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Abstract

Male and female Fischer 344 rats were administered trichloroethylene (TRI) (2, 5, or 15 mmol/kg
body weight) in corn oil by oral gavage and TRI and its metabolites were measured at times up to
48 hr in liver, kidney, blood, and urine. We tested the hypothesis that sex-dependent differences in
distribution and metabolism of TRI could help explain differences in toxicity. Higher levels of TRI
were generally observed in tissues of males. A biphasic pattern of TRI concentration was observed
in liver, kidney, and blood of both males and females, consistent with enterohepatic recirculation.
Higher concentrations of cytochrome P450 (P450)-derived metabolites (chloral hydrate,
trichloroacetate, trichloroethanol) were observed in livers of males than in livers of females whereas
the opposite pattern was observed in kidneys. Chloral hydrate was the primary P450-derived
metabolite in blood and urine of males whereas trichloroacetate was the primary P450-derived
metabolite in blood and urine of females. S-(1,2-Dichlorovinyl)glutathione (DCVG) was recovered
in liver and kidney of female rats only and in blood of both male and female rats, with generally
higher amounts found in females. S-(1,2-Dichlorovinyl)-.-cysteine (DCVC), the penultimate
nephrotoxic metabolite, was recovered in male and female liver, female kidney, male blood, and in
urine of both males and females. The results demonstrate sex-dependent differences in recovery of
key metabolites of TRI that may help explain differences in susceptibility to TRI-induced toxicity
with both the liver and kidney as target organs.

INTRODUCTION

Trichloroethylene (TRIZ) is a known animal carcinogen. Limited evidence also exists for its
carcinogenicity in humans. The World Health Organization considers TRI “probably
carcinogenic in humans” (IARC, 1995) and the U.S. Department of Health and Human Services
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lists TRI as “reasonably anticipated to be a human carcinogen” (NTP, 2002). Several tumor
target organs exist, with sensitivity varying between males and females and among species.
For example, liver and lungs are primary target organs in male mice whereas kidneys are
primary target organs in male rats. Potential target organs in humans include kidneys, liver,
cervix, and hematopoietic cells (i.e., non-Hodgkin’s lymphoma) (Wartenberg et al., 2000).

There are two main pathways for TRI metabolism, an oxidative pathway initiated by
cytochrome P450 (P450) enzymes (Figure 1) and a conjugative pathway initiated by
glutathione S-transferases (GSTs) (Figure 2) (Lash et al., 1988,2000a). The P450 pathway,
which yields chloral hydrate (CH), dichloroacetate (DCA), trichloroacetate (TCA), and
trichloroethanol (TCOH) as major metabolites, is the primary metabolic route for TRI
metabolism at relatively low substrate concentrations. By contrast, the GST pathway, which
yields S-(1,2-dichlorovinyl)glutathione (DCVG), S-(1,2-dichlorovinyl)-.-cysteine (DCVC),
and N-acetyl-S-(1,2-dichlorovinyl)-.-cysteine (NAcDCVC) as major metabolites, only
becomes quantitatively significant in overall metabolism of TRI at relatively high substrate
concentrations. This fact may be deceptive, however, because further metabolism of DCVC
by either the cysteine conjugate B-lyase (B-lyase) or flavin-containing monooxygenase (FMO)
produces highly reactive chemical species that may bind to DNA, protein or lipid and produce
nephrotoxicity and/or nephrocarcinogenicity (Lash et al., 2000b). Much smaller amounts of
these reactive species may be required to elicit a toxic response as compared to required
amounts of stable end-products produced by the P450 pathway (Lash et al., 1988).

Demonstration of TRI metabolism in vivo in animals and humans comes primarily from urinary
excretion data. Principal metabolites recovered in urine include TCA, TCOH and its
glucuronide (Lash et al., 2000a). NAcDCVC has been recovered in urine of rats and humans
(primarily in an occupational setting) exposed to TRI, although concentrations have typically
been <1% of those of the P450-derived metabolites (Bernauer et al., 1996; Birner et al.,
1993; Commandeur and Vermeulen, 1990; Dekant et al., 1986). Some have concluded from
this that the GST pathway is quantitatively insignificant in the overall metabolism of TRI
(Goeptaretal., 1995; Greenetal., 1997). As noted above, a simple comparison based on urinary
excretion without consideration of chemical reactivity and total production of metabolites may
give an inaccurate portrayal of the importance of the two pathways. Information on other GST-
derived metabolites of TRI besides NAcDCVC could help clarify the significance of this
pathway. A limited amount of such information is available. For example, DCVG was detected
in the blood of human volunteers exposed by inhalation to 50 or 100 ppm TRI, thus
demonstrating function of the GST pathway in humans by detection of a metabolite proximal
to both the reactive species and to the terminal excretion product NAcDCVC (Lash et al.,
1999a). More direct information about the role of the GST pathway would come, however,
from data obtained in liver and kidney.

