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ABSTRACT. The toxicity and metabolism of trichloroethylene (TRI) were studied in renal proximal tubular
(PT) and distal tubular (DT) cells from male Fischer 344 rats. TRI was slightly toxic to both PT and DT cells,
and inhibition of cytochrome P450 (P450; substrate, reduced-flavoprotein:oxygen oxidoreductase [RH-hydroxy-
lating or -epoxidizing]; EC 1.14.14.1) increased TRI toxicity only in DT cells. In untreated cells, glutathione
(GSH) conjugation of TRI to form S-(1,2-dichlorovinyl)glutathione (DCVG) was detected only in PT cells.
Inhibition of P450 transiently increased DCVG formation in PT cells and resulted in detection of DCVG
formation in DT cells. Formation of DCVG in PT cells was described by a two-component model (apparent V.
values of 0.65 and 0.47 nmol/min per mg protein and K, values of 2.91 and 0.46 mM). Cytosol isolated from
rat renal cortical, PT, and DT cells expressed high levels of GSH S-transferase (GST; RX:glutathione
R-transferase; EC 2.5.1.18) a (GSTa) but not GSTar. Low levels of GSTw were detected in cortical and DT
cells. Purified rat GSTa2-2 exhibited markedly higher affinity for TRI than did GSTal-1 or GSTal-2, but
each isoform exhibited similar V__values. Triethyltinbromide (TETB) (9 wM) inhibited DCVG formation by
purified GSTal-1 and GSTa2-2, but not GSTal-2. Bromosulfophthalein (BSP) (4 pM) only inhibited
DCVG formation by GSTa2-2. TETB and BSP inhibited approximately 90% of DCVG formation in PT cytosol
but had no effect in DT cytosol. This suggests that GSTal-1 is the primary isoform in rat renal PT cells
responsible for GSH conjugation of TRI. These data, for the first time, describe the metabolism of TRI by
individual GST isoforms and suggest that DCVG feedback inhibits TRI metabolism by GSTs. BIOCHEM
PHARMACOL 59;5:531-543, 2000. © 2000 Elsevier Science Inc.
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TRI§ is a major environmental contaminant and is an
occupational concern because of its widespread industrial
use [1, 2]. It produces toxicity and tumors in several tissues,
with target organ specificity varying significantly among
species, among different strains of the same species, and
between males and females of the same strain. Most TRI
toxicity is dependent on its metabolism, which occurs by
two pathways: P450 (substrate, reduced-flavoprotein:oxy-
gen oxidoreductase [RH-hydroxylating or -epoxidizing]; EC
1.14.14.1)-dependent oxidation and GSH conjugation.
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The nephrotoxicity and nephrocarcinogenicity of TRI have
been attributed to formation of reactive, sulfur-containing
metabolites generated by GSH conjugation and subsequent
metabolism by GGT ([5-L-glutamyl]-peptide:amino-acid
5-glutamyltransferase; EC 2.3.2.2), dipeptidase (aminopep-
tidase M; EC 3.4.11.2), and B-lyase (L-cysteine-S-conjugate
thiol-lyase [deaminating]; EC 4.4.1.13) [3, 4]. The initial
step of this pathway is catalyzed by GST (RX:glutathione
R-transferase; EC 2.5.1.18) isoforms, which catalyze the
formation of DCVG (Fig. 1). This is followed by hydrolysis
reactions catalyzed by GGT and dipeptidase, which cleave
the glutamyl and glycyl residues to form DCVC. Then
DCVC can undergo either N-acetylation to form the
mercapturate NAcDCVC or a B-elimination reaction cat-
alyzed by the B-lyase to form a reactive thiol. This thiol, in
turn, can rearrange to form potent acylating species. Sub-
sequent acylation of proteins and DNA may lead to
cytotoxicity and mutagenesis [3, 4]. Although NAcDCVC
is a detoxification product, it can be deacetylated to
regenerate DCVC. Whereas marked sex- and species-
dependent differences also exist in P450-dependent metab-
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FIG. 1. Scheme of TRI metabolism by the GSH-conjugation pathway. Abbreviations: P450, cytochrome P450; GST, GSH
S-transferase; DCVG, S-(1,2-dichlorovinyl)glutathione; DCVC, S-(1,2-dichlorovinyl)-L-cysteine; DCVSH, dichlorovinylthiol; GGT,
v-glutamyltransferase; and NAcDCVC, N-acetyl-S-(1,2-dichlorovinyl)-L-cysteine.

olism of TRI, there is no evidence that metabolism by P450
plays a role in the renal effects of TRI.

GSH conjugation of TRI occurs predominantly in the
liver. DCVG formed in the liver is secreted rapidly into the
bile and/or plasma and eventually is delivered to the
kidneys (in the form of DCVG, DCVC, or NAcDCVC)
through enterohepatic and renal-hepatic translocation
pathways [5]. Because of the tissue distribution of mem-
brane transport systems and GGT, subsequent reactions of
the pathway occur within the kidneys, thereby generating
the reactive and toxic species. However, the entire pathway
also can occur within the kidney, removing the need for
translocation of DCVG and its derivatives through the
circulation [5-7]. Differences in TRI-induced nephrotoxic-
ity correlate positively with differences in rates of DCVG
formation and GST activity [5-7].

The human health hazard of TRI toxicity and the
relevance of the kidney as a target organ in humans have
been subject to controversy, mostly because the flux of TRI
through the GSH conjugation pathway is thought to

represent only a small fraction of TRI metabolism [1].
However, humans form DCVG at detectable levels after
exposure to small doses of TRI [8]. Three studies of workers
exposed to TRI demonstrated some degree of kidney dys-
function [9-11]. However, in one of these studies [11],
workers were exposed to multiple solvents, and only a
relatively small fraction of the workers were known to be
exposed solely to TRI. In another study of metal degreasers
in Sweden [12], no indication of nephrotoxicity was ob-
served. In contrast to these somewhat equivocal studies, a
recent report [13] of a case involving acute TRI poisoning
demonstrated that the products of the GSH-conjugation
pathway can be formed in humans and that a single, large
dose of TRI can produce renal injury in humans.

