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Vinyl Chloride Mechanistic Data and Risk Assessment:
DNA Reactivity and Cross-Species Quantitative Risk Extrapolation
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ABSTRACT. Vinyl chioride produced several rumor types among species. Angiosarcoma of the liver is
found in all tested species, including humans with occupational exposures. Vinyl chioride is biotransformed
by CYP2E1 to DNA-reactive chloroethylene oxide producing cyclic etheno adducts, which are mutagenic.
The dose-response for angiosarcoma of the liver formation in rodents is supralinear, which is consistent with
saturation of metabolic activation, and the tumor rate in humans at occupational exposure levels is similar to
that for equivalent exposures in rodents. PHaARMACOL. THER. 71(1/2): 7-18, 1996.
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ABBREVIATIONS. €A, [ Né-ethenoadenine; eAdo, 1, No-ethencadenosine; ASL, angiosarcoma of the liver;
CAA, chloroaceraldehyde; CEO, chloroethylene oxide: CL. confidence interval; €C, 3. N*-ethenocytosine; eCyo,
3 Nt-ethenocytidine; edA, 1 Né-ethenodevxyadenosine; €dC, 3, N*-ethenodeoxyeyridine; edG, N2,3-ethenode-
oxyguanosing; €G, N2 3-ethenoguanine; 7-OEJG, 7-(2-uxoethyl)-deoxyguanosine; PVC, polyvinyl chloride;
SCE, sister chromatd exchange: SMR, standardized mortality rate; VC, vinyl chloride.

1. INTRODUCTION

Vinyl chleride (VC) is a colorless gas with a boiling point
ot —13.7°C. It polymerizes in light or in the presence of a
caralyst. [t is soluble in ethanol, diechyl ether, carbon tetra-
chloride and benzene, and is slightly soluble in water. The
structure of VC is shown in Fig. 1. VC is used to produce
polyvinyl chloride (PVC), which is formed into many prod-
ucts as well as copolymer products, such as films and resins.

*Corresponding author.

+This manuscripr was Jeveloped for the Intemational Expert Panel on
Carcinogen Rusk Assessment and under the aegis of the Environmental
Health and Safety Council of the American Health Foundauon. The
membership of the Panel 15 provided in the furst paper of thus series.

Human exposure to VC occurs mainly in occupational set-
tings, but environmental exposures may have occurred
since VC 1s released into the air and waste water from the
plastics industry. Tobacco smoke has also been found to
contain 1.3-27.3 ng of VC per cigarette (Hoffmann et al |
1976). Also, due to VC impurities in PVC, small amounts
of VC may enter the drinking water from PVC pipes or may
dissolve in foods packaged in PVC plastic food wraps.
Qccupational exposure to VC has been associated with
angrosarcoma of the liver (ASL), which 15 a rare tumor
among the unexposed population. In some studies, expo-
sure to VC has also been associated with increases in cancer
of the CNS, lung and lymphacic/hemaropoietic system.
Due to these effecrs, the Intetnational Agency for Research
on Cancer has derermuned that VC 1s a human carcinogen

AS| 000013990




Ppe-oar- sttt e
e

!‘
;§>’

i
‘;
i

-]

H

/
AN

2
Cl

FIGURE 1. Chemical structure of VC.

(IARC, 1979). VC has been chosen for review by the Panel
because 1t 15 an example of a DNA-reactive chemical for
which the same tumor type has been reported in humans as
in several other animal species. Extensive dose-response
bicassays and epidemiological studies are available, which
include quanritative estimates of exposure, thereby preseat-
ing a unique opportunity to compare the relative potency of
this genotoxic carcinogen in humans and animals.

Thus review 1s one of a seres, which documents bioassay,
epidemiological and mechanistic studies for 10 chemicals
that are carcinogenic in rodents. The purpose of these doc-
uments s to illustrate the use of mechanstic information
thac assists in the determinarion of cancer risk at human
exposure levels. The data for each topic are first presented
wtth a minumum of analysis. The Jata are summarized and
analyzed in the last sections, which the reader may wish 1o
consult first for an overview.

2. RESULTS OF ANIMAL BIOASSAYS

Malconi et al. (1984) investigated the carctnogenicity of
VC using male and female Sprague-Dawley rats, Wistar
rats, Swiss mice and Syrian golden hamsters. [n the nutial
experiment, 15 different VC doses, between Q and 30,000
ppm, were administered by inhalation for a 52-week period
to male and female Sprague-Dawley rats. Other VC inhala-
tion studies were performed over 3-, 17- and 25-week pen-
ods. Studies were also conducted on pregnant rats and em-
bryos. In addition, Wistar rats were tested so thar strain
variability could be evaluared; Swiss mice and Syrian
golden hamsters were also tested so thar species differences
could be determined. VC was adminustered by stomach
tube (gavage) and by i.p. injection to determine route-spe-
afic effects. Although the study was the most exrensive
analysis of carcinogenicity due to VC conducted to date,
other investigators have provided significant additional in.
formation. All of these studies are discussed in more detail
in the following sections.

2.1. Inhalation Scudies

2.1.1. Sprague-Dawley dose-response studies. In the intual
senies of experiments, groups of male and female Sprague-
Dawley rats, 11-17 weeks of age, were exposed via inhala-
tion to 15 different concenerations of VC ranging from 0 to
30,000 ppm 4 hr/day, 5 days/week for 52 weeks, followed by
lifetime observation (Maltoni et al., 1984). Six types of ma-
lignancies occurred in statistically significant excess.

). Whysner et ul

Anglosarcoma of the liver: The frequency of ASL m Spra-
gue-Dawley male and female rats exposed to VC for 32
weeks ts presented in Fig. 2. The display of incidence vs. the
logarithm of air concentration 1s presented based upon the
relationship of log (dose) to hepatic macromolecular bind-
ing (Watanabe et al., 1978). Dose-related increases in the
proportion of rars developtng ASL were observed in the
range of exposures from 10 to 30,000 ppm. The incidence
became statistically significant at doses of 200 ppm and
greater for males and 30 ppm and grearer for females.

Mammary gland tumors: Significant increases in the inci-
dence of malignant mammary gland tumors i female rats
occurred at arbome concentrations of 3 ppm and above.
The dose-response relationship was unusual in that at con-
centrations above 150 ppm, the incidence of malignant
mammary gland tumors was not signifteantly greater than
the incidence observed n control rats. However, the de-
creased ncidence may be at least parrially explained by the
decreased survival in these groups due to other tumor types
in companson with the latency for development of malig-
nant mammary gland tumors.

Zymbal gland carcinoma: The proportions of animals devel-
oping carcinomas of the Zymbal gland, which is the seba-

ceous gland of the ear canal, were sigruficantly increased at
10,000 ppm and 30,000 ppm.

Nephroblascoma: Statstically significant increases tn num-
bers of nephroblastomas occurred in males in the dosage
range of 100-2500 ppm and in females at 230 ppm and 5C0
ppm. The decreased incidence of this tumor type at higher
doses may have been due to increased mortaliry of the ani-
mals from other tumor types, precluding development of a
neoplasm with long latency.

Neuroblastoma: Various types of encephalic tumors of neu-
ronal cells, usually without metastasis, were observed in the
highet-dosage groups. Only w females of the 10,000 ppm
dose group was the incidence statistically significant in thus
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FIGURE 2. Dose-response of VC-induced angiosarcoma of the

liver in rats. (#) indicates data not used in regression analysis-

Data from Maltoni et al. (1984).
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Vinyl Chloride Mechamistic Data

Jose-response study, although an elevated incidence ap-
peared beginning at 2500 ppm.

Forestomach tumors: Papillomas and squamous cell carcino-
mas of the forestomach occurred in 18.3% of rars exposed
to 30,000 ppm VC and n several of the lower-dose groups
in nonsignificant proportions.

Other tumors: The tncrdences of the following tumors asso-
ciated with VC exposure were increased, although the in-
creases reported were not statistically sigruficant using the
Fisher exact probability tesc (P < 0.05): angiomas and fi-
broangiomas of the liver; hepatocellular carcinomas; an-
giosarcomas, angiomas and fibroangiomas at sites other
than i liver; lung adenomas; and cutaneous epithelial -
mors (squamous cell carcinomas).

2.1.2. Studies in other strains and species. Studies of Wistar
Rats: In an early experiment, 26 male Ar/IRE Wistar rars,
3 months old, were exposed to 30,000 ppm VC 4 he/day, 5
days/week, for a period of 12 months (Viola et al., 1971). In
all 17 rars surviving 34 weeks, skin tumors in the submaxil-
lary parotid region were reported. Lung tumors were re-
ported 1n 7 rats and osteochondroma in 5 rats. No tumors
were teported in 25 control rars. Maltoni et al. {1984) later
concluded chat the skin tumors were carcinomas originat-
ing from the Zymbal gland and that the lung tumors were
probably metastases from Zymbal gland carcinomas. [nhala-
tion studies on Wistar rats were also conductred by Feron et
al. (1979), who exposed groups of males and females to O ot
5000 ppm VC for 52 weeks; after 4, 13, 26 and 52 weeks, 10
rats/group were killed. In rats kalled after 26 weeks, only
foci of cellular alterarion, consisting of clear cells (14/20) ot
basophilic cells (5/20), were observed in the livers, but an-
giosarcoma (9/19) and hepartocellular carcinoma (2/19)
were observed after 52 weeks. Primary tumors in the brain,
lung, Zymbal gland and nasal cavity were also reported in
these rats {Feron and Kroes, 1979). Controls had few liver
changes and no liver tumors or other tumors.

Male Wistar and Sprague-Dawley rats were utilized in
life-span 1nhalation studies to investigate the effect of
strain differences on tumor incidence (Maltoni et al.,
1984). Both strains of rats were exposed 4 hr/day, 5 days/
week for 52 weeks to VC concentrations of 1, 50, 250, 500,
2500, 6000 and 10,000 ppm. The incidence of liver an-
giosarcomas was comparable between the two strans ar
doses up to 10,000 ppm. Fewer Zymbal gland tumors were
recorded in male Wistar rats than in male Sprague-Dawley
rats. For example, at 10,000 ppm the Zymbal gland tumor
incidence was 2/18 (11.1%) for Wistar rats compared with
1030 (33.3%) for Sprague-Dawley rars. The incidence of
many other tumor types that occurred in Whstar rats was
comparable with the tumor incidence in Sprague-Dawley
rats. Forestomach papillomas and squamous cell careino-
mas, however, were not recorded in the Wistar rats (Mal-
toni et al., 1984). [n another investigation, Bi et al. (1985)
reported that 36.8% (7/19) adult male Wistar rats devel.
oped liver angiosarcoma and 10.5% (2/19) developed lung
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angiosarcoma after exposure to 100 ppm VC 6 hr/day, 6
days/week for 12 months; killing was at 18 months.

