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Non-Reversibility O?Vinyl Chloride

NS
Carcinogenesis in Rodents\y\
- Jacpisu C. BHANDARI
#gterling-Winthrop Res'éarch'fnstitut_e. Rensselaer, NewYork 12144
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A review of the dala obtained from various studies on carcinogenicity of vinyl : o, 5

chloride (VC) in rodents, particularly on the effect of dose, age, duration of
exposure and potential reversibility of lesions, revealed that vinyl chloride-
induced carcinogenicity in rodents was dose and time related; no recovery
occurred in mice even after only 1 month oi VC exposure in rals aiter 6-
mONL exposures, In addition, younger animals (2 months old] were more
s ible 16 VC-induced carcinogenicity than animais held for 6 or 12 months
prior to exposure, initial 6 or 12 month exposures were adequate to detect the
carcinogenic potential of VC.

The above information was used as a basis for discussion on design of
carcinogenicity studies. Possibility of determining the carcinogenic potential of
a compound in a shorter period than the traditional 2 year studies in rodents
was discussed in consideration with appropriate doses, species, age and expo-
sure duration. Although this approach may be applicable to a strong carcinogen,
it was not considered practicable in case of weak or unknown carcinogens.
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INTRODUCTION

The data I am going ta present today comes
from three different studies. Twa of these
studies in which I was involved, were con-
ducted at Mid-West Research Institute, (1, 2,
3) for the National Institute of Enviranmental
Health Sciences {NIEHS) and the third study
was conducted by NIEHS at Research Trian-
gle Park in North Carolina by Drew et ol. (4)
in 1983. The objective of this presentation is
not really to report the data on the carcino-
genicity of vinyl chloride, which is well pub-
lished, but the primary objective is to review
the data obtained from these studies, from
the point of view of study design. As we have
seen, from the papers presented here yester-
day and also from this morning, the current
carcinogenicity bioassay model is the con-
ventional two year studies in two species of

® Presented at the Second International Symposium of the
Society of Toxiculogy Pathologists. Session IlI: Morphologic
Considerations in Protocol Design, May §-11, 1883, Arlington,
Virginia.

This Symposium section Is continued from Volume 11,
Number 1, 1983,

rodents. Can we now think of a different
design in which we can do these same car-
cinogenicity studies to-determine the carci-
nogenic potential of the reference compound
n a shorter period, possibly-six+nonthser a

.year? Other considerations include selection
of appropriate doses, species, appropriate age,
and duration of exposure. I would hope that
we can look at these data from this point of
view and see if we can have some discussion
on these areas and how we can best utilize
this information.

Vinyl chloride is a very simple chemical
(H.C = CHCI}. It is a monomer used mainly
to make polyvinyl chloride (PVC} which is
an essential material in our daily life. Interest
in the carcinogenicity of the vinyl chloride
was raised by the reports of hepatic angio-
sarcomas in workers associated with PVC
manufacturing (5, 6). Vinyl chleride, like
many other carcinogens, is not carcinogenic
without metabolic activation. It is activated
by the cytochrome P.450 system into an
epoxide (chloroethylene oxide) which then
can alkylate the macromolecules of cells and
leads to neopiastic transformation (7).
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FiRsT STUDY initiation of VC exposure was two months.

In the first study (1, 2)eigi3=mice: and Thirty-six animals of each sex were used in
ats, ware used. The age at each of control mbO~280and 4000 parts per
million {ppm) groups. The exposura was by

:f: B MALE FEMALE inhalation, six hours per day, five days per
100 b= week. The housing was four to six mice per
£ sol- cage, and two rais per cage. They were fed
4 a0l pulverized or pelleted commercial diet at all
& times except during the exposure. Water was
& 791 available at all times. Inhalation was done in
g or cubic stainless stee} chambers with a volume
5 sar= of 3.5 m®. Vinyl chloride gas 99.8% purity was
i 4= obtained from the Matheson Products, New
- Jersey. The controls were exposed to the fil-
20~ tered air in similar chambers. The param-
U o eteésbfveae cl;linical observation, hematologér
° ’ and blood chemistry, cytogenicity, gross an
120 0 50 250 1000 0 5028 1000 microscopic pathology and other effects. For
ok the purposes of this presentation we will con-
100 centrate on clinical observations, particularly
T sol the mortality or survival and the pathology.
8 )t Four animals of each sex per group were
& m: terminated atwvebwasthroo sirreninemnd
il at the final termination at-i2+<nonths.

MALE FEMALE General Observations. In rats, clinical signs
§ sof- observed after five months ware lethargy,
¥ ot K“’ roughened hair coat, anorexia, rapid weight

s t loss, distended abdomens and death. The
2op= mortality in mice exposed to VC for 12
19 - months is shown in Fig. 1. Significant dose-
0 50 250 1000 G 50 250 1000 related mortality occurred after 6 months.
DOSE (ppm) All high dose mice died by the nintk month.
FIG. 1-—Mortality in mice (top) and in rats (bot- Many deaths occurred during 10-12 months
fom)exposed to vinyl chloride for 12 months. in the mid and low dose aroups. Only 2 male
s
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FIG. 2—Incidence of bronchiolo-alveolar adenoma in mice exposed to viny! chloride (/eft); 72 animals
per group. At center, the incidence of hemangiosarcoma in mice. Graphs at center and right depict similar
groups and treatments as in the graph at /eft. (Solid line: liver; dashed line: other organs). At right,
mammary gland tumor incidence (solid line) and lung metastasis (dashed line). (@ = 1000 ppm; A = 250
ppm; O = 50 ppm; (7 = Qppm).
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mice died in the control group which were
attributed to injuries from fighting. Females
wera.maore susceptible to the carcinogenicity
of VC. There were no significant toxic effects
other than carcinogenic effects in this study,
so, all the mortality was, in fact, related to
neoplasia.

Rats were relatively resistant to the effects
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FIG. 3—incidence of hemangiosarcoma in_all
tissues of male (left) and female (right) rats ex-
posed to vinyl chloride. The symbols indicating the
treatment groups are the same as in figure 2.
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FIG. 4—Mortality in male (top) and female
(bottom) mice exposed to vinyl chioride for 1, 3
or 6 months followed by recovery for 12 months.
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of VC. Most of the deaths in the high and mid
dose groups occurred during 8-12 months.
No mortality occurred in controls or low dose
males, Females were somewhat more suscep-
tible than males (Fig. 1).

Pathology. The primary neoplasms in-
duced by VC in mice were {ronchiolo-aiveo-
lar adenoma, hemangicsarcoma of the liver,
and mammary gland carcinoma with metas-
tases to lungs. These neoplasms occurred in
a dose and time related fashion as shown in
Fig. 2 and included bronchioclo-alveolar ade-
noma, hemangiosarcoma and mammary
gland tumor and metastases to lung.

In rats, hemangiosarcoma and hepatacel-

& MONTH 10 MONTH

100 —

FREQUENCY (Percent)

6 MONTH

LA

FREQUENCY (Percent)

et Bl 77
0 50 250 1000

¢ 50 250 000
DOSE (ppm)}

FIG. 5—Mortality in male {top) and female
(bortom) rats exposed to vinyl chloride for 1, 3, 6
and 10 months followed by recovery for 12

months. Exposures of 1 and 3 months_are not
plotted Because of no significant mortality.
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lular carcinoma with metastases to the lungs
occurred in a dose and time related fashion
(Fig. 3).

