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Heoauc Macromoiecular Binaing Foliowing Exposure to Vvl Chionde. WaTanaBE. P G
ZEvPEL. )] A . PECG. D. Q.. A~D GEHRING. P. J. 11978). Tox:zor, Appt Pharmacol.. 44. 571-
£79 Covalent binding of radivasivity to hepauc macromolecu.es in rats exposed to *C labeled
vinvl chlorice (VC) was studied to determine o VC inducec carcinogenesis may be related 1o
clectrophiic alkvlanon of macromoiccules i1 vivo. Male Sprazue-Dawiev rats were exposed to
I. 10. 15, 50, 100, 250. $00. 1000. or 3000 ppm of {"*CIVC for 6 hr. Foliowing exposure.
ragioacuivity covalently boung lo hepatic macromolecuies ana punfiea nuclere acias (RNA.
DNA) was deterrmined The total amount of ("Ci{VC metasowzes and hepantic glutatnione
(GSH) content were aiso determuned. The total amount ¢f radicactivits bound to macro-
moiecules 1n the liver did not increase proportionately o tn= ingrease in the exposure
concentration of VC. A disproportionate decrease in macromo.ccuiar binding was observed as
the concentration of W ncreaseqa. The covaient binding to hepatic macromolecules was reiatea
to tne amount of VC metabohzed. At exposures greater than 5 ppm. the amount of **C bound
1o macromoiecules in the hver correlates wih inducuon of henauc angiosarcoma. There was no
Jetectable binding of radiwvacuviy to either DNA or RNA notne uver, Hepate grutathione
content was sigmficantiy depressed only at exposure concentrauons greater than 100 ppm

Considerable efTort has been devoted to research on vinvl chloride (VC) since it was
demonstrated to be carcinogenic :n man and animals (Creech and Johnson. 1974
Maltoni and Lefemine. 1973). The concept of a reacuve metabolite of VC being
responsible for the carcinogenic activity (Hefner er ai. 1975: Van Duuren. 1975) 1s
supported by evidence of enhanced mutagenic acuvity of VC to bacterta in the
presence of microsomal enzyme-activaung svstems (Bartsh er al.. 1975; Malavieile er
al.. 1975: Rannug er al., 1974). Metabolites of VC have been idenufied in the urine of
rats as conjugates of cysteine (Green and Hathway, 1575; Watanabe er al., 1976a).
suggesung that YC is biotransformed to electrophilic metabolites and that the pnmary
detoxification mechamsm for these metabolites is conjugauon with hepatic glutathione
prior to excretnon. Complementary to these data was elucidauon of a dose-related
reduction of hepauic glutathione n rats exposed to 50 to 2000 ppm of VC for 7 hr
{Watanabe et al.. 1976b). It was therefore hypothesized that reactive metabolites
formed during exposure to low levels of VC (less than 50 ppm) will be readily detoxified

' This study was funded by the companies supporung the vinvl cnlonde projects being admumistered by
the Muanutactunng Chemists Association. Washington, D C.
Author to whom all correspongence snould be sent, manuseript Mo 8 600-173-77.
_<“| TSI IER WA TR AN TL L 7 TR TN
Coparight € 147% by Acadermuc Press, Ing
AL eents o egpfvmduntion snoans form ressed
Prited in Great Britain

F1S091S7H




N
~1
[

AANTANAHE #T 42

by reaction with glutathione. Howerer, as the exposure 15 increased. detoxification will
D¢ 1mpuired by the reducuon of hepaue glutatmione. Trt wiil ead to an increase n the
level of reacuve meranobtes and result inoan ncreasec reaction of these metabolites
win ntrazeiluiar macromolecules.

Chermical carcinogenests has pesn aunputed 1o e reasuon of electrophilic
metabolites win ntracellular macromolecuies (Maller anc Muiller. 1971). Recent reports
have demonstrated that hyver micrcsomal enzymes 1 riro 10r= reactve metabolites
from VC wnich bind 1o the microsomes (Kappus < af. 1v ™21 protain sulthydryl
groups. RNA (Bolter a/.. 1973). ana adenosine of DN A (Barbin eral, 1975),

In addwion 1o reduced hepatic giutathione leading (o an incrzase in the binding of
reactive metabolites of VC with macromolecutes, such an erfect may also be associated
with other dose-dependent alteratons 1o tne ate o7 VC in ine boay. The dose
dependence of the fate of VC has bezn elucidated hinetcally ana auributed to saturable
metaoolic pathwavs {(Hefner er al.. i%75: Green and Hathway. 1375 Watanabe er al.,
1976a.c.

