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Acrylonitrile is a monomer used extensively as a raw material in the manufacturing of acrylic fibers, plastics, synthetic
rubbers, and acrylamide. It has been classified as a probable human carcinogen according to the results of numerous
chronic rat bioassays. The present report summarizes the toxicity data on acrylonitrile and reviews available data
concerning the mechanism (genetic versus epigenetic) by which acrylonitrile is carcinogenic in rats. From the
evaluation of the relevant toxicity data, it can be concluded that acrylonitrile is indeed carcinogenic to rats after either
oral or inhalational exposure. However, information on other mammalian species is lacking, and, moreover, the exact
mechanism of the carcinogenic process is unclear. Therefore, it is recommended to conduct an additional long-term
inhalation carcinogenicity study with acrylonitrile in mice, as well as studies into the mechanism by which acryloni-
trile induces (brain) tumors in rats (genetic versus epigenetic).

Keyterms carcinogenicity, inhalation, mechanism, oral, toxicity.

Acrylonitrile is a monomer used extensively as a raw
material in the manufacture of acrylic fibers, plastics, syn-
thetic rubbers, and acrylamide. Apart from occupational
exposure, concerns have been raised pertaining to poten-
tial exposure of the general public to acrylonitrile from
food packaging and other consumer products. Numerous
chronic rat bioassays have been conducted by various
routes to provide a better understanding of the potential
of acrylonitrile to cause cancer in humans. In the United
States, the Environmental Protection Agency (1, 2) clas-
sified acrylonitrile as a group B1 chemical (probable hu-
man carcinogen) based on an increase in lung cancer
among exposed workers and on an increase in the inci-
dence of brain tumors in rats exposed to acrylonitrile by
the inhalational and oral route.

The International Agency for Research on Cancer (3)
classified acrylonitrile as a group 2A carcinogen (proba-
ble human carcinogen) based on sufficient evidence from
laboratory animals and limited evidence from humans. The
Health Council of The Netherlands (4) determined that
acrylonitrile was carcinogenic in laboratory animals, but
the evidence for humans was very weak.

The purpose of this paper is to present the overall tox-
icologic profile of acrylonitrile with the aim of elucidat-
ing the mechanism by which acrylonitrile is carcinogenic
In rats.

Toxicokinetics

The data presented in this section have been taken from
references 5—7 and from an unpublished report (Bos
PMI. The health-based recommended occupational ex-
posure limit for acrylonitrile: draft report from the Dutch
expert committee on occupational standards of the direc-
torate-general of labor. The Hague, 1993:62 p).

Following inhalational or oral exposure, acrylonitrile
absorption was shown to be rapid and extensive (90—
98%), and distribution appeared rapidly throughout the
body, with little significant accumulation in a particular
organ. Seventy-two hours after the oral administration of
radiolabeled acrylonitrile to F344 rats and B6C3F1 mice,
the recovery of radioactivity ranged from 79% to 94% in
urine and from 2% to 8% in feces.

The biotransformation of acrylonitrile occurs via 2
pathways: (i) conjugation with glutathione (GSH) and (ii)
oxidation by cytochrome P450, resulting in the formation
of the epoxide 2-cyanoethylene oxide (CEO). CEO is mu-
tagenic and reacts much faster with DNA (deoxyribonu-
cleic acid) than acrylonitrile. Therefore CEO is thought to
play an important role in the carcinogenic properties of
acrylonitrile.

In vitro experiments with liver microsomes have shown
that the hepatic oxidation of acrylonitrile to CEO is high-
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er in mice than in rats. The rate of CEO formation in hu-
man liver microsomes is similar to that in rat liver micro-
somes. In rodents, the detoxification of CEO occurs pre-
dominantly via GSH conjugation, whereas in humans de-
toxification via epoxidehydrolase plays an important role.
Despite the higher rate of CEO formation in mouse liver
microsomes, the concentration of CEO in blood is higher
and CEO is detectable for a longer period in rats than in
mice.

Excretion studies with rats have not always revealed uni-
form results. The excretion pattern is determined by the route
of administration and by the dose. At higher acrylonitrile
loads, the GSH pool can be depleted and lead to a rela-
tively lower excretion of mercapturic acids and an in-
creased excretion of glucuronides. Roughly 60% to al-
most 100% of administered acrylonitrile is excreted via
the urine. Excretion in feces is of minor importance. Uri-
nary analyses after the oral administration of acrylonitrile
have revealed that the ratio of metabolites derived from
CEO versus direct conjugation with GSH is about 2-fold
higher in mice than in rats. These differences in metabo-
lism may be responsible for the greater acute toxicity (see
the section Acute Toxicity under Laboratory Animal Stud-
ies) of orally administered acrylonitrile in mice than in
rats.

