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Perchloroethylene-Induced Rat Kidney Tumors: An Investigation of the Mechanisms In-
volved and Their Relevance 10 Humans. GREEN, T., Opum, J., Nasy, J. A, AND FOSTER, J. R.
(1990). Toxicol. Appl. Pharmacol. 103, 77-89. Lifetime exposurc to perchlorocthylene by
inhalation has been shown to cause a low incidence of renal tumors in male rats. The mecha-
nisms responsible for the induction of these tumors have been investigated following exposure
of rats to perchloroethylene by oral gavage (1500 mg/kg for up to 42 days) or by inhalation (400
ppm for 28 days). Compansons have been made between rats and mloe in vivo and between
rats, mice, and humans ig vigre. prchibroatiiyleny pive
shown to be toxic to the vat kidaey, tetd B ’ & '
marked accumulation of prosein dropicts (mhmm' eri 1
perchiosoethyiene for 28 days and hence may mhe '

dose leval, Protein droplet formation was seen after exposure to 1000 ppm perchloroethylene, '

suggesting that 400 ppm is below the threshold dose required to induce this response. Perchloro-

ethylene has been shown to be metabolized by glutathione conjugation in the liver, resulting in

the formation of a mutagenic cysteine conjugate which is activated by the kidney enzyme 8- -

lyase Levels of the mercapturic acid ofperchlorocthylene have been compared in rat and mouse
B-lyas acnvanon have
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Perchloroethylene (tetrachloroethylene) is a
colorless, volatile liquid of low acute toxicity
which is used extensively as a dry cleaning
agent and industrial degreaser, Two lifetime
animal carcinogenicity studies have been re-
ported in which perchloroethylene was ad-
ministered to rats and mice by oral gavage
(NCI, 1977) and by inhalation (NTP, 1985).
Both studies reported a significant increase in
hepatocellular carcinoma in male and female
B¢C,F, mice and in the inhalational study a
low incidence of renal adenoma and adeno-

carcinoma in male F344 rats. Reduced sur-
vival of Osborne—Mendel rats during the oral
study prevented any conclusions being drawn
from that experiment. An increased inci-
dence of mononuclear cell leukemia was also
seen in F344 rats in the inhalation study.

A mechanism has been proposed for the
development of liver tumors in mice exposed
to perchloroethylene which is consistent with
the absence of liver tumors in rats (Odum et
al., 1988). Mononuclear cell leukemias occur
at very high rates in control F344 rats, mak-
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ing interpretation of this finding difficuit. The
incidence of adenomas and adenocarcino-
mas in the kidneys of male F344 rats was con-
sidered not to be statistically significant.
However, kidney adenomas are rarely seen in
F344 rats and adenocarcinomas have not
been seen in historical controls at the testing
laboratory (NTP, 1985). Thus, the low inci-
dence of kidney tumors in rats may be of toxi-
cological if not statistical significance.

Several studies have sought an explanation
for the kidney tumors seen in male rats ex-

posed to perchlosoetitylene. Mouse liver tu-

meTs arc bethedtobo:Mtofmhlm*

ethylenc-induced hepatic peroxisome prolif-
* eration, but caslier studies have-shows only
marginal increases in pevoxisomes in the rat
Aidney (Goldsworthy and Popp, 1987; Odum
et al., 1988). Male ruts given ligh doees of
perchlorocthyiene by orsl gavage bave been

ET AL,

Alithough these studies suggest several pos-

sible mechanisms for the renal cancer ob- 3%

served after inhalational exposure to perchlo- 2%
roethylene, the conclusions are drawn froma *
limited number of experiments conducted in J
male rats given high oral doses of perchloro- 4
ethylene. It is not known whether these §
mechanisms are consistent with the observed
species differences nor has the relevance of *
these mechanisms to humans been deter- |
mined. In addition the quantitative extrapo- -
lation of results from gavage studies is diffi-
cult when the most appropriate route of ex- §
posure for humans, and the one used in the
animal bioassay, is by inhalation.

In the present study the various mecha-
nisms of perchloroethylene-induced renal
cancer have been investigated in rats and
mice of both sexes. Comparisons have been
made between animals dosed by oral gavage

found o accumulate the pemicin M} :#ind exposed by inhalation, and finally, in vi-

fin in renal proximal tubular-cefis and to &-
hibit il the features of protein droplet ne-
phropathy (Green et al., 1986, Goldsworthy
et al., 1988). The strong correlation between
this epigenetic effect and male rat-specific
kidney cancer has led to suggestions that this
is the mechanism responsible (Goldsworthy
et al., 1988).

