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Hepatie Mavromeieouiar Buinding Fodowing Exposure to Vinyl Chloode. Waranase. P. G,
ZEMPEL, J. A PEGS. D G, ann GewrinG, P. L (1978). Toxicol. dppi. Pharmacol , 44, 571~
579. Covalent birding of radioactivity to hepatic macromotecules in rats 2xposed 1o HC labeled
vinyl chlor'dz (VC) was studied to determine if VC-induced carcinogenesis may be related 1o
sisctropinlic atkylaton of macromalecules (n vive. Male Sprague-Dauley rats were exposed to
1. 10, 25, 30. 100, 230, 300, 1000, or 5000 ppm of {MCIVC for 6 hr. Following exposure,
radioucte ity cova'endy bound to kepenc macromolecules and purified aucleic acids (RNA,
DNA) was determued. The towd amount of {MCIVC merabolized and hepatic glutathione
(GSH) conient were ajso determined. The total amount of radioactivity bound to macro-
molecules in the liver did not increase proportonately to the increase in the exposurs
concentration of VC. A disproportionate decrease in macromolecular binding was observed as
the concentration of VO increased. The covalent binding to hepade macromoiecules was related

to the amount of VC metaboiizzd. AL exposures greater than 30 ppa, the amouat of _{‘_(;‘;bgg_ng_z,

10 macramuiecules 1n the liver Zorrelates with induction of hepatic angiosarcoma. There was ao '

detectabie binding of radioncivity to either DNA or ANA n the Yiver. Hepatic glutathione
conient was significandy deprassed only at exposure concentratons greater than (00 ppat.

Couasiderable effort has been devoted to research on vinyl chloride (VC) since it was
dermunsivarzd to be carcinogenic in man and animals (Crezch and Johnson, 1974,
Mzitani and Lefemine, 1975). The concept of 2 reactive metaboiite of VC being
responsivie for the carcinogenic activity (Hefner er al.. 1975; Van Duuren. 1973 is
supported by evidence of enhanced mutagenic activity of VC to bactsria in the
presence of microsomal enzyme-activating systems (Bartsh e al, 1973 Maiavielle o
al.. 1973: Ranaugiet al,, 1974). Metabolites of VC have beea identified in the urine of
rats as conjugates of cysieine {Green and Hathway, 1975; Watanabe ef al, 19786a),
suggesting that VC is biotransformed to etectrophilic metabolites and that the primary
detoxification mechanism for these metabolites is conjugation with hepatic glutathione
prior to excretion. Complementary to these data was elucidation of a dose-related
reduction of hepatic glutathione in rats exposed to 50 to 2000 ppm of VC for 7 hr
{Watanate ef al, 1976b). It was therefore hypothesized that reactive metabolites
formed dering exposure 10 fow levels of VC (less than 50 ppm) will be readily detoxified
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by reaction with glutathione. However, as the exposure is increased, detoxification will
be impaired by the reduction of hepatic glutathicae. This will lead to an increase in the
fevel of reactive metabolites and result in an increused reaction of these metabolites
with intracelluiar macromolecules.

Chemical carcinoganesis has bezn attibuted to the reacticn of electrophilic
metaboiites with intracellular maccomalecuies (Miller and Miller, 1971). Recent reports
have demoenstrated that liver microsomal enzymes in vitro form reactive metabolites
from YC which bind to the microsomes (Kappus et al, 1975), protzin sulfhydryl
groups. RNA (Bolt ez al.,, 1973), and adenosine of DNA (Barbm etal., 1973).

In addition to reduced hepatic glutathione leading to an increase in the binding of
reactive meatabolites of VC with macromolecules, such an effect may also be agsociated
with other dose-dependent alterations in the fate of VC in the body. The dose
dependence of the fate of VC has been elucidated kinetically and attribuizd to saturabie
metabolic pathways (Hefner ef al, 1975; Green and Hathway, 1975; Watanabe et al,
1976a,¢).

