tetrachloroethylene that specifically describe
the kinetics of its major metabolite, TCA. Gearhart et al. (1993) developed a model for
tetrachloroethylene that also included the kinetics of TCA, assuming that TCA comprised 60%
of the total tetrachloroethylene metabolized in the rodent and using similar parameters for TCA
as in a model for trichloroethylene. Tetrachloroethylene metabolism parameters for mice were
estimated by fitting the model to the time course of decrease in chamber concentration of
tetrachloroethylene in gas uptake studies. The model was independently validated at low oral
doses (acute oral gavage of tetrachloroethylene in corn oil) by comparing the time course of
blood concentrations of tetrachloroethylene and TCA in mice. Details pertaining to the
derivation of parameters for metabolism in humans are not provided in the original paper but are
available in the review by Clewell et al. (2005).

The parameters for describing tetrachloroethylene metabolism in humans were derived by
fitting the model to urinary excretion of TCA in two subjects in a study by Fernandez et al.
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(1976), assuming the same ratio of TCA to total metabolite as in the rodent. This value was set
to 0.6 and attributed to Dekant et al. (1986b). The validity of using this value for humans has not
been evaluated. Reitz et al. (1996), in their radiolabeled tetrachloroethylene studies, determined
the fraction of urinary to total metabolites to range from 0.49 to 0.59 in rats and from 0.56 to
0.66 in mice for exposure concentrations that varied by two orders of magnitude.

Clewell et al. (2005) evaluated the Gearhart et al. (1993) model further, comparing its
predictions against the more recently available urinary and blood TCA data gathered by Volkel
et al. (1998) on human subjects exposed to tetrachloroethylene concentrations of 10 to 40 ppm
for 6 hrs. The predicted blood TCA concentrations were in general agreement with the
experimental data, but the rate of urinary excretion of TCA was overpredicted by roughly a
factor of 2. Clewell et al. (2005) extended the Gearhart et al. (1993) model to include
metabolism of tetrachloroethylene in the kidney, allowing for excretion directly into urine.
Assuming metabolism in this organ to be at 10% of the capacity of the liver, substantial
improvement was noted in the agreement with experimental data. An advantage in using the
Volkel et al. (1998) data is that they pertain to exposure concentrations that are lower than those
in other studies (e.g., 72 to 144 ppm in the Monster et al., 1979, study). In addition to
developing this refined model, the Clewell et al. (2005) work provides an extensive review and
evaluation of available PBPK models for tetrachloroethylene.

Loizou (2001) used a PBPK model that was structurally similar to that of Gearhart et al.
(1993). The model assumes a 15% stoichiometric yield for the total metabolite produced across
various dose levels (i.e., 15% of the parent compound in the liver is metabolized), but the basis
for these assumptions is not substantiated. The above yield is also assumed to hold for the
production of TCA because it is the major metabolite (E-mail dated June 26, 2002, from G.
Loizou, Health and Safety Laboratory, UK, to R. Subramaniam, U.S. EPA). Elimination rates of
TCA through blood and urine were chosen by calibrating the model to fit blood and urinary TCA
kinetics and exhaled tetrachloroethylene TCA concentration levels obtained from Monster et al.
(1979).

Other compartments have been added to human PBPK models to answer specific
questions. One model was developed for the purpose of predicting cancer risk in breastfed
infants (Byczkowski and Fisher, 1995). This model did not include a brain compartment but
instead included a milk compartment for the mother. Hence, milk concentrations were predicted
on a real-time basis, and the daily dose to a nursing infant could be computed. To assess cancer
risk, the authors used a standard method based on intake dose of the parent compound (U.S.
EPA, 1989).

This document has described three human PBPK models—those of Rao and Brown
(1993), Reitz et al. (1996), and Bois et al. (1996)—in order to extrapolate health risk from
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laboratory animals to human. The rationale for the selection of these models is discussed in
Section 3.5.3.

3.5.2. Variability and Uncertainty

A number of models and studies have been discussed in the preceding sections on animal
and human pharmacokinetics, and other models have appeared in older literature (see Hattis et
al., 1990; Clewell et al., 2005). These models can be shown to adequately predict human data on
concentrations of the parent tetrachloroethylene compound in blood and exhaled air and have
been used to varying degrees along with cancer risk models to attempt to predict the risk of
tetrachloroethylene exposure. There is likely to be considerable biological variability in many of
these parameters, and the uncertainties about the values and their interpretations are significant.

Variability in pharmacokinetic measurements can exist within an individual over repeated
measurements (intra-individual variability) and between different individuals in a population
(inter-individual variability). Although this variability can introduce uncertainty into risk
assessments that are based on single-point estimates, it is also a factor that can be explored using
physiologically based mathematical modeling (including PBPK models) along with statistical
techniques to estimate parameter distributions. Some studies have attempted to examine how
variability among individuals affects risk (Bois et al., 1990, 1996; Gearhart et al., 1993;
Isukapalli et al., 1998).

Bois et al. (1996) used Markov Chain Monte Carlo analysis to investigate the sensitivity
of model output to changes in parameters and to determine the parameter distributions needed to
explain the intersubject variability in humans. In simple Monte Carlo analysis, parameter values
are selected from predetermined empirical or experimental distributions to investigate variability
in model output. The Markov chain technique takes into account prior knowledge and collected
data to modify the parameter distributions. In this case, population distributions were developed
using knowledge of the six subjects in the Monster et al. (1979) data set for which a fit was
desired. The new (posterior) parameter distributions were then used to estimate the amount of
tetrachloroethylene metabolized during ambient exposures of approximately 1 ppb inhaled dose.
The investigators estimated that a median value of 36% was metabolized, with 95% confidence
bounds of 15% and 58% at low inhalation exposure concentrations of 0.001 ppm, in contrast to a
median value of 1.7% metabolized at a 50 ppm concentration.

In an earlier study, Bois et al. (1990) used the conventional Monte Carlo method in
conjunction with PBPK modeling to consider the effect of pharmacokinetic parameter
uncertainties on the precision in model predictions and, subsequently, on cancer risk estimates.
Empirically reasonable probability distributions were assigned to the scaling coefficients

associated with each parameter. It was acknowledged that certain parameters would co-vary (for
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example, body weight and liver weight), so these parameters would not be altered independently
in the Monte Carlo simulation. The metabolic parameters were seen to be the most important
determinants in the sensitivity of the results, as also observed by Reitz et al. (1996). The
investigators calculated a median rate of metabolism in humans of 58 ng/day/kg??, with 5™ and
95™ percentiles of 34 and 104 ng/day/kg?*, upon continuous exposure to 1 ng/L of
tetrachloroethylene. The variability in the rate of metabolism was estimated to be much lower
than that expected from the variability in Vma and Ky, due to the covariance of these two
parameters.

To assess variability in uptake and elimination within a single individual over multiple
exposures under different exposure patterns, Chien (1997) collected exhaled breath
measurements on a single individual following four different exposure scenarios in a controlled
environmental facility (three replicates per scenario for a total of 12 exposures) and following
tetrachloroethylene exposure in 22 dry cleaning facilities, where ambient levels of
tetrachloroethylene were recorded and exposures were carefully timed. Hence, the variability in
exhaled breath as a biomarker measurement and surrogate for internal dose could be evaluated in
the same individual under clinical conditions in which exposure magnitude, duration, and pattern
were carefully controlled and in a field environment where only the duration of exposure was
controlled. The controlled exposures occurred for either 30 minutes or 90 minutes, with
exposure concentrations ranging from 0.5 to 3 ppm. The experiments were designed to result in
potential inhalation exposures of 297 pug/L-min. Differences in percent uptake and elimination
half-life between exposure sessions at the same environmental concentration were statistically
insignificant. However, percent uptake was dependent on environmental concentration.

Gearhart et al. (1993) performed 600 runs of a PBPK model in Monte Carlo fashion to
produce a distribution of output results and attempted to look at the effect of the variation in the
values of partition coefficients on the prediction of different dose surrogates such as area under
the blood time curve for metabolites in the liver. For this dose surrogate, the investigators
determined that the coefficient of variation was 25% and that the maximum was less than twice
the mean. They concluded that parameter uncertainty in the models does not constitute a
significant source of variability in using PBPK models for risk assessment. It must be noted that
variation of the metabolic parameters was not included in their exercise.

The quantity of metabolite produced was observed to be very sensitive to Vimax and Kp,
parameters that vary significantly across models. On the other hand, the concentration of
tetrachloroethylene in the blood is relatively insensitive to these parameters. Tables 3-1 and 3-2
indicate the range in the values of these parameters reported in the literature for humans and
laboratory animals.
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Table 3-2. Variation in values of metabolic parameters for
tetrachloroethylene, as seen in the literature

Vmax Km
Subject Reference (mg/hr) (mg/L) Comment
Animal
Sprague- Chen and Blancato 0.35 2,94 Fit model to 10 and 600 ppm inhalation exposure
Dawley rat (1987) from Pegg et al. (1979).
B6C3F1 Chen and Blancato 0.18 1.47 Least squares fit to total metabolized from a gavage
mouse (1987) and inhalation study of Pegg et al. (1979).
F344 rat Reitz et al. (1996) 0.325 5.62 Optimization to fit entire data set collected and
reported in this study for 6 hr inhalation exposures.
Metabolic parameters and size/perfusion rate of fat
compartment were fit.
B6C3F1 Reitz et al. (1996) 0.355 3.69 Same as F344 rats in this paper (above).
mouse
Sprague- Dallas et al. 0.009 0.019 Metabolic parameters and blood/air partition
Dawley rat (19944, b) coefficient estimated via nonlinear regression to an
intra-arterial injection of 10 mg/kg in the rats.
Byczkowski and 0.012 0.32 Fit model to exhaled tetrachloroethylene from
Fisher (1994) closed chamber inhalation studies.
Humans
Chen and Blancato 42.2 32 Least squares fit to urinary TCA data from Monster
(1987) et al. (1979) and Fernandez et al. (1976), assuming
that TCA represents 30% of overall metabolism.
Reitz et al. (1996) 32.9 4.66 Determined from in vitro studies with human liver
cells and in vitro and in vivo studies in animals.
Rao and Brown 6.77 4.56 Published literature.
(1993)
Bois et al. (1996) 1.86 0.133* | Central estimate, Markov Chain Monte Carlo
posterior distribution fit to Monster et al. (1979)
exhaled and venous blood concentrations.
10-year-old Rao and Brown 4.25 4.56 Published literature.
child (1993)
3-year-old Rao and Brown 2.64 4.56 Published literature.
child (1993)
Byczkowski and 2.94 0.32 Allometric scaling from model optimizations based

Fisher (1995)

on the exhaled breath of rats during closed chamber
inhalation exposure.