Perchloroethylene is metabolized primar-
ily by oxidation to trichloroacetic acid (Y1l-
ner, 1961; Dantel, 1963; Dekant et al., 1985).
Evidence of a second metabolic pathway for
perchloroethylene, which may be related to
the development of kidney tumors, has also
been reported (Dekant et al, 1986; Odum
and Green, 1987). The presence of a second
pathway, which is believed to be analogous to
that known for hexachlorobutadiene (Nash et
al., 1984), was suggested following the identi-
fication of N-acetyl-S(1,2,2-trichlorovinyl)-
L-cysteine in urine from rats dosed with per-
chloroethylene. The cysteine conjugate of
perchloroethylene is known to be activated
by the renal enzyme 8-lyase to a nephrotoxic
intermediate, which has also been shown to
be mutagenic in a modified Ames bacterial
mutation assay (Green and Odum, 1985).

tro techniques have been used to compare the
metabolic pathways of perchloroethylene in
rats and mice with those in humans.

METHODS

Materigls

1,1,2,2-Tetrachloroethylene (Analar grade, 99.9%)
was obtained from BDH Chemicals Lid. (Poole, Dorset,
U.K.)., Biochemicals were obtained from Sigma Chemi-
cal Co. (Poole, Dorset, U.K.).

1,1,2,2,-Tetrachiorof 1,2-'*Clethylene, specific activity
55 mCi/mmol was obtained from Imperial Chemical In-
dustries plc, Physics and Radioisotope Services (Billing-
ham, Cleveland, U.K.). The material had a chemical and
radiochemical purity of greater than 98% as determined
by radio-gas chromatography. S<(1,2,2-Trichlorovinyl)-
Lcysteine {TCVC), N-acetyl-5<1,2,2-trichlorovinyl)-L-
cysteine (NAc-TCVC), and S(-1,2,2-trichlorovinyl)glu-
tathione (TCVG) were synthesized as described by
Moore and Green (1988).

Anmmals and Dosing

Male and female Fischer 344 rats (160-190 g) and
male and female B,C;F, mice (22-25 g) were supplied by
Charles River (Margate, Kent, U.K.). The animals were
housed in temperature-controlled rooms fitted with a 12-
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hr hghting eycle. Feed (PCD diet, Special Dicts Services
Ltd.. Witham_ Essex, U.K.) and water were provided ad
lihium.

Gavage studies. A group of ten male rats each received
single doses of perchloroethylene (1500 mg/kg) in corn
oil (10 mi/kg) by gavage daily for 42 days. A control
eroup of ten male rats received corn 0l {10 mi/kg) alone.

Inhalation studies. Rats and mice of both sexes, five
animals per group, were exposed to 400 ppm perchloro-
cthylene, 6 hr/day, for 28 consecutive days. Exposures
were whole body in stainless-steel chambers (Doe and
Tinston, 1981) having an internal volume approximately
3.4 m*. The chambers were air conditioned 10 have a
nominal temperature of 22°C and a relative humidity of
40-60%. The air flow through the chambers was 300 }i-
ters/min. Atmospheres were generated by passing vapor-
ized perchioroethylene into the input air of the chamber.
Controls were exposed 10 air alone.

In a further study male rats, three per group, were ex-
posed to 10 or 100 ppm perchloroethylene for 6 hr, or to
1000 ppm 6 hr/day for 1, 5, or 10 days.

Toxicuy Studies

All of the animals were killed by overexposure to halo-
thane. In the gavage study the rats were killed 24 hr after
the final dose. During this period urine was collected.
Blood samples were collected by cardiac puncture at ter-
mination and kidneys removed for histopathological ex-
amination. Rats exposed to 400 ppm perchloroethylene
by inhalation were killed 18 hr after the end of the final 6-
hr exposure and the kidneys removed for histopathology.
Body weights were recorded during the expen'ments and
organ weights at termination.

Blood and urine samples frorn the gavage study were
analyzed for biochemical markers of both liver and kid-
ney damage, Urine samples were combined to give a
sufficiently large sample for the biochemical assays and
the subsequent metabolism studies. Plasma urea, alka-
line phosphatase (ALP), alanine aminotransferase (ALT),
and urinary glucose, protein, ALP, and N-acetyl-6-D-glu-
cosaminidase (NAG) were determined as described by
Nash e al. (1984). Urine samples were analyzed for -
2u-globulin by the method of Stonard er al. (1987).

Slices of kidney were fixed in 10% neutral buffered for-
mol saline, dehydrated through an ascending ethanol se-
nes, and embedded in paraffin wax. Sections (5 um) were
cut and stained with hematoxylin and eosin for light mi-
croscopic examination. Analysis of kidney sections for
hyaline droplet formation was performed on the hema-
toxylin/eosin-stained sections under UV light on a
Reichert Polyvar photomicroscope. Tissues were also
fixed in 3% glutaraldehyde in 0.1 M sodium phosphate
buffer, dehydrated, and embedded in epoxy resin. Sec-
tions (I um) were cut and stained with 1% toluidine blue
in 1% borax for light microscopy. Suitable areas were

then selected from the proximal tubules of the kidney
for electron microscopy. Ultrathin sections of these areas
were stained with uranyl acetate and lead citrate and
viewed and photographed in a JEOL JEM 100CX elec-
tron microscope.