/n vivo studies are needed to cetermune wnether cose-degencent disproportionate
increases in the macromolecular binging of reacuve metaooltes of VC with increasing
exposure concentration may be associated wuh tovicity and carcinogenicity, Thus, the
objective of this study was 1o characterize the pincing of VC 10 hepatic macromolecules
and nucleic acids foliowing exposure 1o various congentranons of *C-labeled VC.

METHODS

Materiais. "*C-labeled VC was synthesized from (1.2-7*C!1.0-dichloroethane (New
Engiand Nuclear, Lot Nos. 819-221 and 819-292, 30 ang 4.8 mCi/mmol.
respectively) immediately prior to use (Wagner and Muelder. 1973 Each new batch of
1.2-"Cidichloroethane was analyzed and yieided |"*C)VC with a radiochemical purity
of 93, The synthesized | *CIVC has peen shown repeatediy 1 our laboratory to be 95
10 96% radiochemucally pure (Wagner er al., 1973). Thus. wniie each synthesis of
{“CIVC prior to each experiment was not analyzed. it was assumed to be of the same
purity, Furthermore. no ndication during a svntnesis which utlizes a gas
chromatographic separation suggested that any deviation from previous svntheses had
occurred. Nonlabelea VC (Matheson Gas Products) of 99.9% mimimum purity was
mixed with the {"*Clmaterial to obtain the desired specinc acuvity, Typically 40 mi of
the [CIVC-helium gas mixture was injected into a 3 to 10-liter Saran bag (Anspec.
Inc.) containing the desired quantity of nonlabeled VC.

Animals. Male Sprague~Dawley rats (Spartan Research Laboratory) weighing 220
10 250 g were used throughout the studv. All animals were housea 1n rooms in which a
constant huridny. temperature. and a 12-hr hight—dark cvele (7 aM=7 pM, EST) were
maintained. Food and water were provided ad libitum except duning exposure. Groups
Ji rats (three to sia animals per group) were exposed to [ *CIVC (treated) or room air
{controls) for 6 hr between 9:00 an and 4:00 pv (EST). An addiuional group of five rats
oretreateg witn pnenooarbital (80 mgskg/day, 1p. 3 davs prior 10 exposure) were
exposed at the 100-ppm jevel.

Exposure. Exposures were conducted in 3Q-liter glass inhalation chambers, “C-
labeled VC was metered into the chamber air dow (~6 hters/min) with a dual syringe
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nump. The analvtical concentration of VC was monitored conunuously by recirculanng
a fracuon of the chamber atmosphere through an infrarec spectrophotometer (Wilks) at
a waveiength 10.6 um. [n addituon. sampies (1 ml) of the ¢cnamber atmosphere were
analy ze¢ at approximately hourly intervals during the exposure oy gas chromatograpny
{Watanaoe ef ai.. 1976c). At corresponding imes. tne *C actinvity was determmned by
bubbitnz 1-mt aliquots of the chamber atmosphere nto a scinullation solunion
contaiming a mixture of Concifluor {Mallinexroat Chernicall, 2-methoxvethanol. toluene
(6:11:33). The radioacuvity was determined by counung in a Mark 1l or Mark il
liquia seinullation spectrometer (Searle Anaivuc. Inc.).

The :arget concentrations of VC were [. 10. 25, 20, 160, 250. 500. 1000, and 3000
ppm. The respecuve mean analytical concentrations measured by gas chromatography
were 1.4 = 0.3(SD). 9.3 -02,247+ 14,51 =2,109=23,280+3,511 =~ 11,1020
= 13, z=d 4600 = 311. The respecuve specific activiies were 132.000, 4801, 3170.
2528, 780. 837, 217, 301, and 50 dpm/ug of VC. The mhalation chamber was
coeratec n a laboratory fume hood to prevent contarunation of the working
environment. After transit through the inhaiation chamoer the [*C)VC was adsorbed
on acusvated charcoal. The charcoal traps were disposed of as radioacuve waste
agcora:ng 1o standard regu.ations.