Studies Comparing Rats, Mice and Hamsters: When CD rats
and CD-1 mice, approximately 2 months of age, were ex-
posed to 0, 30, 250 and 1000 ppm VC 6 hr/day, 5 days/week
for up to 12 months by Lee et al. (1978), ASL was the most
prevalent neoplasm induced in the rats occurring in 17%
and 30% at 250 and 1000 ppm VC, respectively. Heman.
giosarcoma of the lung also occurred in rats ar 250 ppm (3/
70) and (000 ppm (13/70). A few hemangiosarcomas were
also found ar other sites. The muce also developed bron-
chiocalveolar adenomas and mammary gland tumors 1n high
incidences. A subsequent study, in which both CD rats and
CD-1 mice were exposed to 0, 30, 250 and 1000 ppm VC in
an identical regimen for up to 10 months, but followed by a
12-month observation period (Hong et al., 1981), resulted
in comparable values for ASL in rars and mice. The inci-
dence of mammary gland tumors in female mice, however,
was somewhar reduced compared with the earlier study. In
another study, groups of 3-week-old male CD1 Swiss/ChR
mice were exposed to 2500 or 6000 ppm VC 5 hr/day, 5
days/week for 5 or 6 months by Suzuki (1978). Almost all of
the dosed mice (26/27) killed 2-37 days after rermination
of exposures hud developed lung heoplasia diagnosed as “al-
veogenic cancer”; none of 16 controls developed lung can-
cer. Light and electron microscopic examinartion of the ts-
sues suggested rhar the neoplasric cells had arisen from
Type Ul alveolar eptthelium (Suzuki, 1978). A small propor-
tion of the mice had developed ASL.

F344 rats and {CR mice were exposed by inhalation to
50-50,000 ppm VC for 1 hr (Hehir et al., 1981). The age
range of these animals was 15-18 weeks, and the animals
were observed for their lifetime, which was 18-24 months.
VC produced no significant increases in pulmonary neopla-
sia in [CR ruce until the chamber level atrained 3000 ppm
(1/143 carcinoma and 24/143 adenomas) or 30,000 ppm
{3/137 carcinomas and 45/137 adenomas) compared with
controls {(0/120 carcinomas and 12/120 adenomas). Pneu-
montris occurred in all groups of mice exposed to 500 ppm
or more for 1 hr. None of the F344 rats developed tumors
even at the highest dose. No dose-related increases in other
types of tumors were found in this study.

Studies by Drew et al. (1983) indicated that B6C3F, and
Swiss fernale mice had the highest incidence of ASL relared
to the lowest concentration of exposure for any of the stud-
tes. Mice exposed to 30 ppm VC for 12 months and ob-
served for an additional 12 months showed ASL incidence
of 77% for B6C3F, and 64% for Swiss mice. No other doses
were tested in this experiment. Syrian golden hamsters
dosed at 200 ppm showed much lower ASL incidences,
whereas female F344 rars dosed at 100 ppm showed a 20%
incidence of these tumors.

Swiss mice and Syrian golden hamsters were also utilized
by Maltoni et al. (1984} in order to investigate species dif-
ferences in response to VC exposure In Swiss mice, ASL
appeared in greater proportions at lower-dose levels after
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30-week exposures than in Sprague-Dawley rats exposed for
52 weeks; at higher doses, however, the incidences were
comparable. The incidence of ASL in male Syrian golden
hamsters was considerably less after 30-week expusures
than the incidence in male Sprague-Dawley rats or in male
Swiss mice at corresponding datly exposure levels, indicat-
ing a Jefinite species difference for hamsters. Ar high expo-
sure levels, the incidence of mammary carcinomas in fe-
male Swiss mice was greater, but ar lower levels, it was
stmular ro the incidence tn female Sprague-Dawley rats
{43.3% vs. 10.0% ar 2000 ppm, 40.0% vs. 35.0% ar 50
ppm) exposed for 52 weeks. Other tumor types thar were
common in rats, e.g.. Zymbal gland carcinomas, neuroblas-
tomas and nephroblastomas, did not occur in Swiss mice or
Syrian golden hamsters. Melanomas, lymphomas and leu-
kemias occurred only in Syrian golden hamsters; corre-
sponding neoplasms did not occur in rars or mice.

2.1.3. Studies of exposure parameters and exposure age.
In one protocol, 12-week-old Sprague-Dawley rats were ex-
posed to several concentrations of VC ranging from 50 to
10,000 ppm 4 hr/day, 5 days/week for 17 weeks. Animals
were observed for their liferime (136 weeks) to determine of
a reduction in the number of rotal hours of exposure influ-
enced the tumor yield. Compared with incidences in groups
exposed for 32 weeks, dramatic decreases in the proportions
of rats with ASL (1.7% vs. 22.0% for 6000 ppm and 0.0%
vs. 11.7% for 10.000 ppm) were observed, but the effect of
reducing the exposure duration by a facror of three on the
mcidence of Zymbal gland carcinomas in the 6000 and
10,000 ppm groups was equivocal. Some reductions n
nephroblastomas were also recorded 1n the rats exposed for
17 weeks {(Maltoni et al., 1984). In another study, vara-
tions i the exposure regimen were tested, keeping the total
exposure time constant. Sprague-Dawley rats, 11 weeks old,
were expnsed to 8000 and 10,000 ppm VC 4 hr/day, 5 days/
week for 3 weeks; 4 hr/day, 1 day/week for 25 weeks: or 1 hr/
day, 4 days/week for 25 weeks (100 hr toral in each in-
stance), tollowed by lifetime observation. The incidence of
ASL was very low; however, the incidences of mammary
and Zymbal gland carcinomas in these rats did not duffer
significantly among the various dosage groups, suggesting
that the total exposure time rather than dosage regimen s
the most importanc determinant of tumorigenicity (Mal-
tontetal., 1984).

In investigations on the effect of age, embryo and new-
born Sprague-Dawley rats appeared to be much more sensitive
to VC exposures than 11- to | 3-week-old rats (n developing
brain neuroblastomas, ASL and heparocellular carcinomas
after exposure (Malton: et al., 1984; Maltoni and Cotti,
1988). Newbom Sprague-Dawley animals were exposed to
6000 and 10,000 ppm VC for 5 weeks according two the
same protocol as adults with lifetime observation. The re-
sulting ASL incidences for newborns were 17/42 (40%)
and 15/44 (34%) for 6000 and 10,000 ppm, respectively.
Large numbers of adenomatous tumors of the lung were also
associated with perinatal exposure to VC. Eleven-week-old

| Whysner ot al

rats exposed according ro the same doses and regimen had
ASL inctdences of 0/120 (0%) and /118 (1%), respec-
tively. The incidences of hepatomas showed similar differ-
ences. Another experiment compared tumor incidence be-
tween breeder animals and embryos for 2500 ppm VC
exposure beginning at 13 weeks of age for breeders and 12
days of gestation for embryos and continuing for 76 weeks
(20-35 hr/week). In this experunent, the number of neuro-
blastomas and angiosarcomas were simmular between breeders
and offspring, but heparocellular carcinoma incidences
were 9.2% and 51.2% for breeders and offspring, respec-
tively.

Further investigations on the role of exposure intensity
compared with number of exposures, resulung in the same
wrtal VC dose, were conducted by Hehir et al (1981) in
mice. When A/} mice had [0 [-hr exposures tv 300 ppm
VC, the incidence of pulmonary adenoma (124/166) and
lung carcinoma (22/166) was signihcantly greater than
matched conerols (31/90 pulmonary adenomas and 3/90
lung carcinomas, P < 0.001) and also considerably greater
than when they recerved 100 L-hr exposures to 50 ppm VC
{63/158 pulmonarty adenomas and 7/158 lung carcinomas).
Consequently, it appeared that these mice were somewhat
more sensitive to less frequent, more intense exposures;
however, the differences were only 2- ro 3-fold.

An extensive study by Drew et al (1983) furcher demon-
strated that age of female Fisher 344 rats, C37BL/6N mics,
CD-1 Swiss mice and Synan golden hamsters intluenced
the number and type of tumors observed after VC adminis-
rration. For example, 4/76 (5.3%) of 3- to 6-week-old
femnale Fisher 344 rars exposed to 100 ppm VC 7 hrfday, 3
days/week for 6 monchs developed a statistically significant
number of hemangiosarcomas. (Only rotal hemangiosarco-
mas were repotted in this study.) In contrast, 7-month-old
female Fischer rats exposed to VC by an identical expert-
menral prococol developed 2/52 (3.8%) hemangiosarcomas,
and rars held for 12 months or 18 months prior to the Jaily
exposures for 6 months faled to develop any hemangosar-
comas. When VC exposure was for a total of 12 months,
dJeferring the period of exposure for 12 months reduced the
ASL incidence from 11/53 (20%) ro 2/49 (4%). In Swiss
mice, 6 months’ exposure to VC (50 ppm) produced signifi-
cant incidences of hemangiosarcomas, mammary gland cac-
cinomas and lung carcinomas. After 12 months of expo-
sure, the incidence of ASL was 30/47 (64%). If inmation of
exposures was deferred until the mice were 12 months of
age, the incidence for 12 months of exposure was decreased
to 350 (6%). The incidence of hemangiosarcomas and
mammary gland carcinomas was also reduced i B6CIF,
mice that were dosed at ages older than 5-6 weeks; the re-
duction of total hemangiosarcomas after a 12-month Jefer-
ral of dosing was from 69/90 (77%) to 29/48 (60%). Female
Syrian golden hamsters developed hemangiosarcomas.
mammary gland carcinomas, stomach adenomas and skin
carcinomas after exposure to 200 ppm VC beginning ar 1
months of age for as little as 6 months' duration. When the
exposures were started at 8 months of age, the mcidence of
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hemangtosarcomas and mammary gland carcinomas was
again markedly reduced.

2.2. Dietary and Gavage Studies

Male and female Sprague-Dawley rats were dosed 3 times
weekly by gavage with 0, 0.03, 0.3, 1.0, 3.33, 16.6 and 50.0
mg/kg/day VC mn olive ol for 52 weeks and observed for
cheir life span by Maltoni et al. (1984). ASL were induced
in males at dose levels as low as 0.3 mg/kg/day; the inci-
dence was 12% at 16.6 mg/kg/day and 21% at 50.0 mg/kg/
Jay. Dose-related increases in [iver nodular hyperptasia and
Jiffuse hyperplasia were also observed; however, the levels
of neoplastic nodules did nor achieve stacistical signifi-
cance. Also, nephroblastomas (2% and 3.7% in respective
duse groups) and forestomach papillomas and squamous cell
carcinomas (2.3% and 1.2% in respective dose groups) oc-
curred 1 the 50.0 mg/kg/day and 16.6 mg/kg/day groups.
Zymbal gland carcinomas occurred at 1.0 mg/kg/day (3.3%),
16.6 mg/kg/day (2.5%) and 50.0 mg/kg/day (1.2%). Extra-
hepatic angtosarcomas and angiomas were recorded in the
50.0 mg/kg/day (2.5% wincidence, each type) and 3.33 mg/
kg/day gavage dose groups (2.5% extrahepatic angiosarco-
mas and 1.2% angiomas).

A liferime oral toxicity study of VC monomer was per-
formed by mcorporating PVC containing 0, 1.8, 5.6 and
17.0 mg VC/kg/day into the diet of Wistar rats for 135
weeks in males or 144 weeks in females. VC was also ad-
minwtered ac 300 mg/kg/day, 5 days/week for 83 weeks by
gastric intubation tn soy bean ol (Feron er al., 1981). Sta-
tistically sigruficant numbers of ASL were observed ar 5.6
mg/kg/day in males and at 17.0 mg/kg/day in females. The
tumor response Jemonstrated a shift from 0/116 ASL and
5/116 hepatocellular carcinomas at the 1.3 mg/kg/day di-
erary dose to a mixture of 8/114 ASL and 21/114 hepato-
cellular carcinomas m the 5.6 mg/kg/day dose group,
36116 ASL and 37/116 heparocellular carcinomas in the
17.0 mg/kg/day diet group, and finally to a preponderance
of 56/109 ASL and 1/109 hepatocellular carcinomas in the
300 mg/kg gavage group. Angiosarcomas of the lung, extra-
hepatic abdominal angiosarcomas and tumors of the Zym-
bal gland appeared in rats at doses of 5.6 mg/kg/day or
greater. A second study n the same laboratory was con-
ducted using male and female Wistar rats, which were fed
VC in powdered PVC in diet for 149 weeks. The doses used
were 0, 0.014, 0.13 and 1.3 mg VC/kg/day (Til et al , 1991).
On the basts of the results, 1t was concluded that induction
of tumors, neoplastic nodules and hyperplastic foct in the
liver were the most sensitive responses to dietary VC and
thae 0.13 mg/kg/day was the “no-observed-adverse-effecr-
level” for the induction of liver tumors tn Wistar rats.

