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ABSTRACT

MATERIALS AND METHODS

Acrylamide structurally resembles vinyl carbamate, a proposed
proximate carcinogenic form of ethyl carbamate. To test the
hypothesis that acrylamide should possess carcinogenic prop
erties, it was tested in the Sa/mone//a-microsome assay for point

Chemical. Acrylamide was obtained from Eastman Kodak Chemical
Co., Rochester, N. Y., and was assayed at greater than 99% purity by
linked gas Chromatographie and mass spectrometric analysis (Chart 2).
EC was obtained from MC&B Manufacturing Chemists and was certified
to be 98% pure. TPA was purchased from Chemical Carcinogenesis
Co., Eden Prairie, Minn.
Assay for Mutagenic Activity. The standard plate test method for
the Sa/mone//a-microsome assay as described by Ames ef al. (2) was

mutation, as a skin tumor initiator in the Sencar mouse, and for
its ability to induce lung adenomas in the A/J mouse. Acrylamide
was found to be without activity as a mutagen in Salmonella
strains TA 1535, TA 1537, TA 98, and TA 100 both in the
presence and absence of rat liver microsomes using both the
plate and liquid suspension assays. However, acrylamide was
found to approximate ethyl carbamate in potency as a tumor
initiator in the skin of the female Sencar mice. As with ethyl
carbamate, acrylamide was more potent by systemic routes of
administration relative to topical application. Acrylamide was also
found to induce lung adenomas in male and female A/J mice
using both the p.o. and i.p. routes of administration. Acrylamide
was approximately one-seventh as potent as ethyl carbamate in
the induction of lung adenomas. These data confirm the hypoth
esis that acrylamide possesses carcinogenic properties similar
to ethyl carbamate.
INTRODUCTION
Acrylamide is a chemical widely used in the synthesis of a
variety of polymers. Some of these polymers are used as coag
ulant aids in the treatment of drinking water (6). Polymers used
for this purpose are restricted to an acrylamide monomer content
of 0.05% based upon the well-known neurotoxic properties of
acrylamide (7,13).
Acrylamide bears a striking structural resemblance to VC,2 a
chemical which has been suggested as the proximate carcino
genic form of EC (urethan). The only difference in structure
between the 2 chemicals is a single oxygen atom (Chart 1). VC
has been demonstrated as a more potent carcinogen than EC in
both the mouse skin and mouse lung, which are classical target
organs for EC (5). Recent research has revealed that ethenoand 2-oxoethyl adducts to purine and pyrimidine bases in DNA
are formed in the liver of the rat following EC treatment (9). On
the basis of this close structural resemblance to an established
carcinogen, we have postulated that acrylamide should be car
cinogenic in mouse skin and lung. The present study is presented
as a test of that hypothesis.