The controversy over the human health hazard of TRI
recently came to the forefront when the International
Agency for Research on Cancer (IARC) issued a report in
1995 evaluating the epidemiologic evidence on kidney
cancer incidence and mortality due to TRI exposure [14].
The IARC committee reclassified TRI as a Group 2A
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carcinogen (“Probably Carcinogenic to Humans”). Most of
the studies on which the evaluation was based were
occupational exposures or case-control studies of kidney
cancer. The IARC review placed greater weight on obser-
vations from three cohort studies [15-17] where no eleva-
tions in kidney cancer risks were noted and on two
case-control studies that reported divergent results. Of
special note was a study of German cardboard manufactur-
ing workers [18], which reported five cases of renal cancer
compared with none in the comparison population. This
study prompted much debate in the literature [19-21], and
the IARC considered these findings a cluster; however, it
was concluded that the incidence of kidney cancer among
these workers warranted further study [14]. A subsequent
review [22] of the epidemiology of TRI concluded that
there is neither consistent nor convincing evidence to
support a causal relationship between TRI exposure and
renal-cell cancer. On the other hand, three more recent
studies of occupationally exposed workers [23-25] con-
cluded that an association between renal-cell cancer and
TRI exposure does exist.

The rat has been used as an animal model for TRI
exposure, and these studies have provided significant mech-
anistic information. Rat renal cortical cells are composed
primarily of PT and DT cells [26]. Both in witro and in vivo
studies have shown that DCVC is toxic to these cells.
However, PT and DT cells differ significantly in terms of
their susceptibility to many nephrotoxicants [27]. Differ-
ences in the nephrotoxicity of several chemicals have been
attributed to differences in key drug-metabolizing enzymes,
including P450 and GSH-dependent enzymes. We have
shown recently that freshly isolated PT and DT cells differ
significantly in the expression of P450 isoforms [28]. Both
rat and human PT and DT cells express different GST
isoforms [29, 30]. Given the differences in both P450 and
GST expression between rat renal PT and DT cells, these
cells would appear to be good models in which to study
mechanisms of TRI toxicity and metabolism.

TRI oxidation by P450 has been studied extensively [31,
32], and previous studies showed that CYP2E1, CYP1A1/2,
CYP2B1/2, and CYP2C isoforms can metabolize TRI.
However, the GST isoforms responsible for the metabolism
of TRI have never been determined. This would greatly aid
in the analysis of the susceptibility of humans to TRI
toxicity. We reported previously on the conjugation of TRI
with GSH in rat renal microsomes, cytosol, and cortical
cells [5, 6]. These reports demonstrated that TRI can be
conjugated with GSH solely within the kidney and that the
level of DCVG formation correlates positively with TRI
cytotoxicity. Furthermore, differences in TRI metabolism
correlate positively with differences in GST and GGT
activity. We also reported that DCVC is toxic both in vitro
and in vivo in rat PT and DT cells, with DCVC being
slightly more toxic in PT cells [33]. Hence, there are
nephron cell-type differences in the handling of and re-
sponse to metabolites of the GSH conjugation pathway.

The objective of the present study was to determine the
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differences in TRI toxicity and metabolism between rat
renal PT and DT cells so that factors that determine
susceptibility to TRI can be identified. These differences
were correlated with differences in P450 and GST expres-
sion in these cells. In doing so, we report herein, for the first
time, data on the ability of individual rat GST isoforms to
conjugate TRI with GSH. The kinetics of TRI conjugation
with GSH by rat PT and DT cells and by individual GST
isoforms was also determined. The results indicated that
differences in TRI toxicity and metabolism in PT and DT
cells are a consequence of differences in expression of both
P450 and GST isoforms. Because many similar isoforms are
also present in human kidney, this information can be
extrapolated to humans to help make predictions for
human health risk assessment of TRI.

MATERIALS AND METHODS
Chemicals

TRI (reported to be 99.9% pure, as judged by electron
ionization mass spectrometry), collagenase type IV, bovine
serum albumin (fraction V), acivicin [L-(aS,5S)-a-amino-
3-chloro-4,5-dihydro-5-isoxazoleacetic acid], BSP, L-y-glu-
tamyl-L-glutamate, and CDNB were purchased from the
Sigma Chemical Co. DCVG was synthesized as previously
described [34]. Purity (>95%) was determined by HPLC
analysis, and identity was confirmed by proton NMR
spectroscopy. TETB was purchased from the Aldrich
Chemical Co. Individual isoforms of rat GSTo, GSTr, and
GSTw and polyclonal antibodies to human GSTA1 and rat
GSTar and GST were purchased from Oxford Biomedical
and Detroit R & D. Polyclonal antibody to rat GSTa2 was
purchased from Biotrin (Newton, MA).

Animals

Male F344 rats (150-250 g; Charles River Laboratories)
were used in these studies. They were housed in a con-
trolled room on a 12-hr light/dark cycle and were given
commercial rat chow and water ad lib.

Preparation of Isolated Rat Renal Cortical, PT, and
DT Cells

Isolated renal cortical cells were obtained by collagenase
perfusion [35] from male F344 rats. To obtain enriched
populations of renal PT and DT cells, cortical cells were
subjected to density-gradient centrifugation in Percoll as
described previously [26]. Marker enzyme activities and
functional assays were used to confirm the identity and
purity of the two cell populations [26]. Cell concentrations
were determined in the presence of 0.2% (w/v) trypan blue
in a hemacytometer, and cell viability was estimated by
measuring the fraction of cells that excluded trypan blue.
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Isolation of Rat Renal Cortical, PT, and DT Cytosol

Cytosol was prepared from freshly isolated rat renal cortical,
PT, and DT cells by homogenization of the cells in a
Polytron ultrasonic homogenizer (Brinkmann Instru-
ments), followed by centrifugation at 11,000 g for 20 min to
spin down nuclei, mitochondria, and cellular debris. Super-
natant from this step was centrifuged in a tabletop ultra-
centrifuge at 105,000 g for 90 min at 4°. The resulting
supernatant was the cytosolic fraction; the pellet was the
microsomal fraction.