2 See text and footnote in Table 3-1.
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Age and gender-specific differences in pharmacokinetics can have a significant impact on
tissue dosimetry. The immaturity of metabolic enzyme systems in the perinatal period may lead
to decreased clearance of toxic chemicals as well as decreased production of reactive
metabolites. Clewell et al. (2004) examined these differences for various stages in life using
PBPK modeling for tetrachloroethylene and five other chemicals that differed considerably in
their physicochemical (lipophilicity, solubility, and volatility) and metabolic characteristics.
Parameters describing growth of various tissues were taken from the literature, and blood flow
changes with age were assumed to change proportionally with tissue volumes. For
tetrachloroethylene, only oxidative metabolism—specifically the production of TCA—was
considered. Data on age-dependent development of CYP2EL was used for this purpose (Vieira
etal., 1996). The parameters for tetrachloroethylene were taken from the Gearhart et al. (1993)
model, and the age-dependence of metabolism was based on the CYP2E1 data. The Gearhart et
al. (1993) model describes the amount of TCA produced as 60% of the total metabolized
tetrachloroethylene; this was fixed in the life-stage model.

The dose metrics examined were blood concentrations of the parent compound and the
metabolite TCA. Continuous lifetime oral exposure was simulated at a daily dose rate of 1
pg/kg/day. Table 3-3 provides the average daily dose during different life stages of a male
expressed relative to that of a 25-year-old adult male. The gender and age differences in
tetrachloroethylene and TCA blood concentrations are detailed further in Figure 3-3.

Table 3-3. Ratio of average daily dose at various life stages to the average
daily dose for a 25-year-old adult: PBPK simulations

. Life stage
Dose metric
0-6 months 0.5-5 years 5-25 years 25-75 years
Tetrachloroethylene blood 0.33 0.42 0.76 1.2
concentration
TCA blood concentration 0.057 0.16 0.59 14

Source: Clewell et al. (2004).

This document is a draft for review purposes only and does not constitute Agency policy

06/06/08

3-31

DRAFT-DO NOT CITE OR QUOTE




QOWoo~No ok~ whN B

N N o ol el e A o =
N B O © 0 N O O b WN R

1.5E-4 5.0E-8
j T —
= + 8
g: A 4.0E-8 =
= 4 £
o 1.0E-4 + <
& 4 3.0E-8 O
w [ 3058 2
5 1 5
o I20es
S 5.0E-5 T O
T e—ERC - males | 4 ‘§
E PERC - females |+ 1.0E-8 ol
o = TCA - males +
TCA - females T
0.0E+G - 0,.0E+0
0 10 20 30 40 60 60 70 80

Age {years)

Figure 3-3. PBPK simulations of variations with age and gender in blood
concentrations of tetrachloroethylene and its main metabolite trichloroacetic
acid (TCA). Simulations are for continuous lifetime oral exposure at a constant
daily intake of 1 pg/kg/day.

Source: Clewell et al. (2004).

Considerable gender differences in blood concentrations of TCA and tetrachloroethylene
were seen in these predictions. Internal dose during infancy differed most from the
corresponding dose in a 25-year-old. Tetrachloroethylene and TCA blood concentrations
increased with age, which the authors attributed to the lower metabolic and pulmonary clearance
of tetrachloroethylene when compared with other volatiles as well as its higher lipophilicity, both
resulting in storage of the compound in fat and other tissues. These age and gender differences
in pharmacokinetic sensitivity are significant, but they need to be considered together with
pharmacodynamic considerations in determining the contribution of exposure at a life stage to
lifetime risk.

The same group of authors (Gentry et al., 2003) developed a PBPK model for
tetrachloroethylene that compared maternal and fetal/neonatal blood and tissue dose metrics
during pregnancy and lactation. The manuscript contains the details on the structure of the
model. Oxidative metabolism (TCA) in the mother and lactating infant was modeled using data
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for CYP2EL (Vieira et al., 1996); metabolism in the fetus was not included due to lack of
information pertaining to the development of this pathway during gestation. The dose metrics
were the fetal and infant blood concentrations of tetrachloroethylene and TCA. Changes in fetal
blood concentrations were not pronounced because changes in tissue composition occurred in
both mother and fetus during pregnancy (Gentry et al., 2003). A decrease of nearly three orders
of magnitude of blood concentrations in the lactating infant when compared with that of the fetus
was calculated. This decrease was attributed to the lower exposure rate during lactation as
compared with placental exposure. Concentrations in the lactating infant were considerably
lower, by more than two orders of magnitude, than in the mother. The largest variation in blood
concentration occurred in the early postnatal period.

As the authors indicated, validation of the results in the Clewell et al. (2004) and Gentry
et al. (2003) work and further refinement of the parameters in the models are necessary. It would
therefore be premature to consider the results of such analyses for use in risk assessment.

Further investigation of variability in the parameters used in the Clewell et al. (2004) analysis is
needed before the results from Table 3-3 can be used to weigh upon considerations of a
pharmacokinetic uncertainty factor for age and gender variability. Nonetheless, these models
will enable future studies to focus on the key factors that are likely to influence pharmacokinetic
susceptibility.

3.5.3. Animal-to-Human Extrapolation Using a Physiologically Based Pharmacokinetic
(PBPK) Model

3.5.3.1. Choice of Physiologically Based Pharmacokinetic (PBPK) Model

As explained above, the evidence suggests that by-products of tetrachloroethylene
metabolism are implicated in carcinogenesis in both rodent species. Inhaled concentration of the
parent compound is therefore not an appropriate dosimeter. The use of pharmacokinetic
modeling is expected to be useful in this regard. Various dose metrics are explored in detail in
Chapter 4. Because the choice of the most appropriate dose metric has bearing on our selection
of PBPK models, the issues are briefly summariuzed here.

Both the oxidative and GSH-dependent pathways of tetrachloroethylene metabolism are
known to be involved significantly in the various tumors. Tetrachloroethylene hepatotoxicity is
associated with cytochrome P450 metabolism occurring in the liver. TCA is considered to be the
predominant metabolite associated with this P450 oxidation pathway. However, TCA may not
be the sole contributory metabolite to tetrachloroethylene-induced hepatotoxicity and cancer, and
reactive intermediates such as tetrachloroethylene oxide and trichloroacetyl chloride may also be
involved. In the case of renal toxicity, GSH conjugates formed in the liver and transported to the
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kidney are thought to be the primary agents. The GSH pathway is also implicated in the mode of
action for leukemia (see Chapter 4).

Tetrachloroethylene is a chemical that has generated prolific pharmacokinetic modeling
endeavors. A consideration in determining appropriate PBPK model structures for use in risk
assessment is the ability to use the same model to predict dose metrics for all the endpoints.
Although many models have been developed to predict concentrations of the parent compound
and total metabolite levels, only the model by Gearhart et al. (1993) and its variations, developed
by Clewell et al. (2005) and Loizou (2001), predict both tetrachloroethylene and TCA
concentrations. These models were reviewed in previous sections. As noted in Chapter 4, there
is no reliable quantitative data on GSH conjugates formed by tetrachloroethylene; accordingly,
there are no models that can specifically predict these metabolite levels.

Various uncertainties are associated with the use of PBPK models developed to predict
the kinetics of TCA produced as a result of tetrachloroethylene metabolism. One assumption
pertains to the fraction of tetrachloroethylene metabolized to TCA in humans. Loizou (2001)
made the assumption that 15% of tetrachloroethylene reaching the liver is metabolized. In
related models, Gearhart et al. (1993) and Clewell et al. (2005) estimated their parameters on this
assumption that urinary TCA in humans accounts for 60% of the total metabolism of
tetrachloroethylene. This percentage was assumed to be independent of dose and was based on a
range around the value seen in rodents (Reitz et al., 1996; Clewell et al., 2005); however, its
reliability for humans is not known.

At an exposure concentration of 72 ppm in humans, Monster et al. (1979) determined that
95% of inhaled tetrachloroethylene was exhaled unmetabolized, 2% was excreted as TCA in
urine, and 1% of TCA remained in systemic circulation. Thus, these data suggest that urinary
TCA may comprise roughly 40% of the total metabolite in humans. It may be noted that other
tetrachloroethylene metabolites are also known to be excreted in the urine of exposed humans
(Ikeda and Ohtsuji, 1972).

The measurement of urine levels of TCA using the photometric Fujiwara reaction
method, which was used in the Fernandez et al. (1976) and Monster et al. (1979) studies, is
hindered by analytical or methodological problems, such as providing information only on the
total trichloro content and blank levels being significantly high in unexposed subjects (Reitz et
al., 1996). The TCA measurements in the Fernandez et al. (1976) study were used in estimating
the metabolic parameters in the Gearhart et al. (1993) model. Other problems include the half-
life of TCA in humans being long—in the neighborhood of 100 hrs (Muller et al., 1974).

TCA alone may not be an adequate dose metric for liver tumors. Buben and O’Flaherty
(1985) compared various indices of liver toxicity for tetrachloroethylene and trichloroethylene,
finding tetrachloroethylene to be at least twice as potent as trichloroethylene on a molar basis for
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equivalent amounts of total metabolite generated. They concluded that the toxic metabolite in
tetrachloroethylene is considerably more toxic than that in trichloroethylene with regard to liver
toxicity. In Appendix 4A, we compare the potency of liver tumors in the TCA and
tetrachloroethylene bioassays and conclude that TCA (produced in the metabolism of
tetrachloroethylene) alone does not appear to be sufficient to account for the tumorigenicity of
tetrachloroethylene for the exposures that were examined. Clewell et al. (2005) had similar
conclusions and suggest a combination of metabolites as the responsible agents.

All the above factors combined led to the use of the rate of overall metabolism (the total
amount of tetrachloroethylene metabolized per day) as a surrogate for the toxic dose in the route-
to-route and animal-to-human extrapolations for liver tumors, leukemia, and kidney tumors.
This is more reasonable than using the parent chemical, even though total metabolized dose is
not a perfect dose metric in that it does not actually estimate the tissue concentration of toxic
metabolites. Inhaled concentration of the parent chemical was used as the basis for
extrapolations for other cancers.

In this assessment, three of the most recently developed human PBPK models that predict
total metabolite levels were considered: those of Rao and Brown (1993; the Rao and Brown
model), Reitz et al. (1996; the Reitz model), and Bois et al. (1996; the Bois model). These three
models were chosen to allow cancer risk estimates to reflect uncertainties that arise from using
different data and methods to calibrate human PBPK models. This enables provision of a range
of values for extrapolation from laboratory animals to human. In later sections, these models are
compared with each other and with experimental data. The three models were chosen on the
basis of their different approaches to estimating metabolic parameters, as summarized in the
previous section. Although the models describe the overall metabolism of the parent compound,
they do not describe the kinetics of the metabolites.

The Reitz model used in vivo rodent data on total metabolism and parent compound
concentrations in blood and exhaled breath. The development of a human model used a
“parallelogram” approach wherein in vivo metabolic rate constants were related to
experimentally determined in vitro values by assuming the relationship of in vivo to in vitro
metabolic rates to be invariant across species. The Bois et al. model, on the other hand, used
Bayesian inference methods to fit model predictions to laboratory data on exhaled air and blood
concentrations of tetrachloroethylene in human volunteers. The Rao and Brown model used the
same human study but assumed the ratio of urinary TCA to total metabolite levels to be equal to
0.71 in order to derive metabolic parameters. The Rao and Brown model was included to permit
examination of the range in risk values that would arise if metabolic parameters are derived from
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urinary TCA data extrapolated to total metabolites with this assumption.> These and other PBPK
models generally seem to predict parent concentrations well; however, they differ considerably
in their predictions of the amount metabolized. As shown in Tables 3-1 and 3-2, there are large
differences in the metabolic parameters used by various authors.

