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1.0 Background

Recently, it has been reported that acrylamide monomer may form in certain foods
cooked a high temperatures. The highest concentrations of acrylamide have been identified
in potato and grain-based foods that are cooked at very high temperatures (e.g, frying, grilling
or baking) (Tareke et a. 2002). Acrylamide leves as high as 3500 ng/kg have been reported
in potato chips and French fries. Acrylamide isthought to form in food principaly from the
interaction of the amino acid asparagine with glucose or other carbohydrates.

Acrylamide has been extensively investigated and has a large database of very
complex toxicity, pharmacokinetic and mode of action sudies. The results of the anima
toxicity sudies indicate that acrylamide is carcinogenic in rodents and produces toxic effects
on the reproductive and nervous systems. However, to date, only neurotoxicity has been
demonstrated in humans. The purpose of this paper is to provide the reader with a broad
overview of the toxicity and toxicokinetics of acrylamide and related issues rather than
provide detailed information on each acrylamide study published in the literature. The studies
cited in this report were considered the most gppropriate for the characterization of the toxicity
and issues related to the potentid for acrylamide toxicity from the ingestion of acrylamidein
food. It should be noted that biomarkers of exposure are discussed in another paper and will
not be discussed here.

20  Physical Chemical Properties

Acrylamide is an odorless, white crystaline solid a room temperature, with a
molecular formula of C3HsNO and weight of 71.08. Acrylamide is readily soluble in water
(2155 g/l a 30°C) and polar solvents (e.g., acetone, methanol, and ethanol), but not in non-
polar solvents (e.g. carbon tetrachloride). Acrylamide has adensty of 1.27 g/l (25°C), a
boiling point of 136°C at 3.3 kPaand amelting point of 84-85°C. Acrylamide containsan
a,b-unsaturated amide system that reacts with nucleophilic compounds via a Michael
addition. The mgor ste of reaction is sulfhydryl groups contained on proteins and amino
acids.

3.0 Toxicokinetics

A limited number of toxicokinetic studies with acrylamide were available. These
studies were conducted with radiolabeled acrylamide, and the results reported are for total
radioactivity, unless otherwise noted.

3.1 Absorption

Numerous studies, both in vivo and in vitro, have been conducted to evaluate the
potentiad derma absorption of acrylamide; however, no studies attempted to directly quantify
absorption of acrylamide following ord or inhdation exposure. Results from digtribution and
excretion sudiesindicated thet following orad adminigtration in rats, acrylamide was readily
absorbed (Miller et d. 1982; Marlowe et a. 1986; Ikeda et a. 1987). In astudy conducted by
Barber et d. (2001), rats received a single dose of acrylamide by gavage (20 mg/kg/day) or by
intrgperitoned injection (50 mg/kg/day). Although no quantitative estimate of oral absorption
can be made based on the results of this study, a comparison of the dose-adjusted area under
the plasma concentration time curves (AUCs) between the two routes of exposure can provide



aquditative estimate of ora absorption. Comparison of the dose-adjusted AUCs indicated a
difference in absorption between the two routes that could not be explained by differencesin
dose (20 versus 50 mg/kg/day). This comparison indicated that systemic absorption fallowing
ord exposure gppeared to be dightly less than observed following intraperitoned
adminidration of acrylamide, with greater conversion to glycidamide following ord exposure.
Resultsfrom in vivo studies conducted in rats indicated that dermal absorption ranged
from approximately 14% to 61% of the applied dose (Ramsey et d. 1984; Frantz et a. 1995;
Sumner et al. 2001). In vitro results obtained from rat, pig and human skin samples indicated
42 t0 93%, 94%, and 27 to 33% of the applied acrylamide dose was absorbed for each species,
repectively (Frantz et a. 1995; Diembeck et a. 1998; Marty 1998).

3.2 Distribution

Regardless of route of exposure, acrylamide appearsto be rapidly distributed to tissues
(Miller et d. 1982; Ramsey et d. 1984; Marlowe et a. 1986; Sumner et al. 2001). Following
ord adminigtration of 1 mg acrylamide/kg body weight, distribution of acrylamide in dogs and
pigs was greatest to the muscle tissue, ranging from approximately 30 to 50% of the
administered dose (Ikeda et al. 1987). In dogs, the greatest radioactivity after muscle tissue
was observed in the liver (~14%), while in the pig it was observed in the gastrointestingl tract
(~20%). The authors concluded that this may reflect dower absorption in the pig, compared
to the dog. When fasted and pregnant female (days 13.5 and 17.5 days of gestation) Swiss
Webster mice were administered 120 mg [2,3-**C]-acrylamidelkg by gavage, fetuses
examined a 13.5 days were uniformly [abeled with the exception of dightly increased uptake
in the feta brain, which istypica of digtribution of many compoundsinto fetuses & this tage
of gestation (Marlowe et al. 1986). At 17.5 days, the distribution pattern resembled that in the
maternd tissues, with the exception of high levelsin the fetal skin.

At 24 hours following a 6-hour inhaation exposure to 3 ppm acrylamide, the mgority
of the absorbed dose in rats was found in the blood, followed by the skin, spleen and lung. In
mice administered the same concentration via the same protocol, a different pattern of
distribution was observed, with the highest fraction of absorbed dose reported in the skin,
followed by the subcutaneous fat, testes, and blood (Sumner et d. 2001).

Studiesin rats (Sumner et d. 2001) and mice (Carlson and Weaver 1985) evduated
the distribution of acrylamide following dermd gpplication of 100 to 160 mg acrylamidelkg
body weight. At 24 hours post-exposure, acrylamide levels were highest in the skin of both
gpecies. In the rat acrylamide concentrations of gpproximately 1 umol/g tissue were reported
inred blood cdlls. The only other location where the concentrations were higher was a the
gte of gpplication (eg., the skin: 4 umol/g tissue) (Sumner et a. 2001). A Smilar pattern was
observed in the mouse following derma application of acrylamide athough no measurement
of acrylamide in the blood was conducted (Carlson and Weaver 1985).

Following intravenous administration of 10, 50, or 100 mg/kg acrylamide to rats, the
mgority of the administered acrylamide was found in the red blood cedlls at most time points
(Hashimoto and Aldridge 1970; Miller et d. 1982; Ramsey et d. 1984). The digtribution of
adminigtered acrylamide to the blood is related to the ability of both acrylamide and its
metabolite glycidamide to bind to hemoglobin to form adducts (Calleman et a. 1990).



3.3 Metabolism

The mgor metabolite formed via the cytochrome P450 pathway is glycidamide
(Miller et d. 1982). Speciesdifferencesin the formation of this metabolite have been
observed, with acrylamide converted to glycidamide to a grester extent in the mouse than in
the rat, based on urinary metabolites (Sumner et d. 1997).

Once absorbed, acrylamide may be conjugated by glutathione-S-transferase (GST) to
N-acetyl-S-(3-amino-3-oxopropyl) cysteine or it reacts with cytochrome P450 (CY P450) to
produce glycidamide (Figure 1) (Dixit et d. 1980; Dixit et d. 1981c; Dixit et d. 1982; Miller
et a. 1982; Calleman et d. 1990; Sumner et al. 1992). The mgor metabolite formed in both
rat and mouse is N-acetyl- S-(3-amino- 3-oxopropyl)cysteine, accounting for approximately
70% of the urinary metabolites observed in the rat and 40% of those observed in the mouse
(Sumner et d. 1997). Severd metabolic sudies have been conducted that focused on the
interaction of acrylamide with CY P450 and glutathione (GST) in the rat and the mouse (Dixit
et a. 1980; Dixit et d. 1981c; Mukhtar et a. 1981; Das et d. 1982; Dixit et a. 1982).
Reaults of these studies indicated thet liver, kidney, brain and erythrocyte GST have
sgnificant binding capacity with acrylamide, with the liver GST being 3 times more efficient
in conjugating acrylamide as compared to brain GST in therat (Dixit et d. 1984). Additiond
dudiesin the rat indicate that acrylamide may inhibit GST, resulting in increased metabolism
to glycidamide by the CY P450 pathway (Dixit et d. 1981b; Dixit et d. 1984).

