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1. SUMMARY

The health effects of trichloroethylene have been reviewed and evaluated
to determine if trichloroethylene (TCE) may be a toxic air contaminant as
defined by California Health and Safety Code Section  39655.
TIrichloroethylene is a colorless, volatile organic hydrocarbon that is not
flammable. It is widely used as an industrial solvent in the vapor
degreasing and cold cleaning of fabricated metal parts, in textile cleaning,
in solvent extraction processes, and as a chemical intermediate.

Trichlorcethylene is lipophilic and readily diffuses across the surface
of the lungs into the blood. Once in the blood, it is distributed to all
tissues and is metabolized. The wmain metabolites found in humans are
trichlorvethanol (TCEL), trichloroethanol glucuronide, and trichloroacetic
acid (TCA). With continuous exposure, blood and tissue levels of TCE, TCEL,
and TCA increase in a dose-dependent manner, and they accumulate in the
bedy. Upon continuous exposure, TCE reaches equilibrium in adipose tissue
in 5 to 7 days. - -

Trichloroethylene is initially transformed by mixed function oxidase
enzymes to an intermediate electrophilic epoxide, trichloroethylene oxide
(TCE oxide). It is subsequently metabolized by several different pathways.
The predominant pathway begins with a spontaneous rearrangement of TCE oxide
to chloral (trichloroacetaldehyde), followed by hydration of chloral to
chloral hydrate, and either oxidation of the hydrate to TCA or reduction of
the hydrate to trichloroethanol (TCEL). The TCE-oxide is believed to
produce some types of TCE-induced toxicity by binding to critical
macromolecules in the cell. In humans, after exposure to TCE, TCA and TCEL
are found in the urine. Long-term exposure in mice increases TCA levels and
decreases TCEL levels in the urine. Data from metabolic studies in mice, as
well as from pharmacokinetic models simulating human metabolism, suggest
that metabolism of TCE (= 98% metabolized) increases as the applied dose
‘approaches zero. Some of the other metabolites found in animals are not
easily measurable in humans because they are also products of normal
metabolism. In humans, the total amount of urinary metabolites is
significantly below the total dose metabolized. This indicates that a
significant amount of respired TCE is metabolized to products other than

TCA, TCEL, and its conjugates. Thus, there appears to be additional
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metabolites of TCE to identify in humans. In mice, metabolic saturation of
the limiting enzyme system presumably occurs at an exposure of 600 ppm TCE
for 6 hours. In man, metabolic saturation of the TCA pathway may be reached
above 100 ppm TCE, and the concentration of total trichloro compounds
increases linearly wup to 200 ppm TCE, which was the highest concentration
tested.  Absorbed TCE is eliminated both by pulmonary release of unchanged
TCE and by metabolic transformation into other products that are excreted
primarily in the urine.

Trichloroethylene is a central nervous system depressant and has been
used as an anesthetic and analgesic. Occupational exposure to TCE has
resulted in nausea, headache, loss of appetite, weakness, dizziness, ataxia,
and tremors. Acute exposure to high concentrations has caused irreversible
nerve damage and death. Upon exposure to 110 ppm for two 4-hour periods,
human volunteers show reduced performance of various psychophysiological
function tests. In addition, alcohol intolerance has been reported after
TCE exposure. Simultaneous exposure to TCE and ethanol results in a marked
inhibition of TCE metabolism leading to am accumulation of TCE in the bleod
and subsequently to an increase in CNS depression. Trichloroethylene also
directly affects the human brain. Accidental, high-level exposures have
damaged the brainstem, the cerebral cortex, and the spinal cord. 1In rats,
CNS-related effects (excitability and changes in learning ability) were seen
at exposures of 200 ppm TCE.

In the past, exposure to TCE has produced liver damage. Lethal hepatic
failure has occurred following TCE-induced anesthesia. Accidental or
occupational exposure to TCE has caused liver disease, necrosis, and hepatic
failure. Subchronic exposure of rats and mice to TCE has resulted in
biochemical, microscopic, and gross changes indicative of liver damage.
Liver toxicity is the most sensitive toxie endpoint following subchronic TCE
exposure. The No-Observed-Adverse-Effect-Level (NOAEL) for subchronic
exposure to TCE in rats is 30 ppm, based on a continuous 90-day exposure.

Kidney damage has been reported in occupationally exposed individuals
and in some, but not all, animal studies.

Trichloroethylene has been implicated in numerous cases of cardiac
arrest when used as an anesthetic. The concentration and duration of
exposure that causes this effect have not been clearly established. Short-
term exposures (7.5 to 60 minutes) to high levels (6,000 to 9,000 ppm) of



TCE have caused tachycardia and other arrhythmias when administered with
epinephrine. The effect is enhanced by inhibitors of microsomal enzymes, by
benzo(a)pyrene, and by ethanol.

Trichloroethylene causes degreaser’s flush, characterized by red
blotches on the skin of persons who are exposed to TCE and who subsequently
consume - alcohol. The flush is caused by a dilation of superficial blood
vessels. Exposure to 27 ppm for 4 hours also causes irritation of the
wucous membranes of the eyes and throat in humans. (Note that this adverse
effect in humans occurs below the subchronic NOAEL of 30 ppm for liver
effects in rats.) Trichloroethylene has also been shown to cause effects on
other organs and systems, including respiratory irritation, renal toxicity,
and immune system depression,

For occupational exposures, the U.S. Occupational Safety and Health
Administration (0SHA) has assigned a permissible exposure limit (PEL) of 100
pPpPm V(S-hour time-weighted average) to TCE, The American Conference of
Governmental and Industrial Hygienists (ACGIH) recommends a threshold limit
value, time weighted . average (TLV-TWA) of 50 ppm to "control subjective
complaints such as headaches, fatigue and irritability.” The National
Institute of Occupational Safety and Health (NIOSH) considers TCE to be a
carcinogen and recommends an exposure limit of 25 ppm (10-hour time-weighted
average), which is considered to be the lowest achievable concentration in
many occupational settings. The mean environmental concentration of TCE
measured Aby California Air Resources Board staff in 1986 and 1987 was 0.22
ppb for 20 statewide sampling stations and 0.19 ppb for 5 stations in the

South Coast Air Basin. At current ambient levels of trichloroethyvlene, no
acute or noncarcinogenic chronic health effects are expected.

Exposure of rats and mice to 300 ppm TCE for 7 hours per day from day 6
to day 15 of gestation results in an inhibition of maternal weight gain,
whereas 100 ppm given 4 hours per day during days 8 through 21 of gestation

causes a significant delay in fetal maturation and an increase in the number

of resorptions. There are inadequate data to evaluate whether TCE may cause
reproductive toxicity in humans.

There 1is mixed evidence regarding whether TCE is capable of causing
genetic damage. Trichloroethylene has produced primarily negative results
in bacterial assays of mutagenicity. Two studies have reported weakly

positive results that were dependent on microsomal activation. Likewise,
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weakly positive results have been reported for genmetic activity in yeast
and the fungus Aspergillus. Human lymphocytes, obtained from workers
occupationally exposed to TCE, show an increased incidence of chromosomal
rearrangement. Trichloroethylene also induces a slight increase in
unscheduled DNA synthesis (UDS) in cultured human cells without metabolic
activation. There is weak evidence indicating that injected radiolabeled
TCE can bind covalently to DNA in the presence of activation enzymes.

Metabolites of TCE have also been tested for genotoxicity. Chloral
hydrate has consistently demonstrated genotoxic activity in bacteria, fungi,
ané human lymphocytes. A metabolite produced by the glutathione pathway is
mutagenic. The TCE-oxide and trichloroethanol have produced both positive
and negative results in various assays. Trichloroacetic acid has been
tested in only one mutagenicity test with negative results.

The U.S. Envirormental Protection Agency (EPA) considers commercial
grade TCE to be a weakly active, indirect mutagen. The data on pure TCE do
not allow a conclusion to be drawn about its mutagenic potential.

The U.,5, FPA has concluded that there is sufficient evidence for <the
carcinogenfcity of TCE in animals, based on increased incidences of
malignant liver tumors in B6C3Fl mice in 2 NCI studies, increased incidences
of malignant lymphoma in NMRI mice, and increased incidences of renal tumors

in rats, Significant increases in the incidence of hepatocellular

carcinomas have also been observed in male B6C3Fl mice exposed to high
concentrations of the TCE metabolites, TCA and dichloroacetic acid, in
drinking water. The EPA has classified the evidence for carcinogenicity of
the TCE metabolites, TCA and dichloroacetic acid, in animals to be

"limited®, because the studies involve only a single species, strain, and

experiment. The EPA considers the epidemiologic data on TCE carcinogenicity
to be inconclusive. Based on sufficient evidence for the carcinogenicity of
ICE in animals, the EPA has placed TCE in group B2, a probable human
carcinogen. Based on the criteria for carcinogenicity of the Internatiomal
Agency for Research on Cancer (IARC), TCE has been classified in Group 3
(i.e., wunable to be classified as to its carcinogenicity in humans), based
on limited evidence of carcinogenicity in apimals and inadequate evidence of

carcinogenicity in humans. The DHS staff notes the different conclusions
regarding carcinogenicity drawn by the EPA and the IARC. DHS staff

disagrees with IARG's conclusions because, based on DHS staff’s




interpretation of TARC criteria, TCE has shown positive carcinogenic effects
"in two or more species of animals or in two or more independent studies in
one species carried out at different times or in different laboratories or

under different protocols." ere are indicatjons that TCE is genotoxic: no

evidence exists for a threshold Jlevel for this effect: and, based on the
animal -data, the EPA has concluded that there is sufficient evidence for

carcinogenici Grou B2-probable human carcinogen). Therefore the DHS

considers TCE to_ be carcinogenic and not to have a threshold for
carcinogenicity.

A quantitative risk assessment for cancer was done using dose-response

data for carcinogenicity from 4 inhalation studies in mice (Bell et al.,
1978; Henschler et al., 1980; Fukuda et al., 1983; Maltoni et al., 1986).
The applied dose for TCE was determined using standard procedures. In
addition, the metabolized dose for TCE was determined using a
physiologically based pharmacokinetic model (PBPK) and used for the
calculation of carcinogenic potency. Because absorbed TCE is completely
metabolized, metabolized dose mirrors applied dose. The DHS staff decided
to include the metabolized dose of TCE because it takes into account uptake
and distribution factors. The data obtained for uptake and distribution
factors are in good agreement with experimental results obtained with human
volunteers.

Interspecies variation was accounted for by utilizing a dose per surface
area extrapolation between species. The animals were exposed to 50 to 600
ppe TCE for 6 or 7 hours per day, 5 days per week. These levels correspond
to a continuous lifetime exposure of approximately 10 to 110 ppm for mice
(ppm x 6/24 x 5/7). The adjustment assumes that, for the endpoint of
cancer, the product of concentration and time is a constant. (An additiomnal,
small adjustment was also made if the animals were not exposed for their
lifetime.) Since the mean environmental concentration of TCE is 0.22 ppb
statewide, the low-dose extrapolation from exposure concentrations in animal
bioassays to those detected in ambient air, spans approximately 5 orders of
magnitude,

Carcinogenic responses in the inhalation studies have included increased
incidences of hepatocellular carcinoma and adenoma in male mice and
increased incidences of 1lung adenocarcinomas and malignant lymphomas in

female mice. Since most tumors were discovered at the time of sacrifice
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rather than at the time of their appearance, the GLOBAL79 and GLOBALS6
computer programs for the linearized multistage model, without a time-to-
tumor factor, were used for the low-dose risk assessment. The above
adjustments to the animals’ exposures results in a lifetime time-weighted
average dose, either applied or metabolized. The range of 95% upper
confidence limit (UCL) potency estimates (q{) obtained using the human
equivalent applied and metabolized doses and the tumor incidences in the 4
inhalation studies noted above is $.006 to 0.098 (mg/kg-d)-l. The range of
eXcess ca eni s om a 70-vea etime exposure to 0 b_TC
ambient aiy ranges from ] to 10 cases per milljon persons exposed. Based on
the same data, the individual risk for a 70-year lifetime exposure of a 70
kg person breathing 20 m3 per day of ambient air containing 1 pg/m3 (0.19
ppb) of TCE is 8::112)-7 to lxlﬂ-s. A best estimate of the unit risk was
obtained by taking the geometric mean of the unit risks from the four
inhalation studies. From the metabolized dose approach a unit risk of
2x10-6 (pg/m3)-1 was obtained, while from the applied dose a unit risk of
3x10°% (pg/m>) ! was obtained. - -
The cancer potency range represents the upper range of plausible excess
cancer cases; the actual cancer risk camnot be calculated and may be
negligible. The potency values are in the range of potency values
calculated by the EPA. Based on the annual average of 0.22 ppb TCE in the
ambient air of California and estimating that there are 28 million
residents, an excess of up to 28 to 280 additional lifetime cancer cases

might result from continuous TCE exposure. Based on these findings, DHS

concludes that, at ambient concentrations, trichloroethylene may cause or

contribute to an increase in mortality or serious illness and may therefore
pose a potential hazard to human health.
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2. EVALUATION HIGHLIGHTS

I. Exposure Sources
A. Air levels

1. Ambient levels: The population-weighted mean concentration of
TCE, based on measurements at 20 stations around California
between October 1986 and September 1987, was estimated to be 0.22.
PPb. In the Los Angeles air basin, a population-weighted mean of
0.19 ppb was estimated based on measurements taken during the
same time interwval.

2, Ambient levels measured in “hot spots:"” There are no TCE
production facilities in California. (Levels in the range of
0.51 te 0.76 ppb have been measured out-of-state.) -

3. Indoor air: ICE concentrations are variable depending on the
quantity released, the time since release and the size and
ventilation rate of the room. Median indoor air concentrations
in U.S. homes ranged from 0.05 to 0.51 ppb. In Los Angeles
median indoor air concentrations of 0.06 ppb in spring and 0.21
PPt  in winter were reported. The maximum concentration measured
in homes was 66.5 ppb for a twelve-hour, time-weighted sampile.
Indoor air 1levels of TCE appeared to be independent of outdoor
concentrations, Thus, this independence is consistent with the
assumption that contamination by TCE originates, for the most
part, from sources within the home.l

B. Reported levels in water
1. National data: Random sampling conduct;d by EPA in 1982 showed

that 30 out of 446 wells were contaminated with TCE. A sampling
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program in several states, in areas with a high potential for
groundwater contamination, showed 624 out of 4,228 wells
contaminated with TCE. Levels in both surveys ranged from 0.2 to
160 ug/liter. There is evidence that trichloroethylene is broken
down in soil and groundwater; breakdown products have been
detected in groundwater.

2. California drinking water: Since 1984, 6157 wells have been
sampled. Of these, 76 showed a contamination with TCE above 5
ppb. The water in 131 wells was found to contain between 0.5
(limit of detection) and 5 ppb TCGE.

C. Reported levels in food: The highest levels in food were reported in
meat and in tea. Pig’'s liver was found to contain 22 ug/kg TCE

and packaged tea contained 60 ug/kg. -

II. Metabolism: Metabolism in humans and animals appears to be similar.
The principal metabolites found in humans and animals are
trichloroethanol, trichloroethanol glucuronide, and trichloroacetic
acid. In humans, at enviromnmentally relevant, low doses at least 98%
of TCE is likely to be metabolized. Metabolism of TCE is assumed to
be complete within 24 hrs. If uptake and distribution are taken into
account, a total of 71% of the TCE inhaled is metabolized. A risk
assessment based on the applied dose including uptake and
distribution factors results in a risk estimate very similar to one
based on the metabolized dose. DHSVhas used both the applied dose

and the metabolized dose for the purpose of risk assessment,
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III. Quantitative risk assessment for cancer
A. Shape of the dose-response curve
1. Anima]: The carcinogenic dose-response curves for mouse tumors
indicate linearity, especially for liver carcinomas and adenomas
in male mice, but the studies used have some limitations and thus
imply some uncertainty.

