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INTRODUCTION

Vinyl acetate monomer (VAM) is an important monomer of the plastics industry.
It is a colorless liquid, insoluble in water, soluble in ethanol, ether, acetone, benzene,
chloroform, and carbon tetrachloride, with a vapor pressure of 115 mm Hg at 25°C.
VAM was produced for the first time in 1912. It is produced commercially mainly
by two processes: in one, used since 1920, acetylene and acetic acid are reacted in
the vapor phase over a catalyst bed; in the other the ethylene is reacted with acetic
acid in the presence of oxygen. Commercial production of VAM was first reported
in the United States in 1928.!2

VAM is produced in many countries: Japan (6 companies), China and the United
States (5 companies), Germany and the Russian Federation (2 companies), and Brazil,
Canada, France, Mexico, Poland, Romania, Spain, Thailand, the United Kingdom
and Venezuela. The total world capacity of VAM production was about 1,000,000
tonnes in 1965. World production rose to 3,000,000 tonnes in 1982, but had decreased
to 2,500,000 tonnes by 1988. In the United States, VAM ranks 40th among the 50
most highly produced (by volume) chemicals.’

VAM is used primarily to produce polyvinyl acetate emulsions and polyvinyl
alcohol (these uses account for about 75% of the total VAM produced worldwide).
It is also used for the production of polyvinyl-acetals, of ethylene-vinyl acetate
copolymers, and polyvinyl-acetate chloride copolymers. The multiple uses of the
various VAM products have been recently reviewed.?

Polyvinyl acetate is an intermediate in the conversion to polyvinyl alcohol and
acetals. Its principal use is in adhesives for paper, wood, glass, metals, and porcelain.
It is also used: in latex water paint; for paper coating, for textile and leather finishing;
as a base for inks and lacquers, in heat-sealing films, in shatterproof photographic
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bulbs; as an emulsifying agent in cosmetics, pesticide formulations and pharmaceuti-
cals; and as a food additive.

Polyviny! acetate is used as a component in the production of chewing gum; the
amount of the polymer used in chewing gum varies from country to country: in some
European countries it is higher than average, while in the United States it seems to
be lower (around 5% of the final product in the United States).

Polyvinyl alcohol is used in sizing for textile warp and yarn, in laminating
adhesives, photosensitive films and cements, as a binder for cosmetics, ceramics,
leather, nonwoven fabrics and paper, and as an emulsifying agent, thickener, and
stabilizer. It is the most highly produced (by volume) synthetic water-soluble plastic
in the world.

Polyvinyl acetals are produced by the condensation of polyvinyl alcohol with an
aldehyde. Commonly used aldehydes are formaldehyde, acetaldehyde, and buty-
ralhyde. Polyvinyl formal, polyvinyl acetal, and polyvinyl butyral are mainly used
in adhesives, paints, lacquers, and films. Polyvinyl butyral is used in sheet form as
an interlayer in safety glasses and as shatter-resistant acrylic protection in aircraft.

Ethylene-vinyl acetate copolymers improve the adhesive properties of hot-melt
and pressure-sensitive adhesives. They are also used in medical tubing, milk packag-
ing, and beer-dispensing equipment. Plastic containers with barrier layers of ethylene-
vinyl alcohol copolymers are replacing many glass and metal containers for packag-
ing food.

Polyvinyl chloride-acetate copolymers, compounded with plasticizers, are used
for cable and wire coverings, in chemical plants, and in protective garments.

The occupational exposure limits for vinyl acetate in various industrial countries
range from 10 to 70 mg/m*.® Polyvinyl acetate, ethylene-vinyl acetate-vinyl alcohol
copolymers, ethylene-vinyl acetate copolymers, vinyl acetate-vinyl chloride copoly-
mers, and vinyl acetate-crotonic acid copolymers have been approved for use by the
United States Food and Drug Administration* as components of surfaces in contact
with food and beverages.

VAM has an irritative effect on the upper respiratory system in humans. After
subchronic and chronic exposure by inhalation it causes, in experimental animals,
hyperplasia, metaplasia of the respiratory epithelium, and bronchitis and bronchiolitis.”

Experimental studies on reproductive and prenatal effects have shown that VAM
causes parental toxicity (including decreased fertility), developmental toxicity, and
minor skeletal alterations.?

VAM shows genotoxic effects both in human and rodent cells.?