SECOND STUDY

The second (recovery) study (3) was essen-
tially the same design as the first one. The
same strains of mice and rats were used. The
exposure, all methods and parameters were
similar. Eight to 28 mice of each sex were
sxposed fore period of 15-8-and 6 months and
four to 16 watd of each sex per group were
exposed fo s. At the end
of the exposure periods, all animals were

intai in their respective rooms for a
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12«month-felow-up -ohservation (recovery)
period.

All results including clinical observations,
and pathologic findings were in line with the
first study. The incidence of mortality in mice
is summarized in Fig. 4. The incidence of
mortality and early terminations increased
with increased dose and exposure duration.
Mast of the mice exposed to VC died during
the recovery period. Notice that even those
that were just exposed for one month and
then allowed to recover, did have a dose-
related mortality. However, after 3 months
exposure the mortality increased and in those
that were exposed for 6 months, 100% mor-

100 —
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B0 e

3 Month

80— t Month

© 30 250 1000 0 %0 2% 100

DOSE (ppm)

FIG. 6-—Incidence of bronchiolo-alveolar adenomas in male (feft) and female (right) mice, exposed to
vinyl chloride for 1, 3 or 6 months and followed by 12 months of recovery period.
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FIG. 7—Hemangiosarcoma incidence in all tissues of male (/eft) and female (center) mice, exposed for
1, 3 or 6 months to vinyl chloride and followed by 12 months of recovery. The graph at right displays the
incidence of mammary gland carcinoma in female mice included in the center graph.
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tality occurred in mid and high dose mice of
both sexes and low dose femates.

Rats were relatively resfstant, however,
and dose- as well as exposure-duration-re-
lated mortality occurred during the recovery
period (Fig. 5). Afte ths of exposure,
only the high dose’rats showed significant

or owever, alter 10 months expo-
sure, dose-related mortality occurred.

Pathology. The incidence of tumors in mice
was related to the dose and duration of ex-
posure. The incidence of various tumors is

summarized in Fig. 6 and 7, including bron-
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FIG. 8—Graph indicating the incidence of he-

mangiosarcoma in tissues from male and female
rats, expased for 6 or 10 months and observed
during a 12 month recovery period.

0 L © L] 24
MONTHS

wases EXPOSURE PERIOD N=358: F-344 Rais, Hometars
e HOLDING PERIOD N=84: B6CIFI, CD-1 Swiss Mite
@® RATS AND HAMSTERS ONLY

FIG. 9—Protocol design schematic of the vinyl
chloride regimen used in the third study. Exposures
were 16 hours/day, 5 days/week; mice received 50
ppm, rats 100 ppm and hamsters 200 ppm of vinyl
chlaride.
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chiolo-alveolar adenoma hemangiosarcoma

and mammary gland carcinoma. A high in-
cidence of bronchiolo-alveolar adenoma oc-
curred in mid and high dose groups, just after T
TABLE l—Mean Survival of Female Animals DO-:“'/
Throughout the Study

Time {Days)
Exposure
proriod | Fischer-344 (;g'dda;“ B6C3F1  Swits CD1
Rats Hamsters Mice Mice
[\] 703 463 780 A74
0-6 682 3%0 3t6 340
0-12 634 ass 301 347
o-18 578 342 304 3
0-24 622 347 —_— —
0-6 682 390 E31) 340
6-12 703 468 480 472
12-18 683 456 695 21
18-24 708 499 — —
0-12 614 355 301 347
6~18 659 4355 479 443
12-14 717 424 632 472
B0 pu
asp-
Prym

3 0=6 0-12 0-18 O-34 &=18 ﬂ—ll =12 12~18 ¥M-24
MONTHE OFf vC EXPOSURE

] Q-4 O-i2 18 12-24 8-iX IH n-ga

Movﬂ'nl aFf vC EXPOSURE
FIG. 10—Histogram describing the incidence of
hemangiosarcoma in tissues from Swiss (top} and
B6C3F1 (bottom) mice after vinyl chioride expo-
sures in the third study.
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one month exposure. In rats, the primary
tumor seen was hemangiosarcoma in liver
and other tissues, which occurred in mid and
high dose groups after 10 months exposure
(Fig. 8).

THIRD STUDY

The third study (4) that was conducted at
NIEHS, Research Triangle Park, North Caro-
line, was designed to determine the effect of
age and exposure duration on cancer induc-
tion. The study design is shown in Fig 9.
Female fyfee Tateorsamsters were exposed
t0=83,400 or-200 ppm of VC, respectively, for
s 248 or 24 wonths and allowed to live
their life span thereafter, Other groups of
animals were heid-fors or«2-months and
¢hen wvxposed for 6 or 12 months.

The mean survival is shown in Table L
Mean survival was shortened with initial ex-
posure at early age or longer exposure dura-
tion. The incidence of VC induced neoplasms
in various species of rodents, age and expo-
sure duration groups is shown in Fig. 10-12.
The incidence of various neoplasms in-
creased with early initial exposure and
longer duration. In all three rodent species
an initial 12 month exposure to VC was ade-
quate to detect its carcinogenic potential.

Conclusions. The overall evaluation of
these studies indicated that vinyl chloride-
induced carcinogenicity in rodents was dose
and time related. No Tecovery occurred-in
mice aven after only i-month VC exposures
er.in rats after 6-months exposures. Yeunger
animals (2 months} were more susceptible to

P [t
]
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e 5 _8_3
3

@ Ak @12 A= it BB ricim Un
WaNTUS oF YT A1SAEE

Y KM

FIG. 11—Mammary gland carcinoma incidence
in Swiss (/eft) and B6C3F1 (right) in the third study.

ToxicorLocie PaTHoroGY

D Ot #-d Dot G=3d Bk ik d-M
weaTng of ye Lasman

FIG. 12—Time distribution of liver hemangio-
sarcoma (feft} and mammary gland carcinoma
(right) in Fischer 344 rats exposed to vinyl chloride
in the third study.

the VC-induced carcinogenicity than animals
held for 6 or 12 months prior to exposurs,
and initial 6 or 12 month exposures were
adequate to detect the carcinogenic potential
of the compound.
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Discussion OF THE PAPER

DR. DIENER: You have given us quite a
“slug” of information and also your conclu-
sions, but I wonder if you would tell us how
this relates to any possible protocols that you
would devise for a drug or chemical that, let's
say, is a weak carcinogen? ! don't quite know
what you're driving at. What are you advo-
cating?

DR. BHANDARLE Maybe I'll change the
compound and call it a hypolipidemic com-
pound (from the last presentation}, which
induces liver tumors in rodents. The only
thing that mattered was the dose. At lower
doses, it may take a year or more to produce
tumors. But if that dose was, say, ten times
the lower deose, which qualifies maximum
tolerated dose or minimum toxic dose, be-
cause animals will not die bacause of ioxicity.
At this high dose if you can produce adeno-
mas by 6 months and, hepatocellular carci-
nomas by 12 manths, why do we have to wait
for two years? Of course it is only true if we
have a positive finding. Say, if we did a
study-—we went with the high doses and we
don’t sea anything by one year. Does it mean
thet we don't need to go anymore? There we
do have a problem, and we do have to go up

VINYL CHLORIDE CARCINOGENESIS 187

to two years to express the full carcinogenic
potential of the test compound. Qn the other
hand if we did have a positive result as early
as six months or you were convinced at that
time, that there is no sense going on to two
years to prove that the compound is a carcin-
ogen, you can save the time and the re-
sources.

