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1. EXPLANATION

Acrylamide (CH>=CHCONH>, CAS Registry Number 79-06-1) is an important
industrial chemical that has been used since the mid-1950s as a chemical inter-
mediate in the production of polyacrylamides, which are used as flocculants for
clarifying drinking-water and in other industrial applications. It is well established
that acrylamide is neurotoxic in humans, as revealed by the consequences of
occupational and accidental exposures. In addition, experimental studies in ani-
mals have shown that acrylamide has reproductive toxicity and is genotoxic and
carcinogenic.

Studies conducted in Sweden in 2002 showed that high concentrations of
acrylamide are formed during the frying or baking of a variety of foods. Owing to
concerns about the possible public health risks associated with dietary exposure
to acrylamide, a consultation was held by FAO/WHO in June 2002 (FAO/WHO,
2002). On the basis of the recommendations arising from this consultation,
numerous studies of metabolism, bicavailability, toxicokinetics, DNA adduct
formation and mutagenicity in vitro and in vivo have been performed. Concur-
rently, a major worldwide effort has produced extensive survey data that can be
used to estimate the extent and levels of contamination in food and to estimate
national intakes.

At its present meeting, the Committee responded to a request from the Codex
Committee on Food Additives and Contaminants (CCFAC) at its Thirty-sixth
Session (CAC, 2004) to:

e comment on the extent to which acrylamide is bioavailable in food and on the
safety implications;

o consider the threshold-based end-points of concern, such as neurotoxicity
and reproductive toxicity, and eventually derive a tolerable dietary intake;

o evaluate the degree of uncertainty related to the assessments made;

¢ provide estimates of dietary intake for various population groups, including
susceptible groups such as young children and regional populations, and to
identify and quantify as far as possible the major sources of dietary intake;

s provide estimates and margins of exposure (MOEs), safety and intake for
various end-points of concern (non-cancer and cancer). These estimates
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should contain comparisons between the levels of exposure shown to
produce effects in animal studies and demonstrated no-effect levels versus
estimates of dietary intake for humans;

» provide quantitative estimates of risk for various end-points, including cancer,
for varying degrees of dietary exposure to acrylamide; and

¢ provide comments on the toxicological significance of the main metabolite,
glycidamide, and whether this may be more genotoxic than the parent
compound.

Acrylamide has not been evaluated previously by the Committee.

2. BIOLOGICAL DATA
2.1 Biochemical aspects
2.1.1 Absorption, distribution and excretion

(a) Absorption

Studies in male F344 rats indicate that orally administered [2,3-'*Clacrylamide
(AA) is rapidly and extensively absorbed from the gastrointestinal tract (Dixit et al.,
1982; Miller et al., 1982). Groups of three male F344 rats received a single oral
application of [2,3-"*Clacrylamide at 1, 10 or 100 mg/kg bw. Urine and faeces
were collected daily for up to 7 days. Independent of the dose levels, 53-67% of
the radioactivity was excreted within 24 h; by 7 days, 65-82% had been elim-
inated. Approximately 74% was recovered in urine and 8% in faeces. Total
radioactivity recovered in fluids, tissues and excreta after 7 days was 90 + 13% of
the administered dose (Miller et al., 1982). Rapid and extensive absorption of [1-
14C]acrylamide was reported in male Sprague-Dawley rats administered a single
oral dose of 50 mg/kg bw. Radioactivity was detected in blood 5 min after
administration, and peak plasma levels occurred at 38 min (Kadry et al., 1999).
Following administration of a single oral gavage dose of unlabelled acrylamide at
50 mg/kg bw to male and female B6C3F1 mice, peak serum concentrations of
acrylamide were observed at 0.5 h, the earliest time point assayed (Twaddle et al.,
2004a).

Measurements of acrylamide and its metabolite, glycidamide (GA), in serum
using liquid chromatography/mass spectrometry/mass spectrometry (LC/MS/MS)
have been made after intravenous, gavage and dietary administration of unla-
belled acrylamide at 0.1 mg/kg bw to male and female B6C3F1 mice (Doerge et
al., 2005a) and F344 rats (Doerge et al., 2005b). In these studies, acrylamide was
rapidly absorbed after gavage administration, because maximum serum concen-
trations were observed in mice at 0.5 h, and the halif-time for absorption in rats
was 0.34 + 0.04 h (females) and 0.63 £ 0.25 h (males). Absorption of acrylamide
was extensive in both mice and rats, consistent with essentially complete oral
absorption. After dietary administration of an acrylamide dose of 0.1 mg/kg bw to
male and female B6C3F1 mice and F344 rats added to a basal diet containing low
levels of acrylamide (approximately 0.01 mg/kg), the absolute bioavailability of
dietary acrylamide, defined as area under the curve (AUC)-oral/AUC-intravenous,
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was found to be 23% in both male and female mice, 28% in female rats and 47%
in male rats. This was lower than the corresponding bioavailabilities from aqueous
gavage, which were 32% for female mice, 52% for male mice, 60% for male rats
and 98% for female rats. These calculations do not consider the increased first-
pass metabolism of acrylamide to glycidamide that occurred subsequent to oral
administration relative to intravenous dosing. These differences in metabolism and
internal exposures are reflected by increased AUC ratios for glycidamide/acryl-
amide for oral versus intravenous administration (see Table 1).

Table 1. Toxicokinetic parameters from administration of acrylamide (0.1 mg/kg bw) to
B6C3F1 mice and F344 rats

Sex / species / route GA AUC (umol/l GA/AA  Absolute Va (I/kg
per hour) AUC bioavailability bw)

Male / mouse / intravenous 1.8 1.1 1 0.67
Male / mouse / gavage 2.6 29 0.52 -
Male / mouse / diet 1.0 27 0.23 -
Female / mouse / intravenous 1.1 0.42 1 0.59
Female / mouse / gavage 2.0 24 0.32 ~
Female / mouse / diet 1.0 1.7 0.23 -
Male / rat / intravenous 0.58 0.14 1 0.77
Male / rat / gavage 1.3 0.57 0.60 -
Male / rat / diet 0.60 1.0 0.47 -
Female / rat / intravenous 4.4 0.13 1 0.87
Female / rat / gavage 1.5 0.96 0.98 -
Female / rat / diet - 1.0 0.28 -

From Doerge et al. (2005a, 2005b)

AA, acrylamide; AUC, area under the curve; GA, glycidamide; Vg, volume of distribution

(b) Distribution

Groups of male Swiss-Webster mice received a single oral dose of [2,3-
"“Clacrylamide at 116-121 mg/kg bw and were sacrificed at 0.33, 1, 3 and 9 h and
1, 3 and 9 days post-administration. In addition, pregnant females received acryl-
amide on days 13.5 and 17.5 of gestation and were sacrificed at 3 and 24 h post-
administration. Sections for whole-body autoradiography were taken at each of the
sacrifice times; quantification of radioactivity intensity was by visual inspection
(Marlowe et al., 1986).

In the males, radioactivity was highest in stomach and intestinal contents after
0.33 and 1 h post-administration. Radioactivity was also observed in the epithelia
of the oral cavity and oesophagus, the liver and gall-bladder; to a lesser extent,
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labelling also occurred in bronchial epithelium, testis and brain. At 3 h, very little
radioactivity was seen in the stomach. At this stage, radioactivity was still seen in
intestinal contents. Also, high concentrations were still present in kidneys, testis,
pancreas and the lens of the eye. Within the brain, radioactivity appeared to be
highest in the region of the cerebellar cortex. At 9 h, the pattern of distribution was
essentially similar. At 24 h, radioactivity levels had declined substantially in the
liver, kidneys, pancreas and most other organs, with the exception of testis and
intestinal contents. Three days post-administration, distribution of radioactivity was
uniform and low, with the exception of the epididymis (lumen and wall of epi-
didymal ducts). At 9 days, the only significant levels of radioactivity were seen in
the reproductive tract (epithelium of glans penis) (Marlowe et al., 1986).

On the 13.5th day of gestation, radioactivity was uniformly distributed in both
dams and fetuses at 3 and 24 h. For 17.5th-day pregnant mice, radioactivity in the
fetus was concentrated in the kidney, bladder, liver and intestinal contents. In
addition, high levels of radioactivity were seen in fetal skin. No notable accumu-
lation of radioactivity was seen in peripheral nerves of adults or fetuses at any time
point (Marlowe et al., 1986).

Following intravenous administration of [2,3-'*C]-labelled acrylamide at 10
mg/kg bw to male F344 rats, total radioactivity was rapidly distributed to all tissues
examined (brain, sciatic nerve, spinal cord, fat, liver, kidney, testes, lung, small
intestine, skin, muscle). Peak concentrations of radiolabel were observed by 1 h
after dose administration in liver, fat, kidney, nervous tissues and testes (Miller et
al., 1982). Several studies have indicated a propensity for radiolabel accumulation
in red blood cells (Hashimoto & Aldridge, 1970; Miller et al., 1982) following
administration of [14C]-|abelled acrylamide, presumably because of covalent bind-
ing to haemoglobin by acrylamide and/or glycidamide. However, the Committee
noted that the utility of such studies is limited because the chemical composition of
radioactivity in tissues was not determined.

Direct measurements of acrylamide and glycidamide were made in several
tissues (liver, lung, muscle, brain in mice at 1 and 2 h; liver, muscle, brain, testes,
mammary gland in rats at 2 and 4 h) using LC—electrospray ionization (ESI)MS/
MS following gavage administration of acrylamide at 0.1 mg/kg bw to male and
female B6C3F1 mice (Doerge et al., 2005a) and male and female F344 rats
(Doerge et al., 2005b). The concentrations of acrylamide in mouse tissues were
similar to each other and to the serum concentrations, but the glycidamide con-
centrations varied among tissue types. The apparent rates of acrylamide and
glycidamide elimination from the selected mouse tissues were similar to those
observed for serum (Doerge et al., 2005a). In general, the concentrations of acryl-
amide and glycidamide in rat tissues were slightly less than those in serum,
particularly in the liver, testes and mammary gland. The apparent rates of acryi-
amide elimination in the selected rat tissues were also similar to the rate observed
for the serum (Doerge et al., 2005b).