2. Human: not applicable for TCE

B. Range of extrapolation for animal to human exposure in air for
lifetime daily exposure
1. Experimental to ambient: approximately 105
2. Experimental to "hot spots:" Not applicable

C. Range of risks: The unit risks for a continuous, lifetime exposure,
based on 4 different inhalation studies in experimental animals,

ranged from 8x10 ' to 1x10™> (ug/m) L.

IV. National and International Evaluation
A, U.5. Envirommental Protection Agency (EPA)

1. Genotoxicity tests: Commercially available TCE is weakly
mutagenic. Metabolic activation is required to obtain positive
responses. Inadequate information exists to classify pure TCE as
a mutagen. The available data suggest that it would be a very
weak, indirect mutagen. 7

2. Animal carcinogenicity tests: Sufficient evidence of

carcinogenicity in animals
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3. Human evidence: Insufficient data exist to assess human

carcinogenicity

. Potency index: TCE has a potency index of 1 which places it in

the lowest quartile of 53 carcinogens for which EPA has

calculated potency indices.

. Conclusions: Based on EPA's proposed cancer guidelines, the

overall evidence for TCE would result in its classification as a
possible human carcinogen (group B2). EPA considers the
induction of 1liver cancer in mice as sufficient evidence for
carcinogenicity in animals and thus believes that its potential

for cancer induction does not have a threshold.

B. International Agency for Research on Cancer (IARC) -

1.

Animal carcinogenicity assays: Limited evidence of animal
carcinogenicity

Human evidence: Inadequate evidence of human carcinogenicity
Conclusion: According to IARC, evidence for the carcinogenicity
of TCE is limited. IARC does not consider the liver tumors in
mice as sufficient evidence to classify TCE as. an animal
carcinogen, because liver tumors in mice could also be induced by
epigenetic mechanisms such as peroxisome proliferation and as such
have a threshold for induction. TCE, as well as other chlorinated
organic compounds, are known to be peroxisome proliferators.
Therefore, IARC classifies TCE as é group 3 carcinogen, unable to

be classified as to its carcinogenicity in humans.



C. National Institute of Occupational Safety and Health (NIOSH)
TCE is a potential carcinogen for humans: however, the results from
animal bioassays and from ip vitro tests do not warrant considering
TCE to be a potent carcinogen. The current occupational limit and
control measﬁres in use were established with no concern for
carcinogenic potential and thus may be inadequate to assure worker
protection from such a carcinogenic potential. NIOSH believes that

existing engineering control technology can readily attain a TWA

exposure of 25 ppm.
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3. PHARMACOKINETICS AND METABOLISM

Trichloroethylene is rapidly absorbed across the surface of the lungs and
gastrointestinal tract. Although some TCE can be absorbed through the skin,
the rate and extent of dermal absorption are limited compared to that of more
lipophilic xenobiotic compounds.

Very little information exists on the distribution of TCE in humans. Data
from animal studies, however, indicate that TCE distributes to all tissues.
The concentration of TCE in a given tissue depends on the route of exXposure,
partition coefficients of TCE in each tissue, and on the rates of metabolism
and elimination. Onece in the blood, TCE is metabolized to a product believed
to be the epoxide, TCE-oxide. This epoxide undergoes additional changes by one
of 4 paths, ultimately forming metabolites including trichloroethanol (TCEL),
trichloroethanol glucuronide (TCEL-G), and trichlorocacetic acid (TCA).

This section presents an overview of published studies on the absorption,
distribution, metabolism, and elimination of TCE and emphasizes studies on the
rate and extent of each of these processes in humans and rodents. Metabolic
pathways are also discussed in some depth because these processes transform TCE
into one or more reactive molecular species that appear to cause most forms of
TCE-induced chronic toxicity.

The discussion of metabolism and excretion kinetics at the end of this
section contains a review of physiologically-based pharmacokinetic models that
have been used to simulate and predict the absorption, distribution,
metabolism, and excretion of TGE in rodents and humans. A detailed analysis is
made of the behavior of one of these models under steady-state conditions that
may be relevant to regulatory considerations. The dynamic version of this
model is then applied using rodent-bioassay-exposure conditions to establish
predicted relationships between applied and metabolized dose for these exposure
scenarios, which are relevant to the interpretation and assessment of TCE's
carcinogenic potency to rodents undertaken in Section 5. Finally, a version of
the model is used to estimate the rate at which TCE is metabolically cleared in
humans. The model’s predictions are fitted to a set of experimental data on
urinary concentrations of TCE metabolites found in Japanese workers exposed to

various concentrations of TCE in workplace air.



ABSORPTICN

In this section, data on the absorption of TCE following dermal exposure,

ingestion, and inhalation in animals and humans are reviewed.
Dermal Exposure

The absorption of TCE across the skin has been studied in mice, guinea

pigs, and humans.

Animal Studies

Tsuruta (1978) applied 0.5 mL of pure TCE 1liquid to the (clipped)
abdominal skin of mice for periods of 5 to 15 minutes. In these animals, the
TCE was retained on the skin by a small impermeable chamber glued to the skin
area studied. The estimated percutaneous absorption rate ranged from 7.82 to
12.1 Jug/mi.n-czl:uz. The corresponding dermal absorption rate measured

during jipn vitro experiments using excised mouse abdominal skin was 1.125

Jug/m:i.n-cm2 .

Jakobson et al. (1982) monitored the concentration of TCE in the blood
following administration of pure TCE liquid to the backs of guinea pigs; again
the TCE was retained on the skin by a smail impermeable chamber glued to the
skin region under study. The TCE was absorbed rapidly and reached a peak
concentration in the plasma (0.79 pg/ml) within 30 minutes. Despite

continued exposure, plasma levels of TCE decreased gradually after this time.

Human Studies

Stewart and Dodd (1964) estimated the rate of dermal absorption of TCE in
humans by measuring the alveolar concentration of TCE in 3 subjects who
immersed their thumbs in liquid TCE (98% pure) for 30 minutes. The mean peak
concentration of TCE in alveolar air (0.5 ppm) occurred within 30 minutes of
exposure. The relatively small amount of TGCE present in exhaled breath
indicates that absorption of TCE through the skin is limited. These
researchers noted that there was considerable individual variation in the rate

of absorption and concluded that the dermal absorption of TCE depended on the

thickness and area of skin exposed,.
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Sato and Nakajima (1978) also studied the characteristics of dermal
absorption of liquid TCE in humans. The extent of absorption was evaluated by
measuring the concentration of TCE in blood and exhaled air of individuals who
had immersed one hand in neat liquid TCE for 30 minutes. Measurements were
made at the end of exposure, as well as intermittently over a 10-hour follow-up
period. The highest levels of TCE were found immediately after the end of
exposure (203.11 pg/mL in blood, 28.66 pg/mL in breath) and decreased
thereafter. These researchers noted that the conditions of this experiment did
not represent a typical occupational exposure and that under average work

conditions dermal contact with TCE would probabljr not result in the absorption

of toxiec gquantities,

Ingestion

Trichloroethylene is readily absorbed across the gastrointestinal (GI)
tract of animals. Data on GI absorption of TCE in humans are limited.

However, case reports of poisoning after ingestion of TCE indicate that GI

absorption in humans is extensive.

Animag]l Studies

Animal mass-balance studies with radiolabeled TCE have typically recovered
most of the dose in excretion products as unchanged TCE or one of its
metabolites. In its review of GI absorption of TCE by animals, the EPA (U.S.
EPA, 1985a) equated percent recovery of radiolabel with percent of TCE
absorbed. This approach assumes that the radioactivity recovered in the urine,
feces, carcass, and cage air has been'absorbed through the gut prior to its
distribution and/or elimination by a given route. However, it should be
pointed out that this assumption may not be entirely correct. For example, the
ICE measured in cage air (which presumably came from exhalation) may include
TCE retained in material that passed through the digestive tract without
systemic absorption. In addition, mass-balance studies generally recover 2.0
to 4.0% of the radicactivity in the carcass. These reports have not provided
data on the specific disposition of radicactivity within the carcass (i.e.,
whether or not radioactivity remained in the gut), and it is possible that some

of the carcass radioactivity is due to unabsorbed material.



Mass-balance studies using radiolabeled TCE demonstrate that mice can
metabolize 38 to 100% and rats can metabolize 15 to 100% of an oral dose of TCE
administered in a corn-oil vehicle (Parchman and Magee, 1982; Dekant et al.,
1984; Prout et al., 1985; Mitoma et al., 1985; Buben and 0’'Flaherty, 1985;
Rouisse and Chakrabarci, 1986). For both species, the lower values were
obtained after treatment with large doses (>1000 mg/kg) (see discussion in
subsection on Metabolism and Excretion Kinetics). In general, these data
indicate that absorption of TCE through the GI traet is considerable, and at
very low concentrations, nearly complete.

Withey et al. (1983) examined the effect of different vehicles on the rate
and extent of absorption of TCE in rats as measured by serial blood samples
collected over a 5-hour period. Gastrointestinal absorption of TCE was slowed
significantly by the use of corn oil as a vehicle, compared with an agueous
solution. After an 18 mg/kg intragastric dose of TCE in water, TCE reached a
peak concentration in blood within 5.6 minutes. When the same dose was given
in corm o0il, the blood concentration profile of TCE exhibited 2 distinct peaks,
one within 5 to 10 minutes and a second peak approximately 100 minutes after
dosing. Furthermore, the maximum concentration of TCE in blood was almest 15
times greater when TCE was administered in water (14.7 ug/ml) compared to
oil (1.0 pg/ml). Likewise, the observed area under the Dblood
concentration-time curve was estimated to be 218 times greater with TCE
administered in water (241.5 pg-minute/ml) rather thanm in oil (1.11
pg-minute/mL). Thus, a very significant decrease was observed in the rate
and extent of GI uptake for TCE administered as an oil solution compared with
an aqueous solution. When TCE is administered in corn oil, it appears that its
high solubility in this vehicle slows its diffusion from the corn oil across
the GI tract. Conversely, TCE is only sparingly soluble in water and diffuses -
readily from aqueous solutions. In any event, the results of the mass-balance
studies referred to above demonstrate clearly that TCE administered orally in a
corn-oil vehicle is readily, though not rapidly, absorbed systemically.

D’Souza et al. (1985) determined that the extent of absorption of TCE
across the GI tract was dependent on whether test animals (male Sprague-Dawley
rats) were starved or well fed. Following an oral dose of 10 mg/kg TCE as a
50% aqueous suspemnsion in a polyethylene glycol-based dispersant (Pegosperse
400-MS), TCE was rapidly and extensively absorbed from the GI tract of fasted

rats. Arterial blood had measurable levels of TCE within 30 seconds of
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treatment, and blood concentrations of TCE peaked within 6 to 10 minutes.
Although specific data were not given for nonfasted animals, the authors
reported that the blood levels of TCE in fasted animals were 2 to 3 times
greater than in nonfasted animals. Hobara et al (1987) studied the intestinal
absorption and subsequent metabolism of TCE in 60 adult male and female mongrel
dogs (8 to 12 kg body weight) with a surgically implanted intestinal
circtﬂaﬁ.on system. Solutions containing 0.1, 0.25, or 0.5% TCE. {(weight/volume)
were perfused through the jejunum, ileum, and colon of dogs anesthetized with
25 to 30 mg/kg sodium pentobarbital and placed on respirators. Each TCE
solution comprised 500 mL of an aqueous solution of TCE dissolved in Tween 80
(L:1 by volume). The absorption rate of TCE was observed to be 50 to 70% oﬁ
the administered TCE dose after 2 hours. No significant differences were
observed in the absorption rates of TCE and water among the 3 intestinal
regions studied. The absorption rate for TCE was constant over time. On the

basis of these data, Hobara et al. concluded that TCE was absorbed to a high
degree in the dogs they studied.

Human Studies

No experimental studies have been conducted on humans to evaluate the
extent of absorption following ingestion of TCE. However, Defalque (1961)
cited a number of cases of accidental poisoning from ingestion of TCE. The
U.5. EPA (1985a) listed several additional instances of poisoning and observed

that these reports suggest that absorption of TCE across the GI tract of humans

is extensive.

Pulmonary Uptake

The human blood/air partition coefficient of TCE has been estimated to be
between 9.2 and 15. Trichloroethylene readily diffuses across the lungs into
the capillaries of the alveoli (Eger and Larson, 1964; Sato et al., 1977;
Monster, 1979). For a given concentration of TCE, pulmonary uptake depends on
the solubility of TCE in blood and tissue, the volume and rate of perfusion of
tissues, the rata of elimination, and the rate of alveolar ventilation, i.e.,
that fraction of total respiratory ventilation from which volatile organic

compounds may be cleared by absorption into alveolar capillary bleod (Fermandez
et al., 1977; Astrand, 1975).



Under nonsteady-state conditions, the amount of TCE that initially enters
arterial blood depends primarily on the concentration difference of TCE between
alveolar and venous blood (Fernandez et al., 1977; Monster, 1979). Several
studies have found that the uptake of TCE from the lungs is rapid during the
first 30 to 60 minutes of exposure, but that the rate of uptake decreases as
TCE concentration in body tissues épproaches steady state (Monster, 1979;
Fernandez et al., 1977).

Under steady-state conditions, the net uptake (the difference between the
ambient and alveolar air concentrations, multiplied by the alveolar ventilation
rate) is theoretically equal to the amount of TCE removed from the body by
metabolism. But experimental human studies of Pulmonary uptake of TCE have
generally not approximated steady-state conditions. Prior to the attainment of
a steady-state condition, net uptake (i.e., retention) varies as a function
of the amount already retained in tissues at any given time. Thus,
generalizations that can be made from reported values of percent uptake or
percent retention are necessarily restricted to the specific exposure regimen
used. The applicability of these data for risk assessment is limited because

generalizations relating uptake to metabolism cannot be derived from-these

studies.

Animal Studies

Andersen et al. (1980) exposed rats to TCE for 3 hours at concentrations
that ranged from 30 to 8000 ppm. The rate of pulmonary uptake in rats was
concentration dependent; at the lowest exposure concentration (30 ppm) the
uptake of TCE was linear. Uptake deviated from linearity at concentrations of
ICE > 100 ppm.

Stott et al. (1982) evaluated the metabolism of TCE in rats and mice
exposed to 10 or 600 ppm U’C-labeled TCE for 6 hours. Radiolabel was
recovered in expired air (as €O, and unchanged TCE), as well as in the urine,
feces, and carcass. Pulmonary absorption of TCE was evident in both rats and
mice, because radiolabeled €0, and urinary metabolites were generated as a
result of exposure. However, the net uptake of TCE appeared to differ between
species at the higher TCE concentration because the amount of unchanged TCE
exhaled after exposure to 600 ppm was 10 times greater than the corresponding
percent observed after exposure to 10 ppm TCE (21.1% versus 2.1% exhaled of the

total body burden of TCE measured). A similar change was not observed in mice,



which exhaled unchanged between 1 and 2% of the measured TCE body burden at
both exposure concentrations (see subsection on Metabolism and Excretion
Kinetics).