Metabolism and Pharmacokinetics

Gavage studies. Radiolabeled perchloroethylene (10-
40 uCi per rat) was incorporated into the doses given on
Days 1, 17, and 42 of the gavage study. After dosing the
animals were transferred to metabolism cages for the sep-
arate collection of urine and feces for 24 hr, On Day 42 of
the experiment two rats were fitted with biliary cannulas
immediately before the final dose. Bile was collectod for
24 hr.

Inhalation studies. Urine was collected from rats and
mice on Days 1, 7, and 14 of exposure to 400 ppm per-

‘chioroethylene. The animals were placed in metabolism

cages for the 18-hr period between exposures. Rats ex-
posed to 10 or 100 ppm perchloroethylene for 6 hr and
to 1000 ppm 6 hr/day for 1, 5, or 10 days were placed in
metabolism cages at the end of the last exposure period
in each case, Urine was collected for 18 hr.

Analysis of metabolités in uririe and bile. Bile from rats
dosed with perchloroethylene by gavage was initially an-
alyzed for the presence of S{1.2,2-trichlorovinyl)glu-
tathione by thin-layer chromatography alongside an au-
thentic standard, The samples were analyzed on silica gel
GF plates with a developing solvent of .ethyl acetate:
methanol:acetic acid:water (60:15:15:10, v/v).

- Bile (6.5.ml) was also incubated with y-glutamyltrans-
peptidase (GGT, 50 units) at 37°C for 3 hr. Protein was
precipitated with ice-cold ethanol (13 ml) and removed
by centrifugation. The supernatant was concentrated un-
der reduced pressure and chromatographed on prepara-
tive thin-layer plates using the same solvent system. Au-
thentic TCVG, which had been incubated with GGT in
the same way as the bile sample, was run as a standard
on each plate. An area of each plate, 3 cm on either side
of the Ry of the hydrolyzed TCVG (0.7) was removed
and eluted with methanol (100 mi). The eluate was evap-
orated to low volume (1 ml) under reduced pressure and
an excess of an ethereal solution of diazomethane added.
When the reaction was completed the excess diazometh-
ane was removed, and 10 ml of dichloromethane added
followed by 2 ml of trifluoroacetic anhydride. The sam-
ple was allowed to stand at room temperature for 15 min,
the dichloromethane evaporated off, and the residue dis-
solved in methanol (0.1 ml). The GGT-hydrolyzed
TCVG standard was aiso eluted from the plate and deriv-
atized in the same way, The samples were analyzed by gas
chromatography-mass spectrometry using a VG 7070E
instrument fitted with a methyl silicone column (15 m
% 0.53 mm) operated at 100°C for | min followed by
10*C/min up to 200°C. The flow rate was 5 ml/min he-
lium.
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For ¢omparison with the Day 42 urine samples used
for the biochemical assays the unne samples taken at the
other time points of the gavage study were similarly com-
bined, as were the samples at cach ume point of the 400-
ppm inhalation study, Samples (2 ml) were acidified with
concentrated hydrochloric acid (0.1 mi) and extracied
with ethyl acetate (8 ml). The solvent phase was sepa-
rated, concentrated to 0.1 ml, and methylated with ethe-
real diazomethane solution as described previously. Ex-
cess diazomethane was removed and the residue dis-
solved in methanol (0.2 mi). Authentic NAc-TCVC was
derivatized in the same way. The samples were analyzed
by gas chromatography-mass spectrometry using the
equipment described above, The column was operated
from 130 to 215°C at a rate of 15°C/min after a [-min
delay. Under these conditions the methyl ester of NAc-
TCVC had a retention time of 7.5 min.

Individual urine samples from rats exposed to 10, 100,
and 1000 ppm perchloroethylene were analyzed for tri-
chloroacetic acid and NAc-TCVC by gas chromatogra-
phy and gas chromatography-mass spectrometry, re-
spectively. Both metabolites were extracted into ethyl
acetate at pH | and methylated with diazomethane as
described above. Trichloroacetic acid was determined as
described by Odum et a/ (I988) and NAc-TCVC as de-
scribed above.

In Vitro Metabolism Studies

Renal metabolism. Activity of the renal enizyme Bely-
ase with TCVC as substrate was measured in cytosolic
fractions from rat, mouse, and human kidney. Human
kidney samples were obtained immediately following
surgery from kidneys removed as a result of malignancy
or renal failure. The tissues were in each case from parts
of the kidney which were morphologically normal. Ani-
mal kidney samples were taken from animals killed by
overexposure to halothane.

