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PREFACE
On January 1, 1990, acrylamide was listed as a known carcinogen under Proposition 65 (the Safe
Drinking Water and Toxic Enforcement Act of 1986, Health and Safety Code section 25249.5 et
seq.) The No Significant Risk Level (NSRL) for acrylamide of 0.2 µg/day was also established
in regulation in 1990 (Title 22, California Code of Regs. section 12705(c))1.
Historically, toxicity concerns over acrylamide centered on worker health and safety, primarily
for neurological, male reproductive and cancer effects. However, in 2002 it was discovered that
acrylamide can form during the cooking of starchy foods at high temperatures. This unexpected
discovery shifted the concern for health risks to the public from acrylamide in the diet. Since
2002, acrylamide has been discovered in many plant-based foods that have been baked or fried at
high temperatures.
Cancer now occurs in nearly one out of every four individuals. While the underlying cause of
many cancer cases is unclear, numerous epidemiological studies have shown that dietary factors
affect an individual’s cancer risk. The World Health Organization has estimated that about 30
percent of cancer cases worldwide are associated with dietary factors. Characterization of
carcinogens in the diet is complicated by the complex and varied nature of the food humans
consume, and is far from complete. Some dietary factors that have been associated with
increased cancer risk include high caloric intake and increased consumption of processed meats
and red meat. Other dietary factors have been associated with decreased cancer risk; these
include increased consumption of fruits and vegetables and increased consumption of dietary
fiber. In addition, some specific carcinogenic compounds present in the diet have been
identified, such as those formed during the high temperature cooking of meats (e.g.,
benzo[a]pyrene and PhIP). Acrylamide is yet another carcinogen recently recognized to be
formed as a result of cooking at high temperatures, although in this case, formation occurs in
certain plant-based foods. Given the typical daily intake of acrylamide from the diet, it is
plausible that dietary acrylamide contributes to the rate of cancer observed in the population.
After the discovery of acrylamide in many foods, the Office of Environmental Health Hazard
Assessment (OEHHA), the lead agency for the Proposition 65, was requested to provide
additional guidance on the applicability of Proposition 65 regulations to acrylamide in foods. In
response to these requests OEHHA held a public workshop on May 12, 2003 to explore
regulatory options. Subsequently on August 1, 2003, OEHHA released a draft acrylamide work
plan for developing regulations. One of the proposed activities in the draft work plan was to
update the NSRL for acrylamide. The draft work plan was released for public comment (August
1 – September 26, 2003), and a consultation on the draft work plan was held with the Carcinogen
Identification Committee (CIC) at their October 17, 2003 public meeting. OEHHA considered
all the public input and the Committee advice in finalizing the acrylamide work plan, which was
released on March 12, 2004.

1

Lifetime exposure at the no significant risk level is calculated to result in one excess cancer in an exposed
population of 100,000 (Title 22, California Code of Regulations section 12703(b)).
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As the work plan notes, additional scientific data relevant to the cancer dose-response of
acrylamide have been published since the adoption of the NSRL in 1990. These data were
reviewed for the update of the NSRL. In addition, the CIC and public advised OEHHA to take
into account several factors in updating the acrylamide NSRL, such as how people may differ in
their susceptibility to cancer from acrylamide. These factors have also been addressed in
updating the NSRL, as documented in this report. The proposed NSRL for acrylamide is
1.0 µg/day.
Acrylamide is a carcinogen, producing tumors at multiple sites in rats and mice. In female rats
acrylamide produced tumors of the mammary gland, thyroid, central nervous system, oral cavity,
uterus and clitoral gland. In male rats acrylamide produced tumors of the thyroid, testis, and
central nervous system. In studies of female mice examining only the lung and skin, acrylamide
produced lung and skin tumors. In studies of male mice examining only the lung, acrylamide
produced lung tumors. The general public is exposed primarily through cigarette smoke and
certain foods that have been cooked at high-temperature. Occupational exposures occur mainly
from its use as a polymerizing agent in grouts and cements, and to produce polyacrylamide. The
ability of acrylamide to produce cancer in animals, and the applicability of animal findings to
humans is well recognized by scientists in the United States and throughout the world. The
World Health Organization recognizes “the presence of acrylamide in food as a major concern in
humans based on the ability to induce cancer and heritable mutations in laboratory animals.”
The International Agency for Research on Cancer and the U.S. Environmental Protection
Agency consider acrylamide to be a probable human carcinogen. The National Toxicology
Program considers acrylamide as “reasonably anticipated to be a human carcinogen.” The U.S.
Food and Drug Administration considers acrylamide to be a potential human carcinogen. The
National Institute for Occupational Safety and Health considers acrylamide to be an occupational
carcinogen.
Acrylamide is genotoxic. It damages DNA and causes mutations in human cells. Cancer is seen
in animals exposed over their lifetimes to acrylamide orally. After eating food containing
acrylamide, the chemical is taken up by the body and distributed to tissues in the body. For these
reasons dietary exposures are considered to pose a cancer risk to humans.
The available human cancer studies conducted to date are insufficient to determine the level of
cancer risk from acrylamide. Consequently, OEHHA, as well as other scientific authorities rely
on animal cancer data to estimate risk to humans. In developing the proposed NSRL for
acrylamide, OEHHA used cancer data from all the key animal cancer studies available to date.
Differences in the way humans and animals absorb, distribute and metabolize acrylamide were
also taken into account in developing the proposed NSRL.
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SUMMARY OF FINDINGS
The cancer potency of acrylamide was estimated from dose-response data of multiple
acrylamide-responding tumor sites observed in four long-term drinking water studies, two in
male rats and two in female rats (Johnson et al., 1986; Friedman et al., 1995). These tumor sites
were the mammary gland, thyroid, central nervous system, oral cavity, uterus and clitoral gland
in female rats, and thyroid, testis (mesothelioma), and central nervous system in male rats.
Epidemiological data are inadequate for characterizing the dose-response relationship for
acrylamide, although there is one study (Marsh et al., 1999) that provides a basis for checking
the quantitative consistency of cancer potency derived from the animal data.
Acrylamide and its epoxide metabolite glycidamide are genotoxic. While the carcinogenic mode
of action of acrylamide is not understood, a genotoxic mechanism is likely. Some data suggest
multiple mechanisms might be operative including non-genotoxic mechanisms, although the
evidence is fairly limited at this point. Thus, a low-dose linear approach to dose-response
characterization was taken. Cancer potency was derived by applying a linearized multistage
model to the animal cancer bioassay data. Since acrylamide induced tumors at multiple sites in
male and female rats, a combined cancer potency estimate was derived for the acrylamide
treatment-related cancer sites observed in each experiment using Monte Carlo analysis. There
are species differences in pharmacokinetics, with greater conversion of acrylamide to
glycidamide in rats than humans, and longer half lives of acrylamide and glycidamide in humans
than in rats. These factors are taken into account in deriving human cancer potency from the
animal potency. Species differences in pharmacodynamics are also taken into account in
deriving human cancer potency. Sources of interindividual variation in sensitivity to acrylamide
induced cancer, including differences in pharmacokinetics arising from genetic variability in the
enzymes involved in activation and detoxification, variability due to age sensitivities, and
variability due to co-exposures to other carcinogens or promoters are discussed. Since the rat
cancer bioassays did not include early-in-life exposures, variability due to early-life
susceptibility is not accounted for by potency estimates based on these studies. No specific
adjustments to the acrylamide cancer potency estimates were made to address inter-individual
variability. The use of the default inter-species pharmacodynamics factor may or may not be
adequate to account for both interspecies differences in pharmacodynamics and inter-individual
human variability in response. Thus, the cancer potency derived may not be adequately
protective of children and other sensitive groups.
For each of the treatment-related tumor sites observed in the four rat studies, a probability
distribution of cancer potency estimates was derived using likelihood theory. The linear term
(q1) of the multistage model fit to dose-response data for a given site represents the cancer
potency for that site. For each tumor site judged to be associated with acrylamide treatment, this
assessment derived a distribution of estimates corresponding to the 0.1 to 99.9 percentiles of q1.
The goal of the analysis was to determine a composite cancer potency for all sites affected by
acrylamide in a given experiment so that the total risk of cancer from acrylamide exposure could
be derived. Thus, for each experiment, distributions of q1 for each tumor site were added using
Monte Carlo techniques to obtain a single combined distribution, representing cancer potency for
all selected sites affected by acrylamide in each rat study. The four combined (multisite) potency
distributions were further analyzed through Monte Carlo techniques to obtain an overall
geometric mean of potencies from the four studies. The upper 95 percent confidence bound of
the geometric mean distribution of cancer potencies was taken as the cancer potency for
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acrylamide. Thus, the cancer potency for acrylamide is based on cancer incidence data from the
four available oral cancer studies in rats.
The cancer potency estimate takes into account the difference between humans and rats in the
conversion of acrylamide to glycidamide, the primary DNA-reactive metabolite of acrylamide.
The cancer potency includes a default interspecies extrapolation factor to account for potential
differences in pharmacodynamic responses between rats and humans. Cancer potency estimates
based on the rat bioassays were found to be four-fold lower than a cancer potency estimate based
on pancreatic tumors observed among acrylamide-exposed workers (Marsh et al., 1999), which
provides a measure of the quantitative consistency and plausibility of the rat-derived estimates.
The Proposition 65 “no significant risk level” (NSRL) is defined in regulation as the daily intake
level posing a 10-5 lifetime risk of cancer. The cancer potency estimate and corresponding
NSRL are given in Table 1. This value is more than 10,000 times lower than no-observable
effects levels (NOELs) derived for non-cancer endpoints (i.e., neurotoxicity, reproductive
toxicity), according to NOELs reported by other public health institutions. Thus, cancer is
believed to be the most sensitive toxic endpoint for acrylamide.
Table 1. Cancer potency and NSRL for acrylamide.
Chemical

Cancer Potency
(mg/kg-day)-1

NSRL
(µg/day)

Acrylamide

0.70

1.0

INTRODUCTION
This report describes the derivation of a cancer potency value and NSRL for acrylamide (CAS
number 79-06-1, molecular weight 71.1). “Acrylamide” was listed on January 1, 1990 as known
to the State to cause cancer under Proposition 65 (California Health and Safety Code 25249.5 et
seq.).
Acrylamide is a multisite carcinogen. In mice, in studies examining only the lung and skin,
acrylamide induced lung and/or skin tumors (Bull et al., 1984a,b; Robinson et al., 1986). In
female rats acrylamide induced tumors of the mammary gland, thyroid, central nervous system,
oral cavity, uterus and clitoral gland and, in male rats, tumors of the thyroid, testis
(mesothelioma), and central nervous system (Johnson et al., 1986; Friedman et al., 1995). In
addition to inducing cancers of the rat testes, acrylamide caused male reproductive toxicity,
affecting male fertility in mice and rats, and causing heritable genetic mutations in male mice
(CERHR, 2004a,b). Additionally, the central nervous system is a target not only for acrylamide
induced tumorigenicity, but also neurotoxicity. Human occupational studies and animal
experiments have demonstrated acrylamide to be a potent neurotoxicant (CERHR, 2004; U.S.
EPA, 1991). This document addresses in detail the dose response relationship for cancer effects,
but not for the other toxicity endpoints. It presents a cancer dose-response assessment,
characterizing the carcinogenic potential of acrylamide and deriving an exposure level below
which significant carcinogenic risk is considered by OEHHA to be minimal.
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Acrylamide is used as a polymerizing agent in grouts and cements, and to produce
polyacrylamide. Polyacrylamide is used widely as a flocculating agent in water treatment
processes and is used commonly in biological laboratories as a chromatographic medium to
separate DNA and other macromolecules. Thus, worker exposures have occurred as a result of
these uses (Calleman, 1996). The general population is also exposed to acrylamide since it is
present in cigarette smoke, and it is present in many human foods as a result of high-temperature
cooking (Tareke et al., 2002; U.S. FDA, 2004a; 2004b; Dybing et al., 2005).