The human PBPK models chosen suffer from the limitation that their predictions of total
metabolite cannot be accurately evaluated because such data are not available. The models
predict only total metabolite levels, so it is not possible to validate them against specific
metabolites, such as TCA, that have been measured in experiments. These models have been
validated against concentrations of the parent compound in blood and exhaled breath. However,
because the metabolism of tetrachloroethylene is slow (particularly in humans, with roughly 95%
of tetrachloroethylene being exhaled unmetabolized), the concentrations of the parent compound
are not sensitive to the values of the metabolic parameters. A similar argument applies to our use
of the Bois model. The posterior distributions of parameters in this model were obtained by
fitting to the parent compound concentrations in the Monster et al. (1979) study. Further, as
explained above, these three models are limited in different ways.

3.5.3.2. Implementation of Physiologically Based Pharmacokinetic (PBPK) Models

Implementation of the Rao and Brown, Reitz, and Bois models follows the PBPK model
structure of Ramsey and Andersen (1984). The Reitz and Bois models are composed of four
compartments: poorly perfused tissues, well-perfused tissues, fat, and liver. The Rao and Brown
model contains, in addition, a separate compartment for the brain. In the implementation of the
Rao and Brown model herein, there is no separate skin compartment. The compartments are
assumed to be homogeneous, and distribution is limited by blood flow. The metabolism of
tetrachloroethylene is modeled by a Michaelis-Menten term in the differential equation for the
liver compartment. The simulation is represented by the following equations:

M,

—L=Q,/(C,,-C,

dt Q|( art VI)

dMm, Vv
—1_0(C.-C )——mx (s
dt QI( art vl) K +C vl

m vl

L Another approach is to adjust the urinary TCA predicted by Clewell et al. (2005) by the inverse of this
factor to derive total metabolite levels. A preprint of this in-press manuscript was not received in time to be able to
exercise the Clewell et al. (2005) model for the purposes of this document.
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where:

I = compartments other than liver

| = liver

M; = mass of tetrachloroethylene in the ith compartment

Cui = venous concentration of tetrachloroethylene at the exit from compartment |
Cart = arterial concentration of tetrachloroethylene

Qi = blood flow rate into the ith compartment

Vmax, Km = Michaelis-Menten constants.

Pulmonary exchange is represented by:

where:

Qawv (Cinh - Cav ) = Qtot (Cart - Cven)
Cart = hpa Cai
Cexh = 067Ca|v % 033C|nh

Qav = alveolar ventilation rate (which is different from the inspiratory flow rate
because of the respiratory dead space). The alveolar ventilation rate and cardiac
output (the ratio that is referred to as the ventilation-to-perfusion ratio) increase
with activity but at different rates

Cinn = inhaled concentrations of the chemical

Cav = alveolar concentrations of the chemical

Quwt  =total blood flow rate (equal to the cardiac output)
Cat = arterial concentrations of the chemical

Cven = Venous concentrations of the chemical
hpa = blood/air partition coefficient

Cexn = exhaled concentrations of the chemical

For oral exposures, the gastric route was added by assuming “first-pass” metabolism—by

assuming that all tetrachloroethylene ingested is transported directly to the liver, the
metabolizing organ. A separate PBPK compartment for the stomach was, therefore, not
necessary. The absorption of tetrachloroethylene in the stomach was modeled as a first-order
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process with an absorption rate constant, k.. Then the mass balance equation for the liver may be
modified to have an additional source term as follows:

dM Vinax
TI =Q(Cr =Cy) —WCW +k,M () exp(=k,t)

m vl

Mo is amount of tetrachloroethylene ingested and is itself a function of time. In these
simulations, tetrachloroethylene was administered via drinking water as a series of boluses.

These model equations were solved using the Simulink Module of the MATLAB
computational software package (The Mathworks, Natick, MA) and the single-point estimation
module in the software package MCSIM (Bois et al., 1996). It was verified that both packages
produced the same results when applied to the same set of equations and parameters.

A note is in order regarding this implementation of the Bois model. Bois’s Bayesian
approach produces a (posterior) distribution of parameters and, therefore, a distribution rather
than a point estimate of dose. However, this assessment is not carried out within such a
statistical framework. The central estimate of the parameters in the Bois et al. posterior
distribution was used to provide point PBPK estimates of internal dose of tetrachloroethylene
and of its overall metabolic rate. The point estimates obtained in this manner reproduce
(coincide with) the median population estimated by Bois et al. for the amount of
tetrachloroethylene metabolized for a large range of exposure concentration, 0.001 to 50 ppm. It
is therefore reasonable to use the central estimates of Bois’s posterior distribution of parameters
to provide point estimates of dose for extrapolation purposes.

Most human PBPK models have been implemented to investigate inhalation exposure
and do not incorporate gastric absorption rate constants. Values in the literature for the gastric
absorption rate vary widely. Ward et al. (1988) reported a gastric absorption rate constant in
mice of 0.5 L/hr. Dallas et al. (1995) reported oral absorption rate constants in rats and dogs as
1.5 and 20.4 L/hr, respectively, obtained by fitting blood concentrations following oral gavage.
For modeling purposes, a gastric absorption rate constant of 1.6 L/hr was chosen. This predicts a
reasonably rapid gastric absorption consistent with the data. It was determined that the resulting
blood concentrations of tetrachloroethylene are not particularly sensitive to larger values of this
parameter. Simulations of gastric absorption of tetrachloroethylene were carried out for humans
for use in route-to-route extrapolation. Because these simulations were at low exposures, and
because of first-pass metabolism effects, the uncertainty in the gastric absorption rate constant is
not likely to significantly affect the results of the extrapolation. Increasing the gastric absorption
rate constant to 20 L/hr results in an approximately twofold increase in peak blood concentration.
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Changing this parameter does not substantially impact the elimination profile. Table 3-4 shows
the parameter sets used in this modeling effort.
For inhalation exposures, ventilation rate is a key parameter. In rodents, ventilation rate
(Ve) was calculated as a function of body weight using the following equations (U.S. EPA,
1994):
For mice: Vg(L/min) = g0326+1.05In()
For rats: Vg(L/min) = ¢®°78+0:821Inw)

where w is body weight in kilograms and In represents the natural log operation. These
equations provide total ventilation rate. The alveolar ventilation rate is the total ventilation rate
less the volume of air that is inhaled through the physiological dead space (total effective volume
not involved in gas exchange) in a given time. For the rats and mice and for resting inspiratory
rates (7.5 L/min) in humans, Qay . 0.67 Ve (Brown et al., 1997). For the exercising individual
(24 to 49 L/min), Qqy increases up to 0.8 Ve (Brown et al., 1997). For the ventilation rates
covered in this document, it was considered reasonable to use the relationship Qg . 0.67 Vg
throughout. These values represent reasonable physiological values, recognizing that there is
substantial variation. The alveolar ventilation rate corresponding to the resting inhaled minute
volume is 5.5 L/min. However, the EPA typically assumes a total ventilation rate of 13.8 L/min
for a 70 kg human. Thus, unless otherwise stated, the calculations presented in this assessment
assume an alveolar ventilation rate of 9.3 L/min.

In order to extrapolate between equivalent metabolized doses in animals and humans, the
PBPK structure of the Reitz model was used for rats and mice, and all three PBPK models (Rao
and Brown, Reitz, and Bois) were used for humans. The animal PBPK models were run to
simulate the exposure conditions of the animal bioassay studies. During the human equivalent
exposures, the model was run to simulate continuous low-level chronic exposure at steady-state
conditions. Chapter 5 discusses the details and results of the extrapolation.

3.5.4. Comparison of Physiologically Based Pharmacokinetic (PBPK) Simulations With
Experimental Data

The models were run to simulate various experimental and clinical exposure scenarios
from the literature. Simulated concentration levels of tetrachloroethylene in the blood and in
exhaled air were compared with measured values. As discussed in a previous section, it was not
feasible within the constraints of these models to make credible quantitative comparisons with
data on urinary or blood levels of major tetrachloroethylene metabolites.
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Table 3-4. Parameters for tetrachloroethylene PBPK modeling

Human model

Rao and

Parameter Mouse Rat Brown Reitz Bois
BW (kg) variable® variable? 70 70 70
Cardiac output (L/hr)° 0.275 x 60 X 0.275 x 60 x 430 430 430

(BW)O.YS (BW)OJS

Alveolar ventilation 0.67 x V¢° 0.67 x V¢* 558 558 558
(L/hr)P
Tissue volumes® (%)
Rapidly perfused 4.5 45 1.7 3.71 15.1
Slowly perfused 79.5 75.7 57 57 49.4
Fat 9.18 6.8 23.1 23.1 23.1
Brain 1 1 2
Liver 5.86 2.53 3.4 3.14 2.54
Blood flow (% cardiac output)
Rapidly perfused 44 39.2 41 52 63.7
Slowly perfused 19 19 19 19 12.9
Fat 1.98 6.84 5 5 4.88
Brain 10 10 11
Liver 25 25 24 24 17.9
Partition (tissue/blood)
Rapidly perfused 3 3.73 3.72 5.88 1.92
Slowly perfused 2.59 1.06 1.06 3.1 2.9
Fat 48.3 86.9 86.6 119.13 84.1
Brain 3 3.73 3.72
Liver 3 3.73 3.72 5.88 3.08
Blood/air 16.9 18.9 10.3 10.3 16
Metabolic parameters
Vmax (Mg/hr) 0.355 0.325 6.77 32.9 1.86
Km (Mg/L) 3.69 5.62 456 4.66 0.133f
Gastric absorption rate
Ka (1/hr) 1.6 1.6 1.6 1.6 1.6

# The simulations in this document use 0.03 kg and 0.3 kg for the mouse and rat, respectively.
® Ve(L/hr) = 60 x g2326*105IEBW) \yhere \/¢ is the minute ventilation.
c VE(L/hr) =60 x e-0.578+0.821 In(BW).
¢ Values used in the animal-to-human extrapolation.
¢ A density of 0.92 and 1 g/cc was used for fat and for other compartments, respectively.
" The “posterior” value for K, in Bois et al. (1996) was multiplied by the liver volume and the liver tissue/blood
partition coefficient in order to conform to the format of the pharmacokinetic equations in this document.