Cytosol fractions were prepared by homogenizing kid-
ney samples in 4 vol of ice-cold 0.25 M sucrose/10 mm
Tris-HCl buffer, pH 7.5, with a Teflon/glass homoge-
nizer. The homogenates were centrifuged at 105,000¢ for
| hr and the supernatant (cytosol) was removed and
stored at —70°C until use. Protein was determined by the
method of Lowry et al. (1951).

B-Lyase activity was measured using a method based
on that of Stevens and Jakoby (1983). The reaction mix-
ture contained, in a final volume of 1 ml, 50 mm Na/
K phosphate buffer, pH 8.0, lactate dehydrogenase (0.1
unit), NADH (100 gMm), approximately 1 mg of protein,
and TCVC (0.2-7.0 mm). The reaction (37°C for 5 min)
was started by the addition of TCVC and was monitored
at 340 nm. Michaelis—-Menten constants K,,, and V,,, were
cobtained from Lineweaver-Burk plots of /v versus s.

Hepatic metabolism. Conjugation of perchloroethyl-
ene with glutathione was assayed in microsomal and cy-

ET AL.

tosolic fractions of livers from rats, mice, and humans,
Human liver samples were obtained from brain dead re-
nal transplant donors after compliance with ethical and
legal requirements. Animals were killed by overexposure
to halothane and the livers removed immediately.
Livers from rats and mice were homogenized with a
Teflon/glass homogenizer in sucrose (250 mm):EDTA
(5.4 mMm); Tris-HCl buffer, pH 7.5 at 4°C to give 25% (w/
v) homogenates. These were centrifuged at 9000g for 20
min, and the supernatants were transferred to fresh tubes
and centrifuged at 105,000 for a further 70 min. The
supernatants (cytosol) were stored at —70°C and the pel-

lets (microsomal fraction) were resuspended in the same
buffer and centrifuged at 105,000g for | hr. The washed

microsomal pellets were suspended in buffer and stored

—70°C. Human liver samples were homogenized in a
Waring blender and cytosol and microsomal fractions
prepared as for rats and mice.

Incubations contained, in a final volume of 3 ml, 0 1
M phosphate buffer, pH 7.4, glutathione (5 mm), gluta-
thione reductase (5 units), and either 25 mg cytosolic or
15 mg microsomal protein. The reaction was started by
the addition of ["*Clperchloroethylene (10 mm; § pCi)
and the samples were incubated for up to 2 hr at 37°C:
The ["*C]perchloroethylene used in these studies was pu-
rified immediately before use by preparative gas chroma-
tography, The reaction was stopped by the addition of
50% trichloroacetic solution (0.1 mi) and the precipitated
protein removed by centrifugation. Excess perchioroeth-
ylene was removed from the supernatant by extraction
with diethyl ether (3 X 5 ml), The aqueous residue was

then derivatized using 1-fluoro-2,4-dinitrobenzene as dé-_

scribed by Reed ef al. (1980) prior to analysis by high-
pressure liquid chromatography.

Aliquots of the derivatized supernatant (50 ul) were
analyzed using a 4.9-mm X 25-cm, {0-um Lichrosorb
NH; column eluted with a solvent gradient containing 3
M sodium acetate, pH 4.5, over 40 min. Fractions of 1
mi were collected and assayed for radioactivity by liquid
scintillation counting. TCVG and TCVC were also de-
rivatized and analyzed under the same conditions.

RESULTS

an increase in kndney/body welght ratios (1.3-
fold) and evidence of kidney damage. Sig-
nificant increases in urinary volume (+35%),
glucose (+45%), ALP (+90%), and NAG
(+57%) levels compared to controls indicated
mild proximal tubular damage. Examination
of the ludncys from these ammals at the llght
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ppleis i S2 portion |
; | tubule sThe droplets
were increased not only in number but also in
«ize and shape, larger angular droplets being
:sualized (Fig. 1). In addition to the droplets,
rabular casts were seen at the corticomedul-
lary junction, with distortion and enlarge-
ment of the tubules containing them. Focal
areas of basophilic proximal tubular regener-
ation were also apparent.

Rats and mice of both sexes were also ex-
posed to perchlorogthylene by inkalation at
dose levels of up to400 ppm for 28 days.1a
his experiment. kidney/body weight ratios
wege unchanged, nor were there any com: -
pound-eiated changes in the kidacys of e -
ther species at the light or electron micro-
scope levels. Increases in hyaline droplets
were not seen in male rat kidneys, nor could
any increase in a-2u-globulin be detected bio-
chemically in the kidneys of these animals
(data not shown). The kidneys swken from
rats exposed by mhalatmm 000 ppm-per-

anits higher than the first, corresponding to

the addition of a further methyl group, pre-
sumably at the nitrogen of cysteine. The de-
rivatized extract of GGT-hydrolyzed bile was
analyzed by GC/MS in the selective ion de-
tection mode, focusing on ions m/e 360 and
362 from the first peak and m/e 374 and 376
from the second peak. The bile extract was
found to contain all four jons in the correct
ratios with retention times identical to those
of the standard (9.5 and 10.5 min) (Fig. 2).