1To whom requests for reprints should be addressed.
2The abbreviations used are: VC vinyl carbamate; EC ethyl carbamate; TPA,
12-O-tetradecarÂ»yl-phorboM3-acetate;
S-9, 9000 x g supernatant from a liver
homogenate; EPA, Environmental Protection Agency; MCO, Medical College of
Ohio.
Received May 6,1983; accepted September 28,1983.
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used to test the potential mutagenic activity of acrylamide. A liquid
preincubation modification of this method was also used in which a 30min liquid preincubation of test ingredients at 37Â°was included prior to
addition of the top agar. In both cases, acrylamide was tested with S.
typhimurium strains TA 1535, TA 1537, TA 98, and TA 100. The strains
were a gift of Dr. Bruce Ames (University of California, Berkeley, Calif.).
Assays were conducted with half-log dose levels ranging from 0.001 to
3 mg in an initial assay and from 3 to 30 mg in a repeat assay. Duplicate
platings were made at each test dose. Assays were performed both with
and without metabolic activation. An S-9 fraction from Arochlor-induced
male Sprague-Dawtey rats was used for activation. The procedures for
preparation of the S-9 fraction and S-9 cofactor mix were those used by
Ames ef al. (2). The concentration of S-9 used was 50 n\ of S-9 fraction
per ml of S9 mix. Negative and positive controls were included with each
assay. The positive controls were; (a) without activation, sodium azide
for strains TA 1535 and TA 100, 2-nitrofluorene for TA 98, and 9aminoacridine for TA 1537; and (b) with activation, 2-aminoanthracene
for all strains.
Mouse Skin Initiation-Promotion Assay. Female Sencar mice were
obtained from Dr. T. Slaga of Oak Ridge National Laboratories, Oak
Ridge, Tenn. Animals from 6 to 8 weeks of age were placed in groups
of 40 for acrylamide exposure and of 25 for EC treatment. Both chemicals
were administered by 3 separate routes: gastric intubation; i.p. injection;
and topically to the shaved back. Acrylamide was dissolved in distilled
water for the p.o. and Â¡.p.administration and in ethanol for the topical
application. EC was dissolved in 10% emulphor (polyoxygenated vege
table oil) for p.o. and i.p. routes and in acetone for topical application.
Control animals (40/group) received equivalent volumes of the appropri
ate solvents. Acrylamide was tested at doses of 12.5, 25.0, or 50.0 mg/
kg for 6 applications over a 2-week period for total doses of 75, 150,
and 300 mg/kg. This technique avoided the complication of overt periph
eral neuropathy generally observed with doses that exceed 50 mg/kg.
EC was delivered in one application at doses of 30, 100, and 300 mg/
kg. Two weeks following these tumor-initiating doses of both acrylamide
and EC, a tumor promotion regimen was begun, wherein 1.0 ^9 TPA in
0.2 ml acetone was applied to the shaved back of each animal 3 times/
week for 20 weeks. Control groups (20/group) for promotion received
0.2 ml acetone at the same frequency and duration of treatment.
Tumor incidences were charted from weekly observation. To be
included in the cumulative count, an animal must have had a tumor of
more than 1 mm diameter in the same location for 3 consecutive
observations. All animals were sacrificed at 52 weeks in the study, and
histopathological evaluations were done on all gross lesions.
Mouse Lung Adenoma Bioassay. The mouse lung adenoma experi
ments were conducted at 2 different laboratories. Strain A/J mice used
in the tests at the EPA Laboratory were obtained from Marian Sprague-
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RESULTS

Table 1 presents data obtained when acrylamide was tested
for mutagenic activity in the Sa/mone//a-microsomeplate assay
described by Ames e?a/. (2). Acrylamide failed to give a response
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3. Initiation of skin tumors in female Sencar mice by acrylamide. Results
expressed as mean cumulative tumor counts observed in a 52-week observation
period. Acrylamide was administered to 40 animals in each group in 6 doses,
totaling the amount indicated dissolved in 0.2 ml distilled water for p.o. and i.p.
routes or ethanol for topical application. Two weeks following the last dose, a
promotion schedule was begun that used a triweekly application of 1.0 Â¿ig
TPA in
0.2 ml acetone for 20 weeks. No tumors were observed in animals treated at the
highest dose by each route in the absence of TPA promotion (data not shown).
Experiments with EC were conducted under the same conditions, except that only
25 animals were used per experimental group. A, results with EC; B, results with
acrylamide.
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by the systemic route of exposure than when applied topically,
achieving approximately 5 times the overall tumor yield by the
p.o. and i.p. routes as compared to the topical route. Acrylamide
displays the same general pattern, except that administration by
the p.o. route results in a greater tumor yield than the i.p. as well
as the topical route of administration. Statistically, this was
reflected in a significantly shorter time to first tumor by the p.o.
ORAL
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Chart 4. Kaplan-Meier estimates of the probability of first skin tumor occurrence
versus time in female Sencar mice for each route of acrylamide administration and
each dose group. A, p.o. administration; B, topical application to the shaved back;
C, i.p. administration.