BW = body weight.
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Figure 3-4 shows a comparison of the blood concentration levels predicted by the three
models considered in this assessment with clinical data from the human inhalation study by
Monster et al. (1979). In that study, six male volunteers breathed 72 ppm or 144 ppm
tetrachloroethylene at rest. In a third session, they breathed 142 ppm tetrachloroethylene at rest
with two intermittent 30-minute exercise excursions. All exposures lasted a total of 4 hrs. The
researchers measured tetrachloroethylene in blood and exhaled air after exposure until almost no
tetrachloroethylene remained. They monitored TCA in blood and urine for up to 100 hrs after
exposure. Their data set is widely cited and is perhaps the most complete in terms of human
distribution and in vivo metabolism data. The concentration of tetrachloroethylene in exhaled air
and blood as measured in the Monster experiments have been used to validate several human
PBPK models. Inthe comparison presented here, only tetrachloroethylene exposure at 72 ppm
was considered, and simulations were carried out at two different ventilation-to-perfusion ratios
(ratio of alveolar ventilation rate to cardiac output), corresponding to occupational activity levels.

10 §

— BOis model, VPR=1.2
---------------- Rao, Brown model, VPR=1.2
—————— Reitz model, VPR=1.2
Bois model, VPR=1.6
Rao, Brown model, VPR=1.6
Reitz model, VPR=1.6
O Monster Experiment

0.1 A

Venous Blood Concentration (mg/L)

0.0l T 1 T T 1 T 1 1 T 1
-20 0 20 40 60 80 100 120 140 160 180

Post Exposure Time (hrs)

Figure 3-4. Comparison of model predictions for blood concentration with
inhalation experiment. Tetrachloroethylene was inhaled at a concentration of 72
ppm. Simulations were performed at different ventilation-to-perfusion ratios
(VPR) and at an alveolar ventilation rate of 7 L/min (the geometric mean of
values in the Monster experiment). Standard deviations on the experimental data
were very small (e.g., 0.025 mg/L and 0.003 mg/L at 20 and 140 hrs,
respectively).

Source: Adapted from Monster et al. (1979).

This document is a draft for review purposes only and does not constitute Agency policy
06/06/08 3-41 DRAFT-DO NOT CITE OR QUOTE



© 00 N O O » WO DN P

L ol el =
2 W N R, O

15
16
17
18
19
20
21

For any particular model, the increase in ventilation-to-perfusion ratio from 1.2 to 1.6
does not appear to make much difference, as shown in Figure 3-4. The much closer
correspondence of the Bois model predictions to the Monster data is to be expected because the
model’s posterior distribution of parameters was arrived at by fitting to the Monster data. The
Rao and Brown and Reitz model predictions are less than the experimental values, generally
within a factor of 2 and 3, respectively. These two models do not differ much in their predictions
of tetrachloroethylene blood concentrations.

Stewart et al. (1970) analyzed the expired breath of subjects repeatedly exposed to 100
ppm tetrachloroethylene (7 hrs/day for 5 days) using gas chromatography and infrared
spectrometry. Figure 3-5 compares the mean alveolar concentration of tetrachloroethylene in
these subjects with the results of model simulations. The subjects were assumed to be at rest
(alveolar ventilation rate of 5.02 L/min and a ventilation-to-perfusion ratio of 1). All three
models agree reasonably well with the experimental data; the Bois et al. model differs the least
from the experimental result.

O
H] O Bois model
v Rao & Brown model
10 —_'% O Reitz model
€ ] 8(8 ¢ Stewart Expt
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Figure 3-5. Comparison of model predictions for alveolar concentration of
tetrachloroethylene with experimental data on humans. Tetrachloroethylene was
inhaled at a concentration of 100 ppm, 7 hrs/day for 5 days. The experimental data
Stewart et al. (1970) show the mean alveolar concentration of tetrachloroethylene in these
subjects. Resting breathing conditions (alveolar ventilation rate of 5.02 L/min and a
ventilation-to-perfusion ratio of 1.0) were assumed. Some points early in the time course
were deleted because of difficulty in obtaining numerical values from the author’s plot.
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Opdam and Smolders (1986) exposed six human subjects to constant levels of
tetrachloroethylene ranging from 0.5 to 9 ppm and measured the concentration of
tetrachloroethylene in their exhaled breath (from which their alveolar concentrations could be
deduced) during exposure up to 50 to 60 minutes. Separate data were gathered on males and
females. Figures 3-6a and 3-6b compare their results for the ratio of alveolar to inhaled
concentrations of tetrachloroethylene with predictions from the three models. The experiments
were performed for different breathing scenarios that included normal breathing (with no breath
holding) as well as paused breathing with different durations of breath holding. However, the
simulations were carried out only for the normal breathing scenario at resting inspiratory rates
and with the ventilation-to-perfusion ratio set equal to 1. Body weights and lean body weights
were considered differently for males and females (as given in ICRP, 1975). While running the
Bois model, other parameters remained unchanged across gender. On the other hand, blood flow
distributions to various compartments differed across gender in the other two models (as given in
Brown et al., 1997).

Although simulations were carried out for a range of tetrachloroethylene exposure
concentrations from 0.5 to 9 ppm (only a range has been provided by the authors), the plots in
Figures 3-6a and 3-6b show only the simulations for 5 ppm, as there were no substantial
differences across this range of exposure concentrations. The agreement with this experimental
data is particularly noteworthy, considering that the Bois model was parameterized on the basis
of the Monster et al. (1979) data, in which exposures were 5-100 times higher than in the Opdam
and Smolders (1986) measurements.

The comparison shows the Reitz and Bois models’ predictions to be generally closer to
the experimental results. The disagreement of the Rao and Brown model appears to be greatest
at the longer time durations: at 40 hrs, it overpredicts by roughly a factor of 1.5, whereas the
Reitz and Bois models are in close agreement. Alveolar concentrations in male subjects are
generally slightly less than those in females in both simulations and experiment.

Comparisons were also performed for the Altmann et al. (1990) study, in which subjects
were exposed to 10 ppm and 50 ppm tetrachloroethylene by inhalation for 4 hrs repeatedly on 4
days. Table 3-5 shows the values corresponding to measurements at the end of exposure on the
first day of exposure. Relative to the Reitz model, the Rao and Brown and Bois models appear
to compare well with the Altmann et al. (1990) experiment at lower exposure, but they predict
nearly twice the experimental levels at higher exposure. The comparison with the Altmann et al.
(1990) data may be less conclusive because the measurement was made immediately after
exposure, when variation in both experiment and simulation is large.
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Figure 3-6a. Comparison of model predictions for alveolar concentration as
a fraction of inhaled tetrachloroethylene concentration with experimental
Opdam and Smolders (1986) data on male human subjects. Some
physiological parameters specific for males were used (see text for details).
Experiment exposure concentrations ranged from 0.5 to 9 ppm; plots for
simulations depict only results for 5 ppm (no significant difference at other
exposures in this range). Breathing conditions at rest assumed for the
simulations: alveolar ventilation rate of 5.02 L/min and ventilation-to-perfusion
ratio of 1). Simulations and experimental data shown here are with no pause in
breathing.
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Figure 3-6b. Comparison of model predictions for alveolar concentration as
a fraction of inhaled tetrachloroethylene concentration with experimental
data on female human subjects. Some physiological parameters specific for
females were used (see text for details). Experiment exposure concentrations

rang

ed from 0.5 to 9 ppm; plots for simulations depict only results for 5 ppm (no

significant difference at other exposures in this range). Resting breathing
conditions (alveolar ventilation rate of 5.02 L/min and a ventilation-to-perfusion
ratio of 1.0). Simulations and experimental data shown here are with no pause in
breathing.

Source: Opdam and Smolders (1986).
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Table 3-5. Comparison of venous blood tetrachloroethylene concentrations:
PBPK simulations and Altmann et al. (1990) study?

Blood concentration (g/L)
Inhaled exposure - -
Concentration PBPK Slmulatlons
(Ppm) Altmann Bois et al. Rao and Brown Reitz
10 333 350 385 262
50 1,106 1,855 1,940 1,332

% Values correspond to measurements at the end of the first day of study in the Altmann et al. (1993) experiment.

It is concluded that these four comparisons provide no particular basis for preferring one
model over another. The comparisons in Figures 3-4, 3-5, 3-6a, and 3-6b indicate that, with
regard to alveolar and blood concentrations, all three models provide reasonably good
predictions and are not markedly different from each other.

The three models differ most in their values for the metabolic parameters (see Tables 3-1
and 3-2) and consequently, as shown later, in their predictions of the rate of total metabolite
production. The PBPK models presented in this document predict the rate of production of the
total amount of metabolites but do not describe their transformation and clearance. It is therefore
not possible to compare their predictions on metabolite produced with experimental data without
making major assumptions. Such a comparison was attempted with the experimental data of
Fernandez et al. (1976) on the amount of TCA excreted in urine.” In this experiment, two
individuals were exposed to 150 ppm of tetrachloroethylene by inhalation for 8 hrs and followed
for 72 hrs. The data indicate that approximately 30 mg of TCA were eliminated through urine in
these subjects during the post-exposure period. In order to make a rough comparison, we
assumed that urinary excreted TCA constituted the bulk of overall metabolites formed.
Simulations using the Rao and Brown and Bois models predict approximately 60 mg and 320 mg
(tetrachloroethylene equivalent, determined by multiplying the amount of the metabolite by the
ratio of tetrachloroethylene and TCA molecular weights), respectively, of total metabolite
produced during the post-exposure period.

2 Other studies that have reported data on the concentrations of TCA in blood or urine include Stewart et al.
(1961, 1970), Monster et al. (1979, 1983), Boettner and Muranko (1969), Ikeda et al. (1972), Essing et al. (1973),
Guberan and Fernandez (1974), Volkel et al. (1998), and the New York State Department of Health (NYS DOH,
2000).
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In contrast to this large difference, when the two models are applied to the exposure
scenario of the Monster et al. (1979) experiment, they predict approximately the same rate of
metabolite produced immediately following a short 4-hr exposure to 72 ppm tetrachloroethylene.

In addition to the problems in making the comparison, the discrepancies between the
models and with experimental data on TCA may point to large uncertainties in the parameters
used in these models. Because the accuracy of the models has been evaluated only against blood
and breath concentrations of the parent compound, their reliability for predicting the production
of overall metabolites is an unknown. The use of all three of these models to provide a range of
risk estimates is intended to capture some of this uncertainty.

Furthermore, there are many difficulties associated with estimates of the extent of
metabolism in humans based on TCA excretion reported in the experimental studies of
Fernandez et al. and Monster et al. Some of the problems encountered are the accurate
measurement of the retained dose of tetrachloroethylene from inhalation exposure, the
imprecision of the older methodologies using the Fujiwara reaction for metabolite quantification,
the possibility of an important contribution for metabolites other than TCA (e.g., oxalic acid,
CO,, TCVC, or as yet unrecognized products) that may be excreted, and the relatively long half-
life of certain urinary metabolites, which necessitates extended collection of samples.

The fraction of TCA in urine relative to that in blood or that stored in body organs is not
known. Furthermore, TCA is only one component of metabolism. Although it is considered to
be the major metabolite (the conclusions from Monster et al. (1979) indicate that it may comprise
60% of the metabolites), some tetrachloroethylene is converted to other compounds, and not all
potential metabolites have been adequately evaluated. In addition, TCA, itself, might be further
metabolized, reducing the amount of TCA available for urinary excretion.