Although the details of the metabolic pathways for TRI have been extensively studied and
several physiologically-based pharmacokinetic (PBPK) models have been described for
multiple species, including rats, mice, and humans (Abbas and Fisher, 1997; Allen and Fisher,
1993; Clewell et al., 2000; Dallas et al., 1991; D’Souza et al., 1985; Fisher, 2000; Fisher et al.,
1991, 1998; Greenberg et al., 1999), questions remain concerning tissue levels of key
metabolites after in vivo exposures to TRI and the relationship between P450- and GST-derived
metabolites. Lipscomb et al. (1998) developed parameters to correlate data on enzymatic rates
and metabolite concentrations in vitro with those in vivo, although additional in vivo data are
necessary for validation. Another gap in the database is that most of the previous PBPK models
have considered only the P450 pathway and have solely considered the kidneys as sites for
excretion of metabolites and not as a potential biotransformation site or target organ. Additional
data on GST-derived metabolites are, therefore, needed. Obtaining information on metabolites
in target tissues will provide more accurate correlation of external exposure dose with the
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amount of reactive or toxic metabolite formed at the site of action and should provide data for
improved modeling encompassing both the GST and P450 pathways.

In the present study, male and female F344 rats were exposed by oral gavage to three doses of
TRIin corn oil and P450- and glutathione (GSH)-derived metabolites were quantified in urine,
blood, liver, and kidney over a 48-hr time course. The results demonstrated formation of both
DCVG and DCVC in liver and kidney with distinct time, dose, and sex dependencies. These
and other differences in recovery of P450-derived metabolites of TRI may help explain
differences in susceptibility to TRI-induced toxicity with both the liver and kidney as target
organs.

MATERIALS AND METHODS

Materials

TRI (reported to be 99.9% pure, as judged by electron ionization mass spectrometry), CH,
TCA, DCA, and TCOH were purchased from Sigma Chemical Co. (St. Louis, MO). DCVG,
DCVC, and NAcDCVC were synthesized as previously described (Elfarra et al., 1986;
Uttamsingh et al., 1999), using TRI and either GSH, -cysteine, or N-acetyl-.-cysteine in
sodium and liquid ammonia. Purity (> 95%) was determined by high-performance liquid
chromatography (HPLC) analysis, and identity was confirmed by proton NMR spectroscopy.
All other chemicals were of the highest purity available and were obtained from commercial
sources.

Exposure and Sampling Protocol

Non-fasted male (150 to 200 g) and female (125 to 150 g) F344 rats (Charles River
Laboratories, Wilmington, MA) were given one of three doses of TRI (2, 5, or 15 mmol/kg
body weight in 2.0 ml corn oil) by oral gavage, representing a low, medium, and high dose
(Larson and Bull, 1989, 1992; Templin et al., 1995). Animals were housed in polystyrene
metabolic cages to enable collection of urine and were allowed to acclimate for at least 5 days
before the start of experiments. Due to the nature of the sampling (see below), each time point
required a separate animal. For measurement of metabolites in urine samples, two collections
post-exposure were made: 0 to 24 hr and 24 to 48 hr. Urine samples were processed at the same
time of day (between 8 am and 10 am) to eliminate potential differences in amounts excreted
due to diurnal variation. For measurement of metabolites in blood, liver, and kidney, samples
were taken at 2, 4, 8, 24, and 48 hr post-exposure. Hence, a total of 108 rats were used,
comprising 54 males and 54 females, and was based on having 2 sexes, 3 doses of TRI, 5 time
points for blood, liver, and kidney samples, and 3 replicates (2 x 3 x 5 x 3 =90) and 2 sexes,
3 doses of TRI, 2 time points for urine samples [requiring only 1 rat per sex and per dose], and
3replicates (2 x 3 x 1 x3=18).

At the times for blood and tissue sampling, rats were anesthetized with 50 mg of sodium
pentobarbital/kg body weight. Approximately 4 ml of blood was withdrawn by cardiac
puncture and placed in a heparinized tube on ice. After flushing of the liver and kidneys of as
much blood as possible with normal saline, liver and kidneys were excised, blotted to remove
excess liquid, and weighed. Livers and cortical tissue from kidneys were minced in 40 or 20
ml, respectively, of 100 mM potassium phosphate buffer, pH 7.4, containing 150 mM
potassium chloride. Tissues were then homogenized using a 40-ml glass Dounce tissue grinder.
Urine was collected in metabolic cages and filtered through 4 layers of cheesecloth prior to
extraction.

For gas chromatography (GC) measurements, 0.5 ml of blood, urine, or liver or kidney
homogenates was extracted with 0.5 ml of ethyl acetate. Ethyl acetate extracts were spiked
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with 10 nmol of the internal standard 1,2-dibromopropane. Extracts (3 pl each) were injected
onto the GC column for analysis of TRI, CH, TCA, DCA, TCOH, and NAcDCVC.