STUDIES SUITABLE FOR DOSE-RESPONSE ASSESSMENT
Acrylamide caused statistically significant increases in the incidence of tumors in male and
female rats (Johnson et al., 1986, Friedman et al., 1995) and male and female mice (Bull et al.,
1984b, Bull et al., 1984a; Robinson et al., 1986). In rats, acrylamide induced tumors at multiple
sites in both males and females (see Tables 2-5). In mice, acrylamide induced tumors of the lung
in both sexes (Bull et al., 1984a,b; Robinson et al., 1986). Cancer studies in mice were of
specialized design (e.g., skin papilloma/lung adenoma protocol [Robinson et al., 1986]), limited
exposure and study duration, and histopathological evaluation (only lung and skin tissue were
examined) and therefore were not as reliable as the rat studies for dose-response evaluation.
Because of their limited duration and histopathology, it is not known if acrylamide also causes
tumors at sites other than the lung and skin in mice. Standard two-year bioassays of acrylamide
in mice are needed to address this data gap.2
For this NSRL assessment, cancer potency estimates were derived from carcinogenicity studies
in rats. The mouse studies were not used because of their more limited study design and the
greater uncertainty associated with the extrapolation of studies of short duration and specialized
study design. However, the apparent sensitivity of mice in the specialized studies and other
factors (e.g., efficient epoxide formation in vivo [Paulsson et al., 2002]) suggest that mice may
be as, if not more, sensitive than the rat to the carcinogenic effects of acrylamide. Our
understanding of the potential for carcinogenesis in humans may evolve with the development of
additional cancer bioassay in the mouse, related mechanistic data and epidemiological study.
In rats, the carcinogenicity of acrylamide has been investigated in four drinking water studies,
two in male Fischer 344 rats receiving acrylamide in the drinking water for 104 weeks, and two
in female F344 rats receiving acrylamide in drinking water for 104 weeks, the first published as
Johnson et al. (1986), and the second as Friedman et al. (1995).
The first set of cancer studies (Johnson et al., 1986) employed multiple dose groups, followed
good laboratory practices, and included a full histopathological evaluation of suspected
tumorigenic lesions. A review, sponsored by American Cyanamid, of the first set of chronic
drinking water studies raised issues regarding the background incidence of central nervous
system and oral tumors in male control animals; the dose-response relationships for male
testicular mesotheliomas, central nervous system tumors and combined tumors were

2

The U.S. Food and Drug Administration, in conjunction with the National Toxicology Program, is planning to
conduct a series of standard two-year bioassays in the mouse, as well as in the rat (U.S. FDA, 2004b).
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characterized as atypical; and the possible confounding by a sialodacryoadenitis virus (Friedman
et al., 1995). The industry sponsored a second set of drinking water studies to address some of
the issues raised in the industry review and to further characterize dose-response relationships for
risk assessment purposes. Thus, a second set of chronic drinking water studies was initiated.
U.S. FDA audited the second set of studies, which was conducted at Tegeris Laboratories in
Maryland and later published as Friedman et al. (1995). The U.S. FDA auditors found a number
of potential deficiencies in study conduct and reporting (U.S. FDA, 1996; 1998; Van Gemert,
2001). These deficiencies included problems with the environmental controls in the facility,
problems in data reporting, and indications that the rats may have received less acrylamide than
reported. Another deficiency for cancer potency estimation noted by OEHHA was the limited
histopathological examination of tissues of the central nervous system (see below). The sponsors
of the studies provided responses to the auditor’s criticisms, suggesting that the dosing and
conduct of the studies were adequate (Van Gemert, 2001). The study sponsors noted that many
of the concerns over data reporting arose from the fact that the Tegeris Laboratory had ceased to
operate and that U.S. FDA had audited only a portion of the records that had been transferred to
another company. OEHHA notes that while some of the limitations may have lowered the study
sensitivity, and provide a bias toward underestimation of the cancer potency, overall the study
employed larger groups of animals and extended the dose range for female rats (Johnson et al.
(1986) dosed groups of female rats at 0, 0.01, 0.1, 0.5, or 2 mg/kg-day; Friedman et al. (1995)
dosed groups of female rats at 0, 1 or 3 mg/kg-day).
Another consideration in study selection is the degree of correspondence between the findings of
the two sets of studies. In the females both studies found increases in tumors of the mammary
gland, central nervous system (marginal significance in Friedman et al., 1995) and thyroid, with
the earlier Johnson et al. study more sensitive for mammary and central nervous system and less
sensitive for thyroid carcinogenesis. In addition, oral cavity, uterine and clitoral gland tumors
were significantly increased in the earlier but not the latter study. With regard to findings in
male F344 rats, in both studies the thyroid and testes were target sites for carcinogenesis, with
slightly greater sensitivity in the thyroid in the later study and the converse for the testis. In
addition, an increase in central nervous system tumors of marginal statistical significance was
observed in the later study in males. OEHHA notes the overall consistent findings in terms of
tumor type and cancer potency observed between the Johnson et al. (1986) and the Friedman et
al. (1995) studies. OEHHA concludes that, on balance given the strengths and weaknesses noted
here and elsewhere, both sets of studies are adequate for potency estimation. Neither study is
clearly superior. Since the studies used the same rat strain, and no one sex consistently appeared
to be more sensitive than the other, all four studies are used as the basis of potency estimation.
(See section “Dose-Response Assessment” below).
In addition to the animal bioassays, occupational and dietary epidemiological studies have been
published that provide some quantitative information on acrylamide exposure and cancer
response (Mucci et al., 2003; 2004; Bosetti et al., 2002; Pelucchi et al., 2003). Because of
methodological deficiencies, the dietary studies are unsuitable for risk assessment (Hagmar and
Tornqvist, 2003; Dybing and Sanner, 2003; Erdreich and Friedman, 2004; Koehler, 2004).
While the occupational studies are not of sufficient power or reliability (Erdreich and Friedman,
2004; Koehler, 2004), they potentially can be used to derive an upper bound estimate on cancer
potency (OEHHA, 2003). The most reliable epidemiological study for this purpose is the study
of acrylamide-exposed workers by Marsh et al. (1999).
Acrylamide NSRL
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Study Descriptions and Cancer Dose-Response data
Johnson et al. (1986)
In the first set of drinking water studies, Johnson et al. (1986) treated male and female F344 rats
with acrylamide in the drinking water at doses of 0, 0.01, 0.1, 0.5 or 2.0 mg/kg body weight per
day for two years. Over the first 18 months on study, there were no significant dose-related
decreases in mortality or body weight among the male or female rats, except for a slight decrease
(less than four percent) in the mean body weight of the high-dose males, indicating that the
tumor data were not complicated by overt toxicity. Some rats appeared to contract a viral
infection starting about day 210 of the study, which affected all dose groups and controls. No
mortality resulted from the infection, and the authors concluded that the results of the study were
not confounded by the occurrence.

Acrylamide NSRL
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Table 2. Tumors in female F344 rats receiving acrylamide in drinking water for two years
in the Johnson et al. (1986) study
Acrylamide, mg/kg-day
Tissue/tumor type

Control

0.01

0.1

0.5

2.0

trende

Mammary glanda
adenocarcinoma

2/58

1/58

1/52

2/55

6/57

p=0.0045

10/60

12/60

10/60

20/58b

28/60b

p=0.0009

Central nervous systema
glial tumors

1/60

2/59

1/60

0/60

7/60b

p=0.0004

Thyroid glanda
follicular cell adenoma or
adenocarcinoma

1/54

0/55

1/50

1/54

5/50b

p=0.0008

0/60

3/60

2/60

3/60

8/60b

p=0.0008

Uterusa
adenocarcinoma

1/56

2/56

1/51

0/55

5/49c

p=0.0045

Clitoral gland (gross lesions)d
adenoma or carcinoma

0/60

1/60

3/60

4/60

5/61b

p=0.02

adenoma, fibroma or
adenocarcinoma

Oral cavitya
squamous cell papilloma or
carcinoma

a

Tumor incidences were tabulated from individual animal data by Dearfield et al. (1988). The numbers
of animals at risk (i.e., the denominators) are based on the number of animals alive at the appearance of
first tumor for that tumor type.

b

Significantly greater than controls, p ≤ 0.05

c

Significant after adjustment for early mortality, p ≤ 0.05 (Johnson et al., 1986).

d

Only animals having gross lesions were examined histologically. Thus, incidence data reported may
underestimate tumor response in this tissue.

e

Mantel-Haenszel trend test

Johnson et al., 1986 reported dose-related increases in the tumor incidences of mammary gland,
central nervous system, thyroid gland, oral cavity, uterus and clitoral gland among acrylamide
treated females (Table 2). Among male rats, treatment-related increases in tumors of the testes
and thyroid gland were observed (Table 3). Additionally, an increased incidence of benign
pheochromocytoma of the adrenal gland was observed among male rats. However the benign
Acrylamide NSRL
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tumors were not significantly associated with exposure by trend test, and the combined incidence
of benign and malignant pheochromocytoma was not statistically significantly different in dosed
groups compared to controls. Adrenal tumors were therefore not included in the cancer potency
estimations.
Table 3. Tumors in male F344 rats receiving acrylamide in drinking water for two years in
the Johnson et al. (1986) study
Acrylamide, mg/kg-day
Control

0.01

0.1

0.5

2.0

trendc

Thyroid glanda
follicular cell adenoma

1/57

0/53

2/57

1/53

7/54b

p=0.0001

Testisa
tunic mesothelioma

3/57

0/50

7/57

11/53b

10/54b

p=0.0057

Tissue/tumor type

a

Tumor incidences were tabulated from individual animal data by Dearfield et al. (1988). The numbers
of animals at risk (i.e., the denominators) are based on the number of animals alive at the appearance of
first tumor for that tumor type.