2.3. Effects of Intraperitoneal

and Subcutaneous Injection

Intraperitoneal or subcutaneous injections of VC were not
effective in causing various types of tumors {Maltoru et al.,
1984); however, the total doses administered were small.
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The incidence of ASL was 0 1n 4 groups of 60 rats adminis-
tered 4.25 mg/kg VC ip. ercher 4, 3, 2 or | time at 2-month
intervals; 2/188 angiosarcomas occurred at other sites in the
4 Jdosage groups. In another study, a single nephroblastoma
was diagnosed in 32 Sprague-Dawley rars surviving to 35
weeks after a single 1.p. dose of 4.25 mg VC/kg; no nephro-
blastomas occurred in 49 control rats (Maltont et al., 1984).

3. EPIDEMIOLOGICAL STUDIES

In a number of studies, VC has been found to cause ASL, a
rare twmor in humans. Some quantitattve information 1s
also avaulable regarding the historical VC levels in the
workplace. Barnes (1976) provided estumates that exposure
concentrations for various years were the following: 1943~
1953, 1000 ppm; 1955-1960, 400-300 ppm; 1960-1970,
300400 ppm; mid-1973, 150 ppm; 1975, 5 ppm. Based
upon measurerments of VC and interviews with workers
concerning VC odor detecrion, Heldaas et al. (1984) esti-
mared exposure levels of 2000, 1000, 500 and 100 ppm for
the years 1950-1954, 1955-1959, 1960-1967 and 1963~
1974, respectively. Thus, the estimates of Barmes (1976)
and Heldaas er al. (1984) are within a factor of two.

3.1. Studies in the United States and Canada

Monson et al. (1973) reported an epidemiological study
among workers at two plants in Kentucky, USA mvolved
in the production of VC and PVC. Death certificates were
obtained for all 161 deceased workers who had been ac-
tively employed or pensioned. There were eight deaths due
o cancer of the liver and biliary tract, and five of rhese
were Jdiagnosed as ASL. A proportional analysis revealed
that the ratios of observed vs. expected mortality were 11.0
for liver and bihary tract, 1.6 for lung, 1.6 for digestive tract
and 4.2 for brain. Heach et al. (1973) reported that seven
workers at a plant in Lousville, KY, USA developed ASL
after having been exposed for between 12-28 (average 17)
years. This was among a work force of approximately 270
workers exposed to VC beginning in 1942.

Wuetal. (1989) reported the most recent update of a co-
hort analysts urilizing dearh certificates and a nested case-
control study of 3635 male workers exposed to VC and
PVC. Workers were exposed between 1942 and 1974, wich
follow-up extending through 1986. Prior published reports
of these workers have included Waxweiler et al. (1976) and
Waxweiler et al. (1981). Only liver cancer incidence was
elevated [standardized morrality rate (SMR)=333; confi-
dence interval (CD)* = 202-521]. Estumates of cumulative
dose were made, and a statistically significant association
with VC and liver cancer was determined. Analyses for
lung and brain cancer were also reported, and no associa-
tion with VC exposure was found. Afrer review of medical
records and death certificates, there were 12 ASL cases and

*Cl 1s the 93% C! unless otherwise srared.
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7 hepatocellular carcinoma cases. Only the ASL cases ex-
hibited a positive dose-response with VC.

Theriault and Allard (1981) reported that 451 Canadian
workers who were heavily exposed to VC for more than 5
years, employed from 1943 through 1972 and followed
through 1977, had an excess of digestive system tumots,
Histopathalogieal confirmation of all cancer cases was de-
termined, and there were 10 rotal ASL cases found, result-
ing in an SMR of 3714. The exposures of these workers
were thought to be quite heavy because several episodes of
unconsciousness were reported. In this study, the exposure
durations for both the exposed population and the ASL
cases were reported. They were found to be comparable, al-
though there were ro ASL cases among the 105 mep uwnrh the
longest exposures, This study will be analyzed in Section 9 4.

Rinsky et al. (1988) and Teta et al. (1990) reported re-
sults of exposure to VC at Union Carbide Corporation fa-
ciltties in the Kanawha Valley of West Virginia, USA, be-
tween 1940 and 1978. The Rinsky et al. (1988) study
reported on a particular set of facilities within the Teta et
al. (1990) study. In the Rinsky et al. (1988) study, the re-
sults were specifically linked to VC exposure. Increased in-
cidences of liver cancer (SMR = 174; Cl = 102-280) and
lympho- and reticulosarcomas (SMR = 140; CI = 104-187)
were reported. The highest SMRs occurred among persons
who worked at least 25 years (SMR = 239) and who died
30 years or more after first employment (SMR = 301). The
results for lympho- and reticulosarcomas did not show ef-
fects of latency or years of employment.

A study of a cohort in which there were 1536 deachs out
of 10,173 men who had ar least 1 year of exposure to VC
Jdue to employment ac 37 plants in the United States was
complered by Wong et al. (1991). A previous report of this
cohort was reported by Tabershaw and Gaffey (1974). The
updated report included observed mortality from 1942
through 1982. Fifteen ASL cases were reported among the
37 deaths due to cancers of the liver and biliary trace
(SMR = 641; Cl = 450-884). The excess mortality due to
cancers of the lver and biliary tract (SMR = 386) was sull
present even after the removal of ASL cases. Also reporred
were increased cancers of the brain and central nervous sys-
tem (SMR = 180; Cl = 114-271). No excess mortality was
found for cancers of the resprratory system, lympharic and
hematopoietic system ot digestive systera ather than the
liver. Analysis of mortality by latency for liver and biliary
tract tumors (including ASL) showed a clear positive trend;
however, for brain and CNS, this trend was not obvious.
There was the expected inverse relationship of age of first
exposure for hiver and biliary tract tumors, but for brain and
CNS tumors, there was an opposite relationship. Conse-
quently, the increased mortality due to cancers of the bramn
and CNS appears to be equivocal.

3.2. Studies in Europe

Byren et al. (1976) reported three cases of angiosarcoma
among 38 cancer cases in 771 workers who had worked in

1. Whysner et al

various chemical operations with exposure to VC in Swe.
den. These workers were compared wich standardized mor-
rality statistics from the Swedish Cencral Bureau of Statis-
tics. Four cases of cancer of the liver/pancreas, which
included two of the ASL cases, resulted in an SMR of 413
(P = 0.017). One of the cases of ASL was added to the pa-
per as a note n proof. Also, these authors found two cases
of brain tumors, yielding an SMR of 612 (P = 0.043). How-
ever, one of these cases had been employed for less than 1
year at the time of diagnosis. Fox and Collier (1977) re-
ported the results of a scudy of 393 deaths among 7000 men
exposed to VC from 1940 to 1974 in the United Kingdom.
There were four deaths due ¢o liver cancer, and two of these
deaths were ASL. The two cases of ASL had 8 and 29 years
of high constant exposure, which was estimated to average
200-500 ppm. No other cancers were found to be at ele-
vared incidence. A follow-up of this study through 1984
was reported by Jones et al. (1988). The number of cases
was restricted to the 5498 workers having exposure ro VC
for at least 1 year and during at least 25% of the working
period. At thus point, 11 cases of primary liver tumor had
been denufied (SMR = 567; CI = 283-1015) from the
780 deaths from all causes. Among autoclave workers, there
were seven dearhs due to liver tumors, and they were all
identified as ASL. The mean latency period from time of
first exposure was 25 years. One of the cases had an expo-
sure of 2—4 years, 2 had between 5-9 years and 4 had greater
than 10 years. There were no increases tn neoplasms of the
brain, lung, colon, lymph system or in malignant mela-
noma. An increase in urogenital cancers was not correlated
with degree of VC exposure. Weber et al. (1981) reported
on German workers exposed to VC or PVC who died be-
fore 1974. Death certificates of these workers were com-
pared with mortality rates of the West German population
and also to a group of chemical workers not exposed to VC.
The SMR for workers exposed to VC was 1523, compared
with 401 for the reference group. VC exposure was also as-
sociated with statistcally significant increased incidences
of malignancies of the lymphatic and hematopoietic tissues
(SMR = 214) and of the gastrointestinal tract and perico-
neum (SMR = 149). The SMRs for 13-60, 61-120 and
>121 months were 874, 1525 and 2528, respectively.
Heldaas et al. (1984) reported one ASL case among 23 can-
cer cases in 434 VC and PVC workers in Finland. The one
case was in a person exposed for 22 years. During most of
this person's employment history, VC levels were between
500 and 2000 ppm. There were also four cases of malignanc
melanoma reported, resulting in an SMR of 310, Pirastu et
al. {1990) investigated 253 deaths among persons who had
been involved with using VC or PVC at plants in [taly.
Death ceruficates and clinical and pathological data were
reviewed, and seven cases each of ASL and hepatocellular
carcinoma were verified. The mean duration of exposure
was 16 and 18 years, respectively. It was not possible to
compare these results with expected values. The mean la-
tencies were 19 and 20 years, respectively. A large mulu-
center cohort mortality study of European VC workers
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found a 3-fold increase in cancer of che liver (Simonato et
al., 1991). This study included 14,351 workers from Icaly,
Norway, Sweden and the United Kingdom. Some of this
data was included in other reported studies (Byren et al.,
1976; Jones et al., 1988; Heldaas et al., 1984; Pirastu et al.,
1990); however, this study included additional workers, and
follow-up was extended. Only cancers of the liver and 1n-
trahepatic bile ducts were statistically sigmificantly elevarted
(SMR = 286; Cl = 183-425). Fourteen cases of brain can-
cer vs. 13 expecred were reported.

4. BIOTRANSFORMATION

VC can be biotransformed to chloroethylene oxide (CEQ),
which readily reacts with DNA or chloroacetaldehyde
(CAA), which primarily reacts with protein (Fig. 3). The
matn enzymatic pathway for metabolism of VC reguires mi-
crosomal mixed-function oxidase. Microsomal acrivation of
VC has been confirmed both in vivo (Reynolds et al., 1975;
Guengerich and Watanabe, 1979; Bartsch et al., 1979;
Guengerich et al., 1981) and in vitro (Barbin et al., 1975;
Guengerich et al., 1979; Guengerich, 1982); oxygen and
NADPH are required as cofactors. When a mixture of VC
and pure oxygen was passed through a mouse liver microso-
mal fraction forufied with an NADPH-generating system,
volatile alkylating metabolites were trapped by reaction
with excess 4-(4-nirrobenzyl)pyridine. The absorption
spectra of the adducts formed were identical to those ob-
tained by reaction of CEQ with 4-(4-nitrobenzyl)pyridine,

~ P! P430 ~
c=C — CuC
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vC CEO
CHO

Q (':H N
o /a
a N
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indicating that CEQ, the highly reactive epoxide of VC,
was formed (Barbin et al., 1975; Bartsch et al., 1979). M-
crosomes prepared from human surgical specimens of liver
exhibited a 9-fold vanarion in the capacity to convert VC
into electrophiles mutagenic to Salmonella ryphimurium
strain TA 1530 (Sabadie et al., 1980). The specific mixed-
function oxidase required for bioactivation of VC to 1ts ep-
oxide CEQ was dentfied as CYP2EL by selective inhibi-
tion of the enzyme with diechyldithiocarbamare and by
studies with anti-CYPZ2E! (n liver microsomes (Guengerich
etal., 1991). Addicional evidence for the role of CEOQ will
be described mn Section 3.