In vitro, VAM is metabolized, mainly by hydrolysis, to acetaldehyde and acetic
acid.’® Rats exposed to VAM exhaled acetaldehyde as a result of hydrolysis by
esterase.®’ Acetaldehyde is known to be carcinogenic in experimental animals,® and
its carcinogenic potential was clearly demonstrated by a recent research performed
on rats in our laboratory.’

Although VAM has been commercially produced for more than 60 years and
represents a major monomer of the plastics industry, the carcinogenicity studies on
this monomer are, in our opinion, still inadequate.

To date, five experimental studies on VAM carcinogenicity are reported in the
scientific literature. In a first experiment, performed in our laboratory in the early
"70s, a group of 96 male and female Sprague-Dawley rats was exposed by inhalation
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for 4 hours per day, 5 days per week, for 52 weeks, to 2,500 ppm (maximum tolerated
concentration) of VAM. Early mortality was high: only 49 animals survived for 26
or more weeks. No tumors related to VAM were reported during 135 weeks.'*"
Because of the poor survival of the animals, this study was not adequate for exposing
the carcinogenic potential of the monomer.

In a second experiment VAM was administered at the doses of 2500, 1000, and
0 mg/l in drinking water for 100 weeks, to groups of 20 male and 20 female Fischer
F344 rats, 7 to 8 weeks of age, which were then kept under observation for the rest
of their life span (130 weeks). An increase of liver neoplastic nodules, of uterine
adenocarcinomas and polyps, and of thyroid C-cell adenomas was observed.' It must
be noted that the number of the animals tested was small, and that the histopathological
examination was limited to gross lesions and major organs only.

The results of three further carcinogenicity experiments, in which VAM was
administered by inhalation to mice and rats, and by drinking water, in utero, to rats,
were published in 1994.

In the inhalation experiment on mice, groups each of 60 male and 60 female
Swiss mice, about 7 weeks of age, were exposed to 600, 200, 50, and O ppm vinyl
acetate (purity >99%) for 6 hours per day, 5 days a week, for about 104 weeks. No
treatment-related increase in tumor incidence was observed.™

In the inhalation experiment on rats, groups of 60 male and 60 female Sprague-
Dawley rats, about 7 weeks of age, were exposed to 600, 200, 50, and 0 ppm vinyl
acetate (purity >99%) for 6 hours per day, 5 days a week, for about 104 weeks. A
slightly increased incidence of nasal cavity tumors (benign and malignant) was found
in animals of each sex."

In the in utero drinking water experiment on rats, a total of 72 male and 144
female Sprague-Dawley rats (age unspecified) were divided into 4 groups and received
vinyl acetate (purity >99%) at 5000, 1000, 200, and 0 mg/l in the drinking water.
Treatment commenced 10 weeks before mating; treatment of males was continued
for an additional 4 weeks and that of females throughout mating, gestation, and
lactation. Two males of the F, generation in each group were paired with one female
from the same group for up to 15 days. After weaning, groups of 60 male and 60
female F, pups were selected and were administered 5000, 1000, 200, and 0 mg/l
vinyl acetate in drinking water for 104 weeks. No treatment-related increase in tumor
incidence was observed."

One must note that in these last three experiments the biophase was truncated at
104 weeks, thus not allowing the animals to express to the possible maximum extent
their neoplastic potentialities.

Two studies on the carcinogenicity of VAM were performed in humans. In a
cohort study aimed at identifying the specific exposure associated with an excess of
lung cancer risk in a United States synthetic chemical plant, 19 chemicals were
considered, one of which was VAM: the subgroup with undifferentiated large-cell
lung cancer had had slightly higher cumulative exposure to VAM.¢

A nested case-control study was conducted in a cohort of 29,139 men, employed
in two large chemical manufacturing facilities and a research and development center
in the United States, who had died in 1940-78 with non-Hodgkin’s lymphoma,
multiple myeloma, lymphocytic leukemia, or nonlymphocytic leukemia as the under-
lying or contributing cause of death. Exposure to 21 chemicals was assessed on the
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basis of information about work activity, work area, and production over time.
Potential exposure to vinyl acetate was reported for 7 of 52 men who had died with
non-Hodgkin’s lymphoma (odds ratio 1.2), 3 of 20 with multiple myeloma (odds
ratio 1.6), 2 of 39 with nonlymphocytic leukemia (odds ratio 0.5), and 2 of 18 with
lymphocytic leukemia (odd ratio 1.8)."

These two studies on workers do not allow any conclusmns to be drawn on the
carcinogenic potential of VAM.