Urine.from both the gavage and inhalation
-studies was analyzed for the presence of N-
a.cctyl S- (1,2,2 - trichlorovinyl)-L- -Cysteine.
" Gas chromatograms of methylated urine ex-
-teacts were shown to contain a peak (7.8 min)
with-a mass spectrum identical to that of
authentic N-acetyl-S-(1,2,2-trichlorovinyl)-
L-cysteine methyl ester (Fig. 3) Quanutatmn
of the levéls of

chloroethylene for lOdnysdid show a clear

increase in hyaline droplets in the proximat
tubules. This was not accompanied by the
cast formation or cellular regeneration that
were scen after gavage dosing. .

Bile collected from male rats for the 24 hr
following the final dose of perchloroethylene
on Day 42 of the gavage study was analyzed
by thin-layer chromatography and found to
contain tadioactive material identical with
authentic 5-(1,2,2-trichlorovinyl)glutathione
(R;0.3). The identity of this metabolite was
confirmed following hydrolysis of the bile
with y-glutamyltranspeptidase in compari-
son with authentic S-(1,2,2-trichlorovinyl)-
glutathione. Hydrolysis of the standard with
GGT resulted in the formation of 5-(1,2,2-
trichlorovinyl)-L-cysteine rather than the ex-
pected S<(1,2,2-trichlorovinyl)cysteinylgly-
cine, presumably as a result of contamination
of the GGT with a peptidase which cleaved
the cysteinylglycine bond. The mass spec-
trum of the derivatized product is shown in
Fig. 2. The derivatization procedure resulted
in two peaks, the second having a mass 14

(Table 1). There wis some evidence that the
levels in mouse urine were increasing with in-
creasing duration of exposure.

The activity of cysteine conjugate f-lyase
with the cysteine conjugate of perchloroeth-
ylene as substrate was determined in kidney
cytosol fractions from mouse, rat, and hu-
mans. Kinetic constants obtained from plots
of s/v against s are shown in Table 2. The re-
action was linear with protein concentration
over the range used and had a pH optimum
of 8.0. Addition of aminooxyacetic acid (0.1
mM) to those experiments reduced activity by
50%. The K,, was lower and the V,,, higher
for the rat compared to either mouse or hu-
man kidney B-lyase. A comparison of Vi,./
K., for the three species gave similar values
for mouse and human, whereas the value for
the rat was up to 30-fold greater, with the
value for the male rat being approximately
twice that for the female (Table 2). The varia-
tion in B-lyase activity in human kidney sam-
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FIG. 1. Light micrographs taken from the kidney of a male rat given perchloroethylene, 1500 mg/kg body
wi/day for 42 days, shows (a) the cortex where proximal tubules in the S, region exhibit an accumulation of
hyaline droplets in the cytoplasm of the cells, and (b) the conticomeduilary area of the same kidney. There

is an accumulation of proteinaceous debris in the tubules in this region, which appear thin walled ducto a
compressed layer of epithelial cells and dilated due to the debris. H&E, X400.
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FG. 2. Chemical ionization (isobutane) mass spectra obtained for the N-trifluoroacety! methyl ester
derivatives of S{1,2,2-trichlorovinyl)-L-cysteine. Inset: Chromatogram of a GGT-hydrolyzed bile extract
from male rats dosed orally with perchloroethylene (1500 mg/kg) showing the presence of the N-trifluoro-
acetyl methyl ester derivative of §1,2,2-trichlorovinyl)cysteine by selective ion detection,
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FIG. 3. Electron impact niass spectrum of the methyl ester of N—acetyl-S;(l,2,2-trichlorovinyl)—L-‘cystcinc T4 rat. Tl
extracted from the urine of male rats dosed orally with perchioroethyiene (1500 mg/kg). b conj ug
‘ the ac
N ] for thi
ples was remarkably small. In {1 individuals ing threefold higher than that in microsomal substr:
the rates determined for a single substrate fractions (6.4 pmol/mm/mg protem) Thc _ the sa1
concentration ranged from 0.1 to 0.56 nmol/ dinitrc
min/mg protein. K, and V,,, values ob- ope-S-
tained for 7 of those individuals-were also re- - igher
markably close (Table 2). ' ' proten
Hepatic conjugation of perchloroethylene * mw cytoso
with glutathione in rat liver fractions was manding St SN RN oy Ac
found to occur primarily in the cytosolic frac- ‘tosolic, Based on the limit of detection of the § chloro
tion, the rate (18.2 pmol/min/mg protein) be- as$ays'used, any human rate would be at least 3 P45(_)
- acetic
tathio:
TABLE 1 4 S§41.2
i showr:
N-ACETYL-S1,2,2-TRICHLOROVINYL}-L-CYSTEINE LEVELS IN RAT AND MOUSE URINE nary I
AFTER EXPOSURE TO PERCHLOROETHYLENE
] gle ex
N-Acetyl-841,2,2-trichlorovinyl)-L-cysteine (ug/mi) ] 1000
; ethyle
Rat Mouse ! nificas
Duration lite cc
Dose (days) Male Female Male Female | showr
Inhalation exposure, 1 0.75 1.30 0 0 "_ ; thion
400 ppm, 6 hr/day v 204 0.90 0.07 0 ; but tx
14 0.55 1.04 0.20 0.15 saturs
Oral, 1500 mg/kg/day 1 23.00 — — — |
17 AL - —_ _
42 32.73 - —_— —
Note. Measurements were carried out on pooled urine samples from five animals (inhalation study) or three animals " Ear
(oral study).
? —, Not determined. perch
SL 035489
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TABLE 2