For HPLC measurements, 0.5 ml of blood, urine, or liver or kidney homogenates was
deproteinated by addition of 0.1 ml of 70% (w/v) perchloric acid. Acid extracts were then
derivatized with iodoacetate and 1-fluoro-2,4-dinitrobenzene for analysis of DCVG, DCVC,
GSH, and glutathione disulfide (GSSG).

The parent compound TRI and several of its P450-derived metabolites were analyzed by GC
with electron-capture detection, using a Perkin-Elmer PE-210 capillary column (30 m x 0.25
mm 1.D. x 0.5 um film thickness) and a Perkin-Elmer AutoSystem XL GC system. Ethyl acetate
extracts of samples were spiked with 10 nmol of 1,2-dibromopropane as an internal standard.
Two different procedures were used:

In the first method, which was essentially as described previously (Cummings et al., 2001) and
used to analyze TRI, CH, and TCOH, injector temperature was 200°C, detector temperature
was 300°C, and He was the carrier at a flow rate of 24.8 ml/min and 150°C. The oven ramp
method used for sample elution involved 11 min at 35°C, a linear gradient from 35 to 120°C
from 11 to 19 min, and holding at 120°C from 19 to 38 min. Retention times for TRI, CH, and
TCOH were 3.90, 6.15, and 15.00 min, respectively. Limits of detection in blood and urine
(pmol/ml), liver (pmol/g tissue), and kidney (pmol/g tissue) were 1.2, 0.2, and 0.4 for TRI, 0.3,
0.05, and 0.1 for CH, and 0.3, 0.05, and 0.1 for TCOH.

In the second method, used to analyze TCA and DCA, samples were first derivatized by adding
1 ul of 2 M (trimethylsilyl)diazomethane (Aldrich Chemical Co., Milwaukee, WI) to 200 pl
of ethyl acetate extract. After a 60-min incubation at room temperature, 2 ul of the derivatized
extract was injected onto the PE-210 capillary column. Injector temperature was 175°C,
detector temperature was 300°C, and He was the carrier at a flow rate of 24.8 ml/min and 150°
C. The oven ramp method used for sample elution involved 5 min at 120°C, a linear gradient
from 120°C to 175°C from 5 to 10.5 min, holding at 175°C until 20.5 min, a linear gradient
from 175°C to 240°C from 20.5 to 22.35 min, and holding at 240°C until 26 min. Retention
times for DCA and TCA were 14.9 and 16.2 min, respectively. Limits of detection in blood
and urine (pmol/ml), liver (pmol/g tissue), and kidney (pmol/g tissue) for both metabolites
were 9, 1.5, and 3, respectively.

Mercapturates of TRI (both NAc-1,2-DCVC and NAc-2,2-DCVC) were measured in blood,
urine, liver, and Kidney essentially as previously described (Lash et al., 1999a). Ethyl acetate
extracts were derivatized with (trimethylsilyl)diazomethane and were analyzed by GC using
flame-ionization detection on an HP-5 column (30 m x 0.25 mm). Chromatography conditions
were: Injector temperature 175°C, initial temperature 60°C; the oven ramp method used for
sample elution involved 2 min at 60°C and a linear gradient from 60°C to 165°C from 2 to
22.75 min. The limit of detection was 50 ng/ml sample.

Samples of blood, urine, liver, and kidney (0.5-ml aliquots) were deproteinated by addition of
0.1 ml of 70% (v/v) perchloric acid and aliquots of the acid extracts (0.5 ml) were derivatized
with iodoacetic acid and 1-fluoro-2,4-dinitrobenzene for analysis of the S-carboxymethyl-N-
dinitrophenyl derivative of GSH, the N,N-bis-dinitrophenyl derivative of GSSG, and the N-
dinitrophenyl derivatives of DCVG and DCVC, as previously described (Fariss and Reed,
1987; Lash and Jones, 1985; Lash et al., 1999b). Derivatives were separated by ion-exchange,
reversed-phase HPLC on a Waters pBondapak-amine column using a methanol-acetate solvent
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and detection at 365 nm. An example of a set of retention times for the derivatives of DCVC,
DCVG, GSH, and GSSG were 13.5,17.1, 34.8, and 38.2 min, respectively. Limits of detection
for all four derivatives in blood and urine (pmol/ml), liver (pmol/g tissue), and kidney (pmol/
g tissue) were 1.1, 11, and 22, respectively.

Data Analysis

RESULTS

All values are means = SE of measurements from 3 separate animals for each tissue or fluid
for each time point. Data are normalized to volume for blood and urine or to g tissue for liver
and kidney. Significant differences (P < 0.05) between means of all values were assessed by
a two-way analysis of variance. When significant F values were obtained, the Fisher’s protected
least significance t-test was performed to determine which means were significantly different
from one another, with two-tail probabilities < 0.05 considered significant.