34  Excretion

Excretion of acrylamide as the parent compound in ratsislow (<2%) and occurs
predominantly in the urine (Miller et al. 1982). In studies where radiolabeled acrylamide was
administered via ora, dermd, or inhalation routes, gpproximately 40 to 70% of absorbed
radiolabel was excreted in the urine, 5 to 6% in the feces, 6% in exhded air, and 15% in the
bile (Hashimoto and Aldridge 1970; Miller et a. 1982; Sumner et a. 1992; Sumner et d.
2001). The edimated plasma hdf-life for acrylamide and glycidamide following ord (20
mg/kg) or intrgperitoned (50 mg/kg) administration in mae Sprague Dawley rats was
approximately 2 hours for both acrylamide and glycidamide following single or repegted
exposures (Barber et a. 2001).

3.5 DNA and Protein Adducts
3.5.1 Proten Adducts

Both acrylamide and glycidamide are eectrophilic and can form adducts with
aulfhydryl groups on hemoglobin and other proteins (Hashimoto and Aldridge 1970;
Cdleman et d. 1990; Bergmark et al. 1991; Barber et al. 2001). Acrylamide containsan a ,b-
unsaturated system that reacts with nucleophilic compounds viaaMichad addition. The
mgor Ste of reaction is cysteine with sulfhydryl groups, dthough acrylamide may aso react
with amino groups.

Hemoglobin adducts have been used as biomarkers of exposure and to etimate
internd dose in occupationdly exposed populations (Calleman et d. 1994; Hagmar et dl.
2001). Inastudy of 41 workers employed at an acrylamide production plant, a neurctoxicity
index specificaly designed for acrylamide periphera neuropathy correlated with acrylamide
hemoglobin adduct levels (Calleman et a. 1994). In astudy of 210 workers exposed to grouts
containing acrylamide for gpproximately 2 months, there was a significant correlation between



hemoglobin adduct levels and exposure categories estimated by sdlf-reporting (Hagmer et d.
2001). Hemoglobin adduct levels ranged from 0.02 nmol/g globin to 17.7 nmol/g globin.

When acrylamide was administered to rats, the conversion to glycidamide was 51%
following the adminigtration of 5 mg/kg and decreased to 13% after 100 mg/kg, based on the
measurement of hemoglobin adducts (Bergmark et a. 1991). The conversion of acrylamideto
glycidamide was higher following subchronic dosing aswell. Acrylamide hemoglobin adduct
formation was gpproximately 2- or 4.5-fold greater for oral (20 mg/kg/day for 15, 21, 34 or 47
days) or intraperitoned (50 mg/kg/day for 11 days) dosing, respectively, than glycidamide
adduct formation (Barber et al. 2001). Oral administration resulted in gpproximately 30%
fewer acrylamide adducts than intrgperitoned dosing; however, more glycidamide adducts
were formed after oral dosing. The authors suggested that the reason for these differences was
due to a higher converson of acrylamide to glycidamide following ord dosing, when
compared with intraperitoneal dosing.

Dixit et d. (1986) conducted an in vitro study to evauate the binding of acrylamide to
bovine serum abumin (BSA), since acrylamide has shown reactivity with human serum
proteins. The binding of acrylamide was measured using equilibrium diays's, fluorescence
gudies, and ultraviolet spectroscopy. The results of the equilibrium didyssindicated an
increase in the amount of unbound acrylamide between 6 and 8 hours of didyss. At this
equilibrium point, more than 25% of the tota acrylamide remained bound to protein. A
concentration-dependent decrease in fluorescence of BSA was observed, aswell asthe
fluorescence of sulfhydryl groups present on BSA, indicating arole of sulfhydryl groupsin the
binding of acrylamide.

352 DNA Adducts

There are limited data regarding the potentia for acrylamide to form DNA adducts.
When isolated nucleosides were incubated with acrylamide in vitro, the adduct yield and the
rate of formation was low (Solomon et d. 1985). In vivo sudiesin mice following an ora
exposure to 100 mg/kg [**C]-acrylamide, radiolabeled DNA was found in the tissues
examined (somach, liver, lung, skin and testes) (Carlson and Weaver 1985; Carlson et .
1986). However, DNA adducts were not characterized so these results could be due to
nongpecific binding, rather than the formation of adducts. Sega et d. (1990) reported that in
mice that recelved a single intrgperitoned injection of 46 mg/kg of acrylamide, that akylation
increased in the testis and liver (the only tissues evaluated); however, asin the sudies cited
above, specific DNA adducts were not characterized and the authors attributed the observed
results to glycidamide, rather than acrylamide. Segerback and co-workers (1995) identified
N-7-(2-carbamoyl- 2- hydroxyethyl)guanine adducts in the tissues examined (liver, lung,
kidney, spleen, brain and testis) in rats and mice following asingle intrgperitoned injection of
acrylamide (46 mg/kg or 53 mg/kg, respectively). The formation of adductsin mice were
generdly higher than inrats.

3.6  Pharmacokinetic Models

Aninitid atempt a developing a physiologicaly-based pharmacokinetic (PBPK)
mode in the rat was conducted by (Kirman 2002). This model was developed using exising
data from six published studies and provides a good description of the kinetics for both
acrylamide and glycidamide. However, the authors noted that because of the uncertainty
surrounding the mode of action by which acrylamide produces carcinogenic effects, a Monte



Carlo andysis was conducted to perform sengtivity analyses for each of four internal dose
measures. genotoxicity, sulfhydryl reactivity, dopamine agonist, and glutathione depletion.
Thereaultsindicated that the most important contributors to variation in dose metrics were the
model parameters characterizing metabolism via cytochrome P450 and glutathione- S-
transferase and tissue binding.

Cdleman et d. (1992) developed a pharmacokinetic modd in order to estimate tissue
doses of acrylamide and glycidamide, specificaly area under the blood concentration curve.
Both alinear and anonlinear modd were developed, with the nonlinear mode including
saturable metabolism of acrylamide to glycidamide. The metabolic parameters (Vmax and Km)
associated with the conversion of acrylamide to glycidamide were estimated by gpplying the
models to hemog obin adduct levels measured in rats following single injections of acrylamide
ranging from 0.5 to 100 mg/kg body weight. In the linear modd, first order dimination rates
of 0.50 and 0.48 (hr)™* were estimated for acrylamide and glycidamide, respectively. For the
nonlinear model, aVimax of 19.1 (hr)™* and a K, of 66 uM was estimated for metabolic
conversion of acrylamide to glycidamide, with first order rates of eimination of 0.21 (hr)™* and
0.48 (hr)™* estimated for acrylamide and glycidamide, respectively. The use of the models for
high-to-low dose extrapolation could not be conducted due to alack of information asto
which of the two eectrophilic agents, acrylamide or glycidamide, is primarily respongble for
the observed toxicity.

4.0 AcuteToxicity

Based on the results of acute toxicity studies, the ord LD50 for acrylamide is
gpproximately 100-150 mg/kg in mice, rabbits, guinea pigs and rats (McCollister et a. 1964,
Paulet 1975; Hashimoto et a. 1981).

50 Genotoxicity
51  Mutagenicity

The genetic toxicity of acrylamide has been evaduated in avariety of in vitro and in
vivo assays. Theresults of genotoxicity studies conducted in bacterid cdl sysems
congstently demonstrated that acrylamide was not mutagenic in these systems, with or
without metabalic activation (Zeiger et d. 1987; Knaap et a. 1988; Tsuda et a. 1993).
Similarly, when acrylamide was incubated with mammaian cdllsin vitro, mutation frequency
was not increased at non-cytotoxic concentrations (Knaap et a. 1988; Tsuda et a. 1993). For
adiscussion of the potential mutagenicity in germ cells, see Section 8.3.

5.2  Chromosomal Aberrations

In vitro addition of acrylamide to Chinese hamster V79 cdlls induced chromosomdl
aberrations at a concentration of 3 0.142 mg/mL after 20 hours of treatment, but not at lower
concentrations (= 0.71 mg/mL) (Tsudaet a. 1993). In Chinese hamger lung cell lines
DON:Wg3h and LUC2 p5, acrylamide induced dterationsin cdll divisons at concentrations
of 3 0.5mg/mL (Warr et d. 1990). Sgnificant increasesin the frequency of tetrgploid cdls
were also observed in LUC2 p5 incubated with acrylamide at concentrations of 0.5 mg/mL,
but not at lower concentrations (= 0.25 mg/mL.). Polyploidy and spindle disturbances were
observed in Chinese hamster V79 cells at concentrations of 0.071 mg/mL or 0.01 mg/mL, or
greater, respectively (Adler et d. 1993; Tsudaet a. 1993).