The International Agency for Research on Cancer (IARC) Monograph of 1995°
concludes that VAM is possibly carcinogenic to humans (Group 2B), on the basis
of the available results both of carcinogenicity studies and of other information
relevant to an evaluation of carcinogenicity of the monomer—namely, the evidence
that: (1) VAM is biotransformed into acetaldehyde; (2) VAM and acetaldehyde are
genotoxic in human and animal cells; (3) acetaldehyde is carcinogenic in experimental
animals; and (4) VAM and acetaldehyde induce nasal tumors after administration
by inhalation.

In the *80s we started a project of three long-term bioassays for assessing the
carcinogenic potential of VAM. These studies were performed with a similar protocol
on Sprague-Dawley rats, Wistar rats, and Swiss mice. This report deals with the
results of the experiment on mice.

MATERIALS AND METHODS

VAM was supplied by an Italian chemical plant. The analyses of the sample of
VAM supplied showed the following impurities:

benzene 30-45 ppm

methyl and ethyl acetate S0 ppm
¢ crotonaldehyde 6-16 ppm

acetaldehyde 2-11 ppm

acetone 330-500 ppm

Male and female Swiss mice were used.

VAM was administered in drinking water at two concentrations for 78 weeks.
The experiment included breeders and offspring. The treatment of male and female
breeders and of male and female offspring started when the female breeders were at
the 12th day of pregnancy.

The plan of the experiment is shown in TABLE 1.

All animals were kept under control for their life span. The drinking water with
or without the monomer was changed every morning. The solutions of VAM were
prepared just before the daily water supply was provided.

The mice were submitted daily to observation and weighed periodically, weekly
within the first 13 weeks of the experiment, every 2 weeks until the treatment was
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FIGURE 1. Mean body weight in male breeder mice.

stopped, and then every 8 weeks until the end of the experiment. In order to detect
and register all gross lesions, the animals were examined every week for the first 13
weeks, and then every 2 weeks until the end of the experiment.

At death all animals were submitted to systemic necropsy. Specimens for histopa-
thology include: brain, pituitary gland, Zymbal glands, salivary glands, Herderian
glands, head (5 sections) (only in animals that survived more than 100 weeks), tongue,
thyroid, thymus and mediastinal lymph nodes, lung, heart, diaphragm, liver, spleen,
pancreas, kidneys and adrenal glands, esophagus, stomach, intestine (4 levels), blad-
der, prostate, uterus, gonads, interscapular fat pad, subcutaneous and mesenteric
lymph nodes, and any other organs and tissues with pathological lesions. All organs
and tissues were preserved in 70% ethyl alcohol, except bones, which were fixed in
10% formalin and then decalcified with a 10% formaldehyde and 20% formic acid
in water solution. The normal specimens were trimmed, following the standard
procedures of the Bentivoglio laboratory: i.e., parenchymal organs were dissected
through the hilus to expose the widest surface, and hollow organs were sectioned
across the greatest diameter(s). The pathological tissue was trimmed to allow for the
largest surface, including normal adjacent tissues. The trimmed specimens were
processed as paraffin blocks, and 3-5-micron sections of every specimen were ob-
tained. Sections were routinely stained with hematoxylin-eosin. Specific stainings
were performed when needed. All slides were examined microscopically by the same
group of pathologists; a senior pathologist reviewed all the tumors and any other lesion
of oncological interest. All pathologists followed the same criteria of histopathological
evaluation and classification.

RESULTS

Body Weight. There were no differences in mean body weight in treated and
control groups of male and female breeders (Figs. 1, 2). In the treated offspring at
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FIGURE 2. Mean body weight in female breeder mice.
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FIGURE 3. Mean body weight in male offspring mice.

both tested doses, there is a slight decrease in mean body weight in the animals of
both sexes, more evident in females (Fics. 3, 4).

Survival. In male breeders up to 72 weeks of age, there was a decrease in survival
of treated animals at both doses; then from 72 to 120 weeks an increase of survival
was observed among the animals treated with the higher dose (Fic. 5). The female
breeders treated with the lower dose had a slight decrease in survival (FiG. 6). In
male and female offspring treated with the higher dose an increase in survival was
observed (FiGs. 7, 8).

Nononcological Changes. No evident behavioral changes were observed in VAM
treated animals. No treatment-related nononcological pathological changes were de-
tected by gross inspection and histological examination.
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FIGURE 5. Survival in male breeder mice.