Acrylamide concentrations were comparable in serum and rat sciatic nerves
0.5 h after the final intraperitoneal dose from either a daily repeated exposure for
10, 30 and 90 days at dose levels between 3.3 and 30 mg/kg bw or in serum after
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a single exposure to the same dose (Crofton et al., 1996). The serum and sciatic
nerve concentrations of acrylamide were linearly dependent on dose in the range
of 3.3-30 mg/kg bw after a single dose and also after 10, 30 and 90 days of
administration.

The volume of distribution, Vg4, was determined in male and female B6C3F1
mice (Doerge et al., 2005a) and male and female F344 rats (Doerge et al., 2005b;
Table 1) following intravenous administration of acrylamide at 0.1 mg/kg bw. In
mice, Vg4 was 0.67 and 0.59 I/kg bw in males and females, respectively; in rats, Vg4
was 0.77 and 0.87 I’kg bw in males and females, respectively. The Vq in mice and
rats following intravenous administration of an equimolar dose of glycidamide was
0.68-0.77 I/kg bw (Doerge et al., 2005a, 2005b). These findings are consistent
with extensive distribution of acrylamide and glycidamide in total cellular water.

Groups of 3-8 male dogs and 3-6 male miniature pigs received acrylamide at
1 mg/kg bw per day administered in the diet for a period of 3—4 weeks followed by
a single oral dose of aqueous [1-"*Clacrylamide at 1 mg/kg bw. Dietary administra-
tion of non-radiolabelled acrylamide continued until sacrifice. Animals were sacri-
ficed 6 h or 1, 2, 4 and 14 days after administration of radiolabelled acrylamide.
Urine and faeces samples were collected and a wide range of tissues analysed for
the presence of radioactive material. The tissues analysed were blood, heart, lung,
liver, spleen, gastrointestinal tract, kidney, testes, skeletal muscle, bile and gall-
bladder, brain and fat. At the 6-h time point only, the amount of radiolabel in a
series of brain and spinal cord sections was determined in both pigs and dogs. In
addition, evolved carbon dioxide was collected over a 2-day period from just one
dog. In this study, no attempt was made to identify potential metabolites (Ikeda et
al., 1987).

For both dogs and pigs, and in all tissues examined, the recovery of radio-
label was greatest 6 h after administration and declined gradually over the 14-day
observation period. In dogs, the greatest amount of radiolabel was recovered from
skeletal muscle; approximately 35% of the administered dose was found in this
tissue at 6 h. Smaller amounts were found mainly in the liver, blood and gastro-
intestinal tract (14%, 5% and 5%, respectively), and the total amount accounted
for after 6 h was about 64% of the administered dose. On day 2, 17% of the
administered dose was found in muscle, with little (approximately 1%) being found
in the gastrointestinal tract. Acrylamide was found in all tissues sampled at all
observation points (indicating wide distribution) except at 14 days, when none was
detected in the bile and gall-bladder. Only small amounts (<1%) were found in
brain or fat (measured at 6 h only). On completion of 14 days, <1% of the admin-
istered dose was found in individual tissues, except muscle, which still contained
about 5% (lkeda et al., 1987).

In pigs, again the greatest amount of radiolabel was recovered from skeletal
muscle; approximately 32% of the administered dose was found in this tissue at
6 h. At the same time point, recovery was 20% from the gastrointestinal tract and
5% from each of liver, fat and blood, with smaller amounts being found in other
tissues. The total amount accounted for at 6 h was about 71% of the administered
dose. On day 2, a large amount of radiolabel (17%) was still found in the
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gastrointestinal tract, indicating that absorption was slower in pigs than in dogs.
Acrylamide was found in all tissues sampled at alt observation points (indicating
wide distribution) except at 4 and 14 days, when none was detected in the bile and
gall-bladder. Only small amounts (<1%) were found in brain, whereas fat was one
of the major sites of distribution. On completion of 14 days, <1% of the admin-
istered dose was found in individual tissues, except muscle, which still contained
approximately 7% (lkeda et al., 1987).

Placental transfer of total radioactivity has been demonstrated in studies on
pregnant beagle dogs and mini-pigs administered [1-“C]-Iabelled acrylamide at
5 mg/kg bw, where comparable levels of radioactivity were observed in maternal
tissues and in fetal tissues (lkeda et al., 1985). Acrylamide transfer was also
measured in an in vitro model using postpartum human placenta, and acrylamide
has been measured in human milk from lactating women after consumption of
potato chips' (Sérgel et al., 2002).

(c) Excretion

In the lkeda et al. (1987) study on dogs and pigs (see above), the urine was
the major route of excretion of radiolabel, accounting for approximately 60% of the
administered dose for both species after 14 days, and the faeces accounted for a
further 7-27%. Most of the radiolabel was recovered from the urine during the first
2 days, with only very little extra being excreted over the next 12 days.

In male F344 rats given doses of '“C-labelled acrylamide by intravenous
(10 mg/kg bw) or oral routes (1, 10 or 100 mg/kg bw), 71% of the administered
radioactivity was excreted in urine over 7 days (Miller et al., 1982). Little radio-
activity was found in the faeces (6%), and approximately 10% of the administered
radioactivity was bound to red blood celis. No exhalation of radiolabelled carbon
dioxide was observed. Essentially identical urinary total radioactivity elimination
profiles were observed following intravenous and oral dosing (Miller et al., 1982).

In a pilot study, food with an estimated amount of about 800 pg of acrylamide
was administered to 11 healthy volunteers (9 males, 2 females: 1 female preg-
nant, 1 female lactating), and levels of acrylamide were determined in several
body fluids (Sérgel et al., 2002). This study showed that acrylamide in food given
to humans is absorbed in the gut; from the urinary excretion in two males, half-
lives of 2.2 and 7 h were estimated. Acrylamide was also shown to be excreted
into human milk and to penetrate the human placenta.

2.1.2 Biotransformation

Results from rodent studies indicate that acrylamide is extensively converted
to metabolites that are excreted predominantly in the urine (Dixit et al., 1982; Miller
et al., 1982; Sumner et al., 1992, 1999, 2003). A metabolic scheme for acrylamide
is shown in Figure 1. The prominent role for cytochrome P450 2E1 (CYP2E1) in

' In most cases, terminology is as given in the original report. In general, the Committee uses
the terms potato chips (french fries in the USA) and potato crisps (potato chips in the USA).
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conversion of acrylamide to glycidamide was demonstrated by dosing wild-type
and CYP2E1 knockout mice with acrylamide (50 mg/kg bw by gavage) to compare
the urinary metabolites. All glycidamide-derived metabolites were absent in the
urine of CYP2E1 knockout mice (Sumner et al., 1999). Acrylamide and glycid-
amide also react readily with glutathione (Dixit et al., 1982) to form conjugates that
are processed to mercapturic acid derivatives that appear in the urine (Sumner et
al., 1992). Evidence has been presented that suggests no added role for catalysis
by glutathione S-transferase (Paulsson et al., 2005). In addition, glycidamide is
converted to glyceramide by epoxide hydrolase (Sumner et al., 1992). Metabolism
of acrylamide in men was similar to that in rodents, except that glyceramide was
the predominant glycidamide metabolite found in the urine of men who consumed
an acrylamide dose of 3 mg/kg bw (Fennell et al., 2005).

Figure 1. Metabolism of acrylamide

fo) (o}
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AA, acrylamide; EH, epoxide hydrolase; GA, glycidamide; GSH, reduced glutathione; Hb,
haemoglobin; Val, valine

Several studies have identified and quantified urinary acrylamide metabolites
in rodents (Sumner et al., 1992, 1999, 2003) and in humans (Fennell et al., 2005).
The major metabolite in both male F344 rats and male B6C3F1 mice dosed orally
with '*C-labelled acrylamide at 50 mg/kg bw was the N-acetyl-S-(2-carbamoyl-
ethyl)cysteine. Small amounts of acrylamide were observed but were too low to
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quantify. Other urinary metabolites, which were derived from glycidamide, included
unchanged glycidamide, glyceramide, N-acetyl-S-(2-hydroxy-2-carbamoylethyl)-
cysteine and N-acetyl-S-(1-carbamoyl-2-hydroxyethyl)cysteine (Figure 1). The
amount of metabolites derived from glycidamide was higher in mice (59%) than in
rats (33%). Approximately 50-60% of the administered dose was detected in
urine. At a lower acrylamide dose of 3 mg/kg bw administered to male F344 rats,
glycidamide-derived metabolites accounted for 42% of total urinary metabolites
(Fennell et al., 2005), which is consistent with observations that as the acrylamide
dose is decreased, the fraction of acrylamide metabolized to glycidamide
increases (Bergmark et al., 1993). In a study of men administered '*C-labelied
acrylamide at 3 mg/kg bw, N-acetyl-S-(2-carbamoylethyl)cysteine was also the
major metabolite (64%), with smaller amounts attributable to glycidamide (2%) and
glyceramide (10%) and no detectable mercapturates derived from glycidamide;
however, only 34% of the administered dose was recovered (Fennell et al., 2005).
In recent studies, mercapturic acid metabolites of acrylamide and glycidamide
have been quantified in urine from people exposed to acrylamide only through the
diet (Boettcher et al., 2005). These studies show that despite common metabolic
pathways between species, the relative flux through conjugation versus oxidation
pathways can vary considerably, particularly when a high dose of acrylamide was
used.

2.1.3  Effects on enzymes and other biochemical parameters

The a,B-unsaturated double bond of acrylamide reacts with sulthydryl, a- and
€-amino and imidazole groups in proteins to form covalent adducts that can lead to
irreversible loss of enzymatic activity (Friedman, 2003). Kinetic studies showed
that sulfhydryl groups were 100-300 times more reactive than amino groups
(Friedman, 2003). Some examples of proteins that undergo alkylation of specific
cysteine residues by acrylamide and/or loss of enzymatic activity are creatine
kinase, aldolase, B-lactoglobulin, bovine serum albumin, fucosidase and glycer-
aldehyde dehydrogenase (Friedman, 2003).