Distribution and Status of TRI

Marked differences in concentrations of TRI in the liver were observed between males and
females and according to dose and time (Table 1). In males, hepatic concentrations of TRI were
highest at the lowest administered dose, with a maximal concentration of 167 pmol/g tissue
occurring at 24 hr after administration. In contrast, hepatic concentrations of TRI in females
exhibited the opposite pattern, increasing with increasing administered dose. Distribution of
TRI also differed depending on the dose administered. Thus, whereas hepatic concentrations
in male rat livers did not peak until 24 hr at the lowest dose, they peaked at 2 hr at the 5-mmol/
kg dose and exhibited little change over time at the 15 mmol/kg dose. In female rats, in contrast,
hepatic TRI concentrations peaked at 2 hr and exhibited little change over time at the 2-mmol/
kg dose and had peaks in concentration at 8 hr at the two higher doses.

Similar patterns of TRI concentration with respect to time after administration and between
male and female rats were observed in kidneys (Table 2). Tissue concentrations in kidney
cortical homogenates were generally two- to threefold higher than those in liver at
corresponding doses and times. This indicates that although substantial amounts of TRI are
taken up by the liver considering its greater tissue weight, significant amounts of TRI are also
taken up by the kidneys, thereby providing substrate for renal metabolism.

Concentrations of TRI in blood generally paralleled those in liver (Table 3). Male rats exhibited
increasing concentrations of TRI in blood at the lowest administered dose, with a peak of 80.1
pmol/ml at 24 hr. In contrast, concentrations of TRI in blood at the two higher doses in male
rats peaked at 2 hr and decreased thereafter. Female rats generally exhibited higher
concentrations of TRI with increasing administered dose; peak concentrations of TRI occurred
at 2 hr at the lowest administered dose and at 8 hr at the two higher doses.

Small amounts of TRI were recovered in 24-hr urine samples of male rats at the lowest and
highest administered doses of TRI (Table 4). In contrast, female rats only exhibited a small
amount of TRI in 48-hr urine samples at the 5-mmol/kg dose of TRI. These results indicate
that over the 48-hr time course of the measurements, >95% of the administered TRI is taken
up by tissues and metabolized or is exhaled unchanged.

Distribution of P450-Derived Metabolites of TRI

Three P450-derived metabolites of TRI —CH, TCA, and TCOH— were detected in livers of
male and female rats (Table 5). Livers from male rats generally exhibited higher concentrations
of these metabolites and the time courses for formation of these chemicals differed between
the two sexes. At the 2-mmol/kg dose of TRI, CH was the primary metabolite recovered in
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liver from both males and females at early times after exposure, corresponding with CH being
a metabolite derived from an early step in the oxidative pathway. At 8 hr and later times in
males and at 48 hr in females, the primary metabolite recovered was TCA, corresponding with
TCA being a metabolite derived from later steps in the oxidative pathway. Peak concentrations
of TCA were 3.4-fold higher in livers from male rats than in livers from female rats. At the
two higher administered doses of TRI, low concentrations of CH were recovered at most time
points whereas about 10-fold higher concentrations of TCA were found at a few selected, early
time points. Low concentrations of TCOH were detected in livers from male rats at the 5-mmol/
kg dose at times after 4 hr and at the 15-mmol/kg dose at 2 hr.

Similar patterns of P450-derived metabolites were observed in renal cortical homogenates
(Table 6). Similar to the situation with TRI describe above, concentrations of P450-derived
metabolites were much higher in kidneys than in liver. Unlike liver metabolites, however,
patterns of metabolites in the two sexes were not remarkably different and concentrations of
metabolites in kidneys from female rats were generally higher than those from kidneys in male
rats. Again, consideration of tissue weights indicates that the liver contains the majority of the
total amount of P450 metabolites, but only by a factor of approximately 2:1.

Relatively low levels of P450-derived metabolites were detected in blood (Table 7). Male rats
exhibited low but measurable amounts of CH at the two higher administered doses of TRI
whereas TCA was primarily detected in blood of female rats at the two lower administered
doses of TRI. No detectable TCOH was found.

Urinary CH was detected at low amounts in male rats only at the two lower doses and in both
males and females at the highest administered dose of TRI (Table 8). Urinary TCA was only
detected in female rats and urinary TCOH was only detected at the 24-hr time point but in both
male and female rats.

Additionally, binding of TCA to plasma proteins may also contribute to the disposition of
P450-derived metabolites of TRI, although this was not directly assessed in the present study.

Distribution of GSH-Derived Metabolites of TRI

The initial metabolite of the GST pathway, DCVG, was detected in liver and kidney
homogenates at certain doses and times after ingestion, but only in tissue from female rats
(Figure 3). In liver homogenates, DCVG was not detected until 4 hr and exhibited a maximal
amount of approximately 80 pmol/g tissue at the 8-hr time point with the 2-mmol/kg dose of
TRI. No DCVG was detected at 24 hr but it was again detected at 48 hr at the two higher
concentrations of administered TRI. DCVG was detected in kidney homogenates from female
rats at the 8-hr and 48-hr time points at the higher doses of TRI. The concentrations of DCVG
recovered in kKidney, however, were very high, ranging from 200 to 400 pmol/g tissue.