DR. VESSELINOVITCH: Once you know
the potency of a carcinogen, this is an impor-
tant carcinogen, but if you don’t know, how
can you guess the time and the dose?

DR. BHANDARI: True. That brings us to
my question of yesterday to Dr. Diener,
where we talked about the maximum toler-
ated dose or the minimum toxic dose. If we
can think of changing some of those criteria
for MTD, such as a dose that does not effect
the survival because of the toxicity for at
least one year. As I mentioned in my presen-
tation, the animals did not die of toxicity, but
the survival was affectad due to carcinogenic-
ity. Generally, industry-wise, we try to stay
es low as possible, because we don’t want to
have a carcinogenic compound. I'm advocat-
ing that if we're going to have a carcinogen,
why not find out earlier? Why do we have to
wait a year or two at lower dosing?
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Formation of Glutathione Conjugates by Reactive Metabolites of Vinylidene
Chloride in Microsomes and Isolated Hepatocytes®

Daniel C. Liebler,* Michael J, Meredith, and F. Peter Guengerich®
Deparimerts of Pharmacology [D. C. L] ?;me;mnlwy M. d. M., F. P. G.] ana Center in Molecular Toxicology {D. C. L., M. J. M, F. P. G.], Vanderbift Unjversiy

School of Medicine, Nashville, Tt

_ABSTRACT

, Oxidation of the vinyl halide carcinogen and hepatotoxin vi-
nylidene chloride {YDC) by microsomal cytochrome P-450 yields
2,2-dichloroacetaldehyde, 2-chloroacetyl chloride, 2-chloroacetic

. &cid, and 1,1-dichioroethylene oxide. The roles of thess metab-

olites in covalent modification of proteins and reduced giutathione
(GSH) were examined. 2-Chloroacetyl chloride reacted with
model thiols at least 10°-foid faster than tid 1,¥-dichioroethytene
oxide and at least 10°fold faster than did 2,2-dichioroacetaide-
hyde or 2-chiorcacetic acid. Microsomal covalent binding of
[“CIVDC was inhibited by GSH but not by lysine, suggesting
that protein thiols, rather than amino groups, are major targets.
Liver microsomes catalyzed the formation of three GSH:VDC
matabalite conjugates, identified as §-<(2.2-dichloro-1-hy-
droxylethylglutathiona, 2-{S-glutathionyl)ecetate, and S<{2-gluta-
thionyljacetylglutathione, a novet conjugate containing both sta-
ble (thioether) and labile (thicester) linkages. The fatter two
canjugates aiso were formed In Isolated rat hepatocytes and
measurable amounts of 2-(S-glutathionyl)acetate wers released
into tha incubation medium. Both 24{S-glutathionyl)acetate and
S42-giutathionyl)acetyighutathione wera formed with [**S]GSH
added to the hepatic medium, indicating that reactive VOC
metabolites are capable of crassing the ptasma membrane to
react with extracellular targets. Unlabeled S-(2-glutathionyi}
acetylglutathione underwent carbonyl substitution with added
[**S]GSH, suggesting that this conjugate may participate in
modification of protein thiols. This conjugate also underwent
hydrolysis with a half-life of approximately 3 hr. GSH.YDC me-
tabolite conjugates may serve ag accessible models for iable
covalent adducts formed between VDC metabolites and protein
thiofs. ’

INTRODUCTION

Vinyl halids monomers have afforded investigators an oppor-
tunity to study the consequences of procarcinogen bloactivation
using relatively simple compounds. Early studies demonstrated

“that vinyl chioride is oxidized to chloroethylene oxide by micro-
somal cytochrome P-450 (1, 2, 8), and it was inferred that
concomitant production of 2-chicroacetaidehyde was the resuit
of epoxide rearrangement {§, 11), These and other observations
contributad to the widely held assumption that epaxides are the

' This work was supported by USPHS Grants ES 02205 and ES 00287 and by
Vandarilt University Research Councit Grant 361024.

*Racpient of a Pharmaceutical Mamufacturer's Association Foundation Ad-
vanced Predoctoral Fellowship. Present address: Department of Biochamesiry and
Biophysics, Oregon State University, Corvalis. OR 97331.

¥ Burn Welloome Scholas in Toxicology (1983 to 1886). To whom
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principal products of microsomal vinyl hallde oxidation, which,
as such, occupied a position of central importance in covalent
modification of cellular macromolecules and production of mora
stable metabolites (3). Recent mechanistic studies in this jabo-
ratory have chalienged this view. Epoxides are not obiigate
intermediates in vinyl halide biotransformation but ars formed
together with carbonyl products (haloacetaldehydes and haloacyt
halidas) via partitioning of a common catalytic intermediate (12,
20).

Selectivity of individual vinyl halide metabolites for reaction
with particular celiular targets hag been observed. Studies with
vinyl chioride Indicated that chioroethylene oxide is primarily
responsible for modification of ONA in vivo and in vitra, while 2-
chioroacetakiehyde binds primarily to protein (10, 37). The mk
crosomal oxidation of VDC* yields VDC oxide, 2-chioroacetyl
chioride, 2-chioroacetic ecid, and 2.2-dichloroacataldehyda {4,
17), which may react with a variety of cellular nucleophiles. The
variable reactivity of these metabolites may be expaected to
infiuenca their target selectivity. Relatively low levels of radiolabel
are bound to DNA isolated from rats given [**C]VDC, and Reitz
ot al. (26) suggested that VDC may initlats a tumorigenic re-
sponse via interaction with cellular components other than DNA.
Alternative targets of possible importance in this epigenetic
mechanism may include celfular proteins that reguiate DNA tran-
scription, chromatin structura, or cetlular metabatic status (19).
Information concerning the disposition of VDT metaboiites would
therefore be required to establish their roles in the initlation of
carcinogenic or toxle lesions.

Several reports have suggested that cellular thiols exert 2
protective influence in VDO intoxication and serve o detoxicatd
VDC metabolites (13, 18, 27). Accordingly, depietion of hepatic
'GSH by starvation or pretreatment with diethyimaleate enhanced
VDC hepatotoxicity in rats (13, 27). Animals administered
[“CIVDC excrete radiotabel in the urine as N-acetylcarboxyms-
thyicysteine, thioglycoliic acid, thiodiglycoliic acid, and unident-
fied sulfurcontaining metabolites (18, 18). The importance of
celiular GSH a3 a detoxicating nucleaphile for VDC metabolites
implies that protein thiols may themselves be major targets fof
covalent modification. This suggestion has been verified for other
compounds which interact with GSH in a simifar manner (22, 3%
32).

Because winary adducts refiect significant renal as well &
fiepatic biotransformation, their utility as indicators of intraceliula/
metabolite disposition is limited. in this work, VDC maetabolites
were compared on the basis of relative reactivities towards
sulfhydryl compounds, relative contributions to protein cavalent
binding in vitro, and abifity to form GSH conjugates in hepat¢

“The abbravi s usad are. VDO, vinyiidene chioride ﬁ.‘i-mchbtoethymk

for reprints should be addressed, at Depariment of Biochamistry, Van‘em’bft
Univarsity School of Medicme, Naghvile, TR 37232,
Recervec May, 21, 1984; accepted September 27, 1984,
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VDG oxide, 1. 1-tichiorastitylene oxice; 3SH, reduced glutathiione: GSSG, oxidizéd
giutaihions; HPLC, hlg»-podu'mm Equid chromatography; FONB, 1-flucro-2:4
dinitrobanzens; DNP. 2,4-dinitraphenyl.
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VOC ADDUCTS

« tos and microsomal systems. The formation of extraceliular

¢ 3H conjugates was used as an index of the ability of VOC

: ~tabolites to cross hepatocyte membranes. The data indicate
1t multiple VDC metabolites participate in covalent modification
proteing and GSH.