CEQ (Fig. 4) has a half-life of 1.6 mm in aqueous solution
and can spontaneously rearrange to CAA (Barbin et af ,
1975). In addition, CEQO can be hydrolyzed by the enzyme
epoxide hydrolase. When epoxide hydrolase was added to
an agueous solution of CEQ, the t,,; for disappearance of
CEQ was decreased. When epoxide hydrolase was added to
a rat liver microsomal preparation, NADPH-dependent co-
valent binding of *C (from *C-VC) to proteins was de-
creased by 50% (Guengerich er al., 1979). However, subse-
quent studies have shown almost a complete inhibicton of
DNA -adduct formation from CEO following the addition
of epoxide hydrolase 1o the incubation (Guengerich, 1952).

VC metabolism was also reported to be paruially inhib-
ited by pyrazole and ethanol, both of which can tnhibit al-
cohol dehydrogenase; this suggests that VC may be oxidized
to 2-chloroethanol and then via alcohol dehydrogenase to
CAA (Hefner et al., 1975; Guengerich et al., 1979). How-
ever, it ts also possible that decreased VC metabolism may

ol REARRANGEMENT

» CICHp-CHO

CAA

0

(d)R — (d)R

N2,4-Ethenodeoxyguanosine

FIGURE 3. VC metabolism and adducts. Data from Ciroussel et al. (1990).
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FIGURE 4. Proposed metabolic pathways for VC.

have been due to competitive inhibition of CYP2E] by eth-
anol. Oxidation of 2-chloroethanol in the presence of hy-
drogen peroxide and catalase has also been proposed
{Hefner er al., 1975), but evidence for this is not available.
CAA can be oxidized by aldehyde dehydrogenase to
2.chloroacetic acid (Fig. 4), which has been found in the
urine of VC-dosed rats. 2-Chloroacetic acid can also bind
to glutathione to form S-carboxymethylglutarhione, which
can also be formed from S-formylmethylglutathione (Plugge
and Safe, 1977). CEO and CAA can bind covalently to
sulthydryl-containing groups in protein (Kappus et al.,
1975) or react with glutathione via glutathione epoxide trans-
ferase (or other glutarhione rransferases) to form S-formyl-
methylglurathione. Further metabolism {not shown in Fig.
4) occurs with conversion of S-formylmethylglurathione to
S-carboxymethylcysteine  and  S-(2-hydroxyethyl)-cys-
temne; these products have been identified in che urine of
VC-dosed rats. N-acetylation of S-(2-hydroxyethyl)-cys-
teine then yields N-aceryl-S-(2-hydroxyethyl)-cysteine,
thiodiglycolare is formed from S-carboxymethyl-cysteine by
deamination, and subsequent decarboxylation products
have been identified as urinary metabolites of VC (Wa-
tanabe et al., 1976a,b; Plugge and Safe, 1977).

Several studies have indicated that the epoxide metabo-
lite of VCC, CEQ, 1s the ultimate carcinogen thar reacts with
DNA. Using in uitro studies, Guengerich et al. (1981) found
that epoxide hydrolase (which reacts with CEQ), but not
alcohol dehydrogenase (which reacts with 2-chloroethanol,
a CAA precursor), inhibited binding of VC metabolires to
calf thymus DNA (Fig. 4), proving that CEO was the
DNA.-reactive species. Gwinner et al. (1983) determined in

vivo that the likely proximal carcinogen was CEO rather
than CAA. After exposing young rats to VC and to the
precursors 2,2"-dichlorodiethyl ether and chloroethanol,
which are metabolized only to CAA and not to CEQ, only
the VC-exposed rats developed preneoplastic hepatocellu-
lar ATPase-deficient foci, indicating that VC was DNA re-
active {presumably through a CEQ intermediate) and that
CAA was not DNA reactive in vivo. A single | mg (12.7
pmol) s.c. dose of CEQ o 8- to 10-week-old XVlilnc/Z
mice was administered followed by 2 pg 12-O-n-tetrade-
canoylphorbol-13-acetate 3 times per week for 42 weeks
(Zajdela et al., 1980). After 590 days, 18722 {82%) and 5/22
(23%) of animals had papillomas and carcinomas of the
skin, respectively. In comparison, the same dose of CAA
produced papitllomas in 3/20 (15%) of animals, which was
not different from controls, and there were no carcinomas.
The authors concluded from this study that CEQ rather
than CAA was the proximate carcinogen for VC.

Protein binding of VC following inhalation exposure to
2, 100 or 1000 ppm for 5 hr occurred in the liver, kidney,
lung and small intestine, with lesser amounts n other or-
gans and tissues of male Wistar rats (Bolt and Filser, 1977).
Binding of VC or its merabolites to protein was parnially
blocked by reduced glurathione, but binding to DNA was
not inhibited. By addition of radiolabeled CAA to the sys-
tem, it was determined that CAA, ot 1ts products of metab-
olism, readily bind to intracellular protein and that reaction
of CAA with DNA was very slow (Guengench et al., 1981)

In rats, VC merabolism is a dose-dependent saturable
process. Watanabe et al. (1976a) investigated the fate of ra-
diolabeled VC following oral exposure in male Sprague-
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Dawley rats. As the dose was increased from 1 o 100 mg/
kg, the proportion of the administered dose expired in the
lungs as VC increased from 2 to 67%. Following exposure
to air containing 10 ppm VC, urinary and expired radiola-
bel accounted for 68% and 2%, respectively. Exposure to
1000 ppm VC resulted in urinary and expired radiolabel
amounts of 56% and 12%, respectively (Watanabe et al.,
1976b). Several -hr doses of VC ranging from 1 to 4600
ppm were administered to male Sprague-Dawley rars by in-
halation (Watanabe ec al., 1978; Gehring et al., 1978). The
amount of metabolism and the formation of protein-bound
merabolites 1n the liver were reported to be a sigmoidal
function of the log of exposure concentration, which means
that binding of WC-VC or metabolires was low ar exposure
concentrations below 50 ppm, linear with respect to log
concentration in the range 50-500 ppm, and reached a pla-
reau at 500 ppm. This dose-response telationship was also
found to abey apparent Michaelis-Menten kinetics.

5. IDENTIFICATION OF DNA ADDUCTS

A number of studies have been performed with the goal of
idencification of DNA and RNA adducts formed after VC
exposure. The adducts of nucletc acids that have been con-
sistently identified are shown in Fig. 3. As described below,
i vitro adducts were prepared for adenosine, cytosine and
guanosine. Also, m vivo DNA adducts have been found in
mouse liver after i.p. injection and in the liver, lung, kidney
and brain of rats after inhalation or drinking water expo-
sure. The major DNA adduct formed m vivo was 7-(2-oxo-
ethyl)-deoxyguanosine (7-OEJG); there were smaller amounts
of etheno adducts formed from deoxyadenosine, deoxycy-
tosine and deoxyguanosine (Fig. 3).

Qsterman-Golkar et al. (1977) reported the isolation of
HC.labeled 7-{2-hydroxyethyl)guanine from hydrolysates
of DNA from the livets of BALB and CBA mice exposed to
[1,2-14C] VC. The authors concluded that the alkylation
product ortginally present n the DNA was 7-OEdG. Green
and Hathway (1978) found 3 N*-ethenodeoxycyudine
{edC) and 1 Né-ethenodeoxyadenosine {edA) in liver
DNA from male and female Wistar rars chat had been ex-
posed to VC in their drinking water (250 ppm) for apptoxi-
mately 2 vears, beginning on the 27th day of life. These
adducts were separated by liquid chromatography and iden-
ufied by mass spectromerty. Laib et al. (1981) assessed the
potential of [1,2-14C] VC to form in vitro and in vivo DNA
adducts. When calf thymus DNA was incubated with VC,
rat liver microsomes and NADPH, ¢dC, edA and 7-OEdG
adducts were identified. In vivo, they found only the
7-QEdG adduct by liquid chromatography of rat liver DNA
after a 5-hr inhalation exposure of the rats to VC. The au-
thors reported chat 1,Nf-ethenoadenosine (eAdo) and
3 N4.ethenacytidine (¢Cyo) were the major alkylation
products with RNA, in vivo and in viro. In a later study,
Laib et al. (1985a), using similar procedures, were able to
detect the N2,3-ethenoguanine (€G) adduct in liver DNA
of 12-day-old rats after 2 daily exposures to “C-VC, Berg-
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man (1982) wentified VC-DNA adducts in liver and Je-
tectable amounts of radioactivity in the DNA of spleen,
kidney, lung, pancreas and restis of male NMRI mice afrer a
single i.p. injection of 25 nCi “C-VC. DNA was hydro-
lyzed and separated by liquid chromatography. In the liver,
which had the greatest amount of VC radioactivity, edA
adducts were possibly identified from DNA hydrolysates; a
tmajor unknown adduct, probably 7-OEdG, was also de-
tected. Binding to RNA was observed in the spleen, pan-
creas, liver, kidney, lung and testis, but not in brain. In
RNA of liver and kidney, a large part of the radioactivity
was incorporated as C; fragments, but significant amounts
of €Cyo in the kidney and €A in liver and kidney were
identified. Using specific monoclonal antibodies, Eberle et
al. (1989) detected edA and edC adducts in liver and lung
DNA from Sprague-Dawley rats exposed to 2000 ppm VC
by inhalation for 10 days. The DNA was hydrolyzed. and
the adducts were separated by HPLC. Ciroussel er al.
(1990) exposed 7-day-old and 13-week-old BD VI rats to
500 ppm VC 7 hrfday, 7 days/week for 2 weeks. Using
HPLC and competitive radioimmunoassay with murine
monoclonal antibodies, ¢edA and edC were identified in
DNA hydrolysates of liver, lung and brain, but not in the
kidneys of the young rats. In the older rats, only the liver
was analyzed, and levels of each adduct were 6 times {ower
than for the young rats. The authors suggested thar their
data were in good agreement with the organotropism and
age-related sensitivity of VC-induced carcinogenictty in ro-
dents. DNA adducts were identified in the liver, lung and
kidney of preweanling Sprague-Dawley rats exposed to 600
ppm VC 4 hr/day for 5 days (Fedtke et al., 1990; Swenberg
et al., 1992). HPLC and fluorescence detecrion were used
to analyze 7-OEdG. €G was determined by isotope dilution
mass spectrometry, and €dC and edA were determined by
competitive radioimmunoassay using monoclonal antibod-
tes, after separation by HPLC. At the end of the 5-day pe-
nod, the liver had 3- to 8-fold higher amounts of each of
the adducts than lung or kidney. No DNA adducts were
identified 1n brain or spleen. The 7-OEdG adduct repre-
sented 98% of the adducts detected immediacely after dos-
ing; the €G and edC adducts were present at about 1% and
0.6%, respectively, and the edA adduct occurred at about
0.1%. The persistence of adducts was determined in livers
0.3, 7 and 14 days postexposure. The 7-OEdG adducr had a
half-life of 62 hr, the €G adduct had a half-life of 30 days,
and the edC and edA adducts were unrepaired. As a result,
at the end of 14 days, all of the detectable adducrs were of
the etheno type. These data show that the etheno adducts,
although formed much less readily, are poorly recogruzed by
repair enzymes and thus accumulate.