In vivo studies are nesded to determine whether dose-depcndent disproportionate
increases in the macromolecular binding of reactive metabolites of VC with increasing
exposure concentration may be associated with toxicity and carcinogenicity. Thus, the
objectivz of this study was o characterize the binding of VC to hepatic macromolecules
and nucieic acids following exposure to various concentrations of“C-labe!eg.W

METHODS 4

Materials. “C-labeled VC was synthesized from [1,2-%C}1,2-dichloroethane (New
Englard Nuclear, Lot Nos. 8$19-221 and 819-292, 50 and 4.8 mCi/mmol,
respecdvely) immediately prior to use (Wagner and Muelder, 1975), Each new batch of
{1,2-1Cdichloroethane was analyzed and yielded [*C}VC with a radiochemical purity
of 95%. The synthesized {*C|VC has been shown repeatadly in our laboratory to be 93
to 96% radiochemically pure (Wagner et al, 1975). Thus. while each synthesis of
[“CIVC prior to each experiment was not analyzed, it was assumed to be of the same
purity, Furthermore, no indication during a synthesis which utilizes a gas
chromatographic separation suggasted that any Jeviation from previous syntheses had
occurred. Nonlabeled VC (Matheson Gas Products) of 99.94% minimum purity was
mixed with the {'*Clmatequl o0 obtain the desirzd specific activity. Typically 40 mi of
the [HCIVC~helium gas mixture was injected into a 5 to 1Q-liter Saran bag (Anspec,
Inc.) coataining the desired quantity of nonlatcled VC.

Animals. Male Spragus~Dawlicy rats (Spartan Razsearch Laboratory) weighing 220
to 250 g wers used throughout the studv, All animals were housed in rooms in which a
constant humidity, temperaturs, and a [2-he light—dark cycle (7 Am—~7 pm, EST) were
maintained. Food and water were provided ad libitum except during exposure. Groups
of rats (three to six animals per group) were exposed to ["*C}VC (treated) or room air
{contrals) for 6 hr between 9:00 as and $:00 pm (EST). An additional grougp of five rats
precreated with phenobarbital (80 mgz/kg/day, ip, 3 days pdor to exposure) wers
exposed at the 100-ppm evel.

Exposure. Exposures were conducted in 30-liter glass inhalation chambers. YC-
labeled VC was metered into the chamber aic low (~6 liters/min) with a dual syringe
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purp. The analvtical concentration of VC was monitored continuously by recirculating
a fraction of the chamber atmuosphers through an infrared spectrophotometer (Wilks) at
a wavelength 10.6 gm. In addition, samples (1 mi) of the chamber atmosphere were
analyzed at approximately hourly intervals during the exposure by gas chromatography
{(Watanabhe ¢r al, 1976c). At corresponding times, the YC activity was determined by
bubbling I-ml aliquots of the chamber atmosphere into a scindllation solution
containing a mixture of Concifluoe (Mallinckrodt Chemical), 2-methoxyethanol, toluene
(6:11:83). The radioactivity was detzrmined by counting in a Mark II or Mark III
liguid seintllation spectrometer (Searle Analytic, Inc.).

The tarze: concaatrations of VC were 1, 10, 25, 50, 100, 250, 500, 1000, and 5000
ppm. The rerpecrive mean analytical concentrations measured by gas chromatograzhy
were L4 £ 0.3(8D), 9.3 £0.2,24.7 + 14,51 2,109 + 23,250 = 3,511 £ 11, 1020
+ 13, and 4600 & 311. The respective specific activities were 132,000, 4801, 3170,
2328, 1750, 837, 217, 301, and 50 dpm/ug of VC. The inhalation chamber was
operited in a laboratory fume hood to prevent contamination of the working
envirommnent. After transit through the inhafation chamber the {MC{VC was adsorbed
on acuvated charcoal. The charcoal traps were disposed of as radioactive waste
accordiag 1o standard regulations.

Procedure. Foilowing the 6-hr exposure to various concentratons of [“C]VC (1-
5004 ppm), the rats were killed immediately by a blow to the head. An aliquot of liver
was sampied and used for determining hepatic nonprotein sulfhydryl coatent by a
medification of the method of Sedlak and Lindsay (1968). The remaining liver was
frozen immediately on dry ice and stored at ~20°C untll analyzed. The carcass was
analyzed for total radioactivity as described previously (Watanabe ef al, 1976a).
Previous studies have shown that only a small percentage of radioactivity (<12%) is
excreted as metabolites other than {“CIVC durirz 72 hr following a 6-hr inhalation
exposure (Watanabe et al, 1976¢) The large peoportion of the 12% is comprised of
HCO, 2xcr2tion 72 hr afier exposure. Furthermore, very linfe urine is excreted during
the expasarz period, Thus, the nouvolatile radicactivity dewermired in the tissue
immediataly af*er exposuyre is a good estimate of the total amount of me:abolized VC.
Macreeaiecular binding of “C-labeled VC to hepatic tssue (protein, nucleic acids, and
lipid) was dere-ninzd by the method of Jollow et al. (1973). The trichloroacetic acid-
gresipini™’s -l following exhaustive solvent extraction was digesiad in 1 ~ KOH

nd the rzliagcdvity was -determined by liquid scintillation spectremetry. Hepatic
auziei 10iis (DNA and RNA) were isclated from the 1-, 100-, 250-, and 1000-ppm
exposars groups and cadloactivity was determined by direct counting of the aquecus
fractions by liquid scintilfation spectrometry (sez below).

