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ABSTRACT:

Glutathione (GSH) conjugation of trichloroethylene (Tri) to form
S-(1,2-dichlorovinyl)glutathione (DCVG) has been implicated in the
nephrotoxicity and nephrocarcinogenicity of Tri. Marked sex- and
species-dependent differences exist, however, in the susceptibility
to Tri-induced renal toxicity, with the male rat being the most sus-
ceptible. The present study, therefore, focuses on potential differ-
ences in the initial step of the GSH pathway. Rates of DCVG formation
were measured in suspensions of isolated renal cortical cells and
isolated hepatocytes from male and female Fischer 344 rats and in
kidney and liver microsomes and cytosol from male and female Fi-
scher 344 rats and B6C3F1 mice to determine if sex- and species-
dependent differences in GSH conjugation correlate with susceptibil-
ity to renal toxicity from Tri. Rates of y-glutamyltransferase (GGT)
with y-glutamyl-p-nitroanilide and glycylglycine as substrates and
GSH S-transferase (GST) with 1-chloro-2,4-dinitrobenzene as sub-
strate were also measured in liver and kidney subcellular fractions to
provide further information on the biochemical basis of susceptibility
to Tri. Rates of DCVG formation in rat kidney cells and kidney sub-
cellular fractions were 5- to 20-fold lower than those in rat hepato-
cytes and liver subcellular fractions. Rates of DCVG formation in
kidney cells and subcellular fractions were comparable in male and

w)
Qo
female rats with the exception of male rat kidney microsomes, where §
DCVG formation was below the limit of detection, and those in liver =)
cells and subcellular fractions were >3-fold higher in male rats than Q
in female rats. Rates of DCVG formation in mouse kidney subcellular =
fractions were approximately 10-fold higher than in corresponding 3
fractions from the rat, whereas those in mouse liver subcellular frac- &
tions were 4- to 8-fold higher than in corresponding rat tissues, with &
rates in male mouse liver cytosol and microsomes being modestly:

higher than in corresponding fractions from female mice. GGT activity~6-
was barely detectable in livers, was about 20-fold higher in rat kid- S
neys than in mouse kidneys, and was slightly higher in female rat &
kidneys than in male rat kidneys. GST activity with 1-chloro-2,4-9
dinitrobenzene as substrate exhibited tissue-, sex-, and species-de-o
pendent patterns that were generally similar to those with Tri as the x>
substrate. These results suggest that the higher susceptibility toSG
Tri-induced renal toxicity of male rats as compared with female rats ﬂ
correlates with rates of DCVG formation. The high rates of DCVG é‘
formation in mice, however, indicate that other factors, possibly in- 5
cluding differences in activities of cysteine conjugate B-lyase or N- %
acetyltransferase, may also be important determinants of the suscep- S
tibility to Tri.

‘6¢ Arenuer

Tri* (also known as trichloroethene) is a major environmentaldustrial use (Davidson and Beliles, 1991). Tri produces toxicity§nd
contaminant and is an occupational concern because of its widespteawrs in several tissues, with the target organ specificity varying
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isoxazoleacetic acid; B-lyase, cysteine conjugate B-lyase; P-450, cytochrome
P-450; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; Tri, trichloro-
ethylene; GSH, glutathione; GST, glutathione S-transferase; DCVG, S-(1,2-dichlo-
rovinyl)glutathione; GGT, y-glutamyltransferase; DCVC, S(1,2-dichlorovinyl)-L-
cysteine; B-lyase, cysteine conjugate B-lyase; NAcDCVC, N-acetyl-S-(1,2-
dichlorovinyl)-L-cysteine.
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significantly among species, different strains of the same species, ar
between males and females of the same strain. Most Tri toxicity i
dependent on bioactivation, which occurs by two pathways, P-450
dependent oxidation and GSH conjugation. The nephrotoxicity anc
nephrocarcinogenicity of Tri have been attributed to formation of
reactive sulfur-containing metabolites generated by GSH conjugatio
and subsequent metabolism by GGT, dipeptidase, ang3ilyase
(Anderset al., 1988; Goeptaet al., 1995). The initial step in the
overall pathway is catalyzed by GSTs (fig. 1). This is followed by
hydrolysis reactions catalyzed by GGT and dipeptidases that cleav
the glutamyl and glycyl residues to form DCVC. DCVC can then
either undergdN-acetylation to form the mercapturate NAcDCVC or
can undergo @-elimination reaction catalyzed by tigelyase to form

a reactive thiol. This thiol rearranges to form potent acylating species
Subsequent acylation of proteins and DNA may lead to cytotoxicity
and mutagenesis (Andeesal., 1988; Goeptaet al., 1995). Although
NAcDCVC is a detoxication product, it can be deacetylated to regen
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cl cl As for the second factor, that of the relative flux of Tri through the two
Tri >=-—< + GSH pathways, a more complete quantitation of Tri metabolism is needec
H cl and a more accurate method of assessing flux through the GS
conjugation andB-lyase pathways is needed. Whereas metabolite:

GST e) generated from Tri by the P-450 pathwas.d. tri- and dichloroac-

CoO : -

H(g etate, chloral, and tnchlproethanol) are chemically staple and genel
s ally are measured easily, those generated from Tri by the GSt
conjugation and subsequegsdyase pathways are chemically unstable

0 and difficult to quantify (Andert al., 1988). Accordingly, relatively
NH small amounts of these unstable metabolites may produce a dispr
s R cooe portionately high toxic response. Many of the conclusions about the
>=< N lack of significance of Tri metabolism by GSH conjugation and

al subsequent metabolism by tigelyase, particularly in humans, have
0 been based on relative recoveries of NAcDCVC and oxidative me:
i tabolites (e.gtrichloroacetate, trichloroethanol) in urine. Ratios of
DP ® oxidative metabolites to mercapturate in urine of 100:1 to as high a

¢ NH; 3000:1 have been reported (Bernaaeal., 1996; Birneet al., 1993;
a s Davison and Beliles, 1991). Because NACDCVC represents a dgtox
DCVC >_< coc® ication product of DCVC and not the metabolite responsibleSfor
Tri-induced nephrotoxicity or nephrocarcinogenicity (see belov@, it