Raabe (1986) determined the wuptake of lac 1cE by Dbeagles at
concentrations of TCE less than 25 ppb, a level 3 orders of magnitude below the
concentration used for rats and mice. The steady-state fractional systemic

uptake for 3 beagles averaged 48% over a two-hour period.

Human Studies -

Fernandez et al. (1977) simulated the uptake, distribution, and
elimination of TCE after inhalation exposure. Their model separated the body
into a pulmonary compartment, an organ responsible for metabolism (the liver),
and 3 tissue types (the muscle group, fat group, and vessel-rich group).
Fernandez et al. (1977) calculated the partial pressure of TCE in different
tissues during an 8-hour exposure to 100 ppm. In the well-perfused vessel-rich
and muscle groups, the concentration of TCE increased rapidly over the first 2
hours of exposure. As the partial pressure of TCE equilibrated between tissues
and inspired air, the rate of uptake diminished and became relatively constant
by the end of the 8-hour exposure. The concentration of TCE in these 2 tissue
types began to decrease as soon as exposure ceased. In contrast, levels of TCE
in the poorly perfused adipose tissue increased much more slowly and continued
to increase for approximately one hour after the end of exposure {see
subsection on Distribution and Bioaccumulation).

Various studies have reported the "percent retention® (i.e., net uptake as
a percent of alveolarly ventilated amount) of TCE for experimental inhalation
exposures. These studies estimated percent uptake by measuring the TCE
concentration in inhaled and alveolar-exhaled air, subtracting the ratio of the
latter to the former from one, and multiplying by 100%. As noted previously,
under nonsteady-state conditions these values vary with the duration of
exposure. This variation is apparent in the broad range of values reported for
the percent of TCE retained. For example, Soucek and Vlachova (1960) found
that the percent of TCE retained varied from 58 to 70% :Ln individuals exposed
to 93 to 158 ppm TCE for 5 hours. Bartonicek (1962) reported 58% retention of
TCE after a 5-hour exposure to 194 ppm. Nomiyama and Nomiyama (1971, 1974)
found that approximately 35% of a dose of TCE was retained in individuals

exposed to 252 to 380 ppm TCE for 2.7 hours. Monster et al. (1976) measured
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the pulmonary uptake of TCE in six subjects exposed to 70 or 140 ppm TCE for 4
hours. Uptake was found to be rapid during the first 30 minutes of exposure,
but after this time uptake became relatively constant and remained so for the
duration of the experiment. Subjects exposed to 70 and 140 ppo TCE retained

* 11 and 54 % 0.28 mg TCE/ppm TCE in air. Thus, percent retention of TCE
was not affected significantly by exposure concentration in this study.
Monster et al. (1979) calculated the pulmonary uptake in 5 individuals exposed
to 70 ppm TCE, 4 hours/day for 5 days. The average quantity of TCE retained
during this exposure scenario was 450 + 51 mg/day, which was approximately 44%

* 5.5% of the estimated, total, alveolarly-respired dose. Raabe (1988) exposed
14

4 people to C-TCE at concentrations of 13 to 22 ppb and found an average
steady-state fractional systemic uptake of 53% over a 2-hour period.

The amount of TCE taken up by the body is affected by differences in
alveolar ventilation rate. During exercise or work, the alveolar ventilation
rate increases and exposure to TCE under these conditions resuits in a greater
uptake of TCE. When volunteers were exposed to 70 or 140 ppm TCE while under a
workload (2 1/2 hours x 100 watts), the uptake of TCE increased to
approximately 2.5 times what it was at rest (Monster et al., 1976). Astrand
and Ovrum (1976) also reported that the uptake of TCE doubled in subjects who
were exposed to 100 or 200 ppm TCE in air while under a 50- to 150-watt

workload compared to resting subjects similarly exposed.

DISTRIBUTION AND BICACCUMULATION

Trichloroethylene diffuses readily through blood and into body tissues.
Studies with experimental animals have measured TCE or its metabolites in most
organs and tissues. A combination of experimental and theoretical data

indicate that TCE becomes widely distributed within the human body.

Animal Studies

Barrett et al. (1939) exposed dogs and rabbits to water vapor saturated
with TCE (1.2 g/L) for 25 to 28 minutes. Trichloroethylene and its metabolites
were found in the blood, skeletal muscle, fat, liver, kidney, lungs, and heart
of both species. The highest concentrations were measured in the adipose
tissue of these animals (44 to 48 mg/100 g tissue). In both rabbits and dogs,

the lowest quantities of TCE occurred in the nuscle (4 to 7 mg/100 g tissue).
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Trichlorcethylene was detected in the cerebrum, cerebellum, blood, liver,
lungs, and perirenal fat of rats 24 hours after the end of exposure to 200 ppm
TCE, 6 hours/day for 4 days. The greatest amounts of TCE were measured in
perirenal fat (65.9 to 75.4 nmol/g tissue) and the lowest amounts in liver (2.4
to 3.5 nmol/g tissue) (Savolainen et al., 1977).

Parchman and Magee (1982) found that some of the radioactivity from a dose
of 10 to 1000 mg/kg 1[*C-la.l.l:\eli.«:_-cl TCE was covalently bound to liver protein of
rats and mice. Low levels of radioactivity were also associated with the DNA
fraction from both species. However, Parchman and Magee (1982) were unable to
distinguish whether TCE or a metabolite was bound to DNA and whether the
radioactivity in the DNA fraction was due to labeled DNA or to contaminating
protein (see Section &4, Toxic Effects in Humans and Animals).

Male rats given 10, 100, or 1000 mg/kg of TCE orally 5 days/week for 6
weeks had measurable levels of TCE, TCA, and trichloroethanoel in the blood,
heart, testes, vas deferens, seminal vesicles, prostate, epididymus, adrenals,
fat, liver, kidrmeys, muscle, lungs, and brain (Zenick et al., 1984). In
general, blood and tissue levels increased in a dose-dependent manner,
indicating that TCE and its 2 major metabolites accumulate in tissue. For
example, animals that received 1000 mg/kg of TCE had 30 to 50% more TCA in
their reproductive organs than the 100 mg/kg group. The concentration of
trichloroethancl in the epididymus and vas deferens did not change
substantially with dose. However, the concentration of trichloroethanol was 3
to 7 times higher in the testes, prostate, and seminal vesicles of high-dose
animals than in animals that received 100 mg/kg TCE.

Pfaffenberger et al. (1980) dosed male rats by gavage with 1 to 10 mg/day
of TCE for 25 days. The TCE levels were measured in fat and blood at 9
separate times during the treatment period. The TCE was detected at very low
levels (<1.0 ug/L) in serum, while the amount of TCE present in adipose
tissue depended on dose. Animals given 1.0 mg/day had an average concentration
of 280 ng/g TCE in their fat, while those that received 10.0 mg/day had an
average of 20,000 ng/g. Measurements were also made 3 and 6 days after dosing
was discontinued. Animals from both treatment groups had an average of 1.0
ng/g of TCE in adipose tissue. Serum concentrations of TCE were <1.0 peg/L
(1.0 mg/day TCE) and 6.0 pg/L (10.0 mg/day TCE). The values reported by
Pfaffenberger et al. (1980) are mean values based on measurements from 12
animals taken over the course of the experiment, The authors noted

considerable fluctuation in individual values and no steady increase in the



levels of TCE in blood or fat. However, the relatively large amounts of TCE

measured in fat over the 25 days of treatment indicate that some accumulation

of TCE occurs with continued exposure,

Human Studies

Trichloroethylene distribution depends on the compound’'s partition
coefficient, volume of distribution, and tissue-specific perfusion rate, as
well as on the volume of venous blood in equilibrium with a given tissue type.
After accounting for these variables, the model of Fernandez et al. (1977),
discussed in the subsection on Pulmonary Uptake, predicted that the body burden
of TCE in the muscle and vessel-rich (well-perfused) tissue groups would
increase only slightly with repeated inhalation exposure (100 ppm, 6 hours/davy,
5 days/week). Because of TCE's high fat solubility and the limited perfusion
of adipose tissue, TCE is eliminated slowly from fat and repeated exposure is
expected to cause a progressive accumulation of TCE in this tissue. TUnder
these conditions of 100 ppm, 6 hours/day, 5 days/week, TCE concentration is
predicted by the Fernandez et al. model to-reach equilibrium in adipose tissue
in 5 to 7 days. Once adipose tissue becomes saturated, this model predicts
that the concentration of TGE in fat will remain relatively constant as long as
eéxposure concentration remains constant.

Bartonicek (1962) exposed 8 volunteers to 194 ppm TCE for 5 hours and
measured the excretion of TCE and its metabolites TCA and trichloroethanol
(ICEL) in feces, sweat, and saliva on day 3 postexposure and in blood and urine
on days 2 to 22 postexposure. The metabolites were measured in feces, sweat,
and saliva on the third day after exposure at average concentrations of
approximately 18, 4.2, and (.27 mg TCA + TCEL/100 mlL, respectively. The
metabolites excreted in feces represented about 8.4% of all measured
metabolites excreted in feces and urine on day 3 after exposure. Metabolites
in blood and urine decreased exponentially by a factor of about 10 from day 2
to day 22 after exposure. Intervening consumption of alcohol by the subjects
appeared to influence the measurements of urinary metabolites by transiently

increasing their concentration after consumption, particularly for TCEL.

METABOLIC PATHWAYS

Trichloroethylene is initially transformed by the cytochrome

P-450-dependent mixed function oxygenases (MFQO) to an intermediate
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electrophilic epoxide, trichloroethylene oxide (TCE-oxide) (Byington and
Leibman, 1965; Henschler, 1977; Bonse et al., 1975). Considerable speculation
exists about this epoxide: it is not clear whether it is an obligate
intermediate or if it exists in free form (available to bind to cellular
macromolecules) (Henschler, 1977; Henschler et al., 1979; Miller and
Guengerich, 1982; Miller and Guengerich, 1983). Most recently, as described
below,évidence for a pathway in which TCE may react directly with glutathione
has been published.

The TCE-oxide is subsequently metabolized by one of 4 paths (Figure 3-1).
The predominant pathway is omne in which TCE-oxide rearranges spontaneously to
chloral. Chloral is then rapidly hydrated to form chloral hydrate. Chloral
hydrate undergoes oxidation to trichloroacetic acid (TCA) and some of the TCA
contributes to the formation of carbon dioxide (C05). Conjugates of TCA
including TCA-glucuronide and TCA-coenzyme A (TCA-CoA) have also been
identified. Alternatively, chloral hydrate can be reduced to trichlorcethanol
(TCEL). Most of the TCEL reacts with glucuronyl transferase to form
trichloroethancl glucuronide (urochloralic acid) (Barrett et al., 1939, Powell,
1945; Powell, 1947; Butler, 1948; Butlef; 1949; Byington and Leibman, 1965;
Nomiyama and Nomiyama, 1971; Mdller et al., 1972; Kimmerle and Eben, 1973a;
Cole et al., 1975; Ikeda et al., 1980a; Hathaway, 1980; Miller and Guengerich,
1982, 1983; Parchman and Magee, 1982; Stott et al., 1982; Costa and Ivanetich,
1984; Green and Prout, 1985; Dekant et al., 1984; Prout et al., 1985). The
metabolism of TCE recently has been reviewed by IARC (1979), WHO (1985), and
the U.S. EPA (1985a).

Although TCA, TCEL, and trichloroethanol glucuronide (TCEL-G) are the
principal metabolites formed, the isolation of a number of minor metabolites
can only be explained by the presence of other metabolic pathways. Under
certain conditions described below, TCE-oxide forms dichloroacetyl chloride,
which rearranges to dichloroacetic acid (DCA) (Kline and Van Duuren, 1977;
Hathaway, 1980; Dekant et al., 1984). The TCE-oxide can also undergo oxidation
and hydrolysis to formic acid, glyoxylic acid, oxalic acid, C0,, and carbon
monoxide (C0). Monochloroacetic acid (MCA) has been occasionally recovered,
but little is known about its formation (Bonse et al., 1975; Hathaway, 1980;
Miller and Guengerich, 1982, 1983; Dekant et al., 1984; Fetz et al., 1978:
Traylor et al., 1977; Soucek and Vlachova, 1960; Bartonicék,]SGZ; Ogata and
Saeki, 1974; Green and Prout, 1985),
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Recent isolation of N-(hydroxyacetyl)-aminoethanol (HAAE) as a metabolite
of TCE indicates the presence of a fourth and separate pathway for
biotransformation of TCE-oxide. No details of HAAE formation have thus far
been characterized (Dekant et al., 1984),

Mixed Function Oxyvgenases and Epoxide Formation

Powell (1945) and Byington and Leibman (1965) proposed that TCE is
oxidized to an epoxide, trichloroethylene oxide (TCE-oxide), with the
subsequent formation of chloral. This reaction is mediated by the MFO. A
number of investigators studying TCE metabolism have used animals pretreated
with pheﬁobarbital or Aroclor 1254 (A1254), known inducers of hepatic MFO. If
TCE is also a substrate for the MFO, then pretreatment with phenobarbital or
Al234 should increase the metabolism of TCE. The involvement of the MFO in TCE
metabolism has been confirmed in the studies of Leibman and McAllister (1967),
Van Duuren and Banerjee (1976), Moslen et al. (1977a), Allemand et al. (1978),

and Reynolds and Moslen (1977). 1In vitro studies of TCE metabolism have also

verified that TCE is initially oxidized‘by the MFO (Kelley and Brown, 1971;
Ikeda et al., 1980a; Miller and Guengerich, 1982, 1983).

Although administration of TCE typically induces hepatic MFO, Rouisse and
Chakrabarti (1986) reported a dose-dependent decrease in MFO activity in rats
given TCE orally. This decrease became significant (p < 0.05) at doses of
1.0 mL/kg. The authors suggested that the decrease in activity may have been
due to the reaction of a metabolic intermediate with the MFO, which resulted in
the formation of ligand complexes with cytochrome P-450, causing a loss of MFO
activity.

Metabolism of a substance by the MFO can also be demonstrated by the
binding of the substance to oxidized cytochrome P-450. This binding can be
observed as a shift in the light-absorption characteristics of the microsomes
known as a "type I spectral change." Pelkonen and Vainio (1975) showed that
chlorinated ethanes produce a type I spectral change in rat liver microsomal
preparations. Kelley and Brown (1974) and Uehleke et agl. (1977) also observed
a type I spectral change following the addition of TCE or TCE-oxide to
microsomal preparations from rats and rabbits.

While studies of enzyme induction and spectral binding confirm the
involvement of the MFO in TCE metabolism, they have not identified the

intermediate produced. Chlorinated ethylenes are commonly metabolized to
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epoxides and it has been proposed that TCE oxidation p;:oduces TCE-oxide
(Powell, 1945; Byington and Leibman, 1965; Leibman and Ortiz, 1977; Bonse
et al., 1975; Henschler, 1977). While evidence for TCE epoxidation in viveo is
largely indirect, initial epoxide formation is believed to offer a plausible
explanation for the metabolic products that have been recovered. The chemical
reactivity of the postulated in vitro TCE-oxide might be responsible for some

types of TCE-induced toxicity, provided that the TCE-oxide exists for a time

long enough for it to migrate from its cellular sites of formation, primarily
in endoplasmic reticulum and to some extent in mitochondria (<5%) and in the
nuclear envelope (<1%) (Pelkonen and Nebert, 1982), to critical macromoclecules,

such as nuclear DNA, located elsewhere in the cell.