Anincreasein the incidence of chromosomal aberrations in bone marrow cells was
noted in mice exposed to acrylamide viaintraperitoned injection at doses of 2 50 mg/kg
(Adler et a. 1988; Chiak and VVontorkova 1988). However, there were no significant
increases in the frequency of chromosoma aberrations in lymphocytes of mice exposed
intraperitonedlly to acrylamide at doses up to 125 mg/kg (Backer et a. 1989) or in splenocytes
from mice that received 100 mg/kg (Kligerman et d. 1991).

Acrylamide increased the micronud eus frequency in bone marrow cdlsin mice
following dosesof 3 25 mg/kg (two doses) or asingle dose of 50 mg/kg (Adler et a. 1988;
Chiak and Vontorkova 1988; Knaap et a. 1988; Chihak and Vontorkova 1990). Significant
increases in micronucleus frequency were aso reported in reticulocytes and splenic
lymphocytes from mice that were exposed to acrylamide at doses of 50 mg/kg or more via
intrgperitoned injection (Backer et al. 1989; Kligerman et a. 1991; Russo et a. 1994).
However, the micronucleus frequency in reticulocytes collected from rats that received a
sangle dose of 100 mg/kg was not sgnificantly different from the controls (Paulsson et dl.
2002a).

Moore et d.(1987)reported an in vitro dose-response evauation of the clastogenicity
of acrylamidein L5178Y mouse lymphoma cells. In that study, acrylamide trestment
promoted the formation of small-colony mutants, which represent chromosomal dterations to
the chromosome carrying the tk (thymidine kinase) locus. In contrast, production of large-
colony mutants, representing Sngle-gene mutations, was not sgnificantly increased. The
dose-response curve for the smdl-colony mutants has a very shdlow dope at low doses, with
aggnificant point of inflection a which the dose-response curve becomes steep. This
suggedts the dastogenicity of acrylamide may be nonlinear, or have a very shdlow dope that
at low doses may be indistinguishable from the background response in this cell line.
Moreover, the sgnificant increases in smal colony mutants occurred only at cytotoxic doses.

5.3 Sge Chromatid Exchange (SCE)

Inin vitro sudies, acrylamide increased the frequency of SCEs in Chinese hamster
V79 celsat concentrations of 3 0.3 mg/mL without metabolic activation and 3 1 mg/mL in
the presence of SO metabolic activation (Knaap et a. 1988; Tsuda et a. 1993). In vivo SCE
assays have indicated that acrylamide increased the frequency of SCE in splenocytes and
splenic lymphocytes collected from mice that received a single intrgperitoned injection of 3
50 mg/kg (Backer et a. 1989; Kligerman et d. 1991). In astudy by Knasp et a. (1988), it
was reported that when incubated with SO metabolic activation, a higher concentration of
acrylamide was required to induce SCEs, than when acrylamide was incubated without SO
activation.

54  DNA Repair and Unscheduled DNA Synthesis

Acrylamide induced a dose-related increase in the percentage of cdlsinrepair in arat
hepatocyte DNA repair test at a concentration of = 355.5 ug/ml (Barfknecht et a. 1988).
However, Butterworth et a. (1992) reported that acrylamide did not yield aDNA repair
response a higher concentrations (= 710.9 pg/ml), following in vitro evauation using primary
rat hepatocytes. Acrylamide produced a margind unscheduled DNA synthesisresponse a a
concentration of 71.09 pg/ml in five different samples of human mammary epithdia cdls
(HMEC), but not in the HMEC strain 184 cdll line (passage 9 cells). Acrylamide did not



induce DNA repair in rats that received a single dose of 100 mg/kg or repeated doses of 30
mg/kg for 5 days (Butterworth et a. 1992).

55  Cdl Transformation

Acrylamide induced cdll trandformation in various cdl lines, however, the requisite
concentrations varied with each cell line. SHE cdlls and mouse BALB/c3T3 cdlswere
transformed at higher concentrations (0.35 mg/mL and 0.71 mg/mL., respectively) than mouse
C3H/10T1/2 clone 8 cdlls (0.05 mg/mL) or mouse NIH/3T3 cdlls (0.013 mg/mL) (Barerjee
and Segal 1986; Tsudaet a. 1993; Park et a. 2002). Park et a. (2002) reported that co-
trestment with 1-aminobenzotriazole (ABT), a nonspecific P450 inhibitor, had no effect on the
transformation frequency of 0.5 or 0.7 mM acrylamide. Co-treatment with DL-buthionone-
[S,R]-sulfoxime (BSO), a sHective inhibitor of ?-glutamylcysteine synthetase, the rate-
limiting Step in GSH synthes's, resulted in asgnificant increase in the transformation
frequency in acrylamide-treated cells. Both the parent and the metabolite are conjugated and
eiminated by GSH. Acrylamide-induced cdll transformation frequency was sgnificantly
decreased when co-treated with N-acetyl-L-cysteine, athiol donor. Co-treatment with 17-b-
edradiol resulted in a significant increase in transformetion frequency. The authors noted that
this increase was higher than additive. Based on these results, the authors concluded that
acrylamide, rather than an oxidative metabolite, was responsible for SHE cdll transformation
observed. The authors suggested that the cdll transformation may have been achieved
following GSH depletion.

5.6  Genetic Toxicity of Glycidamide

A very limited number of studies that evauated the potentia genetic toxicity of
glycidamide were avallable. Glycidamide was mutagenic in Sdmonella strains TA100 and
TA1535 + SO activation at 5000 ny/plate (Hashimoto and Tanii 1985). Inan in vitro gene
mutation assay conducted with mouse lymphoma L5178Y TK *" cdlls, glycidamide was
positive a a concentration of 2.5 mM without metabolic activation (Barfknecht et al. 1988).
When tested in unscheduled DNA synthesis assays, glycidamide was negative in primary ret
hepatocytes at a concentration of 4 mM (Barfknecht et a. 1988), but was postivein primary
hepatocytes isolated from mae Fischer 344 rats (1 mM) and in human mammary epithelid
cdls (Butterworth et d. 1992). In arecent study by Paulsson et d. (Paulsson et al. 2002b), the
adminidration of glycidamide to mice resulted in dose-dependent increases in micronucleus
frequency in CBA mice; however no response was observed in Sprague-Dawley rats.

5.7  Summary of Genotoxicity of Acrylamide

The results of the genetic toxicity studies with acrylamide provide evidence that
acrylamide is not adirect acting mutagen in bacterid or mammaian cell assay systems.
Acrylamide does, however, have weak clastogenic effects. The clastogenic effects of
acrylamide are likely mediated by binding with sulfhydryl groups on proteins rather than
effects on DNA (see discussion on germ cells below).

6.0  Carcinogenicity
6.1  Epidemiological Studies

Exposures to acrylamide may occur viathe inhaation, ord or dermd routes. Inthe
manufacture of polyacrylamides, workers may be exposed viainhdation. However,



exposures viathe ora (food and water) and dermd (use of polyacrylamide-containi
products) routes may aso occur. Currently, OSHA PEL for acrylamideis 0.3 mg/nt. The
NIOSH REL and the ACGIH TLV for acrylamide are 0.03 mg/n.

There have been epidemiologica studies that condgst of cohort mortdity sudiesin
workers exposed to acrylamide. A mortality study of a cohort of 8,854 male acrylamide
factory workers, 2293 of whom were exposed to acrylamide, was reported by Collinset d.
(1989) and updated by (Marsh et a. 1999). Four factories were evaluated — threein the
United States and one in the Netherlands. The cohort consisted of workers that were hired
between January 1, 1925 and January 31, 1973. Smoking habits were unknown for most of
the cohort. Exposure was estimated from available monitoring data and by recal of plant
workers with knowledge of past processes. Exposure to acrylamide was defined asa
cumulative exposure of greater than 0.001 mg/nT-years. Mortdity rates were compared to the
expected rates for the United States and the Netherlands. The follow-up period extended
through 1994, a which time the total number of person-years of follow-up was greater than
287,000 (Marsh et al. 1999). There were no datigticaly sgnificant excesses of mortaity due
to cancer of any specific Stein the sudy cohort when compared with the expected rates. The
increase in respiratory tract cancer at one of the plants reported by Collins et d. (1989)
remained increased in the follow~up (Marsh et d. 1999). However, thisfinding was again
confined primarily to the workers exposed to muriatic acid. The results of an exposure-
response anaysisindicated an excess of deaths due to pancreatic cancer in workerswith
exposures to acrylamide at ambient concentrations greater than 0.30 mg/nT-year, but not at
the lower exposures. However, the authors noted that smoking histories were not available for
each member of the cohort and that smoking isamgjor risk factor for the development of
pancresatic cancer. The exposure-response analysis indicated no correlation between
acrylamide exposure and mortality from cancer of the esophagus, rectum or kidney. Marsh et
a. (1999) concluded that the results of this study provided little evidence of ardationship
between acrylamide exposure and mortdity due to cancer.