b

Significantly greater than controls, p ≤ 0.05

c

Mantel-Haenszel trend test

Friedman et al. (1995)
The second set of drinking water studies of acrylamide, also in F344 rats, was designed to extend
the earlier findings of Johnson et al. (1986) and “to clarify the carcinogenicity of acrylamide and
provide adequate information for risk assessments” (Friedman et al., 1995). The authors
employed two control groups to assess the variability in reported background rates.
Groups of male rats were administered acrylamide via drinking water for two years at doses of 0
(control 1), 0 (control 2), 0.1, 0.5 or 2.0 mg/kg-d (Friedman et al., 1995). The numbers of male
animals per group were 102, 102, 204, 102 and 75, respectively. Groups of female rats were
given acrylamide via drinking water for two years at doses of 0, 0, 1.0 or 3.0 mg/kg-d. The
numbers of female rats per group were 50, 50, 100 and 100, respectively. The mean body
weights of the high-dose male and female rats were slightly lower (about two to nine percent
over the course of the experiment) than the control animals; these differences were statistically
significant. There were no apparent dose-related differences in survival among the treated
groups until after the 14th month in males and the 23rd month in females, well after the
appearance of the first tumors at 12 months (Friedman et al., 1995).
In the Friedman et al. (1995) studies, tumor incidences in the two control groups were essentially
the same and were combined for analyses here (Tables 4 and 5). Specifically, incidences of
testicular mesothelioma, glial tumors, and thyroid follicular cell tumors were identical in the two
control groups of male rats, and incidences of glial tumors and thyroid follicular cell tumors were
Acrylamide NSRL
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identical in the two control groups in female rats, and the incidences of mammary tumors were
similar (8 % versus 14 %) in the two control groups of female rats.
Dose-related increases in tumors of the mammary gland and thyroid were observed among
acrylamide-treated female rats (Friedman et al., 1995) (Table 4).
Table 4. Tumors in female F344 rats receiving acrylamide in drinking water for 104 weeks
in the Friedman et al. (1995) study
Acrylamide, mg/kg-day
Controla

1.0

3.0

trendd

Mammary gland
adenocarcinoma or
fibroadenoma

11/96

21/94

30/95b

p=0005

Central nervous system
glial tumors

0/100

2/100c

3/100c

p=0.06

Thyroid gland
follicular cell adenoma or
adenocarcinoma

2/100

10/100b

23/100b

p<0.0001

Tissue/tumor type

a

Two concurrent control groups were combined since tumor rates observed in both control groups were
similar.

b

Significantly greater than controls, p ≤ 0.05

c

The number of animals at risk is based on the number of animals examined histopathologically for brain
tumors. However, only a fraction of the spinal cord samples were examined microscopically; thus, the
tumor incidences may be underestimates.
d

Mantel-Haenszel trend test

Dose-related increases in tumors of the thyroid and testes were observed among acrylamide
treated male rats (Table 5). Additionally, there were increases in the incidences of glial tumors
of the central nervous system, which were marginally significant by trend test (p=0.06) for both
the male and female rats (Tables 4 and 5).

Acrylamide NSRL
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Table 5. Tumors in male F344 rats receiving acrylamide in drinking water for 104 weeks
(Friedman et al., 1995)
Acrylamide, mg/kg-day
Controla

0.1

0.5

2.0

trendd

Central nervous system
glial tumors

2/204

2/98b

1/50b

3/75b

p=0.06

Thyroid gland
follicular cell adenoma or
adenocarcinoma

6/202

12/203

5/101

17/75c

p<0.0001

Testis
tunic mesothelioma

8/204

9/204

8/102

13/75c

p<0.0001

Tissue/tumor type

a

Two concurrent control groups were combined, since tumor rates observed in both control groups were
similar.
b

The number of animals at risk is based on the number of animals examined histopathologically for brain
tumors; less than half the animals were examined for these tumors in the low- and mid-dose groups. In
addition, of the animals examined for brain tumors, only a fraction of the spinal cord samples were
examined microscopically; thus, the tumor incidences may be underestimates.

c

Significantly greater than controls, p ≤ 0.001

d

Mantel-Haenszel trend test

Friedman et al. (1995) stated that a major objective of their study “was to investigate whether
glial tumors in the Johnson et al. study were significant.” However, in some of the acrylamide
treated male groups, less than half of the brain and spinal cord tissues were examined
histopathologically for glial tumors. In the female 1.0 mg/kg-d dose group, only one-fifth of the
spinal cord samples were examined microscopically. The incomplete histopathology of the
spinal cord is surprising since 10 of the 34 glial cell tumors from the Johnson et al. (1986) study
occurred in the spinal cord (Shipp et al., 2001). Since central nervous system tumors were
observed among female rats in the Johnson et al. (1986) studies, and since there was incomplete
histopathology performed by Friedman et al. (1995), the marginally significant increases in glial
tumors among male and female rats in the Friedman et al. (1995) studies were taken by OEHHA
to be treatment-related.
Damjanov and Friedman (1998) reanalyzed the pathology slides of the testicular mesotheliomas
observed in the male rats and concluded that the morphology of the tumors did not differ
between the control and treated groups. The authors suggested that the mesotheliomas may be
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benign, while noting that standard practice in veterinary pathology is to classify such tumors as
malignant.
Friedman et al. (1995) and NICNAS (2002) noted that the incidence of the acrylamide-induced
mammary tumors in female F344 rats in both sets of studies were within the range of historical
background rates observed for control female F344 rats in two-year carcinogenesis studies
conducted by the National Toxicology Program. However, no data were presented in Johnson et
al. (1986) or Friedman et al. (1995) on the historical rates for the laboratories where the studies
were conducted. The most relevant historical control comparison would consist of studies
conducted within the same time frame of the study under consideration, in the same laboratory,
by the same route, in the same species, strain and gender, with the same source of animals
(Haseman, 1995). The most appropriate control group is the concurrent control group, although
the historical controls can provide further insight on the significance of the study findings. The
incidence rates for mammary tumors in the control animals in the acrylamide studies in female
F344 rats are within the range of historical background rates reported by the National Toxicology
Program, but again, a better comparison would be with the more relevant laboratory controls.
The consistent findings of significantly elevated rates of mammary tumors in both long-term rat
studies (Johnson et al., 1986; Friedman et al., 1995) as well as the consistent background rate of
tumors observed in the two control groups employed by Friedman et al. (1995), leads to the
conclusion that the mammary tumors are treatment related and not incidental.
Cancer studies in humans
The largest epidemiological cohort of acrylamide-exposed workers, that by Marsh et al. (1999),
provides potentially useful quantitative information for evaluating an upper bound on the
potential cancer risks of acrylamide in humans. This can then be compared to the estimates
derived from animal bioassays as a “reality check” (OEHHA, 2003). Marsh et al. (1999)
reported the follow-up mortality experience of 8508 acrylamide exposed workers in the U.S
through 1994. An earlier follow-up of this cohort through 1983 had been reported by Collins et
al. (1989).
Marsh et al. (1999) and others (Granath et al., 2001; Erdreich and Friedman, 2004) noted that the
study had low statistical power to detect an association at most cancer sites, except the lung.
Calleman (1996) had previously calculated that the earlier follow-up study (Collins et al., 1989)
likewise had limited power to detect an acrylamide cancer response, assuming rodent tumor
responses are predictive of human risk. Thus the lack of findings of increased cancer risk at
particular sites in the cohort studied by Marsh et al. (1999) and Collins et al. (1989) does not
indicate a lack of sensitivity at those sites to acrylamide carcinogenesis.
Marsh et al. (1999) reported a statistically significant association between cumulative exposure
and risk of pancreatic cancer among highly exposed workers relative to workers in the lowest
exposure category, but the authors noted that no clear dose-response relationship was observed
(Table 6A). Since there were very few cases in the mid-dose groups, providing unstable risk
estimates, Schulz et al. (2001) noted that using fewer exposure cut-points yielded a
monotonically increasing dose-response relationship (Table 6B). In addition to cumulative
exposure, pancreatic cancer risk was also significantly associated with mean intensity of
exposure, duration of exposure and time-since first exposure in univariate regression analyses
(Marsh et al., 1999).
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Table 6A. Pancreatic cancer mortality among acrylamide exposed workers in the U.S.
(Marsh et al., 1999)
Dose range
(mg-yr/m3)
<0.001

Dose meana

Cases

SMR

(mg-yr/m3)

Personyears

Ratiob
(Doseair/Dosefood)

0

30

0.80

196431

--

0.001 - <0.03

0.0126

3

2.77

13286

0.057

0.03 - <0.30

0.119

2

0.73

24449

0.54

≥ 0.30

2.69

9

2.26c

22819

12

SMR, standard mortality ratio, based upon local county comparisons.
a

Estimated assuming a lognormal distribution of occupational exposures

b

Ratio of acrylamide dose mean in occupational air to acrylamide dose mean in food (estimated by
OEHHA) over the same period. Equivalence across inhalation and oral dose routes was assumed.
Dietary intake at the estimated mean current U.S. dietary exposure level (30 µg/day; DiNovi and Howard,
2004) for 50 years results in a cumulative exposure of 548 mg acrylamide. Cumulative exposure to
workers exposed to acrylamide via inhalation in units of mg-yr/m3 was converted to mg by assuming an
inhalation rate of 10 m3/workday and 250 workdays per year.
c

Statistically different from workers in the lowest exposure category, p<0.05.

Table 6B. Pancreatic cancer mortality among acrylamide exposed workers in the U.S.
Reanalysis of Marsh et al. (1999) by Schulz et al. (2001)a
Dose meanb

Cases

SMR

Person-years

0

30

0.80

196431

0.001 - <0.30

0.12

5

1.31

37735

≥ 0.30

2.7

9

2.26c

22819

Dose range
(mg/m3/yr)
<0.001

3

(mg/m /yr)

SMR, standard mortality ratio, based upon local county comparisons.
a

Schulz et al. (2001) noted that the number of cases in the two lower exposure groups in the analysis by
Marsh et al. (1999) were small (two to three cases) (see Table 6A), providing unstable estimates. Schulz
et al. (2001) therefore combined results from these two groups.

b

Mean exposure was estimated assuming a lognormal distribution of occupational exposures.