Van Duuren and Banerjee (1976) showed that, when labeled TCE was incubated

14

with liver microscomes, C became covalently bound to protein, demonstrating

the formation of a reactive intermediate capable of binding with critical
macromolecules in this in vitro assay. Furthermore, binding was increased by
the addition of an inhibitor of epoxide hydratase, suggesting that the reactive
intermediate observed was an epoxide.

Several attempts have been made to demonstrate that chloral, a-known
metabolite of TCE, can be produced from TGE-oxide. If it could be shown that
chemically synthesized TCE-oxide forms chloral, this would provide inferential
evidence that TCE-oxide is actually an in vivo intermediate in the formation of
chloral. Henschler et zl. (1979) and Miller and Guengerich (1982) synthesized
TCE-oxide and studied the in vitro degradation products. Both groups recovered
DCA, CO, formiec acid, and glyoxylic acid, but no chloral. However, Bonse
et al. {1975) showed that electrophilic compounds such as AlCl3, BF3, and
FeCly can induce rearrangement of TCE-oxide to chloral in yitro. They
postulated that, in wvive, the electrophilic iromn ion, Fea+, in cytochrome
P-450 may catalyze the transformation of TCE-oxide to chloral, i.e., that
TCE-oxide only rearranges to chloral in the presence of metals.

Miller and Guengerich (1982) incubated TCE-oxide in the presence or

absence of Fel* or Fest salts, with a number of different heme proteins.

Experiments were conducted in both aquecus and nonaqueous solutions.
Rearrangement of the epoxide to chloral was observed only in nonaqueous
solutions; chloral was not formed in aqueous solutions even when purified
cytochrome P-450 was present. However, a subsequent in vitro study found that
rat and mouse microsomes were able to metabolize TGCE to TCE-oxide, chloral,
glyoxylic acid, and CO. The TCE-oxide was identified by trapping with
p-nitrobenzyl pyridine (Miller and Guengerich, 1983).
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On the basis of their data, Miller and Guengerich (1982; 1983) concluded
that formation of TCE-oxide was not an obligatory step in the metabolism of TCE
to chloral. They proposed that chlorine migration can occur within a
transitional, oxygenated TCE-P-450 intermediate. This transitional complex can
rearrange without the formation of free epoxide, leading directly to the
production of several different metabolites including chlorai. Direct
oxidation of TCE to chloral has also been proposed by Van Dyke and co-workers
(Van Dyke and Chenoweth, 1965; Van Dyke, 1977).

Ghloral and Chloral Hvdrate

The formation of the major urinary metabolites TCE, TCEL, and TCEL-G are
explained by the production of chloral as an intermediate, following the
initial oxidation of TCE (see Figure 3-1). Chloral is rapidly hydrated to form
chloral hydrate. 1Isolation and characterization of chloral hydrate as a
metabolite of TCE was hindered by its short half-life of 10 to 40 minutes
(Marshall and Owens, 1954; Cole et al., 1975). 1In 1965, Byington and Leibman
were able to demonstrate that chloral hydrate is actually a product ef TCE
metabolism.

Chloral hydrate has been recovered as a metabolite of TCE in witre and
in vivo; it has been isolated from the urine of humans, rats, mice, and dogs
(Butler, 1948; Byington and Leibman, 1965; Leibman and McAllister, 1967;
Kimmerle and Eben, 1973a; Cole et al., 1975; Bonse and Henschler, 1976; Ikeda
et al., 1980a; Miller and Guengerich, 1982, 1983; Costa and Ivanetich, 1984;
Prout et al., 1985). Chloral hydrate is not a final metabolite of TCE, but

undergoes oxidation to TCA or reduction to TCEL.

Trichloroethanol and Trichloroethanol Clucuronide

Alecohol dehydrogenase catalyzes the conversion of chloral hydrate te TCEL
(Butler, 1948, 1949; Marshall and Owens, 1954; Friedman and Cooper, 1960,
Sellers et al., 1972). The TCEL has been isolated in the urine of humans,
dogs, rats, and mice exposed to TCE (Butler, 1949:; Nomiyama and Nomiyama, 1971;
Maller et al., 1972; Tkeda et al., 1980a; Dekant et al., 1984; Green and Prout,
1985; Prout et al., 1985).

Urinary metabolite profiles typically reveal that the majority of TCEL is

conjugated to glucuronic acid. The binding is probably mediated by a



glucuronyl transferase (Butler, 1949; Miller et

Green and Prout, 1985).

1., 1972; Dekant et al., 1984;

Trichloroacetic Acid

The enzyme(s) responsible for the conversion of chloral hydrate te TCA
have not been thoroughly characterized. Although structural similarities
between chloral and acetaldehyde have led to the proposal that chloral or
chloral hydrate is oxidized by acetaldehyde dehydrogenase, the actual role of
this enzyme in the formation of TCA is not clear (Cooper and Friedman, 1958;
Kraemer and Dietrich, 1968: Blair and Bodley, 1969; Sellers et al., 1972
Tottmar et al., 1973; Grunett, 1973).

Trichloroacetic acid has been identified as a metabolite of TCE in blood
and urine of humans, chimpanzees, mice, rats, and dogs (Barrett et al.,
1939;Powell, 1945; Powell, 1947; Butler, 1948; Butler, 1949; Nomiyama and
Nomiyama, 1971; Maller et al. 1972; Ikeda et al., 1980a; Miller et al., 1982:
Dekant et zl., 1984; Green and Prout, 1985; Prout et al., 1985). A glucuronide
conjugate of TCA has been isolated from -the urine of chimpanzees given TCE
(Miller et al., 1982). The TCEL, either free or conjugated to glucuronic acid,
and TCA are the major metabolites of TCE in all species studied to date.

Data on human production of TCA and TCEL come exclusively from
inhalation-exposure experiments. Table 3-1 lists the relative percentage of
these 2 compounds in the urine of humans exposed to TCE by inhalation.
Although the data in this table are not exhaustive, these values indicate that
the relative importance of TCA and TCEL are minimally affected by exposure
concentration or duration of exposure (Soucek and Vlachova, 1960; Bartomnicek,
1962; Bartonicek and Teisinger, 1962; Nomiyama and Nomiyama, 1971; Ertle
et al., 1972; Kimmerle and Eben, 1973b; Monster et al., 1976; Monster et al.,
1979).

The percentage of urinary metabolites recovered as TCA and TCEL in rodents
exposed to TCE, as well as the relative percentage of these metabolites, are
given in Table 3-2. The relative amounts of TCA and TCEL produced as TCE
metabolites are fairly consistent in mice and rats, regardless of exposure
concentration or route (Dekant and Henschler, 1983; Dekant et al., 1984; Green
and Prout, 1985). However, the data of Green and Prout (1985) indicate that
the duration of exposure may affect the production of these metabolites. When

mice were given a single oral dose of 1000 mg/kg TCE, the relative percentages
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Table 3-1.

Relative Percentage of Trichloroacetic Acid (TCA) and
Trichloroethanol (TCEL) in the Urine of Humans Following Inhalation Exposure to TCE.

Number of Exposure Exposure Follow-up Relative Relative
Individuals Concentration Duration Period Percent TCA Percent TCEL References
4 40 ppm 4 h 8 d 37.0 63. Kimmerle and Eben, 1973b
4 48 ppm 5 h/d 12 d 35.0 65. Kimmerle and Eben, 1973b
for 5 d

4 l mg/L (46.5 ppm) 5 h 16 to 21 d 21.0 79. Bartonicek and Teisinger,
1962

4 1l mg/L (46.5 ppm) 5 h 16 to 21 d 39.0 61, Bartonicek and Teisinger,
1962

6 50 ppm 6 h/d 24 h 33.0 67. Ertle et al., 1972

for 5 d »
5 70 ppm 4 h/d 6 d 36.0 64 . Monster et al., 1979
: for 5 d
[ 70 to 140 ppm 4 h 66 h 33.0 67. Monster et al., 1976
5 506-850 ug/L 5h 112 h 28.0 72. Soucek and Vlachova,
(93 to 158 ppm) 1960
5 100 ppm 5 h 60 h 32.0 68. Muller et al., 1974
8 1042 ug/L 5 h 3 wk 42.0 59. Bartonicek, 1962
(194 ppm)
10 350-380 ppm 160 min 6 d 46.0 54, Nomiyama and Nomiyama,

1971

? Individuals were pretreated with 3 to 3.5 g disulfiram.



of TCA and TCEL were 7.3 and 92.7%, respectively. When dosing was continued

for 180 days, the relative percentage of TCA increased to 20.5%, while TCEL
decreased to 79.5%.

Minor Metabolites

The presence of a number of metabolites of TCE cannot be explained by the
formation of chloral as an intermediate step. Carbon dioxide (COZ)' CO, MCA,
DCA, oxalic acid, and N-(hydroxyacetyl)-aminoethanol (HAAE) have been
identified in small amounts from animals and/or humans exposed to TCE (Figure
3-1). As with any substance that is a normal product of human metabolism (such
as CO0,, CO, and oxalic acid), there is no practical way to determine what
proportion of these metabolites in humans is due to the biotransformation of
ICE. Table 3-3 lists the percentage of administered dose recovered as each of
these metabolites in rats and mice.

Dichloroacetic acid (DCA) has been identified in the urine of rats and
mice by Hathaway (1980), Dekant et al. (1984), and Green and Prout (1985)
(Figure 3-1). These investigators proposéd that DCA is formed only when the
oxidative capacity of the MFO is exceeded. Saturation of this enzyme system
would result in the availability of small amounts of the free epoxide. The
epoxide could then rearrange, with migration of HY, to form dichloroacetyl
chloride; reaction of the acetyl chloride with water produces DCA.

Dekant et al. (1984) identified oxalic acid as a urinary metabolite of TCE
in mice and rats. Oxalic acid may be formed following cleavage of the epoxide
ring to form a vicinal diol. This diol is unstable and can spontaneously
eliminate water, thereby forming glyoxylic acid chloride. Hydreolysis and
oxidation of glyoxylic acid chloride result in the formation of glyoxvylic
acid. Glyoxylic acid has been produced in vitro from incubation of rat and
mouse microsomes with TCE-oxide (Miller and Guengerich, 1982). Subsequent
oxidation of glyoxylic acid leads to the formation of oxalie acid (Dekant
et al., 1984).

Formic acid and CO have been recovered as metabolites of TCE primarily
from in yvitro systems (Fetz et al., 1978; Traylor et al., 1977; Miller and
Guengerich, 1982). However, Green and Prout (1985) reported traces of CO in
the breath of rats and mice after treatment with radiolabeled TCE. Miller and
Guengerich (1982) proposed that cleavage of the C-C bond of the viecinal diol

formed from TCE-oxide could explain the production of formic acid and CO.
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Table 3-2.
Recovery and Relative Percentage of Trichloroacetic Acid (TCA)
and Trichloroethanol (7CEL) in the Urine of Rodents Exposed to TCE.

Number

Percentage of Urinary
metabolites recovered as:

3
Species of Route of Dose or Follow-up TCA YCELb
(strain) Animals Administration Concentration Dose Regimen Period (relative percentage} Reference
House 4 Gavage 10 mg/kg Single 24 h 12.2 €12.6) 84.5 (87.4) Green and Prout, 1985
(B&C3F1) administration
Mouse 3 Gavage 200 mg/kg single 72 h 0.08 (0.10) 71.8 (99.9) bekant et al., 1984
{NMRI ) administration
House 4 Gavage 500 mg/kg Single 24 h 7.2 (7.3) 91.% (92.7) Green and Prout, 1985
(B6C3F1) administration
Mouse 4 Gavage 1000 mg/kg Single 24 h 7.0 (7.3) 88.5 (92.7) ibid,
(B6C3F1) administration
Mouse 4 Gavage 1000 mg/kg Daily for 24 b 15.6 (16.0) 81.9 (84.0) ibid.
{B6C3F1) 10 days
Mouse 4 Gavage 1000 mg/kg Daily for 24 h 19.9 (20.5) 7.4 ¢(79.5) ibid.
(B&C3F1) 180 days
Mouse 4 Gavage 2000 mg/kg Single 24 h 7.2 (7.4) 90.1 (92.6) ibid,
(BSC3F1) administration
Ratc 4 Gavage 10 mg/kg Single 24 h 5.8 (6.0) 9.1 (94.0) ibid.
{OM ) administration
Rat c N/Ad Gavage 200 mg/kg Single 72 h 0.97 (1.9 50.1 (98.1) Dekant and Henschler,
(N/A ) administration 1983
Rat 3 Gavage 200 mg/kg Single |?2 h 6.3 (17.2) 30.3 (82.8) Dekant et al., 1984
(Wistar) administration
Rat 4 Gavage 500 my/kg Single 24 h 6.3 (6.5} 20.1 (93.5) Green and Prout, 1985

c
(OM)

administration
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Table 3-2

(Continued).

Percentage of Urinary
metaboljtes recovered as:

Number 8
Species of Route of Dose or Follow-up TCA TCELb
(strain) Animals Administration Concentration Dose Regimen Period (relative percentage) Reference
d . .
Rat N/A Gavage 702 to Singte 72 h 1.0 to 5.0 N/A Daniel, 1963
{Wistar) 1676 my/kg administration (N/A)
Ratc 4 Gavage 1000 mg/kg Single 24 h 8.3 (8.6) 88.4 (91.4) Green and Prout, 1985
{OM ) administration
Rate 6 1P .25 ml/kg Single 24 h 5.1F (24.6) 15.5 (75.4) ibid.
(SD ) administration
Rate 6 P 2.0 mL/kg Single 24 h 1.9f (18.9) 8.1 (81.1) ibid.
(5D ) administration
Ratc 4 Gavage 2000 mg/kg Single 24 h 7.0 (7.1) 91.9 (91.9) ibid.
(oM ) administration
Rat d 4 Inhalation 57 to 37 min 7d 1.2 to 3.9 N/A Forssmann and
(H/A) 82 mg/t Holmquist, 1953
10,607 to
15,259 ppm)
Rat d 4 Inhalation 73 to 60 min 7d 3.2to 7.8 N/A ibid.
(N/A) 856 mg/L
(13,584 to
16,003 ppm)

3 : . .
Values represent recovery of free TCEL and/or TCEL-gltucuronide as a percent of total metabolites measured in urine.

Vatues in parentheses represent the percentage of TCA and TCEL measur

(TCA + TCEL(bound and free)] measured.

“- 3 O 0

OM = Osborne-Mendel .
N/A = not available.
SD = Sprague-Dawley.