2.1.4  Physiologically based pharmacokinetic (PBPK) modelling

Kirman et al. (2003) published a physiologically based pharmacokinetic
(PBPK) model for acrylamide based on three rat data sets (Miller et al., 1982;
Sumner et al., 1992; Raymer et al., 1993). The model simulates the distribution of
acrylamide in five compartments (arterial blood, venous blood, liver, lung and all
other tissues combined). The model fit kinetic parameters using a single set of
parameters, including those for saturable enzymatic oxidation to glycidamide in
the liver and first-order formation of glutathione conjugates of acrylamide and
glycidamide. Saturable metabolism of glycidamide to glyceramide by epoxide
hydrolase was also included. It should be noted that the kinetic data from Milier et
al. (1982) used by Kirman et al. (2003) were derived from administration of radio-
labelled acrylamide, so that no measurements of glycidamide or tissue partition
coefficients were available. Subsequently, additional kinetic studies of acrylamide
and glycidamide in rodents and in humans have become available that should
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significantly assist in future model development (Barber et al., 2001; Twaddle et
al., 2004a, 2004b; Doerge et al., 2005a, 2005b; Fennell et al., 2005).

2.2 Toxicological studies
2.2.1  Acute toxicity

Acute toxic effects from oral dosing (Table 2) were seen only above acryl-
amide doses of 100 mg/kg bw, and reported median lethal doses (LDsos) are
generally above 150 mg/kg bw (Dearfield et al., 1995).

2.2.2  Short-term studies of toxicity

Studies involving dermal, eye or inhalation exposure have not been included,
since the Committee has been asked to consider primarily dietary exposure to
acrylamide and its primary metabolite glycidamide.

(a) Mice

In a lung adenoma bioassay, groups of 16-40 male and female A/J mice
received aqueous acrylamide at doses up to 25 mg/kg bw per day by oral gavage
or up to 60 mg/kg bw per day by the intraperitoneal route 3 days/week for 8
weeks. These animals were sacrificed after 8-9 months. There was an exposure-
related increase in the formation of lung tumours (Bull et al., 1984a). The Com-
mittee noted the high background incidence of lung tumours in this strain of mice.

In a skin initiation/promotion assay, groups of 16—40 female SENCAR and
ICR mice received acrylamide at 0—-50 mg/kg bw in water or in ethanol (for dermal
studies) 3 days/week for 2 weeks by oral gavage, intraperitoneal injection or
topically. Then, most groups of animals, except some non-tetradecanoyl-phorbol
acetate (TPA) controls, received TPA dermally 3 days/week for 20 weeks; animals
were sacrificed at 52 weeks. An acrylamide dose-related increase in tumour for-
mation was noted for all routes of acrylamide administration when TPA was
administered subsequently, but not when mice were treated with acrylamide with-
out TPA. These results suggest that acrylamide was “initiating” tumour formation
(Bull et al., 1984a, 1984b).

Hashimoto et al. (1981) focused on potential neurotoxic and testicular effects
in a study with six male mice per group (strain not stated). Mice received acryl-
amide (>95% purity) at 0 or 36 mg/kg bw in saline by oral gavage twice weekly for
8 weeks. In the test group, clinical signs of toxicity were weakness and ataxia of
the hindlimbs and in some cases aggressiveness and increased “alertness.” Rota-
rod performance was assessed twice weekly and showed a clear and progressive
decrease from week 3 onwards in the length of time that acrylamide-exposed
animals were able to stay on the rod. Relative testicular weight was reduced to
83% of control value. No abnormalities were seen in the terminal haematology
examination (red and white blood cells, haemoglobin concentration and haema-
tocrit), but light microscopy of the testes revealed some “degeneration of epi-
thelia in spermatids and spermatocytes” (presumably meaning that reduced
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numbers of spermatids and spermatocytes were observed in the epithelium when
compared with controls), reduction of spermatozoa and the presence of multinu-
cleate giant cells. Sertoli cells, interstitial cells and the epididymides were appar-
ently unaffected. No other histopathological investigations were performed.

Groups of five female BALB/c mice received acrylamide (99% pure) at 0 or 26
mg/kg bw per day in drinking-water for 12 days (Gilbert & Maurissen, 1982). After
a recovery period of 44 days, treated animals then received 20 mg/kg bw per day
for 19 days. An additional control group received 4-6% saccharin in order to mimic
the reduction in water consumption in acrylamide-exposed animals, which may
have affected performance in some tests conducted. Another control group was
given a restricted amount of food each day. Rotarod tests were conducted twice
per week and were repeated 3 times on each of those occasions, and a landing
foot-spread test was conducted once per week and repeated 5 times. Some body
weight loss and reduction in water consumption, perhaps related to unpalatibility,
were noted. Hindlimb foot splay was increased from 6 days onward, and rotarod
retention time decreased from 8 days after initial acrylamide exposure. After the
44-day recovery period, hindlimb foot splay and rotarod retention were both appar-
ently restored to control values, as were body weight and water consumption. A
similar pattern of effects and time taken to the onset of effects was noted for the
second exposure period. Body weight, water consumption and rotarod retention
values were restored by day 31 of the recovery period following the second acryl-
amide exposure. The hindlimb foot splay effects were still unresolved after the
31st day of recovery. Animals receiving distilled water, saccharin or restricted food
intake showed no obvious changes in rotarod performance or hindlimb foot splay,
demonstrating that the impairment in performance in test animals was due to
acrylamide.

(b) Rats

Burek et al. (1980) performed a 90-day study in which F344 rats received
acrylamide in drinking-water. This study was primarily a neurotoxicity study and is
discussed in section 2.2.6.

Tilson & Cabe (1979) administered acrylamide in water to groups of 10 male
F344 rats at doses of 0, 5, 10 or 20 mg/kg bw by gavage 3 days/week for 13
weeks. Several behavioural tests (hindlimb extensor response, spontaneous
motor activity, forelimb grip strength) were performed pre-dose and in weeks 1, 4,
7, 10 and 13 of acrylamide exposure. After 13 weeks, neuropathological exam-
ination (medulla oblongata, sciatic nerve at mid-thigh, branches of tibial nerve
supplying calf muscles) was performed on 5 controls, all animals at 10 mg/kg bw
and 5 of 10 animals at 20 mg/kg bw. The remaining animals in the control and 20
mg/kg bw dose groups were retained for further behavioural tests at weeks 1 and
5 of the recovery period followed by a neuropathological examination. No obser-
vations were mentioned at 5 mg/kg bw. Reduced body weight gain (about 15%)
was noted among animals receiving 10 (only up to week 7) or 20 mg/kg bw.
Hindlimb extensor response was reduced only at 20 mg/kg bw in weeks 7, 10 and
143 and in week 1 of recovery. No abnormality in hindlimb response was seen



16 ACRYLAMIDE

after 5 weeks of recovery. Reduced spontaneous locomotor activity was noted
only at 20 mg/kg bw in weeks 10 and 13. Recovery was complete after 5 weeks
post-exposure. Forelimb grip strength was reduced at 20 mg/kg bw at weeks 4
and 7 and in week 1 of recovery, but not at any other time point. After 13 weeks of
exposure, slight neuropathology (distal nerve fibre degeneration) was seen in 9 of
10 animals and moderate neuropathology (formation of Schwann cell columns) in
1 of 10 at 10 mg/kg bw. At 20 mg/kg bw, all 5 animals examined showed moderate
damage (fibre degeneration and Schwann cell column formation with regenerating
or remyelinating fibres). After 5 weeks of recovery, animals at 20 mg/kg bw still
showed moderate neuropathology (distal regeneration of large-diameter myeli-
nated fibres with clusters of small regenerating myelinated fibres in peripheral
nerves). In summary, peripheral neuropathy (as seen in histopathology and in
behavioural tests) was observed at acrylamide doses of 10 and 20 mg/kg bw
when administered 3 days/week for 13 weeks by the oral route. Recovery was
seen by 5 weeks at 10 mg/kg bw, but not at 20 mg/kg bw.

Groups of four male Wistar rats received acrylamide at 0, 52, 80, 125 or 200
mg/l in drinking-water for 90 days (Tanii & Hashimoto, 1983). The published report
did not state actual daily dosages; however, assuming a mean body weight of
200 g and daily water consumption of 30 ml, these concentrations would approxi-
mate 0, 7.5, 12, 19 and 30 mg/kg bw per day. All treated animals demonstrated a
slight reduction in body weight gain. Rotarod performance was recorded weekly;
the results at day 90 showed impairment only at the two highest exposure levels.
No other rotarod results were available. Other clinical signs of toxicity apparently
included weakness, tendency towards spreading and dragging hindlimbs and
occasionally, among more severely affected animals, urinary incontinence. When
light microscopy examination was performed on posterior tibial nerves and sural
nerves from the lower calf muscle region, moderate to severe changes were
shown: shrinkage and loss of myelinated fibres, myelin retraction and corrugation
of myelin sheaths at about 30 mg/kg bw per day. A no-observed-adverse-effect
level (NOAEL) was not identifiable from this study, as the incidence and severity of
findings at other exposure levels were not reported.

Groups of 10 male and female Sprague-Dawley rats received aqueous
acrylamide (99% pure) at 0, 10 or 30 mg/kg bw per day by oral gavage
7 days/week for 3 weeks (Schulze & Boysen, 1991). The 3-week exposure period
was followed by a 10-day recovery before readministration of acrylamide at 0, 10
or 20 mg/kg bw per day for 1 week. The high dose level was reduced due to four
male and two female mortalities. A functional observational battery (FOB) con-
ducted according to United States Environmental Protection Agency (US EPA)
guidelines was conducted pre-exposure, 1, 6 and 24 h after the first administration
and once per week thereafter. Parameters recorded in the FOB included assess-
ment of movement, response to stimuli such as sound or tactile response,
measurement of food consumption and body weight gain and terminal histo-
pathology on all major organs including eyes, sciatic, tibial and sural nerves,
lumbar and cervical dorsal and ventral roots, dorsal root ganglion, trigeminal
ganglia and sections from different regions of the brain and spinal cord. Body
weight gain and food consumption were statistically significantly reduced in
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animals at 30/20 mg/kg bw per day. The onset of alterations in FOB parameters
was about 2 weeks after the beginning of acrylamide exposure. At 30/20 mg/kg bw
per day, the following changes were noted in the FOB: an increased incidence of
rigid/difficult handling, slight ptosis, slight to moderately impaired respiration,
soiled fur, hunched posture/prostration, slight to severely impaired gait, abnormal
behaviour, reduced tactile response, impaired righting reflex (also seen at 10
mg/kg bw per day), decreased rearing counts (also seen at 10 mg/kg bw per day),
reduced forelimb and hindlimb grip strength, reduced response to bright light and
reduced activity. Histopathological examination of white matter from cervical and
lumbar spinal cord sections, trigeminal and dorsal root ganglia and sciatic, tibial
and sural nerves revealed altered diameter of axons (increased or decreased
diameter), disruption, fragmentation and distortion of axons and/or dilation and
fragmentation of myelin sheaths, and occasionally an increased number of macro-
phages. Findings were more prevalent and more severe in animals at 30/20 mg/kg
bw per day than at 10 mg/kg bw per day. Brain regions were not significantly
affected. There was also an increased incidence of splenic pigment observed in
males and females at 30/20 mg/kg bw per day and in females at 10 mg/kg bw per
day, increased incidence of granulomatous inflammation in lungs of animals at
20/30 mg/kg bw per day and haemorrhage of the urinary bladder in several males
at 30/20 mg/kg bw per day.