DCVG
Ci
H

GGT

1 . . . . . .
would seem inappropriate to imply any toxicological conclusior to

H C
NAT ( ) B-Lyase levels of its recovery without at least knowing how it correlates \ﬁjth
DA reactive metabolite formation from DCVC. 5]
al © We previously determined rates of DCVG formation from TrEjn
>=< isolated renal cortical cells and hepatocytes and liver microsom@ ar
o . ol cytosol from male F344 rats (Lasgf al., 1995). DCVG formation wé
> demonstrated to occur in rat kidney cells but at rates that were daly
DCVSH to 20% of those in rat hepatocytes. DCVG formation in both liver@nd
ﬂ kidney was time-, substrate concentration-, and cell- or protein@on
[

HyC,

HN
a S\A

>=< coo@ centration-dependent. o
u cl Nephrotoxicity The c_)b_jectives of the present stugly were to extend t_hese findirgs b

NAcDCVC Nephrocarcinogenicity determining rates of DCVG formation in kidney and liver cells fr§m

male and female F344 rats and kidney and liver microsomegpan
cytosol from male and female F344 rats and B6C3F1 mice. In auldi
tion, activities of GGT and GST with other substrates were deler-
erate DCVC. Although marked sex- and species-dependent difi@ined in kidney and liver subcellular fractions to help assess futhe
ences also exist in P-450-dependent metabolism of Tri, there isth@ importance of differences in GSH-dependent metabolism irgsus
evidence that bioactivation by P-450 plays a role in the renal effe@@sptibi”ty to Tri. By determining sex-, species-, and tissue-deper’gien
of Tri. Rather, the oxidative pathway of metabolism is responsible fgifferences in rates of DCVG formation and comparison withgthe
effects of Tri in the liver, lung, and other extrarenal tissues. known susceptibility of male and female rats and mice to Tri-indéec

The initial reaction of the GSH conjugation pathway, catalyzed Bphrotoxicity and nephrocarcinogenicity, the role of differencés in
GSTs, occurs predominantly in the liver. The DCVG that is formed ﬂﬁetabo"sm of Tri by GSTs in determining renal injury can be b%{er
rapidly secreted into bile and/or plasma (Lashal., 1995). The assessed. Collection of these metabolism data is critical for impkgve
DCVG formed in the liver eventually gets to the kidneys as DCVqent in our ability to assess the role of the GSH conjugation pat%vay
DCVC, or NAcDCVC through interorgan translocation pathwayg Tri-induced nephrotoxicity and the risk of nephrotoxicity, particu-
(Lashet al., 1988). GSTs are found in both cytosolic and microsomatly in humans. The results from the present investigation indicate
fractions. Due to the tissue distribution of membrane transport syat rates of DCVG formation in rats correlate with the greater
tems and GGT, subsequent reactions of the pathway occur withindhgceptibility of male rats to renal toxicity due to Tri. Although
kidney, thereby generating the reactive and toxic species. AlterpevG formation in mice was much faster than in rats, and althougt
tively, this pathway can occur within the kidney, removing the neefice are not as susceptible to Tri-induced renal injury, the markedly
for interorgan translocation of DCVG and its derivatives (Lashl., higher rate of GGT in rats as compared with mice could partially
1995). explain this discrepancy. Hence, differences in both rates of GSt

Controversy exists concerning the relevance for human heal8hjugation and those of subsequent steps in DCVG biotransformz
hazard assessment of certain animal data showing the kidneys fgrmay help explain the sex and species specificity of susceptibility
target organ of Tri (Bloemen and Tomenson, 1995; Hensalet., g Tri.
1995a, 1995b; Swaen, 1995). Two factors in this controversy are 1)
that kidney tumors are most frequently seen in male rats but rarely in Materials and Methods

female rats or in other animal species of either sex and 2) that qu)?\/Iaterials. Tri (reported to be 99.9% pure, as judged by electron ionization

th_rOUQh th‘_a GSH ConjUQ_aﬁon pat_hway is t_hOUth to represent Only,3ss spectrometry), collagenase type | and type IV, bovine serum albumi
minor fraction of total Tri metabolism (Davidson and Beliles, 1991} pe V), acivicin, and.-y-glutamyl+-glutamate were purchased from Sigma.

Regarding the first factor, the mechanisms for this sex and speges/G was synthesized as previously described (Elfatral., 1986). Purity
specificity are not clear but may involve differences in metabolisif=95%) was determined by HPLC analysis, and identity was confirmed by