6.2  Carcinogenicity Bioassays
6.2.1 Studiesin Rats

Two chronic bioassays have been conducted in which mae and femae Fischer 344
(F344) rats were administered acrylamide in drinking water for two years (Johnson et d.
1986; Friedman et a. 1995). In the bioassay conducted by Johnson et d. (1986), groups of
Fischer 344 (F344) rats (60/sex/group) received acrylamide-treated drinking water that
provided doses of 0, 0.01, 0.1, 0.5 or 2 mg acrylamide/kg/day for two years. Additional
groups of 10 rats/'sex/group were sacrificed after 6, 12 or 18 months of exposure. Food and
water consumption and body weights were evauated weekly for the initia 3 months of the
sudy. Thereefter, body weights were collected monthly and food and water consumption
were collected weekly. Blood was collected for hematological and clinical chemistry
evauaion a 3, 6, 12, 18 and 24 months. At necropsy, organ weights were collected and the
magor organs were preserved for microscopic examination.

The study of Friedman and co-workers (1995) was smilar with afew exceptions
fewer low-dose groups, a higher dose group for females, alarger number of animals per dose
group, and inclusion of senting animals to screen for pecific pathogens were used. Inthe
Friedman et d. (1995) study, acrylamide was administered to groups of male F344 rats viathe
drinking water to provide doses of 0 (204 animals), 0.1 (204 animas), 0.5 (102 animas), or 2



(75 animas) mg/kg/day. Female rats received doses of 0 (100 animals), 1 (100 animas) or 3
(100 animals) mg/kg/day.

The primary observations of these studies were sSgnificant increasesin the incidence
of tumors primarily in hormonaly-responsive organs, indluding tunica vaginais
mesothdiomas in mde rats, mammary gland fibroadenomeas in femde rats and thyroid
fallicular cell adenomasin mae and femaeras (Tables 1 and 2). There was aso asuggestion
of an increase in the incidence of uterine adenocarcinomas, mammary gland
adenocarcinomas, and ord papillomas in femde rats and pheochromocytomasin maeratsin
the Johnson et d. study (1986), but not in the Friedman et d. study (1995). Theincidence of
glid cdl tumors was increased in the Johnson et d. study (1986) study when the incidences of
adl glid tumors ad glid cdl proliferation were combined. Thiswas not observed in the
Friedman et d. study (1995) study.

Tunica vaginalis mesotheliomas. In the Johnson et d. study (1986), adatigticaly
sgnificant increase in the incidence of tunica vagindis mesotheliomas was observed in mae
F344 rats that received 0.5 or 2 mg/kg/day. However, Friedman and co-workers (1995) only
observed an increase in the incidence of tunica vagindis mesotheliomas in mae rats exposed
to 2 mg/kg/day (Table 1). In the lower-dose groups in both studies, the incidence of tunica
vaginais mesotheliomas was comparable to the incidence reported in the respective control
groups.

Mammary gland tumors. The incidence of mammary gland adenocarcinomas was not
sgnificantly increased in any acrylamide dose group in either sudy compared with respective
controls (Table 2). There was a suggestion of a dose-response for mammary gland
adenocarcinomas by Johnson and co-workers based on the results of atrend test (Table 2).
However, the dose-response for mammary gland adenocarcinomas was rdatively flat and
incidence rates for each dose group were comparable to historica control rates, which range
from about 2% in two-year bioassays (Goodman et a. 1979; Maekawa et a. 1983; Solleveld
et a. 1984; Haseman et d. 1990) to 11% in full life-gpan studies (e.qg., without a planned
termind sacrifice time) (Solleveld et d. 1984).

Dose-response curves for the incidence of mammary gland adenomas and
mammary gland fibromas were dso flat (Table 2). The incidence of adenomas noted in the
Johnson et d. study at 0.5 and 2.0 mg/kg/day of acrylamide was not significantly increased
compared to controls, nor was there a dose-rdated trend. Historical rates for adenomasin
female F344 rats ranged from 1% to 4% (Goodman et a. 1979; Maekawa et a. 1983;
Haseman et d. 1990). No adenomas were observed in the Friedman et d. study inthe 1.0
or 3.0 mg/kg/day dose groups. There was no apparent dose-related increase in fibromas,
however, the incidence of fibromas was sgnificantly increased only in the 2.0 mg/kg/day
dose group (from (Johnson et a. 1986)), when compared to the control group. Thiswas
not observed in the Friedman et d. study in the 3.0 mg/kg/day dose group. Consequently,
itislikely thet the observed incidence of adenomas and fibromasiis representative of
background events unrelated to trestment with acrylamide.

The incidence of fibroadenomas in the acrylamide-exposed groups from the Johnson
et d. sudy was not gatigticaly different from the response rate observed in the control.
However, theincidence rates in the 1.0 and 3.0 mg/kg/day dose groupsin the Friedman et dl.
study were significantly increased compared to their control groups. Although the incidence
of fibroadenomas in al dose groups was within the historica control range reported for this
response in female F344 rats [16% to 29% in two-year bioassays (Goodman et a. 1979;
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Maekawa et d. 1983; Solleveld et d. 1984; Boorman et d. 1990) and up to 57% in full life-
gpan studies (Solleveld et d. 1984)], the increase in the incidence of fibroadenomas may be
related to acrylamide exposure.

Glial cell tumors. Johnson et d. (1986) reported an increase in the incidence of glid
cdl tumorsin femde rats that received 2 mg/kg/day of acrylamide, when the incidence of Al
glid odl tumors and glid cel proliferation were combined. Theincidences of glid cell
tumors are often combined, i.e., the incidence of astrocytoma may be combined with the
incidence of oligodendrogliomas. However, oligodendrocytes are functiondly digtinguishable
from agirocytes and the combination of the tumor incidence of these different cdll types may
be inappropriate. The incidence of glid cdl proliferation was combined with the incidence of
glid cdl tumorsin the Johnson et d. study. Use of a hyperplagtic change in combination with
tumor incidence should be evauated very carefully, and it has been argued recently(Aschner
2002) that glid cdl proliferation is not a preneoplastic change. Therefore, the incidence of
glid cdl praliferation was not combined with the tumor incidence data presented in Table 1
and 2. Because the incidence of oligodendroglioma was not related to dose, these tumors
were not combined with the incidence of astrocytomas reported in Tables 1 and 2. However,
these findings were not observed in the Friedman et d. study in alarger number of femde ras.
There was no statigticaly sgnificantly increased incidence of glid cdl tumorsin maeras
observed in the Johnson et d. or Friedman et d. studies.

Astrocytomas were observed in the brain and spina cord of control and treated
animas. However, theincidence of astrocytomain the brain or the spind cord was not
datisticaly sgnificantly increased in any treated group in ether bioassay when compared to
the respective controls. Only when both studies were considered was there a suggestion of a
dose-response, although the response was a most avery weak one (Tables1 and 2). The
incidence of astrocytomasin the Friedman et d. and Johnson et d. studies was for the most
part Smilar to the incidences reported in other chronic two-year biocassaysin F344 ratsin
which the incidence rates ranged from gpproximately 0.1% to 4% (Goodman et a. 1979;
Maekawa et d. 1983; Solleveld et a. 1984; Haseman et d. 1990; Haseman et al. 1998).
Therefore, it islikely that the incidence of astrocytomas was not related to acrylamide
treatment.

Thyroid tumors. In mderats, theincidence of thyroid follicular cdl adenomas in both
bioassays was sgnificantly increased in the high-dose (2 mg/kg/day) groups (Table 1).
However, when combined, the incidence of follicular cell adenomaladenocarcinoma was
sgnificantly increased in the high-dose males of both bicassays.