Isuiation of nuclele acids. RNA and DNA were isolated from rat liver by
modifearon of the techniques described by Qkuiiara (1970) and Ilrving and Veazey
(1363). Aporoximately 10 g of {rozen tissue was thawed slowly and homog2nized in 50
mi af 0.15 M sodium chivride~0.04 M ethylenediaminezatraacetic acid (EDTA) buifer
(pH 3.0). Sodium dodecyl suiphate (1 g) was added, foilowed by 1 vol of 30% phenol
soiction. The mixture was mechanically strred for 30 min at room temperaiure and the
phenol and water phasas were separated by cenrifugsdon. The water phase was
coiecrad and sodium agetals : nugnracdon of 2%, Nucleie acids
were precipitated using 1 vol of 93% ethan:! anc speoied ontu 2 gls rod. The
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precipitate was washed with ethancl and dissalved in 20 ml of 0.015 m sodium chiorida~ -
0.0015 m sadium citrate buffer (pH 7.0). RNA was precipitated by adding 1 vol of ice- +
—~cold 6 M potassium acetate (pH 7.3) and removed by centrifugation. DNA was
precipitated from the supernatant by adding 2 vol of 95% ethanol. The resulting cruds ,
DNA pellet was dissoived in 20 m! of 0.013 m sedium chloride~0.0015 w sodium citrate :
buffer (pH 7.0} ard h2 solution was centrifugsd at 100,000 g for 60 min at 2%¢ to

remove glycozzn. RNAase (3 mg/50 ml) was added to the supernatant and the solution. 2
was incubatzd at 37°C for 30 min. One volume of phenol saturated with 0.15 M sodium ¥
chloride—0.013 s sodium zitraze (pH 7.0) was added and the mixture was stirred for 30 *
min at ronm tamper2ius2. The ag:2ous phase was extracted with ether and DNA was %
precipita=d by adding seliaT azenate (4 2/100 ml) and 2 vol of 2-ethoxyethanol. The B
precipirarz wis radisvavad in 10 ml of 0.015 v sodium chloride-0.0015 M sodium 3
citrarz at 2°C. The final DNA precipitation way accomplished using 5 ml of ice-cold 5{
isoprogznot. RNA and DNA pelers were dried ar 2°C under reduced pressure and o
weighed RNA and DNA were quandifizd by the orcinol and diphenylamine reactions, é‘

respectively (Kelet and Lederar, 1973),

05

RESULTS

Hegatic macromolecular binding, hepatic noaprotein sulfhydryl content (pm'na.dl';.q
glutzthione, GSH), and the toral amount of VC metabolized following various exposure
canceatrations are summarized in Table | and presented graphically in Figure<T.
Covalent binding te hepatic macromolecules plotted as a function of the log of the
exposure concantration was tripnasic and best represented by a sigmoid curve. The
linear portion of the binding curve extended from exposure concentrations of ;
approximately 30 to 230 ppm. The lower inflection point appeared to lie between 25 and <
50 ppm. The merabotisia of VC and binding approach a plateau at concentrations ,
excesding 250 ppm. 3

Hepatic macromolecular binding correlated well with the total amount of VC ‘
metapolized as evidanced by a lack of any obvious trend in the ratio of bound VC
versus total metabolized VC (B/~{ x 100, Table ). This point is further substantiared -
by the constant {raction of bound versus totai radicacdvity in the liver with i increasing -
exposures. Although the value for total metabelism appears low for the 1000 ppm Ly
exposure, a corresponding reduction in macromolecuiar bitdiag was not gbserved. The
apparznt discrepancy between rotal matabolism of VC at 500 and 1000 ppm is not O
undsrsiood fully, but it may be due to differances in respiratoty parameters causing .
diffzrences in the uptake of VC. o
; “Hepatic nonzrowin sulfhylsvl contzat (primuwrily GSH) was not depressed
e . significantly at 1, 10, 25, or 5O ppm. Only at concentraiions of 100 ppm or greatar was

o eeille i, .