\TERIALS AND METHODS

‘homicals. [U-"“C]VDC was synthesized from 1,1,2-trichloro-{U-"*C)

ane (Amersham, Arington Heights, IL; 10 mCi/mmol). The labeled

ing material was diluted with unlabaled 1,1 2-trichloroathane to &
| spacific activity of approximataly 0.2 mCifmmo! and treated with
1abicycio]S.4.0)undec-7-ene for 1 min at 60°. A stream of nitrogen

3 passed through the mixture to sweap VOC into a tube immarsed n

-y icetisopropy! alcohol bath. The {U-“CJVDC thus coliected was of

3% radiochemical purity as assessad by gas chromatography (Tenax,

%), [¥S]Methionine {1170 Cifmmol} and [*S}ASH (69 Cifmmol) were

1 New England Nuclear (Baston, MA).

‘DC and thiophenol were purchased from Aldrich (Miwaukee, Wi);
= was distiled before use. Chioroacetyt chloride was from Eastman
shester, NY) and was also distiled before use. GSH, 2{S-cystei-
acaetate, and glutathiona-S-trensferase ware purchasad from Sigma
Louis, MQ). This commercial glutathions-S-transferase preparation
Jmpaosed largely of isozyme B and lesser amounts of other isozymes,
sa liver slcoho! dehydrogenase was purchased from Boshringer-
nheim (Indianapolls, IN). Fetal calf serum was from Grand tsland
ogical Co. (Grand Island, NY).

Jichloroacetaldehyde and VDC oxide were synthesized as described

awhere (17). All other chemicals were of the higheat purity commaer-

-y available.

Aepatecyie and Microaomal incubations. Rat liver and human kiver

“rosomas were preparsd as described previcusly (3, 36). Rat hepa-
ytes were prepared by collagenasa perfusion (29), and viabliity was
sessed by trypan blue exciusion. Fischer's medium, suppiemented

n 5% fetal caif serum but dsficient in suifur aming aclds, was the
2dlum used for all experiments with hepatocytes.

Hepatocytes (2 ta 3 x 10* calis in 2 volume of 1 mi} were incubated
sealed 15-mi glass scintiliation vials containing Fischer's medium. VDC
13 added to tha suspension from & 1 M stock solution in acetone to &

~al concentration of 5 mum. [#*S]GSH was added to cell suspensions
~om a 0.4 m stock solution prepared immediately before use. Hepato-
tes were incubated for 3 br In Fischer’'s medium supplementad with
3.5 mm [¥*S]methionine at a specific activity of 2 Cl/mmol to label Sulhur
200ls. The ceils ware then washed twica and rasuspended In fresh
medium containing 0.8 mm uniabeted methionine. Tha specific activity of
the hepatoceflular [S]GSH produced was 88 mCi/mmol and was detar-
mined from fractions cotected from HPLC anafyses (23). After incubation
with VDC for 60 min at 37°, the cells were rapidly separated from the
medium by centrifugation at 1000 x g for 30 sec, and the medium was
removed for analysis of GSH adducts. The pellet was resuspendad in t
mi of 10% HC10. and recentrifuged. The resulting supematant contained
intracellular GSH and GSH:VDC metabolite conjugates and was analyzed
by lon-exchange HPLC.

Microsomat incubations contained 100 mm potassium phosphate, pH
77, an NADPH generating system consisting of 0.35 I giucose-5-
phosphate dehydrogenase per mi, 10 mm giucose 6-phosphate, and 0.5
mm NADP*, and microsomal protein et a final concentration of 5 to 10
mg/mi. GSH was added from & 40 mm aquecus stock solution; thig
Solution was prapared immediately before use. VDC was added froma
1 M stock solution In acetone ar methanol. Incubations were terminated
after 60 min at 37° by addition of ZnSO, to a final concentration of 1%
(w{v} or HCIQ, to a final cancentration of 3.5% (w/v) and centrifuged at
3500 rpm for 5 min. The supematants were then neutralized with KHCO,
for analysis of GSH conjugates.

Assays. Depletion of GSH during aquecus incubations with VDC

metabolites was monitored using 5,5‘-dithiobis-2,2’ -dinitrobenzoic acid
{28). VOC metabolites were added diractly to solutions containing 0.5
mm GSH in 200 mm potassium phosphate, pH 8.0, at 37°, with an initial
metabolite concentration of 50 mm. Aliquots were then removed at
various timas for assay of rasicual thiol contant. 2-Chloroacetic acid was
addsd as its sodium salt 1o minimize pH changes. Less than 5% of the
GSH was oxidized to GSSG during these incubations. Depletion of
thiophenol in CHCI, by VDC metabolites was monitorad using §,5'-
dithiobls-2,2-dinitrobanzoic acid in aqueaus acetone. Thirty umot of sach
VOC metaholita were addad to 30 umot thiophenel in 6 ml CHC!, at 25°,
Twenty-ul aliquots were then transfarred to tubes containing 1 mi of
acetons plus 200 ul of 10 mwm 5,5'-dithiobis-2,2" dinitrobenzolc acid In
85% acetone: 15% H.0. Twenty ut of tristhylamine wera added, and the
absorbance was immediately recorded versus a blank at 430 om. Sec-
ongd-order rate constants for the reaction of thiophancl with VDC metab-
olites were determined irom plots of reciprosal absorbance versus time.,

Cavalent binding of {'‘C]VDC radiolabet to microsoma! proteins was
assayed by the method of Wallin ot al. (35). incubations contained 3 mg
microsomal protein (from untreated rats) per ml and 10 mum ["“CIVDC
{0.03 »Ci) and were tor 30 min at 37°, Proteins were precipitated on 2.4-
cm glass fiber filters (Fisher G6). Following 3 washes sach with ethanol,
methanol, and acetons, the fiiters wers counted using ACS scintillation
cocktail (Amersham).

Separation and Characterization of Giutathione Conjugates of
YDC. Glutathione and cysteine conjugates were analyzed using ion-
exchange HPLC as described by Reed ot o/, (23}, Aminopropyl sitica was
prapared from 5 um Spherisorb silica (Rainin, Wobum, MA), and 0.5- x
30-<m columns were slurry packed as described previcusly (24). Super-
natants from ZnSO.- or HCIO,-quenched microgomal incubations were
neutralized with KHCO, and reated with ethanolic FDNB for 30 10 80
min befora injection. Eiution Sobvent A contained 80% methanol and
20% HzO (vjv), and Solvent B contalned 3 M sociium acetate, pH 4.5, in
£4% mathanol. The column was loadad Isocraticaily at 95% Solvent A
for 10 min, Conjugates were eluted during a 30-min inear gradient from
5 to 99% Soivent B at a flow rate of 1 mi/min. Fractions (0.5 mi) were
collected and counted using ACS scintillation cocktall, while elution of
DNP derivatives was monitored at 360 nm. For preparative and some
analytical chrematography, ammonium acetate waa substituted for so-
dium acetate in Solvent B.