Fic. 1. Scheme of Tri metabolism by the GSH conjugation pathway.
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proton NMR spectroscopy. All other chemicals were of the highest puritye intact cells. Isolated renal cortical cells and renal microsomes were preir
available and were obtained from commercial sources. cubated for 15 min with 0.25 mM acivicin to inhibit GGT activity before
Animals. Male and female F344 rats (150—300 g; Charles River Labongerforming incubations to measure DCVG formation. Previous studies in
tories, Wilmington, MA) and male and female B6C3F1 mice (18-27 gsolated renal cortical cells and renal plasma membrane vesicles showed th
Charles River Laboratories, Wilmington, MA) were used in these studies ahis procedure irreversibly inhibited GSH or GSHconjugate degradation by
were housed in a controlled room on a 12-hr light/dark cycle and were giveA5% (Lash, 1989; Lash and Jones, 1985). A similar preincubation of rena
commercial rat chow and wated libitum. cytosol, liver cells, or liver subcellular fractions with acivicin was not neces-
Preparation of Isolated Renal Cortical Cells from Rats.Suspensions of sary because these biological samples do not contain significant GGT activity
renal cortical cells from rats were prepared by the method of Jetredg(1979) there was no effect of acivicin pretreatment on DCVG formation in these
as modified by Lash (1989). Before surgery, animals were anesthetized withigdogical samples. Cells or subcellular fractions were then incubated with &
injections of sodium pentobarbital (0.11 mg/100 g body weight). The aorta wasl GSH and 1 or 2 mM Tri (stock solution made in acetone; final concen-
cannulated below the renal arteries with a 19-gauge steel cannula, and kidiregien <1%, v/v). The concentration of GSH was chosen because it is the
were perfusedh situ at 8 ml/min with calcium-free, EGTA-containing Hank’snormal, physiological concentration of GSH in renal and hepatic cells; the twc
buffer. After 10 min, the kidneys were then perfused in a recirculating manmencentrations of Tri were chosen to obtain measurable rates of produc
with Hank’s buffer supplemented with 4 mM CaCind collagenase type | formation and a concentration-dependent effect. In some cases, 0.5 MM T
(0.15%, w/v) at 5 ml/min for 15-18 min. All buffers were continuouslyvas also used. With isolated cells, Triton X-100 (0.1%, v/v, final concentra-
bubbled with 95% @5% CO, and were maintained at 37°C. Cells wereion) was added to solubilize the plasma membranes. After incubations fo
released into Krebs-Henseleit buffer supplemented with 25 mM Hepes (pitious lengths of time, reactions were terminated by addition of perchloric
7.4), 0.2% (w/v) bovine serum albumin, 2.5 mM Ca@ mM glucose, and 5 acid (10%, w/v, final concentration), and samples were processed for analys
mM glutamine. Cell concentration was estimated by counting on a hemacl/DCVG as described previously (Lashal., 1995) using the HPLC meth&@
tometer, and cell viability was estimated by determining the fraction of cetlescribed by Fariss and Reed (1987). g
that excluded trypan blue (0.2%, w/v) on a hemacytometer or by determiningAssay of GSH-Dependent Enzymes in Cells and Subcellular Fractioné—’.
the fraction of cells that released lactate dehydrogenase. By either method @EIT activity was measured with-y-glutamyl-p-nitroanilide as substrate a#d
viability was >85%. glycylglycine asy-glutamyl acceptor (Orlowski and Meister, 1963). Formathon
Preparation of Isolated Hepatocytes from Rats.Suspensions of hepato-of p-nitroanilide was quantified by the increase in absorbance at 410 nmé?sin
cytes from rats were prepared by the method of Mot al. (1978). Before €*'° = 8800 M™* cm™*. GST activity with 1-chloro-2,4-dinitrobenzene 3s
surgery, animals were anesthetized with ip injections of sodium pentobarksiatbstrate was measured by quantifying formation of 2,4-dinitrophen§' a
(0.11 mg/100 g body weight). Briefly, two sutures were placed around tinereases in absorbance at 365 nm (Hadtigl., 1974). 2
portal vein as far apart as possible. A third ligature was placed around the venBata Analysis. All values are means SE of measurements made on.gle
cava close to the kidneys. A 16-gauge steel cannula was inserted into the pitidated number of separate cell preparations or subcellular fractiondBon:
vein between the two sutures. The liver was perfusesitu with Hank'’s buffer  Significant differences between means for data were first assessece‘by
supplemented with 25 mM NaHCO25 mM Hepes (pH 7.4), 0.5 mM EGTA, one-way analysis of variance. When significét/alues were obtained, t@
and 0.2% (w/v) bovine serum albumin (Hank’s 1) at a flow rate of 10 ml/miRisher’s protected least significantéest was performed to determine Whlgh
for 5-7 min. All buffers were continuously bubbled with 95%/8% CO, and means were significantly different from one another, with two-tail probabi&ies
were maintained at 37°C. The liver was then perfused in a recirculating manaér05 considered significant.
with Hank’s buffer supplemented with 4 mM CaCind collagenase type IV
(0.1%, wiv) at 5 ml/min for 10—12 min. Cells were released by gentle rubbing Results

of the liver surface with a glass rod and were resuspended in Krebs-Hensele§ay and Species Dependence of GSH-Dependent Enzyme’gin

buffer, supplemented with 25 mM Hepes (pH 7.4), 0.2% (w/v) bovine seryhy anq Mouse Kidney and Liver. Before making direct measurg-

. : - . ‘and L €
albumin, and 2.5 mM Cagl Cell concentration and viabilityX90%) were o of DCVG formation in isolated cells and subcellular fract@ns
determined as above.

Isolation of Renal and Hepatic Microsomes and Cytosol from Rats and from kidney and liver _Of rats and mice of b‘?th sexes, measurer@ent
Mice. Renal and hepatic microsomes were isolated from homogenate?h{WO key enzymes involved in GSH conjugate metabolism \gere
described by Sharegt al. (1992). Before surgery, rats were anesthetized wietermined using standard spectrophotometric procedures (tacles
ip injections of sodium pentobarbital (0.11 mg/100 g body weight), and mia&d 2). 3
were killed by carbon dioxide asphyxiation. Livers or kidneys were removed, GGT is the major enzyme that catalyzes the hydrolysis ofxthe
rinsed with buffer (250 mM sucrose, 10 mM triethanolamine, 1 mM-glutamyl peptide bond of GSH and GSBtconjugates. It is Iocqﬁ
EDTA:Na&,, pH 7.6), and homogenized in 3 ml of buffer/g tissue. Homogenateged predominantly to the renal brush-border plasma membgine
were initially centrifuged at 15,0@0for 5 min. The postmitochondrial super-which is recovered with the microsomes in the subcellular fraction-
natant was the_n centrifuged for 60 min aIIIOS@ODhe resulti_ng supernatantation procedure used here (table 1). GGT is present at undetectable
gﬁfﬁ;gﬁ;@ﬁf?ﬂiﬁ Zt;)éegeiﬁ?ugegnz:\uzgg{tg ?,erzzuﬂ?r? 2?”1%; g;éevery low levels in the livers of most mammalian species (Hinchman

. res@d Ballatori, 1990), which was confirmed here. The rat has bee

produce the “washed” microsomal fraction. Microsomal pellets were res . o -
pended in buffer containing 10% (v/v) glycerol and were stored&Q2°C until reported to have the highest GGT activity of mammals, and this

used. Enzymatic activities were normalized to protein concentrations, whithding was supported by measurements in this study. Specific activit
were determined by a Coomassie blue G dye-binding assay (Read and N@##GT in both male and female rat kidney microsomal fractions was
cote, 1981) with bovine serum albumin as standard. Purity of microsomal @gproximately 20-fold higher than that in the corresponding fractions
cytosolic fractions were estimated by measurement of marker enzymesffom mice. Whereas renal GGT activity was about 40% higher in male
several subcellular compartments as described previously @teash, 1995). mouse kidney microsomes than in female mouse kidney microsome