Coelah

T adose-related depression of hepatic GSH evident. Metabolism of VC was not increased ;
in rats exposed w0 100 pom of VC after pretreatment with phenobarbital. Macro- i

molecular bindin g, however, was increased markedly when compared to nonpretreated =

arimals. .

Isoiazion of RNA and DNA by a nondigestive procedure from the liver of animals ”

exposed to I, 100, 250, and 1000 ppm of VC faiied to reveal any detectable o1

radioactivity. The sensitivity for ceteciing the radioactivity in DNA and RNA varied at -
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TABLE |

ToTal MBTABULIAM, llars’nc MACRUMOL ECULAR TinDinG, anD Heranc Guoranusost: (G511 ConcinirATIONS FOLLOWING INHALATION
Exrosurs: (6 ) To VinvyL Cavoribe {VCI¥

% ¥ Percentage of ints!
Nominal {ug sguivaicnts L of VC cuuivalents Hepatic GSH HC activity  hver
concentration metabolized) bounid per g of protein) Bid x 100 (% control) bound Lo macrompleciles
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1 2981+ 12 - 051008
10 242 + 26 13302
25 557 + 42 12,2 + 4.0
50 1561 2 91 233134
00 200 4 173 47.6 - 4.8
250 824+ JLS . 89.6 + 123
S0 6208 + 355 98.8 + 5.0
1000 4257 1 us 106.8 + 22.2
5000 4255 1 1,467 113.5 1104
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each exposure level because the specific activity of the [“CIVC varied with exposure
_and the differeat amounts of DNA and RNA analyzzd. The sensitivity Jimics foc the 1-,
lOO~ 250-, and 1000-ppm exposures wzee 0.007, 0.051, 0.108, and 0.30 ug of VC
equivalents/mg of DNA and 0.0001, 0.009, 0 013, and 3 U3 ug of VC equivalents/mg of
RNAL
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F1g. 1. Hepatic macromolecuiar binding and glutathione (GSH) depression expressed as a fuaction of
the ‘fowarithm of the exposurs conczamauon o vinyl chioride (VC). Macromolecular binding (#) is
expressed 35 Microgram equivaiznts of VC hound per gram of protein (mezn + SD) GSH (A) is expressed
ag percantage of contral.

DISCUSSION

The results ind :at2d that the wotal amournt of radivactivity bound o macromolesules
in the liver did aot increase propor':'orﬂcciv to the incrzase in the exgosure
concentration of VC. Mzoromalesular bindlng sas related dirzatly to the total amouat
of VC which was metadolized over axposurs zoncentrations ranging from | to 5000
ppm of VC. Macram _,w'u'ar blruﬂ plotted as a function of the log of the exposure
concentration gave 1 sigmoid-shupad curve, The linear portien of the curve is bounded
by fow and highin? 20w X0 and above 230 pom, respectively. Above 560
pom binling aprzarzd 1o plazese. Below G ppm binding was approximatzly
progurten! to the asrease ' aaposare. ‘

[t s partcilariy sigmificant that availabie data (Maltoni, 1975) indicate that the
percentag: induciion of hepatic angiosarcoma in rats is linear between 50 and 500 ppm

T g g L S g e T E
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when exprassed as the log of the exposure concentratinn. Above 250) ppm tumor

incideace is constant. This correlatss with the plateau effec: obsernved in total

metabolism and hepatic macromoiecular binding above 500 ppm in the present study,
One mechanism of chemical carcinogenesis is believed to be reaction of electrophilic
metabolites with intracellular macromolecules (Miller and Miller, 1971). The cavalent
binding to h=patic macromolecules reflects the activation of VC to resctive mc*ﬁ&htcs.
Therefore, bath wtal metaboiism of VC and covalent binding appear to correlate ‘with
the induction ofhcpam, angmsafmma in rats cxposed to concentrauons greater than 50~

por.
The todcologic significance of the metabolism and covalent binding of VC at levels

below 30 ppm is not clear. Deviation in these parameters from the log~linear
relztioaskip at higher levels indicates that the carcinogenic response of the population
may be changed at lower level exposures. However, this hypothesis cannot be validated
until the results of carcinagenesis bioassays currently being conducted at 25, 10, and 1

ppm become available,
The reactive metabolites of VC are detoxified presumadly by reaction with GSH