Mutagenicity and genotoxicity

Acrylonitrile has been found to be weakly mutagenic in
the presence of metabolic activation in reverse mutation
assays in several strains of Salmonella typhimurium. Acry-
lonitrile also appears to be weakly mutagenic in the TK6

Table 1. Acute toxicity of acrylonitrile [data obtained from refer-
ence 5 unless otherwise stated]. (LDs, = median lethal dose)

Species Route Toxicity

Mouse Inhalation LCso 300 mg (m3-4h)
Rat Inhalation LCso 470 mg (m3-4h)
Guinea pig Inhalation LCs, 990 mg (m?3-4h)
Mouse Oral LDg, 25—48 mg/kg
Guinea pig Oral LDg, 50—85 mg/kg
Rat Oral LDy, 72—186 mg/kg
Rabbit Oral LDs, 93 mg/kg
Mouse Intraperitoneal LDs, 47—50 mg/kg
Rat Intraperitoneal LDg, 65—100 mg/kg
Mouse Subcutaneous LDs, 25—50 mg/kg
Mouse Subcutaneous LDg, 35mg/kg?
Hamster Subcutaneous LDs, 60 mg/kg?
Rat Subcutaneous LD, 80—96 mg/kg
Rat Subcutaneous LDy, 100 mg/kg?
Guinea pig Subcutaneous LDg, 130 mg/kg
Rat Percutaneous LDsy 148—282 mg/kg
Rabbit Percutaneous LDg, 226 mg/kg
Guinea pig Percutaneous LDs, 200—690 mg/kg
Rabbit Intravenous LDy, 69 mg/kg
Guinea pig Intravenous LDy, 72 mg/kg

2 Taken from reference 12.
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human lymphoblast system, but only in the presence of
metabolic activation and at a cytotoxic concentration (8).
The epoxide metabolite of acrylonitrile, 2-cyanoethylene
oxide (CEO), is a direct-acting mutagen.

A chromosome-damaging effect was determined in
vitro in the micronucleus test on Chinese hamster ovary
(CHO) cells and in chromosome aberration tests on CHO
cells, as well as in liver and lung fibroblasts of the Chinese
hamster. No chromosome damage was shown in a chromo-
some aberration test on rat hepatocytes and in the micronu-
cleus test on human bronchial epithelium cells (9).

Most of the in vitro sister chromatid exchange (SCE)
tests on rat hepatocytes and human lymphocytes have
been negative (9). In vitro SCE tests on CHO cells are
positive, especially after metabolic activation. The in vivo
chromosome aberration tests on the mouse and rat, the
micronucleus test on the mouse, and the dominant-lethal
tests on the rat and mouse are all negative (9).

The dependence of the mutagenicity (and carcino-
genicity) of acrylonitrile on the formation of the epoxide
CEO has been a matter of debate in the scientific litera-
ture (8, 10, 11). The results of the mutagenicity and gen-
otoxicity tests indicate that acrylonitrile itself hardly, or
not at all, interacts with DNA and that the DNA-active
compound is the epoxide CEO. This hypothesis is in ac-
cordance with the observations that acrylonitrile is geno-
toxic mainly after metabolic activation. The negative re-
sults obtained with in vivo genotoxicity tests might be
explained by the effective detoxification of the epoxide
CEO via GSH conjugation.

Hogy & Guengerich (10) found that after a single oral
exposure of rats to a nearly lethal dose of 50 mg/kg, acry-
lonitrile caused an increase in unscheduled DNA synthe-
sis in the liver. A single intraperitoneal CEO dose of 6
mg/kg was found to form guanine adducts [characterized
as N7-(2-oxoethyl)-guanine] in rat liver DNA at very low
levels (= 1—3 alkylations per 108 DNA bases). The sig-
nificance of this adduct for the mutagenicity of CEO is
questionable.

Laboratory animal studies

Acute toxicity

The acute toxicity of acrylonitrile for different species is
presented in table 1 (5, 12). The values for the oral medi-
an lethal dose (LDs,) for the various species range from 25
to 186 mg/kg of body weight. The sensitivity decreases in
the order mouse, guinea pig, rabbit, rat. The LDy, values for
intravenous, intraperitoneal, or subcutaneous application
are similar to those for oral administration. The dermal
LDj, values range from 148 to 693 mg/kg of body weight
for rat, guinea pig, and rabbit. Rat is the most sensitive.
The 50% lethal concentrations (LCs,) after 4 hours of



exposure lie in the concentration range of 300—990 mg/
m?. The sensitivity decreases in the order dog, mouse,
rabbit, cat, rat, guinea pig.

Independent of the application mode, the biological
effects after a lethal dose of acrylonitrile are excitability,
convulsions, hind-leg incoordination, paralysis, apnea,
respiratory disturbances until respiratory arrest, redden-
ing of the skin, and lacrimation. Target organs in acute
toxicity are the gastrointestinal tract (bleeding), the
adrenals (hemorrhagic necrosis), the brain (edema), and
the lungs (edema).