Tumors. The entire results are shown in TaBLEs 2 and 3. Multiple tumors of the
same site (monolateral and bilateral organs) and type were plotted only once, apart
from mammary and pulmonary tumors of the same type, whose multiplicity has been
taken into account.

At the higher dose VAM increases the incidence of total benign tumors in female
breeders and offspring (TABLE 4). An increase of total malignant tumors has been
observed in male and female breeders and offspring treated with the higher dose
(TaBLE 5). Such increase was sharper among offspring.

Zymbal gland carcinomas were more numerous ameng female breeders treated
with the higher dose, among female and male offspring treated with the higher dose,
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and among female offspring treated with the lower dose (TABLE 6). The incidence
of the squamous cell dysplasia of the gland was higher among male and female
breeders treated with the higher dose, among male and female offspring treated with
the higher dose, and among female breeders treated with the lower dose (TABLE 6).
Such increase was sharper among females.

At the higher dose, in male and female breeders and offspring, VAM causes
squamous cell carcinomas of the oral cavity (TABLE 7).

The incidence of tongue carcinomas is increased among male and female breeders
and offspring treated with the higher dose (TABLE 8). The incidence of squamous
cell dysplasia also increased among female breeders and among male and female
offspring treated with the higher dose (TABLE 8).

Squamous carcinomas and squamous cell dysplasia of the esophagus are increased
among male and female breeders and offspring treated with the higher dose of VAM
(TaBLE 9). A marginal increase of acanthomas in this organ has been found among
female breeders and offspring treated with the higher dose (TABLE 9).

Also the incidence of squamous cell carcinomas and acanthomas of the fore-
stomach has been found enhanced among female breeders and male and female
offspring treated with the higher dose (TaBLE 10). The forestomach acanthomas are
more numerous among male and female breeders and offspring treated with the
higher dose (TaBLE 10).

A borderline increase of oncological lesions of the stomach was found among
all treated animals (TABLE 11).

The number of lung tumors per 100 animals was increased among male and
female breeders and offspring treated with the higher dose and among female breeders
treated with the lower dose (TABLE 12).

A slight increase of hepatocarcinomas was observed among male offspring treated
with the higher dose (TABLE 13).

The incidence of malignant tumors (leiomyosarcomas and adenocarcinomas) of
the uterus was found to be increased in treated groups: the increase was dose correlated
(TABLE 14). Uterine leiomyomas were found to be enhanced in offspring treated with
the higher dose (TABLE 14).

No correlation between the treatment with VAM and the incidence of mammary
cancers (TABLE 15) and lymphomas and leukemias (TaBLE 16) was found.

Altogether the results indicate that the neoplastic response to treatment was more
pronounced among female animals and in offspring.

CONCLUSIONS

In the tested experimental conditions, VAM has been shown to cause tumors in
several body sites: therefore it must be considered a multipotential carcinogen.

Of particular significance is the increase of squamous cell carcinomas of the oral
cavity, tongue, esophagus, and forestomach, and of the tumors of the stomach. The
sites of these tumors were the most directly exposed, since VAM was administered
by oral route.

The results of our bioassays of VAM on Sprague-Dawley and Wistar rats are
now been elaborated and will soon be published. However, already, on the basis of
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the present results, regulatory measures and preventive actions must be undertaken
to prevent the carcinogenic risk of VAM, mainly among exposed workers and among
consumers of the goods containing the monomer.

Of particular concern is the current use of VAM-based polymers as a component
in contact with food and beverages and in the production of chewing gum, since the
vinyl acetate monomer has been found to migrate from plastic materials into, for
example, wine'® and water,"” (and therefore presumably into saliva and other biological
fluids).

SUMMARY

Vinyl acetate monomer (VAM) was administered in drinking water at doses of
5,000, 1,000, and O ppm (v/v), to Swiss mice, 17 weeks old (breeders) or 12-day
embryos (offspring) at the start of the experiment. The treatment lasted 78 weeks,
and the animals were kept under control until spontaneous death. VAM has been
shown to cause an increase in: (1) total malignant tumors; (2) carcinomas of the
Zymbal glands, oral cavity, tongue, esophagus, and forestomach; (3) stomach tumors;
(4) lung tumors; and (5) uterine tumors. A slight increase of hepatomas has been
observed among male mice offspring treated with the higher dose. On the basis of
these data VAM must be considered a multipotential carcinogen.
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