(Watanabe er al, 1976b). Thercfore, it is imporiant that significant depression of
hepatic GSH was dose relarad only at levels of 100 ppm and greater. This is consistent
with previous studies which showed that a single 50 ppm exposure to VC was in the
threshold zoae for depression of hepatic GSH (Watanahe er al., 1976b). This suggests
that carcmog::mcuv of VC is related to | the decreased ability to detoufy the reactwe

LYo

Lt e e A .
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mctaoglgqs of VC.
Covalent binding of radioactivity to isolated nucleic acids (both RNA and DNA)

was not detectable in any of the exposure groups tested. The detection limit in all groups
Wi Siincient to detect the 'C activity if it were equally distributed by weight
throughout the components of the liver. Therafors, it was concluded that VC does not
preferentially react with intracellular nucleic acids. In conirast to this. initial studies by
Boit ¢t al (19764) reported covalent binding of ralicacdvity to DNA and RNA i
n .. e
follawing a 5-hr static exposure to 145 ppm of {“CiVC. The specific activity used by /
Buitt ot c.'l (1976a) was higher than that used in our siudy and this mayv account for the i

difference in the twa obseryations. However, more recenily it has been reposied by this i
ard Boit. 19 17) that greater than 93% of the radicestvity associated with }
¢ in rats to 1300 som or e '\«L for & hris due o
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Both our results and those of Boit ef al. {1976a) condrm the coacizsior that VC does

not preferentially react with hepatic nucleic acxds._I—taf’lr_szog.’.u_.o_: mphasize that the

methodolbgics employed only detect covalent binding_and exglude any other more
s“&fmc inkEractions. 1herefore, a very small degree of covalent binding to nucleic acids

Joes not extude the possibility of other interactions which result in the loss of the_
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abuity to contrai celiciar replicaton.

Pregeatment with PhC"lO'D&rui(ELl did not increase the total metabolism of VC. Bolt e
al. (1976b) have reported similar Jata showing that phenobarbital pretreatment failed to
stimulate the uptake of VC foilowing a static mnam.or- exposurz. Although total
merabolism was not affecied by pheaoharsaal. the me.:':rr::' jar bhinding was

ed mamazily The ! sigrm Soance 27 the moriased TinJi-g is Jdiffeult to
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. binding may reflect a aonspecific interaction merely due to an increase in the availabie
procein binding sites.

In summary, the results of the studies repocted herein do not associate the
carcinogenic effect of VC with a disproportionate increase in binding of electrophilic
Metabolites of VC to hepatic macromolezules as the exposure concentration is
increased. Even morz significantly, there was ao evidence for any preferential binding of
electrophilic metabolites to nucieic acids of hepatocytes. This suggests that the carcino-
genic activity of YO may nct be associated directly with this commonly accepted
mechanisim for carcinogznesis. Before excluding this mechanism entirely, additional
experiments are needed to show whether binding to nucleic acids may occur after
repeated exposure since repeated exposure may induce prefecentially alternate
metabolic pathways. Another aspect refating to this is whether the administration of
phenobarbital may enhance binding to nucleic acids. This is important because
phenobarbital does increass the hepatic macromolecular binding of MC activity to
macromolecules in toto in rats exposed to 100 ppm even though it did not increase the
total amcunt of VC metabolized. These aspects are being explored.

Even more imporiant, befors excluding alkylation of nucleic acids as the mechanism
for VC-induced carcinogsnesis, is the need to determine the absence of such setivity in
target tissue rather than hepatocytes. Essentially all studies of metabolic and clinical
parameters to dace have bean either conducted on or related to the hepatocyte. The
hepatocyies may constituiz primarily a means for detoxification since they -are oot
particularly susceptible o VO nduczd toxcity. Toxicity may be induced in tissues
with smaller capacity o dewonify the reactive metabolites of VC. The induction of j'
tumers of the nervous sysiem by ethylnitrosourea has been correlated with the "5
persistence of O-6-ethylguaning in the nervous system (Goth and Rajewsky, 1974).
Although other mewsbolizing organs such as the liver produce O-6-ethylguanine, the
tumover rate of DINA mediz:zd by repair mechanisms is sufficient to prevent induction_

,of cancer. Likewise, the mec*anism of carcinogenesis of VC may be due to an inability
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J of the target tissue, in this case endothelivm, 10 repaif lesions whether the reaction be
. With nucieic acids or critical proteins, - — -~ =
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