DCVG was recovered in blood from both male and female rats (Figure 4). Unlike previously
reported results from a human TRI-exposure study (Lash et al., 1999a), recovery of DCVG in
blood of female rats was either equivalent to or higher than that in male rats. At the 2-mmol/
kg dose of TRI (Figure 4A), DCVG was primarily detected at early times after exposure,
disappearing at the 24-hr time point, and reappearing at the 48-hr time point in females only.
At the 5-mmol/kg dose of TRI (Figure 4B), DCVG was detected in blood from male rats at
very low levels only at the 4- and 8-hr time points and in blood from female rats at a relatively
high level only at the 8-hr time point. A similar pattern was observed at the 15-mmol/kg dose
of TRI (Figure 4C), except that concentrations of DCVG were higher than at the 5-mmol/kg
dose and DCVG was also observed in blood from female rats at the 48-hr time point.

J Toxicol Environ Health A. Author manuscript; available in PMC 2006 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lash et al.

Page 7

After initial formation of the GSH conjugate, subsequent metabolism produces the cysteine
conjugate DCVC (see Figure 2). DCVC was recovered in liver homogenates of both male and
female rats, although only in female rats at the 5--mmol/kg dose and only in male rats at the
15-mmol/kg dose (Figure 5). Maximal concentrations of DCVC were about 9 pmol/g tissue at
the 5-mmol/kg dose and about 25 pmol/g tissue at the 15-mmol/kg dose. DCVC was also
detected in kidney homogenates, although only in tissue from female rats and only at the 5-
mmol/kg dose (Figure 6). Concentrations of DCVC that were recovered in liver and kidney
tissue were considerably lower that those of DCVG that were recovered.

DCVC was also detected in blood, but only in that from male rats exposed to the 15-mmol/kg
dose of TRI (Figure 7). Maximal concentrations of DCVC were approximately 14 pmol/ml,
which is less than 20% of the maximal concentration of DCVG that was detected.

While there was no detectable DCVG in rat urine, large amounts of DCVC were detected,
especially in urine from male rats (Figure 8). Amounts of DCVC showed little concentration
dependence, but were present at levels of approximately 800 pmol/ml at 24 hr and at levels
ranging from 800 to 1000 pmol/ml at 48 hr. In contrast, concentrations of DCVC detected in
female rat urine were less than 10% of those found in male rat urine. This is the first report, to
our knowledge, of DCVC recovery in urine from rats exposed to TRI.

Although a highly sensitive GC method was used to measure NAcDCVC (limit of detection
=50 ng/ml sample), none was detected in any tissue or fluid samples.

Tissue Glutathione Status

Tissue glutathione levels are known to exhibit considerable diurnal variations. Inasmuch as
the same method used for measuring DCVG and DCVC is used to measure GSH, GSSG, and
related amino acids (Fariss and Reed, 1987; Lash and Jones, 1985; Lash et al., 1999b), we
quantified concentrations of GSH and GSSG in liver and kidney homogenates from male and
female rats treated with TRI (Tables 9 and 10). The results show some very prominent
differences between male and female rats as well as some differences that appear to correlate
with the dose of administered TRI.

Male rats exhibited hepatic concentrations of GSH that are 1.5- to 2-fold higher than those of
female rats (Table 9). In all samples from either gender, concentrations of GSSG were between
1% and 5% of those of GSH, suggesting no oxidative stress as a result of the TRI administration.
In male but not in female rats, hepatic concentrations of GSH were diminished with exposure
to higher doses of TRI, particularly at the 5-mmol/kg dose. In contrast to results in liver
homogenates, examination of GSH status in kidney homogenates showed two striking results:
First, concentrations of GSH were generally higher in tissue from female rats than in tissue
from male rats; second, there was a marked decrease in renal GSH concentrations from both
males and females as the administered dose of TRI was increased but the pattern of decrease
differed in the two genders (Table 10). GSH concentrations in renal tissue from male rats
exhibited most of their decrease going from the low to the medium dose of TRI and only a
small, additional decrease going from the medium to the high dose of TRI. In contrast, GSH
concentrations in renal tissue from female rats exhibited marked decreases going from both
the low to the medium dose of TRI and from the medium to the high dose of TRI.

DISCUSSION

In spite of its small and relatively simple structure, metabolism of TRI is complex, with the
existence of two major pathways that markedly differ in terms of chemical reactivities of their
products and rates and patterns in different sexes, species, and tissues (Lash et al., 2000a).
Pharmacokinetics of TRI are also complicated by the lipophilic nature of the parent compound
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and the interorgan metabolism and enterohepatic recirculation of certain of its metabolites
(Stenner et al., 1998). These complexities make it difficult to determine the concentration of
key metabolites that will exist in a target tissue given a specific, external exposure to the parent
compound and consequently, to predict the potential, toxic response from the exposure.