In femderats, theincidence of follicular cdl adenoma was sgnificantly increased in
the 1 and 3 mg/kg/day dose groups of the Friedman et d. bioassay (Table 2); however, the
incidence of fallicular cdl adenoma was not sgnificantly increased in femde rats thet
received 2 mg/kg/day (Johnson et a. 1986). Theincidence of follicular cell adenocarcinoma
was not sgnificantly increased in femae ratsin ether bioassay. Asobserved in maerats, the
combined incidence of adenomaladenocarcinomawas significantly increased inthe 1 and 3
mg/kg/day groups, but not in the 2 mg/kg/day group.

Other tissues. Inthe Johnson et d. study, Sgnificant increases in the incidence of
papillomas of the ord cavity and uterine adenocarcinomas were reported in the high-dose (2
mg/kg/day) femades. However, only one uterine adenocarcinomawas reported by Friedman
et d., and there were no satisticaly significant increases in the incidence of papillomas of the
ord cavity in any treated group (mde or femae). Because acrylamideisirritating, it is
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possible thet the ord cavity papillomas were the result of continued irritation. Anincreasein
the incidence of pheochromocytoma was reported in the high-dose malesin the Johnson et dl.
study; however, the incidence of these tumors was not increased in the Friedmen et d. study
or infemderatsin ether sudy. Given that the incidence of these tumors were observed in
only one study and/or in one sex, the incidence of these tumors may have been biological
variation and not related to acrylamide treatment.

6.2.2 Studiesin Mice

In addition to the carcinogenicity bioassays conducted in rats (Johnson et a. 1986;
Friedman et a. 1995), nonstandard carcinogenicity assays (e.g., mouse skin painting
initiation/promotion studies) have been have been conducted in mice (Bull et d. 1984a; Bull et
al. 1984b; Robinson et a. 1986). Increasesin lung tumors were reported in the Bull et al.
(1984a; 1984b) studies. However, the results of the studies by Bull et d. (Bull et d. 1984a;
Bull et a. 1984b) are limited. 1none study, the diagnosis of lung tumor was based on gross
necropsy observations and was not confirmed microscopicaly (Bull et . 1984a). In the
second Bull et d. study (1984b), lung tumor yield was provided; however, the incidence of
lung tumors was not included. In the study by Robinson et d. (1986), lung tumor incidence
was increased only in SENCAR mice, agtrain of mice geneticaly predisposed to the
formation of tumors, and not in the BALB/c, A/Jor ICR drains. However, the doses used in
this study were lower than the doses used by Bull et d. Indl studies, skin tumor yields were
increased only following the gpplication of a promoting agent, such as 12-O-
tetradecanoylphorbol- 13- acetate (TPA).

7.0  Neurotoxicity
7.1  Epidemiological Studies

Multiple studies have been conducted to assess neurotoxic effects of acrylamidein
occupationaly-exposed workers in smdl factories manufacturing acrylamide or using
acrylamide in production in China (He et d. 1989; Deng et d. 1993) and South Africa(Myers
and Macun 1991; Bachmann et al. 1992). Heet a. (1989) examined 71 workers (45 men and
26 women) between the ages of 17 and 41 exposed to acrylamide by industrial production
facilities and had been employed from 1 to 18 months. Fifty-one unexposed workers (33 men
and 18 women) served as the reference group. Approximately 73% of the workers exhibited
symptoms of acrylamide poisoning. Early symptoms of acrylamide exposure were skin
pedling from the hands followed by weak legs and numb hands and feet, and impairment of
the vibration sensation in the toes and loss of ankle reflexes. Electroneuromyographic
changesincluded a decrease in the sensory action potentia amplitude, neurogenic
abnormalities in eectromyography and prolongation of the ankle tendon reflex latency. Mogt
of the workers diagnosed with signs or symptoms had handled a 27 to 30% agueous solution
of acrylamide monomer.

A second group of Chinese workers were examined who had been exposed to
acrylamidein achemical factory at concentrations ranging from 0.20 to 1.58 mg/n? for 0.5 to
8 years (Deng et d. 1993). Vibration thresholds were sgnificantly higher in acrylamide-
exposed workers than those of the 105 healthy unexposed adults in the same age group.

In 1985 in a South African factory in which polyacrylamide flocculants were
manufactured, five cases of periphera neuropathy were diagnosed. These casesled to an
indugtrid hygiene and neurologic evauation of the remaining 66 exposed and unexposed

12



workersin that factory (Myers and Macun 1991). Acrylamide monomer concentrationsin the
factory ranged from 0.02 to 0.75 mg/n. The mean duration of exposure was 2 years. The
overd| prevalence of acrylamide-related abnormdlities among the exposed group was
approximately 67%, compared to gpproximately 14% in the unexposed group. Mogt of the
subjects with abnormalities came from the two areas where the air concentration of

acrylamide monomers was highest.

In afollow-up to the Myers et d. (1991)study by Bachmann et d. (1992), 75 workers
from the same South African factory were examined. Significantly higher prevaences of
numbness, limb pain, and pedling and swesting of hands were observed in exposed workers,
compared to unexposed. No gross neurologica abnormdities were reported and no
association was found between vibration thresholds and exposure.

7.2 Neurotoxicity Studiesin Animals

The neurotoxicity of acrylamide has been extensvely sudied in various animal
models, including rats, mice, monkeys, dogs and cats, and by numerous dosing regimens and
durations of dosing. Overt Sgns of neurotoxicity were consstent across species. However,
while some studies evauated only overt neurotoxicity (grip strength or leg splay), other
gtudies examined only morphologica or biochemica changesin nervetissues. In some
gudies, overt sgns of neurotoxicity were not accompanied by signs of morphologica changes
in key peripherd nerves. Few if any of sudies examined the time course of acrylamide
toxicity as manifested by both central and periphera changesin biochemica function and
morphology aong with overt signs of periphera neuropathy. For the purposes of thisreport,
studies by the ord route of exposure are summarized below.

In generd, cumulative dose is important when overt neurotoxicity is evauated. Inrats
exposed viathe ora route, sngle doses of 3 100 mg/kg were reported to result in dterationsin
grip strength and motor function (Fullerton and Barnes 1966; Tilson and Cabe 1979). With
short-term multiple exposures, dinical Sgns of toxicity and deceased motor function were
reported in rats following the adminigtration of 25 mg/kg/day for 21 days (Dixit et d. 1981a;
Aldous et d. 1983). In asubchronic toxicity sudies, effects on rotorod performance were
observed at doses® 14.5 mg/kg (Tanii and Hashimoto 1981) and hindlimb splay was
increased in rats that received 3 9 mg/kg (McCollister et d. 1964; Burek et a. 1980). Burek et
a. (Burek et a. 1980) aso reported increases in morphologica changes following eectron
microscopic examinations of peripherd nerves of ratsthat received 3 1 mg/kg/day for 90 days
(it should be noted that nerves of only 3 rats/dose group were examined with dectron
microscopy). These effects were reversible after 144 days of recovery, with the exception of
the group that received 20 mg/kg/day of acrylamide. There were no changes observed
following eectron microscopic examination in rats that received 0.05 or 0.2 mg/kg/day. In
two year chronic toxicity/carcinogenicity bioassays, no signs of overt neurotoxicity based on
cage sde observations were reported, but significant increasesin the incidence of peripherd
nerve degeneration was observed in rats that received 3 2 mg/kg/day for two years (Johnson et
al. 1986; Friedman et d. 1995).

In mice, decreasesin rotorod performance were reported following repeated
adminigration of 3 9 mg/kg (Hashimoto et a. 1981; Gilbert and Maurissen 1982). The
adminigration of 10 mg/kg/day to monkeys for gpproximately 45 to 60 days resulted in
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evidence of loss of motor function (Maurissen et a. 1983; Eskin et a. 1985; Maurissen et d.
1990). Overt evidence of neurotoxicity and decreased nerve conduction velocity was reported
in cats that received doses of 15 mg/kg daily for 4-16 weeks (Post and McLeod 1977). In
dogs that were administered 5.7 or 7 mg/kg/day for 42 days, clinica Sgns of neurotoxicity
(muscle weakness, hind limb ataxia) were reported (Satchell and McLeod 1981; Hersch et d.
1989).