METABOLISM OF S 1.2.2-TRICHLOROVINY L -L-CYSTEINE BY KIDNEY CyTOSOLIC S-LYASE

Species” Sex K, (mMm) Vs (nMol/min/mg) Vean /Kt
“at M 0.68 +0.06 4.00+0.11 5.88
eat F 1.26 £0.21 3.64 041 2.88
Mouse M 569222 1.15 +0.31 0.20
Mouse F 443+ 142 1.66 +0.27 0.37
Human (n = 3) M 2.53+0.09 049 +0.07 0.21
Human (n = 4) F 2,67 £ 2.11

0.64 +0.54 0.24

Note. Values (ineans + SD) were calculated from plots of s/v against 5.

7 n = 4 unless otherwise stated.

un order of magnitude less than that in the
rat. The extremely low rates of glutathione
conjugation found, even in the rat, prevented
the accurate determination of K,,, and V.,
for this pathway, the data given being for a
substrate concentration of 10 mMm. Assay of
the same cytosol fractions with 1-chloro-2,4-
dinitrobenzene as a substrate for the glutathi-
one-S-transferase enzymes gave considerably
higher rates, rat cytosol (430 nmol/min/mg
protein) being similar in activity to human
cytosol.(442 nmol/min/mg protein).

A comparison of the metabolism of per-
chlorocthylene by the main cytochrome
P450 pathway, based on wurinary trichloro-
acetic acid levels, with that by the minor glu-
tathione pathway, based on urinary N-acetyl-
$-(1,2,2-trichlorovinyl}-Lcysteine levels, is
shown in Fig. 4. The data shown are the uri-
nary levels of each metabolite following sin-
gle exposures to dose levels of 10, 100, and
1000 ppm. Exposure to 1000 ppm perchloro-
ethylene for 10 consecutive days had no sig-
nificant effect on the levels of either metabo-
lite compared to a single exposure (data not
shown). It is clear from Fig. 4 that the gluta-
thione pathway is minor at low dose levels
but begins to increase significantly following
saturation of the cytochrome P450 pathway.

DISCUSSION

Early investigations of the mechanism of
perchloroethylene-induced cancer centered

around the formation and reactivity of the
epoxide believed to be formed during the oxi-
dative metabolism of this chemical (Bonse et
al, 1975; Greim er al, 1975; Henschler,
1977; Bolt et al., 1982; Bartsch et al., 1979).

- Against such a mechanism was a marked lack

of detectable genotoxicity in short-term tests,
suggesting that other nongenotoxic mecha-
nisms may be important. This was found to
be the case for the liver tumors seen in ex-

posed mice. Wmm
tion, mediatod by e mmw

100

ug/ml urine

T T Lf

L 1] L)
o 200 400 600 800 1000
Dose ppm

FiG. 4. Dose-dependent metabolism of perchloroeth-
ylene in the male rat. Rats were exposed to 10, 100, or
1000 ppm perchloroethylene for 6 hr. Urine was col-
lected for the following 18 hr and analyzed for trichloro-
acetic acid (TCA) and N-acetyl-5<(1,2,2-trichlorovinyl)-
L-cysteine (TCVC-NAc). Each point represents the mean
+ SD of three animals, The data point at 400 ppm
(TCVC-NAc)is taken from Table 1.
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pesshictoethiiene, trichloroacetic acid, pro-
videskarcExplanation both for the liver tu-
rcRsEER R nitée and the species differences
‘DetmEE S and mice (Odum e al., 1988).
From the present study it would appear that
the low incidence of male rat kidney tumors
is net related to epoxide formation or peroxi-
some proliferation (Odum et al., 1988) but to
a combination of insults including chronic
toxicity, tryaline droplet formation, and the
formation of mutagenic cysteine conjugates.