versus the topical (p Â« 0.01) and i.p. (p Â« 0.01) routes at
equivalent doses. Acrylamide was observed to be slightly more
potent than EC by the p.o. and topical routes, but less potent
by the i.p. route of administration.
Table 2 summarizes the types of skin tumors observed in
animals that died during this experiment or were sacrificed at
the termination of the experiment. The total tumor yield is less
than indicated in Chart 3 because it includes only tumors ob
served at the death of the animal and not tumors that regressed.
Animals lost to necropsy because of either autolysis or canni
balism account for the remaining differences in the data. Never
theless, a dose-response relationship is observed whether the
data are expressed as the proportion of initiated animals that
bear tumors or as the percentage of animals examined histologically that had squamous cell carcinomas. As was observed with
squamous cell papillomas, the yield of squamous cell carcinomas
as a function of the route of exposure was: p.o. > i.p. > topical.
The yield of malignant tumors observed by the p.o. route of
administration of acrylamide closely approximates the yield ob
served with equivalent doses of EC.
Results from bioassays of acrylamide in the mouse lung are
presented separately by route of administration. In Chart 5, the
yield of lung adenomas in A/J mice treated with acrylamide by
the p.o. route of administration is compared to EC by the same
route. Acrylamide increased the yield of lung adenomas in both
sexes in a dose-related manner. The dose-response relationship
was highly significant (p <c 0.01) when both animals with tumors
and the multiplicity of tumors were tested using a logit regression
model analysis (4). The tumor yield in males was slightly but
consistently higher than in females, although this difference was
not statistically significant. This same tendency was observed

Table2
Tumor-hearing animals and classification of histologically examined skin tumors in Sencar mice initiated with
acrylamide by various routes
of squa
tumor-bearing
of
ani-malsa/no.
ofanimals

of squa
cellcarcinomas/no.
mous
animalsbearingsquamouscell
of
mous
Pap-illomas/no.
cell
ofanimals
of ani

initi
exam
mals exam
carcino
ofadministration
Dose(mg/kg)EC300Acrylamide0e751503003000e75150300300o"75150300300Route
ined0/16"0/343/358/3311/380/170/352/383/366/350/175/363/383/352/340/20No.
ined3/16"0/342/357/336/380/170/352/384/364/350/170/361/382/353/340/20%
mas18.805.721.215.8005.211.111.4002.65.78.80
TPAP.O.
ated8/202/4012/4023/4030/400/200/4010/4013/4021/400/207/404/4011/4018/400/20No.
+p.o.

+P.O.
+p.o.
+P.O.
+p.o.Lp.'
+i.p.
+i.p.
+Topical
+Topical
+Topical
+Topical
+TopicalCumulativeno.
" To be included in the cumulative count, the animal must have had a lesion, 1 mm in diameter, for 3
consecutive weekly observations.
" Number of animals available for histological examination following death, or at termination of the experiment
at 1 year; number excludes heavily autplyzed and cannibalized animals.
c Distilled deionized water was administered in the same volume (0.2 ml/mouse) and frequency as used in
experimental groups.
''Ethanol was administered

topically in the same volume (0.2 ml/mouse) and frequency as used for

experimental groups.
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mg of acrylamide per kg by the p.o. route of administration for
comparative purposes. Eleven surviving males were found to
average 2.27 lung tumors/animal, and the 18 females averaged
1.61 lung tumors/animal for an average tumor yield of 1.78
tumors/animal. This latter figure is consistent with a reasonable
extrapolation of the doses used in the experiment depicted in
Chart 5. Therefore, in terms of lung tumor production, it can be
concluded that acrylamide is slightly more potent by the i.p.
relative to the p.o. route of administration.
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Chart 5. Dose-response relationship of acrylamkte-induced lung adenomas in
A/J mice. Both acrylamideand EC were administered at the indicated doses to 40
male and 40 ternatemice 3 times/week for 8 weeks [note the differences in scale
(abscissa)]. Animals were sacrificed at 9 months of age, 7 months following the
beginning of the experiment. Points, average number of surface adenomas ob
served per animal.A, results with EC; B, results with acrylamide.
Table 3
Effects
miceTreatmentNoneDistilled
of acrylamide administered i.p. on development of lung tumors in A/J

These data clearly establish that acrylamide is capable of
increasing the tumor yield in mice. In the skin, this was observed
as an increase in the number of malignant, squamous cell carci
nomas as well as an increase in the number of papillomas.
Despite the fact that acrylamide failed to induce point mutations
in the Sa/mone//a-microsome assay, it was shown to be capable
of acting as a tumor initiator in Sencar mouse skin by 3 different
routes of administration in a modified initiation-promotion proto

of mice
of survi
col. The major modification to the usual initiation-promotion
vors/initial no. with lung
no. of lung tu
mors/mouse0.31 protocol was the division of the initiating treatment into 6 doses
miceMFM
Sex
of
tumor31504013810100100100100100100503542385346597968939393Av.
0.48"0.50
Â±
applied over a 2-week period. This was necessary to avoid the
FMFM
+