Recent studies (L oPachin 2000) measuring multiple neurologicd parameters (gait,
foot splay, grip strength and extensor thrust) across two intoxication schedules (21 and 50
mg/kg) have indicated that acrylamide produces cumulative neurotoxicity. Specificaly, dose-
rate did not determine fina magnitude of neurologica deficit (i.e.,, both dose-rates caused
datigticaly smilar maxima changesin each neurologica parameter measured), instead dose
rate determined the time of onset and development of neurotoxicity (i.e., maxima
neurological deficits were observed on day 11 of the 50 mg/kg dose-rate, whereas asmilar
level of neurotoxicity was achieved on day 40 of the 21 mg/kg exposure rate38. Research
from other laboratories suggests that this cumulative phenomenon applies to dose-rates
sgnificantly lower than those used in the aforemertioned study (Edwards 1977; Moser 1992,
Shell 1992; Crofton et a. 1996).

Morphaologic examinations (Leswing 1969; Prineas 1969; Hopkins 1970; Hopkins
1971, Suzuki 1973; Schaumburg 1974; Spencer 1974; Sumner 1974; Sumner 1975; Gold
1988) have revealed that low-dose (dose-rates reviewed in Barber et d. (2001)) subchronic
induction of acrylamide neurotoxicity was associated with nerve damage in both the centrd
and peripherd nervous systems. The morphologic halmark of this toxic neuropathy was
consdered to be diga nerve termina and preterminal axon swellings of the longest
myelinated fibers (Prineas 1969; Suzuki 1973; Schaumburg 1974). As exposure continued,
progressive retrograde degeneration of these distal axon regions ensued with preservation of
more proxima segments (reviewed in Spencer and Schaumberg (1974)). Early morphologic
and dectrophysiologic research (Schaumburg 1974; Sumner 1974; Sumner 1975) suggested
that sensory axons and their receptors (i.e., Pacinian corpuscle, annulospird termind, Golgi
tendon) developed neuropathic changes before motor neurons. However, other studies
indicated that both sensory and motor systems were equaly vulnerable to acrylamide-induced
damage (Fullerton and Barnes 1966; Prineas 1969; Hopkins 1971; Tsyjihata 1974; Lowndes
1976).

Although the relative vulnerahilities of the sensory vs. motor systems were debated,
the pattern of neuropathological expression induced by acrylamide (i.e, initid nerve termind
damage and subsequent retrograde axon degeneration) was congstent with the theory of toxic
“dying-back” neuropathies proposed by Cavanagh (Cavanagh 1964; Cavanagh 1979;
Caleman 1996). However, other evidence implied that the dying-back label did not
adequately describe the neuropathy caused by acrylamide. For example, Spencer and
Schaumburg (Schaumburg 1974; Spencer 1977b; Spencer 19774) reported that degeneration
did not gart at the nerve termind and move rograly in a seriatim fashion as sipulated by the
dying-back hypothesis. Instead, degeneration “bloomed” smultaneoudy at multifoca stes
along digtd pretermind axons. Work by Jennekins et d., (1979) indicated that nerve
terminds of long axons were not preferentialy damaged by acrylamide intoxication as was
predicted by the dying-back theory. Considerable other evidence indicated that the “dying
back” was not a primary effect (Fullerton and Barnes 1966; Morgan-Hughes 1974; Griffin
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1977; Cavanagh 1982; Sterman and Sposito 1985; DeGrandchamp 1990a; DeGrandchamp
1990b; Myall et a. 1990; Gold 1991).

Spencer and Schaumburg (1976) formulated a hypothesis that emphasized direct
axona injury. They proposed that large diameter axonsin the CNS and PNS were most
sengtive to development of amultaneous, multifocd paranodd axon swelingsin disd
regions and that these swellings served as initiation points for subsequent degeneration. Inthe
PNS, acrylamide preferentialy affected axonsin tibia nerve branches supplying caf muscles,
plantar sensory nerves innervating the digits and plantar nerve branches supplying the flexor
digitorum brevis muscle (Spencer 1977a). Axon swelling and degeneration were noted in
certain CNS regions, eg., dorsal spinocerebelar tract, gracile fasciculus, cerebellar white
matter (Prineas 1969; Ghetti 1973; Spencer 1977a). The characteristic spatiotempora pattern
of axon damage in the central and periphera nervous systems lead Spencer and Schaumburg
(1976) to classfy acrylamide neuropathy as a“ centra-peripherd distal axonopathy”.

Other morphologica evidence has indicated that early nerve termind damage might
be importantly involved in the pathophysiological process leading to acrylamide neurotoxicity
(Priness 1969; Tsujihata 1974; Cavanagh 1982; DeGrandchamp 1990a; DeGrandchamp
1990b). Electrophysologica studies by Goldstein and Lowndes (Lowndes 1976; Lowndes
1978Db; Lowndes 1978a; Goldstein 1979; Goldstein 1981; Goldstein 1985; DeRojas 1987)
showed that neurotransmission was impaired at spind cord primary afferent nerve terminds as
an early consequence of acrylamide intoxication of cats (see dso Taujihata et d. (1974)).
Recent quantitative morphometric research showed that peripherd nerve axon degeneration
was not linked to the expression of neurologicd deficits, but rather appeared to be an
exclusve product of lower acrylamide dose-rates (< 21 mg/kg/d); i.e,, intoxication at a higher
dose-rate (50 mg/kg/d) did not produce periphera axon degeneration (Lehning et a. 1994,
Lehning et a. 1998). This suggested that the axonopathic effect of acrylamide was an
epiphenomenon and that the neurotoxicologicaly significant Ste of action was € sewhere
(reviewed in (LoPachin 2000; LoPachin et a. 2002)). Based on evidence of early structura
and functiond damage, LoPachin et d. (2002) suggested that nerve terminds were the
primary Ste of acrylamide action and that synaptic dysfunction and subsegquent degeneration
were necessary and sufficient steps for production of acrylamide neurotoxicity. Corroborative
research using the de OIlmos silver sain method to detect neurodegeneration has shown that
higher dose-rate intoxication (50 mg/kg/day) produced a sdlective terminal opathy
characterized by very early, widespread nerve terminal degeneration in rat PNS (NMJ) and
CNS (brain and spinal cord) (Lehning 2002c; Lehning 2002a; Lehning 2002b). Intoxication
of rats at alower dose-rate (21 mg/kg/day) caused initid nerve termina degeneration in PNS
and CNS, which was followed by axon degeneration. Together, these data (Lehning et d.
1998; Lehning 2002c; Lehning 2002a; Lehning 2002b) suggest that, regardless of dose-rate,
acrylamide causesinitia, generdized nerve termind degeneration. The early appearance of
this effect suggests that nerve terminds are aprimary Ste of action. In contragt, axon
degeneration in PNS and CNS was a delayed event and occurred only during lower dose-rate
intoxication (Lehning et d. 1998; Lehning 2002c; Lehning 2002a; Lehning 2002b). Because
full neurotoxicity can develop at the higher and lower dose-rate used in these studies
(LoPachin 2001), the conditional, dose-rate dependent expression of axon degeneration
indicates that this effect is not a Sgnificant neurctoxicologica event (LoPachin 2000;
LoPachin et a. 2002). The axon orientation of formative morphologicd investigations (eg.,
Spencer and Schaumburg (1977b; 1977a)) is likely due to afocus on subchronic acrylamide
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dosing schedules (reviewed in (LoPachin et a. 2002)). Recent quantitative morphometric
sudies of PNS and slver stain andysis of CNS (see above discussion) have confirmed that
axon degeneration is associated with low dose-rate acrylamide intoxication. However, these
studies dso demondreate that intoxication at higher dose-rates does not induce axon
degeneration. A growing awareness of dose-rate impact on neurotoxicologica expresson
(reviewed in LoPachin 2000) and advances in computer-asssted quantitative morphometrics
and higochemica techniques (de Olmos silver gain) have contributed to the changing view of
axon and nerve termind damage in acrylamide neurctoxicity.