Toxicity of TRI in Isolated Rat Renal PT and DT cells

The toxicity of TRI in isolated rat renal PT and DT cells
was determined by release of LDH [(S)-lactate:NAD™
oxidoreductase; EC 1.1.1.27] in the medium, and total
cellular LDH activity was determined spectrophotometri-
cally by measuring the oxidation of NADH at 340 nm. For
P450 inhibition studies, cells were preincubated with 0.25
mM SKF-525A or 0.25 mM metyrapone.

Assay of TRI Metabolism by the GSH Conjugation
Pathway in PT and DT Cells

All incubations were performed in 25-mL polypropylene
Erlenmeyer flasks on a Dubnoff metabolic shaking incuba-
tor (60 cycles/min) at 37°. Isolated renal PT and DT cells
were preincubated for 15 min with 0.25 mM acivicin to
inhibit GGT activity before performing incubations to
measure DCVG formation. Previous studies [36] showed
that this concentration of acivicin inhibits GGT activity
by > 95%. Then cells were incubated with 0-20 mM TRI
by the addition of TRI (dissolved in 1%, v/v, acetone) to
the liquid phase. This concentration of acetone, which was
present in all incubations, does not affect GST activity
(with CDNB as substrate) in renal cells (data not shown)
and has only a modest effect on P450 activity [28]. Triton
X-100 (0.1%, v/v, final concentration) was added to solu-
bilize the plasma membrane. After incubations for the
indicated times, reactions were terminated by the addition
of perchloric acid (10%, w/v, final concentration), and
samples were processed for analysis of DCVG as described
previously [5], using the HPLC method described by Fariss
and Reed [37]. For P450 inhibition studies, cells were
preincubated in the presence or absence of the general
P450 inhibitor SKF-525A (0.25 mM) or the CYP2E1
competitive substrate chlorzoxazone (1 mM) for 15 min.
Reactions were allowed to proceed as described above.

Assay of TRI Metabolism by the GSH Conjugation
Pathway with Purified Rat GST Isoforms and PT and
DT Cytosol

Assays were performed as described above except that
incubations were done in 1.5-mL polypropylene microcen-
trifuge tubes at 30° instead of 37°. The lower temperature
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was chosen for assays with subcellular fractions and purified
enzyme because more consistent results were obtained than
at the higher temperature used with intact cells. Neither
purified enzyme (2-9 g protein per incubation) nor PT or
DT cytosol (5-10 mg protein per incubation) was preincu-
bated with acivicin because these biological samples do not
contain significant GGT activity [6]. Reactions were per-
formed in Krebs—Henseleit buffer (pH 7.4) minus bovine
serum albumin, as this was the buffer used for the cellular
reactions. In some experiments, purified enzymes or cytosol
from PT or DT cells were preincubated for 15 min with one
of two GSTa-selective inhibitors before the addition of
TRI. Reactions were allowed to proceed for the indicated
times, stopped, and processed for HPLC analysis as de-
scribed above.

Western Blot Analysis of Individual GST Isoforms in
Rat Renal PT, DT, and Liver Cytosol

The expression of individual forms of GST in rat renal
cortical, PT, DT, and liver cytosol was demonstrated by
SDS-PAGE on a 10% gel followed by transfer of the gel to
nitrocellulose. Then nitrocellulose membranes were ex-
posed to polyclonal antibodies to goat anti-rat GSTa and
GSTw and rabbit anti-human GSTr. Alkaline phospha-
tase-conjugated secondary antibodies and substrate were
used to detect protein bands.

Protein Determination and Data Analysis

Protein concentrations were measured with the bicincho-
ninic acid protein determination kit from the Sigma Chem-
ical Co. All values are means * SEM of measurements
made on the indicated number of separate preparations.
Significant differences between means for data were as-
sessed first by a one-way ANOVA. When significant “F
values” were obtained, 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.

RESULTS
Cytotoxicity of TRI in Freshly Isolated Rat Renal PT
and DT Cells

Freshly isolated rat renal PT and DT cells were incubated in
the presence of various concentrations of TRI, ranging from
0.1 to 10 mM (data not shown). TRI was modestly
cytotoxic to PT and DT cells only at the highest concen-
tration tested (i.e. 10 mM), causing approximately a 20%
increase in LDH release, whereas concentrations of TRI of
5 mM or below had no effect on LDH release.
Preincubation of PT and DT cells with metyrapone (0.25
mM), a general P450 inhibitor, increased TRI cytotoxicity
in DT cells only (Fig. 2). The same results were seen when
0.25 mM SKF-525A, another general P450 inhibitor, was
used instead of metyrapone (data not shown). These data
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FIG. 2. Effect of P450 inhibition on the cytotoxicity of TRI in freshly isolated rat renal PT and DT cells. Freshly isolated rat renal
PT (A) and DT (B) cells (0.5-1.0 x 10° cells/mL) were preincubated in the presence of either solvent control (i.e. 1.0%, v/v, acetone)
or metyrapone (0.25 mM) for 15 min prior to the addition of TRI. At the indicated time points, the percent of LDH release was
determined. Results are the means = SEM of at least 3 experiments. Key: (*) significant difference (P < 0.05) from control; and ()
significant difference (P < 0.05) from the same concentration without inhibitor.

suggested that the cytotoxicity of TRI in rat renal PT and
DT cells was influenced by the expression of P450 isoforms
within these cells.

Metabolism of TRI to DCVG in Freshly Isolated Rat
Renal PT and DT Cells

TRI (10 mM) conjugation with GSH was assessed in freshly
isolated rat renal PT and DT cells by measuring the
formation of DCVG by HPLC analysis. In the absence of
P450 inhibition, DCVG formation was detected only in PT
cells, and occurred at a rate of approximately 1-2 nmol/min
per mg protein (Fig. 3). DCVG formation in PT cells was
approximately linear throughout 60 min of incubation.
Preincubation of cells with SKF-525A resulted in signifi-
cant increases in DCVG formation in both PT and DT
cells. Inhibition of P450 in DT cells resulted in DCVG

A. PT Cells.

DCVG Formation
(nmol/min per mg protein)

1 1 1 1
0 20 40 60

Time (min)