Groups of 10 male and female Sprague-Dawley rats received aqueous
acrylamide at 0, 12.5, 25 or 50 mg/kg bw per day by gavage for 7 days followed by
a 7-day observation period (Newton et al., 1992; Hughes et al., 1994). Exam-
inations were limited to a FOB and histopathological examination of nervous
tissue. The parameters recorded in the FOB were scored pre-exposure and on
days 7 and 14, according to US EPA guidelines. Histopathological examination
was performed on five males and females on day 15 and included forebrain, mid-
brain, cerebellum and pons, medulla oblongata, spinal cord, trigeminal ganglia,
dorsal root ganglia and fibres, ventral root fibres and sciatic, sural and tibial
nerves. Reduced activity was noted in all acrylamide-exposed groups; higher
prevalence was seen at 50 mg/kg bw per day on day 7. Body weight gain was
reduced among all acrylamide-exposed groups on days 7 and 14, but was statis-
tically significant only at 50 mg/kg bw per day. At this dose, but not at the lower
doses, hindlimbs were splayed with a corresponding impairment of mobility; a
reduced number of rearing counts was observed. Mean forelimb and hindlimb grip
strength were reduced among males and females at 50 mg/kg bw per day on days
7 and 14. Landing foot splay was increased among all acrylamide-treated animals
on days 7 and 14, although to a lesser degree at 12.5 and 25 mg/kg bw per day.
Histopathologically, axonal degeneration (minimal to marked) was seen in all
animals at 50 mg/kg bw per day, especially in the sural and tibial nerves, and to a
lesser degree (trace) in a small number of animals at 25 mg/kg bw per day. No
effects were seen in the nerves of animals in the 12.5 mg/kg bw per day dose

group.
Studies have also been done investigating changes in brain biogenic amine

levels and the possible relationship with acrylamide neurotoxicity (Dixit et al.,
1982; Aldous et al., 1983; Husain et al., 1987). Some changes were observed
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(inconsistent between the various studies); the workers concluded that biogenic
amine levels were directly related to the neurotoxic effects induced by acrylamide.
Neurotoxicity has been suggested, on the basis of some evidence, to arise as a
result of changes in microtubule formation in the nerve fibres themselves. The
alterations in brain biogenic amines may be a secondary consequence of systemic
toxicity.

(c) Cats

Groups of 17-23 cats of unknown breed received acrylamide (>98% purity) at
0-15 mg/kg bw per day by dietary administration 7 days/week for up to 16 weeks
(Post & McLeod, 1977). Abnormal gait (hindlimbs only) was noted within 46
weeks. From 12 to 16 weeks, animals were unable to walk and showed weight
loss (not quantified) and diarrhoea. Motor conduction velocity in the posterior tibia
nerve and greater splanchnic nerve (a branch of the sciatic nerve) was signifi-
cantly reduced from week 12; the amplitude of externally recorded muscle action
potential (from muscles in the foot) and action potential in the greater splanchnic
nerve were reduced from weeks 4 to 6 and markedly so from week 12. Fibre
density of large-diameter nerve fibres in the region of the left gastrocnemius
muscle and small fibres in the vagus nerve and greater splanchnic nerve were
reduced from weeks 4 to 6 onwards and were slightly more reduced from week
12. Histopathology of nerve fibres supplying the left gastrocnemius muscle,
greater splanchnic nerve and left cervical vagus nerve showed only a reduced
number of myelinated fibres, which was more pronounced in the gastrocnemius
muscle. Electron microscopy showed an increased density of neurofilaments and
abnormal membranous configurations between the axolemma and Schwann cell
membrane. Degenerating fibres of the gastrocnemius muscle and splanchnic
nerve showed loss of myelin, and unmyelinated fibres also showed signs of
degeneration.

Groups of 1--3 cats of unknown origin received acrylamide at 0, 0.03, 0.1, 1, 3
or 10 mg/kg bw per day by dietary administration 5 days/week for up to 1 year
(McCollister et al., 1964). Two control animals died and one was killed due to
intercurrent infection after less than 6 months. Signs of peripheral neuropathy
(loss of use of hindlimbs, abnormal gait) were observed at 1 mg/kg bw per day
and above. All animals at 0.03 and 0.1 mg/kg bw and 1 of 2 cats at 3 mg/kg bw
per day died, apparently from intercurrent infection. It was reported that there were
no pathological abnormalities attributable to acrylamide at any exposure level.
However, the extent of examination was unclear, and it was difficult to draw firm
conclusions due to the generally poor condition of animals used in this study.

(d) Dogs

In a study by Satchell & McLeod (1981), 14 dogs received acrylamide at 7
mg/kg bw per day by dietary admixture for about 10 weeks. No control animals
were used. Clinical signs of toxicity included severe impairment of hindliimb
function, “toe-folding” being observed from about day 30, ataxia from about day
40, clear signs of muscle weakness from around day 50 and regurgitation from
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around day 60. In 3 of 14 dogs, expansion of the oesophagus (megaoesophagus)
was noted radiologically. Since only three animals were examined, the signifi-
cance of the findings is uncertain; there were no controls, and megaoesophagus
was reported to occur spontaneously in the dog with unknown etiology.

In a study focusing on respiratory effects, four dogs received acrylamide (99%
pure) at 6 mg/kg bw per day in gelatin capsules for 67 weeks, with up to 8 weeks’
recovery (Hersch et al., 1989). Resting respiration was measured using an
intratracheal technique, and electrocardiography, electroencephalography and
heart rates were recorded. In two animals, blood levels of carbon dioxide and
transcutaneous oxyhaemoglobin were also recorded. The Hering-Breuer lung
inflation reflex was quantified by measuring the duration of apnoea produced
during lung inflation and was used as an indicator of the function of the vagus
nerve. Parameters for each animal were recorded pre-exposure and served as
controls for this study. Loss of use of hindlimbs and “toe-folding” were observed
from about week 3 and resolved during the 5th week of recovery. One animal was
killed due to pneumonia at about week 10. Decreased respiratory frequency and
slightly increased tidal volume were observed during the acrylamide exposure
period, but were restored during the recovery period. The Hering-Breuer lung
inflation reflex was impaired (as indicated by increased tidal volume and
decreased respiratory frequency). Other parameters were not adversely affected.
The Hering-Breuer reflex changes could be indicative of damage to the vagus
nerve; the toxicological significance of these respiratory effects is unclear.

(e) Non-human primates

In an extensive study, four feral-born macaque monkeys received acrylamide
(>99% purity) at 10 mg/kg bw per day in fruit juice for 5 days/week for 44-61 days
until the time of onset of clinical signs of toxicity (Maurissen et al., 1983). Animals
were allowed to recover, and examinations were performed for up to 146 days.
Two control animals received tap water only for about 13 weeks, using a similar
dosing regimen. Investigation included recording body weight; clinical signs of
toxicity; a visuomotor task (time taken to pick up a food reward) performed twice
per week; sensitivity to an electrical or a vibration stimulus, also performed twice
per week; and sural nerve histopathology, performed first when vibration thresh-
olds were elevated (about days 51-58 of acrylamide exposure) and then during
the recovery phase (up to 146 days after the last acrylamide exposure). In treated
animals, clinical signs of toxicity included loss of balance, decreased activity,
hindlimb weakness and forelimb tremor in the final week of acrylamide treatment
for one particular animal. With the exception of forelimb tremor, which persisted for
up to 4 weeks, these clinical signs of toxicity resolved within 2 weeks post-
treatment. Body weight loss was noted in 3 of 4 animals during treatment. One
control animal also showed body weight loss. In treated animals, response to a
60-Hz electrical stimulus was not apparently affected during or after treatment.
There was a decreased sensitivity (as measured by an increased time to key-
pressing) towards a vibration stimulus (40 Hz and 150 Hz) during the treatment
phase, with effects being even more pronounced in the first 10 weeks post-
treatment. An increased time taken to pick up a food reward was noted in test
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animals towards the end of the treatment period and was also more pronounced in
the first 3 weeks post-treatment. Sural nerve biopsies were prepared from two
acrylamide-exposed animals during the elevated vibration thresholds (days 51 and
58 of treatment) and then during the recovery phase (days 146 and 136). The first
examination revealed no visible axons in some areas; myelin had formed balls.
Under light microscopy, most nerve fibres appeared to be normal. Electron
microscopy showed that most myelinated nerve fibres were normal, but others
showed axolemma invagination, disruption of myelin, other undescribed “severe
axonal alterations” or a loss of axons. Some Schwann cells lacked an axon and
contained disintegrating or contorted myelin. In one animal, about 25% of nerve
fibres were affected, but in the other, only “occasional” fibres were affected. There
were no abnormalities observed in unmyelinated nerve fibres. When the second
biopsy was performed during the recovery phase, when no abnormalities were
seen in vibration sensitivity, degenerative changes were less frequent than during
the treatment period; regenerative fibres were also seen. Loss of vibration
sensitivity did not appear to be associated with the neuropathological findings.