Procequre. Foilowing the 6-hr exoosure to various concentrations of |*CJVC (1~
5000 ppm). the rats were killed immediately oy a blow to the head. An aliquot of liver
was sampled and used for deterruning hepatic nonproten sulthvdryl content by a
modificaunon of the method of Sedlak and Lindsay (1968). The remaining liver was
frozen immediately on dry 1ce and stored at -20°C unul analvzed. The carcass was
analyzez for total radioactuivity as descrived previousiy {Watanabe er al., 1976a).
Previous studies have shown that only a small percentage of radioacuvity (<12%) is
gxcretec as metaboinnes other than {MCIVC dunng 72 hr following a 6-hr inhalauon
exposure tWatanabe er al., 1976¢). The large proportion of the 12% is comprised of
HCO, excreuon 72 hr after exposure, Furthermore. very little unne 1s excreted during
the exposure period. Thus, the nonvolatiie radicacuvity determined in the ussue
immeciately after exposure is a good esumate of the total amount of metabolized VC.
Macromolecular binding of "*C-jabeled VC 10 hepauc tissue (protemn, nucieic acids. and
lipid) was determined by the method of Jollow er al. (1973). The trichloroacetic acid-
precipitaple material following exhaustive soivent extraction was digested in 1 N KOH
and the radioacuvity was determined by liquid scintillation spectrometry. Hepatic
nucleic acids (DNA and RNA) were isolated from the 1-, 100-. 250-, and 1000-ppm
exposure groups and radioactivity was determined by direct counting of the aqueous
fractions by hquid scintillation spectrometry (see below).

Isolation of nucleic acids. RNA and DNA were isolated from rat liver by
modifcanon of the techniques described by Okuitara (1970) and Irving and Veazey
(1968). Approximately 10 g of frozen ussue was thawed slowly and homogenized in 50
ml of 0.15 M sodium chlonde—0.04 M ethylenediaminetetraacetic acid (EDTA) buffer
(pH 8.0). Sedium dodecyl sulphate (1 g) was added. followed by ! vol of 90% phenol
solution. The mixture was mechanically stirred for 30 min at room temperature and the
phenol and water phases were scparated by centrifugation. The water phase was
collected and sodium acetate was added to a final concentration of 2%. Nucleic acids
were precipitated using 1 vol of 95% ethanol and spooled onto a glass rod. The
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precipiate was wasned wath ¢thanol and dissoivec in 20 mi of 0.013 + sodium chlonde—
0.001% » sodium citrate outfer (pH 7.0). RNA was precioitateg by adding 1 vol of ice-
cold 6 M potassium acetate (pH 7.5) ang removea by cemirifuganon. DNA was
nrecipuated trom tne supernatant by aading 2 voi of 3“0 etnanol. The resulting crude
DNA peilet was dissolved in 20 mi o7 0.015 v socium chlorice—2.0013 s sodium citrate
buffer (pH 7.0% and the solution was centrifugea at 100.000 g for 60 min at 2°C to
remove glvcogen. RNAase (3 me/30 ml) was aaded to the sunernatant and the solution
was incubated at 37°C for 30 mun. One volume of prenol saturated with 0.15 M sodium
chloride—0.015 v sodium curate (pH 7.0) was added and the mixture was stirred for 30
min at room temperature. The agueous phase was extracte with ether and DNA was
precipitated by adding sodium acetate (4 g/100 mb and 2 vol of 2-ethoxvethanol. The
precipitate was redissoved in 10 ml of 0.013 v sodium chioncde-0.0015 M sodium
citrate at 2°C. The final DNA precipitatton was accomplisned using 3 ml of ice-cold
isopropanol. RNA and DNA pellets were cried at 2°C uncer reduced pressure and
weigned. RNA ana DNA were guanufied by tne orc:noi anc Jiphenylamine reactions.

respecuvely (Kelett and Legerer. 1974).

RESULTS

Hevauc macromoiecuiar binding, hepauc nonprotein sutlnveryi content (primarily
glutatmione. GSH). and the total amount of VC metacolizen foilowing various exposure
concentrations are summarized i Table | :ia presentec zrapnically in Figure 1.
Covaient binding to hepauc macromolecules piotiea as a funcuon of the log of the
exposure concentration was triphasic and best represented 2y a sigmoid curve. The
linear poruon of the binding curve extenged from exposure concentrations of

approximately 30 to 250 ppm. The lower inflecuon point appeared to lie between 25 and

50 ppm. The metapolism of VC and binding approach a piateau al concentrations

exceecing 230 ppm.