c

Statistically different from workers in the lowest exposure category, p<0.05.
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The findings of pancreatic cancer among this cohort of acrylamide-exposed are merely
suggestive of an association at best for the following reasons:
1. The statistical power of the study is low, as discussed above.
2. The smoking status of the workers in this cohort could not be adequately ascertained.
Cigarette smoking is associated with about a 1.5- to 3-fold increase in pancreatic cancer
(Marsh et al., 1999; IARC, 2002; PHS, 2004). Moreover, cigarette smoke contains
acrylamide. Indeed, daily intake of acrylamide among smokers is estimated to be more
than triple that of non-smokers (Bergmark, 1997). Thus, smoking status is a potential
confounder in this study.
Marsh et al. (1999) performed covariate regression analyses where two variables were
simultaneously modeled, “cumulative exposure” and “time-since first exposure,” or,
separately, “mean intensity of exposure” and “time-since first exposure.” Inclusion of
“time-since first exposure” in the models reduced the relative risk estimates for both
“cumulative exposure” and “mean intensity of exposure.” The authors stated that these
modeling results “suggest potential confounding with time since first exposure to
acrylamide and with a history of smoking.” However, the authors did not present data
that “time-since first exposure” and smoking history were related. Also, as the authors
pointed out, the variables “cumulative exposure” and “time-since-first exposure” are
likely to be correlated. Their inclusion in the same model almost certainly biases the
findings towards non-significance.
3. Since all individuals are exposed to acrylamide, as evident by high background levels in
blood (Schettgen et al., 2002; 2003; Hagmar et al., 2005), and acrylamide is wide-spread
in food (Robie and DiNovi, 2003; DiNovi and Howard, 2004), the referent workers in the
lowest exposure category are not truly unexposed. Indeed, as shown in Table 6A, only
workers exposed at the highest exposure category are expected to have had cumulative
exposures that significantly exceeded the cumulative exposure via the diet. The workers
studied in the Marsh et al. (1999) cohort and whose mortality experience is shown in
Tables 6A and 6B were hired between 1950 and 1973 and followed through 1994.
Assuming a starting age of 18 years and an average date of hire of about 1962, the cohort
was roughly 50 years of age on average in 1994. U.S. FDA researchers estimate that
people in the U.S. ingest an average of 30 µg/d (DiNovi and Howard, 2004). Intake at
this rate for 50 years would result in a cumulative dietary exposure of 548 mg. Table 6A
compares the ratio of the mean cumulative acrylamide dose in air to the mean cumulative
acrylamide dose from food. The ratios indicate that cumulative exposure to acrylamide
from the diet is higher than the cumulative exposures received from occupational
inhalation in all but the highest exposure category. Thus, it is unlikely that this
occupational study would be able to detect increases in cancer risks in any but the highest
exposure category.
Recent case-control studies were published which examined potential associations of bowel,
kidney and bladder cancer (Mucci et al., 2003) or renal cell cancer (Mucci et al., 2004) and
acrylamide intake, as determined by a food frequency questionnaire and reported levels of
acrylamide measured in specific food items. These studies are not informative for several
reasons.
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First, they have very limited power to detect cancer associations (Hagmar and Tornqvist, 2003;
Dybing and Sanner, 2003; Erdreich and Friedman, 2004; Koehler, 2004). Second, there is
almost certainly considerable exposure misclassification. Specifically, the range of acrylamide
intake among non-smokers from the 5th percentile to the 95th percentile is likely to be only about
four-fold, based on the (lognormal) distribution of intake inferred from hemoglobin adduct data
for acrylamide reported in biomonitoring studies (Schettgen et al., 2002; 2003). Similarly,
Hagmar et al. (2005) reported that median Hb adduct levels of acrylamide among non-smoking
women who consumed low acrylamide diets were indistinguishable from women consuming
high acrylamide diets, and median adduct levels among non-smoking men who consumed low
acrylamide diets were only 1.4-fold higher than men who consumed high acrylamide diets. Of
the 70 individuals tested, the highest acrylamide adduct level was only five-fold higher than the
lowest adduct level (Hagmar et al., 2005). In contrast to the biomarker data, the range of
acrylamide intake estimated from food frequency questionnaires in the Mucci et al. studies was
greater than 40-fold. The wide range of acrylamide intake estimates in the Mucci et al. studies
suggest significant misclassification of exposure, as the likely range of acrylamide intake of the
population (based on the more precise, biomonitoring data) is very narrow. The large variability
in acrylamide levels within a given type of food, the high percentage of foods in the diet
containing acrylamide, and the variability in food preparation methods and food consumption
rates among the population suggest that surveys of dietary recall do not provide an accurate
measure of acrylamide intake. Non-differential misclassification of exposure, as is likely
occurring in these case-control studies, biases the risk measures toward null values (Kelsey et al.,
1986).
Third, daily intake estimates based on biomarker data are two- to three- fold higher than intake
estimates based on food consumption surveys (Tareke et al., 2002; DiNovi and Howard, 2004).
This observation suggests that estimates of acrylamide intake from food frequency questionnaire
data are inadequate, and that there may be significant endogenous or other non-food sources of
acrylamide. Finally, the tumor sites studied in the Mucci et al. studies, namely the large bowel,
kidney and bladder, would not necessarily be expected to be target sites for acrylamide. The
widespread distribution of acrylamide and its DNA-reactive metabolite, glycidamide, in the
human body and the relatively long half-life of acrylamide in humans (about seven hours,
Calleman, 1996; Sorgel et al., 2002) provide little insight as to which tissues might be target
tumor sites in humans. The occupational cohort study of Marsh et al. (1999) suggests the
pancreas as a target tissue, although this finding may be confounded by smoking. Studies in rats
suggest the testis, thyroid, mammary and central nervous system as possible target sites, and
studies in mice suggest the lung and skin as potential targets. Based on current understanding of
the pharmacokinetics and the mechanism of action of acrylamide, there is no basis to predict site
concordance between rodents and humans. Thus, the negative findings in the dietary exposure
studies by Mucci et al. (2003, 2004) do not diminish the level of concern over the potential of
acrylamide to cause cancer and the studies cannot be used to calculate upper bound estimates of
cancer potency, especially given the degree of misclassification bias expected to be present in the
studies.
Other recent case-control studies examining cancer rates and consumption of various fried foods,
such as fried potatoes, have reported mixed results (Bosetti et al., 2002; Pelucchi et al., 2003).
These studies are likewise not informative with respect to the carcinogenicity of acrylamide
since any single food, such as fried potatoes, accounts for only a small fraction of an individual’s
overall dietary exposure (DiNovi and Howard, 2004). These studies also suffer from similar
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limitations in statistical power to detect cancer associations as do the Mucci et al. (2003, 2004)
studies.
APPROACH TO DOSE-RESPONSE ANALYSIS
The approach used to derive the dose-response relationship for acrylamide is described in detail
in the Appendix. This section describes the rationale for the method adopted. It begins with a
discussion of the mechanistic data and the implications of these data for the shape of the doseresponse curve. It then considers differences in pharmacokinetics in rats and humans to take into
account in extrapolating cancer potency derived from animal data to humans. The metabolism
and excretion of acrylamide and its epoxide metabolite glycidamide involve pharmacokinetic
pathways known to be genetically variable in the human population. This section briefly
considers the potential for inter-individual variability in response to acrylamide exposure. In
addition, exposures to acrylamide occur in utero and during infancy and childhood, and the
potential for age-dependent sensitivity are also discussed. After accounting for differences in
pharmacokinetics, this assessment considers species differences in pharmacodynamics. The fact
that the animal studies did not include exposures in utero and early after birth is considered in
evaluating the pharmacodynamic differences. Finally, since acrylamide induced tumors at
multiple sites in male and female rats, a combined cancer potency estimate was derived for the
acrylamide treatment-related cancer sites using Monte Carlo analysis.
Shape of the Dose-response Curve
This section reviews the available data related to the proposed mechanisms of carcinogenesis.
The carcinogenic mode of action of acrylamide is not well understood, although there are data to
indicate that a genotoxic mechanism is likely and that suggest multiple mechanisms may be
operative including non-genotoxic mechanisms. There is considerable, ongoing research that
may further add to our knowledge of acrylamide’s carcinogenic mode of action.
While the carcinogenic mechanism of action of acrylamide remains unknown, and several
mechanisms that could account for the tumor findings have been hypothesized, mechanisms
involving genotoxicity are the most likely. As summarized by the WHO (2002): “Acrylamide is
genotoxic in vivo in somatic cells and germ cells, and is known to be metabolized to
glycidamide, a chemically reactive epoxide that forms DNA adducts. The finding that
acrylamide induces tumours at a number of different sites in both rats and mice is consistent with
a genotoxic mode of action of the chemical. The existence of adducts in experimental systems is
supportive of a genotoxic mechanism of carcinogenesis of acrylamide. While suggestions have
been made that additional modes of action might contribute to the observed spectrum of tumours
seen in acrylamide-treated rats, especially tumours of hormone responsive tissues, these
suggestions are speculative only.”
OEHHA concurs with the WHO characterization and outlines the evidence on the mechanisms
of carcinogenesis briefly below. In doing so OEHHA notes that several unpublished industry
reports have reviewed the mechanisms of tumor formation in acrylamide-treated rats. Separate
documents addressing acrylamide-induced tumors of the mammary gland, thyroid, central
nervous system, and testis in the rat have concluded that each of these tumors is either not
relevant to humans or occurs through a threshold mechanism of action (KS Crump Group, Inc.,
1999a, 1999b, 2000a, 2000b; Shipp et al., 2001; 2002). OEHHA has carefully reviewed these
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unpublished reviews and finds, as did the WHO (2002) report, that the evidence for non
genotoxic mechanisms is unconvincing. In all cases, a genotoxic mode of action could explain
the tumor formation as well as the hypothesized mechanisms described in the unpublished
reports.
Moreover, OEHHA does not expect or presume site concordance among rats and humans, since
acrylamide and glycidamide are widely distributed to all tissues and dose accumulation does not
appear to correspond to sites of tumor formation. Indeed, site concordance is not seen between
mice and rats – of the few tissues examined in mouse experiments, tumors arose in the mouse
lung and skin, and such tumors were not found in the rat.
The mechanisms hypothesized for acrylamide carcinogenesis include (1) a genotoxic mode of
action through direct binding to DNA, (2) indirect or protein-mediated DNA damage, and (3)
alteration of hormones or other growth factors. The evidence for these is briefly discussed here.
1) Genotoxicity through direct reaction with DNA
The genotoxicity of acrylamide has been extensively reviewed elsewhere (Dearfield et al., 1988;
1995; IARC, 1994; WHO, 2002; European Union, 2002), and additional recent studies have been
published (Segerback et al., 1995; Generoso et al., 1996; Park et al., 2002; Paulsson et al., 2002,
2003; Abramsson-Zetterberg, 2003; Besaratinia and Pfeifer, 2003, 2004; Gamboa de Costa et al.,
2003; Baum et al., 2005; Doerge et al., 2005a; 2005b; Ghanenayem et al., 2005; Glatt et al.,
2005; Husøy et al., 2005; Johansson et al., 2005; Puppel et al., 2005; Robinson et al., 2005;
Silvari et al., 2005). Acrylamide administered to rodents induces primarily clastogenic effects,
including chromosomal aberrations, micronuclei formation, translocations, dominant-lethal
effects, spindle disturbances and cell transformation. Acrylamide was a clear tumor initiator in
several classic tumor “initiation-promotion” studies in mice (Bull et al., 1984b; Bull et al.,
1984a; Robinson et al., 1986).
Acrylamide does not induce gene mutations in standard bacterial assays; however, glycidamide,
the primary DNA-reactive metabolite of acrylamide, does induce mutations in Salmonella strains
TA100 and TA1535 (Dearfield et al., 1995), which detect base-pair substitution mutations.
Weakly positive responses for mutation have been observed among acrylamide-treated
transgenic mice in a lacZ reporter gene (Myhr, 1991; Hoorn et al., 1993) and in mammalian cells
in vitro (Besaratinia and Pfeifer, 2003; Granath and Tornqvist, 2003). In studies examining the
specific locations of DNA adducts formed in the p53 gene of cultured human bronchial epithelial
cells and the cII transgene of cultured Big Blue mouse embryonic fibroblasts following in vitro
exposure to acrylamide or glycidamide, both compounds produced similar patterns of DNA
adduct formation (Beseratinia and Pfeifer, 2004). These authors found that at any given dose,
the mutagenicity of glycidamide was greater than that of acrylamide in both the human and
mouse cells. These investigators concluded that the mutagenicity of acrylamide was largely due
to the mutagenic activity of its epoxide metabolite, glycidamide. Beseratinia and Pfeifer (2004)
also demonstrated that the mutational spectra formed by glycidamide were statistically different
than the spontaneous mutational spectra observed in control cells.
Several very recent genotoxicity studies provide additional evidence that acrylamide and
glycidamide induce clastogenic effects and mutations in mammalian cells in vitro (Baum et al.,
2005; Glatt et al., 2005; Johansson et al., 2005; Manière et al., 2005; Puppel et al., 2005) and in
vivo in rats (Manière et al., 2005) and mice (Husøy et al., 2005). Additionally, Silvari et al.
(2005) studied reaction-kinetic studies of glycidamide and ethylene oxide, and concluded that