Adult macaque monkeys (three) received acrylamide at 10 mg/kg bw in fruit
juice 5 days/week for 6—9 weeks (Maurissen et al., 1990). Two additional monkeys
were used as controls. There was a second treatment period after a 30-week
recovery. The investigators focused on body weight changes, time taken to pick
up a food reward, response to electrical stimulus and response to a vibration
stimulus (40 and 150 Hz). Results were essentially similar to those obtained by the
earlier study by the same investigators.

A group of seven macaque monkeys received acrylamide at 10 mg/kg bw per
day in fruit juice for 5 days/week for up to 13 weeks with approximately 20-30
weeks' recovery (Eskin et al., 1985). There were two control animals. Brain, optic
nerve and eyes were removed for histopathological (light and electron microscopy)
examination. For acrylamide-treated animals sacrificed immediately after 9-13
weeks, distal axonal swelling was most prominent in distal optic tract fibres, par-
ticularly within the lateral geniculate nucleus. Myelin sheaths were dispropor-
tionately thin, and degenerating myelin and occasional shrunken axons were
observed. Degenerating myelin and degenerating/atrophic axons were seen in the
optic nerve and the proximal optic tract. Axonal swellings were seen in the lateral
geniculate nucleus of the brain, and occasional alterations in the retinal axon
terminals and synapses were observed by light and electron microscopy. Dilation
of the axonal terminals, degeneration of myelin, degenerating/atrophic axons and
an increased number of astroglial processes were also seen in the lateral
geniculate nucleus. No abnormalities were seen in controls. The optic nerves of
acrylamide-exposed monkeys showed a loss of axons and diminished numbers of
fibres in the optic nerve. Electron microscopy showed disproportionately thin
myelin sheaths, densely packed astroglial processes, lipid vacuolation and
degenerating myelin fragments in the phagocytes and astrocytes.

Three adult macaque monkeys received acrylamide at 10 mg/kg bw in fruit
juice 5 days/week for 33-47 doses (6—10 weeks, after which pronounced ataxia
was observed) (Merigan et al., 1982). After the administration period, one animal
was sacrificed for histopathological examination, and the other two were observed
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for a further 90 days. A fourth animal served as control. Observations for visual
acuity and flicker-fusion were performed 5 mornings per week, and cortical evoked
potentials were recorded on 2-3 afternoons per week. Visuomotor coordination
was monitored daily by measuring the time taken to pick up a food reward. Body
weights were measured, but no results were presented. No histopathological
information was presented. After 4 weeks of acrylamide exposure, a marked
increase in cortical evoked potential was observed. This change preceded a
decrease in visual acuity and flicker-fusion frequency apparent 2 weeks later.
Towards the end of the treatment period, a marked increase in the time taken for a
pick-up test was apparent; this time was still markedly increased for about
2 weeks after cessation of dosing. After 3 weeks, flicker-fusion frequency was
restored; cortical evoked potential values were restored within 7 weeks. Within
3 weeks, visual acuity stabilized, but was still at a level below that recorded pre-
exposure for the rest of the 90-day post-exposure observation period. Among
acrylamide-exposed animals, weight loss, hindlimb weakness, gait disturbances
and tremors were observed. No abnormalities were seen in papillary or eye move-
ment or other ophthalmological characteristics. In the control animal, there were
no significant changes observed.

A companion study of two investigations of potential effects on the visual
system was performed by Merigan et al. (1985). (Histopathological details are
described in Eskin et al. [1985].) Three macaque monkeys received acrylamide at
10 mg/kg bw per day in fruit juice 5 days/week for about 6-10 weeks, with one
animal used as control. One acrylamide-exposed monkey was sacrificed at
10 weeks for reasons of animal welfare; the other two monkeys had a 140-day
recovery period. A number of tests for visual capacity were conducted. Reduced
contrast sensitivity was noted at the end of the exposure period. Visual acuity was
also impaired in all acrylamide-exposed animals, with a slight recovery within
5 weeks post-administration. Flicker-fusion frequency was reduced from about
week 2 onwards and recovered within 5 weeks post-administration. In acrylamide-
exposed animals, visual evoked potentials were impaired. The authors suggested
that these changes in latency and increase in amplitude correlated with a conduc-
tion block in large-diameter optic nerve fibres.

In the only non-human primate study that investigated a range of different
exposure levels, one female monkey (unspecified species) per dose level received
aqueous acrylamide at 0, 0.03, 0.1, 0.3 (two animals at this exposure level), 1, 3
or 10 mg/kg bw per day by oral gavage or dietary administration 5 days/week for
up to 1 year (McCollister et al., 1964). Blood cholinesterase measurements and
macroscopic and microscopic pathology were conducted after acrylamide expo-
sure, but no details were available regarding these examinations. At 10 mg/kg bw
per day, there were clear and severe clinical signs of neuropathy. At 3 mg/kg bw
per day, occasional abnormalities were observed, such as reduced knee jerk reac-
tion, reduced pupillary reflexes (response to bright light) and lethargic behaviour.
There were no apparent effects on body weight, no clinical signs of toxicity, no
changes in haematology (the parameters measured were not clearly reported),
liver and kidney weight and no macroscopic or microscopic pathology abnormal-
ities (extent of examination unclear, probably at least the brain and spinal cord) at



22 ACRYLAMIDE

0.1, 0.3 and 1 mg/kg bw per day exposure for 1 year. Conclusions cannot be
easily drawn from this study due to limited reporting and the use of only one
animal per dose level.

2.2.3 Long-term studies of toxicity and carcinogenicity

Groups of 60 male and female F344 rats received acrylamide at 0, 0.01, 0.1,
0.5 or 2.0 mg/kg bw per day in drinking-water for 2 years (Johnson et al., 1986).
Increased cumulative mortality was observed in both groups of rats treated with
the high dose after 21 months. Decreased mean body weights were observed for
the high-dose males only. Significant increases were reported in tibial nerve
degeneration observed microscopically (severe in males; moderate in females).
Significant increases in the incidences of tumours were observed in the thyroid
gland of males and females (high dose only), peritoneal mesotheliomas in the
region of the testis in males (0.5 and 2.0 mg/kg bw per day doses), mammary
gland (high-dose females), central nervous system (high-dose males), adrenal
gland (high-dose males), pituitary gland (high-dose females), oral cavity (high-
dose males and two highest doses in females), uterus (high-dose females) and
clitoral gland (high-dose females) (Table 3).

In a second study also using F344 rats, acrylamide was administered to
males (groups of 75-102) at 0, 0.1, 0.5 or 2.0 mg/kg bw per day and to females
(groups of 50-100) at 0, 1.0 or 3.0 mg/kg bw per day for 2 years in drinking-water
(Friedman et al., 1995). Increased cumulative mortality was observed only in
males treated with the high dose during weeks 68—72. Decreased mean body
weights were observed for the high-dose males and females. Significant increases
were reported in sciatic nerve degeneration observed microscopically in high-dose
males and females. Significantly increased incidences of thyroid follicular cell
tumours in males and females (high doses), peritesticular mesotheliomas in males
(high dose) and mammary tumours in females (both doses) were also observed in
this study (Table 4).

The Committee noted that oral cavity papillomas, clitoral gland adenomas and
uterine adenocarcinomas reported as increased in incidence in female rats in the
Johnson et al. (1986) study were reported as not increased by Friedman et al.
(1995). Glial tumours of the brain and spinal cord were also reported as not
increased by Friedman et al. (1995); however, some primary brain tumours diag-
nosed as “malignant reticulosis” were not included in the analysis (Rice, 2005).

The consistent findings from chronic acrylamide bioassays of increased
tumour incidences in endocrine-responsive tissues from male and female F344
rats, including thyroid, mammary gland and peritesticular mesothelium, have led to
some investigation of non-genotoxic mechanisms for acrylamide carcinogenicity
(Park et al., 2002; Lafferty et al., 2004). The reactivity of acrylamide and glycid-
amide with thiol groups in numerous cellular proteins makes enzymes, receptors
and cytoskeletal elements susceptible to modifications in structure and function
that could disrupt hormonal and cellular redox reguiation processes and lead to
transformation by epigenetic mechanisms (Park et al., 2002; Lafferty et al., 2004).
However, the wide body of evidence supporting genotoxicity associated with
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glycidamide exposure is not incompatible with hormonal dysregulation by acryl-
amide, because it is clear that other factors beyond DNA damage are probably
required for the observed target tissue specificity of acrylamide tumorigenesis in
rats (Lafferty et al., 2004; Doerge et al., 2005c; Maniére et al., 2005). Moreover, it
should be noted that the pattern of acrylamide-induced tumour organs in F344 rats
resembles that observed for other genotoxic carcinogens — e.g. ethylene oxide
(IARC, 19942a) and acrylonitrile (IARC, 1999). Findings of increased incidences of
central nervous system tumours for acrylamide are particularly significant,
because all known carcinogens for the nervous system are genotoxic or are con-
verted to genotoxic metabolites (Rice & Wilbourn, 2000; Rice, 2005). The Com-
mittee noted that the evidence currently available was insufficient to support non-
genotoxic mechanisms of acrylamide-induced cancer, particularly in light of the
consistent evidence for a genotoxic mechanism (see also section 2.2.4).

Table 3. Numbers of Fischer 344 rats with tumours at various organ sites after
receiving drinking-water containing acrylamide for 2 years

Type of tumour Sex Dose® (mg/kg bw per day)

0 0.01 0.1 0.5 2.0
Thyroid gland, follicular M 1/60 0/58 2/59 1/59 7/59*
adenomas
Peritesticular M 3/60 0/60 7/60 11/60* 10/60*
mesotheliomas
Adrenal gland,” M 3/60 7/59 7/60 5/60 10/60*
pheochromocytomas
Mammary tumours F 10/60 11/60 9/60 19/58 23/61*
Central nervous system, F 1/60 2/59 1/60 1/60 9/61*
glial tumours
Thyroid gland, follicular F 1/58 0/59 1/59 1/58 5/60*

adenomas or
adenocarcinomas

Oral cavity, squamous F 0/60 3/60 2/60 1/60 7/61*
papillomas

Uterus, F 1/60 2/60 1/60 0/59 5/60*
adenocarcinomas

Clitoral gland, F 0/2 1/3 3/4 2/4 5/5*
adenomas®

Pituitary adenomas® F 25/59 30/60 32/60 27/60 32/60*

Data from Johnson et al. (1986), as compiled by Rice (2005)

F, female; M, male

? Asterisk (*) indicates P = 0.05; pair-wise Mantel-Haenszel comparison with the control
group adjusted for mortality.