To begin to address this issue, we exposed male and female F344 rats by oral gavage to three
doses of TRI, equivalent to a low, moderate, and high dose (i.e., 2, 5, 15 mmol/kg body weight).
To enable full absorption of the administered dose, TRI was dissolved in corn oil. One problem
with using corn oil as a vehicle is that one often observes unusual patterns of absorption, such
as multiple peaks of parent compound or metabolites in blood or tissues and unusual
concentration profiles over time after initial administration of parent compound (e.g., see Keys
etal., 2003). In the present study, this was clearly manifested by measurements of TRI and its
P450-derived metabolites in liver, kidney, and blood. Besides these apparent solvent-induced
anomalies, TRI and some of its metabolites, such as TCOH glucuronide, are known to undergo
enterohepatic circulation (Lash et al., 2000a; Stenner et al., 1998), which would also lead to
such unusual patterns in blood and tissues.

One could argue that use of a different delivery method for TRI, such as inhalation or intra-
arterial/intraperitoneal injection, or use of a different solvent in the single-bolus oral gavage,
would produce more consistent results with respect to progression with time and administered
dose. Our measurements of TRI compartmentation and recovery of metabolites exhibited
atypical behavior with respect to time and dose. For example, the time courses at a given dose
for a specific metabolite often increased rapidly to some peak level, decreased, and then
markedly increased again by the 48-hr time point. Other seemingly aberrant results were that
the appearance of a specific metabolite in a given tissue at a given time point was often highest
at the lower administered doses of TRI. Several points need consideration in trying to
understand these behaviors. First, oral gavage was chosen to more closely resemble exposure
of humans to TRI in the drinking water. Second, with respect to solvent choice, corn oil has
been one of the most commonly used solvents to ensure complete absorption of TRI. Use of a
more agueous solvent may introduce other variables into the experimental design, including
differing absorption of TRI. Third, if a significant portion of the measured levels of TRI and
its metabolites was due to artifact, one would presumably observe a high degree of variability
in the replicates. As can clearly be seen from examination of the data in the tables and figures,
the degree of variation was not excessive. Fourth, some of the atypical or unexpected behavior
may have rational explanations. For example, the partitioning of TRI between P450- and GST-
dependent metabolism differs markedly at low and high concentrations. Thus, catalytic
efficiency and the proportion of TRI transformed to certain metabolites will differ at the three
administered doses of TRI.

An important finding that has implications for PBPK modeling and risk assessment is the
substantial concentrations of TRI found in renal homogenates. Although the majority of TRI
metabolism occurs in the liver, significant metabolism and concentration of filtered metabolites
also occur in the kidneys. Significant differences were observed between male and female rats,
with male rats exhibiting markedly higher tissue concentrations of TRI than females at several
time points. Conversion of CH to TCA was faster and greater in female rats than in male rats
at the two higher administered doses of TRI. While CH was the primary P450-derived
metabolite recovered in liver, particularly at early time points, TCA was the predominant P450-
derived metabolite recovered in kidney homogenates. This is an interesting and unexpected
finding because TCA has been associated with toxic and carcinogenic effects of TRI in liver
(Bull, 2000) and no effects on renal function have been ascribed to this metabolite (Lash et al.,
1995, 2000a, 2000b, 2001). Thus, while rat kidney can catalyze formation of P450-dependent
metabolites of TRI (Cummings et al., 2001), the implications of this activity for TRI-induced
toxicity for humans remain unclear. Human kidney does not express cytochrome P450 2E1,
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the primary P450 enzyme that metabolizes TRI, and little or no P450-derived metabolites of
TRI are detected in human kidney cells (Cummings and Lash, 2000). Hence, the relevance of
the P450 pathway for the kidneys as a target organ for TRI, particularly in humans, appears to
be minimal. Male and female rats also exhibited a different pattern of P450-derived metabolites
in blood: When detected, male rats exhibited primarily CH whereas female rats exhibited TCA.
A similar pattern was observed in urine, although both sexes also excreted significant amounts
of TCOH. The ratio of TCOH/TCA in rat urine was greater in males than in females, which is
similar to the pattern observed in humans after 24 hr exposures to TRI (Nomiyama and
Nomiyama, 1971).