Hepatic macromoiecular binding correlated weil with the total amount of VC

metabolized as evidenced by a lack of any obvious trend in the ratio of bound VC
versus total metabohized VC (8/4 x 100, Table |). This pownt 1s further substanuated
by the constant fracuon of bound versus tota) radioacuvity in tne hiver with increasing
exposures. Although the value for total metabolism appears low for the 1000 ppm
exposure, a corresponding reduction in macromoiecuiar binding was not observed. The
apparent discrepancy between total metabolism of VC at 300 and 1000 ppm is not
understood fully, but it may be due to differences in respiratory parameters causing
differences in the uptake of VC.

Hepatic nonprotein sulthydryl content (pnmaniy GSH) was not depressed
significantly at 1, 10, 25, or 50 ppm. Only at concentrations of 100 ppm or greater was
a dose-related depression of hepatic GSH evident. Metabolism of VC was not increased
in rats exposed to 100 ppm of VC after pretrzatment with phenobarbital. Macro-
molecular binding, however, was increased markedly when compared to nonpretreated
animals.

Isolation of RNA and DNA by a nondigestive procedure {rom the liver of animals
exposed to 1, 100. 250, and 1000 ppm of VC faled to reveal any detectable
radioacuvity. The sensiuvity for detecting the radioactivity in DNA and RNA varied at
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zach exposure level because the specific actvity of the [“C]VC varied with exposure
and the different amounts of DNA and RNA analvzed. The sensitivity limits for the 1-,
100-. 230-. and 1000-ppm exposures were 0.007. 0.051. 0.108, and 0.30 ug of VC
equivalents/mg of DNA and 0.0001. 0.009, 0.018. and 0.02 ug of VC equivalents/mg of

RNA.
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Fic 1. Hepatic macromolecular binding and glutathione (GSH) depression expressed as a function of
the logantnm of the exposure concenwranon to vinyl chlorice (VC) Macromolecular binding (@) is
expressed as mucrogram equivalents of VC bound per gram ol protein tmean = SD) GSH (&) 1s expressed

as percentage of control.

DISCUSSION

The results indicated that the total amount of radioactivity bound to macromolecules
in the lner did not increase proportionately to the increase in the exposure
concentration of VC. Macromolecular binding was related directly to the total amount
of VC which was metabolized over exposure concentrauons ranging from | to 5000
ppm of VC. Macromolecular binding plotted as a function of the log of the exposure
concentranon gave a sigmoid-shaped curve. The linear portion of the curve is bounded
by low and high inflection points below 50 and abave 250 ppm. respectively. Above 500
ppm Tinding appeared to piateau. Below 100 ppm binding was approximately
proportonal to the increase in exposure.

It is particularly significant that available data (Maltont, 1975) indicate that the
percentage induction of hepatic angiosarcoma in rats 1s linear between 50 and 500 ppm
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when expressed as the log of the exposure concentration. Above 2300 ppm tumor
incidence is constant. This correlates with the plateau effect observed in total
metabolism and hepatic macramolecular binding above 500 ppm in the present study.
One mechamsm of chemical carcinogenesis 1s beiieved to be reacuon of electrophilic
metabolites with intracellular macromolecules (Miller and Miller. 1971). The covalent
binding to hepatic macromolecuies reflects the activauion of VC 1o reactive metabolites.
Therefore, both total metabolism of VC and covaient binding appear to correlate with
the induction of hepatic angiosarcoma in rats exposed to concentrauons greater than 50
ppm.

The toxicologic significance of the metabolism and covalent binding of VC at levels
below 50 ppm is not clear. Deviation in these parameters from the log-linear
relationship at higher levels indicates that the carcinogenic response of the population
may be changed at lower level exposures. However, this hypothesis cannot be validated
unul the results of carcinogenesis bioassays currentiy being concuciea at 25, 10, and |
pprn become available.