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glycidamide has about a seven-fold higher mutagenic potential in mammalian cells than the wellstudied genotoxic carcinogen ethylene oxide.
Available data suggest that a genotoxic mode of action involving direct binding to DNA could be
operative for each of the tumor types observed in rodents treated with acrylamide. Glycidamide
DNA adducts have been measured in all rodent tissues so examined (Carlson and Weaver, 1985;
Segerback et al., 1995; Gamboa da Costa et al., 2003; Doerge et al., 2005b; Manière et al.,
2005), including the target tissues thyroid gland, mammary gland, brain and testis in rats. At
least five DNA adducts of glycidamide have been characterized (Solomon, 1999; Gamboa de
Costa et al., 2003). In terms of dose-response, DNA damage (micronuclei) in polychromatic
erythrocytes among mice was linearly correlated to the administered dose of acrylamide
(Paulsson et al., 2002) and the internal dose of glycidamide (Paulsson et al., 2003). Similarly,
Abramsson-Zetterberg (2003) observed linear formation of micronuclei in polychromatic
erythrocytes over a wide range of i.p. doses (1 to 100 mg/kg) in mice. Manière et al. (2005)
reported dose-related increases in DNA damage (Comet assay) in the brain, testis and other
tissues of rats following treatment with single high doses of acrylamide. To date, this is the only
study that has examined the dose-response relationships for DNA damage in any of the target
tissues for acrylamide carcinogenesis. Additional research to identify and characterize
acrylamide’s genotoxic effects in tissues that are targets for acrylamide carcinogenicity (e.g.,
testis, mammary gland, thyroid, and central nervous system for rats and lung for mice) following
repeated low doses of acrylamide and glycidamide in rodents could improve risk estimation.
Researchers have reported initial findings in mice treated with acrylamide showing DNA-adduct
formation in lung (a target tissue for carcinogenesis) and liver at low doses (0, 1, 10 and 50
mg/kg) (Doerge, 2004). Over the dose range tested, the shape of the dose-response curve was
supralinear; that is, more DNA adducts were produced per unit dose at lower doses than were
produced at higher doses (Doerge, 2004). In the lower dose range the shape of the dose-response
curve would be expected to be linear. Additionally, increases in liver DNA adducts were
observed among mice fed diets (NIH-31IR autoclaved) representing very low dietary doses of
acrylamide (approximately 0.039 mg/kg per day) (Twaddle et al. 2004). Concentrations of
acrylamide in the NIH-31IR autoclaved diet (240 ppb) are lower than typically found in some
human foods such as potato chips and French fries.
Ethylene oxide, a genotoxic carcinogen structurally similar to glycidamide, produced peritoneal
mesothelioma and brain glioma in F344 rats treated by inhalation (Snellings et al., 1984; Lynch
et al., 1984). These tumor observations from studies of ethylene oxide provide additional
support for the hypothesis that the tunic mesotheliomas of the testis and the gliomas of the brain
and spinal cord induced in F344 rats by acrylamide arise through a genotoxic mechanism.
2) Genotoxicity through indirect or protein-mediated DNA damage
There is some evidence to suggest that acrylamide or glycidamide also induces DNA damage
indirectly through protein binding or receptor-mediated processes (Dearfield et al., 1995; Park et
al., 2002). For example, acrylamide binds with high affinity to microtubules in cells from the
brain and spinal cord in vitro; however, binding to microtubules in vivo could not be confirmed
(Carrington et al., 1991). Binding to histones or mitotic-spindle proteins would be consistent
with observations that acrylamide disrupts mitosis and induces aneuploidy in vitro (Dearfield et
al., 1995). Also, glycidamide binding to protamines correlates well with the sensitivity of germ
cells to the formation of dominant lethal mutations or heritable translocations, suggesting a
protein-mediated effect (Generoso et al., 1996; Favor and Shelby, 2005). Recent data in
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CYP2E1-knockout and wild-type mice clearly show that epoxidation of acrylamide to
glycidamide is necessary for the formation of germ-cell mutations (Ghanayem et al., 2005).
Sickles et al. (1995, 1996) demonstrated that acrylamide could arrest mitosis of cultured cells by
inhibiting kinesin, a protein important for proper migration of the microtubules during cell
division. Inhibition of kinesin may represent a mechanism of aneuploidy or other clastogenic
effects. However, others observed that acrylamide does not significantly inhibit kinesin when
kinesin is bound to other macromolecules as is typically found under cellular conditions,
questioning whether this mechanism is operative in vivo and at low doses (Martenson et al.,
1995).
Separately, Park et al. (2002) suggested a potential carcinogenic mechanism involving
glutathione depletion. They suggested that acrylamide binding to glutathione might alter the
redox status of the cell, which can affect apoptosis, cell proliferation and transformation.
However, repeated acrylamide treatment at high doses (50 mg/kg) reduced glutathione stores in
the brain by only 20 % (Srivastava et al., 1986). It is unlikely that this mechanism would be
operative at lower doses.
3) Alteration of hormones or other growth factors
Some of the acrylamide-induced tumors in rats arose in hormonally responsive tissues, namely
the thyroid gland, mammary gland, uterus, clitoral gland, testis, and central nervous system.
Alterations in hormone or growth factor levels might be an underlying mechanism of
acrylamide-induced cancer. There is evidence that moderately high doses of acrylamide (≥
20 mg/kg-d) significantly reduced blood concentrations of prolactin and testosterone in male rats
(Ali et al., 1983). Increased concentrations of prolactin, if sustained, result in increased
proliferation of fibroblast cells in the mammary gland and may represent a mechanism of
induction of mammary fibroadenomas in female rats. However, since acrylamide did not alter
prolactin levels in the blood or pituitary gland of female rats administered acrylamide up to
15 mg/kg per day (Khan et al., 1999), this does not appear to be a viable mechanism for the
observed acrylamide-induced mammary tumors.
Acrylamide administered to rats at doses of 5 mg/kg or higher significantly increased dopamine
receptor binding levels in some regions of the brain (especially in the striatum) but not others
(namely the frontal cortex, cerebellum and medulla) (Agrawal et al., 1981a; Agrawal et al.,
1981b; Bondy et al., 1981). However, acrylamide administered to rats at doses of 10 mg/kg or
higher only slightly decreased dopamine levels in the frontal cortex, but not the striatum or other
regions of the brain (Ali et al., 1983; Agrawal et al., 1981b). Dopamine receptors in certain
tissues are linked with various hormonal control systems, and theoretically represent a pathway
through which acrylamide-induced alterations in dopamine receptor levels could affect cell cycle
control and differentiation in the brain, mammary gland and other tissues. An unpublished
industry study reported a correlation between brain regions high in dopamine D2 receptors and
sites within the central nervous system where acrylamide-induced astrocytomas were observed in
the rat bioassays of Johnson et al. (1986) (as reported by Shipp et al., 2002). Acrylamide
appeared to up-regulate dopamine receptors in the striatum following doses of ≥5.0 mg/kg while
not affecting dopamine concentrations in the brain at higher doses (Ali et al., 1983; Agrawal et
al., 1981b; Bondy et al., 1981). Reserpine, a carcinogen that lowers dopamine levels as well as
other catecholamines, induces adrenal tumors in the F344 rat, but not brain or mammary gland
tumors (NCI, 1982). More research is needed to determine if dopamine-mediated effects occur
as a result of exposure to acrylamide at doses associated with tumor formation, and if these
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effects represent a viable mechanism for acrylamide-induced tumor formation in the brain, or
any other hormonally responsive tumor site.
With respect to thyroid cancer, rats are sensitive to the increased cell proliferation accompanying
prolonged disruption of thyroid hormone balance, which can lead to thyroid hyperplasia and can
progress to neoplasia (U.S. EPA, 1998). However, in published and unpublished rodent studies,
acrylamide did not disrupt thyroid hormone balance to any significant extent (Khan et al., 1999;
Shipp et al., 2002). Moreover, acrylamide-treated male and female rats administered up to 20
mg/kg per day in 90-day toxicity studies (Dow, 1979) or up to 3.0 mg/kg per day in the two-year
drinking water studies (Friedman et al., 1995) exhibited no evidence of dose-related thyroid
follicular cell hyperplasia, a hallmark of the thyroid-hormone-disruption mechanism. Thus, the
available data do not support a non-genotoxic, proliferative mechanism of thyroid tumor
induction for acrylamide. Thyroid cancer has been observed at high incidences among male and
female rats treated with other genotoxic agents that do not alter thyroid hormone balance, such as
the chlorination byproduct MX (Komulainen et al., 1997; OEHHA, 2001a).
Considering the mechanistic information that is currently available, a genotoxic mode of action
for acrylamide that is mediated by the metabolite glycidamide is most likely. There are very
limited data suggesting that hormonal- or other receptor-mediated processes may also be
operative at higher exposure levels. However, even if other non-genotoxic mechanisms with
upward-turning nonlinearities are also operative at higher doses, the shape of the dose-response
relationship would be expected to be linear at low doses (Hattis, 1990). Therefore, the low doselinear, default approach fitting the linearized multistage model to tumor dose-response data has
been applied.
Pharmacokinetic Adjustments
The pharmacokinetics of acrylamide have been reviewed by Calleman (1996) and others
(European Union, 2002; Dybing et al., 2005), and a pharmacokinetic model for the rat has been
published (Kirman et al., 2003). Acrylamide is readily absorbed via the oral and dermal routes
and is widely distributed to all tissues, including the fetus. Rapid absorption and wide
distribution by the inhalation route is also expected (European Union, 2002). Both acrylamide
and glycidamide, which also is widely distributed, have relatively long half-lives in blood,
sufficient to be transported to all tissues: 1.4 hours in rats, and two to seven hours in adult
humans (Calleman, 1996; Sorgel et al., 2002). This compares with about ten minutes for
ethylene oxide in rats and 40 minutes for ethylene oxide in humans (Hattis, 1987).
Metabolism via cytochrome P4502E1 to the reactive epoxide, glycidamide, is linear at low doses
and begins to saturate and become non-linear with dose at doses above ~10 mg/kg in the rat
(Calleman, 1996; Kirman et al., 2003). Metabolism to the epoxide is quite efficient at very low
doses in rats, where an estimated 58 percent of absorbed acrylamide is converted to glycidamide
(Calleman et al., 1993). At acrylamide doses greater than 50 mg/kg, about 20 to 30 percent is
converted to glycidamide (Calleman et al., 1993; Calleman, 1996). Thus, based on the analyses
of Calleman (1996), efficient conversion (> 50 %) of acrylamide to glycidamide is expected at
the doses employed in the long-term drinking water studies in rats (i.e., 0.01 to 3.0 mg/kg-d).
Conjugation of glycidamide with glutathione was observed to be the primary route of elimination
of acrylamide in rodents, irrespective of the route of exposure (Sumner et al., 2003). A
pharmacokinetic model in the rat suggests that liver glutathione levels would not become
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appreciably deleted at acrylamide doses lower than 10 mg/kg (Kirman et al., 2003); thus,
glutathione depletion at doses used in the animal cancer studies (0.01 to 3.0 mg/kg-d) is expected
to be minimal. Interestingly, studies in human blood indicate that glutathione transferases and
epoxide hydrolase play no role in determining the extent of acrylamide or glycidamide Hb
adduct formation (Paulsson et al., 2005). The area under the concentration-versus-time curve
(AUC) of glycidamide was found to be linearly related to the concentration of the epoxide
administered in rats (Calleman, 1996). At low doses, the AUC for glycidamide resulting from
exposures to acrylamide will be a fixed fraction of the AUC for acrylamide itself.
The relatively long half-life of glycidamide may relate to limited detoxification activity in the
liver. It has been hypothesized that glycidamide is a poor substrate for epoxide hydrolase, as has
been observed for the structurally similar compound cyanoethylene oxide (Calleman, 1996). The
long half-lives also suggest that acrylamide and glycidamide do not bind rapidly to glutathione or
other electrophilic sites in the blood or tissues.
At occupational exposure levels, conversion of acrylamide to glycidamide increases linearly with
increasing air concentration, based on hemoglobin adduct formation among acrylamide-exposed
workers (Bergmark et al., 1993; Perez et al., 1999). Calleman (1996) compared the formation of
acrylamide and glycidamide hemoglobin adducts in 51 human workers and controls to those
produced in rats following oral or i.p. administration. Human samples were from adult males
working in China. Utilizing knowledge of the half-lives and the second order reaction-rate
kinetics of acrylamide and glycidamide binding to hemoglobin, Calleman (1996) estimated AUC
for both acrylamide and glycidamide from the hemoglobin adduct data (Bergmark et al., 1993;
Calleman, 1996). The ratio of AUCs for glycidamide relative to acrylamide (AUCgly/AUCAA)
was estimated to be about 0.3 in humans and 0.58 in rats at low doses (Table 8).
Findings from pharmacokinetic studies in human volunteers and rats administered up to
3.0 mg/kg-day acrylamide have recently been published (Fennell et al., 2005). Groups of five
sterile human male volunteers who had been non-smoking for at least six months were orally
administered [13C-labeled] acrylamide for three days at daily doses in water of 0, 0.5, 1.0 or 3.0
mg/kg or topically at 3.0 mg/kg daily for three days. In addition each group had a naïve control.
Blood and urine were collected for 24 hours post-treatment. Additionally, rats were given oral
doses of [13C-labeled] acrylamide in water at doses of 0 or 3.0 mg/kg. Blood and urine were also
collected from the rats. The researchers derived kinetic information related to hemoglobin (Hb)
adduct formation of acrylamide (N-(2-carbamoylethyl)valine)
and glycidamide (N-(2
carbamoyl-2-hydroxyethyl)valine) and utilized that information to estimate the AUC for
acrylamide and glycidamide for both rats and humans. Based on the Hb-adduct data, the ratio of
AUCgly/AUCAA was estimated to be about 0.25 in humans and 0.65 in rats (Fennell et al., 2005)
(Table 8).
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Table 8. Rat Versus Human Conversion of Low Doses of Acrylamide to Glycidamide
Calleman (1996)a