H,0EC500mg/kg1000mg/kgAcrylamide1
FMFM
+

FMFM
+

0.520.40
Â±
0.500.06
Â±
0.250.1
Â±
Â±0.350.10
3
Â±0.3013.0
Â±4.912.6
Â±3.712.7
Â±4.129.8
Â±8.332.5
Â±7.030.9
Â±7.70.75

peripheral neuropathy classically associated with acrylamide ex
posures (13). Gross signs of peripheral neuropathy were not
observed in animals in which treatment was limited to 30 mg/kg
at 3 times/week or below. This, of course, does not exclude the
possibility of more subtle impairments of function.
Although acrylamide was found to be negative in the Salmone//a-microsome assay, it has been shown to produce aneuploid

and polyploid cells in both bone marrow cells and spermatogonia
of mice (11). Therefore, it would appear that acrylamide pos
sesses the genotoxic activity (in this case, as a clastogen)
FMFM
+
thought to be necessary for the initiation of cancer.
mg/kg"3
Increased tumor yields in the lung with acrylamide treatment
0.930.35
Â±
0.600.55
Â±
can be viewed in the context of an acceleration of the develop
0.780.69
Â±
FMFM
+
ment of these tumors, since A/J mice usually develop from 1 to
mg/kg"10
Â±1.030.88
2 lung tumors/animal at 1.5 years of age (10, 14). However,
Â±1.110.79
FMFM
+
Â±1.050.88
considering the fact that acrylamide is capable of initiating tumors
mg/kg"30
0.991.57
Â±
in the mouse skin as well, results in the A/J mouse suggest
Â±1.791.19
strongly that acrylamide is likely to be capable of acting as a
Â±1.401.87
FMFM
+
mg/kg6No.
Â±1.552.53
whole carcinogen.
Â±1.462.20
It is interesting to note the implications that these data have
+ F16/1614/1630/3216/1615/1631/3210/1017/1727/2716/1613/1329/2916/1617/1733/3316/1617/1733/3317/1714/1531/3215/1615/1630/32%
Â±1.52
for the mechanism of EC carcinogenesis. Acrylamide bears a
' Mean Â±S.D.
" Given 3 times/week for 8 weeks.
close structural resemblance to VC with particular respect to the
location of the double bond within the molecule. The target
with EC-treated animals. However, acrylamide only gave rÃ¬se
to
organs of acrylamide appear to be analogous to those of EC.
about one-seventh of the net tumor yield per unit dose than was
Recent data have demonstrated that EC is capable of producing
observed with EC.
increased sister chromatid exchanges when administered to
mice in vivo (1), and acrylamide has been shown previously to
Table 3 summarizes results from experiments using the i.p.
induce chromatid exchanges in spermatogonia of mice (11).
route of acrylamide administration in A/J mice. As was observed
Previously, EC has been routinely found negative in the Salmowith p.o. administration, the number of lung adenomas increased
with the dose of acrylamide up to 30 mg/kg. Again, the dosene//a/microsome assay, but has been positive in cytogenetic
assays conducted either in vitro or in vivo (12). Consequently,
response relationship was found to be statistically significant (p
Â« 0.01) by a logit regression model (3). A higher dose, 60 mg/
the present results provide indirect evidence that VC may be the
proximate carcinogen in EC-induced cancer. In terms of potency,
kg, was also attempted, but frank peripheral neuropathy and
acrylamide closely approximates that of EC in the mouse skin
decreased survival forced termination of the treatment after the
11th injection. Within the context of this same experiment, a and is about 15% as potent as EC in the mouse lung. The greater
parallel group of 14 males and 18 females was treated with 30
effectiveness of both chemicals in the mouse skin by systemic
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routes of administration has also been observed with VC (5).
This poses an interesting pharmacokinetic problem that is cur
rently under investigation.
In summary, the present work has demonstrated for the first
time that acrylamide possesses carcinogenic properties. While
acrylamide was apparently not capable of producing point mu
tations in Salmonella, it was capable of acting as a tumor initiator
in the mouse skin. In addition, acrylamide increased the lung
tumor yield in the strain A/J mouse independent of promoting
agents. Together, these data suggest that the carcinogenicity of
acrylamide deserves a more thorough evaluation.
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