3 —O— Buffer
—@— SKF525A

—ZA— Chlorzoxazone

formation at levels comparable to those of PT cells. DCVG
formation decreased significantly after 60 min of incubation
in the presence of P450 inhibitors. Data from our laboratory
have shown that DT cells express higher levels of CYP2E1
than PT cells [28]. Preincubation of both cell types with
chlorzoxazone, a competitive substrate for CYP2EI, signif-
icantly increased DCVG formation in both PT and DT
cells. These increases were measured only after 30 min and
were larger in DT cells than in PT cells, and DCVG
content decreased to control levels by 60 min. The larger
increase in DCVG formation in DT cells as compared with
that in PT cells correlates positively with the levels of
expression of CYP2E1 in these cells [28]. Furthermore, the
increase in DCVG formation in DT cells after P450
inhibition with SKF-525A correlates positively with the
increases in TRI cytotoxicity in DT cells after P450
inhibition.
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FIG. 3. Metabolism of TRI to DCVG in freshly isolated rat renal PT and DT cells. Isolated renal PT (A) and DT (B) cells (0.5 to
2 mg protein/mL) were lysed and preincubated with either solvent control (i.e. 1.0%, v/v, acetone), SKF-525A (0.25 mM), or
chlorzoxazone (1 mM) for 15 min prior to the addition of 10 mM TRI in the presence of 5 mM GSH at 37° for either 30 or 60 min.
Metabolism was measured by quantitation of DCVG formation by HPLC after derivatization. Controls lacked TRI. Results are the
means * SEM of at least 3 experiments. Key: (*) significant difference (P < 0.05) from control.
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FIG. 4. Kinetic analysis of TRI conjugation with GSH in freshly isolated rat renal PT cells. Isolated renal PT cells (0.5 to 2 mg
protein/mL) were lysed and incubated in the presence of 0~20 mM TRI and 5 mM GSH at 37° for 30 min. Metabolism was measured
by quantitation of DCVG formation by HPLC after derivatization. Controls included the absence of TRI. Results were subjected to
Lineweaver-Burk (A), Eadie-Scatchard (B), and Michaelis-Menten (C) analysis, and are the means (A and B) or means + SEM (C)

of at least 3 experiments. K, and V,

max

values are given in Table 1. The line in panel A was obtained by linear regression (y = 0.671x

+ 2.127, r* = 0.965). The two lines in panel B were obtained by linear regression (line 1: y = —3.204x + 1.427, r* = 0.878; line
2:y = —0.530x + 0.326, r* = 0.713). The curve in panel C was obtained by a logarithmic regression (y = 0.175 log(x) + 0.314).

Kinetics of DCVG Formation in Freshly Isolated Rat
PT Cells

The kinetics of TRI conjugation with GSH to form DCVG
was determined in freshly isolated rat renal PT cells (Fig.
4). DCVG formation was detected with all concentrations
of TRI used in PT cells, but was detected in DT cells only
at the highest concentrations used (i.e. 15 and 20 mM).
Hence, kinetic analysis could be performed only on data
obtained in PT cells. Lineweaver—Burk analysis of DCVG
formation in PT cells resulted in a single line (Fig. 4A). In
contrast, Eadie-Scatchard (or Eadie-Hofstee) analysis of
DCVG formation in PT cells resulted in a two-component
model that yielded a high-affinity, low-capacity and a
low-affinity, high-capacity process (Fig. 4B). Kinetic parame-
ters derived from these two analyses are summarized in Table
1. Cells incubated with higher concentrations of TRI (>15
mM) exhibited significantly decreased DCVG levels (Fig.
4C), suggesting end-product inhibition of GSH conjugation.

Expression of Individual GST Isoforms in Freshly
Isolated Rat Renal PT and DT Cells

Western blot analysis of cytosol isolated from rat renal
cortical, PT, and DT cells using polyclonal antibodies to rat
GSTa and GST, and human GSTr, revealed that GSTa

was expressed in all cell types at very high levels (Fig. 5,
panel labeled a, lanes 2—4). A small amount of GST was
detected in cortical and DT cells, whereas no GSTm was
detected in any cell type (Fig. 5, panels labeled w and mr,
respectively). All of these antibodies detected bands in rat
liver cytosol (lane 1). The polyclonal GSTw and GST
antibodies did not cross-react with purified rat GSTa2-2.
However, a strong band was detected when GSTa2-2 was

TABLE 1. Kinetics of TRI metabolism to DCVG in freshly
isolated PT cells

Vmax‘ 1 Vmax‘z
(nmol/min  (nmol/min
K, -1 K, -2 per mg per mg
Method (mM) (mM) protein) protein)
Lineweaver-Burk 0.31 0.47
Eadie-Scatchard 0.46 291 0.47 0.65

Freshly isolated PT cells were incubated in the presence of acivicin (0.25 mM) for 15
min to inhibit GGT. Then TRI (0.1 to 20 mM) and GSH (5 mM) were added, and
reactions were allowed to proceed for 30 min. The reactions were stopped by the
addition of 100 wL of 70% (v/v) perchloric acid followed by 50 wL of bathophenan-
throline disulfonate. Samples were derivatized with 1-fluoro-2,4-dinitrobenzene and
injected onto a Waters 10 pm pBondapak C,g amine column (8 X 100 mm) and
were separated by a methanol/acetate mobile phase and gradient elution at 365 nm.
Kinetic parameters were derived from linear transformations shown in Fig. 4 and are
from measurements of at least 3 separate experiments.
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FIG. 5. Expression of GST isoforms in cytosol from freshly
isolated rat renmal PT and DT cells. Cytosol was isolated as
described in Materials and Methods, and approximately 50 pg of
protein was subjected to SDS-PAGE, transferred to a nitrocel-
lulose membrane, and exposed to polyclonal antibodies to rat
GSTa, rat GSTp, or human GSTm. Lane 1: cytosol from liver
homogenates used as a positive control; lane 2: purified rat
GSTwa2-2 used as a positive and negative control; lane 3:
cytosol from freshly isolated rat renal cortical cells; lane 4:
cytosol from freshly isolated rat renal PT cells; and lane 5:
cytosol from freshly isolated rat renal DT cells.

cross-reacted with the polyclonal rat GSTa antibody (Fig.
5, panels a, w, and r; lane 2).