Fennell et al. (2005)b

basis

Hb Adducts

Hb Adducts

Total Urinary Metabolites

metric

AUCGly/AUCAA

AUCGly/AUCAA

% Gly metabolites/%AA
metabolites

Human

0.30

0.25

0.12

Rat

0.58

0.65

0.41

Rat/Human

1.9

2.6

3.4

Abbreviations: Hb, hemoglobin; AUC, area under the concentration-versus-time curve; Gly, glycidamide; AA,
acrylamide
a
Based on occupational exposure of humans to acrylamide characterized as “low-dose,” and administration of 0.05,
1.0, 2.0, 5.0, or 10 mg/kg acrylamide to rats.
b
Based on administration of 0.5, 1.0, or 3.0 mg/kg-day acrylamide to humans and 3.0 mg/kg to rats.

Urinary metabolites were assayed and the proportions of acrylamide- or glycidamide-based
urinary metabolites were estimated for both rats and humans (Friedman, 2003). The proportion
of absorbed acrylamide that was converted to glycidamide and excreted in the urine was
estimated to be about 12% in humans and 41% in rats (Table 8).
Thus, for two sets of Hb-adduct data following acrylamide exposure, the ratio of AUCs of
glycidamide to acrylamide for rats relative to humans were similar: 1.9 for the Calleman (1996)
data, and 2.6 for the Fennell et al. (2005) data (Table 8). The rat-to-human ratio from urinary
metabolite data among rats and human volunteers was 3.4 (Fennell et al., 2005). These sets of
data suggest that rats are more efficient in metabolizing acrylamide to glycidamide than are adult
male humans.
The available mechanistic data implicate glycidamide as the primary DNA-reactive species
mediating acrylamide carcinogenesis. Accordingly, interspecies differences in the rate of
conversion of acrylamide to glycidamide need to be accounted for in the cancer dose-response
assessment, as well as the differing half-lives of acrylamide and glycidamide in humans and rats.
The AUC of glycidamide (AUCgly) divided by the acrylamide dose applied (DAA) is a measure of
internal glycidamide per unit acrylamide exposure.
Table 9 compares for humans and rats estimates of AUCgly, normalized by DAA (i.e.,
AUCgly/DAA). AUCgly is based upon Hb adduct levels resulting from relatively low-dose
acrylamide exposures in humans and rats as reported by Calleman (1996) and Fennell et al.
(2005). Due to the longer half-lives of acrylamide and glycidamide in humans as compared to
rats, the human internal dose of glycidamide per unit acrylamide dose, is greater (i.e., human
AUCgly/DAA > rat AUCgly/DAA), even though there is greater conversion of acrylamide to
glycidamide in rats. Specifically, the data of Calleman (1996) indicate that human exposures to
acrylamide result in estimated internal blood doses of glycidamide per unit acrylamide exposure
(AUCgly/DAA) that are 1.1-fold higher than the estimated internal blood doses observed in rats,
and the data of Fennell et al. (2005) indicate that the human AUCgly/DAA is 1.2 fold higher than
that of the rat. The more recent human to rat ratio AUCgly/DAA of 1.2 estimated from the Fennell
et al. (2005) study was used as the inter-species adjustment factor for pharmacokinetics in the
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cancer potency estimates (Table 10). This pharmacokinetic adjustment factor of 1.2 accounts for
interspecies differences in 1) the rate of conversion of acrylamide to glycidamide and 2) the halflives of acrylamide and glycidamide.
Table 9. Rat versus Human Estimates of AUC of Glycidamide (AUCgly) Normalized by
Acrylamide Dose Applied (DAA) [(mM-hr)/(mg acrylamide/kg-body weight)]
Calleman (1996)a

Fennell et al. (2005)b

Human AUCgly/DAA

0.0313

0.0614

Rat AUCgly/DAA

0.0280

0.0520

1.1

1.2*

Species

Ratio (human/rat)

* Value used for interspecies pharmacokinetic adjustments to cancer potency.
a
Based on occupational exposure of humans to acrylamide characterized as “low-dose,” and administration of 0.05,
1.0, 2.0, 5.0, or 10 mg/kg acrylamide to rats.
b
Based on administration of 0.5, 1.0, or 3.0 mg/kg-day acrylamide to humans and 3.0 mg/kg to rats.