Results indicated that cross-contamination of microsomal and cytosolic frigGyas about 20% higher in female rat kidney microsomes than in male
tions was<5%, and contamination of these two fractions with mitochondri?at kidney microsomes

lysosomes, and plasma membranes wa$so. L . ) o A i .
Assay of Tri Metabolism by GSH Conjugation Pathway in Isolated GST activity with 1-chloro-2,4-dinitrobenzene as an alternative

Cells and Subcellular Fractions.All incubations were performed in 25-mi SUPStrate to Tri was measured (table 2). Activity was found predom
polypropylene Erlenmeyer flasks on a Dubnoff metabolic shaking incubalBantly in the _CytOS_OI _Qf both “‘_’er and qulr_1ey, W'th liver Cytqsols

(60 cycles/min) at either 37°C (cells) or 30°C (subcellular fractions). Tignerally having significantly higher specific activities than kidney
lower temperature was chosen for assays with subcellular fractions bec&y$@sols. GST activity in male rat liver cytosol was 2-fold higher than
more consistent results were obtained than at the higher temperature usedimithale kidney cytosol, whereas that in female rats was similar in the

3AdSv e
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TABLE 1

GSH CONJUGATION OF TRICHLOROETHYLENE

GGT activity in cells and subcellular fractions from male and female F344 rat and B6C3F1 mouse liver and kidney

15

GGT activity was measured spectrophotometrically wjtlglutamyl-p-nitroanilide as substrate and glycylglycineyaglutamyl acceptor. Results are meahsSE of measurements from

three tissue fractionations.

Activity
Sex Species Tissue Fraction (milliunits/mg
protein)
Male Mouse Liver Homogenate ND*P
Cytosol 0.07+ 0.04
Microsomes 0.05: 0.02
Male Mouse Kidney Homogenate 102 + 16
Cytosol 1.63+ 0.85°
Microsomes 92.6+ 15.6'
Female Mouse Liver Homogenate ND
Cytosol 0.10=+ 0.06
Microsomes 0.03: 0.02
Female Mouse Kidney Homogenate 243+ 2.3
Cytosol 0.79+ 0.46°
Microsomes 69.3+ 14.0¢
Male Rat Liver Homogenate ND?
Cytosol ND
Microsomes ND
Male Rat Kidney Homogenate 323+ 4°
Cytosol ND¢
Microsomes 1570+ 100¢
Female Rat Liver Homogenate ND?
Cytosol ND
Microsomes ND
Female Rat Kidney Homogenate 386+ 34
Cytosol ND¢®
Microsomes 1840+ 40

2 Statistically significant p < 0.05) difference from kidney from same sex and species (kigseljver).
Y ND, not detectable; limit of detection was 0.02 milliunits/mg protein.
¢ Statistically significant p < 0.05) difference from corresponding tissue and fraction from female of same species/¢nfateale).

9 statistically significant p < 0.05) difference from corresponding tissue, fraction, and sex from rats (nvsus).
¢ Statistically significant p < 0.05) difference from microsomes from same sex, species, and tissue (cyosotrosomes).

GST activity with 1-chloro-2,4-dinitrobenzene as substrate in cells and subcellular fractions from male and female F344 rat and B6C3F1 mouse liver al

GST activity was measured spectrophotometrically with 1-chloro-2,4-dinitrobenzene as substrate. Results ate teafisneasurements from three tissue fractionations.

TABLE 2

Sex

Species

Tissue

Fraction

Activity (milliunits/

mg protein)
Male Mouse Liver Homogenate 0.21+ 0.02
Cytosol 0.78+ 0.28
Microsomes 0.13*+0.01
Male Mouse Kidney Homogenate 0.#30.0P°
Cytosol 0.70* 0.09*¢
Microsomes 0.08* 0.04
Female Mouse Liver Homogenate 0.£70.01
Cytosol 0.49+ 0.03
Microsomes 0.02+ 0.01
Female Mouse Kidney Homogenate 069.01
Cytosol 0.34+ 0.04
Microsomes 0.02+ 0.01
Male Rat Liver Homogenate 0.21 0.10
Cytosol 1.10+ 0.44cd
Microsomes 0.18* 0.04
Male Rat Kidney Homogenate 0.440.20
Cytosol 0.55+ 0.10*¢
Microsomes 0.10* 0.04
Female Rat Liver Homogenate 0.#70.03
Cytosol 0.28+ 0.06
Microsomes 0.04+ 0.02
Female Rat Kidney Homogenate 0.240.09
Cytosol 0.34+ 0.08
Microsomes 0.02+ 0.01

/102 ‘62 Afenuer UO SfeUINor 134S Y B 610°S |euIno [jdse puup WwoJ) papeoumod

2 Statistically significant p < 0.05) difference from microsomes from same sex, species, and tissue (oygostrosomes).
b statistically significant p < 0.05) difference from corresponding tissue, fraction, and sex from rats (nvsuss).

¢ Statistically significant p < 0.05) difference from corresponding tissue and fraction from female of same species/¢nfateale).
9 statistically significant p < 0.05) difference from kidney from same sex and species (kidiseljver).

kid

two tissues. GST activity in liver and kidney cytosol of male mice amdale mouse liver cytosol and male mouse kidney homogenates wel

male rats was 60% to more than 100% higher than that in thignificantly lower than corresponding fractions in male rats.
corresponding fractions of female mice and rats. The only significantMetabolism of Tri in Rat Kidneys. Tri undergoes GSH conjuga-

difference between GST activity in mice and rats was that activitiestion in isolated kidney cells from male rats to form DCVG. After an
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Female Rat Kidney Cells. A. Male Rat Kidney Cytosol. B. Female Rat Kidney Cytosol.
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Fic. 2. Time and concentration dependence of DCVG formation in suspensioﬁs
of isolated kidney cells from female F344 rats. O s 02
. . ) T “ I O
Isolated renal cortical cells (& 10° cells/ml) were incubated with 1) or 2 @) & olc ole ole Q
mM Tri and 5 mM GSH and 0.1% (v/v) Triton X-100 at 30°C for the indicated® olo o o o o Lo . ) ! §
times. Metabolism was measured by quantitation of DCVG formation by HPLC 0 20 40 60 0 20 40 60 o
after derivatization. Results are the meanSE of three experimenta, statistically Time (min) Time (min) %
significant difference |y < 0.05) from DCVG content in corresponding samples. ( . . .
same time, concentration of Tri, and tissue sample) in males (as compared with dat§'¢: 3. Time and concentration dependence of DCVG formation in kidnes

d
from ref. 4). cytosol (A,B) and microsomes () from male (A,C) and female (BP) F344§

rats.

apparent lag period, less than 0.5 nmol of DCVG was formed duriRgubated with 1 (O) or 2@) mM Tri in the presence of 5 mM GSH at 30°C fgf

a 60-min incubation (Laskt al, 1995). Similar rates of DCVG formation the indicated times. Metabolism was measured by quantitation of DCVG for mtior
- - ; PLC after derivatization. Results are the meanSE of three experimenta,.=.