Effiuent fractions containing 3 GSH conjugates {Conjugates A, B, and
C) were collectsd, and sevarat cofiections were pooied. Mathano! was
resnoved from the pooled fractions in vacuo, and the fractions were then
lyaphilized. The residus corresponding to Conjugate A was treated with
2 x HCHfor 12 hr at 25°, The solution was then extracted with 3 portions
of ether; the extracts weare concentrated undar a stream of nitrogen and
then analyzed for 2,2-dichicroacetaldehyde by gas chromatography (17).
A portion of the residue comespanding to conjugate B was dissoived in
N HCl and heated at 110° for 30 min. A second portion was dissoived in
6 N HCI and heated under nitrogan at 110° for 30 hr. Both samples wera
then neutralized with KHCO, and gently gassed with oxygen overnight
to oxidize fiberated thiols 1o disuifides. The mixtures wers then analyzed
by lon-exchange HPLC as described above. Reskius containing Conju-
gate C was hydrolyzed with 6 & HC! 2t 110° for 24 tw. The hydrolysate
was reanalyzed for 2-{S-cysteinyl)acetate by ion-exchangs HPLC.

RESULTS

Reaction of VDC Metabolites with Thiols. Thiols reacted with
major VDG metabolites at measurable rates in agueous and
nonagueous solutions (Table 1). In aqueous bufter at pH 8, GSH
reacted with 2,2.dichloroacetaldehyde and 2-chloroaretate at
moderate rates. Despite rapid hydrolysis, 2-chioroacetys loride
reacted with GSH at least 4 orders of magnitude faster . did
2-chioroacetic acid or 2 2-dichioroacetaldehyde. The rate  re-
action of GSH with 2-chloroacetyl chioride was calculatea . -ung
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Tabie 1
Aate constants for reaction of thicke with VDC metabalitas

Rocctions were Siarted by adding VOC mmm to solutions of the thicls.
Alquots were then snalyzed for residual thiol
»nd Mothods,” Inilial YOO metaboiite:ihiol molar mm wera 1:1 h the CHCY
system and 100:1 in the aquecus system. Pssudo-firsi-order rate constants for the
GSH reaction werg determned from piots of tha loganithm of absorbance versus
time. Second-orcer rate consiants for the thiophatud reaction were determined
from plots of raciprocal absorhiance varsus time.

Sy=stem
GSH:200 mm
potassium phos-
phenal:CHCY, prats,
25°% k(™' pH 8.0, 37*, Koan
Metabalite min =1} min~"}
VDC oxide 90 + 20° -~
2-Chioroacety! chioride »7 % 10 >3.8 X 108
2.2-Dichloroacetaldehyde <B 0.024 + 0.002
e-Chioroacetic acld <8 0.008 = 0.000
'Maan: S.D. msmwuummu
& . not determined

& hydrolysis rata constant of 4 s7 for the acyl chloride. This
value was estimated from earfer studies comparing the hy-
dralyses of acsty! chloride and 2-chloroacetyi chioride in aqueous
acetone (33) and from the reported hydrolysis rate constant for
acetyt chioride in water at 0® (7). The assumptions made were
than the ratios of hydrolysis rate constants of the 2 acyl chiorides
were similar in water and aqueous acetone, and that the hydrol-
ysis rate constant doubled with each 10° increase in tempera-
ture. [t aiso was assumed that the phosphate buffer would not
significantly aftect the saivolysis rate. VDC oxide was not studiad
In the aqueous system, because it can be produced only as a
dilute solution in chioroform. Addition of the raquired volume of
apoxide solution thus produced a 2-phasae mixturs unsuitable for
the experiment, and attempts to concentrate the epoxide solu-
tion were unsuccessful.

To compare the relative reactivities of VDC oxida and 2-
chioroacetyl chioride with thiols in the absence of competing
hydrolysis, the reaction of each metaholite with an equimolar
concentration of thiophenol in chioroform was studied. The acyt
chioride reacted with thiophenot at least 800-fold faster than did
the epoxide, whie neither 2 2-gichicroacetaldehyde nor 2-chio-
roacetic acld depleted the thiol at 8 measurable rate in this
systemn (Tahle 1). The stow reaction of 2-chioroacatic acid relative
to 2-chioroacety! chioride suggests that acylation, rather than
alkylation, is the major reaction between 2-chlorgacety! chioride
and the thiol. The rate constants presemed describe bimolecular
reactions, aithough pseudo-first-order conditions were selected
for the aqueous systam. High concentrations of VDC metabolites
were used in order ta achieve rates of GSH conjugation signifi-
cantly in excess of that of GSH oxidation,

Covalent Hinding of [“C]VDC Radiolabe! in Microsomaes,
Rat and human liver microsomes catalyzed covalent binding of
[“C]VDC radiolabel to microsomal proteins (Table 2). No radio-
activity was bound when NADPH was omitted from the incuba-
tion mixtures. Inclusion of 5 mm GSH in the incubation mixtures
inhibited roughly half of the binding, but 5 mu lysine inhibited the
binding anly sfightly. These resuits suggest that protein thinls,
rather than protein amino groups, are major targets for covalent
modification by VOC metabolites. Inhibition of covalent binding
by GSH was nat increased when glutathions-S-transferase (0.3
mg/mi) was added to the incubations (data not shown). Covalent

Table 2
Micrasomat covalant binding of | “CIVDG

Complete Incubaltion mixtures contanad 100 mu potassivem phosphate. pH 7.7
3 mg rat or human Sver mictosomal proten per mi, 0.35 (L) yeast ghicosa-$-
phosphate dehydcoganase per mi, 10 mu giucose G-phosphate, 0.5 mum NADR®
and 10 mu {'{CIVDC (0.03 xCH). Aat liver MICFOSOMES Were from untreatad animals
Covalent binding of [CIVOC radiolabel to mMTosoma) prolein was assayed as
described in "Materials and Methods.”

nmoi bomdﬁﬂqlﬂﬂ % of complete

System system
Compiats zz x ar 100
=NADPH 2% 9
+5 mu GSH 1221 55
+Alconhol dehydrogenase {35 mg/mi): o1 41
0.5 mm NADH :
+Alcanol dahvaroganm {0.5 mg/mi} 28x3 108
(bodnd):0.5 mum NA
+0.5 mM NADH 283 127
+5 mu lysine 1B8x1 a2
Human bver 31 11, 10°
Human fiver BO 20,227
. o Mean & S.D. from 3 individual experiments.
© Rasuits of duplicate experments.
" ] 3
L b‘ A
- -
i
! - =
|
1= i L
c ﬂ
: f \)
L s =
AN \
2 1 1 3 [ 1 |
n » ] ™ EL] a“
Time, minutes

Chart 1. lon-exchange HPLC of GSH{'CIVDC metabotita conjugatas from rat
livar microsomes [10 mg protein par mi) incubated with (“CIVDC and GSH, Sampiay
were derivatized with FONB as described in “Materials and Methods,” Anaiyses of
frashly prapared incubation progucts {7) snd products after 46 hr at pH B {2). The
identities of the 3 initial peaks in 2 e unknown.