Reaction of calf thymus DNA with CEQ was found to
produce adducts in the order 7-OEdG > eAdo > G by
analysis of fluorescent propernies {Guengerich, 1992). CEO
was found to be much more effective than CAA in the pro-
duction of €Ado and €G, and no 7-OEdG was produced
from CAA. Epoxide hydrotase almost completely blocked
the formation of eAdo by VC, and either calf thymus DNA
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ar adengsine, in the presence of rat liver microsomes and
NADPH. Glutathione (10 mM) reduced che formarion of
€Ado in similar conditions by 76% and 61% from adenosine
and DNA, respectively. This experiment shows that CEO
(and not CAA) is the proximate DNA -reactive species and
that protective mechanisms can prevent adduct formation.

6. GENETIC ALTERATIONS BY
VINYL CHLORIDE-DNA ADDUCTS

Although 7-OEdG is the major DNA adduct formed,
etheno adducts have been found to muscode during DNA
replication and transcription, and they are presumed to be
involved in VC-induced cancer. However, there is conflict-
ing evidence conceming the specific etheno adduct and
mutation tnvolved. In an attempt to deduce the importance
of the 7-OEdG adduct, Politzer et al. (1986) suggested that
it might be in equilibrium with a cyclic hemiaceral, and, if
this were the case, that hydrogen bonding between guanine
and cytosine would be affecred. Computational studies of
the energies of both the adduct and its hemuacetal sug-
gested a very low probability that hemiaceral formation was
a factor in prevention of hydrogen bonding between the
bases. Therefore, it was concluded that the 7-OEdG adduet
probably would not interfere with G-C base pairing.
Krzyzosiak et al. (1986) used conformational analyses to de-
termine the mutagenic potential of etheno adducts. The
orientation of adenocsine to its sugar was more greatly af-
fected by etheno-adduct formation than was the orienta-
tion of cytidine to 1ts sugar. In the case of adenosine, éAdo-
adduct formation changed the sugar pucker from C3 endo
to C2 endo and the glycosyl rorsion angle from 10° ro 26°.
eCyo-adduct formarion resulted in essentially no change to
the sugar pucker and a change of glycosyl torsion angle
from 18° o 10°. Thus 1s significant because base mispairing
can occur as bases change their glycosyl torsion angles,
making hydrogen-bonding sites unavailable.

Singer et al. (1991) synchesized the N!3-ethenodeox-
yguanosine {¢dG) adduct and found that it was incorpo-
rated opposite T at a greater rate than opposite C during
DNA rephcation of a synthetic oligonucleotide template.
The frequency of G to thymine mismatch was similar with
all polymerases tested: Escherichia coli DNA polymerase |
{Klenow fragmeht), exonuclease-free Klenow, Drosophila
melanogaster polymerase a and human immunodeficiency
virus-l reverse transcriptase. The authors concluded thar
the replicaring enzymes apparently recognize the same
structural features, and on replication, G to A transitions
would occur, resulting in GC to AT mutations. The mu-
tagenic and genotoxic properties of 1,Né-ethenocadenine
(eA), 3,N*-echenocystine (eC) and a product formed by
nng opening of €A, 4-amino-3-(imuidazol-2-yl)imidazole,
were investigated by Basu et al. (1993), who inserted these
adducts into acceptor oligonucleotides; they were then li-
gated at a known site into the genome of the bacteriophage
M13-Nhel. After transfection of the adducted phage DNAs
into E. coli, each of the adducts was found to be genotoxic.

J. Whysner et al

The most roxic lesion was 4-amino-3-(imidazot-2-yDimida-
zole, which reduced survival of the genome by 97%. eC and
€A reduced survival of E. coli by 90% and 65%, respec-
uvely. In this system, the least mutagenic of the adducts
was €A, which caused primarily A—G transitions in 0.1%
of survivors. The €A rearrangement product 4-amino-5-(1m-
tdazol-2-yl)imidazole induced mutations at a 20-fold higher
frequency (~2%). €C induced mutations at a frequency of
1.5-2%; the mutations were mainly C—T transitions, al-
though targeted C—A and —1 deletions were also de-
tected. The mutagenic potency of the exocyclic adduct edC
in E. coli and 1n cultured simian kidney (COS) cells was
compared by Moriva et al. (1994). A single-stranded shuttle
vector containing an edC lesion was introduced; after replica-
ton, the DNA sequeuce corvesponding to the adduct sz ~as
analyzed. The muration frequency for single-stranded DNA
that contained edC was 2% in nonurradiated E. coli, 32% in
E. coli thar had been preurradiated with UV light, and 81% in
COS cells, indicating that the same lesion in bactenia and
mammalian cells causes strikingly different effects. The pri-
mary mutations generated in both E. coli and COS cells
were edC—A and edC—T base substitutions. Oligonucle-
onide duplexes of a defined sequence containing one ¢Ado
were synithesized by Oesch et al. (1994) and used as substrates
to study the reparr of this DNA lesion in cell homogenates of
peripheral mononuclear blood cells from workers exposed
to VC. The rate of repair of this lesion in preparations from
the exposed workers did not differ from the rate of repair of
the identical eAdo lesion in cell homogenate preparations
from lymphocytes of nonexposed control subjects.

6.1. Studies of Oncogenes and Tumor-Suppressor Genes

Investigations were performed at codons 12, 13 and 61 of
¢-Ha-ras, ¢-Ki-ras and N-ras in angiosarcoma samples taken
from VC polymenzation plant workers (Marion et al,
1991). A GC o AT transition at base 2 of codon 13 m the
c-Ki-ras oncogene was the only mutation detected in five of
six samples. A mutation of thus nature leads ro substitunion
of aspartic acid for glycine wn the resuluing p21 protein,
which 1s 2 common amino acid substitution found in many
human cancers with murated codon 13 in the Ki-ras onco-
gene. [n a subsequent study from this group, 8 of 9 (89%) VC-
exposed workers with ASL were found to have serum post-
tive for immunoblotting wich monoclonal antibodies to
p21 muranr protein (DeVivo et al., 1994). Also, 22 of 45
(49%) of VC-exposed workers with no evidence of ASL
were also positive for p21 mutant protein by this mono-
clonal antibody assay. Consequently, this particular VC-
induced mutation appears to be an early event in the neo-
plastic process and may be associated with the initiarion of
carcinogenesis. An investigation of hepatocellular carcino-
mas and ASL induced in Sprague-Dawley rats by VC inha-
lation exposure did not have similar oncogene mutations
(Froment et al., 1994). Female rats with their pups were ex-
posed 8 hr/day, 6 days/week ro 500 ppm VC from days 3
through 42 postpartum. DNA of various oncogenes was an-
alyzed by allele-specific oligonucleotide hybridization, di-
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rect sequencing of polymerase chain reaction products and
sequencing after cloning. No mutations in codons 12, 13 or
61 of the Ki-ras oncogene, in codon 12 of the Ha-ras onco-
gene of in codon 61 of the N-ras oncogene were found.
However, 2 of 3 resulting ASLs contained codon 13 (GGC
to GAC) and codon 36 (ATA to CTA) mutations of the
N-ras A oncogene, and 2 of 2 hepatocellular carcinomas
contained an AT to TA transversion at base 2 of codon 61
in the Ha-ras oncogene.

Mutations in the p33 tumor suppressor gene from cancers of
factory workers exposed to VC were reported by Hollstein et
al. (1994). In 274 ASL and 1 hepatocellular carcinoma stud-
ied, AT to TA transversions were detecred in the highly con-
served regions at codon 249 and codon 255, respectively.

7. GENOTOXICITY STUDIES
WITH VINYL CHLORIDE

Genotoxicity tests have shown mostly positive results; most
in vitro tests required metabolic activarion (Table 1). Addi-
tionally, some in vitro tests without activation were posi-
tive, indicating possible direct reactivity of VC with DNA
or a low level of oxidation of VC in these systems. DNA
damage was found with VC in the E. coli polymerase A as-
say by Rosenkrantz and Leifer (1980) and in the Bacillus
subunlis assay by Elmore ec al, (1976). Shimada et al. (1985)
found that VC induced unscheduled DNA synthesis in pri-
mary hepatocytes derived from rats. In general, bactenal re-
verse mutatton assays showed that VC was positive 1n
Ames strains TA100, TA1330, and TA 1535, but negative
in strains TA1537 and TA1538, which respond only to
agents causing frameshift mutations (Table 1). Some of the
Ames tests were positive without activation. Other reverse
muracton testing, with E. coli K12, with CHL/V79 cells at the
HPRT and ouabain gene loci and with Chinese hamster ovary
cells, was positive provided that there was metabolic activa-
ton (Greim et al., 1975; Drevon and Kurok:, 1979; Krahn et
al., 1982). Gene conversion testing in Saccharomyces cerevisiae
was positive with activation in tests that were reported by Lo-
prieno et al. (1976) and by Eckardt et al. (1981). Recessive le-
thal testing of D melanogaster was positive in two sets of tests
conducted by Verburgt and Vogel (1977) and by Magnusson
and Ramel (1978). Negative results were found in dominant
lethal in vivo testing in the rat and mouse (Anderson et al.,
1976; Short et al., 1977; Himeno et al., 1983).

Positive micronucleus results were reporred in CBA and Cs;
BY/6] mice (Jenssen and Ramel, 1980; Richardson et al., 1983)
and in human lymphocytes (Fudié et al., 1990). There were
nine postitve and three negative tests for chromosomal ab-
etrations in lymphocytes from humans exposed to VC, which
are listed in Table 1. In the most recent study, Fuéi¢ et al.
(1990) investigated VC-induced chromosomal damage
among PVC factory workers who had been employed for an
average of 15 years and were matched by age to controls.
Chromosomal aberrations, micronuclei and sister chroma-
tid exchange (SCE) frequencies showed statistically signufi-
cant increases in workers exposed to VC compared with the
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control group. If the workers were also smokers, SCE were
elevated stilt further, but the micronucleus test and chra-
mosomal aberrations were not affected. Some evidence in-
dicated that the elevated SCE frequencies were present for
up to several years after exposure (Fuéié et al., 1992). Aneu-
ploidy testing in D. melanogaster was negative (Verburge
and Vogel, 1977; Ramel and Magnusson, 1979). SCE in
human lymphocytes showed mixed resulrs in vivo. Hansteen
{1979) found only negatve results, while Kuderova et al.
{1979) reported a weak positive result. Anderson et al.
{1981) obrained a negative result when the test was done in
vivo and could get a positive test in vitro with activation.