We'je Ok_)served in f,emale rat kidney cells (fl,g' 2) although no apparent stically significant differencep(< 0.05) from DCVG content with 1 mM Tri 2

period in metabolism occurred. Hence, significantly higher amountsy@f same "time point in the same sex, species, and tissue samieatisticallyS

DCVG were formed in female rat kidney cells at the 10- and 30-min tiraignificant difference ¢ < 0.05) from DCVG content with 0.5 mM Tri at the sarje

; . ; ti point in the same sex, species, and tissue sarpkatistically significang
points due to the absence of the lag; no difference between males(ﬁgﬁence f < 0.05) from DCVG content in corresponding samples. (samea

females was observed by the 60-min time point. _ time, concentration of Tri, and tissue sample) in femadestatistically significan®
DCVG formation was next examined in renal subcellular fractiongference @ < 0.05) from DCVG content in corresponding incubations #ith

from male and female rats (fig. 3). DCVG formation in kidney cytosd@icrosomes at the same time point and concentration of Tri. e
was approximately twice as fast in male rats (fig) &s in female rats —
(fig. 3B). However, whereas rates of DCVG formation that wefged further by measurement of DCVG formation in hepatic cytésol
comparable with those in the cytosol were observed in female &&d microsomes (fig. 5). In contrast to the findings in intact he@to-
kidney microsomes (fig.3), no detectable DCVG<(0.05 nmol/mg cytes, measured DCVG formation at 15 or 30 min was significagtly,
protein) was formed in male rat kidney microsomes (fig).3Several although only slightly, higher in cytosol from female rat liver thaFin
attempts were made to ensure that DCVG formation in male egtosol from male rat liver (fig. A and Lashet al., 1995), and DCV
kidney microsomes was not inadvertently missed due to an asfyhation in microsomes from male and female rat liver was sirBilar
artifact or subsequent metabolism of the product. These attenffit 5B and Lashet al., 1995). f)
included addition of DCVG to samples to assess recovery and incluMetabolism of Tri in Mouse Kidneys. In contrast to DCVC-‘?\)O
sion of acivicin to inhibit degradation of GSH conjugates. Nonethrmation in rat kidney subcellular fractions, where maximal amognts
less, no DCVG formation was ever detected in male rat kidne§less than 1 nmol/mg protein were found (fig. 3), DCVG formafidn
microsomes. Because the total amount of microsomal protein is mircimale (fig. 6A) and female (fig. B) mouse kidney cytosol after
smaller than that of the cytosol, capacity for renal DCVG formation9-min incubations was approximately 6 and 4 nmol/mg protein,
comparable in male and female rats. respectively. Similarly, amounts of DCVG formation in both male
Metabolism of Tri in Rat Liver. DCVG formation in isolated (fig. 6C) and female (fig. 6D) mouse kidney microsomes were mark-
hepatocytes from male rats was reported previously to be 5- to 10-fetily higher than those in the rat kidney microsomes. DCVG formatior
more rapid than in isolated kidney cells from male rats (Leshl., in male mouse kidney microsomes was comparable with that in th
1995). Similarly, DCVG formation in isolated hepatocytes from fezytosol. The absence of DCVG formation in male rat kidney micro-
male rats (fig. 4) was approximately 5-fold higher than that in isolatedmes and the detection of relatively high levels of DCVG in incu-
kidney cells from female ratsc{. fig. 2) but was approximately bations with male mouse kidney microsomes suggest that there is
one-third of that in male rat hepatocytesf. (ref. 4). Amounts of difference in substrate specificity of the renal microsomal GST in the
DCVG formed in male rat hepatocytes were significantly greater thavo species. DCVG formation in female mouse kidney microsomes
those in female rat hepatocytes at all time points and with batlas approximately 2.5-fold higher than that in the male mouse kidne)
concentrations of Tri. With female rat hepatocytes, only the DCV@icrosomes, with differences at both concentrations of Tri and at al
content at 60 min was significantly higher with 2 mM Tri than with ime points being statistically significant.
mM Tri. Overall, the total capacity of GSH conjugation (liver cells ~ Metabolism of Tri in Mouse Liver. Similar to the findings of
kidney cells) was higher in male than in female rats. higher rates of DCVG formation in mouse kidney subcellulartioas
Distribution of GSH conjugation activity of Tri in liver was exam-as compared with those from the rat, DCVG formation in liver subcellular

o
Isolated renal cortical cytosol and microsomes (0.5-2 mg of protein/mli§ere
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Female Rat Hepatocytes. p A. Male Mouse Kidney Cytosol. 6 B. Female Mouse Kidney Cytosol.
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Fic. 4. Time and concentration dependence of DCVG formation in suspensiogs 5 5
of isolated hepatocytes from female F344 rats. 2
. ) ! . L 0 L L L
Isolated hepatocytes (2 10° cells/ml) were incubated with 1) or 2 (@) mM 0 0 2 40 60 2 40 60
Triand 5 mM GSH and 0.1% (v/v) Triton X-100 at 30°C for the indicated times. . . : i
Time (min) Time (min)

Metabolism was measured by quantitation of DCVG formation by HPLC after

derivatization. Results are the meansSE of three experiments, statistically
significant difference |f < 0.05) from DCVG content with 1 mM Tri at the same  cytosol (A,B) and microsomes (@) from male (A,C) and female (BD)
time point in the same sex, species, and tissue sarhplgtatistically significant B6C3F1 mice.

difference p < 0.05) from DCVG content in corresponding samples. (same Isolated renal cortical cytosol and microsomes (0.5-2 mg of protein/ml) ere