® The historical incidence of adrenal gland pheochromocytomas in males was 8.7% (range,
1.2-14.0%); that of pituitary adenomas in females was 38.1% (range, 28.2-46.9%).

° Only clitoral glands with gross lesions were examined histologically.
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Long-term carcinogenicity bioassays of acrylamide and glycidamide are under
way at the United States Food and Drug Administration’s National Center for
Toxicological Research under the auspices of the National Toxicology Program.
Concentrations of acrylamide used in 14-day dose range-finding studies in male
and female B6C3F1 mice and male and female F344 rats were 1-50 mg/kg bw
per day in drinking-water and dosed feed, and molar equivalent doses of glycid-
amide were administered in drinking-water. Subchronic studies (90-day) were also
conducted using doses of 1-25 mg/kg bw per day in drinking-water and dosed
feed for acrylamide, and the molar equivalent doses of glycidamide were admin-
istered in drinking-water. Doses for the 2-year studies were chosen after reviewing
the pathological data from the subchronic study. Studies began in May 2005. For
rats, doses of acrylamide are 0.6-5 mg/kg bw per day in drinking-water; for mice,
doses are 1.8—-14 mg/kg bw per day in drinking-water. Corresponding equimolar
doses of glycidamide in drinking-water are being administered to rats and mice.

2.2.4 Genotoxicity

The results of genotoxicity studies with acrylamide are summarized in Table
5. Acrylamide is mainly negative in prokaryotic in vitro test systems but predomi-
nantly positive in mammalian test systems and in vivo tests of mutagenicity. Fur-
thermore, exposure to acrylamide leads to DNA adduct formation (see Figure 2).
However, most of the genotoxicity of acrylamide seems to be mediated by glycid-
amide:

e The reactivity of glycidamide with DNA bases is greater than that of
acrylamide (Solomon et al., 1985; Gamboa da Costa et al., 2003).

e Treatment of rodents with glycidamide produces higher levels of DNA adducts
than does treatment with acrylamide (Gamboa da Costa et al., 2003; Doerge
et al., 2005c).

* Micronuclei induction is caused by glycidamide (Paulsson et al., 2003a).

» Glycidamide is the active metabolite responsible for germ cell mutations and
dominant lethality in male mouse spermatids (Ghanayem et al., 2005a;
reviewed by Favor & Shelby, 2005).

¢ Glycidamide, but not acrylamide, is mutagenic in Salmonella (Hashimoto &
Tanii, 1985).

e The mutational spectrum produced by glycidamide in transgenic Big Blue
mouse embryonic fibroblasts in vitro (Besaratinia & Pfeifer, 2004) corres-
ponds with the DNA adducts observed in vivo (Gamboa da Costa et al.,
2003).

An assessment of the mutagenic potential for glycidamide—DNA adducts can
be made based on the in vitro mutagenicity studies of Besaratinia & Pfeifer (2004),
even though an indirect method was used to measure DNA adducts (i.e. polymer-
ase termination position). Treatment of embryonic fibroblasts from transgenic (Big
Blue) mice with glycidamide in vitro (0.05-5000 pmol/l) increased the mutant
frequency in the cl/l transgene relative to control cells. In addition, glycidamide-
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Figure 2. DNA adducts from glycidamide
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induced mutants had a different mutation spectrum from spontaneous mutations in
control cells (i.e. increased G—T transversions, G—C transversions and A—G
transitions). This mutation spectrum is consistent with miscoding potential for all
glycidamide-DNA adducts identified in vitro (Gamboa da Costa et al., 2003;
Figure 2); however, it was not possible from this study to determine whether the
observed mutagenicity is secondary to formation of abasic sites, because during
the 8-day duration of the study, extensive amounts of adduct depurination wouid
occur (Besaratinia & Pfeifer, 2004). These findings of mutagenicity were recently
confirmed in vivo using transgenic mice. Increased mutation frequencies were
observed in Big Blue mice from short-term exposures to acrylamide and glycid-
amide through the drinking-water (acrylamide at 10 and 50 mg/kg bw per day and
equimolar glycidamide for 1 month) (Manjanatha et al., in press) and in Tk
neonatal mice (three intraperitoneal acrylamide doses of either 10 or 50 mg/kg bw
per day and equimolar doses of glycidamide) (Von Tungeln et al., 2005).

Single oral doses of acrylamide (18, 36 or 54 mg/kg bw) induced DNA
damage as measured by the Comet assay in rat leukocytes, brain and testes.
Despite similar levels of DNA adducts formed in all tissues examined, some other
tissues showed no DNA damage, as measured by the Comet assay (liver,
adrenals, bone marrow). These results suggest that additional cellular factors
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beyond adduct formation may affect the DNA damage caused by acrylamide in
vivo (Maniére et al., 2005).

2.2.5 Reproductive toxicity
(a) Fertility and multigenerational toxicity
(i) Mice
Intraperitoneal route

After a single intraperitoneal acrylamide dose of 125 mg/kg bw in mice,
females were paired with untreated males for approximately 1 year and litters
removed when they were born. This single dose of acrylamide had no effect on
reproductive capacity. This study suggests that there is little evidence of direct
toxicity of acrylamide to oocytes (Bishop et al., 1997).

Oral route

Testicular damage was induced by acrylamide in male mice of the ddY strain
dosed orally by gavage with acrylamide at 0.5 mmol/kg bw (35.5 mg/kg bw), twice
weekly for 8 weeks (Hashimoto et al., 1981).

In a fertility study in ddY mice using acrylamide, groups of 9 or 14 males were
given acrylamide at concentrations of 0, 0.3, 0.6, 0.9 or 1.2 mmol/l in the drinking-
water for 4 weeks prior to mating. The highest acrylamide dose of 1.2 mmol/l
(85.2 mg/l) gave an approximate intake of 15 mg/kg bw per day for the males,
based on mean body weight and water intake. Half the males were mated with
untreated females (one male per three females), and the females, except for half
of those in the group mated to the 1.2 mmol/l males, were killed on day 13 of
gestation and the contents of the uterus examined. The remaining females mated
to the 1.2 mmol/i males were allowed to deliver and raise their litters up to 4 weeks
postnatally. Half of the males were killed immediately following the end of dosing
for examination of the liver, testes, seminal vesicles, sperm count and morphol-
ogy. At the top dose, sperm counts were reduced by 35%, the percentage of
abnormal sperm was significantly increased and male fertility was significantly
reduced (only 5 out of 27 females to which they were mated were pregnant). In
those pregnant, the number of fetuses per dam was significantly reduced at both
0.9 and 1.2 mmol/l in a dose-related manner. The number of resorptions per dam
increased in a dose-related manner across all acrylamide treatment groups but
attained statistical significance only at 1.2 mmol/l. Similarly, in the few fertile
matings from the 1.2 mmol/l dose group in those allowed to litter out, the number
of live offspring per dam was significantly reduced compared with controls. In a
second experiment to investigate effects on females, 24 females were given
drinking-water containing acrylamide at 1.2 mmoi/l for 4 weeks, then mated to
untreated males and killed on day 13 of gestation or allowed to litter out. There
were no effects on reproduction, litter growth or survival to 4 weeks, apart from a
small but statistically significant increase in resorptions per dam (Sakamoto &
Hashimoto, 1986).
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In a follow-up study to investigate which aspect of testicular pathology might
be responsible for the effects observed on male reproduction, single oral doses of
100 or 150 mg/kg bw were given to prepubertal (30-day-old) or adult (60-day-old)
ddY male mice, and testicular histopathology was followed for the next 10 days.
Early-phase round spermatids showed marked degeneration, but other spermato-
genic cell types were relatively unaffected (Sakamoto et al., 1988).

Acrylamide was given via the drinking-water to Swiss mice in a study using a
continuous breeding protocol (3, 10 and 30 mg/l, equivalent to 0.8, 3.2 and
7.2 mg/kg bw per day in females; doses for males could not be calculated due to
sipper-tube manipulation). Males and females were housed separately for the first
7 days, followed by 98 days of cohabitation with continued dosing. Controls com-
prised 40 mating pairs and treated groups 20 mating pairs per dose. Pups were
removed from their dams after birth. At the end of the 98 days, males and females
were separated and continued on treatment for a further 6-week holding period,
during which the females were allowed to deliver and rear their last litter to
weaning. After weaning, the litters were culled to two per sex per litter and
maintained on the same treatment as their parents until 74 + 10 days of age, when
they were assessed for fertility by pairing with non-sibling animals from the same
treatment group. After the 6-week holding period, some high-dose and control
males and females were mated in a crossover trial to identify which gender might
be affected. Some control and high-dose males at the end of the 98-day cohabi-
tation period were also mated with untreated females to assess dominant lethal
effects. There was no effect of treatment on food consumption or female water
consumption, and there were no treatment-related effects on the proportion of
fertile pairs, average number of litters delivered, proportion of pups born alive or
pup weight. Considering all the litters born in each dose group, there was a slight
but significant reduction in the aggregate mean number of live pups per female at
30 mg/l. In the crossover mating, there were no statistically significant differences
between groups, but the high-dose male x control female matings produced fewer
pups per litter compared with control male x control female and control male x
high-dose female matings. The dominant lethal study showed significant increases
in early resorptions and total post-implantation losses and a significant reduction in
live fetuses at 30 mg/l. There were no effects on estrous cycles or gross or
histopathological effects of treatment on the reproductive tracts of adults, apart
from a significant 10—12% reduction in spermatids per gram of testis in 10 and
30 mg/l males. No other sperm parameters were altered. When litters were reared
to around 74 days of age and mated, there was no effect on pup survival or weight
gain to day 21, but F1 female body weight was significantly reduced at the time
they were mated and postpartum. Exposure of the F1 animals, based on their
water consumption as adults, was calculated to be 0.86, 2.9 and 7.7 mg/kg bw per
day. From the matings of F1 animals, the only treatment-related effect on repro-
ductive parameters was a significant decrease of about 45% in the number of live
pups in the 30 mg/l group. Again, there were no effects on estrous cycles or
reproductive tracts of the F1 animals, apart from a significant reduction in absolute,
but not relative, prostate weight at 30 mg/l and testicular degeneration in 1 of
10 males in each of the 10 and 30 mg/l groups. The authors concluded that the
effects on reproduction were consistent with a dominant lethal effect in the male
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and established a no-observed-effect level (NOEL) of 3 mg/kg bw per day (Chapin
et al., 1995).