binding of ["*CIVOC radiclabel ajso was decreased In micro-
somes supplemented with 0.3 my alcohol dehydrogenase per mi
plus 0.5 mum NADH. Substitution of heat-denatured dehydrogen-
ase retumed binding to controt levals, while addition of 0.5 mm
NADH alone increased binding by 25%. Microsomes prepared
fram 2 human liver samples catalyzed covatent binding at levels
comparable to rat microsomes,

Production ot GSH:VDC Maetabolite Conjugates in Micro-
somes. Rat liver microsomes supplemented with GSH and
[“CIVDC produced 3 GSH conjugates which were analyzed as
N-DNP derivatives using ion-exchange HPLC. NADPH and GSH
were required for formation of all 3 canjugates, Representation
chromatograms of both rat and human liver microsomal produicts
are shown in Charts 1 and 2. Three GSH:VDC metabolite con-
jugates were designated A, B, and C, in order of elution. Conju-
gate A (23 min) was presant in higher lgvels in the 2 human
samples than in the rat samples, while the refative amounts of
Conjugales B (36 min) and C (39 min} were simnilar in both rat
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art 2. lon-exchangs HPLC of GSH:[**CIVDC matebofte conjugates from
'n fiver microsomes (10 mg protain per mi) incubated with [MCIvDC and GSH.
“les were cerivatized with FONG as described in “Materials and Methods.”
.ses of incubation products from Samples 80 (1) and 31 {2) fom humaen ver
nown.

Table 3
Farmaetion of GSH:VDC metabolits conjugates by iscistsd hepatocytes
woiated rat hepatocytes were incubated at & concentration of 2 Lo 3 x 10° cells/
+ Fischer's madium containing 5 mm VOG. Alter 1 hr of incubation, cells wars
dly separated from the medium by centrifugation, and GSH:VDC matabolts
{ugates in cells and medium waere analyzed separatily 33 described in “Matarials
« Methodas.*

nmoi conjugate/10* cells/80 min
Medium:
Sonjugate Cets* Modium"* S mm GSH" w mm Gsu"
A <0.4° ~<0.4° <0.4°
8 4508 <0.3° 0. n: 39
c 125 £3.0° 15+ 1.1° .8 5.7

* Hepatocytes were preincubated with (¥Simethionine to isbel hepatocyte GSH
s descnibad in "Materiain and Methads.”

2 Uniabeted hepatocytes were incubated in madium containing § or 10 mu
MSIGSH (2.5 mCifmmol).

€ Mean (= 5.0)) of 3 individusl experiments.

9 vaiuas from a singie expartmant.

¢ Mean of dupiicate axperiments.

and human samples. Microsomes from Human Liver 80, which
produced greater lavels of covalent protein binding than micro-
somes from Human Liver 31 (Table 2), also produced more of
each GSH conjugate than microsomes from Human Liver 31,
Both the total amount of ¢onjugates formed and the relative
proportions of individual conjugates were simiar in several in-
cubations with rat liver microsomas and were unatfacted by tha
addition of 0.3 mg of purified glutathione-S-transferase per mi to
the incubation mixtures.

Production of GSH:VDC Metabolite Conjugates in [sciated
Hepatocytes. Isclated rat hepatocytes preincubated with
[**S]methionine to label celiular GSH (24) produced [*S]GSH at
a specific activity sufficiently high (8% mCifmmel) to permit de-
tection of GSH;VDC metabolite conjugates both within the cells
and in the surrounding maedium. Detectable levels of Conjugates
8 and C, but not of Conjugate A, were found in **S-prelabeled
cells {Table 3). Conjugate C, the major intracellular conjugate,
was found at levels approximately 3-fold highsr than Conjugate
B. Conjugate C also was found in the incubation medium at
approximately 10% of intraceliular levels, but Conjugates A and

B were not present in measurable amounts. The presence of
measurabi~ levels of a GSH:VDC metabolite conjugate in the
hepatocyt-- incubation medium indicates that conjugates may be
released from the hepatocyte. Alternatively, the extraceilular
conjugates may be formad ocutside the cells by VDC metabolites
which cross cell membranes 1o react with extraceliular GSH. In
order to determine if one or both of these processas occur,
uniabeled rat hepatocytes wers incubated with 5 mm VDC in
medium containing 10 mu [**S]GSH. Cells Incubated in this
manner accumulated 0.25 nmol [**S]GSH per 10° celis during
the incubations, a level which corresponds to approximately
0.6% of the total cellular GSH content and which may represant
GSH leakage into a small fraction of nonviable cells. Thus, fabeted
conjugates would be formed only by VDC metabolites which
cross the plasma membrane to react with extracellular GSH. The
major conjugate formed extraceliularty was Conjugate C (Table
3), although lesser amounts of Conjugate B were also detected.
Conjugate A was not formed outside the cails at detectable
levels. Conjugate B was formed In the medium at approximately
10% of Conjugate C levels, but the amount of each conjugate
formed increased with increasing medium GSH content (Table
3).

Chemical Characterization of GSH:VDC Metabolite Conju-
gates, Chemical characterization of GSH:VDC metabolite con-
jugates was based on chromatographic properties and chemical
degradation of the conjugates. All 3 conjugates required deriva-
tization with FDNB 1o eluta as shown in Chart 1.

Canjugate A, which was produced in microsomal preparations
but not In Isolated hepatocytes, disappearad from FDONB-treated
samples after standing 48 hr at pH 8. Conjugate A was collected
from lon-exchange HPLC and subjected to hydrolysis with 2 v
HC! at 25° for 12 hr. Gas chromatography {electron capture} {17)
of ether extracts of the hydrolysate indicated that 2.2-dichlo-
roacetaldehyde was released during hydrolysis. Further, addition
of 2,2-dichloroacetaldehyde to neutral aquecus soiutions of
GSH, followed by S-carboxymethylation of unreacted GSH with
lodoacetate and treatrment with FONB, produced (in addition to
the expected GSH and QSSG derivatives) a product with a
retention tima identical to Conjugate A. Both GSH and N-acety!-
cysteina reacted at a similar rate with 2,2-dichloroacstalidehyde,
suggesting that a thiohemiacetat rather than a Schiff base was
the reaction product. 'H nuclear magnetic resonance of the N-
acetylcysteine adduct In DO was aiso consistent with this
interpretation (5.33 5, muitiplet, 1H [Ci;CH—]: 4.42 3, triplet, 1H
[—CH(NHCOCH,)CO.H); 3.32 5, muitiplet, 1H {—CHIOH)S—]:
3.12 5, doublet, 2H [—SCH.~}; 2.03 3, singlet, 8H
[—NHCOCH;)).

Conjugate C coeluted with authentic N-DNP:2-{S-gluta-
thionyl)acetate. Acid hydrolysis of Conjugate C, prepared using
microsomes, GSH, and [ClVDC, followed by analysis of the
hydrolysate by HPLC, indicated that Conjugate C was cleaved
to 2-4{S-cysteinyl)['*Clacetata (Chart 3). The carboxymethylated
thiol is an expected VDC maetabolite and may be formed by
conjugation ot GSH with VDC oxide, 2-chloroacetyi chloride, or
2-chloroacetate, This conjugate was stable for at laast 48 hr at
pH 8.