:grf]ez,‘)concentratlon of Tri, and tissue sample) in males (as compared with data flrr?gabated with 1 (O) or 2@) mM Tri in the presence of 5 mM GSH at 30°C §

the indicated times. Metabolism was measured by quantitation of DCVG forngatior
by HPLC after derivatization. Results are the meanSE of three experimenta,
B. Femaie Rat Liver Microsomes.  Statistically significant differencep(< 0.05) from DCVG content with 1 mM Tri &t-
15 the same time point in the same sex, species, and tissue samitisticallyS

Fic. 6. Time and concentration dependence of DCVG formation in kidn

woJ} fopeojumoq

5 A. Female Rat Liver Cytosol.

significant difference |y < 0.05) from DCVG content in corresponding samplies.
12 same time, concentration of Tri, and tissue sample) in femalestatisticallyn
significant difference ¢ < 0.05) from DCVG content in corresponding incubati&s
9 a a with microsomes at the same time point and concentration of Tri. ﬁ
>

metabolites of this pathway play important roles in the target oﬁar
specificity of DCVG and the other GSH-derived metabolites of iri.
Hence, although most of the DCVG formation occurs in the Iiver§he
rapid efflux of DCVG from the hepatocyte and interorgan transigca-
tion pathways deliver DCVG or one of its metaboliteée (DCVC or®
Fic. 5. Time and concentration dependence of DCVG formation in liver cytosNACDCVC) tQ the kidneys (Anderst al., 1988; La_s_hﬂ al., 1_988)':
(A) and microsomes (B) from female F344 rats. The metabolites of DCVG are generated by biliary or |ntesC al
Isolated liver cytosol and microsomes (0.5-2 mg of protein/ml) were incubat@£tabolism. DCVG, DCVC, or NAcDCVC are then tranSportedgto
with 1 (O) or 2 (@) mM Tri in the presence of 5 mM GSH at 30°C for the indicategproximal tubular cells and can undergo intracellular bioactivagpn.
times. Metabolism was measured by quantitation of DCVG formation by HPl&dditionaIIy, Tri may be conjugated with GSH within kidney ce@,

after derivatization. Results are the meanSE of three experiment, statistically leading t int le of b t t and t i
significant difference p < 0.05) from DCVG content with 1 mM Tri at the same €ading 1o an intraorgan cycleé or membraneé transport and me ak@l ISI

time point in the same sex, species, and tissue sarbplstatistically significant (ref. 4 and figs. 2, 3, and 6).
difference @ < 0.05) from DCVG content in corresponding samplés.(same  Recovery and identification of NAcDCVC as a urinary metabolite

time, concentration of Tri, and tissue sample) in males (as compared with data fi . ; ; .
ref. 4). c, statistically significant differencep(< 0.05) from DCVG content in & ¥riin rats, mice, and humans (Birneral., 1993; Commandeur and

corresponding incubations with microsomes at the same time point and concenf@meulen, 1990; Dekargt al., 1986, 1990) suggest that the kidney
tion of Tri. is the primary site for the accumulation of DCVG and the subsequen

metabolites before their excretion from the body. This is consisten
fractions from both male and female mice were 3- to 4-fold higher thauith the interorgan pattern of GSH and GSconjugate metabolism
that in corresponding liver subcellular fractions from male and femalad transport. A complicating factor in understanding the significance
rats (fig. 7). DCVG formation in male mouse liver cytosol was similar tof nephrotoxicity and nephrocarcinogenicity of Tri for humans is that
that in female mouse liver cytosol, except at 60 min and 1 mM Tri, whegex- and species-dependent differences exist in target organ specifi
DCVG formation was significantly higher in males. In contrast, DCV@y and susceptibility.
formation in male mouse liver microsomes at both concentrations of TriThe objective of the present study was to quantify hepatic and rene
and at all time points measured was significantly higher than thatniretabolism of Tri by GSH conjugation to assess whether rates of thi
corresponding samples from female mice. pathway correlate with the known sex and species specificity of
susceptibility to Tri-induced renal injury. Hence, because male rat:
are the most susceptible animal to renal injury from Tri (Davidson anc
The selective tissue distribution of the various enzymes of the GBHliles, 1991), we expected that male rats would accordingly exhibi
conjugation pathway and of the plasma membrane transporters forttieehighest rates of DCVG formation. Because a previous study o

DCVG (nmol/mg protein)

0 20 40 60
Time (min)

Time (min)
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A. Male Mouse Liver Cytosol. B. Female Mouse Liver Cytosol. TABLE 3
=57 Summary of Tri metabolism to DCVG in kidney and liver cells or subcellular
] fractions from F344 rats and B6C3F1 mice
S 20 b
= Results are means SE of measurements from three separate cell or tissue fractionation
En 15 L preparations and are for 2 mM Tri incubated with 5 mM GSH for 60 min. DCVG formation
= was measured after derivatization of acid extracts with iodoacetate and 1-fluoro-2,4
g dinitrobenzene, separation by ion exchange, gradient HPLC on an amine column using
g 10F methanol-acetate mobile phase, and detectioN-dfnitrophenyl DCVG at 365 nm.
o
> 5+ DCVG Formation (nmol/mg protein or £0
8 cells per 60 min)
0 \ " ) 0 . . .
0 20 40 60 0 20 40 60 Male Female
w C. Male Mouse Liver Microsomes. w D. Female Mouse Liver Microsomes. Rat kidney cells 0.48+ 0.02 0.65+ 0.15
~ b Rat hepatocytes 9.78 0.29*° 2.67+ 0.69
£ Rat kidney cytosol 0.45 0.22¢ 0.32+ 0.0
s wr Rat kidney microsomes NDP-© 0.61=+ 0.06
& Rat liver cytosol 7.30- 2.80*° 4.86+ 0.14
2 wr a @ Rat liver microsomes 10.3x 2.8°¢ 7.24+0.24
3 Mouse kidney cytosol 5.68 0.24 3.70=+ 0.48
g 20 - Mouse kidney microsomes 5.47 1.41° 16.7+ 4.7
£ ¢ y
o Mouse liver cytosol 24.5 2.4 21.7+0.9
5 10 Mouse liver microsomes 408 3.1° 256+ 0.8 o
Q
a
0 . . " @ Data derived from ref. 4. §
0 20 40 60 0 20 40 60 b Significantly different @ < 0.05) from DCVG formation in same species and tissue saBpIe
in females.