(i) Rats
Oral route

Male Long-Evans rats aged 10 weeks were monitored for their “baseline”
mating behaviour and then assigned to dose groups (15 per group), matched for
body weight, sperm count and ejaculation latency. Acrylamide was administered
for 10 consecutive weeks via the drinking-water at concentrations of 0, 50, 100 or
200 mg/l, equivalent to 0, 5, 7 and 12 mg/kg bw per day at the beginning of
exposure, to 5 and 8 mg/kg bw per day at week 10 in the 50 and 100 mg/l groups
and to about 12 mg/kg bw per day at week 6 in the 200 mg/l group. During this
time, males were mated weekly with ovariectomized, estrogen-primed, non-
acrylamide-exposed females. Mating behaviour was monitored on alternate
weeks; during week 9, the females were killed to recover the ejaculate. During
week 10, each male in the contro! and high-dose groups was housed individually
overnight with an intact, untreated female in estrus to assess fertility. Water was
withdrawn to ensure that females were not exposed. These females were killed on
day 17 of gestation and the contents of the uterus examined. At the end of
treatment, the males were killed, and one testis and epididymis from each male
were fixed in Bouin’s fluid for histological examination; the other testis was
homogenized for spermatid count, and the other epididymis was minced for sperm
count. The 200 mg/l group showed significant decreases in body weight and water
intake compared with controls. Body weight and water intake were also decreased
in the 100 mg/l group, but the differences from controls were not significant. Males
in the 200 mg/l group showed neurotoxicity (hindlimb splaying) by week 4; one
died and two others were moribund in week 5, so all were sacrificed in week 6.
Some 100 mg/l males showed hindlimb splaying by week 8, but there was no
mortality in this or any other group. Preceding the appearance of ataxia, significant
disruptions in copulatory behaviour (more mounts and intromissions) were evident
from week 2 and week 6 in the 100 and 200 mg/t groups, respectively. These
disruptions interfered with the ejaculatory process and subsequent transport of
sperm, since semen was found in the uterus in only 1 of the 15 females that mated
with the 100 mg/l males at week 9, and only 5 of the 15 females mated to 100 mg/i
males in week 10 were pregnant, compared with 11 of 14 in controls (P < 0.01).
Post-implantation losses were also significantly increased in the five pregnant
females mated to 100 mg/l males. Ejaculated sperm counts, evaluated in week 9,
were significantly reduced in the 100 mg/! dose group. However, there were no
effects on reproductive organ weights, sperm parameters or testis histology in any
of the treatment groups, including the 200 mg/l group sacrificed at week 6. The
authors concluded that the apparent effects on fertility at 100 and 200 mg/l may be
secondary to the neuromotor toxicity, that the disturbances in intromission may
have hindered proper sperm deposition and that the females may have been
insufficiently stimulated to trigger sperm transport. A NOEL of around 5 mg/kg bw
per day for neurotoxicity and for effects on copulatory behaviour and reproductive
capacity can be taken from this study (Zenick et al., 1986).
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Groups of 15 female Long-Evans rats were exposed to acrylamide in the
drinking-water at concentrations of 0, 25, 50 or 100 mg/l for 2 weeks prior to
mating and throughout pregnancy and lactation. The lowest dose tested (25 mg/l)
was equivalent to a dose range of about 2.5-10 mg/kg bw per day over the time
course of the study. Females were mated with untreated males overnight during
week 3, and water bottles were removed overnight to ensure that the males were
not exposed. Pregnant females were allowed to litter out, and litters were culled to
four pups per sex on postnatal day (PND) 4 and reared to weaning. At weaning,
litters were culled again to two per sex and maintained until sacrifice at 42 days of
age. There were no deaths in any group. At 25 mg/l, only female pup body weight
was significantly reduced at 7 and 14 days of age. Females in the 50 mg/l group
showed significantly reduced weight gain during lactation only. In the 100 mg/l
group, hindlimb splaying appeared during weeks 1-2 of gestation, and weight gain
was significantly reduced from the second week of treatment — i.e. before mating
and throughout gestation and lactation. Similar time trends were seen in reduc-
tions in water intake in the 50 and 100 mg/l groups. There were no significant
effects of treatment on pregnancy rates, litter size at birth or pup survival to
weaning. Birth weight and all subsequent weekly offspring body weights were
significantly reduced in both sexes in the 100 mg/l group. In the 50 mg/l group,
body weights from 7 days of age onwards were slightly but significantly reduced in
both sexes. A regression analysis, performed without the 100 mg/l group because
of incapacity of the dams, showed that litter weight at weaning was significantly
related to cumulative acrylamide intake (P < 0.01) and that maternal body weight
and fluid intake did not contribute to reduced litter weight at weaning. As would be
expected from the reduced body weights, the time of vaginal opening was
delayed, by about 3 days, in the females from the 100 mg/l group compared with
controls. The authors concluded that the effects on pup growth may have been
due to direct exposure to acrylamide via the milk or could have been secondary to
maternal toxicity. A clear NOEL for effects on pup weight gain could not be
established (Zenick et al., 1986).

In two dominant lethal studies, groups of five male Long-Evans rats were
exposed to acrylamide via oral gavage at doses of 0, 5, 15, 45 or 60 mg/kg bw per
day for 5 consecutive days. Following treatment, they were mated overnight to
untreated females in estrus at weekly intervals for 4 weeks and, in the three
highest dose groups, also on weeks 7 and 10 after treatment. The females were
killed on gestation day (GD) 15 and examined for corpora lutea, implantation sites
and fetuses. The mating index (number of sperm positive per number mated) was
unaffected by treatment. Fertility was significantly reduced and pre- and post-
implantation losses were significantly increased in a dose-related manner at all
doses except 5 mg/kg bw per day. A second series of experiments was carried out
using oral gavage doses of 0, 15 or 45 mg/kg bw per day for 5 days, with 10 or 15
males per group. Mating behaviour, ejaculated sperm and fertilization rates were
evaluated over 4 subsequent weeks. Copulatory behaviour was unaffected, but
the effects observed in week 1 in the preceding dominant letha! studies appeared
to be due to lack of sperm transport into the uterus in those mated during week 1,
the effect disappearing from week 2 onwards. The only other significant difference
was reduced sperm motility at week 3. Fertilization of oocytes was evaluated in
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females killed on the morning following the overnight mating and was significantly
reduced in a dose-related manner at 15 and 45 mg/kg bw per day week 1 and at
45 mg/kg bw per day at week 3. These findings appear to confirm that the
immediate effects of acrylamide in males, also seen in their earlier study (Zenick
et al., 1986), are probably attributable to neurotoxicity interfering with mating; in
addition, however, the findings show delayed effects consistent with an impair-
ment in fertilizing ability of sperm. Both of these mechanisms may contribute to the
overall reduced fertility and reproductive performance of acrylamide-treated males
(Sublet et al., 1989).

Groups of 25 male Long-Evans rats aged approximately 11 weeks were
gavaged with acrylamide at 0, 5, 15, 30, 45 or 60 mg/kg bw per day for 5 consec-
utive days. On day 8, males were paired overnight with untreated females in pro-
estrus/estrus. On day 9, males were evaluated for forelimb and hindlimb grip
strength and then killed and autopsied. Five males per group were perfusion fixed
before autopsy and the sciatic nerves examined. In the remaining 20 males per
group, in addition to the autopsy, they were investigated for cauda epididymis
sperm number and motility. Mated females were killed on GD 15 and examined for
corpora lutea and implantation sites. There were no deaths in any group. By the
5th day of dosing, mean male body weights were significantly reduced compared
with controls at 30, 45 and 60 mg/kg bw per day, and male body weight changes
were significantly reduced at all doses except 5 mg/kg bw per day. Post-dosing,
body weight gain showed some recovery in all dose groups except the 5 mg/kg bw
per day group, but overall weight gain over the 8 days was still reduced in a clear
dose-related manner in all treated groups compared with controls. Piloerection,
rough coat, lethargy and unsteady movement were observed at 45 and 60 mg/kg
bw per day in dose-related patterns of incidence and severity, beginning on day 4.
There were no effects on forelimb grip strength, but hindlimb grip strength was
significantly reduced at 60 mg/kg bw per day. There were no histopathological
abnormalities in the sciatic nerves in any group. The mating index was significantly
reduced at 60 mg/kg bw per day, and, considering sperm-positive females, the
fertility and pregnancy indices were both reduced at 60 mg/kg bw per day and
showed a significant linear trend for depression at 15, 45 and 60 mg/kg bw per
day. The number of implantation sites and number of live implants per female
were also significantly reduced at 45 and 60 mg/kg bw per day. Considering only
those pregnant, there were no treatment-related effects on corpora lutea per dam,
implantation sites per litter or pre-implantation losses per litter, but post-implanta-
tion losses (resorptions) showed a clear dose-related increase, and the increases
were statistically significant at 45 and 60 mg/kg bw per day, indicating a clear
dominant lethal effect. In the males, there were no effects on the reproductive
tract, epididymal sperm concentrations or percent motile sperm, but sperm beat
cross-frequency (frequency of side-to-side movement) was significantly increased
at 60 mg/kg bw per day. In this study, effects on body weight from 15 mg/kg bw
per day upwards were the most sensitive indicator of acrylamide toxicity. There
were clear effects on male reproduction at 45 and 60 mg/kg bw per day and
arguable effects, based on trend testing, at 15 and 30 mg/kg bw per day. The
authors concluded that the data were consistent with systemic toxicity, specifically
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neurotoxicity, being causative of (or at least contributory to) the observed repro-
ductive toxicity (Tyi et al., 2000a).

From this study, a review by CERHR (2004) calculated a benchmark dose
(BMD) associated with a relative response increase of 10% (BMD1o) of 8 mg/kg
bw for effects on live implants and the dose associated with the lower 95%
confidence interval around the BMD (BMDL) of 6 mg/kg bw.