8. TOXICITY, CELL
PROLIFERATION AND ALTERED FOCI

The sequence of events leading to the development of ASL
after exposure to VC and the relationship between heparo-
cytes and sinusoidal cells have been carefully decailed
(Feron et al., 1979; Wisniewska-Knypl et al., 1980; Sokal et
al., 1980; Feron et al., 1981; Maltoni et al., 1984). Major
proliferative changes occurred in both the hepatocytes and
the endothelial cells of the liver after animals were exposed
to VC. In the hepatocytes, proliferation of the smooth en-
doplasmic reticulum, the appearance of swollen, abnormal
mitochondria in which the cristae were arranged radially
around the periphery of the organelle, or the formarion of
irregularly shaped mitochondra were the earliest indices of
hepatocellular damage after adminiscration of VC (Feron et
al., 1979). Proliferation of the endoplasmic reticulum was
noted after 3 months' exposure to 50 ppm VC, while swell-
ing of mitochondna with reduction of glycogen deposits in
hepatocytes occurred after being exposed to 50 ppm VC 35
hr/day, 5 days/week for 10 months or after 3 monchs' expo-
sure to 500 ppm VC (Wisniewska-Knypl et al., 1980). The
liver parenchymal cells typically became polymorphic, with
hyperchromatic, pleomorphic nuclei. Small droplers of fac
were depostted in the cytoplasm of parenchymal cells, and
the rough endoplasmic reticulum degenerated with loss of
ribosomes to the surrounding cytoplasm. Sokal et al. {1980)
admunistered VC to male Wistar rats beginning at 2
months of age 5 hr/day, 5 days/week for 1) months. No sta-
tistically significant changes in liver cells were found after
exposure at 30 ppm. However, at 500 and 20,000 ppm,
13/43 (38%) and 8/17 (47%) of animals, respecrively,
showed proliferation of the hepatic sinusoidal endothelium.
At these levels there was also an increase in nuclear poly-
morphism of heparocytes. Hyperplastic changes and dyspla-
s1a accompanied the appearance of basophilic preneoplastic
foci and liver nodules. The hepatocytes of foci exhibired re-
duced glucose-6-phosphatase histochemical staining, while
the sinusoidal cells located at the periphery of hepatic lob-
ules had increased acid phosphatase (Feron et al., 1979;
Sokal et al., 1980). Fatty changes in parenchymal cells and
the formation of pockets of cellular necrosis further exacer-
bated the disruption of the normal cvtoarchitecture i cis-
sue sections of liver as sinusoidal cells infileraced the paren-
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TABLE L. Genotoxicity of Vinyl Chloride

d

. Whysnert et af

Results
In Vivo Without With
Species/Strain Cell/Strain test activation activation Reference
DNA Interacaon
DNA Adduct Formation
Calf Thymus DNA no! ND: +1 Latberal., 1981
Mouse/NMRI1 Liver yeyt + ND Bergman, 1982
Rar/Wistar Liver yes + ND Osterman-Golkar et al., 1977
Rat/Wistar Liver yes + ND Green and Hathway, 1978
Rat Liver yes + ND Laberal , 1981
Rat Liver, lung yes + ND Eberle et al | 1989
Rae/BD VI Liver, lung, brain yes + ND Ciroussel et af., 1990
Rat/Sprague-Dawley Liver, lung, kidney yes + ND Swenberg eral , 1992
DNA Damage
E. colr Pol A no ND + Rusenkrant: and Leifer, 980
B. subuls Rec no =3 ND Elmore ez al , 1976
Unscheduled DNA Synthesis
Rac Primary hepatocyte no + ND Shimada et al , 1985
Mutagenicity Assays
Reverse Muration
Salmanella typhimurium TA1535 no - + Rannug et al., 1974
Salmonella ryphtmurium TAL1537, 1538 no ND - Rannug eral., 1974
Salmonella cyphimunum TAL1530 no + + Bartsch et al., 1975
Salmonella ryphumurium TA1535 no ND + Bartsch et al., 1975
Salmonella ryphimurium TALQ0, 1535 no + + McCann et al., 1975
Salmonella cyphimunum TA1535 no + + Andrews er ., 1976
Salmonella eyphimurium TAI100 no - ND Elmore et al., 1976
Salmonella cyphimunum TA100 no + + Sunmon et al., 1977
Salmonella cyphimurium TA100 no - ND Laumbach et al., 1977
Salmonella typhimurum TA98, 100, 1535, no ND - Anderson and Sryles, 19783
1538
Salmonella typhimurnum TA100Q, 1533 no ND + Jones and Hathway, 1978
Salmonella evphimurium TALCO no ND (+)6 Bartsch et ul., 1979
Salmonella typhimurtum TAL1330 no ND + Bartsch et al., 1979
Salmonella typhimurum TA1530 no (+) + Poncelet e al., 1980
Salmonella typhimurtum TA1530 no ND + Hallserom er of |, 1981
Salmonella typhimurium TAL530 no - + Duverger-Van Bogaert et al |, 1932
E. col K12 no ND + Gremmetal., 1973
Gene Mutanion
Saccharomyces cerevisiae no - + Loprieno et al., 1976
Saccharomyces cerevisiae no - + Eckhardr e al., 1981
Hamster CHL/V79/HPRT no - + Drevon and Kuroki, 1979
Hamster CHL/V79/ouabain no - + Drevon and Kuroki, 1979
Hamsrer CHO no - + Krahnetal , 1982
Dominant Lethal Mutation
Mouse yes — ND Anderson etal., 1976
Mouse yes - ND Himeno et al . 1983
Rat yes - ND Shorrecal | 1977
Sex-Linked, Recessive Lerhal
D melanogaster ves + ND Verburgt and Voget, 1977
D. melanogaster yes + ND Magnusson and Ramel. 1978
Cytogenetc Assays
Chromosomal Aberrations !
Human Lymphocytes yes - ND Purchase et al., 1973
Human Lymphocytes yes + ND Ducatman etal., 1973
Human Lymphocytes yes + ND Funes-Cravioto et al , 1975
Human Lymphocytes yes + ND Kilian and Picciano, 1976 :
Human Lymphocytes yes - ND Kucerovid, 1976 !
Human Lymphocytes yes + ND Szentesieral., 1976 :
Human Lymphocyres yes + ND Purchase et al., 1978 :
{eomorted i
;‘
&
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TABLE 1. Continued
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Results

_ In Vivo Without With
Species/Strain Cell/Strain test activation activation Reference
Human Lymphocytes yes + ND Fletg and Theiss, 1978
Human Lymphocyres yes + ND Hansteen eral., 1978
Human Lymphocytes yes + ND Kucerovd et al., 1979
Human Lymphocytes yes - ND Anderson et al , 1980
Human Lymphocytes yes + ND Fuéié eral , 1990
Micronucleus
Mouse ves + ND Jenssen and Ramel, 1930
Mouse yes + ND Richardson eral , 1983
Human Lymphocytes yey + ND Fucié eral., 1990
SCEs
Human Lymphocytes yes - ND Hansteen, 1979
Human Lymphocytes yes (+) ND Kuéerovd et al.. 1979
Human Lymphocyres no - + Andersonetal , 1981
Human Lymphocytes yes - ND Anderson et al., 1981
Human Lymphocytes yes + ND Fuéié etal , 1992
Aneuploidy
D. melanogaster no - ND Verburgt and Vogel, 1977
D. melanogaster no - ND Ramel and Magnusson, 1979

'no indicates test was not done in oo
IND indicates test was not done

3+ indicates a positive test result.

‘yes indicates test was done in vivo.

i~ ndicates a negative test result.

5 (+) indicates a weak positive test result.

chyma. The sequence of pathological changes (n the
endothelial cells lining the sinusoids has been described by
Maleoru et al. (1984). Iniually, there was hyperplasia thac
may have been accompanied by dysplasia of the endothelial
cells. Varying degrees of fibrosis and sinusoidal dilatation
may accompany the hyperplasia and dysplasia of the sinuso-
idal lintng cells, leading to a cavernous appearance of some
hemangiosarcomas. The angiosarcomas were usually de-
scribed as multicentrie with various pacterns, such as cav-
ernous, vascular or anaplastic. At low concentrations such
as | and 5 ppm by inhalation in Sprague-Dawley rats, none
of these proliferative changes were evident in etther the pa-
renichymal or sinusowdal cells (Maltoni er al., 1984). Ac 10
ppm and above the incidence of proliferative changes in-
creased, but 1t was not noted to be »25% in any of the
groups. Because these results were not obrained early tn the
stugly, chey are difficult to interpret.

Latb et al. (1985b) investigated the VC-induced devel.
opment of phenotypically altered foct in the liver. These
authors exposed male and female Wistar rats to 2000 ppm
VC 8 hr/day, 5 days/week by inhalation for varying time pe-
riods beginning m utero (exposure of pregnant females) or
beginning at postnatal day 7 or 21. The livers of the rats at
4 months of age were evaluated for ATPase-deficient foci.
The number of ATPase-deficient foci was not increased af-
ter exposure to VC in utero or during postnatal days 1-5,
but highly significant increases in foci areas were observed
when newbomn rats were exposed for 11 or 17 days; the inci1-
dence was not further enhanced by a 47- or 83-day expo-

sure. The authors concluded that the period of sensitivity o
VC-induced altered foci was characterized by rapid liver
growth. This may also (ndicate the requirement for P430
activation, which is absent in the very young rat. [n an-
other study, Laib et al. (1985¢) studied dose-response of the
VC-induced, ATPase-deficient foct in rat liver. Newborn
Wistar rats were exposed to 0, 10, 40, 70, 150, 500 and
2000 ppm VC 8 hrfday, 5 days/week for 10 weeks. Also,
male and female Sprague-Dawley and Wistar rats were ex-
posed to 2.5-80 ppm VC starung at 3 days of age for 3
weeks and were then maintained for 10 weeks withour fur-
ther dosing. In both sers, there was a linear relationship be-
tween Jose and area of induced foci expressed as percent of
liver area. The authors concluded that within the dose
range investigated, there was no evidence for the threshold
value of 30 ppm, which had been previously suggested 1n
the literature (Gehrng et al., 1978). There was, however,
evidence for saturable kinetics; this was seen when the area
of foct increased linearly in the range 2.5-500 ppm, with
increasing dose until it reached a plateau at 500 ppm n the
10-week-exposure regimen i fernale Wistar rats. There was
a slight increase in the female/male foci-induction ratio in
Wistar rats in the dose-tesponse protocol, but there was a
much greater increase in this ratio using the Sprague-Dawley
rat. No-observed-effect-levels at 10 ppm for Sprague-Dawley
rats and at 5 ppm for Wistar rats were found. However, the
results appeared to be consistent with a linear dose-response
at low doses due to the small number of foct and variabiliey.
The authors concluded that there was no threshold. The
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relevance of dose-response of liver foci in the pathogenesis

of ASL needs to be clarified.

9. SUMMARIES
9.1. Rodent Bioassays and Human Studies

VC offers one of few examples in which both rodent bioas-
says and human epidemiological studies find the same type
of tumnor, and this tumor type does not occur appreciably in
unexposed rodents or humans. Numerous epidemiological
studies have found relatively high incidences of ASL re-
lated to VC exposure compared with the rare occurrence of
this tumor in the general populanon. SMRs for ASL in
these studies ranged from 400 to several thousand. No other
tumor types tn humans have been convincingly demon-
strated to be associated with VC exposures (Doll, 1988).
Brain tumors were found elevated in two studies, and other
tumor types have been found in only one study each: malig-
nant melanomas, lympho- and reticulosarcomas, and malig-
nancies of the lymphatic and hematopoietic systems. As re-
viewed by Doll (1988), one of the studies reporting
increased brain cancer incidence (Monson et al., 1975) was
included in the larger analysis of the United States cohorr,
which found no clear rrend for latency or the expected in-
verse relationshup for age of first exposure. Also, the inclu-
sion of the study by Byren et al. (1976), which found an in-
crease in bram tumors, into the larger European cohort
(Simonato et al., 1991) resulted in no increase in brain tumors.