Inter-individual Variation in Sensitivity
Although it is difficult to quantitate at this time, inter-individual variation in sensitivity to
acrylamide-induced cancer is expected to be significant. The expected variability relates to
many factors including differences in pharmacokinetics, co-exposures, and age at exposure. At
least two metabolic pathways where there is genetic variability in the human population –
cytochrome P4502E1 (CYP2E1)-mediated metabolism of acrylamide to glycidamide, and
glutathione S-transferases (GST)-mediated conjugation of glycidamide – are likely to contribute
to this variability. Thus, as noted by WHO (2002), the sensitivity of humans to the effects of
acrylamide may be variable. Individuals likely to be at higher risk of acrylamide-induced
carcinogenesis may be those that are simultaneously high in CYP2E1 activity and low in GST
activity. The possible contribution of GST polymorphisms to inter-individual variation in
sensitivity to acrylamide-induced cancer is unclear, however, in light of recent studies with
human blood indicating that GSTs play no role in determining the extent of formation of
acrylamide and glycidamide Hb adducts (Paulsson et al., 2005). However, it is not known
whether GST facilitates the removal of acrylamide or glycidamide in tissues such as the liver.
Stephens et al. (1994) noted a 50-fold variation in CYP2E1 activity among humans, and it is
unclear whether this variation stems from genetic or environmental factors. Indeed, many
common human exposures such as ethanol (e.g., alcoholic beverages) and acetaminophen are
known inducers of P4502E1. Stephens et al. (1994) investigated the frequency of two
polymorphisms in the CYP2E1 gene among different ethnic groups. Among the 695 individuals
examined, statistically significant differences in allelic frequencies were observed between
Taiwanese and African-Americans or European-Americans for each polymorphism. Allelic
frequencies for the two polymorphic variants were 24 to 28 percent in Taiwanese, one to eight
percent in African-Americans, and four to 11 percent in European-Americans. Similarly, de
Vries et al. (1994) observed among 17 volunteers of varying age, gender and ethnicity a 28-fold
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difference in the ability to metabolize chlorzoxazone to 6-hydroxychlorzoxazone.
Chlorzoxazone is a drug that is metabolized almost exclusively by cytochrome P4502E1.
Large inter-individual differences in activity of GST exist within the population (reviewed in
Warmhoudt et al., 1999). The subclasses µ (GSTM1) and θ (GSTT1) are effective catalysts for
conjugation of glutathione with epoxides. Seidegard and Pero (1985) tested the activity of GST
(towards a model epoxide, trans-stilbene oxide) in a population of 248 individuals. They
observed 100- to 200-fold inter-individual differences in overall GST activity in peripheral blood
leukocytes. The role of polymorphisms of glutathione S-transferases in acrylamide toxicity is
unclear but could be low based on in vitro findings that Hb-adduct formation is not affected by
GSTs (Paulsson et al., 2005).
Iyer and Sinz (1999) investigated the metabolic activities of both cytochrome P4502E1 and GST
in human livers from 21 individuals, varying in ethnicity, age, and smoking and alcohol
consumption status. Even in this small sample set, a nearly five-fold difference in P4502E1
activity and a three-fold difference in GST activity were observed. We examined the ratios of
P4502E1/GST activity for the 21 liver samples, which fit a lognormal distribution (Crystal Ball
2000, Decision Engineering, Inc.). The mean of the distribution differed by only 20 % from the
median; however, the 95th percentile value was 2.4-fold higher than the median activity ratio. As
noted in other larger datasets above, the variability in P4502E1 or GST activity was greater than
those found by Iyer and Sinz (1999). This suggests that the variability in the ratio of P4502E1 to
GST activity (e.g., the pharmacokinetic variability most relevant to acrylamide toxicity) is
likewise going to be greater in the general human population.
In addition to inter-individual variability due to pharmacokinetics, there is likely to be variability
due to the age at which exposure occurs. Acrylamide and presumably glycidamide are widely
distributed to the fetus (Ikeda et al., 1983, 1985, 1987; Schettgen et al., 2004), thus in utero
exposures occur. Exposure via mother’s milk is also known to occur (Sorgel et al., 2002), and
direct consumption of acrylamide containing foods is also expected early in life. Children’s
exposures to acrylamide have been estimated to be greater than adult exposures on a body weight
basis (Konings et al., 2003). The enzyme that bioactivates acrylamide to glycidamide, P4502E1,
is not highly expressed for the first months of life, but is expressed at levels approaching those
seen in adults by one year of age (OEHHA, 2001c). However, maternally formed glycidamide is
expected to reach the fetus through placental transfer and to the nursing baby via breastmilk.
Some isoforms of GST, such as GST µ and α, have low levels of expression at birth, and by
about six months of age are expressed at levels approaching those seen in adults (OEHHA,
2001c). Since conjugation with glutathione is thought to represent a major detoxification
pathway for acrylamide, low GST in utero and in young infants may translate to greater
sensitivity for this group.
Although no carcinogenicity studies have employed early-in-life exposures, there are reasons to
suspect that early-life exposures to acrylamide may result in greater tumor induction than
exposures in adulthood. For example, compounds structurally similar to acrylamide, such as
vinyl chloride and urethane (ethyl carbamate), induced a higher incidence of tumors following
early-life exposure compared to adult exposure (Maltoni et al., 1981; Kaye and Trainin, 1966;
Rogers, 1951). Like acrylamide, both vinyl chloride and urethane are metabolized to epoxide
intermediates that bind to DNA. Vinyl chloride DNA adducts levels were higher in the livers of
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newborn mice compared to levels in the livers of mice treated as adults (Laib et al., 1989,
Swenberg et al., 1992). Since cancer is a multi-step process, DNA damage early in life has more
time to express itself and increases the likelihood that subsequent DNA damage will result in
neoplasia. Acrylamide also is well recognized to cause germ cell mutations, which may indicate
a multigenerational risk from exposure (Dearfield et al., 1995). Carcinogenicity testing of
acrylamide employing early-in-life exposures is critically needed.3
Variability in acrylamide-induced carcinogenesis may also stem from co-exposures to other
carcinogens or promoters. For example, orally administered acrylamide distributes readily to the
skin of mice (Carlson and Weaver, 1985), initiating tumors when expressed by phorbol ester
promotion (Bull et al., 1984a; 1984b).
Thus, there are many potential sources of variability in sensitivity within the population to the
carcinogenic effects of acrylamide, including (1) wide variability among humans in the enzymes
involved in activation (P450 2E1) and possibly detoxification (GST), (2) variability due to age
sensitivities, and (3) co-exposures.
Such variability is difficult to quantitate at this time. Given that the animals used in the rat
cancer bioassays (Johnson et al., 1986; Friedman et al., 1995) were adults at the initiation of
dosing, potency estimates based on these studies do not account for variability due to early-life
susceptibility. No specific adjustments to the acrylamide cancer potency estimates were made to
address inter-individual variability. The use of a default inter-species pharmacodynamics factor
(2.66 for male rats and 2.42 for female rats, see Dose-Response Assessment and Appendix) may
or may not be adequate to account for both interspecies differences in pharmacodynamics and
inter-individual human variability in response. Thus, the cancer potency derived may not be
adequately protective of children and other sensitive groups. Research in this area is critically
needed.
DOSE-RESPONSE ASSESSMENT
Animal Data
Cancer potency estimates were derived for tumor responses in acrylamide-treated rats (Tables 2
5), using methods described in the Appendix.
The interspecies conversion factor is based on surface area scaling, i.e., (human body weight /
animal body weight)1/3 [Title 22, California Code of Regulations, section 12703(a)(6)]. Based
on the average body weights of the rats in the Johnson et al. (1985) and Friedman et al. (1995)
studies, the interspecies conversion factor is calculated to be 7.05 for male rats and 5.85 for
female rats (see Appendix). Human potency is estimated from rat data as follows:
Cancer potency (human) = cancer potency (animal) × interspecies factor

3

The U.S. Food and Drug Administration, in conjunction with the National Toxicology Program, is planning to
conduct a series of cancer bioassays in the newborn mouse (U.S. FDA, 2004b).
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The default interspecies factor assumes that dose in amount per surface area produces the same
cancer incidence in different species. It is the ratio of human to animal body weights to the 1/3
power:
Interspecies factor

male rat to human:

(70/0.35)1/3 = 7.05

female rat to human: (70/0.20)1/3 = 5.85
This interspecies adjustment factor accounts for differences in pharmacokinetics (e.g.,
differences in the internal dose) and pharmacodynamics (e.g., differences in response to the
internal dose). This assessment chose to proportion equally the interspecies scaling factor into a
pharmacokinetics (PK) factor and a pharmacodynamic (PD) factor. Thus, the equation for
estimating the human cancer potency can be expressed as:
Cancer potency (human) = cancer potency (animal) × PK factor × PD factor.
The default PK and PD factors are the square root of the interspecies factor. Sufficient data exist
to depart from the default PK factor but not the default PD factor.
•

The PK factor is taken as the ratio of the human to rat internal dose of glycidamide,
normalized by the applied acrylamide dose, or 1.2 (Table 9). This adjustment factor
takes into account the differences between humans and rats in the rate of metabolism
of acrylamide to glycidamide, and the differences between humans and rats in the half
lives of acrylamide and glycidamide.

•

The PD factor is taken as the square root of the default interspecies scaling factor
[(7.05)1/2 = 2.66 for male rats, and (5.85)1/2 = 2.42 for female rats]. It is unclear
whether this PD factor is adequate to account for both interspecies differences in PD
and inter-individual human variability in response.
Cancer potency (human) = cancer potency (male rat) × 1.2 × 2.66
Cancer potency (human) = cancer potency (female rat) × 1.2 × 2.42

Human-equivalent cancer potency estimates for each tumor site are presented in Table 10.
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Table 10. Upper 95 % confidence bound, human-equivalent cancer potency estimates for
acrylamide, (mg/kg-d)-1
Johnson et al.
(1986)
Tumor site in rats

females

males

females

males

Mammary

1.0

--

0.40

Central nervous system

0.14

--

0.071

0.13

Thyroid

0.24

0.32

0.33

0.44

--

0.58

--

0.40

Oral cavity

0.31

--

--

--

Uterus

0.15

--

--

--

Clitoral gland

0.26

--

--

--

All sites combineda

1.5

0.75

0.69

0.77

Testis

Geometric meana
a

Friedman et al.
(1995)
--

0.70

Derived using Monte Carlo techniques.

No adjustment factors were applied to the cancer potency estimate to account for early-in-life
susceptibility or other sources of inter-individual variability in response such as genetic
differences in metabolism. The animals used in the rat cancer bioassays (Johnson et al., 1986;
Friedman et al., 1995) were adults at the initiation of dosing; thus, early-life susceptibility is not
captured by the tumor responses. The use of the PD factor above may or may not be adequate to
account for both interspecies differences in pharmacodynamics and inter-individual variability in
response. Research is needed to address this data gap.
Since acrylamide induced tumors at multiple sites in male and female rats, combined potency
estimates were derived for each experiment using Monte Carlo analysis for those tumor sites
judged to be associated with exposure to acrylamide. For each tumor site, a distribution of
estimates corresponding to the 0.1 through 99.9 percentiles of the linear term (q1) of the
multistage model was generated with the MSTAGE computer program (Crouch, 1998), which
had been modified to tabulate percentile values. For each rat cancer study, a combined
distribution was created by adding q1 for each tumor site, according to its distribution, through
100,000 Monte Carlo trials (Crystal Ball 2000 software, Decisioneering, Inc., Denver, Colorado).
The four (multisite) potency distributions derived from the two female and two male rat studies
were further combined using Monte Carlo analysis to estimate a distribution of geometric mean
potencies (Figure 1). The geometric mean was taken as the basis of the cancer potency estimate
for the combined tumor sites across the four studies, yielding a mean potency of 0.51 (mg/kg-d)-1
and the upper 95 % confidence bound potency estimate of 0.70 (mg/kg-d)-1.
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The cancer potency estimates for all treatment-related tumors (combined), based on the upper
95 % confidence bound, from the studies in male and female rats are quite consistent (Table 10).
The four multisite potency estimates from the rat studies differed only by about a factor of two.
Figure 1. Distribution of human-equivalent cancer potency estimates1 based on all
acrylamide-responding tumor sites observed in four cancer studies in rats.
100,000 Trials
.024

.018

.012

.006

.000
0.14

0.31

0.49

0.66

0.84

1/(mg/kg-d)

1

This distribution represents the geometric mean estimates from four rat studies (Tables 2-5) and accounts for
interspecies differences in the conversion of acrylamide to glycidamide and pharmacokinetic differences in
response. The 95 % upper confidence bound from this distribution, 0.70 (mg/kg-d)-1, is taken as the basis of the
NSRL for acrylamide.