Most of the PBPK models for TRI have focused on the P450 metabolic pathway and have used
the liver as the primary site of metabolism (Abbas and Fisher, 1997; Allen and Fisher, 1993;
Dallas et al., 1991; D’Souza et al., 1985; Fisher, 2000; Fisher et al., 1991, 1998; Greenberg et
al., 1999). While this approach accounts quantitatively for the majority of the metabolism and
toxicity of TRI, it omits the GSH-dependent pathway and the kidney as a target organ. Clewell
et al. (2000), however, did incorporate the GSH-dependent pathway for TRI metabolism into
their PBPK model. At the time of creation of that model, however, little quantitative data were
available on the in vivo formation of GSH-derived metabolites of TRI. Human volunteers
exposed by inhalation to 50 or 100 ppm TRI exhibited DCVG in their blood (Lash et al.,
1999a). While these data demonstrated activity of the pathway, it is difficult to use that
information to estimate tissue levels of key metabolites from external exposures to the parent
compound. Metabolism data for several of the steps of the GSH-dependent pathway from in
vitro tissue preparations are available from both rodents (Lash and Anders, 1986; Lash et al.,
1995, 1998, 2000a) and humans (Lash et al., 1990, 1999b). The difficulty in using these data
remain the extrapolation of in vitro results to in vivo concentrations (Lipscomb et al., 1998).
One solution to this dilemma is the approach that we used in the present study, namely the
determination of parent compound and metabolite concentrations in liver, kidney, blood, and
urine.

A novel and significant finding of the present study is the demonstration of GSH-derived

metabolites of TRI after in vivo exposure to TRI in liver, kidney, blood, and urine. DCVG was
detected in liver and kidney only in female rats. One potential explanation for this sex difference
would be that male rats process GSH conjugates at higher rates than female rats. There is no
significant sex-dependent difference, however, in renal GGT activity (Lash et al., 1998).

DCVG was also detected in the blood of male and female rats exposed to TRI. Unlike results
in humans exposed by inhalation to TRI (Lash et al., 1999a), DCVG concentrations in rat blood
were not significantly higher in males. Rather, DCVG concentrations in female rat blood were
either similar to or higher than those in male rat blood, depending on time and dose. This

suggests that the pharmacokinetics for TRI may differ significantly between rats and humans.
Alternatively, the difference in the route of exposure (i.e., bolus oral gavage in corn oil in rats,
inhalation in humans), may contribute to the difference in appearance of metabolite in blood.

Of greater novelty and significance was the discovery of DCVC in homogenates of liver and
kidney. The importance of this finding is that DCVC is the penultimate, GSH-derived
metabolite of TRI that generates the ultimate reactive species that can cause nephrotoxicity
and nephrocarcinogenicity (Lash et al., 1988, 2000b). DCVC was detected in female rat livers
only at the 5-mmol TRI/kg dose and in male rat livers only at the 15-mmol TRI/kg dose, with
approximately twofold higher concentrations of DCVC in male rat livers than in female rat
livers. Inasmuch as no liver and only kidney pathology is observed with the GSH-derived
metabolites of TRI (Elfarra et al., 1986; Lash et al., 1988, 2000b), detection of DCVC in renal
tissue is more directly related to toxicity than that in liver tissue. Although hepatic p-lyase is
just as capable as the renal activity in bioactivating DCVC, little reactive species is generated
by this pathway in the liver because of efficient excretion of DCVC or its mercapturate into
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blood or bile. For the kidney, DCVC was only detected in female rats at the 5-mmol TRI/kg
dose. DCVC excretion into urine, however, was only detected in male rats. Again, this is, to
our knowledge, the first report of recovery of DCVC in urine of rats exposed to TRI.
Consideration of all these data together suggest that male rats are exposed to higher amounts
of nephrotoxic precursor metabolite and likely form more of the reactive species than female
rats.

Additional evidence for greater flux of TRI through the GSH-derived pathway in male rats as
compared to female rats comes from analysis of GSH concentrations in liver and kidney.
Although some time-dependent differences in tissue concentrations of GSH can be ascribed to
normal, diurnal variation, greater decreases in both liver and kidney GSH concentrations in
TRI-exposed male rats were consistently observed. While paired measurements of GSH
concentrations in tissues from non-exposed rats would correct for any changes due to diurnal
variation, the pairing of measurements in identically exposed male and female rats and the
larger decreases with increasing TRI exposure doses are consistent with the conclusion that
these changes in tissue GSH concentrations are due to GSH conjugation of TRI. Importantly,
these data provide in vivo evidence that GSH conjugation of TRI occurs in both liver and
kidney, consistent with the previously obtained in vitro data in renal cells and subcellular
fractions (Lash et al., 1995, 1998, 1999b).