Irritation and sensitization

Reactions of shaven rabbit skin after exposure to acrylo-
nitrile for 15 minutes or 20 hours comprise redness and
swelling after 15 minutes and necrosis of tissue after ex-
posure for 20 hours. Acrylonitrile causes opacity of the
cornea and inflammation of the iris and the conjunctivae

of rabbit eyes (13). According to the evaluation criteria of
‘Drajze, acrylonitrile is considered to be strongly irritating
to the skin and the eye.

Short-term toxicity

Dogs appear to be the most sensitive species in short-term
respiratory exposure to acrylonitrile (14). Exposure of
dogs to 54 ppm (117 mg/m?, 6 h/d, 5 d/week for 13 weeks)
was lethal, whereas no effects on body or organ weight
was observed at an exposure level of 24 ppm (52 mg/m3).
Mice and rats exposed to 24 or 54 ppm of acrylonitrile
have not demonstrated an effect on body or organ weight
(15). The acrylonitrile concentration of 24 ppm is consid-
ered the NOAEL (no-observable effect level) for dogs in
short-term respiratory exposure. The difference between
the lethal concentration (54 ppm) and the NOAEL (24
ppm), however, is remarkably small.

In the rat, a 90-day acrylonitrile uptake with drinking
.water causes body weight retardation accompanied by
reduced feed and water uptake and increased relative liv-
er weights in the 210 and 500 ppm dosage groups (17—
42 mg/kg body weight). The NOAEL was found to be 85
ppm in drinking water (8 mg/kg body weight). In a 90-
day study with B6C3F1 mice exposed to acrylonitrile by
gavage, the NOAEL was established to be greater than
12 mg(kg - days). This NOAEL of 12 mg/(kg - days) is
surprisingly high in comparison with the LD, of 25 to 46
mg/(kg - days) observed for mice. The relative insensitiv-
ity of mice in this study might be related to the route of
administration. In cases of exposure by gavage, the direct
metabolism of acrylonitrile via GSH to cyanoethyl mer-
capturic acid (excreted in urine) might be the most impor-
tant detoxification pathway, whereas, if exposure of the
animals is via drinking water or inhalation, a greater part
of the acrylonitrile will be metabolized via CEO.

In a 6-month drinking water study with dogs, 5 of 8
animals of the 18 mg/(kg - days) group died. Apart from
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mortality, increased relative kidney weights and reduced
relative brain weights were observed; a concentration of
8 mg/(kg - days) was tolerated without symptoms.

Long-term toxicity and carcinogenicity

Several chronic toxicity and carcinogenicity bioassays
have been conducted on Sprague Dawley rats or Fischer
344 rats through multiple routes (inhalation, gavage ad-
ministration, drinking water), but not on any other spe-
cies. The results of these studies have been reviewed and
summarized previously by the Advisory Committee on
Existing Chemicals of Environmental Relevance of the
German Chemical Society (14) and more recently by the
Toxicology Excellence for Risk Assessment for the Acry-
lonitrile Group (16).

Treatment-related neoplasms have been reported in all the
carcinogenicity studies performed. A high incidence of astro-
cytomas in the brain and spinal cord was the most consist-
ent finding in these studies. Statistically significant increas-
es in brain tumor incidences were found in Fischer 344 rats
exposed to 10 ppm of acrylonitrile via drinking water for
24 months (17). In another 2-year drinking water study
with Sprague Dawley rats (Spartan substrain), statistical-
ly significant increased incidences of astrocytomas were
found at levels of 35 ppm and above (18).

The lowest dose associated with a statistically signifi-
cantly increased incidence of astrocytomas after inhala-
tion exposure of Sprague Dawley rats (6 h/d, 5 d/week
for 104 weeks) was 20 ppm for females and 80 ppm for
males (19).

Zymbal gland tumors were the second most common
tumor type reported after long-term acrylonitrile adminis-
tration to rats. Furthermore, tumors of the small intestine
(cystadenocarcinomas), mammary gland (adenocarcino-
mas), tongue and nonglandular stomach (papillomas and
squamous cell carcinomas) were reported to be increased
after exposure of rats to acrylonitrile (18, 17, 20—24).
Nonglandular stomach tumors were observed in rats after
oral exposure to acrylonitrile only, whereas all of the oth-
er aforementioned tumors developed in rats after both oral
and inhalational exposure to acrylonitrile.

In some studies, the incidences of pituitary adenomas,
adrenal pheochromocytomas, and tumors of the thyroid
and pancreas were decreased in animals exposed to high
levels of acrylonitrile in comparison with the incidences
of controls. This result has been considered to be attribut-
ed to the treatment-related early mortality observed in
these groups.