Conjugate B, the major adduct formed In microsomal incuba-
tions, was only moderately stable at pH 8 and had disappeared
completely from derivatized samples within 48 hr. Virtually afl of
the radioactivity initially appearing as Conjugate B eluted as
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Chart 3. lon-exchangs HPLC of 2{S-cymeinyly{"'Cacetate d by scid

hydrolysis of “C-Conjugate C. “*C-Conjugats C was produted using microsomes,
GSH, and [“CIVDC and vollacied using ion-exchange HPLC, following derivatiza-
tion with FDNB, The coffected, darivabized “C-Conjugate C was subjactad to acid
hydrotysis (8 n HC!, 110°, 24 nr). and the products wars analyzed using lon-
8 HPLC. Arrows 1, 2, 3, and 4 mask the retention times of N{24-
dinitrapheny) dertvatives of cystina, 24S-cysteinyllacetate, 24{$-giutathio-
nyllacatate, and glutathions disuifide, respactively.

Conjugate C [N-DNP:2-(S-glutathionyacatate] in samples
treated with FDNB and left standing at pH 8 for 48 hr (Chart 1).
Lyophilized samples of Conjugate B coilected from ion-exchange
HPLC were subjected to acid hydrolysis and oxidative work-up
1o convert licerated thiols to disulfides. Treatment of Conjugate
B with N HC! at 110° for 1 hr produced 2-(S-glutathionyljacetate
and GSSG in a 2:1 molar ratio. Hydrolysis of a second sample
In 8 & HCI at 110° for 24 hr cleaved Conjugate B to 24S-
glutathionyl)acetate, cystine, and glutamate. Glycine was not
retained on the ion-exchange HPLC column used for these
analyses. Thesa results suggest that Conjugate B contains 2
GSH molecuies bridged by a stable (thioether) linkage and a
tabile (thioester) linkage. Such a bisgiutathionyt conjugate would
be expected to undargo both transesterification and hydrolysis
reactions. To determine if Conjugate B would transacylate ex-
ogenous thiols, uniabeled Conjugate B was generatad in micro-
sornas incubated with VOC and unlabeled GSH. After precipita-
tion of microsomal protein and neutraiization to pH 7.5 with
KHCO4:KOH, [*S)GSH was added, and the mixtue was allowed
to stand 15 min. The mixture was then derivatized with FONB
and analyzed by HPLC. Although seme radiclabeled Conjugate
C wae detected, most of the radioiabe! appearing in this region
of the chromatogram eluted as Conjugate B (Chart 4). The
appearance of radictabel in Conjugate C may be attributed to S-
carboxymethylation of [*S]GSH by chioroacetate present in the
neutralized supematant. The presence of radiolabel in Conjugate
B indicates that the [**S)GSH substituted for untabeled GSH in
the thioester. Further, when uniabeled GSH was omitted from
the original microsomal incubation, {(®SJGSH radiolabel did not
elute as Conjugate B. In a separate experiment, 3S-iabeled
Conjugate B was derivatized with FDNB, the pH was acjusted
te 7.8, and aliquots of the mixture were analyzed periodically by
HPLC. Conjugate B underwent a pseudo-first-order decay with
a half-life of approximately 3 hr (data not shown).

l b —
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Crart 8. Substitution of [¥S)GSH into uniateted Conjugate B. Uniabeisd Con-
jugste B waa grepared by incubating rat iver micresomes with VOC and uniabetey
GSH, After pracipitation of microsoma protein and neutrakzation to pH 7.5,
{®S)GSH {5 »Ci) was adced. Afwer micubation for 30 mun, the samples wers
cerivatized wath FONB and analyzed by ion-exchange HPLC as dascnbed in
“Matenials and Methods.” Arrows mark the retantion times of Canpugates B ang C.

DISCUSSION

Previous investigators assigned a central role to VOC oxide in
the formation of covalent adducts with celfular nucleophiles (12,
16, 25). The data in Table 1 show that 2-chloroacetyl chioriie
was considerably more reactive toward thiols tharn was the
epoxide or other metabolites. While the epoxide was not studied
in agqueous butfer, it is most likely that it wouid also react with
GSH. These data indicate that both the epoxide and acyl chioride
may modify thiols despite rapid hydrolysis. 2-Chloroacetic acid
and 2,2-dichloroacetaldehyde are considerably more stable in
aqueous solution, and while they react more slowly with thiols,
their stabliity may enhance their overall contribution to covalent
modification of target macromolacules in vivo,

The importance of protein thiols as major targets for covatent
modification by VOC metabclites is suggested by the data pre-
sented in Table 2. inhibition of binding by GSH and not by lysine
would suggest that protein thiols are major targets and that
protein amino groups are minor ones. The possible toxicological
significance of modifying even a smal poepulation of amino targets
cannot be discounted. The comparative chemical proparties of
thiol and amine nucleophiles may account for the predominance
of thiol adducts. Protonation of amines at physiological pH would
largely restrict the population of available nitrogen nucteophiles
to those lodged in hydrophobic regions of proteins or mem-
branes. Thesa targets may themseives be exposed to lower
concentrations of VOC metabolites. The selectivity of VDC me-
tatiolites for thiols over other nucieophiles may reflect an overall
preference of VDC metabolites for *soft” nucleophiles. Threa of
the VDC metabalites, 2-chloroacetic acid, 2-chloroacetyl chioride
{a-carbon), and VDC oxide, would most likely alkylate via en Sy2
machanism and would be expected to prafer the softer nucleo-
philes (thicia} to the somewhat harder amines.

The data in Tabis 2 support a role for 2,2-dichlorcacetaldehyde
in microsomal covalent binding. Approximately 80% of the bind-
ing was inhibited by added alcohol dehydrogenase pius NADH,
indiating that the aldehyde and not the correspondmg atcoho!
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forms adducts. These observations also suggest that cytosolic
zng mitochondnial dehlydrogenases capable of reducing or oxi-
¢zng 2.2-dichloroacetaidehyde may afford partial protection
« ~amst celiular damage due to aldehyde production.

‘he reactivity of VDC metabolites toward thiols is indicated by

- anly the influence of GSH on covalent binding but aiso the

1ty of VOC metabolites to form 3 dilferent GSH conjugates.

wious workers have shown that the hepatotoxicity and co-
ant binding of VDC are potentiated /in vivo when hepatic GSH

3lg are reduced by fasting or diethylmaleate pretreatment (13,

.. Other studies have shown that ['‘C]VDC radiolabel is ex-

ted in the urine as sulfur-containing metabolites apparently

-ived from GSH conjugates (16, 18). The urinary metabolites

Main secondary modifications due to renal biotransformation

d enterohepatic recirculation which may mask the identities of

sinitially formed products. The use of microsomes and isolated

natocytes to study the formation of GSH conjugates was
ended to minimize such secondary modifications. Conjugate
which can be synthesized by adding 2.2-dichicroacetaldehyde
neutral aqueous solutions of GSH, exhibits properties ex-
acted of S+2,2-dichloro-1-hydroxylethylglutathions, a thiochem-
zetal of the aldehyds and GSH. The assignment of a thiohem-
«cetal structure, rather than a Schiff base (with the a-amino
roup of the y-glutamyl residue of GSH) is basad on several
onsidarations. Both GSH and N-acetyicysteine (which cannot
am a Schiff base) react with 2,2-dichloroacetaldehyde at similar
ates in aqueous buffer (data not shown). 'H nuclear magnetic
-escnance of the N-acetyicysteine conjugate also supported a
thiohemiacetal structure. Mild acid hydrolysis of Conjugate A
released 2.2-dichlaroacetaldehyde. While aldehydes do not gen-
erally form stable thiohemiacetals, introduction of electron-with-~
drawing «-substituents stabilizes thiohemiacetals formed with
aldehydes and thichemiketals formed with ketones (6).