An dternative mechanism proposed by Sickles et d. (1996; 2002) isthe inhibition of
kinesin, the motor protein for anterograde axona transport, and the resultant decreasesin
anterograde axond trangport are critical components in the neurotoxicity of acrylamide
(reviewed in Sickleset d. (2002)). In amicrotubule motility assay, acrylamide (0.1mM)
inhibited kinesin. Severd studies (see Table 1in Sickles et d. (2002)), induding in vivo
gudiesin rats and mice and in vitro studiesin primary cultured neurons have reported
ggnificant reduction in fast axond transport with acrylamide exposure. The inhibition of
axond trangport produces deficient delivery of macromolecules to the distal axons and nodes
of Ranvier, which has been associated with decreases in a fast-transported form of
acetylcholinesterase into muscle; decreasesin GAP-43 within digtd neuritis of primary
cultured neurons, decreased quantity of synaptic vesicles and mitochondriawithin
neuromuscular junctions; axona accumulation of fast trangported materia; progressve
decrease in syngptophysin in neuromuscular junctions with high and low dosing rates;
decreasesin Naand K channelsin nodes of Ranvier that are greater in the digtd tibid nerve
than the more proximal sciatic nerve and occur with either low or high dosing rates. In
addition, smilarities of acrylamide intoxication and Drosophila modes of kiness mutants
have been reported.

This hypothesis has been chalenged by the observations that with high dosing rates,
acrylamide produced neurologica deficits but did not produce changesin axond dementd
composition, Na/lK ATPase activity, sengtivity to anoxia and degeneration. Since these
functions are supported by fast axona transport, it is reasonable to expect a reduction.
However, it is aso reasonable to expect a differentid sengtivity to acrylamide intoxication.
The changesin total eements (not ions), NalK ATPase activity, etc., are corrdated with
degeneration and therefore may be expressed only under severe conditions, just prior to, or
during, regeneration. The mechanistic explanation for differentid reductions may be based
upon differentia effects on kinesin superfamily members, turnover rates of proteins, quantities
of each protein, thresholds for functiond loss, or safety factorsin ddivery.

8.0 Effectson the Reproductive System
8.1  Epidemiological Studies

No studies were located that evaluated the potential effects of acrylamide on the
human reproductive system.

8.2  Reproductive Toxicity Studiesin Animals

Acrylamide has been evauated for reproductive toxicity in multigenerationa studies
inrats (Tyl et d. 2000a) and mice (Chapin et d. 1995) and in cross-over breeding sudiesin
rats (Zenick et d. 1986; Tyl et d. 2000b) and mice (Sakamoto and Hashimoto 1986; Chapin et
al. 1995). Thereaultsof dl of the above sudies are highly consstent. Acrylamide
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adminigtered in drinking water or by gavage to rats or mice at doses equal to or greater than 5
mg/kg/day resulted in Sgnificant increases in both pre-implantation and post-implantation
losses with resulting significant decreasesin the number of live pups per litter (Chapin et al.
1995; Tyl et d. 2000a). These effects were seen in both the Fo and F; generations, with the
percentage decrease in the number of live pups per litter smilar in the Fy and F;, generdtionsin
rats (approximately 34% versus 23% in Fy and F1, respectively). In mice the effects were more
pronounced in the F; than the Fy generation (11% compared to 47%). However, doses of
ac:ylamlde less than 15 mg/kg/day did not result in Sgnificant changesin:

clinical Sgns of toxicity (Some reduction in body weight in rets);

overt sgns of neurotoxicity (as measured by heet tilt or leg splay);

indices of reproductive performance (mating, pregnancy, fertility) or the number of

corpora luteg;

organs weights or signs of histologica or neuropathology changes;

sperm parameters (concentration, motility, morphology); or

edtrus cydicity (only mice evauated).

At higher doses (15 mg/kg/day or gresater), Signs of neurotoxicity and changesin
copulatory behavior were noted as wdll as effects on sperm motility and morphology. At
these doses in both mice and rats, acrylamide resulted in decreases in fertility, in addition to
changesin pre- and post-implantation loses (Zenick et a. 1986; Tyl et a. 2000b).

Cross-over matings of treated maes with untrested femaes demonstrated that pre- and
post-implantation losses, with resulting decreases in the number of live pups/fetuses per litter,
could be attributed to effects on males (Sakamoto and Hashimoto 1986; Zenick et a. 1986;
Chapin et d. 1995). In acontinuous dosing/breeding protocol in mice (4 to 5 litters per
breeding pair), the mean number of live pups per litter across litters from the firdt to the last
litter were Smilar, indicating the aosence of progressive reproductive toxicity (Chapin et d.
1995).

Some data suggests that exposure of females may contribute to reproductive toxicity.
A dday in vagina patency was noted in offspring of trested femaes (14 mg/kg/day, 70 days)
meated to untreasted mae (Zenick et . 1986) suggesting that perinata exposure of femae pups
might result in subtle aterations in the estrogen/progesterone balance. Further, adight, but
sgnificantly higher number of resorptions was seen a getation day 13 in treated females (19
mg/kg/day, 42 days); however, the number of live pups per litter was comparable to controls
(Sakamoto and Hashimoto 1986). Ladlly, Tyl et d. (2000a) noted that post-implantation loss
at the FO mating (34.3%) was higher than that seen in the dominant lethd mating (24.9%)
when administered the same dose (5 mg/kg/day), suggesting the possibility that the femde
was contributing to this decrease. Any increase in feta |oss from gestation days 13 to 21
likely reflects the continued influence of mae dominant lethd effects (see below). Also, the
percentage post-implantation loss was Smilar in the F; generation (23.1%).

831 Germ Cell Mutagenicity Studies
832 Germ Cdl UDS, DNA Strand Breaks, Chromosomal Aberrations, Micronucle,
SCE, and Protamine Alkylation
In germ cdls studies, serid recovery of sperm from the caudate epididymides that
were at the early spermatocyte (pre-meiotic/meiotic) stage to the spermatozoa (post-meiotic)
dtage at the time of treatment showed no increase in unscheduled DNA synthesis (UDYS); these
stages correspond to those associated with dominant lethality (Segaet al. 1990). In contrast,
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DNA strand bresks were increased in these sengitive stages. DNA strand breakage in sperm
in earlier stages of development at the time of trestment decrease with time, likely due to
DNA repair, prior to becoming functional spermatozoa Sight increasesin DNA strand
bresksin isolated human testicular cells have been reported; however, there was consderable
variation and no dose response even at the highest concentration 1000 M (Bjorge et d.
1996). Further, chromosomal aberrations and sister chromatid exchanges were not found in
spermatogonia or early spermatocytesin contrast to positive results in late spermatids and
spermatozoa (Adler et a. 1988; Backer et d. 1989). In amicronucleus test, week clastogenic
activity was noted in rat primary spermatocytes (100 mg/kg) (Xiao and Tates 1994). Further
studies of DNA, total sperm head, and sperm protamine akylations suggest that the stage
specificity can be explained by preferentid binding to cysteine sulfhydryl groupsin sperm
protamine (Sega et a. 1989). In mid-to late spermatid stages, chromosomal histones are
replaced by protaminesthat are relatively rich in arginine and cysteine. Alkylation of free
sulfhydryl groups of cyseine in the “immature’ protamine of late spermatids and early
gpermatozoa might prevent normal chromatin condensation leading to stress in the chromatin
structure and strand breakage (Sega et a. 1989).

8.3.2 Dominant Lethal Mutation Studies

Eight dominant lethal studies have been conducted in maerats (Smith et a. 1986;
Working et d.; Sublet et a. 1989; Tyl et d. 2000a) and mice (Shelby et a. 1987; Bishop et al.
1991; Adler et a. 2000) by the ord route of adminigtration and in mae mice by the
intrgperitoned injection and dermd routes (Gutierrez- Espeleta et a. 1992). All studies report
the induction of dominant lethd mutations by acrylamide. In the ord studies, sgnificant
decreases in fertility and increases in dominant lethality were observed in the first week post-
dosing (15 mg/kg/day) up to 4 weeks post-dosing (60 mg/kg/day) (Sublet et al. 1989). No
sgnificant changesin any parameter were noted in dams that were mated with trested males
more than 4 weeks post-dosing (Shelby et a. 1986; Working et a. 1987; Sublet et a. 1989).
In the dermd study, Significant decreases in the numbers of live fetuses per litter were noted
for maesrecaiving 5 derma applications of 50 mg/kg or greater (up to 125 mg/kg). In maes
given 5 dermd gpplications of 25 mg/kg, the number of live embryos per femae was not
elevated but the per cent of dead implants per femae was sgnificantly increased. (Gutierrez-
Espeletaet a. 1992). These effects consstently show that acrylamide induces dominant letha
mutations in mid-late spermatids and spermatozoa. Further, acrylamide s effects on fertility
and sperm parameters following a single intrgperitoned injection of 125 mg/kg acrylamide
were not blocked by pre-adminigration of aminobenzotriazole (ABT — an inhibitor of P-450
isoform 2E1); however, the dominant lethd effects were completdly or partidly blocked
(depending on the ABT pogt-adminigtration time of evauation) by ABT (Adler et a. 2000).
This suggests that acrylamide’ s dominant lethd effects are likely due to the mgor metabaolite,
glycidamide, but that the effects on fertility and sperm matility arenot. Thisfinding, dong
with the report by Sega et d. (1989) that dominant letha mutations correlate with the binding
of acrylamide to protamines in spermatids and spermatozoa leaves open the question of the
mechanism by which dominant lethals are induced. Generoso et d (1996) reported that a
sgnglei.p. injection of 125 mg/kg glycidamide in mae mice induced dominant letha
mutations in the same germ cell sages and at somewhat higher frequencies as acrylamide.
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8.3.3 Heritable Trandocations