Prior to the NTP lifetime inhalation study
(NTP, 1985) previous lifetime carcinogenic-
ity studies in rats have been compromised by
poor survival within the dosed groups (NCI,
1977, Rampy ef al., 1978). In these studies
survival was reduced, in least in part, as a re-
sult of chemical-induced nephropathy which
could be distinguished from the age-related
nephropathy normally seen in F344 rats. Al-
though mortality was slight in the latest NTP
study there was evidence again of kidney
damage characterized by tubular enlarge-
ment and hyperplasia. In the present short-
term gavage studies kidney damage was ap-
parent both histologically and from changes
in plasma and urine markers of toxicity. Sus-
tained cell damage or cytotoxicity has long
been believed to either result in or promote
the development of cancer, such a mecha-
nism having been proposed for a number of
chemicals (Reitz, 1987). Consequently, the
possibility that the chronic nephropathy seen
in the perchloroethylene cancer studies is
causally related to the very low incidence of
renal tumors in male rats cannot be ignored.
At the same time the significance of this type
of effect is very difficult to quantify,

Mature male mmn hxékw doses of

whléﬁ*as bcen reported prev1ously with per-
chloroethylene (Goldsworthy et al., 1988), is
seen in male rats but not in fernale rats nor in
mice of either sex. Hyaline or protein droplet
formation was accompanied by cast forma-
tion and proximal tibutar celf repenerition

(tubular basophilia), whlch# -believed to be
part of a cycle of necresis dhd Tegéneration
that results in cancer (Bruner, 1984; Char-

bonneau et af., 1988; Trump et al., 1984: ’i‘

Strasser ef al., 1988; Kanerva et al., 1987). A =
significant number of apparently nongeno- %

toxic male rat-specific renal carcinogens have

been linked with this effect.

Hyaline droplet nephropathy, which is

consistent with the male rat specificity ob- 3

served in the perchloroethylene cancer bioas- ¥
says, was first seen in the present studies fol- S
lowing gavage dosing of perchloroethylene. B .
The same response was not seen in male rats B
exposed to perchloroethylene by inhalation 3§
‘at the dose levels used in the NTP (1985)
study, even after exposure to 400 ppm daily }
for up to 28 days. Thus, although there is a
well-established link between hyaline droplet §

nephropathy and renal cancer in male rats,

the lack of effect at the top dose level used in 3
the NTP study questions the significance of }
this phenomenon in the development of tu-
mors in that study. Hyaline droplet forma- 3%
tion is frequently seen after a single dose of 3
many of the agents that are known to cause 3
this effect (Trump et al., 1984). The present ' &
studies measuring hyaline droplet formation
in sexually mature male rats exposed to 400 §
ppm perchioroethylene were continued for ;

up to 28 days without effect. However, al-
though droplets were not seen even over this

larger time scale, the possibility that hyaline %

droplet formation is a contributory factor to
the development of renal tumors in male rats
over the lifetime of the animals cannot en-
tirely be ruled out.

The difference in response between male
rats dosed with perchloroethylene by gavage
and those dosed by inhalational exposure ap-
pears to be due to differences in the magni-
tude of the dose. Although difficult to quan-
tify exactly, 400 ppm by inhalation is a sig-

nificantly lower dose than lSOO mg/kg by §
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would a:
dose sine
later con
twon, cas
mn, WEI
The p
are belie
tion bety
olites an
to exist '
genotox:
roethyle
by a sect
ation w
gate is n
pathway
is excre!
Oduma
metabol
conjugal
shown 1
B-lyase 2
teral
1985). ¢
pathway
be a ge:
ment of
lack of r
the Ame
failure ¢
number
and actiy
In the
gate of ¢
from or
teine c«
orally ar
chloroet
suremel
conjuga
activity
Jugate, |
betweer
of these
being tl
by this
one cot




Qllcved o be

" { regeneration

. 1984; Char- §
1984; ¥

et al,

§
f

tral., 1987). A §

1tly nongeno- 1

cinogens have 3

hy, which is

specificity ob- 3
: cancer bioas-

‘nt studies fol- ¥

1loroethylene,

'n in male rats

by inhalation ¥
- NTP (1985)°
00 ppm daily &
ugh there isa
yaline droplet

in male rats,
slevel used in

ignificance of £

>pment of tu-
roplet forma-

single ‘dose of ¥

“r‘n 1o cause
e present
slet formation
posed to 400
:ontinued for
However, al-
=ven over this
v that hyaline
tory factor to
£s in male rats
Is cannot en-

retween male
:ne by gavage
i exposure ap-
mn the magni-
icult to quan-
ation is a sig-
00 mg/kg by
'm was below
: this response
droplets were
J00 ppm per-