Time (min) Time (min)

pepe

¢ Significantly different @ < 0.05) from DCVG formation in corresponding sample in

Fic. 7. Time and concentration dependence of DCVG formation in liver cytosef same sex.

(A, B) and microsomes () from male (A,C) and female (BD) B6C3F1 4 significantly different ¢ < 0.05) from DCVG formation in microsomes from same
’ mice ! species, and tissue.

Isolated liver cytosol and microsomes (0.5-2 mg of protein/ml) were incubated
with 1 (O) or 2 (@) mM Tri in the presence of 5 mM GSH at 30°C for the indicatedf covalent adducts with protein were quantified in rat and majise

times. Metabolism was measured by quantitation of DCVG formation by HPngrd iq_lahi ;
after derivatization. Results are the meanSE of three experimenta, statistically neys. Unexpectedly, acid-labile adduct formation from Trigor

significant difference § < 0.05) from DCVG content with 1 mM Tri at the samePCVC was 2- to 12-fold higher, respectively, in mouse kidneys-‘éhis
time point in the same sex, species, and tissue sarbplgtatistically significant seemed to correlate with higher rates of Tri- or DCVC-induced=ell
difference ¢ < 0.05) from DCVG content in corresponding samplés. same projiferation in mouse kidneys as compared with rat kidneys. Hgnce
time, concentration of Tri, and tissue sample) in femdiestatistically significant . :
difference @ < 0.05) from DCVG content in corresponding incubations Witr'ihey concluded that other factors may contribute to the greater %ns
microsomes at the same time point and concentration of Tri. tivity of the rat to the induction of renal carcinogenesis by Tri.
Rates of DCVG formation reported previously (Lasthal., 1995
ours demonstrated that DCVG formation could be measured amdl in this study are severalfold lower than those reported fo®@Tr
occurred in a time- and protein concentration-dependent mannemigtabolism by oxidative pathways. For example, Miller z@hd
preparations of liver and kidney of male F344 rats, this study extend&dengerich (1983) measured oxidative metabolism of 1 mM TE' in
our previous work to determine relative pathway flux in female rassispensions of isolated hepatocytes from male Osborne-Mend@ re
and male and female mice. and found that formation of total oxidative metabolites (trichloroegna-
A summary of metabolism data from figs. 2—7 and our previoms! + trichloroacetic acid- CO,) occurred at a rate of approximat
metabolism study with tissue from male rats (Lastal., 1995) shows 0.5 nmol/min/mg protein. In contrast, rates of formation of D CG
that marked sex- and species-dependent differences in DCVG forfnam incubations of isolated hepatocytes from F344 rats with 18nM
tion occur (table 3). Amounts of DCVG formed during 60-min incufri and 5 mM GSH were approximately 0.07 and 0.02 nmol/mirﬁng
bations in liver cells of male rats were significantly higher than thopeotein in males and females, respectivety. fef. 4 and fig. 4)8
in livers of female rats. Although amounts of DCVG formed in kidnegimilarly, Nakajimaet al. (1993) reported that rates of formationf
cells and subcellular fractions were comparable in male and femetidoral hydrate, the initial oxidative metabolite generated from Tr)in
rats, the predominance of this pathway in the liver indicates thiaer microsomes from male Wistar rats were 0.62 and 1.51 nmol,
overall flux of Tri through GSH conjugation is significantly greater imin/mg protein with 0.2 and 5.9 mM Tri, respectively. They also
male rats than in female rats. This finding is consistent with tlgeantified rates of chloral hydrate formation from Tri in liver micro-
greater susceptibility of male rats to Tri-induced nephrocarcinogersemes from male B6C3F1 mice and found them to be 2- to 3-fold
ity. higher than those in rat liver microsomes (1.84 and 2.98 nmol/min/mc
Based on the known species specificity of toxicity, the expectatiprotein with 0.2 and 5.9 mM Tri, respectively). Hence, oxidative
was that rates of DCVG formation in mouse liver and kidney woutdetabolism of Tri is severalfold faster than GSH-dependent metabc
be much lower than those in the rat. However, rates of DCM&Gm of Tri, and rates of metabolism in mice for both pathways are 2-
formation were markedly higher in both male and female moute4-fold faster than in rats.
tissues than in corresponding fractions from the rat (table 3). Thes&@he measurements of GGT and GST activities with alternate sub
results are consistent with the more rapid clearance and overall ratstftes from DCVG and Tri, respectively, also showed some species
Tri metabolism in mice as compared with rats (Davidson and Belilsgx-, and tissue-dependent differences that may provide addition:
1991; Goeptaet al., 1995; Prouet al., 1985). In terms of the potentialexplanation for the species susceptibility differences. The sex- an
toxicological consequences of these differences in rates of metadmecies-dependent differences in renal GGT activity would likely play
lism, studies by Bull and colleagues (Eyeeal., 1995a, 1995b) alsoa major role in determining the amount of substrate for gHgase,
found an unexpected contrast between rats and mice regardingvthigh in turn produces the ultimate, nephrotoxic metabolite. Hence
actions of Tri or DCVC. Using radiolabeled Tri or DCVC, formatioralthough mice of both sexes produced severalfold more DCVG that
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rats, the greater susceptibility of rats to the nephrocarcinogenic effegtmandeur JINM and Vermeulen NPE (1990) IdentificatiorNedicetyl(2,2-dichlorovinyl)-
- . . andN-acetyl(1,2-dichlorovinyl)-L-cysteine as two regioisomeric mercapturic acids of trichlo-
of Tri and I_D_CVC may b_e partla_\IIy explained by the nearly 20-fo_|d roethylene in the raChem Res Toxic@:212.218.
reater activity o In rat Kianeys or both sexes. acCllVIlyavidson IWF and Beliles RP (1991) Consideration of the target organ toxicity of trichloroeth-
t tivity of GGT t kid f both GGT act
may therefore. be Iimiting in the mouse thereby aIIowing much |0weylene in terms of metabolite toxicity and pharmacokinetidaig Metab Re23:493-599.