Because of postive results of dominant lethal studies, the potentid for acrylamide to
induce heritable trand ocations in male mouse germ cells has been evaduated in three studies
(Shelby et d. 1987; Adler et a. 1994; Marchetti et d. 1997). All three studies reported the
induction of trandocations. In the study by Shelby et d. (1987), mae mice received 5 dally
doses of 40 or 50 mg acrylamide’kg by intrgperitonedl injection. The frequencies of
trand ocation carriers among F1 maes conceived 7-10 days post-treatment was 24% (40 mg)
and 39% (50 mg) compared to an historica control frequency of 0.2%. Adler et d. (1994)
treated male mice with asingle intrgperitoned dose of 50 or 100 mg/kg. The frequencies of
trandocation carriers among F1 males and females conceived 7-16 days post-trestment were
0.6% (50mg/kg) and 2.7% (100 mg/kg) compared to an historica control frequency of 0.04%.
However, heritable trand ocations were not significantly increased in mae rats given up to 8
mg/kg/day for 80 days (Adler 1990). Generoso et a. (1996) reported the induction of
trandocations with asinglei.p. injection of 100 mg/kg glycidamide, a metabolite of
acrylamide. Among male offspring conceived 3.5-7.5 days post-trestment, the frequency of
trand ocation carriers was 20.18%, compared to an historical control frequency of 0.06%. As
with the dominant lethd studies, this suggests but does not confirm that the genetic damage
induced in mouse germ cdlls following acrylamide exposure may ultimately be the result of
glycidamide rather than the parent compound.

834 Specific-Locus Mutations

Two specific-locus mutation studies have been conducted to determine if acrylamide
induces gene mutations in male mouse germ cdls. Inthefirs study (Russell et d. 1991),
males received intraperitoned injections of 50 mg/kg on 5 consecutive days and were then
mated for up to 182 days. Five mutant offspring were recovered in the first 7 weeks of matings
from among 28,971 offspring, a frequency that is significantly above the historica control.
No mutant offspring were recovered from spermatogonid stem cdls, i.e,, from matings
occurring 8 or more weeks pogt-trestment. This finding suggested that there was no concern
for long-term genetic risks associated with mutations induced in the spermatogonia stem cell
population. However, a subsequent study reported the induction of mutations in mouse
spermatogonid stem cdlls by acrylamide (Ehling and Neuheuser-Klaus 1992). These authors
confirmed that, in male mice receiving a single intraperitoned injection of 100 mg/kg
acrylamide, an increase in specific-focus mutations was induced in post-meiatic germ cell
stages. But, contrary to the earlier sudy, they aso observed an increase in mutationsin
gpermatogonia stem cdls (6 mutants out of 23489 off-spring compared to 22 in 248,413 in
the historica control). These 6 mutant animals were concelved 43 days or more post-treatment
(one each on mating days 43, 70, 181, 201, 234, and 439). Based on datafrom these two
dudies, it is clear that acrylamide induces gene mutations in post-meiotic mae germ cellsand
the latter study reports mutations induced in spermatogonia stem cells.

835 Developmental Toxicity Studies

Three developmentd toxicity studies are reported in rats, including one study of
developmenta neurotoxicity. No sgnificant treetment-related effects on embryo/fetd
viahility, growth, or development or dose-related increasesin feta malformetions were found
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in off-gpring of femde rats administered up to 15 mg/kg/day on gestationa days 6 to 20 (Fied
et d. 1990) or of femae mice administered up to 15 mg/kg/day on gestational days 6 to 17
(Fidd et d. 1990). In the off-gpring of femae rats trested from gestational day 6 to lactationd
day 10, there were no dinical sgns of toxicity and pup surviva was not affected at birth or up
to 21 days at maternal doses of 10 mg/kg/day or lower (Wise et d. 1995). Inthis study, pup
body weight (preweaning) at a materna dose of 15 mg/kg/day and reduced pup surviva a
birth and for days 1 to 3 a amaternd dose of 20 mg/kg/day were observed; however,
maternd toxicity and sgns of neurotoxicity were sgnificant a these doses (Wise et d. 1995).
Developmenta neurotoxicity has been assessed inrats (Wise et a. 1995). At doses equd to or
less than 10 mg/kg/day during gestation, no effectsin behaviord tests (open-field motor
activity, auditory startle habituation, or passive avoidance) were noted in offspring when

tested either within 21 days post-nata or as adults. Decreases in catecholamine (dopamine)
levelsin cerebelum, pons medulla, and mid-brain but not the hypothalamus or basal ganglia
were noted and were more pronounced in younger rats (12, 15, or 21 days old) than older rats
(60 days) when exposed directly to acrylamide (25 mg/kg/day for 5 days) at various ages (12,
15, 21, or 60 days post- partum) (Husain et a. 1987).
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Tablel

Bioassay Data - M ales

Study Dose (mg/kg/day)

0 0.01 0.1 05 2
Tunicavagindis mesothdioma
(Johnsonetd. | 3/60 0/60 7/60 11/60* 10/60*
1986)
(Friedman et 8/204 _ 9/204 8/102 13/75*
al. 1995)
Adtrocytoma
(Johnsonetd. | 4/60 0/60 0/60 2/60 5/60
1986)
(Friedman et 1/204 _ 1/98 0/50 3/75
a. 1995)
Thyroid fallicular cdl adenomaladenocarcinoma
(Johnsonetd. | 1/60 0/58 2/59 1/59 7/59*
1986)
(Friedman et 6/202 _ 12/203 5/101 17/75*
al. 1995)
Ord cavity papilloma
(Johnsonetd. | 4/60 7/60 0/60 5/60 4/60
1986)
Pheochromocytoma
(Johnsonetd. | 3/60 7/59 7/60 5/60 10/60*
1986)

* Satidtically different from control using Fischer’s Exact Test, a= 0.05




Table?2

Bioassay Data — Females

Studly Dose (mg/kg/day)
0.0 0.01 0.1 0.5 1 2 3
Mammary gland adenoma
(Johnson | 0/60 1/60 0/60 3/58 2/61
etd. - -
1986)
(Friedman | 0/96 0/94 0/95
etd. - - - -
1995)
Mammary gland adenocarcinoma
(Johnson | 2/60 1/60 1/60 2/58 6/61#
etd. - -
1986)
(Friedman | 2/96 2/94 4/95
etd. - - - -
1995)
Mammary gland fibroma
(Johnson | 0/60 0/60 0/60 0/58 5/61*
etd. - -
1986)
(Friedman | 0/96 0/94 0/95
etd. - - - -
1995)
Mammary gland fibroadenoma
(Johnson | 10/60 11/60 9/60 17/58 _ 16/61 _
etd.
1986)
(Friedmen | 9/96 — — — 20/94* _ 26/95*
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ed.
1995)

Adtrocytoma

(Johnson
etd.
1986)

1/60

1/60

0/60

0/60

6/61

(Friedman
etd.
1995)

0/100

2/100

3/100

Thyroid foll

icular cdl adenomal/adenocarcinoma

(Johnson
etd.
1986)

1/58

0/59

0/59

0/58

5/60

(Friedman
etd.
1995)

2/100

10/100*

23/100*

Ord cavity

papilloma

(Johnson
etd.
1986)

0/60

3/60

2/60

1/60

7/61*

Uterine adenocarcinoma

(Johnson
etd.
1986)

1/60

2/60

1/60

0/59

5/60*

* Statigtically different from control using Fisher's Exact Test, a= 0.05
# Linear trend by Mantd Hanszel extension of Cochrant Armitage test, a = 0.05.
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