Animals were pretreated with phenobarbital.
* r

fd in urine relative to the amount of
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Table 3-3. Recovery of Minor Metabolites of TCE in the Urine and Exhaled Air of Rodents.
c
Number Percent of Administered Dose Recovered as:
. of Route of Dose or Dose Follow-up Oxalic
Species Strain  Animals Administration Concentration Regimen Period c02 co DCA Acid HAAE MCA Reference
Mouse B6EIF1 4 Gavage 10 mg/kg SA 72 h 11.7 Prout et al., 1985
Mouse B6C3F1 4 Gavage 10 to SA 24 h <0.10 <1.0 <1.0 Green and Prout, 1985
2000 mg/kg
Mouse NMRI 3 Gavage 200 mg/kg SA 72 h 6.0 0.80 5.3 3.1 Dekant et al., 1984
Mouse B6C3F1 4 Gavage 500 my/kg SA 72 h 8.9 Prout et al., 1985
Mouse BSC3F1 4 Gavage 1000 mg/kg SA 92 h 7.6 ibid,
Mouse B86C3F1 4 Gavage 1000 mg/kg daily for 24 h 6.3 Green and Prout, 1985
140 d
Mouse B&C3FT 4 Gavage 1000 mg/kg daily for 24 h 2.3 jbid.
' 180 d
Mouse B6C3F1 4 Gavage 2000 mg/kg 5 d/wk 48 h 3.9 Mitoma et al., 1985
for 4 wk
Mouse B6C3F1 4 Gavage 2000 mg/kg SA 72 h 7.8 Prout et al., 1985
Mouse B6CIFYT & Inhalation 10 ppm 6 h 50 h 9.4 Stott et al., 1982
{SA)
Mouse BSCIFT 4 Inhalation 600 ppm 6 h 50 h 9.5 ibid,
{SA)
Rat oM 4 Gavage 10 ma/kg SA 72 h 10.2 Prout et al., 1985



Tabte 3-3. (Continued).
Tabte 3-3. Recovery of Minor Metabolites of TCE in the Urine and Exhaled Air of Rodents.
c
Nunber Percent of Administered Dose Recovered as:
of Route of Dose or Dose b Follow-up Oxalic
Species Straina Animals Administration Concentration Regimen Period CO2 €o DCA Acid HAAE MCA Reference
Rat oM 4 Gavage 10 to SA 24 h <0.10 <1.0 <1.0 Green and Prout, 1985
2000 mg/kg
Rat N/A N/A Gavage 200 mg/kg SA 72 0.5 2.0 0.7 6.8 Dekant and Henschler,
1983
Rat W 2 Gavage 200 ma/kg SA 72 h 1.9 0.8 0.5 3.0 Dekant et al., 1984
Rat oM 4 Gavage 500 ma/kg SA 72 h 3.2 Prout et al., 1985
Rat oM 4 Gavage 1000 mg/kg SA 72 h 2.9 ibid,
Rat W N/A - Gavage 702 to SA 72 h 1.0 to 15.0 Daniel, 1963
1676 mg/kg

Rat oM 4 Gavage 1300 maskg 5 dfvk 48 h 1.8 Mitoma et al., 1985

for 4 wk
Rat OM 4 Gavage 2000 mg/ky SA 72 h 1.4 Prout et al., 1985
Rat oM 4 Inhalation 10 ppm 6 h 50 b 4.8 Stott et al., 1982

{SA)
Rat oM 4 Inhalation 600 ppm 6 h 50 h 2.9 ibid.

(SA)

a OM = Osborne Mendel, N/A = Not available, W = Wistar.

c
DCA = dichloroacetic acid, HAAE = N-(hydroxyacetyl)-aminoethanol, MCA

SA

Single administratijon.

= monochloroacetic acid.



Balance studies of metabolism of radiolabeled ITCE have recovered
radiolabeled CO0, in expired air of rats and mice (Stott et al., 1982;
Parchman and Magee, 1982; Dekant et al., 1984; Green and Prout, 1985).
Henschler and Hoos (1982) suggested that C0yp may be formed from the
decarboxylation of di- or trichloroacetic acid. An alternate scheme involves
the production of CO, from formic or glyoxylic acid (Miller and Guengerich,
1982). However, Green and Prout (1985) demonstrated that at least some of the
C0, recovered was derived from TCA. They suggested that TCA forms an ester
with coenzyme A (CoA) and the latter is then degraded to 002.

Dekant gt al. (1984, 1986a) identified HAAE as a metabolite of TCE in the
urine of humans, rats, and mice. The mechanism(s) of its formation are
entirely speculative at this point. It may be formed by the reaction of an
oxldized intermediate with ethanolamine or phosphatidylethanolamine. This
hypothesis is based on the observation of Reichert et al. (1979) and Cohen
et al. (1975), who identified | ethanolamine adducts as the products of
dichloroethylene and halothane metabolism.

Trace amounts of monochloroacetic acid have been recovered in the urine of
humans, rats, mice, and rabbits given TCE (Soucek and Vlachova, 1960;
Bartonicek, 1962; Ogata and Saeki, 1974; Green and Prout, 1985). Chloroform
was measured in tissue and fluid from rats exposed to TCE (Miiller et al., 1972;
Pfaffenberger et al., 1980). However, the U.S5. EPA (1985a) noted that
chloroform was probably an artifact of the experimental techniques used.

Trichloroethlyene depletes hepatic glutathione (GSH) {Allemand et al.,
1978; Moslen et al., 1977a; Reynolds and Moslen, 1977; Rouisse and Chakrabarti,
1986). This indicates that a separate metabolic path may exist for TCE that
involves GSH and GSH-transferases. A GSH nmetabolite of TCE,
S-1,2-dichlorovinyl-N-acetyl-cysteine, has been identified in rat urine
collected for 72 hours after a single oral dose of 400 mg/kg
ll‘C-trichloroethylene (Dekant et al., 1986b). Cytosolic enzymes from rat
liver and kidney can further metabolize the compound to dichlorovinylcysteine

(Vamvakas et al., 1987). The quantitative contribution of this pathway to TCE

metabolism has not been established.
METABOLISM AND EXCRETION KINETIGCS

Absorbed TCE is eliminated both by pulmonary release of unchanged TCE and

by metabolic transformation into other products that are primarily excreted in
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urine (See subsection on Metabolic Pathways above) There ié a large amount of
data on the kinetics of TCE metabolism and excretion in animals and humans,
perhaps more than for any other volatile chlorinated organic compound. These
data are reviewed extensively in the U.S. EPA (1985a) health-risk assessment
document for TCE. A summary, update, and critique of that EPA review of animal
and human data follows, supplemented by a description of key data and
pharmacokinetic analysis that provide the basis for the calculation of
metabolized TCE doses as a function of applied doses to bicassay animals and

humans in the context of carcinogenic potency extrapolation for TCE
{Section 5).

Animals

Early experiments on rats exposed to TCE by inhalation established that
TCA is a major TCE metabolite excreted in urine. These studies showed
unmetabolized TCE is excreted by exhalation through the lungs (Forssmann and
Holmquest, 1953). Kimmerle and Eben (1973a) studied excretion kinetics of TCE
in SPF-Wistar-II rats exposed to TCE by acute and subchronic inhalation. - After
rats were exposed to 49, 175, and 330 ppo TCE for 4 hours, they showed an
exponential decrease in TCE concentration in expired breath over an 8-hour
observation period, as well as in amounts of TCA and trichloroethanol excreted
in urine over a 4-day collection period. During subchronic exposure to 55 ppm
TCE for 8 hours/day, 5 days/week over a l4-week period, urinary excretion of
TCE metabolites averaged approximately 1.5 mg/kg-day. The metabolites TCEL and
chloral hydrate were found at fairly constant levels in blood while TCE could
not be detected in blood. 1In Wistar rats given 3 to 15 mg/kg TCE by
intravenous injection, Withey and Collins (1980) observed TGCE concentrations to
decrease in blood and perirenal fat with half-life (t]_/z) values of about 4
minutes and 3.6 hours, respectively.

Trichloroethylene elimination from blood was compared in mice and rats
given a single oral dose of 1000 mg/kg TCE in corm oil (Prout et al., 1985).
Peak blood concentrations of TCE occurred at 1 hour and 3 hours for mice and
rats, respectively, with corresponding decay (tl/Z) values of about >1 hour
and 3 hours, respectively. While removal of TCE from mouse blood occurred more
rapidly than from rat blood, blood concentrations of the TCE metabolite TCA
were about 10 times greater in mice than in rats studied over a 48-hour

postexposure observation period. Since TCA 1is cytotoxic and possibly



carcinogenic itself (Elcombe, 1985), the differential abilii:y of mice and rats
to convert TCE to TCA has been proposed to explain the differential
hepatotoxicity and hepatocarcinogenicity of TCE observed in these species
(Stott et al., 1982; Buben and O'Flaherty, 1985; Prout et al., 1985),

The pharmacokinetics of inhaled TCE was investigated in Wistar rats
(Filser and Bolt, 1979) and Fischer 344 rats (Andersen et al., 1980). The
depletion of various initial concentrations of TCE in a closed chamber was
followed to estimate uptake and metabolism. The TCE metabolism in Wistar rats

was found to saturate above 65 ppm; the maximum rate (V )} of metabeolic

max
elimination was observed to be 28 mg/kg-hour. In F344 rats, TCE metabolism was

also found to be dose-dependent, saturating above 500 to 1000 ppm where a
Vinax ©f 24.3 mg/kg-hour was observed. A close agreement exists for estimates
of Vmax' but not saturation concentrations, for Wistar and F344 rats.

Mass-balance studies using radiolabeled TCE have been used to study the
nature and extent of TCE metabolism in rodents and primates. Daniel (1963)
dosed rats by gavage with 40 to 60 mg/kg of TCE liquid and observed respiratory
elimination of 80% of the dose (t1/2 = 5 hours) and excretory elimination of
the remainder as urinary metabolites. More recent gavage studies, diseussed
below, using TCE in a corn oil vehicle demonstrate a much greater degree of TCE
metabolism in rodents. Muller et al. (1982) gave intramuscular injections of
50 mg/kg TCE to chimpanzees, baboons, and Rhesus monkeys and observed that
urinary plus fecal elimination of the (presumably metabolized) dose amounted to
40 to 60%, 11 to 28%, and 7 to 40%, respectively, of the administered dose.

Other recent studies of TCE metabolism in mice and rats provide further
information on the extent of TCE metabolism in these species (Buben and
O'Flaherty, 1985; Stott et al., 1982; Parchman and Magee, 1982; Dekant et al.,
1984; Mitoma et al., 1985; Prout et al., 1985; Rouisse and Chakrabarti, 1986).
The extent of TCE metabolism in mice and rats measured in these studies is
summarized in Tables 3-4 and 3-5, respectively, in terms of the total amount of
TCE metabolized and the percent of this amount excreted in the form of urinary
metabolites. Most of these studies are mass-balance studies, while the studies
of Buben and O’Flaherty (1985) and Rouisse and Chakrabarti (1986) reported only
urinary metabolites of TCE in mice and rats, respectively.

The results of the studies summarized in Table 3-4 indicate that total TGE
metabolism in mice is not saturated at single gavage doses below 2000 mg/kg.
Furthermore, the relationship between applied and metabolized dose for mice

appears to be approximately linear over most of the dose range below this point
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Table 3-4. Trichloroethylene Metabolism in Mice.

Total metabolized:

M as a
Recovery Percent Percent of M
Strain Period Applied Amount, M of D Excreted in Urine
Study Sex Vehicle (h) Dose, D (mg/kg) (%) (%)
Buben and Swiss-Cox  Corn oil 24 100 mg/kg® 50 50 70P
O'Flaherty, male 200 mg/kg 200 100 70
1985 400 mg/kg 250 62 70
800 mg/kg 450 56 70
1600 mg/kg 1000 62 70
2400 mg/kg 1300 54 70
3200 mg/kg 1200 38 70
Parchman B6C3F1 Corn oil 6 2 mg/kg’ 1.8 88 25
and Magee, male 10 mg/kg B8.87 88.7 23.2
1982 250 mg/kg 163 65.2 58.0
Dekant NMRI Corn oil 72 200 mg/ks® 178 89 85.6
et al., female
1984 :
Mitoma B6C3F1 Corn oil 48 500 mg/kg® 454 90.8 -
et al., male 2000 mg/kg 1630 81.5 81.7
1985
Prout B6C3FL Corn oil 72 10 mg/kg® 9.32 93.2 63.7
et al., male 500 mg/kg 458 91.2 69.8
1985 1000 mg/kg 777 77.7 59.7
2000 mg/kg 1566 78.3 60.7
Swiss- Corn oil 72 10 mg/kgd 9.51 95.1 62.2
Webster 500 mg/kg 432 86.4 64.5
male 1000 mg/kg 792 79.2 70.2
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Table 3-4. (Continued)

Total metabolized:

M as a
Recovery Percent Percent of M
Strain Period Applied Amount, M of D Excreted in Urine
Study Sex Vehicle (h) Dose, D (mg/kg) (%) (%)
£
Stott B6C3F1 Inkalation 50 10 ppm-6 h 10.2 (52.9f) 74.8
et al., male 600 ppm-6 h  402.3 (34.87) 74.4

1982

° a o

h

Administered by gavage, 5 days/week over 6 weeks

Estimated from percent M excreted as urinary metabolites from the other studies listed and applied

to urinary metabolite levels (MU) presented graphically in Buben and 0’Flaherty (1985) to derive
corresponding values of M, here in equivalent mg/kg, assuming D is applied continuously

(i.e., 7 days/week), using the relation MU =M x 0.70(5/7).

Administered as single intraperitoneal injection.

Administered as single gavage dose.

Administered as single gavage dose, following similar dosing 5 days/week for & weeks.

Assumes a mouse respiratory ventilation rate of [0.0345(W/25 g)2/3m3/day] = 0.033/24 m3/hour,
following Anderson et al. (1983), where W = 23 g. Use of a lower, alveolar ventilation rate would
Produce a proportionally increased value for the percentage of D metabolized. For example, an assumed
rate of 1.0 L/hour yields 72.7% and 47.8% as the metabolized percentages of the applied doses 10 and 600

ppm-6 hours, respectively.
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Table 3-5. Trichloroethylene Metabolism in Rats,

Total metabolized;

M as a
Recovery Percent Percent of M
Strain Period Applied Amount, M of D Excreted in Urine
Study Sex Vehicle {h) Dosa, D (mg/kg) (%) (%)
Parchman Sprague- Corn oil 6 0.1 mg/ggg (.087 87 49
and Magee, Dawley 10 mg/kga’b 9.7 97 52
1982 male 100 mg/kga'b 81 81 65
500 mg/kga'b 290 58 72
1000 mg/kg ' 460 46 59
2 1.16 mg/kg®'” 1.02 88.3 90.6
Dekant et Wistar Corn oil 72 200 mg/kg® 96 48.0 85.8
al., 1984 female
Mitoma et Osborne- Corn oil 48 325 mg/kgd 126 38.9 “e--
al., 1985 Mendel 1300 mg/kg 391 30.1 71.9
male !
Prout et Osborne- Corn oil 72 10 mg/kgc 9.63 96.3 72.1
al., 1985 Mendel 500 mg/kg 277 55.4 78.7
male 1000 mg/kg 395 39.5 78.7
2000 mg/kg 404 20.2 69.3
Wistary Corn oil 72 10 mg/kg® 10 100 58
male 500 mg/kg 244 48.8 54.3
1000 mg/kg 432 43.2 43.1
. , a,e,f f
Rouisse and Sprague- Corn oil 24 370 mg/kg 120 32 65
Chakrabarti, Dawley 730 mg/kg 230 31 65

1986 male 1100 mg/kg 260 23 65
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Table 3-5. (Continued)

Total metabolized:

M as a
Recovery Percent Percent of M
Strain Period Applied Amount, M of D Excreted in Urine
Study Sex Vehicle (h) Dose, D _ (mg/kg) (%) (%)
Kimmerle and  SPF- Inhalation 96 49 ppm-4 h 5.638 (19.1f'g) 65.08
Eben, 1973 Wistar-II 175 ppm-4 h 14.7 (14.0) 65.0
male 330 ppm-4 h 23.7 {11.9) 65.0
16 55 ppm-8 h 18 .4 (27.8) 65.0
Stott et Osborne- Inhalation 50 10 ppm-6 h 4.60 (46.01) 64.6
al,, 1982 Mendel 600 ppm-6 h 111 (18.5) 70.4
male
a Administered as single intraperitoneal (ip) injection.
b

© N

h

Rats pretreated with one ip injection of 70 mg/kg phenobarbital per day for 5 days,
Administered as single gavage dose,
Administered as single gavage dose, following similar dosing 5 days/week for 4 weeks.