Conjugate B is identified as S+{2-glutathionyfacetylgiutathione,
a bisglutathionyl conjugate formally derived from one molecule
of 2-chloroacetyl chloride and 2 of GSH. This conjugate is
appropriately labile for & thioester and undergoes carbonyl sub-
stitution with added [*S]GSH at neutral pH (Chart 4). The
characteristic reactions of the acyl moisty of Conjugate B are
essentially the same as those for 2-chloroacetyl chioride, i.e.,
acylation and hydrolysis. However, the conjugate hydrolyzes
much more slowly than the highly reactive acyl chicride and is
thus avaiiable to a greater number of targets for a greater pariod
of time. In this case, conjugation sarves to prolong the ife of a
reactive VDC metabolite, albeit as a metabolite of somewhat
lesser reactivity. While Conjugate B formally derives from 2-
chioroacatyi chloride, attack of GSH on the mathylene carbon of
VDC oxide, followed by acylation of a second thiol by the
resulting intermediate, would also yield Conjugate B. However,
previous studies of VDT oxidation demonsirated that VDC oxide
is formed in much smaller amounts than 2-chloreacety! chlorida
(17) and lead to the conciusion that the epoxide is only a minor
contributor to the production of Canjugate B.

The identity of Conjugate C with 2-{S-glutathionyi)acetate was
almost immediately evident. This product is an expected metab-
olite and would, upon renal biotransformation, give rise to several
of the reported urinary metabalites, including 2-[S-(N-ace-
tylicysteinyljacetate, thiodiglycollic acld, dithloglycottic acig,
thioglycolic acid, and possibly N-acetylS«(2-hydroxy)-
ethylcysteine (16, 18). Conjugate C is also the most stable of

the 3 conjugates, due most likely to the stable thioether linkage
between the VDC-derived carbon and cysteine sulfur. Conjugate
C may be formed by the direct carboxymethylation of GSH by
2-chloroacetate, or by alkylation of GSH by 2-chioroacaty! chio-
ride or VDC oxide. followed by hydrolysis of the intermediate
product. Conjugata B hydrolysis also may provide a significant
source of Conjugata C.

The relative amounts ot GSH:VDC metabolite conjugates dif-
fered in microsomal and hepatocyte incubations. The production
of conjugates in the microsomal system is probably limited only
by the amounts of metabolites generated, their stabiiity, and the
concentration of GSH, In contrast to the microsomal system, the
formation of GSH:VDC metabglite confugates in isolated hepa-
tocytes is subject to additional factors present in whole cells.
Conjugate C was the major GSH conjugate found [n the hepa-
tocytes, and Conjugate B was found at approximately one-fourth
the level of Conjugate C ({Table 3). Conjugate A was not found
in the hepatocytes, an indication that 2,2-.dichloroacetaidehyde
produced in the cells is so efficiently oxidized or reduced by
cellular dehydrogenases that only negligible amounts are conju-
gated. The relative ratio of Conjugate B to Conjugate C in
hepatocytes is nearly the opposite of that seen in microsomes
(Chart 1; Table 3). The reduced levels of Conjugate B in hepa-
tocytes may be due to reduced avaliability of 2-chloroacetyi
chioride or VDC oxide. A more attractive alternative explanation
for the inversion of Conjugate B:C ratios In microsomas versus
hepatocytes is a possibla contribution of enzymatic hydrolysis of
Conjugate B in the hepatocytes, However, the ability of Conju-
gate B to serve as a substrate for hepatocyte esterases is
entirely speculatory.

Hepatocytes that were incubated with VDC released measur-
able amounts of Conjugate C but not Conjugates A or B into the
medium. The extracellular conjugate in *S-prelabeled cells may
reprosent conjugate efflux from the cells or conjugate formed
outside the cells by VDC metabolites that cross the plasma
membrane to raact with labeled GSH released into the medium.
To determine the extent to which the latter process occurred,
unlabeled cells and VOC wers incubated in medium containing
{3*C]GSH. Because hepatocytes cannot accumulate GSH from
the medium, only extraceliularly formed conjugates contain ra-
diclabel. Labeled Conjugates B and C were recovered from the
medium (Table 3), demonstrating extraceliular formation of both
conjugates. Formation of extraceliular conjugates increased with
Increasing medium GSH content. Cells that were incubated
without added GSH would release approximately 2.5 nmoi/hr/
10 cells into the medium (5). Assuming all glutathione sfflux as
GSH, the maximum amount of GSH present outside the cells
during a 1-hr incubation would be 5 to 10 uMm. In view of the fact
that the levels of extracallularly formed conjugates with 5 mum
medium [*S]GSH were approaching the limits of detection, It is
fikely that levels of extracellularly formed conjugates in %S-
prelabeled cells were substantially below detection limits. The
conjugates observed in the medium of the **S-prelabeled colils
therefore represented efflux of Conjugate C from the cells.

Extraceliular formation of Conjugate B demonstrates that 2-
chloroacetyt chioride and VDC oxide are stable enough to mi-
grate a considerable distanca through cells and perhaps within
a tissue. This phenomenon has been demonstratec previously
for metabolites of benzo(a)pyrene (30), dimethylnitrosamine (34),
vinyt chioride (10), and trichioraethylene (21). The phenomenon
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of metaboiite cell-to-cel migration has been offered as an expla-
nation for formation of DNA:viny! chioride metaboiite adducts in
hepatic nonparenchymal celis, which do not efficlently matabolize
vinyl chioride {10). Tha covalent modification of macromolecules
within target cells which do not produce VDG metabolites may
be a consequence of metabolite migration.

An integrated scheme for the major oxidative and conjugative
pathways of VDC metabolism is presented in Chart 5. The
pathways presented represent major reactions releted to cova-
lent maodification of GSH (and protein thiols). Secondary oxidative
and reductive pathways for 2,2-dichloroacetaldehyde have been
omitted as have possible reactions of VDC metabolites with
DNA, which wil be a subject of further study in this laboratory.
The data presented here argus that multiple VDC metabolites
participate in the covalent modification ol celiular proteins and
that protein thiols are major targets. Formation of GSH:VDC
metabolite conjugates offers a model for VDC metabolite-protein
thiot intaraction that presents advantages over the isolation of
amine acid adducts via protein hydrolysis. The GSH conjugates
may be isolated and quantitated rapidly, and individual conju-
gates contain characteristic metabolite:thiol inkages. Stabillity of
these conjugates may reasonably approximate the stability of
protein thiol:metabolite adducts. Interestingly, Jaeger et af. (14)
observed that hepatic ["“CJVDC covalent binding, measured as
trichloroacetic acid-insoiuble radioactivity, decayed with a haif-
life of 2 to 3 hr. This figure closety approximates the hali-iife of
Conjugate B. in contrast, hepatic covaient binding of acetami-
nophen, which apparently forms stable phenyithicether adducts
with protein thiols (32), decays with & half-life of approximately

12 hr {15). These data suggest that a significant fraction of the

covalent binding of VOC metabolites consists of labile adducts
which are subsequently lost to hydrolysis or dissoclation. The
consequences of formation of such adducts have not been
addressed, but it may be hypaothesized thal such metastable

~ adducts play a significant roie in the initiation of tumorigenic and

onic procasses.
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