Gearhart et al. (1993) used a model similar to the one used by Rao and Brown to predict
the same urinary TCA data set and included a parameter for urinary excretion of TCA. A
comparison of the metabolic parameters is shown in Table 3-1. The ratio Vya/Km is directly
proportional to the rate of metabolism at low doses of tetrachloroethylene. The values shown in
Table 3-1 indicate that the rate of metabolism predicted by the model of Gearhart et al. (1993),
which directly fit the urinary TCA data, is slightly lower than the one used by Rao and Brown.
The Reitz and Bois models use values of Va.x/Kr, that are greater than those of Gearhart et al. by
an order of magnitude or more.

3.5.5. Physiologically Based Pharmacokinetic (PBPK) Model Comparisons and
Interspecies Differences

For an example of tetrachloroethylene tissue concentrations in different species, blood

concentrations resulting from a 1 ppm inhalation exposure for a duration of 16 hrs were
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simulated. Figure 3-7 indicates blood concentrations in both rats (using the Reitz model) and
humans (using the Rao and Brown model). The blood concentrations of the two species differ
by a factor of about 2. It will be shown later that the difference in metabolism is significantly
greater on a body-weight basis. Evidence of this exists in these plots; in particular, the shape of
the decay curve between the two species is different. The blood concentrations are higher in rats
up to approximately 20 hrs post exposure; the curves cross at this point in time. In Figure 3-7 the
decay appears faster in humans than in rats, which is likely a consequence of steady-state
behavior not having been attained.

0.1 T . T T T T T
0.09
0.08
0.07
0.06
0.0sH
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0.0z

Perchloroethylene concentration (rmgfL)

001 r
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Figure 3-7. Comparison of tetrachloroethylene concentrations in blood in
rats and humans. Blood concentrations in humans (solid line) and rats (dashed
line) from a 16-hr inhalation exposure to 1 ppm tetrachloroethylene. The PBPK
models used were those of Rao and Brown (1993) for humans and Reitz et al.
(1996) for rats.

In contrast to Figure 3-7, long-time exposure (12 days at 1 ppm) is simulated in
Figure 3-8 so as to ensure that steady state has been attained in both species. The blood
concentration shows at least two modes of decay. In the initial phase, the concentrations in the
Rao and Brown and Reitz human models decay faster than those in the model for the rat,
whereas those in the Bois et al. model decay more slowly. In the second phase, the
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Figure 3-8. Comparison of various model predictions of tetrachloroethylene
blood concentration in humans and rats following steady state. Blood
concentrations in humans and rats due to 12-day inhalation exposure to 1 ppm
tetrachloroethylene. Inspiratory rate is 13.9 L/min, ventilation-to-perfusion ratio
is1.3.

concentrations in all three models for the human decay more slowly than those for the rat. The
decay as predicted by the Bois model is much slower than the decay for other models.

Figure 3-9 shows the daily rate of total amount of tetrachloroethylene metabolized
following a 6-hr exposure. It illustrates differences in metabolism among the three species
(mouse, rat, and human). The human model is that of Rao and Brown; the animal models are
those of Reitz. Steady state was not attained—at least not in the rat and human.

The human models differ most in the metabolic parameters Vimax and K, (see Table 3-2).
The effect of these differences is reflected graphically in Figure 3-10, which shows the rate of
metabolism after steady state has been attained as a function of inhaled exposure concentration in
units of milligrams per day per kilogram of body weight. At low exposures, the rate of
metabolism is nearly equal to the ratio Viya/Km. The values of this ratio in the Rao and Brown
and Reitz models are one-tenth and one-half of the value in the Bois model. K, in the Rao and
Brown and Reitz models is greater than in the Bois model by a factor of 35. Therefore,
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Figure 3-9. Model predictions of total tetrachloroethylene metabolites
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Rao and Brown (1993) for humans.
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Figure 3-10. Model predictions of rate of total metabolism in humans at
steady state. Rate of metabolism in humans, normalized to body weight, with
continuous exposure after steady-state conditions have been reached, as predicted
by the Bois et al., Rao and Brown, and Reitz models. Inspiratory minute volume
is 13.9 L/min, ventilation-to-perfusion ratio is 1.3, and body weight is 70 kg.
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saturation occurs at correspondingly higher concentrations in these models (between 1,000 and
2,000 ppm) than in the Bois model (at about 50 ppm). At saturation, the rate of metabolism is
lowest in the Bois et al. model, as reflected in the relative values for V. Ohtsuki et al. (1983)
monitored all the trichloro metabolite compounds excreted in the urine of 36 male and 25 female
workers exposed to tetrachloroethylene. Their line of regression of the urinary metabolite level
versus exposure concentration of tetrachloroethylene indicated saturation of metabolism
occurring at roughly 600 ppm of exposure concentration. On the other hand, in an earlier study
of 85 male workers, Ikeda et al. (1972) determined this saturation to occur at between 50 and
100 ppm.

In Figures 3-11a and 3-11b, the simulated rate of metabolism is shown as a function of
time for two extremes in exposures (0.001 ppm and 50 ppm) for the rat and humans. The
exposure time was considered to be 12 days (as in Figure 3-8). At a 50 ppm exposure
concentration, the rate of tetrachloroethylene metabolism decreases very slowly with time, post-
exposure.

Table 3-4 lists all the parameters used in the models. Vmax differs considerably between
the three models. K, of the Bois model is the least and is less than the value in the other human
models by a factor of 35. There are also other significant differences between the human
models. The volume of the rapidly perfused compartment with the associated blood flow and the
blood air partition coefficient in the Bois model are considerably different from those in the Rao
and Brown and the Reitz models. The perfusion per unit volume of rapidly perfused tissue is
much less in the Bois model (equal to 4.2) than in the Reitz (equal to 14) and Rao and Brown
(equal to 24) models. The partition coefficient for the slowly perfused compartment in the Rao
and Brown model is only about one-third that of the other two human models. The partition
coefficient for fat in the Reitz model is considerably higher.

A sensitivity analysis was carried out in order to determine the dominant parameters
underlying the differences between the results of the Bois and the Rao and Brown models. The
differences in the blood concentrations and in the amount metabolized were found to be largely
accounted for by the metabolic parameters (Vmax and Kp,), with the blood/air partition coefficient
playing a secondary role. Results were found to be insensitive to the other parameters in the
model.

The results of PBPK simulations of oral exposure to tetrachloroethylene are shown in
Figures 3-12 and 3-13. In these simulations tetrachloroethylene was orally delivered via
drinking water in nine bolus doses spaced 2 hrs apart during an 18-hr time period, followed by
6 hrs of no dosing. Because tetrachloroethylene concentrations and the rate of metabolism were
found to be negligible at the end of the 24-hr period, the simulation was terminated after 24 hrs.
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Figure 3-11a. Rate of metabolism in rat and human models: time course for
low exposure. Rate normalized by body weight as predicted by the rat model
(Reitz model) and various human models (Bois, Rao and Brown, and Reitz) for
low-exposure concentration, 0.001 ppm. Human inspiratory minute volume is
13.9 L/min, ventilation-to-perfusion ratio is 1.3; for the rat, these parameters are
as given in Table 3-4.
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Figure 3-11b. Rate of metabolism in rat and human models: time course for
high exposure. Rate normalized by body weight as predicted by the rat model
(Reitz model) and various human models (Bois et al., Rao and Brown, and Reitz)
for high-exposure concentration, 50 ppm. Human inspiratory minute volume is
13.9 L/min, ventilation-to-perfusion ratio is 1.3; for the rat, these parameters are
as given in Table 3-2.
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Figure 3-12. Oral ingestion of tetrachloroethylene: blood concentration in
humans versus time. Time course of venous blood concentration in humans as
predicted by the Rao and Brown model for ingested tetrachloroethylene. A total
of 76 mg tetrachloroethylene was delivered orally via drinking water in 9 bolus
doses spaced 2 hrs apart during an 18-hr time period, followed by 6 hrs of no
dosing. The Bois and Reitz models result in nearly the same blood concentrations
at this exposure concentration. The dashed line shows the corresponding steady-
state blood concentration due to inhaled tetrachloroethylene of 0.7 ppm exposure
concentration that results in the same area under the curve as the above curve
integrated over a 24-hr period. The inspiratory rate is 13.9 L/min and the
ventilation-to-perfusion ratio is 1.3.
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Figure 3-13. Rate of metabolism of tetrachloroethylene in humans: oral
exposure. Rate of metabolism (mg/min) versus time of tetrachloroethylene
ingested orally as predicted by two PBPK models (Rao and Brown; Reitz).
Tetrachloroethylene was delivered orally via drinking water in 9 bolus doses
spaced 2 hrs apart during an 18-hr time period, followed by 6 hrs of no dosing.
The oral exposures that resulted in production of 0.01 mg/kg/day of overall
metabolite were 21, 5.1, and 2.25 mg of total ingested tetrachloroethylene for the
Rao and Brown, Reitz, and Bois models, respectively. The Bois model is not
shown here to avoid a congested draft.

3.5.6. Metabolic Interactions With Other Chemicals

Fisher et al. (2004) used PBPK modeling and complementary studies in mice to
investigate the effect of co-exposures of orally administered carbon tetrachloride (CT) and
tetrachloroethylene on metabolic interactions between the two chemicals. CT is known to inhibit
its own metabolism (referred to as suicide inhibition). TCA was used as a biomarker to assess
the inhibition of the cytochrome P450 system by CT. Oral bolus intubation in the dose range of
1-100 mg/kg of CT was followed by a dose of 100 mg/kg of tetrachloroethylene an hour later. It
was concluded that dose additivity could not be used to predict interactions between the
compounds in this dose range because the metabolic interactions were found to be highly
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nonlinear. The inhibition in metabolic capacity of tetrachloroethylene 2 hrs after administration
of CT and 1 hr after administration of tetrachloroethylene was found to be 5, 52, and 90% at CT
doses of 1.5, 10, and 19 mg/kg, respectively.

Dobrev et al. (2002) performed gas uptake studies in F344 rats and developed a mixture
PBPK model for humans to study interaction effects during co-exposure to mixtures of
trichloroethylene (TCE), tetrachloroethylene, and methylchloroform. Corresponding to a 10%
increase in TCE blood concentration, the production rates of toxic conjugative metabolites
exceeded 17%, pointing to a nonlinear interaction effect due to co-exposure to TCE.
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APPENDIX FOR CHAPTER 3:
COMPARISONS OF TETRACHLOROETHYLENE METABOLISM
WITH TRICHLOROETHYLENE METABOLISM

3.A.1l. EXTENT OF METABOLISM

The available data indicate that, overall, tetrachloroethylene is less extensively
metabolized than is the closely related chemical, trichloroethylene. The difference is due to the
fact that a lower fraction of a tetrachloroethylene dose is metabolized via the major oxidative
CYP pathway when compared with an equivalent dose of the trichloroethylene congener
(Ohtsuki et al., 1983; Volkel et al., 1998; Lash and Parker, 2001). For example, in balance
studies of humans, only about 1-3% of the estimated amounts of tetrachloroethylene inhaled
were shown to be metabolized to TCA and other chlorinated metabolites, although these studies
fail to account for total dose (see Section 3.3.2 for further discussion). These amounts can be
compared to the 40-75% of trichloroethylene shown to be metabolized in various human balance
studies similar to the ones conducted for tetrachloroethylene (U.S. EPA, 1985).