The class of rat GSTa isoforms is made up of multiple
members; GSTal and GSTa2 were chosen for study, as
they are two of the best characterized isoforms and are
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readily available commercially. These members can form
homo- and heterodimers with each other, resulting in three
specific isoforms: GSTal-1, GSTal-2, and GSTa2-2; the
ability of these isoforms to conjugate TRI with GSH in vitro
was determined. Kinetic analysis of TRI conjugation with
GSH by purified GSTa isoforms revealed that all of these
isoforms were capable of conjugating TRI with GSH in
vitro, although no DCVG formation was detected at 0.1 and
0.2 mM TRI with GSTal-1. Lineweaver—Burk analysis
(Fig. 6) of these data showed that GSTal1-1 and GSTal-2
exhibited similar, high K|, values for TRI, whereas the K,,
value for GSTa2-2 was 50- and 100-fold lower than that
for GSTal-1 and GSTal-2, respectively (Table 2). In
contrast, all three isoforms exhibited similar V. values.

Data on the time-dependence of DCVG formation
catalyzed by these three isoforms revealed that TRI forma-
tion was linear up to 20 min with 10 mM TRI. After this
time, DCVG formation decreased significantly (Fig. 7).
Thus, whereas all GSTa isoforms were capable of conju-
gating TRI with GSH, GSTa2-2 had the highest affinity
for TRI.

Inhibition of TRI Conjugation with GSH by
GST« Inhibitors

The ability of the GSTa inhibitors TETB and BSP to
inhibit TRI conjugation with GSH by both purified rat

B. GSTal-2
125

100

754

vV

50

254

w

18]

FIG. 6. Kinetic analysis of TRI conjugation with GSH to form DCVG by purified rat GSTa isoforms. Purified rat GSTa1-1 (A),
GSTal-2 (B), or GSTa2-2 (C) (2-9 pg per preparation) were incubated with 0-10 mM TRI in the presence of 5 mM GSH for 10
min at 30°. Metabolism was measured by quantitation of DCVG formation by HPLC after derivatization. Controls included the absence
of enzyme, TRI, or GSH. Results were subjected to Lineweaver—Burk analysis. Results are the means of at least 3 experiments. The

K, and V

nax Values for each GST isoform are given in Table 2. Lines in panels A—C were obtained by linear regression (panel A: y =

0.796x + 0.276, v* = 0.861; panel B: y = 9.403x —4.006, r* = 0.928; panel C: y = 0.085x + 1.146, v* = 0.737).
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TABLE 2. Kinetics of TRI metabolism to DCVG by purified
rat GST« isoforms

max

Isoform K, (mM) (pol/per mg protein)
GSTal-1 3.99 0.75
GSTal-2 7.51 1.50
GSTa2-2 0.074 0.87

Purified enzyme plus TRI and GSH (5 mM) were mixed, and reactions were allowed
to proceed for 30 min. The reactions were stopped by the addition of 100 pL of 70%
(v/v) perchloric acid followed by 50 pL of bathophenanthroline disulfonate. Samples
were derivatized with 1-fluoro-2,4-dinitrobenzene and injected onto a Waters 10 pm
wBondapak C;g amine column (8 X 100 mm) and were separated by a methanol-
acetate mobile phase and gradient elution at 365 nm. Kinetic parameters were
derived form linear transformations shown in Fig. 6 and are from measurements of at
least 3 separate experiments.

GSTa isoforms and in cytosol from rat renal PT and DT
cells was tested. TETB and BSP are noncompetitive inhib-
itors of CDNB metabolism by GSTa2-2 and GSTal-1,
respectively, with ECs values of 3 and 2 uM, respectively
[38]. No studies could be found discussing the ability of
these compounds to inhibit TRI conjugation with GSH by
any enzyme or in any tissue. TRI (1 mM) conjugation with
GSH by rat GSTal-1 was inhibited significantly by TETB
(9 wM) but not by BSP (4 uM) (Fig. 8). DCVG formation
catalyzed by rat GSTa2-2 was inhibited significantly by
both TETB (9 wM) and BSP (4 pM), with BSP causing
more inhibition. Neither TETB nor BSP was able to inhibit
the ability of GSTal-2 to conjugate TRI with GSH. It
should be noted that both TETB and BSP can inhibit
CDNB metabolism by GSTal-2 if the concentration of
each is raised (ECsq values of 100 and 10 pM, respectively
[38]). The concentrations of both TETB and BSP were kept
below those needed to inhibit rat GSTal-2 to better
elucidate the effects of these inhibitors on the individual rat
GSTa isoforms. Thus, as expected based on its ability to
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FIG. 7. Time-dependence of TRI conjugation with GSH by
purified rat GST« isoforms. Purified rat GSTa1-1, GSTa1-2,
or GSTa2-2 (2-9 pg per preparation) was incubated with 10
mM TRI in the presence of 5 mM GSH for the indicated times
at 30°. Metabolism was measured by quantitation of DCVG
formation by HPLC after derivatization. Controls included the
absence of enzyme, TRI, or GSH. Results are the means = SEM
of at least 3 experiments. Key: (*) significant difference (P <
0.05) from DCVG levels at 10 min.
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FIG. 8. Effect of GST« inhibitors on GSH conjugation with
TRI to form DCVG by rat GSTa isoforms. Purified rat
GSTal-1, GSTal-2, or GSTa2-2 (2-9 pg per preparation)
was preincubated for 15 min with solvent control, 9 pM TETB,
or 4 pM BSP. Then TRI (1 mM) and 5 mM GSH were added,
and the reactions were allowed to proceed for 15 min at 30°.
Metabolism was measured by quantitation of DCVG formation
by HPLC after derivatization. Controls included the absence of
enzyme, TRI, or GSH. Results are the means = SEM of at least
3 experiments. Key: (*) significant difference (P < 0.05) from
enzyme with TRI alone.

inhibit CDNB metabolism, TETB inhibited TRI conjuga-
tion with GSH that was catalyzed by rat GSTa1-1. Rather
surprisingly, both TETB and BSP inhibited TRI conjuga-
tion with GSH that was catalyzed by rat GSTa2-2.