. . . . Dekant W, Koob M and Henschler D (1990) Metabolism of trichloroethene—In vivo and in vitro
flux of Tri through theg-lyase. This explanation for the comparison eyidence for activation by glutathione conjugati@hem-Biol Interac3:89—-101.

of rats and mice would not app|y to a Comparison between male @stkhnt W, Metzler M and Henschler D (1986) Identification${1,2-dichlorovinyl)-N-acetyl-
: teine as a urinary metabolite of trichloroethylene: A possible explanation for its nephro-
f_emale rats. In the latter case, in contra;t, female rats are I_e;s suscéﬁanogenicity in male ratBiochem Pharmaccls: 24552458,
tible than male rats to Tri- or DCVG-induced nephrotoxicity angfarra AA, Jakobson I and Anders MW (1986) MechanisnSefL,2-dichlorovinyl)glutathione-
i i~ ity i i induced nephrotoxicityBiochem PharmacoB5:283-288.
ne_phrocarcmogenlcny. ngever’ G?T a_CtIVIty in female _rat kidn re RJ, Stevens DK, Parker JC and Bull RJ (1995a) Acid-labile adducts to protein can be use
microsomes was approximately 20% higher than that in male rafs indicators of the cysteir@-conjugate pathway of trichloroethene metabolignToxicol

kidney microsomes. This discrepancy is not really inconsistent wittgnviron Health46:443-464.

. T . . Eyre RJ, Stevens DK, Parker JC and Bull RJ (1995b) Renal activation of trichloroethene an
the hlgher SUSCEpthlhty of male rats, as GSH conjugate formation w. 2(1,2-dichlorovinyl)-L-cysteine and cell proliferative responses in the kidneys of F344 rats

markedly higher in males. The results on GST activity with 1-chloro-and B6C3F1 miceJ Toxicol Environ Healtht6:465-481.

_dini i H iss MW and Reed DJ (1987) High-performance liquid chromatography of thiols and disul-
2_,4 dlnltrob_enzene as substrate showed that, as Wlth_Trl as suk_)stFélfﬂ 2is: Dinitrophenyl derivativedviethods Enzymal43:101-100,
liver and kidney cytosols of both male rats and mice had high&feptar AR, Commandeur JNM, van Ommen B, van Bladeren PJ and Vermeulen NPE (199:

activities than the corresponding samples in females. Metabolism and kinetics of trichloroethylene in relation to toxicity and carcinogenicity.
| f DCVG f . ified in isol Relevance of the mercapturic acid pathw@nem Res Toxic@:3-21.
n summary, rates o ormation were quantified In Iso atqgabig WH, Pabst MJ and Jakoby WB (1974) Glutathi@@ansferases: The first enzymatic step

cells or subcellular fractions from liver or kidney from male andin mercapturic acid formatiord Biol Chem249:7130~7139. )
female E344 rats and B6C3F1 mice to determine if sex- and specr@reyhler D, Vamvakas S, Lammert M, Dekant W, Kraus B, Thomas B and Uim K (lgSa)
ni

creased incidence of renal cell tumors in a cohort of cardboard workers exposed tc

dependent patterns of Tri metabolism correlate with the known patteffichioroetheneArch Toxicol69:291-299. o

of sensitivity to renal injury. Overall rates of DCVG formation in liveenschler D, Vamvakas S, Lammert M, Dekant W, Kraus B, Thomas B and Uim K (1§95b)
. . nlﬁ’riireased incidence of renal cell tumors in a cohort of cardboard workers expo&d 1
were severalfold faster in male rats than in female rats, although renglioroethylene (Reply)arch Toxicol70:131-133. =

metabolism of Tri by this pathway was comparable in the two sexé@chman CA and Ballatori N (1990) Glutathione-degrading capacities of liver and kidgy in
: : different speciesBiochem Pharmaco40:1131-1135.

In contrast to expectapons, .rates of DCVG formation tO. form DCV%nes DP, Sundby G-B, Ormstad K and Orrenius S (1979) Use of isolated kidney cells fo%tud

were nearly 10-fold higher in male or female mouse kidney than inf drug metabolismBiochem Pharmacd?8:929-935.

o
corresponding subcellular fractions from rat kidney and were 3- 4§h LH (1989) Isolated kidney cells in the study of chemical toxicityirvitro Toxicology:g
Model Systems and MethofddcQueen CA ed) pp 231-262, The Telford Press, Caldweliﬁu.

4-fold higher in male or female mouse liver than in correspondingsy, 11 and Jones DP (1985) Uptake of the glutathione conju@dte2-dichlorovinylgluta®.
subcellular fractions from rat liver. These results suggest that sefione by renal basal-lateral membrane vesicles and isolated kidney Mells>harmacolQ

e y ; L 28:278-282. 5
dependence of SUS(?eplIblhty to Tri-induced ngphrocarC|nogen|C|tngih LH, Jones DP and Anders MW (1988) Glutathione homeostasis and glutaB}ionnju-a
the rat correlates with rates of DCVG formation (mate female).  gate toxicity in kidneyRev Biochem Toxic®:29—67. »

However, the species-dependent patterns of Tri-induced nephrocé?éP—LHv Xu'Y, Elfarra AA, Duescher RJ and Parker JC (1995) Glutathione-dependent jfetab
’ olism of trichloroethylene in isolated liver and kidney cells of rats and its role in mitochongrial

nogenicity (rat>> mouse) do not correspond to rates of DCVG ang cellular toxicity.Drug Metab Dispo23:846—853.
formation (mous@> rat). Hence, differences in the activities of othe¥iller RE and Guengerich FP (1983) Metabolism of trichloroethylene in isolated hepatcﬁtes,
enzymes, such as GGB,—Iyase, N-acetyltransferase, or deacetylase,Ts'fﬁjgrfffg;”d reconstituted enzyme systems containing cytochrome Eatfer Re_l
are likely to contribute to the species dependence of Tri-induceddeus P, Hagberg J and Orrenius S (1978) Isolation and use of liver delithods Enzym%,
H i~ 52:60-71.
nephrocarcmogemmty. Nakajima T, Wang R-S, Elovaara E, Park SS, Gelboin HV and Vainio H (1993) Cytocr%)me
P450-related differences between rats and mice in the metabolism of benzene, tolu&e a
trichloroethylene in liver microsomeB8iochem Pharmaco#5:1079-1085. n
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