Because of its higher lipid solubility, tetrachloroethylene may appear to be less well
metabolized than trichloroethylene, at least to a certain degree, simply because it is more slowly
metabolized due to fat sequestration. However, the animal data from studies of the two
compounds provide results similar to those of the human studies regarding the relative extent of
metabolism. For example, using data from laboratory animal studies of tetrachloroethylene
(Pegg et al., 1979; Schumann et al., 1980), EPA reported the percent of tetrachloroethylene body
burdens excreted as unchanged parent compound following exposure to 10 and 600 ppm for
6 hrs to be 68 and 99%, respectively (U.S. EPA, 1985). By comparison, rats and mice exposed
to equivalent 10 and 600 ppm trichloroethylene doses (Stott et al., 1982) metabolized a higher
percentage of this compound, with mice metabolizing essentially all of the dose and rats
metabolizing 98 and 79% of the low and high doses, respectively.

Saturation of metabolism occurs at a higher dose for trichloroethylene than for
tetrachloroethylene; thus, at certain dose levels, the differences in the amounts of the two
compounds metabolized is relatively greater than at other dose levels. Tetrachloroethylene
appears to be a lower-affinity substrate for CYP enzymes than trichloroethylene (Ohtsuki et al.,
1983; Volkel et al., 1998). The K, value for tetrachloroethylene is certainly higher than the Ky,
value for trichloroethylene (Lipscomb et al., 1998).

Both tetrachloroethylene and trichloroethylene are liver toxicants and cause liver
hepatocellular carcinomas in mice. The liver toxicity, including carcinogenicity, of these
compounds is thought to be due to metabolites. It is interesting to note that although
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trichloroethylene appears to be more extensively metabolized—due to greater CYP metabolism
in the liver—the relative cancer potency for liver tumors is similar for the two compounds.

3.A.2. DIFFERENCES IN CYTOCHROME P450 (CYP) METABOLITES

TCA, DCA, chloral, and TCOH are reported biotransformation products of both
tetrachloroethylene and trichloroethylene; however, the relative amounts produced and the
precursor intermediates are different for the two compounds. TCA is the major urinary
metabolite for tetrachloroethylene and is also an excretion product of trichloroethylene, whereas
TCOH is the major trichloroethylene urinary excretion product. The formation of chloral in
metabolism of tetrachloroethylene has been called into question, and the measurements of TCOH
in urine following tetrachloroethylene exposures have also been challenged.

Regardless, TCOH clearly is not the significant metabolite for tetrachloroethylene that it
is for trichloroethylene (Lash and Parker, 2001). The fact that the major urinary metabolite for
tetrachloroethylene is TCA (with little, if any, TCOH being formed), whereas the major urinary
metabolite for trichloroethylene is TCOH in the form of its glucuronide, clearly indicates
qualitative and quantitative differences in precursor intermediates. Very little, if any, TCA
produced from tetrachloroethylene metabolism comes through chloral, either directly or
indirectly through TCOH (Lash and Parker, 2001). The TCA from tetrachloroethylene comes
through trichloroacetyl chloride, possibly via the epoxide. On the other hand, the TCA produced
from trichloroethylene metabolism is thought to come through chloral, both directly and through
TCOH enterohepatic circulation (Lash et al., 2000).

DCA is a biotransformation product of both tetrachloroethylene and trichloroethylene,
although it is believed that a greater portion of DCA coming from tetrachloroethylene
metabolism does not arise from CYP metabolism, but rather results from further processing of
TCVC, whereas the DCA coming from trichloroethylene metabolism results from CYP
oxidation. There are at least three potential routes to DCA in CYP metabolism of
trichloroethylene, yet only one likely route—dechlorination of TCA—in the CYP metabolism of
tetrachloroethylene. Furthermore, the amount of DCA produced from tetrachloroethylene
oxidative metabolism may vary across species.

3.A.3. CYTOCHROME P450 (CYP) ENZYMES

Quantitatively, the liver is by far the predominant site of tetrachloroethylene and
trichloroethylene oxidative metabolism; although most other tissues contain the CYPs that could
conceivably metabolize these compounds. CYP2EL has been shown to be important in rodent
metabolism of trichloroethylene; however, the chemical-specific data are sparse with regard to
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its role in tetrachloroethylene metabolism (Doherty et al., 1996). Still, assuming that CYP2E1 is
important to tetrachloroethylene metabolism is not unreasonable.

CYP3A isoenzymes—and especially CYP2B1/2—may be important for
tetrachloroethylene. Costa and lvanetich (1980) showed increased hepatic metabolism following
treatment with agents now known to induce these isoenzymes specifically. CYP2B1/2 is
probably the most important CYP isoenzyme involved in oxidative metabolism of
tetrachloroethylene, at least in the rat, although CYP3As and CYP2EL are also likely involved.

3.A4. GLUTATHIONE-DEPENDENT METABOLISM

The GSH-dependent pathway for tetrachloroethylene exists in both rodents and humans,
and the pathway is also operative for trichloroethylene in these species (Birner et al., 1996;
Volkel et al., 1998). The flux through this pathway is thought to be quantitatively less than that
through the P450 pathway. Toxic metabolites can arise from several sources in the pathway;
however, for tetrachloroethylene, as well as for trichloroethylene, the GSH pathway is associated
with renal toxicity (Anders et al., 1988; Dekant et al., 1989; U.S. EPA, 1991; IARC, 1995; Lash
et al., 2000; Lash and Parker, 2001). For both compounds, recovery of urinary mercapturates,
the stable end-products of the GSH pathway, comprise 1% or less of the total dose (Lash and
Parker, 2001; Dekant et al 1986a), but this does not reflect the total flux through the GSH
pathway. In particular, the TCVC metabolite and the corresponding DCVC and their respective
N-acetylated forms derived from trichloroethylene might also act as substrates for renal beta
lyases and other enzymes: FMO3 and CYP3A (Dekant et al., 1988; reviewed by Anders et al.,
1988; Dekant et al., 1989; U.S. EPA, 1991; Lash et al., 2000; Lash and Parker, 2001; see
Section 3.2). It should be noted that a higher cysteine S-conjugate-to-mercapturate ratio exists
for tetrachloroethylene when compared to trichloroethylene, which could influence the relative
bioactivation and nephrotoxicity of these two compounds (Lash and Parker, 2001).

3.A5. SUMMARY

Tetrachloroethylene is closely related structurally to trichloroethylene and the two
chemicals cause similar toxic effects, many of which are attributed to metabolic activation of the
parent compounds. Although tetrachloroethylene is not as extensively metabolized as
trichloroethylene, there is little difference in potency between the two chemicals. TCA, DCA,
chloral, and TCOH are reported P450 biotransformation products of both tetrachloroethylene and
trichloroethylene; however, the relative amounts of these metabolites produced, as well as the
precursor intermediates in the oxidative pathways, are different for the two compounds. The fact
that the two compounds produce different reactive intermediate P450 metabolites is important to
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consider. Excretion of urinary mercapturates indicates that, relative to P450 oxidation,
tetrachloroethylene is more extensively metabolized via GSH conjugation than is
trichloroethylene. However, these urinary excretion products do not reflect the total flux through
the GSH pathway since the glutathione and cysteine conjugates of both chemicals have been
shown to undergo further processing to products that are highly reactive. Thus, regardless of
similarities, both the qualitative and the quantitative differences between tetrachloroethylene and
trichloroethylene in metabolite production could have bearing on toxicity and tumor induction,
and the relative importance of various mechanisms and different modes of action contributing to
their toxic effects, including tumorgenesis, may vary between the two parent compounds.
Recognizing similarities and differences is important in attempting to understand how each of
these two compounds causes its toxic effects.
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4. HAZARD IDENTIFICATION

4.1. OVERALL APPROACH

This chapter discusses tetrachloroethylene toxicity on an organ-specific basis, with liver,
kidney, neurotoxicity, and developmental/reproductive effects as the major emphasis in separate
sections. For each of the major organ systems, human effects are presented first, followed by
effects in animals and in in vitro systems. Cancer and noncancer toxicity and mode of action
(MOA) are also included in the discussions. Of note, site concordance of effect between animals
and humans is generally not assumed.

Evidence for each organ system is summarized, but an in-depth discussion or data
evaluation is not provided for any individual studies, especially those evaluated and discussed in
previous EPA documents and other Agency reports. Several existing publications provide more
detailed study descriptions: the World Health Organization-International Programme on
Chemical Safety (WHO-IPCS, 2006), the ATSDR’s Toxicologic Profile for Tetrachloroethylene
(ATSDR, 1997) and the International Agency for Research on Cancer (IARC) review the health
effect evidence on tetrachloroethylene, trichloroethylene, and their common metabolites; other
studies review this evidence on dry cleaner as an occupational title (IARC, 1995);
Tetrachloroethene Ambient Air Criteria Document (NYS DOH, 1997); and Public Health Goal
for Tetrachloroethylene in Drinking Water (Cal EPA, 2001). The details for earlier toxicity and
carcinogenicity studies may also be found in previous EPA assessments (e.g., U.S. EPA, 1980,
1985a, b, 1986a, 1991a).

4.2. OVERVIEW OF TETRACHLOROETHYLENE METABOLISM

Most tetrachloroethylene toxicity and cancer-causing activity, other than neurotoxicity, is
generally attributed to its metabolites. For example, historically, a direct relationship has been
demonstrated between the level of hepatic microsomal cytochrome P450, the extent of
metabolism of tetrachloroethylene in vivo, and cellular damage (Bonse et al., 1975; Bonse and
Henschler, 1976; Moslen et al., 1977; Pegg et al., 1979; Schumann et al., 1980; Buben and
O’Flaherty, 1985; U.S. EPA, 1985a, 1991a). In addition, several oxidative (P450) and GSH-
derived tetrachloroethylene metabolites have been shown to induce toxic and carcinogenic
effects in similar targets when they are administered directly (IARC, 1995; Herren-Freund et al.,
1987; Bull et al., 1990; Bull, 2000; Pereira, 1996; DeAngelo et al., 1991, 1999; Daniel, 1963;
Carter et al., 2003; Elfarra and Krause, 2007). This metabolism prerequisite for certain toxic
effects is true for related halogenated ethylenes and ethanes as well (IARC, 1995; U.S. EPA,
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1991a, 2001a; Dekant, 2001). CNS effects are a notable exception in that they are largely
attributable to the parent compound.