In conrrast to humans, the large series of rodent bicassays by
Maltoni demonstrated nine types of tumors that were consid-
ered by the authors to be correlated with VC dosing tn the rat:
ASL, extrahepatic angiosarcomas, mammary adenocarcino-
mas, Zymbal gland carcinomas, nephroblastomas, hepatomas,
neuroblastomas, forestomach papitlomas and squamous cell
carcinomas, For cerrain types of tumors such as mammary
gland, there appeared to be a decrease in incidences at
higher doses. A possible explanation, based upon examina-
tion of the survival curves from those studies, is that at high
doses, the animals succumbed to tumors with shorter laten-
cies such as ASL, thereby decreasing the chance of observing a
tumor with a longer latency, such as a mammary tumor.

As shown by Maltoni et al. (1984), the route of adminis-
tration appeared to be a significant factor in the organotro-
pism of VC. When ingested, VC appeared to affect the
Yiver preferentially, producing both hepatocellular carcino-
mas and angiosarcomas. Hepatocellular carcinomas were
only found when VC was incorporated in the diet; VC -
duced hepatocellular carcinomas at lower doses and a mix-
ture of hepatocellular carcinomas and ASL at higher doses.
When given by gavage, VC produced ASL and liver hyper-
plasia, but no significant increases in adenomas or hepato-
cellular carcinomas. When injected, VC showed only a
borderline rumorigenic effect, probably due to the low con-
centrations of VC used. In comparison with adulrs, 12-day-
old embryos and newborn rars were much more likely to de-
velop ASL, hepatocellular carcinomas and neuroblastomas

(Maltoni et al., 1984; Maltoni and Cotti, 1988).

J. Whysner et af.

9.2. Mechanistic Information

The weight of evidence suggests thar CEQ, the epoxide of
VC formed in the presence of microsomal P430-dependent
monooxygenase, is the pnmary DNA -reactive species (Guen-
gerich, 1992). CEO rapidly rearranges nonenzymatically or
enzymatically in the presence of epoxide hydrolase ro form
CAA. Conversion of CEO, before it reacts with nucleic ac-
wds, o CAA converts the DNA alkylating species to a less
DNA -reactive compound; CAA also has a hugher affinity
for protein than for DNA or RNA. This evidence 1s consis-
rent with the finding that CAA is not tumongenic
{Guengerich, 1992). The detoxifying enzyme epoxide hy-
drolase and glutathione have substantial protective effects
on the rates of etheno-adduct formanon by VC (Guenger-
ich, 1992). The preferential reactivity of CEQ with DNA
and the reactivity of CAA with protein were also reported
by Gwinner et al. (1983), and they found that precursors of
CEQ, but not CAA, were capable of forming preneoplasric
foct in liver. Reticuloendothelial cells lining liver sinusoids
are almost devoud of microsomal mixed-function oxidase, in
conrrast to parenchymal cells, Guengerich er al. (1981)
demonstrated that both CEO and CAA leave rat hepato-
cytes after the cells have been ncubated with VC. Guen-
gerich {1986), therefore, proposed that reactive intermedi-
ate metabolites of VC are produced in the hepatocyres,
which then bind to critical molecules of che sinusowdal cells
where they exert their effects, causing cellular transforma-
tion. The reason for primary involvement of the sinusoidal
cell racher than the hepatocyte tn the tumongenic process
may be due to a greater degree of sensittvity to adduct for-
mation or due to poor repatr mecharmisms of sinusoidal cells.
The DNA adduct formed in the grearest amount during
metabolism of VC 15 7-OEdG, with minor amounts of ed ,
edA and «dG also being detected after in vivo exposure to
VC. The 7-OEdG adduct and all three etheno adducts have
been identfied by Swenberg et al. (1992) in rat liver, lung
and kidney. Other investigators have also identified the
edC and edA adducts in the liver, lung and brain (Ciroussel
et al., 1990). One difficulty with these experimental studies
in liver is that DNA adducts identified may be associated
with hepatocytes, endothelial cells or both. Consequently,
1t is not possible to definitively link one of these adducts to
ASL by tnformarion on spectfic DNA-adduct formation.
Studies have implicated the e¢dG adduct as the likely
candidate for the parucular mutations found in ASL 1n hu-
mans. The major adduct formed by VC, 7-OEdG, does not
cause a direct muragenic event because the adduct is posi-
tioned in the major groove of an undistorted B-DNA helix
where no base pairing occurs. In contrast, cyclic etheno ad-
ducts require reaction with the exocyclic amino group and
an adjacent ring nitrogen on guanine, cytosine ot adenine
and thus, are hindered from forming when DNA is double-
stranded and hydrogen bonded, resulting in less adduce for-
mation. However, these etheno adducts have mutagenic
potential because, once formed, they prevent normal base
pairing. GC to AT transttions, which have been reported as
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VC-induced muragenic changes, appear to tesult from mis-
coding of the €G adduct. This adduct 1s more likely to base
pair with thymine than with 1ts normal paring partoer, cy-
tosine, thus itiating the GC to AT transition. Such tran-
sitions in codon 13 of the ¢-Ki-ras oncogene have been
found in ASL tumors of VC-exposed workers (Marion et
al., 1991). The sera of workers with ASL have been found
to contain murated p2l protein, which is the oncogene
product. Also, workers with VC exposure, but no evidence
of ASL, have sera containing this mutated oncogene product.
Consequently, VC appears to initiate malignant transfor-
mations by a mechanism that involves eG-adduct formation,
mutation and oncogene activation. Although oncogene ac-
nvation has also been found in ASL and hepatocellular car-
cinomas from rats exposed to VC, the types of mutations
and oncogenes involved are different from ASL in humans.

Evidence of VC-DNA -adduct formarton and genetic al-
teration is reflected i the positive results of genotoxicity
tests, as shown in Table 1. The result of a rest for unsched-
uled DNA synchesis 1n rat liver was positive, VC-induced
mutagenic effects in bacterial systems were found both with
and without the presence of a metabolic activation system.
Thus may represent a low level of direct reactiviey of VC or
a low level of nonenzymatic production of CEQ in the test
system. The results of strains TA1537 and TA1538 have
been negative, which suggests that the VC adducts formed
were unable 1o produce the large conformarional changes
required for frameshift mutagenesis. In mammalian cells with
metabolic activation in wiro, positive tests for gene mutation
were reported. Peripheral lymphocytes conraming chromo-
somal aberrations, micronucleus and SCE were found among
humans exposed 1n the workplace. However, dominant lethal
tests were negative, and most tests for SCE were negatve.

Studies of VC-induced cytotoxicity and cell proliferation
have shown thar a reactive proliferarive response in the si-
nusoidal endothelial cell may play a role i the induction of
ASL (Feron et al., 1979; Wisniewska-Knypl et al., 1980;
Sakal et al., 1980: Feron et al., 1981; Maltoni et al., 1984).
The dose-response of prolifetative change occurs within a
sunilar range as the tumorigenic response, in that no snif-
icant tumors ot proliferative responses are induced up to 10
ppm by inhalation. Proliferative responses occur in the pa-
renchymal cell, and the development of VC-relared altered
hepatic foci have also been described. However, no signifi-
cant rumorigenic response occurs tn the hepatocyte unless
VC has been adminustered in the diet. In this case, the tu-
morigenic response is primanly in the hepatocyte at low
doses, but 1t involves the sinusoidal endothelial cells as well
at higher doses.

9.3. Species-to-Species Extrapolation

Incidences of ASL were found by Maltoni et al. (1984) ro
be comparable between different strains of rats and mice,
alchough mice appeared to be more sensitive at lower doses.
The hamster was relatively insensitive to VC-induced ASL.
Studies by Drew et al. (1983) in F344 rats and Swiss mice

e
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gave incidences approximarely 45 rimes higher than those
of Maltoni et al. (1984). Thus may be partially explained by
the use of younger arumals by Drew et al. (1983), which
were 8-9 weeks of age vs. the 13-week-old animals used in
the experiments by Maltoni et al. (1984). Also, the Drew et
al. (1983) experiments had a 50% greater daily exposure
period. The experiments by Lee et al. (1978) 1n CD-1 rats
also produced much higher ASL incidences per unit dose
than che Maltonu et al. (1984) experiments. Almost one-
half of these rats showed tumors at the end of 12 months of
exposure to 1000 ppm VC. Consequently, the dose-response
curve shown wn Fig. 2 does not represent the most sensitive
strain or species, and at a dose of 1001000 ppm VC, other
studies have shown incidences of ASL approximately 5
nimes higher.

Neither the mouse nor the hamster had VC-.induced
Zymbal gland carcinomas, nephroblastomas or neuroblasto-
mas, and, in addition, the hamster did not develop mam-
mary carcinomas or hepatomas. The several mouse strains
tested, i.e., Swiss, BOC3F, and CD-1 (Lee et al., 1978; He-
hiretal., 1981; Drew et al., 1983) were much more prone to
develop mammary tumors and lung tumors than were rats.
Strain vanability was also evident, as the Wistar rats had
much lower rates of Zymbal gland carcinomas and some-
what lower rates of ASL than the Sprague-Dawley rars.
Such variability of tumor types other than ASL from spe-
cies to species would indicate that extrapolation from ani-
mal daca to estimares for human populations could be sub-
ject to considerable uncertainty. However, ASL was found
to be a major tumor type in all three species and 1n the var-
wus strains of these species studied. Most mportantly,
there appears to be a good correlation berween the ex-
pected dose-response 1n rodents compared with humans.
There are several possible methods for compartng the re-
sults of human and animal studies, which have been re-
ported 1n the literature. These correlarions will be deseribed
in the next section.

9.4. Dose-Response Extrapolation

Malroni et al. (1984) demonstrated thar VC was a dose-
dependent animal carcinogen, and in inhalarion experi-
ments, exposure time, exposure route, animal age, species
and strain affected its carcinogenic potential. The ages of
arumals exposed to VC greatly affect the dose response for
ASL. In studies reported by Maltoni et al. {(1984), newbom
antmals exposed for only 5 weeks developed approximarely
the same incidence of ASL as did 11- to 13-week-old ani-
mals exposed for 57 weeks. Drew et al. (1983) reported total
hemangiosarcomas at all sites in rars and found that if
12-month exposures were deferred for 6 or 12 months, the
reductions in tumor incidences were about 2- and 10-fold,
respectively. In the Maltoni et al. (1984) Sprague-Dawley
rat expertments, a reduction of total exposure time by two-
thirds decreased the incidence of ASL from 12-22% to less
than 2%. These authors also found that decreasing the
number of exposure periods lowered the incidence of sev-
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eral other VC-related tumors, but this apparently had little
effect on the incidence of Zymbal gland cumors.

The evaluation of dose-response information necessarily
focuses on ASL resulting from inhalation exposure because
this is the tumor type and exposure route that occurs in
both rodents and humans. Overall, the test results by Mal-
roni et al. (1984) demonstrated a dose-response relation-
ship between concentration and tumor response for ASL.
These data are presented in Fig. 2. Data have been plotted
on this graph with the dose scale as the log(dose). This
dose-response curve shows that there is an apparent linear
relationship berween log(dose) and ASL tumor incidence.
Such a relationship corresponds o a supralinear dose-response
curve. At rwo doses, 1 and 3 ppm, no apparent ASL was
found; however, this 15 consistent with the low probabulicy
predicted and the number of test animals.