Inhibition of TRI Conjugation with GSH in Rat Renal
PT and DT Cytosol

Data from the above study were used to test the ability of
TETB and BSP to inhibit TRI conjugation with GSH in
cytosol isolated from rat renal PT and DT cells. Cytosol was
used instead of intact cells to enable study of TRI metab-
olism in the absence of P450. Both TETB and BSP
inhibited DCVG formation in rat renal PT cytosol at high
levels of TRI (10 mM) (Fig. 9A) but were unable to inhibit
DCVG formation in cytosol isolated from rat renal DT cells
at any concentration of TRI tested (Fig. 9B).

Expression of GSTal and GST«a2 in Rat Renal PT and
DT Cytosol

Data from Fig. 9 suggested that the inability of TETB and
BSP to inhibit DCVG formation in DT cells could be
caused by a lack of GSTa2 expression. To test this
hypothesis, the expression of GSTal and GSTa2 was
determined in rat renal PT and DT cells by western blot
analysis (Fig. 10). The migration of GSTal-1 and
GSTal-2 was determined by subjecting the proteins to
10% SDS-PAGE and allowing the gel to run until the
20-kDa band was approximately 5 mm from the bottom of
the gel. Then the gel was stained with Coomassie Blue G
dye for 1 hr. Analysis of these proteins revealed that
GSTal-1 contained a single band and GSTal-2 con-
tained two bands: one that corresponded to the band for
GSTal-1 and one higher band that did not migrate as far
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FIG. 9. Effect of GST« inhibitors on GSH conjugation with TRI by cytosol isolated from rat renal PT (A) and DT (B) cells. Cytosol
(5-10 mg/mL) from freshly isolated rat renal PT and DT cells was preincubated for 15 min with solvent control, 9 pM TETB, or 4
pM BSP. TRI (0, 0.1, 1.0, or 10 mM) and 5 mM GSH were then added, and reactions were allowed to proceed for 30 min at 30°.
Metabolism was measured by quantitation of DCVG formation by HPLC after derivatization. Results are the means = SEM of at least
3 experiments. Key: (*) significant difference (P < 0.05) from cytosol with TRI alone.

(Fig. 10A). Thus, the lower band was identified as GSTal
and the higher band was identified as GSTaZ2. Western blot
analysis of rat renal PT and DT cytosol using a polyclonal
rabbit anti-rat GSTal antibody, followed by overexposure
of the blots, revealed the presence of two bands (Fig. 10B).
A dark, lower band whose migration corresponded with
that seen with purified GSTal was detected along with a
lighter band whose migration was equal to that seen with
GSTa2. Western blot analysis of rat renal PT and DT
cytosol using a polyclonal rabbit anti-rat GSTa2 antibody
revealed the presence of only one band whose migration
corresponded with that of GSTa2 (Fig. 10C). The expres-
sion of GSTa2 in rat renal DT cells appeared to be slightly
less than that seen in rat renal PT cells.

DISCUSSION

The objective of the present study was to determine
differences in TRI cytotoxicity and metabolism between rat
renal PT and DT cells and to use these differences to assess
factors that are determinants of susceptibility to TRI.
Freshly isolated cells were used so that susceptibility and
enzyme expression and activity would be similar to that
found in the kidneys in vivo. With knowledge of how renal
metabolism and handling of TRI and its GSH-derived
metabolites differ in rats and humans, these data can be
used to improve the assessment of the human health hazard
of TRI. As TRI-induced nephrocarcinogenicity is believed
to be a result of long-term exposure, it was not surprising
that TRI was not very toxic to freshly isolated rat renal PT
and DT cells after acute exposures. TRI undergoes oxida-
tive metabolism by P450 primarily in the liver. When
metabolism in all tissues is taken into account, the P450
pathway predominates over the GSH-conjugation pathway
in overall TRI metabolism [1, 2, 4]. An important point,
however, is that the GSH-conjugation pathway generates
highly reactive metabolites, whereas the P450 pathway
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FIG. 10. Expression of GSTa1l and GSTa2 isoforms in rat renal
PT and DT cells. (A) Purified GST isoforms were subjected to
10% SDS-PAGE on a gel that was allowed to run until the
20-kDa band was approximately 5 mm from the bottom of the
gel. Lane 1 = molecular weight standards; lane 2 = purified rat
GSTal-1; lane 3 = purified rat GSTal-2. (B) Cytosol from
PT cells (lane 1) and DT cells (lane 2) was probed with an
antibody to rat GSTal. (C) Cytosol from renal cortical cells
(lane 1), PT cells (lane 2), and DT cells (lane 3) was probed
with antibody to rat GSTa2. Blots exposed to polyclonal rabbit
anti-rat GSTal antibody were overexposed to visualize the
upper band, which represents a relatively weak reactivity to-

wards GSTa2.
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generates chemically stable metabolites [3]. Hence, a simple
comparison of total flux through each pathway does not
provide a useful indication of the importance of each
pathway in TRI-induced toxicity.

The recovery and identification of NAcDCVC as a
urinary metabolite of TRI in rats, mice, and humans
[39-42] demonstrate the function of the GSH-conjugation
pathway and indicate that the kidneys are a primary site for
the accumulation of DCVG and formation of its subsequent
metabolites. The amount of P450-derived, urinary metab-
olites of TRI recovered exceeds that of NAcDCVC by a
factor of between 10 and 3000. This has often been
interpreted to indicate that flux through the GSH-conju-
gation pathway is insignificant in overall metabolism of
TRI [4, 43]. It is critical to understand that NAcDCVC is
a stable detoxification product of DCVC metabolism and
does not necessarily reflect flux through the B-lyase path-
way, which is primarily responsible for generation of the
reactive, sulfur-containing metabolite [3]. However, urinary
NAcDCVC can be used validly as a marker or indicator of
TRI exposure.

Kinetics of GSH Conjugation of TRI in Rat Renal PT
and DT Cells

As indicated in the scheme of TRI metabolism in Fig. 1, the
GST-catalyzed formation of DCVG competes directly with
P450-dependent metabolism of TRI. Determination of the
kinetic characteristics of this pathway and the effects of
modulation of P450 activity can provide information on
the role of GSH conjugation in the toxic effects induced by
TRI.