In conclusion, significant differences between male and female rats were observed in the
pharmacokinetics and metabolism of TRI and several of its key metabolites. Formation in
vivo, not only of DCVG but of DCVC, was demonstrated in both liver and kidney. A significant
role for renal GST in formation of GSH-derived metabolites of TRI was also demonstrated.
Analysis of patterns of DCVG and DCVC formation and tissue concentrations of GSH suggest
that male rats are exposed to higher amounts of potentially toxic, reactive, GSH-derived
metabolites than female rats. The results indicate that for rats, renal P450-dependent
metabolism and the GSH-dependent pathway, including both intrarenal and extrarenal
metabolism, should be incorporated into PBPK models.
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Figure 1. Scheme for metabolism of TRI by P450 pathway
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The scheme outlines the major metabolites in the oxidative pathway of trichloroethylene (TRI)
metabolism. Metabolism of TRI is initiated by cytochrome P450 (P450) enzymes. Chemicals
that are measured or detected in this study are surrounded by a box. Other abbreviations:

ALDH, aldehyde dehydrogenase; UDPGT, UDP-glucuronosyltransferase.
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Figure 2. Scheme for metabolism of TRI by GST pathway
The scheme outlines the major metabolites in the GSH conjugation pathway of

trichloroethylene (TRI) metabolism. Chemicals that are measured or detected in this study are

surrounded by a box and those that are chemically reactive and unstable are shown within
brackets. Other abbreviations: B-Lyase; cysteine conjugate B-lyase; DAc’ase, deacetylase;

FMO, flavin-containing monooxygenase; DCVC, S-(1,2-dichlorovinyl)-.-cysteine; DCVCSO,

S-(1,2- dichlorovinyl)- -cysteine sulfoxide; DCVG, S-(1,2-dichlorovinyl)glutathione; DP,
dipeptidase; GGT, y-glutamyltransferase; NAcDCVC, N-acetyl-S-(1,2-dichlorovinyl)- .-
cysteine.
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Figure 3. Tissue distribution of DCVG in female rat liver and kidney

Male and female F344 rats (175-225 g body weight) were exposed to one of three doses of
TRI (2, 5, 15 mmol/kg body weight in 1 ml corn oil) by oral gavage. Animals were kept in
metabolic cages for up to 48 hr. Due to the nature of the tissue sampling, each time point was
represented by a separate animal. Results are means = SE of measurements from 3 animals for
each data point. DCVG concentrations in liver or kidney homogenates were measured by
HPLC. The limit of detection in liver and kidney was 11 and 22 pmol/g tissue, respectively.
No DCVG was detected in male rat liver or kidney.
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Figure 4. Tissue distribution of DCVG in rat blood

Male and female F344 rats (175-225 g body weight) were exposed to one of three doses of
TRI (2, 5, 15 mmol/kg body weight in 1 ml corn oil) by oral gavage. Animals were kept in
metabolic cages for up to 48 hr. Due to the nature of the fluid sampling, each time point was
represented by a separate animal. Results are means + SE of measurements from 3 animals for
each data point. The limit of detection was 1.1 pmol/ml.
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Figure 5. Tissue distribution of DCVC in rat liver

Male and female F344 rats (175-225 g body weight) were exposed to one of three doses of
TRI (2, 5, 15 mmol/kg body weight in 1 ml corn oil) by oral gavage. Animals were kept in
metabolic cages for up to 48 hr. Due to the nature of the tissue sampling, each time point was
represented by a separate animal. Results are means + SE of measurements from 3 animals per
data point. DCVC concentrations in liver homogenates were measured by HPLC. The limit of
detection was 11 pmol/g tissue. No DCVC was detected in animals treated with the 2-mmol
TRI/kg dose.
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Figure 6. Tissue distribution of DCVC in female rat kidney

Male and female F344 rats (175-225 g body weight) were exposed to one of three doses of
TRI (2, 5, 15 mmol/kg body weight in 1 ml corn oil) by oral gavage. Animals were kept in
metabolic cages for up to 48 hr. Due to the nature of the tissue sampling, each time point was
represented by a separate animal. Results are means + SE of measurements from 3 animals per
data point. DCVC concentrations in kidney homogenates were measured by HPLC. The limit
of detection was 22 pmol/g tissue. No DCVC was detected in male rats or in female rats treated
with either the 2-mmol or 15-mmol TRI/kg dose.
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Figure 7. Tissue distribution of DCVC in male rat blood

Male and female F344 rats (175-225 g body weight) were exposed to one of three doses of
TRI (2, 5, 15 mmol/kg body weight in 1 ml corn oil) by oral gavage. Animals were kept in
metabolic cages for up to 48 hr. Due to the nature of the fluid sampling, each time point was
represented by a separate animal. Results are means + SE of measurements from 3 animals for
each data point. The limit of detection was 1.1 pmol/ml. No DCVC was detected in female rats
or in male rats treated with either the 2-mmol or 5-mmol TRI/kg dose.
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Figure 8. Tissue distribution of DCVC in rat urine

Male and female F344 rats (175-225 g body weight) were exposed to one of three doses of
TRI (2, 5, 15 mmol/kg body weight in 1 ml corn oil) by oral gavage. Animals were kept in
metabolic cages for up to 48 hr. Due to the nature of the fluid sampling, each time point was
represented by a separate animal. Results are means = SE of measurements from 3 animals for
each data point. The limit of detection was 1.1 pmol/ml.
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