As detailed in Chapter 3, tetrachloroethylene is metabolized through at least two major
pathways. The oxidative P450, or CYP, pathway is quantitatively most important, and it
accounts for the greatest amount of observed metabolite in all species at all doses tested (see
Section 3.3.3.1). The other is the GSH conjugation pathway, which is associated with renal
toxicity and renal carcinogenicity (see Section 3.3.3.2). A significant portion of absorbed dose in
human studies (as much as 20-40%) cannot be tracked either as parent compound or metabolites
of known pathways, which introduces uncertainty about the identity and the amounts of the
metabolites formed in humans (U.S. EPA, 1991a; Bogen and McKone, 1988). TCA, a product
of the oxidative pathway, is the major urinary metabolite derived from tetrachloroethylene
metabolism. TCA is a mouse liver carcinogen. TCA may contribute in part to findings of liver
toxicity and cancer observed in tetrachloroethylene-exposed animals; however, according to
some investigators (Clewell et al., 2004, 2005), the amount of TCA produced from
tetrachloroethylene in rodent bioassays is insufficient to account in total for observed
hepatocarcinogenicity (see Appendix 4A). DCA is another known tetrachloroethylene urinary
metabolite that is formed in both the oxidative pathway by dechlorination of TCA and, in organs
other than the liver, in the GSH pathway. DCA is known to cause liver cancer in both rats and
mice. Whether DCA contributes to tetrachloroethylene-induced toxicity or carcinogenicity in the
liver is not known.

Tetrachloroethylene oxide, trichloroacetyl chloride, and chloral/chloral hydrate are
proposed reactive intermediates in tetrachloroethylene P450 oxidation. Tetrachloroethylene
oxide and trichloroacetyl chloride have the potential to contribute to tetrachloroethylene toxicity
and carcinogenicity, particularly in the liver. Detection of TCOH in the urine of
tetrachloroethylene-exposed humans and animals would provide evidence for the existence of
the chloral hydrate intermediate. However, TCOH—and therefore the evidence that its
chloral/chloral hydrate precursor is formed from tetrachloroethylene—is not consistently
detected and it might be an artifact of the methodology used in some but not all studies. Chloral
hydrate is a liver carcinogen in mice.

The glutathione pathway entails initial glutathione-S-transferase catalyzed conjugation of
tetrachloroethylene with GSH to form TCVG. The cellular damage and genotoxic effects of
these conjugation products are thought to be from their further metabolism via beta-lyase, FMO3,
and/or P450 metabolism to highly reactive toxic products.

All of these metabolites have effects that may contribute to the toxicity and
carcinogenicity of tetrachloroethylene, although the role of specific intermediates has not been
elucidated. Genotoxicity of the oxidative metabolites TCA, DCA, chloral hydrate,
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tetrachloroethylene oxide and the GSH-derived intermediates TCVC, TCVG, and NAcTCVC is
discussed in Section 4.3; for TCA and DCA, see Section 4.4.4.3 for peroxisome proliferator-
activated receptor alpha (PPAR-a) form activation and Section 4.4.4.4 for hypomethylation.
Section 4.10.3 provides a summary of the cancer MOA conclusions for tetrachloroethylene.

4.3. GENOTOXICITY

Tetrachloroethylene has been extensively studied for genotoxic activity in a variety of in
vitro assay systems such as bacteria, yeast, and mammalian cells (see reviews by U.S. EPA,
1985¢c, 1991a; TARC, 1995; ATSDR, 1997). Also, a review of the mutagenicity of
trichloroethylene (Moore and Harrington-Brock, 2000) contains a discussion of several of known
(TCA, DCA) and proposed (chloral hydrate) tetrachloroethylene metabolites.

The application of mutagenicity data to the question of potential carcinogenicity is based
on the premise that genetic alterations are found in all cancers. Mutagenesis is the ability of
chemicals to alter the genetic material in a manner that permits changes to be transmitted during
cell division. Although most tests for mutagenicity detect changes in DNA or chromosomes,
modifications of the epigenome, including proteins associated with DNA or RNA, can also cause
transmissible changes. Genetic alterations can occur via a variety of mechanisms including gene
mutations, deletions, translocations or amplification; evidence of mutagenesis provides
mechanistic support for the inference of potential for carcinogenicity in humans.

The following discussion focuses on the conclusions of the earlier studies and includes
details of recent studies that may provide some insight into the potential genotoxicity of
tetrachloroethylene. Positive findings were reported in some experiments using technical-grade
tetrachloroethylene that contained impurities or used epichlorohydrin or epoxybutane as
stabilizers, both of which are clearly mutagenic in a number of biological systems. Purified
tetrachloroethylene was negative in the same systems tested without or with mixed-function
oxidation activity provided by either rat or hamster liver S9 (Haworth et al., 1983). The results
of a large number of in vitro genotoxicity tests in which tetrachloroethylene was the test agent do
not clearly support the conclusion that tetrachloroethylene exhibits direct mutagenic activity,
although the few studies of conditions that would generate the GSH conjugate were positive (U.S.
EPA, 1991a; IARC, 1995; ATSDR, 1997).

An increased level of DNA single-strand breaks (SSB) was seen in liver and kidney
tissues but not in the lung tissue of mice 1 hr after single intraperitoneal (i.p.) injections of 4-8
mmol/kg (663—1326 mg/kg) of tetrachloroethylene (Walles, 1986). Potter et al. (1996) found no
increases in DNA strand breaks in kidneys of male F344 rats after a single gavage treatment with
1,000 mg/kg tetrachloroethylene. However, differences in species and/or route of exposure

preclude direct comparisons of these studies. Muzzullo (1987) found DNA binding of
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tetrachloroethylene in mouse liver and rat kidney. Cytosols from several organs were more
effective than liver microsomes in enhancing in vitro DNA or protein binding of
tetrachloroethylene, and enrichment with GSH enhanced the activity of liver microsomes
(Muzzullo, 1987).

Toraason et al. (1999) found no increase in 8-hydroxydeoxyguanosine (8-OHdG) in the
urine, the liver, or the kidneys of male F344 rats after a single i.p. injection of
tetrachloroethylene at 100, 500, or 1,000 mg/kg (8-OHdG in peripheral lymphocytes was
measured only in the 500 mg/kg group). In a subsequent paper, Toraason et al. (2003) reported
no increase in 8-OHdG in urine of 18 dry cleaner workers sampled pre- and post-shift work
(time-weighted average [TWA] concentration of tetrachloroethylene was 3.8 + 5.3 ppm).

Tetrachloroethylene induced damage was observed in the sister chromatid exchange
(SCE) assay and in the single-cell gel test in human blood culture treated with up to 5 mM (~830
mg/L) tetrachloroethylene, at which viability was reduced by 40% (Hartmann and Speit, 1995).
Tetrachloroethylene exposure increased the frequency of micronuclei in peripheral blood
reticulocytes or hepatocytes of ddY mice given single i.p. injections at 1,000 or 2,000 mg/kg
tetrachloroethylene given after, but not prior to partial hepatectomy (Murakami and Horikawa,
1995). Tetrachloroethylene-induced micronuclei have also been reported in cultured Chinese
hamster kidney cells (Wang et al., 2001) and in human cells (Doherty et al., 1996; White et al.,
2001). Micronucleus induction was enhanced by tetrachloroethylene exposure in human
lymphoblastoid cells by stable expression of cDNAs encoding either CYP2E1 (hE1 cells) or
human CYP1A2, 2A6, 3A4, 2E1 and microsomal epoxide hydrolase (Doherty et al., 1996). In
contrast to these findings, neither chromosome aberrations nor SCE were induced in Chinese
hamster ovary cells following in vitro exposure to tetrachloroethylene (Galloway et al., 1987).

Tetrachloroethylene when incubated with rat liver GST, GSH, and a rat kidney fraction,
exhibited a clear dose-response in the Ames test (Vamvakas et al., 1989b). In addition, it was
demonstrated that TCVG was produced from tetrachloroethylene in isolated perfused rat liver
and excreted into bile; in the presence of a rat kidney fraction, the collected bile was mutagenic
in Salmonella, as was purified TCVG (Vamvakas et al., 1989b). Dreesen (2003) also
demonstrated, for TCVG, an unequivocal dose-dependent mutagenic response in the TA 100
strain in the presence of the rat kidney S9-protein fraction; TCVC was mutagenic without
metabolic activation in this strain. In a separate study, the tetrachloroethylene metabolite TCVC
was also positive in Salmonella (strains TA 98 and TA 100) and inhibition of beta lyase activity
blocked the effect (Dekant et al., 1986). A subsequent study indicated that Salmonella also were
capable of deacetylating the urinary metabolite NAcTCVC when TA 100 showed a clear positive
response without exogenous activation (Vamvakas et al., 1987). Vamvakas et al. (1989a) also
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reported concentration-related increases in unscheduled DNA synthesis (UDS) in LLC-PK1 (a
porcine kidney cell line) exposed to TCVC, with the effect abolished by a beta lyase inhibitor.

Several identified or putative P450 metabolites of tetrachloroethylene are mutagenic.
Tetrachloroethylene-epoxide, a hypothesized intermediate in tetrachloroethylene P450 oxidative
metabolism (Henschler et al., 1977a, b), is mutagenic in bacteria (Kline et al., 1982). As
reviewed by Moore and Harrington-Brock (2000), the oxidative metabolite TCA, the major
urinary excretion product, exhibits little, if any, genotoxic activity. However, in vitro
experiments with TCA should be interpreted with caution if steps have not been taken to
neutralize pH changes caused by the compound. TCA was positive in genotoxicity studies
conducted by Bhunya and Behera (1987), Bhunya and Jena (1996), and Birner et al. (1994) in in
vivo mouse and chick test systems. TCA has also been reported to induce DNA SSB in hepatic
DNA of mice. A single dose of TCA was administered to Sprague-Dawley rats and B6C3F1
mice by gavage (Nelson and Bull, 1988). The animals were sacrificed 4 hrs later and SSB in
liver DNA were analyzed by alkaline unwinding assay. SSB were observed in a dose-dependent
manner. The lowest dose of TCA that produced significant SSB in the rats was 0.6 mmol/kg (98
mg/kg). For mice, the lowest dose of TCA that produced significant increases was 0.006
mmol/kg (0.98 mg/kg). Further, in another study by the same authors (Nelson et al., 1989), the
incidence of SSB was elevated at 1 hr after a single i.p. dose TCA exposure of 500 mg/kg; the
level returned to control levels by 8 hrs. In a second experiment, no increase in SSB in hepatic
DNA was observed 24 hrs after 10 days of daily gavage of 500 mg/kg TCA. A later study by
Styles et al. (1991), using essentially the same procedures, failed to detect any increase in SSB.

Chang et al. (1992) observed a marginally significant increase in SSB in hepatocyte DNA
of mice but not rats at 4 hrs after a single TCA dose of 10 mmol/kg (1,633.9 mg/kg)
administered orally. However, the authors considered this finding to be not biologically
significant, because SSB were not increased at 1 hr and there were no detectable SSB in isolated
hepatocytes exposed to concentrations of TCA as high as 10 mM (~1,650 mg/L). Storer et al.
(1996), after evaluating 81 chemicals (carcinogens, noncarcinogens, mutagens, and
nonmutagens) for SSB using the alkaline unwinding assay, demonstrated that increased DNA
SSB at high doses can be the result of cytotoxicity involving endonucleocytic degradation of
DNA.