The rates of DCVG formation in PT cells compare
favorably with those that we reported previously for rat
renal cortical cells [5, 6]. Furthermore, the proposal of a
two-component model for metabolizing TRI, as supported
by the Eadie—Scatchard plot in Fig. 4, also is supported by
data on DCVG formation generated from human liver and
kidney cytosol [7]. The two apparent K,,, values reported in
this study for DCVG formation in rat renal PT cells (0.46
and 2.91 mM) are about an order of magnitude higher than
those reported for DCVG formation in human kidney
cytosol and microsomes (0.026 and 0.16 mM, respectively).
The V.. values reported here are within the same range
reported in human kidney cytosol (0.65 and 0.47 vs 0.81
nmol/min per mg protein, respectively).

Two possible explanations for the existence of two
separate K, values are that more than one enzyme metab-
olizes TRI (i.e. multiple GST isoforms) or that DCVG may
inhibit TRI metabolism by GST at high concentrations of
TRI. The latter would cause feedback inhibition, resulting
in a biphasic line in the kinetic analysis. The decrease in
DCVG levels after 60 min in PT and DT cells after P450
inhibition (cf. Fig. 3), in PT cells after exposure to high
concentrations of TRI (cf. Fig. 4C), and in preparations
containing purified rat GST« after exposure to 10 mM TRI
for 30 min is somewhat surprising. GSH S-conjugates can
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bind to GST in vitro with higher affinity than the second
substrate or GSH has for GST in vivo [44, 45]. It has been
hypothesized that the binding of GSH S-conjugates to GST
may prevent toxicity or stabilize the conjugates [44]. Thus,
the decreases in DCVG levels measured in Figs. 3, 4, and 7
may be a result of DCVG binding to GST. This would
result in lower levels of DCVG being available for deriva-
tization. It is unlikely that DCVG is being processed further
in PT and DT cells, as the concentration of acivicin used
almost completely inhibits GGT [36]. Furthermore, no
further processing could occur in the experiments shown in
Fig. 7, where only TRI, GSH, and purified GST were
present. The possibility that DCVG is metabolized further
by GST is also doubtful; the size of DCVG would hinder its
access to GST, and GST metabolism would result in a
species that would be detected by HPLC analysis. No
unidentified peaks were detected in any samples. The fact
that decreases in DCVG are seen only at high levels of TRI
after long periods of incubation may be explained by the
requirement for high levels of DCVG to affect TRI conju-
gation with GSH. The levels of DCVG formed in Fig. 7
after 20 min are in the micromolar range. The possibilities
that DCVG is exhibiting feedback inhibition of TRI
metabolism or is binding to GST, and the physiological
relevance of either possibility, need to be explored further.
If the above hypothesis is correct, then it would mean that
the amount of TRI being metabolized by the GSH-conju-
gation pathway may be underestimated, as a significant
portion of the GSH S-conjugate may be binding to GST
and thus is not available for detection.

Expression of GST Isoforms and Their Role in Renal
Metabolism of TRI

Western blot analysis of cytosol isolated from rat renal
cortical, PT, and DT cells revealed the presence of high
levels of GSTa, very low levels of GST ., and no detectable
GSTmr (cf. Fig. 5). Previous studies with Sprague—Dawley
rats showed that PT cells only express GSTa, whereas DT
cells express GSTw and GSTa but not GSTa [30]. Our
results differ significantly from these, as GSTa was detected
in all tissues tested, whereas GSTm was not. Our results
agree with the above studies in that GSTw was detected
only in DT cells. One possible reason for these differences
is the different strain of rat used in this study. Therefore,
care should be taken when choosing rat strains for study of
toxicants metabolized by GST isoforms.

Individual members of the GSTa family differed signif-
icantly in their ability to conjugate TRI with GSH (cf. Fig.
6 and Table 2). GSTa2-2 had a significantly higher affinity
for TRI as compared with GSTal-1 and GSTal-2. The
V ax values for these enzymes were all comparable, varying
only 2-fold from highest to lowest value. The K, values for
both GSTal-1 and GSTal-2 were within the same order
of magnitude determined in kinetic studies using freshly
isolated rat renal PT cells and Eadie-Scatchard analysis for
Line 1 (3.99 and 7.51 vs 2.91 mM, respectively). The K|,
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value of 0.074 mM for GSTa2-2 is very close to that
reported in kinetic studies with human kidney cytosol (K,
= 0.026 mM) [7]. Although only a single line is shown in
the kinetic analysis of GSTa2-2 (Fig. 6C), the linear fit
was not as good for this isoform as it was for the other two.
In fact, the data points could readily be fit to two slopes.
Such a biphasic, linear transformation typically is inter-
preted as indicating the function of multiple enzymes.
Because this is a purified protein, however, another expla-
nation is likely, namely that relatively high amounts of
DCVG inhibit the enzyme. Data from kinetic studies in
cytosol from PT cells are also consistent with end-product
inhibition of GST activity.

Based on the K, values reported for purified rat GSTs,
we hypothesize that GSTal-2 should be the major isoform
to metabolize TRI at a concentration of 10 mM. This was
demonstrated subsequently in the studies shown in Fig. 7.
However, use of relatively selective GST inhibitors in
cytosol from PT and DT cells (Fig. 9) and the determina-
tion of GSTal and GSTa2 expression (Fig. 10) indicate
that in the intact renal cells, GSTal-1 is likely the primary
isoform responsible for GSH conjugation of TRI. The
relatively high activity of purified GSTal-2 suggests that
its role in TRI metabolism in the intact renal cells needs
further study. Data reported in this study are the first to
describe the conjugation of TRI with GSH by individual
GST isoforms. It should be noted that only three of the five
known isoforms of rat GSTa were studied, so that we
cannot exclude a role for the other two isoforms in TRI
metabolism.