The reacuve metabolites of VC are detoxiied presumably by reacuon with GSH
(Watanabe et al., 1976b). Thaerefore, it 15 important that sigruncant depression of
hzpauc GSH was dose related only at levels of 100 ppm and greater. This is consistent
with previous studies which snowed that a singie 50 ppm exposure to VC was in the
threshold zone for depression of hepatic GSH (Watanabe e al.. 1376b). This suggests
that carcinogenicity of VC is related to the decreased abiiity to detoxify the reacnve
metabolites of VC.

Covalent binding of radioacuvity to isolated nucleic acids (both RNA and DNA)
was not detectable 1n any of the exposure groups tested. The detecuion limit in all groups
was sufficient to detect the **C activity if it were equailv distributed by weight
throughout the components of the liver. Therefore, it was concluded that VC does not
preferenually react with intraceljular nucleic acids. In contrast to this. tmtial studies by
Bolt er al. (1976a) reported covalent binding of radioactivity to DNA and RNA
following a 3-hr static exposure 1o 145 ppm of ["C]VC. The specific activity used by
Bolt er al. (1976a) was higher than that used in our study and this may account for the
difference 1n the two observations. However, more recently it has been reported by this
group (Laib and Bolt. 1977) that greater than 95% of the radioactivity associated with
RNA following inhalation exposure in rats to 1300 ppm of [MCIVC for 5 hr is due to
one carbon fragment incorporation of *C into the native nucleotides.

Both our resuits and those of Bolt ef al. (1976a) confirm the conclusion that VC does
not preferentialiy react with hepatic nucleic acids. It is important to emphasize that the
methodologies emploved oniy detect covalent binding and exciude any other more
subtie interactions. Therefore. a very small degree of covalent binding to nucleic acids
does not exclude the possibility of other interacuions which resuit in the loss of the
ability to control celiular replicauon.

Pretreatment with phenobarbital did not increase the total metabolism of VC. Bolt et
al. (1976b) have reported similar data showing that phenobarbital pretreatment failed to
stimulate the uptake of YC following a static inhalation exposure. Although total
metabolism was not affected by phenobarbital. the macromolecular binding was
increased markedly. The true significance of the increased binding is difficult 10
interpret since phenobarbital increases total protemn in the liver. and the increase in
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binding may reflect a nonspecific interaction merely du2 to an increase in the available
protein binding sites.

In summary, the rasults of the studies reported herein do not associate the
carcinogenic effect of VC with a disproportionate increase i binding of electrophilic
metabolites of VC to hepatic macromolecules 35 the exposure concentration is
increased. Even more significantly. there was no evidence for any preferential binding of
electrophilic metabolies 1o nucleic acids of hepatocvtes. This suggests that the carcino-
geme acuvity of VC may not be associated directly with this commonly accepted
mechamsm for carcinogenesis. Before excluding this mechamsm entirely, additional
experiments are needed to show whether binding to nucleic acids may occur after
repeated exposure since repeated exposure may induce preferenually alternate
metabolic pathwavs. Another aspect relating to this 15 whether the administration of
phenobarbital may ennance binding to nucleic acids. This is important because
phenoparbital does increase the nepauc macromolecular binoing of '*C acuvity to
macromolecules in (oto in rats exposed 10 100 ppm even thougn it did not increase the
total amount of VC metaoolized. These aspects are deing explored.

Even more important. pefore excluding alkylation of nucleic acids as the mechanism
for VC-induced carcincgenesis, is the need to determune the absence of such activity in
target ussue rather than hepatocyvtes. Essentially all studies of metabolic and clinical
parameters 10 date have been either conducted on or relatea 10 the hepatocyte. The
hepatocyles may constitute primariiv a means for detoxificauon since they are not
particularly suscepuible to VC induced toweity. Toxicity may be induced in tissues
with smaller capacity to detoxify the reactive metabolites of VC, The induction of
tumors of the nervous system by ethyvinitrosourea has been correlated with the
persistence of O-6-ethviguanine n the nervous systern (Goth and Rajewsky, 1974),
Although other metaboiizing organs such as the liver produce O-6-ethylguanine, the
turnover rate of DNA mediated by repair mechanisms is sufficient to prevent induction
of cancer. Likewise, the mechamsm of carcinogenesis of VC may be due to an inability
of the target tissue, in this case endothelium, to repair lesions whnether the reaction be
with nucleic acids or critical proteins.
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