PERCHLOROETHYLENE INDUCED KIDNEY TUMORS

e

fation, This dose level

car to approx1mate the threshold '

dose since hyaline droplets were seen but the
later consequences of hyaline droplet forma-
iton, cast formation and cellular regenera-
uon, were not developed at this dose level.
The possible mechanisms discussed so far
are believed not to involve any direct interac-
tion between perchloroethylene or its metab-
olites and DNA. A third mechanism appears
to exist which does involve the formation of
genotoxic metabolites in the kidney. Perchlo-
roethylene has been found to be metabolized
"y a second minor pathway involving conju-
gation with glutathione (Fig. 5). The conju-
gate is metabolized by the mercapturic acid
pathway and the N-acetylcysteine conjugate
is excreted in urine (Dekant et al: 1986;
Odum and Green, 1987). In addition to being
metabolized to the mercapturate, the cysteine
conjugate of perchloroethylene has also been
shown to be a substrate forthemﬁal"én_ayme
B-lyase and to be mutagenic in thé ‘Knes bac-
terial mutation assay (Green and Odum,
1985). As a result of the discovery of this
pathway it must.be assumed that there may
be a genotoxic component to the develop-
ment of tumors in the male rat kidney. The
lack of response of perchloroethylene itself in
the Ames assay is almost certainly due to a
failure of the standard assay to replicate the
number of steps involved in the formation
and activation of this conjugate in vivo (Fig. 5).
In the present study the glutathione conju-
gate of perchloroethylene was detected in bile
from orally dosed rats, and the N-acetylcys-
teine conjugate in urine from rats dosed
orally and from rats and mice exposed to per-
chioroethylene by inhalation. In vitro mea-
surement of the rates of hepatic glutathione
conjugation of perchloroethylene, and of the
activity of renal 8-lyase with the cysteine con-
Jjugate, has enabled comparisons to be made
between rats, mice, and humans. The-resuits
of these studies were consxsteﬁ“]“
being the species waognﬁble to renal mncer

i

one conjugation and renal B-lyase cleavage

wercboth higher in raf tisshies '%tu-
sues. In vivo the levels of the A
conjugate in rat urine . were ﬂgmﬁcantly
higher than those in mouse urine (Table 2).
The higher levels of N-acetylcysteine conju-
gate in urine from orally dosed rats compared
to the levels in urine from rats exposed by in-
halation are consistent with the differences in
dose and behavior of the two pathways shown
in Fig. 4. Glutathione conjugation increases
markedly at higher dose levels following satu-
ration of the cytochrome P450 pathway.

Three mechanisms have bpen: identified
which may enm

induced by Hillad & ““ephropathy or
chrodiic cylotomiony. The glutathnonc/ﬁ-lyase
mechanism alone may not be sufficient to in-
duce tumors in the rat kidney since the levels
of N-acetylcysteine conjugate in female rat
urine and the activity of B-lyase in female rat
kidney are not too dissimilar to those found
in the male. Male rat-specific protein droplet
nephropathy or increased sensitivity of the
male rat to the cytotoxic effects of perchloro-
ethylene may be essential factors in tumor de-
velopment.

to»iavc tittle relevance to human risk Asscss-
ment. Chemically induced nephropathy or
cytoxicity and hyaline droplet nephropathy
have both been shown to be threshold phe-
nomena and as such have no relevance at oc-
cupational exposure levels. Furthermore hya-
line droplet formation appears to be re-
stricted to the male rat and is generally
considered not to be relevant to humans.
Glutathione conjugation of perchloroethyl-

" ene also seems to be a high-dose phenome-

non in the rat, increasing only after the major
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FiG. 5. Proposed metabolism of perchloroethylene by the glutathione conjugation pathway.

<

cytochrome P450 pathway has become satu-
rated. Comparisons of the activity of the re-
nal B-lyase did detect a rate in humans which
was comparable to that in the mouse, but was
an order of magnitude lower than-that in the
rat. However; the in vitro studics using hu-
man liver tissues failed to detect a rate for the
conjugation of perchioracthylene with gluta-
thione, Consequently the presence of renal -
lyase in human kidney is of o toxicological
significance for perchiorpethylene since cur-
rent evidence suggesty that the liver is the
source of the substrate for this enzyme (Nash
et al., 1984). In conclusion, it would appear
that the low incidence of cancer seen in the
kidneys of male rats exposed to perchloroeth-
ylene arises from a combination of events
which are largely unique to the male rat and
appear to have little relevance to the determi-
nation of human risk from exposure to this
chemical.
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