Role of P450 in Renal Metabolism and Cytotoxicity of TRI

Although P450-dependent metabolism of TRI in the kid-
neys has not been reported in the literature, we have found
that several of the P450 isoforms that are capable of
metabolizing TRI are expressed in rat renal PT and/or DT
cells [28]. Hence, it was not surprising that inhibition of
P450 altered TRI cytotoxicity in PT and DT cells. What
was surprising was that inhibition of P450 significantly
increased TRI cytotoxicity only in DT cells. In the absence
of P450 inhibition, DCVG formation was detected only in
PT cells and occurred at rates comparable to those mea-
sured in rat renal cortical cells (cf. Fig. 3) [5, 6]. Inhibition
of P450 resulted in increases in DCVG formation in PT
cells and detection of DCVG formation in DT cells at
levels comparable to those in PT cells. The formation of
DCVG in DT cells after inhibition of P450 is consistent
with the increases in cytotoxicity after P450 inhibition.
Inhibition of P450 in PT cells did not increase TRI
cytotoxicity at any concentration despite increased DCVG
formation. Reasons for this remain to be investigated, but
other factors controlling DCVG metabolism were not
studied.

While both PT and DT cells express CYP2El and
CYP2B, CYP2CI11 is detected only in PT cells, and
expression of CYP2EI is higher in DT cells [28]. Inhibition
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of CYP2E1 in PT and DT cells using the CYP2E1 compet-
itive substrate chlorzoxazone resulted in a slight increase in
DCVG formation in PT cells and a larger increase in DT
cells. This increase was transient, being measured at 30 min
and decreasing back to control values, or lower, after 60
min. These data are the first to show the involvement of
P450 in TRI metabolism in individual cells of the rat
kidney. The fact that CYP2ELI is involved in TRI metabo-
lism in these cells is not surprising, as several studies have
shown that CYP2ELI has a high affinity for TRI in the liver
[31]. The role of other P450 isoforms, such as CYP2CI11
and CYP2B, in TRI metabolism and toxicity needs to be
explored further. Indeed, the metabolism data from the
chlorzoxazone-pretreated cells provide support for a role for
other P450 isoforms besides CYP2EI in TRI metabolism.
Inhibition of P450 with chlorzoxazone slightly increased
GSH conjugation of TRI in PT cells but markedly in-
creased GSH conjugation of TRI in DT cells. Thus, because
CYP2EL1 expression is higher in DT cells [28] and the effect
of chlorzoxazone was greater in DT cells, P450 isoforms
other than CYP2El must play significant roles in TRI
metabolism, particularly in PT cells.

Extrapolation of Results from Rat Renal Cells to
Human Kidney

Human kidneys under normal physiological conditions
express GSTa and GSTw (called GSTA and GSTP in
humans [46]), and similar to the situation in rat kidney,
GSTA is the predominant form [47]. Hence, the present
findings on the role of rat GSTa in TRI metabolism and
cytotoxicity should be applicable to humans. In contrast to
this similarity, humans do not express CYP2El in the
kidney [48]. It is unknown whether or not this would cause
increased relative flux of TRI metabolism by the GSH-
conjugation pathway in human kidney cells or whether
other P450 isoforms are present in human kidney that could
metabolize TRI. However, we have recently measured very
low rates of P450-dependent metabolism of TRI in freshly
isolated human PT cells [49], suggesting that renal P450 has
little involvement in the metabolism and disposition of
TRI in humans. Hence, prior or simultaneous exposure to
P450 substrates, inducers, or inhibitors may have little
direct effect on the potential nephrotoxicity of TRI in
humans.

Based on the greater potential for competition between
P450 and GST in rat kidney as compared with human
kidney, one would expect a greater flux of TRI through the
GSH-conjugation pathway and, hence, a greater potential
for nephrotoxicity. As summarized in Table 3, although
approximate rates of GST activity with TRI as substrate are
actually modestly higher in human kidney than in rat
kidney, rates of GGT and B-lyase activity in human kidney
are only about 30 and 10%, respectively, of those in rat
kidney. This suggests that the risk for humans from TRI-
induced nephrotoxicity or nephrocarcinogenicity is signif-
icantly less than would be indicated from the rat data.
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TABLE 3. Relative rates of TRI metabolism by key enzymes
of the GSH-conjugation pathway

Enzyme Rat Human
GST 20 30
GGT 200 60
B-Lyase 10 1

Approximate, relative rates of TRI metabolism by key steps of the GSH-conjugation
pathway are based on comparison of data in the present study and in Refs. 5-7 for rat
and human GST activity, in Ref. 36 for rat GGT activity, unpublished data for
human GGT activity, in Refs. 33 and 50 for rat B-lyase, and in Ref. 51 for human
B-lyase.

Note, however, that it would be incorrect to conclude that
there is little or no risk because ample evidence from
clinical and epidemiological studies confirms the occur-
rence of renal injury in humans from TRI exposure.

In summary, the toxicity and metabolism of TRI in renal
PT and DT cells and cytosol from male F344 rats were
determined to gain insight into the mechanism of TRI
toxicity and metabolism. TRI was acutely cytotoxic to both
PT and DT cells only at high concentrations, but, under
conditions in which P450 was not inhibited, DCVG
formation was detected only in PT cells. Inhibition of P450
resulted in increases in both cytotoxicity and metabolism of
TRI. Inhibition of CYP2EI resulted in a small, transient
increase in DCVG formation in PT cells and a larger,
transient increase in DCVG formation in DT cells, indi-
cating that P450, and possibly CYP2E1 in particular, plays
a role in TRI toxicity and metabolism in individual cells of
the rat kidney. The kinetics of TRI conjugation with GSH
were measured in freshly isolated rat renal PT cells, and the
apparent K, and V.. values were within the range
reported in other studies for rats and humans. This suggests
that these cells are useful as models to study the toxicity
and metabolism of TRI. These results report on the expres-
sion of GST isoforms in the rat kidney, and for the first
time, the metabolism of TRI by individual members of the
GST superfamily was studied. Members of the rat GSTa
class conjugated TRI with GSH with different affinities.

Furthermore, for the first time, the effect of various
inhibitors of rat GSTa members on DCVG formation by
both purified rat GSTa class members and in cytosol
isolated from rat renal PT and DT cells was studied. These
data suggest a possible explanation for differences in TRI
conjugation with GSH between rat renal PT and DT cells.
Comparison of these data with those on other key enzymes
involved in GSH-dependent bioactivation of TRI and
similar data in human kidney tissue suggests that use of
information obtained with rat kidney tissue overestimates
the risk for humans.
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