Human Data
For comparative purposes only, a cancer potency estimate was derived from the pancreatic tumor
data from the Marsh et al. (1999) epidemiological study. A linear relative risk model was
applied to the available data using Poisson regression. In the relative risk model (shown below),
the rate of observed deaths λ(dose) is a linear function of the cumulative exposure (dose), where
λ0* is the application of the background rate of expected deaths based on age-dependent U.S.
cancer mortality rate tables. The slope parameter of the exposure-response curve, β1, was
estimated by Poisson regression, a maximum likelihood procedure.
λ(dose) = λ0*[1 + β1(dose)]

(Excess relative risk model)

Analysis was performed using the program AMFIT, which is part of the EPICURE computer
software package (Preston et al., 1993). AMFIT computes maximum likelihood estimates of
parameters in a general class of hazard function models, including excess and relative risk
models. This program has been used by other risk assessment programs to estimate human
cancer risk, including both the BEIR IV and BEIR V Committees to estimate the cancer potency
of ionizing radiation (NRC, 1990).
Once the slope estimate, β1, has been calculated from the cohort data, the final stage of the doseresponse assessment involves the calculation of excess lifetime (70-year) risk for a pattern of
exposure in the population of interest (e.g., continuous exposure of the general population). This
is done with life table techniques (NRC, 1990). The life table was developed based on the
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methods described by Chiang (1984). Previous cancer risk assessments developed using these
life table techniques include assessments for cadmium (DHS, 1986), diesel exhaust (OEHHA,
1998) and benzene (OEHHA, 2001b). Data for age-specific background incidence rates in the
California population for all races combined were used in the life table calculations (Kwong et
al., 2000). Also, a lag time of ten years was used for pancreatic cancer since it is generally a
late-forming tumor (Kwong et al., 2000). The population-based human cancer potency estimate
reflects dose adjustments from an occupational exposure scenario to that expected for exposure
of the general population. Specifically, estimates were divided by a factor of 0.33 to account for
the difference in days per year exposed and for volume of exposed air consumed in a standard
work-day relative to 24-hour estimates; e.g., (240 days/365 days)*(10 m3/20 m3) = 0.33. The
excess 70-year risk in units of ppm-1 was converted to a population-based human cancer potency
estimate for acrylamide in units of (mg/kg-d)-1 using standard default values for daily intake of
air. This yielded an upper-bound cancer potency estimate for pancreatic tumors of
2.8 (mg/kg-d)-1.
The upper-bound cancer potency estimate of 2.8 (mg/kg-d)-1 derived from the Marsh et al.
(1999) occupational cohort study for exposure of the general population to acrylamide over a
lifetime is higher than the upper-bound cancer potencies estimated from the long-term rat
drinking water studies, which ranged from 0.69 to 1.5 (mg/kg-d)-1 (Table 10). This comparison
illustrates that, if humans are equally or less sensitive to acrylamide-induced cancer as rats, then
the expected relative risk estimates in the worker study would have been small. If the animal
cancer studies are predictive of human risk, one would not expect to observe a statistically
significant increase in cancer rates from the exposures experienced by the workers, a conclusion
also reached by others (Calleman, 1996; Granath et al., 2001; Dybing and Sanner, 2003;
Erdreich and Friedman, 2004). Thus, the available human cancer data on acrylamide do not
reduce OEHHA’s concern regarding the potential induction of cancers by acrylamide.
A cancer potency estimate of 0.70 (mg/kg-day)-1 was derived from the geometric means of
combined distributions of cancer potency estimates for all acrylamide-related tumor sites across
four studies in rats (Johnson et al., 1986; Friedman et al., 1995) (Figure 1). This is associated
with a dose of 0.014 µg/kg-day at a lifetime cancer risk of 10-5.
COMPARISON OF CANCER RISK-SPECIFIC DOSE WITH PUBLIC HEALTH
LEVELS FOR OTHER TOXIC ENDPOINTS
Neurotoxicity is a sensitive non-cancer endpoint of acrylamide toxicity (WHO, 2002; NIOSH,
1991), which has been manifest primarily as neuropathy in occupational studies. This toxicity
defines the critical endpoint for non-cancer effects evaluated by public health institutions such as
the U.S. EPA (1991) and WHO (2002). The U.S. EPA (1991) has established a reference dose
(RfD) for acrylamide of 2 × 10-4 mg/kg-day based on neurotoxic effects. The U.S. EPA
definition of an RfD is “an estimate (with uncertainty spanning perhaps an order of magnitude)
of a daily exposure to the human population (including sensitive subgroups) that is likely to be
without an appreciable risk of deleterious effects during a lifetime.” This RfD was based on
nerve damage observed in a drinking water study in rats (Burek et al., 1980). An
uncertainty/adjustment factor of 1000 was applied to the NOEL (0.2 mg/kg-day) observed in that
study. The WHO (2002) evaluated non-cancer endpoints and found a NOEL of 0.5 mg/kg-day,
noting that “Rodent studies (sub-chronic and chronic oral dosing), primate studies (oral and
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subcutaneous) and a human occupational study, support a NOEL for acrylamide neuropathy of
0.5 mg/kg bw per day.”
In addition, acrylamide has been shown to cause adverse effects on reproduction and fetal
development (CERHR, 2004a, 2004b; NIOSH, 1991, U.S. EPA, 1990), and it is also recognized
that acrylamide can induce heritable DNA damage (WHO, 2002). In a draft report by the Expert
Panel on Acrylamide of the National Toxicology Program’s Center for the Evaluation of Risks to
Human Reproduction, the lowest observed effect level for both developmental and male
reproductive toxicity was about 5 mg/kg-day (CERHR 2004b). Dividing this level by a standard
uncertainty factory of ten (for LOEL to NOEL extrapolation) results in a NOEL estimate of 0.5
mg/kg-day, essentially the same as that derived by WHO (2002) for neurotoxic effects. U.S.
EPA (1991) established a NOEL of 0.2 mg/kg-day (= 200 µg/kg-day), and a corresponding
reference dose (RfD) of 0.2 µg/kg-day for non-cancer effects based on experimental
neurotoxicity data. The daily dose level posing a 10-5 lifetime risk of cancer of 0.014 µg/kg-day
(=1.0 µg/day ÷ 70 kg) is more than 10,000 times lower than the NOELs of 200 or 500 µg/kg-day
for non-cancer (reproductive, developmental or neurotoxic) endpoints, and more than 10 times
lower than the U.S. EPA RfD. This suggests that cancer is the most sensitive health endpoint for
acrylamide.
NO SIGNIFICANT RISK LEVEL
The NSRL for Proposition 65 is the intake associated with a lifetime cancer risk of 10-5. The
combined cancer potency estimate for all acrylamide-related tumor sites, 0.70 (mg/kg-day)-1,
derived above was used to calculate the NSRL for acrylamide (1.0 µg/day).
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APPENDIX: METHODOLOGY USED TO DERIVE AN NSRL FOR ACRYLAMIDE
Procedures for the development of Proposition 65 NSRLs are described in regulation (Title 22,
California Code of Regulations, sections 12701 and 12703). Consistent with these procedures,
the specific methods used to derive the NSRL for acrylamide are outlined in this Appendix.
A.1

Cancer Potency as Derived from Animal Data

“Multistage” polynomial
For regulatory purposes, the lifetime probability of dying with a tumor (p) induced by an average
daily dose (d) is often assumed to be (CDHS, 1985; U.S. EPA, 1996; Anderson et al., 1983):
p(d) = 1 - exp[-(q0 + q1d + q2d2 + ... + qidi)]

(1)

with constraints,
qi ≥ 0 for all i.
The qi are parameters of the model, which are taken to be constants and are estimated from the
data. The parameter q0 represents the background lifetime incidence of the tumor. The
parameter q1, or some upper bound, is often called the cancer potency, since for small doses it is
the ratio of excess lifetime cancer risk to the average daily dose received. For the present
discussion, cancer potency will be defined as q1*, the upper 95% confidence bound on q1
(CDHS, 1985), estimated by maximum likelihood techniques. When dose is expressed in units
of mg/kg-day, the parameters q1 and q1* are given in units of (mg/kg-day)-1. Details of the
estimation procedure are given in Crump (1981) and Crump et al. (1977). To estimate potency
in animals (qanimal) from experiments of duration Te, rather than the natural life span of the
animals (T), it is assumed that the lifetime incidence of cancer increases with the third power of
age:
qanimal = q1* • (T/Te)3

(2)

Following Gold and Zeiger (1997) and the U.S. Environmental Protection Agency (U.S. EPA,
1988), the natural life span of mice and rats is assumed to be two years, so that for experiments
lasting Te weeks in these rodents:
qanimal = q1* • (104/Te)3

(3)

Since the rat cancer bioassays (Johnson et al., 1986; Friedman et al., 1995) used in this
assessment followed the animals for 104 weeks, the less-than-lifetime study correction was not
needed. To estimate risk at low doses, potency is multiplied by average daily dose. The risk
estimate obtained is referred to by the U.S. EPA (Anderson et al., 1983) as “extra risk,” and is
equivalent to that obtained by using the Abbott (1925) correction for background incidence.
Calculation of the lifetime average dose
For the rat drinking water studies, the average daily doses were provided by the study authors
(Johnson et al., 1986; Friedman et al., 1995). Dosing was continued for life; no adjustments to
the doses are needed.
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A.2

Interspecies Scaling

Once a potency value is estimated in animals following the techniques described above, human
potency is estimated. As described in the California risk assessment guidelines (CDHS, 1985), a
dose in units of milligram per unit surface area is assumed to produce the same degree of effect
in different species in the absence of information indicating otherwise. Under this assumption,
scaling to the estimated human potency (qhuman) can be achieved by multiplying the animal
potency (qanimal) by the ratio of human to animal body weights (bwh/bwa) raised to the one-third
power when animal potency is expressed in units (mg/kg-day)-1:
qhuman = qanimal • (bwh / bwa)1/3

(7)

Average body weights for acrylamide-treated female and male F344 rats in the Johnson et al.
(1986) study, 0.2 and 0.35 kg respectively, were estimated by U.S.EPA (1990) from the
individual animal data. These estimates of body weight appeared to be appropriate for the
second set of rat drinking water studies (Friedman et al., 1995), based on graphs of body weight
over the study period. The average body weights for male and female F344 rats in these studies
are lower than average body weights observed in the National Toxicology Program. The reason
for the lighter animals is not clear. A default body weight of 70 kg for humans was assumed
(Gold and Zeiger, 1997). The default interspecies scaling factors, on the average body weights
of the rats in these studies, would be 7.05 for male rats and 5.85 for female rats.
However, in the case of acrylamide, pharmacokinetic data in human volunteers and rats (Fennell,
2004) were available and applied in the risk assessment. The internal dose of glycidamide
(AUCgly), the DNA-reactive metabolite thought be primarily responsible for mediating
acrylamide carcinogenesis, was observed to be 1.2-fold higher in humans than rats (Table 9).
The default interspecies scaling factor accounts for differences in pharmacokinetics (e.g.,
differences in the internal dose) and pharmacodynamics (e.g., differences in response to the
internal dose). This assessment chose to proportion equally the interspecies scaling factor into a
pharmacokinetics (PK) factor and a pharmacodynamic (PD) factor. Thus, the equation for the
human cancer potency estimate can be expressed as:
Cancer potency (human) = cancer potency (animal) * PK factor * PD factor,
The interspecies PK factor was 1.2, based on pharmacokinetic data in rats and humans, whereas
the interspecies PD factor was taken as the square root of the default factor [i.e., (7.05)1/2 = 2.66,
for male rats; (5.85)1/2 = 2.42, for female rats]. Cancer potency estimates for each tumor site
presented in Table 10 were adjusted in this manner.
A.3

Risk-Specific Intake Level Calculation

The intake level (I, in mg/day) associated with a cancer risk R, from exposure is:
I =

R × bw h
q human

(8)

where bwh is the body weight, and qhuman the theoretical cancer potency estimate for humans.
Daily intake levels associated with lifetime cancer risks above 10-5 exceed the no significant risk
level for cancer under Proposition 65 (Title 22, California Code of Regulations, section 12703).
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Thus for a 70 kg person, the NSRL is given by:
NSRL =

10 -5 × 70 kg
q human

(9)
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