Rats pretreated with one ip injection of 50 mg/kg phenobarbital per day for 7 days.

Estimated from percent excreted as urinary metabolites from the other studies listed, and applied to data

of Rouisse and Chakrabarti (1986) on percent applied dose excreted as urinary metabolites in order to

derive the metabolized dose values (amount M and percent of D) given here for this study.

Rats assumed to weigh W = 0.30 kg. M in TCE-equivalent mg/kg of total metabolites, assuming 65% of

total is excreted in urine.

Assumes a rat respiratory ventilation rate of [0.105(W/0;113 kg)z/3 m3/day] = 0.164/24 m3/hour, following
Anderson et al. (1983), where W = 0.22 kg. Use of a lower, alveolar ventilation rate would produce a
proportionally increased value for the percent of D metabolized. For example, an assumed rate of 4.6
L/hour yields 68.2% and 27.4% as the metabolized percents of the applied doses 10 and 600 ppm-6 hours,
reépectively.

Administered 5 days/week over 14 weeks.
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Figure 3-2. Estimated total production of metabolites in male Swiss-Cox mice

chronically exposed (5 days/weeks for 6 weeks) to TCE by gavage, based on data
of Buben and O'Flaherty (1985).
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of metabolic saturation. Figures 3-2 and 3-3 show this relatinship as observed
in the Buben and O'Flaherty (1985) study on Swiss-Cox mice and in the Prout et
al. (1985) study on B6G3Fl mice, respectively. The data from Buben and
O0'Flaherty, based on observed total urinary metabolites excreted per day, are
reexpressed in terms of estimated total metabolites in Figure 3-2, using data
from Table 3-4. The Prout et al. (1985) mouse data show a fairly linear
relationship between applied gavage and total metabolized doses, with slope
value estimated by linear regression (R = 0.995) to be 0©.788 under the
condition of an intercept-parameter value of O. Thus, the use of a
Michaelis-Menten relationship to describe the mouse data may be inappropriate
in the applied dose range below 2000 mg/kg, despite the fact that metabolic
saturation oeccurs above this dose 1level. Saturation kinetics do mnot
necessarily imply Michaelis-Menten (or rectangular hyperbolic) kinetics (see
Pang and Rowland, 1977; Andersen, 1981; 0'Flaherty, 1985). However, the data
of Prout et al. (1985) for both B6C3Fl and Swiss-Webster mice, as well as the
B6C3F1 mouse data of Mitoma et al. (1985) and the NMRI mouse data of Dekant
(1984), all indicate a deviation from linearity at low doses, implying an
increased metabolic efficiency as applied dose approaches zero. -

Accordingly, the B6C3FL mouse data of Prout et al. was interpreted

according to the Michaelis-Menten function,

v D
max

M=% +D° (-1
m

in which M is total metabolized dose and D is applied dose, using an iterative

least-squares estimation procedure conditional on v < Km. The

max =
resulting, best fit parameter values were: v = 19860 mg/kg and

Kp = 23460 mg/kg (Vmax/Km = 0.846). This two-;ziameter model fits the
B6C3F1 mouse data slightly better (R = 0.996) than does the 1linear,
single-parameter model mentioned above. However, the estimated
Michaelis-Menten model for those data Ffails to predict the clear saturation
observed at 3200 mg/kg dose in Swiss-Cox mice by Buben and O’Flaherty (1985),
and the linear model fails to predict the increased TCE metabolism observed in
low doses in several studies. Thus, neither the linear nor the

Michaelis-Menten model appears to fully describe the observed data on TCE

metabolism in mice, although both models fit the observed data within a

restricted dose range.
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The data of Stott et al. (1982) on TCE metabolisﬁ in mice exposed by
inhalation to 10 or 600 ppm TCE for 6 hours appear to indicate that a degree of
metabolic saturation takes place at the higher exposure level that is
equivalent to a dose of about 840 mg/kg, assuming an alveolar ventilation rate
of 1.0 L/hour. This indication is not consistent with the data on TCE
metabolism in mice, dosed by gavage as discussed above, which suggest metabolic
saturation does not occur unless much higher doses are administered. Relevant
factors may include possible changes in pulmonary ventilation rate at high
concentrations of TCE in air and the possibility that the apparent reduction in
metabolic efficiency observed at the higher respiratory exposure to TCE is a
statistical artifact since only 2 data points were taken, each representing the
average of values obtained for only & mice. (The coefficient of variation for
both mean wvalues isg about 20%.) From the latter perspective, the data may in
fact be consistent with a linear, nonsaturated model relating metabolized to
applied dose. The corresponding best estimate for a linear, 0-intercept slope
parameter using the 2 data points available is 0.671 mg/kg-ppm-6 hours.

The B6C3F1l mouse data of Prout et al. (1985) contrast with rat data of
Prout et 2al. (1985) in Figure 3-3; rats are shown to have a lesser capaeity to
metabolize TCE. The Prout et al. (1985) data for Osborne-Mendel rats are
clearly nonlinear in the dose range below 2000 mg/kg. To this rat data was fit
a Michaelis-Menten function, as described above, yielding the parameter
estimates Vp.. = K; = 555.4 mg/kg (R = 0.961) (see Figure 3-3). The
parameter estimates imply that, as applied dose approaches 0, TCE metabolism in
the Osborne-Mendel rats studied approaches 100%, a conclusion also indicated by
the Prout et al. data on Wistar rats. These data, in conjunction with the data
on TCE metabolism in mice discussed above, indicate that very low, orally
applied doses of TCE (in a corm oil vehicle) may be metabolized to an extent
approaching 100%. Explicit, detailed data on the extent of low-dose TCE
metabolism in animals is currently unavailable. The data available on TCE
metabolism in rats exposed to TCE by inhalation (Table 3-5) are generally
consistent with the evidence for saturable metabolism of TCE administered by
gavage as discussed above. The data of . Stott et al. (1982) regarding
Osborne-Mendel  rats, for example, are predicted by a Michaelis-Menten
relationship with the parameters Vpax = 183 mg/kg and K = 387 ppm-6 hours,

where the latter Ky, value 1is equivalent to about 261 mg/kg, assuming an
alveolar ventilation rate of 4.6 L/hour
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In an additional mass-balance study, Green and Prout (1985).examined daily
TCE metabolism in male B6C3Fl mice given subchronic (10- or 180-day doses or a
single (l-day) dose of 1000 mg/kg-d of TCE in corn oil by gavage. The singly
and subchronically exposed mice metabolized about the same amount (8S5% and 81s,
respectively) of TCE within 24 hours. This study suggests that TCE does not
accumulate significantly with daily dosing in mice, and therefore, each daily
dose of TCE given in this study was cleared by metabolism and pulmonary
excretion within a 24-hour period.

The TCE inhaled by dogs is metabolized significantly at extrahepatic
sites. Hobara et al. (1986) exposed groups of 5 dogs, in which extrahepatic
circulation sytems were surgically implanted, to 0, 500, 700, or 1500 ppm TCE
for 1 hour. Two hours after the exposure, dogs with the hepatic bypass were
capable of wmetabolizing TCE to the following metabolites at the corresponding
efficiencies compared to dogs with an unactivated bypass system: 50 to 80% for
TCEL, 10% for TCA, and 10 to 20% for conjugated TCEL. From the data on urinary
excretion reported in this study, it is clear that the nonbypassed dogs
metabolized TCE primarily (>98%) to conjugated TCEL in proportion to applied
TCE dose. The hepatic bypassed dogs, however, metabolized a total of only 15
to 50% of that metabolized to urinary metabolites by the nonbypassed dogs
(again, primarily to conjugated TCEL). Furthermore, the bypassed dogs’
extrahepatic metabolism appeared to be saturated even at the lowest exposure
level of 500 ppm-hour, yielding a decreasing fraction metabolized at higher
doses. In particular, the bypassed dogs did not appear to be capable of
producing significantly increased levels of TCA in response to TCE exposure,
indicating that extrahepatic tissues were capable of metabolizing TCE

effectively to TCEL and conjugated TCEL, but not to TCA, in the dogs studied.

Humans

Many studies have been conducted using volunteers to assess the extent to
which TCE 1is metabolized in humans. Quantification of metabolism in these
studies 1s done by collection of urinary metabolites and/or by calculating
total exhaled TCE subsequent to a known TCE exposure. Ummetabolized TCE is
either distributed within body tissues, as discussed above in this section,
where it remains available for subsequent excretion or metabolism, or it is
excreted via exhalation with kineties that parallel depletion of TCE

concentration in blood after exposure cessation, as shown in Figure 3-4. A
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Figure 3-4. Elimination curves for TCE in expired air and blood in 4 Japanese

males (with an average weight of 61.6 kg) after inhalation of TCE at 100 ppm
for 4 hours (Sato et al., 1977).



small amount of metabolized TCE apparently is excreted in bile (Bartonicek,
1962) and in exhaled air as TCEL (Monster et al., 1976).

Studies have demonstrated that in humans TCE is metabolized primarily to
TCA, TCEL, and TCEL-G, which are excreted in urine for the most part, although
some TCEL and TCA may be metabolized further as discussed above in this
section. Studies of the kinetics of excretion of these urinary TCE metabolites
in volunteers have shown that, subsequent to TCE exposure, urinary TCEL is
first produced more quickly and in larger amounts than is urinary TCA, but that
TCA production persists and eventually surpasses that for TCEL (Soucek and
Vlachova, 1960; Nomiyama and Nomiyama, 1971; Maller et al., 1972; Fernandez
et al., 1975, 1977; Monster et gal., 1979). The time constants for urinary
excretion rate decay reported in or calculated from these studies are
sumwarized in Table 3-6. The observed distinction in excretion kinetics
between TCEL and TCA after TCE exposure has played an important role in the
development of strategies for biological monitoring of occupational exposure
te TCE (Guberan, 1977; Sato et al., 1977; Fernandez et al., 1977:; Droz and
Fernandez, 1977, 1978: Monster and Houtkooper, 1979).

In a number of studies, the extent to which humans metabolize TCE in
response to a controlled respiratory exposure has been quantified by measuring
total urinary metabolites generated after exposure or by measuring the total
amount of unchanged TCE expired after an exposure for which an estimate of
total retained TCE dose was available (Soucek and Vlachova, 1960; Ogata et al.,
1971; Nomiyama and Nomiyama, 1971; Ertle et al., 1972; Miller et al., 1972;
Monster et al., 1976; Fernandez et al., 1975, 1977; Monster et al., 1979). The
results of these studies are summarized in Table 3-7. The reported values for
average percent of retained dose metabolized (PRDM) range from 81 to 92%. 1In
the most recent studies by Monster et al. and Fernandez et al. involving a
total of 18 males given respiratory exposures ranging from 280 to 1440 ppm-hour
TCE at TCE concentrations ranging from 54 to 140 ppm, the reported values for

average FRDM are remarkably consistent and range from 89 to 92% with a

person-weighted average of 90.6 + 1.9% (C.V. = 2.1%) and a corresponding

individual PRDM range of 87 to 93%. These 18 individual PRDM values are not
significantly correlated with either TCE exXposure concentration or
time-integrated TCE exposure (in ppm-hour).

In contrast to the estimates of PRDM, the values reported for percent of

metabolized dose identified as urinary metabolites (PMDU) in humans show a
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Table 3-6. Kinetics of Decay in Urinary Metabolite Production
After Human Exposure to TCE.

Reported or
Subject Calculated

Collection b Number, Terminal Degay
Study : TCE Exposure Period Metabolite Sex Half-life
Soucek and 93-158 ppm-5 h 10 - 14 d Mca 3M, 2F 15 h
Vlachova (1960) TCA M, 2F 70 h
TCEL 3™, 2F 40 h
Nomiyama and 320 ppm 6 d TTC 5M 31 h
Nomiyama (1971) 160 min 5F 36 h
TCA 5M 38 h
5F 36 h
TCEL 5M 19 h
5F 26 h
Tkeda and 5-200 ppm 3-84d TTC 24M, 6F 41 h
Imamura (intermittent/ TCA &M 40 h
(1973) occupational) A TCEL oM 15 h
TCA 6F 58 h
TCEL 6F 43 h
Mller et al. 50 ppm-6 h 13 4 TCA ’ 5M 100 h
(1972) for 5 d TCEL SM 12 h
Kimmerle and 48 ppm-4 h 6 d - TCA 3M, 1F 32 h
Eben (1973b) for 5 4 TCEL 3M, 1F 20 h
Fernandez et 34 ppm-8 h 16 d TCA 2M 60 to 65 h
al. (1975, TCEL 2M 20 to 25 h
1977) 97 ppm-8 h 21 d TCA 3M 50 to 100 h
TCEL 3M 10 to 20 h
Monster et al. 72 ppm-4 h 6 d TCA SM 80 to 100 h
(1979) for 5 d TCEL 5M 40 h

a . . .
Post-exposure urine collection period.

TCA = trichloroacetic acid, MCA = monochloroacetic acid, TCEL =

trichloroethanol, TTC = tortal trichloro-compounds.
¢ Reported or estimated mean value of (In 2)/k, where k is the smallest

decay-rate constant describing the corresponding metabolism data.
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Table 3-/. FExtent of TCE Metabolism in People After Experimental Respiratory TCE Exposure,
Reported %
Average % Metabolized Dose
Collection Subject Applied Bose Measured achrinary
Study TCE Exposure Period Number Metabolized = PRDM Metabolites =PMDU
Sex (range) (range)

Soucek and 93-158 ppm-5 h 106-14 ¢ M (3) - >73
Vlachova (1960) F (2) >(43-101)
Ogata et al. 170 ppm-3 h 4,2 d ? {4) -- >75.9
(1971) 170 ppm-7 h 4.2 d ? (9) -- >62.1
Nomiyama and 320 ppm- 6 d M (5) 80.8 95
Nomiyama (1971) 160 min F (5) 87.3 97
Ertle et al. 50 ppm-6 h 7 4 M (5) -- 51d
(1972) for 5 d d

100 ppm-6 h 74 M (5) -- 44

for 5 d .
Miller et al. 30 ppm-6 h 18 d M (5) -- 37d
(1972) for 5 d
Monster et al, 70 ppm-4 h 9 d M (&) 90 71
(1976) (87-93) (69-75)

140 ppm-4 h 9 d M (4) 92 61

(91-93) (48-75)

Fernandez et al, 54 ppm-8 h 16 d M (2) 92 55
(1975, 1977) (91.7-92.3) (54.5-54.7)

97 ppm-8 h 21 d M (3) 91 55

(90.5-93.0) (51.8-57.5)

Monster et al. 72 ppm-4 h 6 d M (5) 89 75
(1979) for 5 d | (88-91) (58-86)

Footnotes to Table 3-7. (next page)
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Footnotes to Table 3-7.

? Period of routine urine collection, including exposure period. In the Monster et al. (1976) study,

routine urine collection stopped at 66 hours, and a final sample was taken on day 9 postexposure.