The studies examining the metabolism and protein bind-
ing of VC have been found to follow Michaelis-Menten ki-
netics, exhibiting a saturation at high doses (Gehring et al.,
1978). The dose-tesponse of metabolic acrivation, there-
fore, would be represented by a supralinear curve. This data
was also found to correlate to the tumor incidence data
from the dose-response studies in Sprague-Dawley rats.
However, below the saturation point, normal first-order ki-
netics have also been found to apply. The satration point
has been reported to be approximately 250 ppm in male
Wistar rats (Filser and Bolt, 1979). At 250 ppm, the first or-
der rare of clearance of VC in Wastar rats is 11.0 L/hr/kg
body weight; the zero order V,, at concentrations higher
than 250 ppm is 110 wmol/hr/kg body weight. Although
several mathematical merhods have been used to correlate
animal data to human data and to correlate metabolic data
to animal dara, their usefulness in predicting extrapolation
to low doses 15 limited. Because the relationship of adminis-
tered dose to delivered Jdose is linear and first-order below
the saturation of 250 ppm, adminustered dose provides a vir-
tually identical low-dose extrapolation compared with de-
livered dose (Krewsk et al., 1987). Several different mathe-
matical models are capable of fitung the dose-response data
(n Sprague-Dawley rats, and all provide similar comparisons
to the human epidemiological dara {Gehring et al., 1979).
The use of these various models provides, however, a wide
variation in rhe prediction of human risk at low doses (Pur-
chase et al., 1987)

Several approaches have been used ro compare the dose-
response for ASL from the Sprague-Dawley VC inhalauon
studies with epidemiological results. Four models (probic %,
tinear %, linear forced through ongin and one-hit model)
were used to empirically fir the dose-related tumor inci-
dence dara (Gehring et al., 1979; Schumann et al., 1982).
Using the data of Maltont et al. (1984), there was no clear
benefit in using any one of the methods to model the dose-
response relationshup for ASL. All four models were then
used to predict the human angiosarcoma incidence from rar
angiosarcoma data. In thetr extrapolations from rar data to
predictions of human cases, the investigators assumed that
the induction of angiosarcoma was related to the amount of

J. Whysner er al

VC-reacrive metabolite per unit surface area and thar the
exposure of rats for 12 months approximares exposure of
humans for 35 years (half a Lifeume). Presuming a tume-
weighred average human exposure of 200 ppm, the 8-10
cases predicted by the models compared favorably wich the
5 recorded angiosarcoma cases in a cohort of 9677 exposed
workers from an unpublished study quoted by these authors.
Swaen et al. (1987) found that results by Malroni et al.
(1984) demonstraced that an incremental increase in ASL
of 1% was associated with an increase of 29 ppm VC ad-
ministered for 52 weeks in Sprague-Dawley rats. These au-
thors also estimated that in the combined epidemiological
experiments, an average SMR of 1300 for liver cancer was
associated with an exposure duration of 8.7 vears to 500
ppm VC. After accounting for differences in the period of
exposures, these authors concluded that the Jeath rates for
comparable exposures were within a factor of three between
the rodents and humans. Humans appeared to be somewhat
less sensitive to the effects of VC than rodents. A more
elaborate comparative approach was used by Chen and
Blancaro (1989), which incorporated physiologically based
pharmacokinetic models for humans and animals. For thus
effort, conversion of the inhalation data to a metabolized
dose was used. Metabolic constants for rodents were ob-
tained from the literature, and those for humans were de-
rived from primare dara. The authors concluded from this
analysis that whereas the number of cases predicted by the
animal model on a per surface area basis was within a factor
of two, the prediction would be 20-fold less on a per body
weighr basis. However, it should be noted that this analysis
was based upon only two cases of ASL reported by Fox and
Collier (1977).

Another approach is to use the nhalation dose-specific
tumor rate in rodents for comparison with the human ru-
mor rate, based upon the tumor incidence among a dertved
number of exposure years for exposed workers. The epide-
miological study from which such estimates can be made
was reported by Theriault and Allard (1981). In this study,
there were 451 workers who had exposures for 3 or more
years, and during the period of study, 10451 (2.3%) work-
ers were diagnosed with ASL. Based upon the information
reported in this study, using observation period and expo-
sure years, the estimates of numbers of workers exposed 1n
vartous years can be made (Table 2). From the estimares of
exposure by Barnes (1976) during those years, the total
number of VC ppm-exposure years can be Jerived, which
when divided by the number of workers and by an exposure
duration of 35 years results in an average yearly exposure of
240 ppm/worker. The 35-year-exposure duration has been
selected to be one-half of a person’s lifetime, which would
correspond to the 52-week duration in the rat studies by
Maltoni et al. (1984). Although the rat studies had only a
4-hr/day exposure period, this duration would be within the
range of the workers’ exposute, which would probably occur
only during part of an 8-hr work day. The dose-response of
ASL in these studies has been surnmarized 1n Section 2.1.1,
and rhe Malroni ¢t al. (1984) experiments are shown in Fig.
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Vinyl Chlonde Mechanistic Data

2. The ASL incidence that corresponds ro 237 ppm mn these
studies 15 about 7%. As indicated previously, a 2.3% ASL
incidence in the cohort of Canadian workers was found.
However, the average age of the workers at the time of the
study was about 34 or 55 years of age, and the lifetume ASL
incidence among this group would be expected to be some-
what greater than 2.3%. Consequently, the risk estimates
for humans, based upon the Malroni et al. (1984) studies
and using various exposure comparison methods, appear to
be quite close to those found n human epidemiological
studies, even without making adjustments for pharmacok:-
neric parameters.

Examination of the dose-response of proliferative
changes was done by Maltoni et al. (1984); however, In
mast cases, the autopsies were done months atter the cessa-
tion of VC adminustration. There was an increase in prolif-
erative changes of sinusoidal cells noted especially ar 50
ppm and above in Sprague-Dawley rats. Simdar findings
were nor reported for Wistar rats. However, Sokal et al.
(1980) examined Wistar rats after 10 months of VC admin-
istration and found no increase in proliferation of sinusoi-
dJal cells at 50 ppm, but Jdid find an increased incidence of
38% at 500 ppm. This dose-response corresponds to the
dose-response of angiosarcomas 1 Wistar rats reported by
Maltoni et al. (1984), since there were none at 50 ppm and
10.7% at 500 ppm. Consequently, increased cell prolifera-
tion may play a role in the shape of the dose-response for
VC-induced ASL. The dose-response study by Laib et al.
(1985¢) demonstrated a plareau at 500 ppm for the forma-
tion of altered hepatic foct in hepatocyres, thereby suggest-
ing the operation of saturable metabolic activation of VC.

10. USE OF MECHANISTIC
DATA IN RISK ASSESSMENT

VC is a DNA-reactive carcinogen that requires bioactiva-
tion to the reactive epoxide CEQ (Fig. 4). CEO may spon-
taneously rearrange to an aldehyde, or VC may be metabo-
lized and eliminated by pathways chat compete wich
epoxide formation. Several DNA adducts have been 1denti-
fied in the rarget organ for ASL. However, the major ad-
duct 7-OEJG does not appear to be mutagenic and, there-
fore, may not be responsible for tumor formation. The lesser

4

3

amounts of cyclic etheno adducts, which are also present 1n
the livers of VC-exposed animals, are capable of producing
mutations and, therefore, would be involved in the mecha-
nusm of tumor formation (Fig. 3). Results shown in Table 1
indicate that VC genotoxicity studies were largely positive.
[n vivo DNA adducts were found in mouse liver after i.p. in-
jection and in liver, lung and brain of rats after inhalacion
and drinking water exposure. Mutations produced by VC-
DNA adducts, espectally of genes involving cell cycle regu-
larion, would be expected to produce initiated cells of the
sinusoidal endochelium. There s also some evidence chat
VC induces proliferation of the sinusoidal endothelium, al-
though this response could be the result of mutarion rather
than an epigeneric effect. -

The dose-response data in rars for ASL (Maltoni et al.,
1984), the cumor attributed to VC exposure in humans, was
used by the United States EPA (1985a) to calculate an up-
pet bound q,* of 2.95 x 10~! (mg/kg/day)~! for the cancer
sk due to inhalation exposures. The data of Feron er al.
(1981) from the lifetime feeding study in Wistar rats was
utilized by the United States EPA for calculation of a q*
for oral exposure of 2.3 (mgkg/day)-! based on the liver
and lung tumor incidence (EPA, 1985b). The development
of cancer potency factors derived from animal experuments
assume species-to-species extrapolation, which has been
the basis for most of the regulation of environmentally oc-
curring carcinogens in the United Srates. In the case of
VC, human mortality studies demorstrauing high mci-
dences of ASL associated with inhalation exposure 1n the
workplace provide a basis for companson with the inci-
dence of ASL from anumal studies. Not only does VC expo-
sure produce the same tumor type in both rodents and hu-
mans, but as documented in Section 9.4, the dose-related
incidences are similar. Compared with the experiments by
Maltoni et al. (1984) in Sprague-Dawley rats, other rodent
species and strains have shown relatively small differences
tn dose-response relationships for ASL. Some studies of
hamsters, rars and mice demonstrated up to a 3-fold, and
possibly even a 10-fold, lesser tumarigenic response. On the
other hand, studies by other investigarors have found up t
a 5-fold greater tumor incidence for rars or mice at exposure
levels that approximare those of exposed workers in the
past, L.e., up to 1000 ppm. These differences between spe-

TABLE 2. Calculation of Average Exposure Air Level for VC Workers

Exposure

Years (Yr) 19431947 1948-1952

1953-1957

1958-1962 19631967 1968-1972

Number of workers (N) 103 195
ppm 1000 1000
N X ppm X Yr

(in 104 51.5 97.5

304
750 400 300 150

289 185 169

114 58 423 11.5

Calculation

3,750,000 workers — ppm ~ yr

Workers' Average Adjusted Exposure Level =

Data from Theriault and Allard (1981).

451 workers x 35 yr

= 237 ppm.
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cies are relatively small compared wich those found for epi-
genetc carcinogens. The similar DNA-reactive cancer
mechanism among species is modulated by variations in
various metabolic parameters. Such variations may be ac-
counted for through the use of pharmacologically based
pharmacokinetic modeling techniques. Young animals have
been found to be more susceptible to VC-induced tumors
resulting from DNA adducts, presumably due to greater
rates of cell proliferation that would resulr 1in higher muta-
tion rates. Although several other target organs for VC-in-
duced cancer have been found in rodents, these have not
been Jemonstrated 1in humans. Among rodents, the larger
differences in species and strain susceptibulity for these tu-
mor types may explain the lack of evidence for these other
tumor types in humans.

Some of the mathematical models described in Section
4.4 have attempted to calculate dose-response expressions
for low doses of VC. However, the dose-response similari-
ties between animals and humans are all in the range of oc-
cupational exposures. In other words, although these com-
parisons show that human incidences of ASL are simular to
rats at similar exposure levels, they do not validate the use
of a particular machematical model for low-dose extrapola-
tions. The choice of a particular model for low-dose extrap-
olation for humans is still based upon mechanistic assump-
nons that predict a sumilar dose-response relationship as
thar found 1n experimental data on tumor formarion. The
linear-at-low-dose model used by the United States EPA
assumes that at low doses, the dose-response for the supra-
linear curve 15 essennally the same as a linear relarionship.

In summary, ASL induced by VC has provided an oppor-
tunity ro examine the extrapolation of animal to human
data using a DNA-reactive carcinogen for risk assessment
purpuses. [t has been found that there is relatvely good
agreement between dose-specific tumor incidences for ro-
dents and humans. Mechanistic information is consistent
with a supralinear dose-response relaionship, which is ef-
fectively linear at low doses. Consequently, although the
linear-at-low-dose extrapolation method cannot be vali-
dated based upon human data, the well-documented hu-
man carcinogenicity of VC justifies the use of this dose-
exrrapolation method.
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