As reviewed elsewhere (see Salmon et al., 1995; Moore and Harrington-Brock, 2000),
chloral hydrate is mutagenic in the standard battery of screening assays. Effects include positive
results in bacterial mutation tests for point mutations and in the mouse lymphoma assay for
mutagenicity at the Tk locus (e.g., Haworth et al., 1983). In vitro tests showed that chloral
hydrate also induced micronuclei and aneuploidy in human peripheral blood lymphocytes or

Chinese hamster pulmonary cell lines. Micronuclei were induced in Chinese hamster embryonic
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fibroblasts. Several studies demonstrate that chloral hydrate induces aneuploidy (loss or gain of
whole chormosomes) in both mitotic and meiotic cells, including yeast (Singh and Sinha, 1976,
1979; Kafer, 1985; Gualandi, 1987; Sora and Agostini-Carbone, 1987), cultured mammalian
somatic cells (Degrassi and Tanzarella, 1988), and spermatocytes of mice (Russo et al., 1984;
Liang and Pacchierotti, 1988). Chloral hydrate has also been shown to block spindle elongation
in insect spermatocytes (Ris, 1949). Chloral hydrate was negative for sex-linked recessive lethal
mutations in drosophila (Yoon et al., 1985). It induces SSB in hepatic DNA of mice and rats
(Nelson and Bull, 1988) and mitotic gene conversion in yeast (Bronzetti et al., 1984). Schatten
and Chakrabarti (1998) showed that chloral hydrate affects centrosome structure, which results
in the inability to reform normal microtubule formations and causes abnormal fertilization and
mitosis of sea urchin embryos.

The chloroacid metabolite, DCA, is also mutagenic in the standard battery of screening
tests (reviewed by Moore and Harrington-Brock, 2000). DCA was positive in bacterial mutation
tests, in the in vitro mouse lymphoma assay, the micronucleus induction test, the Big Blue mouse
system and other tests (DeMarini et al., 1994; Fuscoe et al., 1996, Nelson and Bull, 1988;
Harrington-Brock et al., 1998; Leavitt et al., 1997; Chang et al., 1989; Bignami et al., 1980).
Anna et al. (1994) compared mutations in the ras gene in liver tumors in mice treated orally with
tetrachloroethylene, DCA and trichloroethylene with those in untreated mice. The frequency of
mutations at codon 61 of H-ras was significantly lower in liver tumors of tetrachloroethylene-
exposed mice but not in DCA or trichloroethylene tumors. Thus, the phenotype of
tetrachloroethylene-induced mouse tumors appeared to differ from trichloroethylene, DCA or
spontaneous occurring tumors. While not sufficient to indicate the MOA, tumor phenotype data
regarding H-ras codon 61 suggests that tetrachloroethylene-induced liver tumors differ from
those induced by DCA, TCA, or trichloroethylene and those arising spontaneously in the mouse.

In summary, tetrachloroethylene has been shown to induce some genotoxic effects
(micronuclei and SCEs following in vitro exposure, DNA binding and SSBs in tumor tissue).
Results of in vitro mutagenicity (Ames) or DNA binding assays of tetrachloroethylene have
largely been negative except in the few tests of conditions where metabolites of the GSH
pathway are generated. The GSH metabolites are clearly mutagenic. TCVC is the most potent
bacterial mutagen of the tetrachloroethylene metabolites and induces UDS in a porcine kidney
cell line; TCVG and NAcTCVC are also mutagenic in bacteria. The known (DCA) or putative
(tetrachloroethylene oxide, chloral hydrate) P450 metabolites also exhibit mutagenicity.

Uncertainties with regard to the genotoxicity characterization include that not all
tetrachloroethylene metabolites have been identified, nor have all the known or postulated
metabolites been sufficiently tested in the standard genotoxicity screening battery. Of note,

bacterial mutation testing protocols typically specify the inclusion of cytotoxic concentrations of
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the test article, and the relative potency of the metabolites in vitro may not necessarily inform
their relative contribution to the overall mechanistic effects of the parent chemical. This may be
especially relevant when evaluating in vitro testing results for tetrachloroethylene, which can
undergo inter-organ metabolic processing involving multiple enzyme systems to yield highly
reactive species. In addition, such tests do not provide data for all effects that are relevant for
carcinogenesis. Thus, other data gaps include incomplete characterization of the metabolites in
tests beyond the standard battery of genotoxicity tests including on important genetic and
epigenetic endpoints.

Section 4.10.3 addresses the contribution of mutagenicity of tetrachloroethylene and its
oxidative and GSH-derived metabolites to the MOA of carcinogeniticy for tetrachloroethylene.
Overall, the finding is that the MOA for tetrachloroethylene-induced carcinogenesis is not yet
fully characterized, completely tested, or understood. The database for hepatocarcinogenesis is
especially limited with regard to chemical-specific studies. It is concluded that the role of
genotoxicity in hepatocarcinogenicity, an effect that is thought to be related to products of CYP
metabolism, is uncertain (see Section 4.4.4.5). While the complete mechanisms are not yet
understood, the weight of evidence, including the known mutagenicity of GSH-derived
metabolites produced in the kidney, suggests a mutagenic MOA cannot be ruled out for

tetrachloroethylene-induced renal carcinogenesis (see Section 4.5.4.3.3).

44. LIVER TOXICITY
4.4.1. Human Effects

A number of hepatotoxic effects, including hepatomegaly, hepatocellular damage, and
elevations of several hepatic enzymes and bilirubin degradation byproducts, have been observed
after acute high-level exposure to tetrachloroethylene (levels not identified; Meckler and Phelps,
1966; Coler and Rossmiller, 1953; Hake and Stewart, 1977; Saland, 1967; Stewart et al., 1961,
as reported in ATSDR, 1997). One case report noted obstructive jaundice and hepatomegaly in
an infant exposed orally to tetrachloroethylene (1 mg/dL; Bagnell and Ellenberger, 1977, as
reported in ATSDR, 1997).

4.41.1. Liver Damage

Four cross-sectional studies were available that evaluated the prevalence of liver damage
among dry cleaner populations (Lauwerys et al., 1983; Cai et al., 1991; Gennari et al.; 1992;
Brodkin et al., 1995). These studies assessed serum concentration of a number of hepatic
enzymes in dry cleaner and control populations. Additionally, sonographic changes to hepatic

parenchymal tissue were examined in one study (Brodkin et al., 1995). An elevated
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concentration of the serum enzyme GGT and mild hepatic changes were notable observations in
two studies (Gennari et al., 1992; Brodkin et al., 1995).

Gennari et al. (1992) measured the electrophoretic fractionation patterns of serum GGT
isozymes among 141 tetrachloroethylene-exposed dry cleaners and 130 nonexposed controls
selected from staff and students from the academic institution of the principal investigators.
Both the exposed subjects and the controls had similar lifestyle (smoking, alcohol consumption)
and clinical medical histories. The TWA tetrachloroethylene concentration in the dry cleaning
facilities was 11.3 ppm. Total GGT was higher in exposed workers (exposed: mean of 12.4
international units per liter [U/L; standard deviation, 6.9 U/L]; controls: 8.8 U/L [4.9 U/L], p <
0.01). The GGT-2 isoenzyme component was higher in exposed workers (6.8 U/L [5.7 U/L] in
exposed vs. 3.5 U/L [3.3 U/L] in controls, p < 0.01) and the GGT-4 component was detectable in
exposed workers but not measurable in controls. The authors regarded a GGT-2/GGT-3 ratio of
greater than 1 as a sensitive index of the reciprocal behavior of the two isoenzymes. GGT-2 is
generally associated with activation of liver microsomal enzymes. GGT-4 is common in liver
diseases and indicates hepato-biliary impairment.

This study excluded individuals who presented values for GGT, or other liver enzymes
above a normal range, and individuals who had past or current liver disease. None of the
workers showed any clinical symptoms of liver disease, and their enzymatic profiles, including
GGT, aspartase amino transaminase (AST), alanine amino transaminase, 5'-nucleotidase, and
alkaline phosphotase, were within the clinically normal reference limits. Given the study’s
exclusion criteria, it is not surprising that liver enzyme concentrations were within a normal
range. The authors stated that more research is required to develop this GGT fractionation assay
into a clinically useful method of measuring liver function. Nevertheless, the study showed that
these dry cleaners had markers of tetrachloroethylene oxidative metabolism (GGT-2) and liver
impairment (GGT-4).

The study by Brodkin et al. (1995) examined liver function and carried out sonography
measurements in a population of 27 dry cleaners and 26 nonexposed laundry workers. Dry
cleaners were older and had a longer duration of employment than did laundry workers. The
noninvasive imaged penetration of ultrasound into liver tissue can reveal the presence of fat
accumulation and fibrous structures. The mean TWA exposure (8 hrs) among all dry cleaners
was 15.8 ppm (range: 0.4—83 ppm). The investigators found a higher prevalence of abnormal
hepatic sonograms among the dry cleaners (67%) than among laundry workers (38%; p < 0.05),
the control group. Hepatic parenchymal changes, as assessed by sonography, were graded as
mild, moderate, or severe. The prevalence of hepatic parenchymal changes increased both with
increasing current concentration and with cumulative exposure (p < 0.05). Subjects with

serological evidence of active hepatitis infection were excluded from these analyses.
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Brodkin et al. (1995) fit logistic regression models to examine possible associations
between mild or greater parenchymal changes and tetrachloroethylene exposure. These analyses
included adjustment for the effects of ethanol consumption within the past six months, sex, body
mass index, age, and serological evidence of active and past hepatitis infection. Subjects with
serological evidence of active hepatitis infection were included in the logistic regression analysis
due to the ability of the statistical method to account for the effects associated with this factor.
These analyses showed subjects exposed during older wet or dry-to-dry transfer processes
(average concentration: 19.8 ppm; range: 1.8—83 ppm) was strongly—but imprecisely—
associated with mild or greater sonographic changes (odds ratio [OR] = 4.2, 95% confidence
interval [CI] = 0.9-20.4) as compared with controls. No association was shown with subacute
exposure in new dry-to-dry operations (OR = 0.7, 95% CI = 0.1-5.9). An inverse dose-response
association was found with cumulative exposure after adjustment for age due to a strong but
imprecise association between tetrachloroethylene exposure and hepatic sonographic changes in
younger workers (workers less than 35 years of age, OR = 15; 95% CI = 1.33-170).

Only 21% of the exposed study subjects who had changes graded as mild or greater had
increases in any hepatic enzyme (Brodkin et al., 1995). Mean concentrations of GGT, AST, and
alanine transferase (ALT) tended to be higher among the dry cleaners as compared with laundry
workers; however, the differences were not statistically significant and all mean values were
within the normal range of reference values. However, all of the subjects who had elevated ALT
concentrations had moderate or severe sonographic changes. Hence, sonographic imaging of the