Here calculated as 100% minus the reported percent of retained TCE that is expired as TCE subsequent to
exposure, for those studies reporting such a value, Retained TCE is defined in these studies as the
difference between inspired and expired TCE concentration times the volume of air respired. The retained
fraction, fr, of TCE in alveolar air was reported to be about 78% (Monster et al., 1976; assuming an
alveolar ventilation rate of 5.9 L/minute), 71 to 78% (Fernandez.et al., 1975), and 70% (Monster et al.,
1979).

Here calculated as the percent of reported retained dose recovered as urinary metabolites divided by

the fraction of applied dose metabolized, where the latter is calculated as explained in note (b).

These values were estimated from reported graphical data, assuming an alveolar ventilation rate of 5.6
L/minute and first-order half-lives for decay in urinary metabolite production of 25 hours and 70 hours
for trichlorethanol (TCEL) and trichloroacetic acid (TCA), respectively, where these are weighted average
values for males based on the (sex-separable) data presented in Table 3-6. The urinary metabolites
include TCA and TCEL (unconjugated, but in later studies also conjugated), and in one case

monochloroacetic acid (Soucek and Vlachova, 1960).

® Falls outside specified range due to rounding.



greater degree of inter-individual heterogeneity. Thev 18 individual PMDU
values from the Monster et al. and Fernandez et al. studies average 66.0% +
10.9¢ (C.V. = 16.6%). This inter-individual heterogeneity is only partly due
to differences in study methodology (e.g., urinary metabolite identification
efficiency, specificity, etc.), because the separate Monster et al. (1976),
Fernandez et al. (19759, 1977), and Monster et al. (1979) PMDU averages are
67.4% + 8.5% (C.V. = 12.6%), 54.9% + 2.1% (C.V. = 3.9%), and 75.0% + 11.0%
(C.V. = 14.7%), respectively. The high PMDU values reported by Nomiyama and
Nomiyama (1971) are not consistent with the other reported values, partly
because the total urinary metabolite execretion was estimated beyond day 6 using
a first-order decay assumption with a half-life of 1.3 to 1.5 days, and also
possibly because TCE retention was estimated to be only about 35 to 38%, based
apparently on a single postexposure measurement for exposed individuals. The
fact that the PMDU values are in general significantly below 100% indicates
that respired TCE is metabolized by humans either to products excreted in urine

other than those measured in the studies considered, such as HAAE (see Dekant

et al., 1984), or to expired products such as 002, as discussed above in this
section. Comparison of the data in Table 3-7 with that in Tables 3-4 and 3-5

shows that human values for PRDM and PMDU are similar to those obtained from
mice and rats given oral (applied) TCE doses below 2000 mg/kg and 500 mg/kg,
respectively. This indicates that humans exposed to very low levels of TCE may
metabolize almost all of the dose received as dose approaches 0, although, as
i1s the case for animals, detailed human data on this point are entirely
lacking. However, results from a study of urinary metabolites excreted by 51
male Japanese workers regularly exposed to TCE in 10 different workshops
indicate that certain TCE-metabolism or metabolite-excretion processes may
saturate at high exposure levels (Ikeda et al., 1972; Ikeda, 1977). This study
showed that, while the concentration of total trichloro-compounds (TTC) and of
trichlorcethanol (TCEL) in urine increased linearly with increasing exposure
levels up to 200 ppm (8 hours/day, 6 days/week), that of trichloroacetic acid
(TCA) appeared to saturate at about 200 mg/L in workers exposed to air

concentrations of TCE greater than 100 Ppm.

PHYSTOLOGICALLY-BASED PHARMACOKINETIC MODELS

Multicompartment models known as physiologically-based pharmacokinetic

(PBPK) models are used increasingly in health-risk assessment for volatile
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organic compounds (VOCs). These models predict the upfake, metabolism, and
excretion of such chemicals in exposed animals or people. One such model
developed by Sato et al. (1977) was used to interpret data gathered on
excretion of TCE and metabolites after respiratory exposure of 4 human
volunteers to 100 ppm TCE for 4 hours. A first-order PBPK model was used to
simulate concentrations in 3 compartments: vessel-rich (richly perfused)
tissues, muscle (and other poorly perfused) tissues, and fat (very poorly
perfused) tissues. In this model, the compartments are assumed to be
intercomnected and initially at an equilibrium determined by tissue volumes
and blood/air and tissue/blood partition coefficients. The latter coefficients
were based on experimental values obtained using rat and human tissues and
blood. Richly perfused tissues are assumed to be the source of both metabolic
and respiratory excretion of absorbed TCE. In this model, intercompartment
exchange of TCE is governed solely by postulated intertissue diffusion. When
this model was fitted to experimental human data, a wvalue of 104 L/hour was
obtained for metabolic clearance of TCE (Sato et al., 1977). The authors did
not explain the basis for their assumption that humans exposed to TCE would
have reached compartmental equilibrium after only & hours. -

A different, more complete PRPK model was used by Fernandez et al. (1977)
to simulate the uptake, metabolism, and excretion of TCE in experimentally
exposed humans. This model contained the 3 compartments used by Sato et al.
(1977), plus a 1liver compartment and a pulmonary compartment. The model
provides for mass balance of TCE in the compartments, for TCE entering and
leaving the body through the lung, for TCE metabolized in the liver, and for
TCE metabolites excreted in urine. The uptake and excretion kinetics were
assumed to be linear and govermed by tissue volumes, tissue-specific blood
volumes, blood perfusion, and tissue-gas partition coefficients. In the model,
TCE metabolism was assumed to take place solely in the liver via the pathways
shown in Figure 3-5, The wvalues for the linear kinetic parameters used by
Fernandez et al. (1977) were determined from the available literature on TCE
metabolism in humans, primarily from Miller et al. (1974). These values are
listed in Figure 3-5. 1In this model, TCE metabolism is assumed to be limited
only by blood flow through the liver in such a way that the fraction, fo, of
arterial blood flowing into liver that is metabolically cleared of TCE is a
constant equal to 0.86. That is, metabolic clearance is assumed to equal about
86% of hepatic blood flow in this model. The liver-perfusion value of 96.3

L/hour used by Fernandez et al. for a reference 70-kg man yields a metabolic
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clearance rate of 96.3f, = 83 L/hour, which is close to the metabolic
clearance rate of 104 L/hour estimated by Sato et al. (1977). The PBPK model
of Fernandez et al. (1977) accurately predicted the decay in alveolar-TCE
concentration observed over 50 hours and the cumulative urinary excretion of
TCEL and TCA observed over 200 hours after volunteers, with an average weight

of about 70 kg, were exposed for 8 hours to concentrations of TCE from 54 to
160 ppm.

The Ramsey-Andersen PBPK Model

Recently, the National Research Council (NRC) considered the use of PBPK
models to facilitate dose-route extrapolation when using inhalation toxicity
data to set safe drinking water limits (NRC, 1986). A range of issues was
considered in this study, which included illustrative examples using the PRPK
appreach for dose-route extrapolation from rats to humans for noncarcinogenic
toxicity associated with exposure to TCE and benzene. The pharmacokinetic
model used was developed by Ramsey and Andersen (1984) to describe the uptake,
metabolism, and excretion of styrene in rats and humans. The structure of the
model is shown in Figure 3-6, and its parameter definitions are given in
Table 3-8. This type of model has been applied to the study and prediction of
animal and human pharmacokinetics for other VOCs, including benzene, methylene
chloride, and tetrachloroethylene (NRC, 1986; Gargas et al, 1986; Andersen
et al., 1987; U.S. EPA, 1986a; Reitz and Nolan, 1986; Hattis et al., 1987; Ward
et al., 1988). The model consists of a set of differential equations that
describe the rate of change of the amount of absorbed chemical present in each
of 4 physiologically realistic tissue compartments, which are assumed to be
ideally well-mixed at any given time. Metabolism is presumed to occur solely
in the 1liver through a saturable enzymatic process with Michaelis-Menten
kinetics.

According to the Ramsey-Andersen model, pulmonary uptake of a chemical
occurs continuously sueh that alveolar concentration, €., 1s in instantaneous
equilibrium with arterial blood governed by the blood/air partition
coefficient, Pb, in accordance with the relation Ca = Ba/Pb. Similarly,
the concentrations, C;, of chemical in each tissue compartment are presumed
to be in instantaneous equilibrium with the concentrations, Bi’ in venous
bleod exiting the corresponding tissue, governed by the corresponding

tissue/blood partition coefficients such that B; = GC;/P;. The amount of
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Table 3-8. Compartment and Parameter Definitions for the

Ramsey-Andersen PBPK Model.

Abbreviation Definition Unit
Cin Concentration in air inhaled mg/L air
Ca Concentration in alveolar air mg/L air
Cexh Measured concentration in expired breath mg/L air
Qa Alveolar ventilation rate L air/h

Qb Cardiac output L bleod/h
Pb Blood/air partition coefficient L air/L blood
Ba Arterial blood concentration mg/IL, blood
B Venous blood concentration mg/L blood
Am Amount metabolized in liver mg

Qi Blood flow rate to compartment i- L blood/l
] Volume of compartment i L (= kg)
Ci Concentration in compartment i mg/L

Bi Concentration in venous blood leaving compartment i mg/L blood
Ay Amount in compartment i mg

P. Tissue/blood partition coefficient for compartment i L blood/L

tissue i

A Maximum metabolic rate mg/h

Km Apparent Michaelis constant = {BldAm/dt =Vmax/2} mg/L blood
R Rate of ingestive infusion mg/h

Compartmental Subscripts:

i=1 Liver (metabolizing tissue group)
2 Fat tissue (very poorly perfused)
3 Richly perfused tissues (brain, kidney, viscera)
4 Poorly perfused tissues (muscle, skin)
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chemical in any given tissue compartient is given by Ay = GyV5. For
notational convenience, the dependence of state variables (C's, B's, and A's)
on time t is suppressed.

The model presumes that in any given interval, dt, chemical delivered
to the lung via respiratory retention and returning venous blood is balanced by

the chemical mass exiting the lung via exhalation and arterial blood, such that
(QaCin + QpBIAL = (Q,C, + QB,) dt

o Qa(Cin - €4) = Qy(B, - B)

which, recalling that G, = B_/P,, yields
a a’‘br ¥

Qacin +Q bEl

a " (Q/R) +Q (3-2)

B

Note that an experimentally measured concentration in exhaled breath is given

by Coxh = FsCip + (1 - Fd)Ca, where the dilution factor Fq
approaches zero as the efficiency of measuring purely alveolar expired air
approaches 100s%. Equation (3-2) specifies B, (and thus C_ and Caoxn) to
be at each instant a flow-weighted average of Cipn and B. Similarly, the

concentration B in venous blood returning from each compartment is presumed to

be the instantaneous flow-weighted average:

1
B = Q L QB (3-3)
i=-1
For the nonmetabolizing tissues, the amount Q;B,dt of chemical entering the
ith compartment via arterial blood during any given interval, dt, is set equal
to the amount dA; gained by that compartment plus the amount Q¢B;dt
leaving in venous blood, for i = 2,3,4. The chemical concentration in venous

blood leaving from each of these compartments is therefore defined by:

B; = V_E, (B, - By i=2,34, ' (3-4)

where dot notation is used here, and below, to represent differentiation with

respect to time (i.e., Bi = dBi/dt, etc.). The amount of chemical

metabolized in liver is given by the Michaelis-Menten relationship:

Vmax Bl
s, 3-5)
m 1
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in which Km is defined as the concentration in venous blood from liver (or,
alternatively, KpP1 1is the chemical concentration in liver) at which the
liver's metabolic velocity Am is half its maximum value, Vinax - Thus,
the state equation for liver venous blood concentration is given by:

. Q A
. 1 m
B, = =— (B -B,) - — (3-6)
1 VlPl a 1 VlP1

The system of Equations (3-2) to (3-6) represents the PBPK model for inhalation
of a wvolatile chemical, and for any given time its compartmental quantities
A; or corresponding concentrations C; are found by simultaneous numerical
integration of the system.

Exposure by routes other than inhalation is easily incorporated into this
model. Because blood draining the stomach, small intestime, and colon passes
through the hepatic portal vein, exposure to VOCs via ingestion is modeled
simply by assuming a direct introduction of the ingested mass into the liver
compartment (NRC, 1986), The latter introduction can be assumed to reflect a
first-order infusion process, the approach taken in NRC (1986), or it may be
modeled more simply as a constant infusion into the liver at a rate R (mg/hour)

by adding the constant R/(VlPl) to the right side of Equation (3-6).

Definition of Metabolized Fraction of Applied Dose

Because the chronic toxicity of many halogenated VOCs, and of TCE in
particular, is associated with their metabolism or metabolites (see Section 4),
the metabolized fraction of the total quantity of chemical potentially
available for absorption and metabolism is often of particular interest in the
context of regulatory risk assessment. Under steady-state conditions, the
corresponding quantity of interest in the context of purely respiratory
exposure 1is the fraction, fmr' of the maximum plausible metabolic rate, or
metabolic clearance fraction, given a constant ambient concentration Cin-

defined as:

for = Ap/(QuCip) (3-7)

The value £ calculated from the PBPK model may be contrasted with the

assumption, sometimes made in the context of carcinogen risk assessment
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(Anderson et al., 1983), that 100% of a chemical entering the lungs through
total respiratory ventilation (or that contained in approximately 20 ms/day
or a reference 70-kg man) is absorbed and potentially available for
metabolism. In the context of purely ingestive exposure, a corresponding,
hypothetical quantity may be defined as the fraction fio ©f the maximum

plausible metabolic rate, given a continuous rate R of ingestive absorption,

defined as:

fpo = Aw/R - (3-8)

Because ingestion is actually a discontinuous process with some average
absorption rate R, the paximum plausible metabolic rate will be less than
fmo, as defined by Equation (3-8), to the extent that metabolic saturation
occurs, allowing more of the parent TCE or "applied" dose to escape via
exhalation and thus to avoid being metabolized. For VOCs described by this
model, both fmr and fmo are necessarily less than one whenever (finite)

metabolism takes place, because any unmetabolized compound is always subject to

pulmonary excretion. -

Analysis of PBPK System at Steady State.

In the context of environmental regulation, very low-level, continuous
exposure scenarios are typically of concern. The following is an analysis of
how the PBPK model used by the NRC (1986) to describe TCE pharmacokinetics
behaves under steady-state, respiratory exposure conditions. Steady-state
ingestive exposure, using the constant infusion model described earlier, is
also considered for the purpose of comparison. In addition the mixed exposure
case represents a scenario of human environmental exposure that may be of

particular regulatory concern.