Reproduction toxicology

Murray et al (25) administered acrylonitrile by inhalation
(0, 87, or 174 mg/m? for 6 h/d) or by gavage (0, 10, 25, or
65 mg/kg body weight - day) to pregnant Sprague-Daw-
ley rats on days 6 to 15 of gestation. The 65 mg/kg expo-
sure level was toxic to the mother animals and resulted in
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embryotoxicity and malformations in the fetuses (short-tail,
short trunk, missing vertebrae, and an aortic arch turning to
the right).

There is no evidence of teratogenic effects below mater-
nal toxic levels.

Tandon et al (26) noticed a decreased sperm count in
CD-I mice daily administered acrylonitrile (10 mg/kg
body weight - d) by gavage for 60 days.

Abdel Naim et al (27) exposed rats by gavage to acry-
lonitrile (0, 10.5, 23 and 46 mg/(kg body weight - d) for 4
weeks. Acrylonitrile induced a dose-dependent decrease
in body and testis weight. Sperm count and sperm motil-
ity were significantly decreased. Microscopic examina-
tion of the testes revealed a decreased number of sperma-
tocytes and spermatids at 23 and 46 mg/(kg body weight
- d), which is close to the LD, for rats. Such effects were
not found in long-term inhalation and drinking water stud-
ies, where exposure to acrylonitrile was spread over a much
longer period of the day than when given instantly by

gavage.

Mode of action

Acrylonitrile has been shown to be weakly genotoxic, pri-
marily through its metabolism to CEO. (See the section
on mutagenicity and genotoxicity.) Acrylonitrile itself
hardly, if at all, interacts with DNA. The epoxide CEO is
a direct-acting mutagen which binds DNA with a much
greater affinity than acrylonitrile. Adducts on guanine have
been detected at very low levels in the liver of rats treated
with CEQ, but the significance of these adducts to the
carcinogenic process is not clear. It can be concluded from
the data presented in this paper that acrylonitrile is weak-
ly genotoxic but the exact mechanism of the carcinogenic-
ity is unknown. Acrylonitrile at a nearly lethal dose has
been found to interact with DNA in the liver and stomach,
but an interaction of acrylonitrile with brain DNA after
short- and long-term exposure has not been demonstrat-
ed. Formation of 8-oxodeoxyguanosine in brain DNA, re-
flecting oxidative tissue damage, was observed in rats
acutely or chronically exposed to acrylonitrile (28). This
finding may point to an epigenetic rather than a genetic
mechanism involved in the induction of astrocytomas in
the brain of rats exposed to acrylonitrile.

Health risk assessment with respect to
carcinogenicity

The Toxicology Excellence for Risk Assessment Group
(16) has calculated quantitative risk estimates for inhala-
tion exposure based on the long-term rat bioassay
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reported by Quast et al (19). They modeled the tumor in-
cidence data for astrocytomas (benign and malignant com-
bined) in the observable range using a polynomial model
(ie, the linearized multistage model). From this model, the
ED,, concentration associated with a 10% increase in tu-
mor incidence and the LED,, (the 95% lower confidence
limit of the ED,,) were determined. Linear extrapolation
from these 2 points to the origin were done to estimate
risk levels at lower concentrations. The authors conclud-
ed that the data on the mechanism of action are currently
insufficient to rule out the possibility that a linear dose-
response exists for acrylonitrile. Based on the animal
model, the lifetime risk from continuous exposure to an
acrylonitrile concentration of 1 mg/m? was determined to
be in the range of 1.1 - 10 (based on the LED,) t0 8.2 -
106 (based on the ED,).

According to these data, the calculated health-based
occupational cancer risk value, which is associated with
excess cancer mortality levels of 4 per 1000 as a result of
worklife exposure (during 40 years, 48 weeks/year, 5 d/
week, 8 h/d) can be calculated to be 4.1 mg/m? for acrylo-
nitrile.

Recommendations for further research

From the data presented in this paper, it can be concluded
that acrylonitrile is carcinogenic in rats when the expo-
sure is oral or inhalational. However, information on oth-
er mammalian species is lacking, and, moreover, the ex-
act mechanism of the carcinogenic process is unclear. In
1996 a study on the carcinogenicity of acrylonitrile given
to mice by gavage was started by the National Toxicolo-
gy Program in the United States.

In this respect, the implications of the interspecies varia-
tion and the route of administration in the metabolism of
acrylonitrile needs further investigation. The long-term
carcinogenicity study with mice, as well as studies aimed
at elucidating the mechanism of brain tumor induction
(genetic versus epigenetic), may contribute to the under-
standing of the mechanism by which acrylonitrile induc-
es brain tumors in rats.

Furthermore, it may be worthwhile to perform inhalation
cancer risk assessment using the incidence of astrocytomas
only (thus excluding putative preneoplastic glial cell prolif-
eration), adjusted for intercurrent mortality.
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