Because at steady state B, = B; for i = 2,3,4, Equation. (3-3) reduces

under steady-state conditions to:

so that Equation (3-2) reduces to:

QCit Q484

Pa T /P + Q- G-10)
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Also at steady state, Equation (3-6), modified as described above to

reflect constant ingestive infusion, reduces to the form:

v B
max 1
Km + B1

=Q (B, - By) +R, (3-11)

so that the solution for 1liver venous blood concentration, given input Cln'

is the Quadratic root:

By =Y+ /Y% + 7,

(3-12a)
in which

1
Y=35 [CinPp + (R - Vo) W-K ], (3-12b)
Z = K (C; Py + BW), and (3-12¢)

P
W - —g + é— (3-120)

a 1

Note that the parameters Qy, Vi, and Pi for i =1,...,4 and Q; for i =

1,2,3 do not appear in this solution. The steady-state metabolic rate is thus
given by using Equations (3-12a-d) to evaluate Bl in Equation (3-5), and
likewise in the expressions for the fractions for and fno ©f maximal
metabolic rate for TCE given by Equations (3-7) and (3-8), respectively.
Important in the context of environmental risk management is the limiting
value of £ . as Cin= 0, that is, at very low exposure levels that might
be typical of nonoccupational, purely respiratory exposure to TCE. At such
exposure levels, metabolism is essentially a linear function of applied dose in
the Ramsey-Andersen model under consideration. In discussing this low-dose
situation, the ratio (Vpax/Ky) shall be represented by the linear metabolic
clearance rate K, which has the units of L/hour. It can be shown that the

limiting value referred to is given by:

. Q -1
* .
£ - lim f mr — 1+ Pa % + 1
T .. b Q

in

(3-13)
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whereas the maximally conservative assumption that complete metabolism is

approached as steady-state Gy -+ 0 yields the corresponding limiting

value:

Q. /Q) |-1
f**-limf*—[1+‘_"“"“_a 1}
mr mr

Kovo 2

, (3-14)
representing the physioclogically determined upper bound on the fraction of
intake capable of being metabolized. This wvalue is a function of just 3
parameters, only one of which is influenced by the particular chemical under
consideration. Note that £ * and far** would also apply to a VOC dose
received via dermal absorption, because such a dose would enter the systemic
circulation and thus be subject to pulmonary excretion in the same way that a
respired dose would.

The consequences of the Ramsey-Andersen model for purely respiratory
exposure indicated by Equations (3-13) and (3-14) are in contrast to the
assumption regarding metabolism made in the Fernandez et al. model. Recall
that the latter model presumed a purely flow-limited metabolic clearance
fraction of f, = 0.86 with a corresponding metabolic rate of £.QyB, in
the notation used to describe the Ramsey-Andersen model. This assumption is
quite different from the implication of Equations (3-13) and (3-14) that
metabolic clearance of a respired VOC 1is directly (but nonlinearly)
proportional to the corresponding clearance rate parameter X and only becomes
constant as K - «=. Indeed, under steady-state conditions of respiratory
exposure, Equation (3-6) implies that the relation:

QBB x

c” QB _ TEK+Q, (3-15)

f

follows from the PBPK model of Ramsey and Andersen. Note that, using Equation
3-15), Equation (3-13) may be rewritten as:

(Q_/Q.) 1-1
f*r= [1+ Ll——} , (3-16)

m Pb fc

which, compared with Equation (3-14), clearly shows that fmr* approaches

its maximal wvalue, fmr**' only as f_, approaches unity.
The expression for fhe* given in Equation (3-13) may be compared to a

similar limiting value of fho 2 a hypothetically continuous, purely
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ingestive dose approaches zero. It can be shown that this limiting value is

given by:

*
£ = 1im f - 1+
mo

' (3-17)
R=+0

DIU‘*'U

1
+
40""

[

Therefore, fno* > fmr*’ and £ * = 1 under the maximally conservative
assumption that K 1is extremely large. That is, unlike the case of purely
respiratory exposure, it is physiologically plausible that close to 100% of a
low-level, continuously ingested dose of a VOGC can be metabolized. This occurs
because of a "first-pass" effect on ingested VOC doses whereby they are
collected in blood draining the gastrointestinal tract and transported through
the hepatic portal vein directly to the liver before being passed to mixed
venous blood where they become subject to respiratory elimination.

In the case of mixed respiratory and ingestive exposure under steady-state

conditions, the fraction fp of the maximum plausible metabolic rate is the

weighted average:

£ Q¢C. +f R
g o -Dr-a in mo

m QaC

]
. + R
in

which, as Cig* 0 and R + 0, approaches the limiting wvalue:

* *
£.9.6, * £ R

* my "z in )
fm = QC . +R (3-18)
a in
where f < fm*. Equation (3-18) remains approximately true when Cin

and R are replaced by their corresponding time-weighted average values:

_ T ) T T
C. = C. (t)dt and R = R (t) dt ,
in o in 0

provided that temporal discontinuity in Cijn(t) and R(t) does not result in a
significant deviation from linear, nonsaturated metabolism (i.e., provided that
(B () [(Cy,(B),R(B),£)) << Ky, for all t where 0 < t < T). To the extent

that metabolic saturation does take place, the latter approximation will be

less than the value f * defined by Equation (3-18).
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Table 3-9. Parameter Values Used in PBPK Model for TCE.

Reference Referenge Male Japanese Male
Parameter Unit Rata Human Worker
W (body weight) kg .30 70 55.2
Q, ' L/h 5.74 353.5 299.3
Q, L/h 5.74 371.6 314.7
Pb 22.0 9.92 9.92
Q./Qb i=1 0.25 0.25 0.25
t 2 0.09 0.05 0.04
3 0.47 0.51 0.52
4 0.1¢9 0.19 0.19
v, /W i=1 0.041 0.04 0.027
* 2 0.09 0.20 0.15
3 0.059 0.05 0.10
4 0.72 0.62 0.61
Pi i =1 " 1.3 i 4.40 4.40 -
2 26 68.0 68.0
3 1.3 3.28 3.28
4 0.5 1.64 1.64
vmax mg/h 5.17 - .-
K mg/L 0.25 -- .-

& Parameter values taken from NRC (1986); metabolic parameters were reported

to be determined by gas uptake experiments (NRC, 1986).

Physiological parameter values taken from Ward et al, (1988): wvalues for
partition coefficients are based on those listed in U.S. EPA (19853},
derived from Sato et al. (1977).

Parameter values are scaled from those corresponding to reference male

human, based on the anatomical model of Kerr (1979) for reference Japanese
adults.
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inhalation and (b) ingestion, using a PBPK model with the parameter values
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Note that the quantities f . %,  f %%, £ % £ %  f£% and f_,
defined in the preceding paragraphs, are all invariant with respect to body
weight, so long as rates for metabolic processes (e.g., Vmax' K) and flow
rates (e.g., Qa, Qb) are all assumed to scale to the same power (e.g., the
0.7 power) of body weight. Such an assumption is indeed reasonable, as pointed
out in the following subsection. By the same reasoning, the quantities S
. and f, are also invariant with respect to body weight wheneverthe
pharmacokinetic system involved is entirely linear, i.e., nonsaturable. It
also follows that f * remains invariant with body weight when both Aj
and R are in units of mg/kg-d, whereas Am in mg/kg-d will be smaller for
the larger of 2 animals exposed to a given very low concentration, Cipns of
VOC in air by the factor (wl/w2)0'3, where wy; and w, are the weights

of the smaller and larger animals, respectively.

Application of PRPK Model to Rodent-Bioassay Scenarios for TCE Exposure

The PBPK model of Ramsey and Andersen (1984) was applied to typical
rodent-bioassay-exposure scenarios, using the same physiologic and meeabolic
parameter values for TCE-exposed rats as were used in the NRC (1986) study.
These values appear in Table 3-9. Numerical integration of the differential
equations described above was done on a VAX 11/750 computer using a
variable-step Gear method (Hindmarsh, 1983). Results pertinent to the
calculation of metabolized dose for the TGCE biocassays discussed below are
summarized here.

In lifetime bioassays involving rats or mice, typical respiratory
exposures are regularly spaced, lasting about 6 hours daily for 5 days/week.
Under these exposure conditions and using the PBPK model described, TCE
metabolism in rats is predicted to be virtually (>99.9%) complete within 24
hours after each exposure ends (see Figure 3-7a), i.e., no accumulation of TCE
in body tissues is expected as the number of daily exposures increases. Since
this applies to exposure scenarios involving either low or high (e.g., up to
1000 ppm) concentrations of TCE, the degree of (transient) metabolic saturation
occurring does mnot alter this prediction. As a result, the 24-hour,
metabolized dose of TCE to rats is predicted to be virtually identical on the
first and last days of exposure during a respiratory bioassay involving typical

exposure levels. Consequently, it is reasonable to use the total metabolized
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dose measured in a mass-balance study of rats exposed to TCE by inhalation for
a single, relatively brief period such as 6 hours as an estimate of daily
metabolized dose on exposure days for rats exposed 6 hours/day, S days/week
over their 1lifetimes. Furthermore, the model predicts that a small change in
the daily exposure duration (e.g., to 7 hours) results in a proportional change
in total metabolized dose.

To. apply the PBPK model to mice, the parameter values appearing in
Table 3-9 for respiratory, blood flow, and metabolic clearance rates (all in
units of L/hour} for rats were scaled to the 0.7 power of the ratio of mouse to
rat body weight. This approach was taken because, in the context of
pharmacokinetic modeling, such physiological parameters are generally assumed
to vary with basal metabolic rate in proportion to body surface area (or,
approximately, to body weight to the 0.7 power), rather than to body weight per
se (Gehring et al., 1978; Dedrick and Bischoff, 1980; Andersen et al., 1980;
Andersen, 1981; Ramsey and Andersen, 1984; U.S. EPA, 1985a, 1986a; NRC, 1986).
For example, given an estimated Vmax in mg/hour for an animal of weight Wy,
the corresponding predicted values for animals of weight wy would be
Vmax(wz/wl)o‘7 (in mg/hour) or, = on a weight-normalized -basis,
(Vmax/wl)(wl/w2)0'3 (in  mg/kg-hour). That 1is, a heavier animal would
be expected to metabolize Iless per unit body weight than a lighter one in a
given amount of time. in contrast, the value of the Michaelis constant, K ,
for a given compound, in the absence of data indicating otherwise, is generally
assumed to be independent of body size when this comstant is expressed as the
reactant concentration (in mg/L blood) at which the metabolic reaction rate is
one-half its maximal wvalue (Ramsey and Andersen, 1984; U.s. EPA, 1986a: NRC,
1986). Because blood weight varies with body weight approximately to the first
power for animals of widely varying weights (Dedrick and Bischoff, 1980), the
independence of Ky, and body size should also be expected to hold for Ky
values expressed in terms of mg/kg body weight.

If the physiological clearance parameters described above are assumed to
be directly proportional to the 0.7 power of body weight, it follows that the
corresponding kinetic rate constants governing wuptake, metabolism, and
excretion, all in units of hour ! or (L/hour) /L compartment volume where 1 L
of body volume is assumed to weigh about 1 kg, are inversely proportional to
the 0.3 power of body weight. In the Ramsey-Andersen PBPK model for mice, the
tissue-compartment volumes are scaled dovn from the values used for rats in

proportion to body weight. Therefore, the rate constants for mice are expected
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Figure 3-8. Data of Ikeda et al. (1972) on geometric mean levels of total
trichloro-compounds (TTC) in urine produced in 51 male Japanese workers exposed
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indicate the number of workers monitored at the corresponding concentration
level. Error bars represent one geometric standard deviation. Linear,
least-squares regression line shown for unweighted data points.



to be greater than for rats by a factor of the 0.3 power of the rat-to-mouse
weight ratio. It follows that the pharmacokinetic modeling observations
reported above for TCE bioassays with rats are also true for mice. This
conclusion is supported by the comparative data of Green and Prout (1985) on
TCE metabolism in B6C3Fl mice given single versus subchronic doses of TCE as
discussed earlier.

The results described for respiratory bioassay exposures with rats and
mice also hold true for gavage (or single-bolus ingestion) exposures, assuming
constant ingestive infusion at different rates, R, for a single period of
15 minutes (see Figure 3-7b). Again, completed TCE metabolism within 24 hours
is affected neither by increasing the gavage dose to high levels (e.g., up to
2500 mg/kg) at which metabolic saturation occurs, mnor by increasing the
continuous ingestion period from 15 minutes to several hours.

Finally, in the context of extrapolating the results of quantitative
metabolic studies in animals to biloassay exposure conditions, it is sometimes
necessary to know how body weight affects quantities such as fhe and for in
animals exposed to higher dose levels at which metabolic saturation does
occur. Unfortunately, a simple mathematical generalization is not possible in
this case. However, results from simulations that use the PBPK model for TCE
described above and the parameter values for a reference rat listed in Table
3-9 show that small changes in rodent body weight result in only minor
deviations from the generalizations about fraction metabolized made at the end

of the previous subsection on analysis of PBPK systems at steady state.

Application of PBPK Model to Human Data on TCE Metgbolism

Data shown in Figure 3-8 demonstrate the extent to which wurinary
metabolites are produced in workers exposed to TCE in air at concentrations of
0 to 175 ppm (Ikeda et al., 1972; Tkeda, 1977). The data are derived from
surveys of workplace air and uripe samples collected from 51 males who worked
in 10 TCE workshops in Japan. Workplace air concentrations of TCE were
reported to be relatively constant over the common 8-hours/day, 6-days/week
occupational schedule of the workers studied. Urine samples were passed at
about 1:00 p.m. in the "latter half of a week" (Ikeda et al., 1972).
Concentrations of metabolites (TCEL, TCA, and TTC) in urine were measured and
plotted against time-weighted average concentrations of TCE in air. The

relationship between the reported average TTIC levels in urine (adjusted to
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a specific gravity of 1.016) and corresponding ambient TCE concentrations
ranging from 0 to 175 ppm are well represented by a O-intercept-regression line
(r = 0.99) with a slope of 5.0 mg TTG/L urine per ppm TCE (Figure 3).

Based on the Ramsey-Andersen model used by NRC (1986) to perform
interspecies exposure-route extrapolations, a PBPK model was used to suggest
TCE pharmacokinetics in humans occupationally exposed to ambient TCE at the
levels .and time pattern experienced by the Japanese workers observed by Ikeda
et al. (1972). For the analysis, the Ramsey-Andersen model was extended to
include the TCE metabolism model used by Fernandez et al. (1977), discussed
above and illustrated in Figure 3-5. An explicit model of human urinary output
as well as a urine-sampling scheme similar to that used in the Tkeda et al.
study was also included.

Reference values for the parameters listed in Table 3-8 that were used in
the PBPK model are given in Table 3-9. The values for the physiological
parameters Qa' U, Qi’ and Vi, pertaining to the reference 70-kg male
worker referred to in Table 3-9, are taken from a study by Ward et al. (1988).
These researchers examined a PBPK model for humans exposed to
tetrachlorcethylene and obtained values similar to those used in the NRC-(1986)
analysis. The values for the blood/air and fat/blood partition coefficients
(Pb and Py) for TCE were taken from U.S. EPA (1985a), as adapted from Sato
et al. (1977). The wvalues used for Pl and P4 are based on the liver/blood,
muscle/blood, and blood/air partition coefficients for rats (equal to 1.69,
0.63, and 25.82, respectively) reported by Sato et al. (1977). The
corresponding tissue/air partition coefficients for rats and humans are assumed
to be equal. Supporting this assumption is the fact that the fat/air partition
coefficients for rats and humans are 661 and 674, respectively, as reported by
Sato et al. (1977). Similarly, the value used for P3 is based on an average
tissue/blood partition coefficient of 1.26 for rat visceral tissues that was
calculated from the data of Sato et al. Finally, the metabolic rate-parameter
values used by Fernandez et al. (1977) (see Figure 3-5) were used to represent
those of a reference 70-kg worker.

A 70-kg male was assumed to produce an average of 0.0583 L urine per hour
during the day (urine specific gravity adjusted to 1.016) (ICRP, 1975). It was
also assumed that, in the absence of more specific data, urine samples were
passed by the workers studied by Tkeda et al. (1972) at 1:00 p.m. on Thursdays,
Fridays, and Saturdays of each week, and that a prior urination which emptied

the bladder occurred 4 hours before, i.e., at 9:00 a.m., on each collection day

for all workers.
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