In a two-generation study in Fischer 344 rats, groups of 30 FO male and 30 FO
female rats were given acrylamide in the drinking-water for 10 weeks prior to
mating at concentrations giving intakes of 0.0, 0.5, 2.0 or 5.0 mg/kg bw per day.
Exposure of FO females continued throughout gestation and lactation of the F1
litters. After mating, FO males were removed from exposure and mated again, one
male to two untreated females, for the dominant lethal study. Thirty-five F1
weanlings per sex per group were exposed for 11 weeks to the same dose as their
parents and then mated to produce the F2 generation. In FO and F1 animals prior
to breeding, significant reductions in body weight and body weight gain were
observed at 2 and 5 mg/kg bw per day, and increases in head tilt and foot splay
were seen at all doses in FO males. There were no reproductive effects in the FO
and F1 animals, except for a significant 35% reduction in implantations per dam
and 65% reduction in live pups per litter at 5 mg/kg bw per day. F1 and F2 pups in
the 5 mg/kg bw per day group showed significantly reduced survival from birth
through to PND 4 (Tyl et al., 2000b).

In a dominant lethal assay in Fischer 344 rats in which acrylamide was
administered in the drinking-water at 0.0, 0.5, 2.0 or 5.0 mg/kg bw per day, a
significant reduction in live implants and increases in pre- and post-implantation
losses were observed at 5 mg/kg bw per day. Peripheral neuropathy was present
at 5 mg/kg bw per day in adult F1 males (axonal fragmentation and/or swelling).
The authors concluded that adult systemic toxicity, including neurotoxicity, was
present at lower doses (NOEL =< 0.5 mg/kg bw per day) than dominant lethality
(NOEL 2 mg/kg bw per day). The NOEL for developmental toxicity in this study
was 2 mg/kg bw per day (Tyl et al., 2000b).

(b) Developmental toxicity
(i) Mice
Intraperitoneal route

T-stock female mice received acrylamide by intraperitoneal injection once on
GD 12 (75 mg/kg bw) or three daily injections on GD 10, 11 and 12 (50 or 75
mg/kg bw). Controls were injected with vehicle only. The females were killed on
GD 18 and the contents of the uterus examined. In those given 75 mg/kg bw for
3 days, litter size was reduced, the proportion of growth-retarded fetuses was
increased and mean fetal weight was reduced. The incidence of kinked tail was
also increased after one or three doses at 75 mg/kg bw. There were no effects at
50 mg/kg bw (Neuhauser-Klaus & Schmahl, 1989).
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Groups of 20-57 female mice (strain not specified) received intraperitoneal
acrylamide injections of 125 mg/kg bw at time intervals of 1, 6, 9 or 25 h after a
30-min mating period. These intervals correspond to exposure of the sperm and
egg at approximately the time of fertilization, early pronuclear zygote stage,
pronuclear DNA synthesis stage and two-cell embryo stage, respectively. Controls
were injected with vehicle only. Uterine contents were examined on GD 17. There
was no effect of treatment on the number of implantations per femaie, but early
resorptions were increased and live fetuses decreased at all four time points
compared with controls. The percentage of live abnormal fetuses was said to be
significantly increased in the 6-, 9- and 25-h groups compared with controls, with
the highest incidence seen in the 6-h group (16.5% compared with 5.6% in
controls). In this group, from 203 live fetuses examined, the abnormalities included
8 with bent limbs, 10 with bent tail, 5 with eye defects, 6 with oedema, 3 with
abdominal wall defects, 5 with cleft palate and 2 with exencephaly (Rutledge et al.,
1992). The Committee noted that given the stage of treatment, the mechanism of
production of these abnormalities is more likely to be mutagenic rather than
teratogenic.

Groups of 9-20 ICR female mice received acrylamide by a single intra-
peritoneal injection of 125 mg/kg bw on one of days 0, 1, 2 or 3 of gestation.
Controls were untreated. The animals were killed on GD 18 and the contents of
the uterus examined. Live fetuses were examined for external abnormalities only.
It should be noted that litter data were analysed on a per implant/fetus basis,
which is not the correct statistical unit. The number of implantations per dam was
significantly decreased after treatment on GD 0 or 1. The percentage of resorp-
tions per dam was significantly increased in all treated groups. Fetal weight was
significantly decreased after treatment on day 1 or 3. Fetal malformations were
increased only after treatment on day 0; polydactyly was the most common abnor-
mality, followed by kinked tail, oedema, exencephaly, open eyelid, cleft palate,
ectopia cordis and omphalocoele (Nagao, 1994). As in the previous experiment,
the cause of these abnormalities is likely to be mutagenic rather than teratogenic.

ICR mice were given acrylamide as three daily intraperitoneal injections of 50
or 100 mg/kg bw per day on GD 6-8 or 9—-11 (nine females per dose group).
Thirteen controls were injected with vehicle only on GD 8-13. Despite some
maternal mortality and signs of weakness and severe ataxia in those given
100 mg/kg bw per day, there were few statistically significant effects. Fetal weight
was significantly reduced in those given 100 mg/kg bw on days 6-8. There was no
significant treatment-related effect on external malformations (Nagao, 1994).

Male C57BL/6J mice were given acrylamide at daily intraperitoneal doses of
10-50 mg/kg bw for 5 days and then serially mated to untreated C3H/J females for
up to 5 weeks after treatment. The females were killed about 3.5 days after
confirmed mating and the embryos flushed out of the uterus and examined. High
percentages of abnormal embryos were found in pregnancies sired by treated
males in all dose groups except 10 mg/kg bw per day. The greatest effect was in
the first week after treatment, with abnormalities declining over time in subsequent
weeks. Some females in the 50 mg/kg bw per day group were kept untii GD 15 or
16, then killed and examined for pre-implantation losses. In percentage terms,
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these were comparable to the incidence of abnormal embryos and are indicative
of a dominant lethal effect (Holland et al., 1999).

Oral route

Acrylamide was given daily by oral gavage at doses of 0, 3, 15 or 45 mg/kg
bw to groups of 30 Swiss CD-1 mice on GD 6-17. The animals were killed on GD
17 and the contents of the uterus examined. There were no maternal deaths, but
hindlimb splaying was observed in almost half of the 45 mg/kg bw per day dams
between GD 15 and 17. Maternal weight gain during gestation was significantly
reduced at 45 mg/kg bw per day but not after correction for gravid uterine weight,
which was significantly reduced at 15 and 45 mg/kg bw per day. There were no
statistically significant effects on the numbers of pregnancies at termination,
implantations, resorptions, live fetuses, malformations or variations. Fetal body
weight was significantly reduced in both sexes at 45 mg/kg bw per day. There was
a significant dose-related trend towards increases in extra ribs across all doses.
The effects observed were small in magnitude and could have been secondary to
maternal toxicity. The NOEL for maternal and developmental toxicity in this study
was 15 mg/kg bw per day (Field et al., 1990).

(i) Rats
Oral route

Porton strain rats were given acrylamide at dietary concentrations of 0, 200 or
400 mg/kg from the day of mating throughout gestation. The 200 mg/kg group
comprised eight rats and was allowed to give birth and raise litters to weaning.
Acrylamide was not given during the lactation period. The offspring were kept until
6 weeks of age. No adverse effects were seen, apart from slight abnormalities of
gait in the mothers at the time the litters were born. The 400 mg/kg group
comprised six rats, which were killed on GD 20, and the contents of the uterus
were examined and compared with eight controls. The dams showed moderate to
severe ataxia by GD 20. A significant reduction of about 50% in maternal food
intake during the final week of gestation was accompanied by a reduction in mean
fetal weight at 400 mg/kg. No treatment-related increases in external, soft tissue or
skeletal abnormalities were found. Maternal body weights were not stated, but the
review by CERHR (2004) estimated that maternal acrylamide intake in the 400
mg/kg group was around 16 mg/kg bw per day, assuming a body weight of 300 g.
This study indicated that 16 mg/kg bw per day via the diet was an effect level for
maternal toxicity, including neurotoxicity, but did not cause developmental toxicity
(Edwards, 1976).

Acrylamide was given to groups of 20 Sprague-Dawley rats at concentrations
of 0, 25 or 50 mg/kg in the diet for 2 weeks prior to mating. Immediately after
mating, the treated group resumed on acrylamide diet for the first 19 days of
gestation. The dams were not treated during lactation. Acrylamide intakes were
estimated by the authors to be 1.75-1.90 and 3.45-3.82 mg/kg bw per day in the
25 and 50 mg/kg groups, respectively. The animals were allowed to litter out, and
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litters were culled to three males and three females on PND 4. After weaning,
offspring were kept until they reached 6 weeks of age, and then two per sex of the
controls and four per sex of the high-dose group were killed for histopathological
examination of the brain, spinal cord and sciatic/tibial/plantar nerve complex.
There was no effect on maternal mortality or maternal food intake. Maternal body
weight gain was slightly but significantly reduced during the pre-mating phase at
50 mg/kg. There were no effects on reproductive parameters, including mating,
pregnancy or pup survival and growth to PND 21. There was no evidence of a
major teratogenic effect on the brain in the offspring examined at 6 weeks of age.
There were some fine structural differences between treated and control groups,
with some treated animals showing scattered nerve fibre degeneration in sciatic
and optic nerves, and the study pathologists noted that fibres from treated animals
were more susceptible to preparation artefacts. The incidence and severity of the
lesions were not reported (Bio/dynamics, Inc., 1979).

Acrylamide was given by oral gavage at doses of 0, 2.5, 7.5 or 15 mg/kg bw
per day to groups of 29-30 Sprague-Dawley rats on GD 6—20. The animals were
killed on GD 20 and the contents of the uterus examined. There were no maternal
deaths and no evidence of maternal neurotoxicity. Maternal weight gain during
gestation was significantly reduced at 15 mg/kg bw per day and at 7.5 and 15
mg/kg bw per day after correction for gravid uterine weight, which was not signi-
ficantly affected at any dose. There were no statistically significant effects on the
numbers of pregnancies at termination, implantations, resorptions, live fetuses,
fetal body weight or malformations. There was a significant dose-related trend
towards increases in variations, the most common variation being extra rib; on
pairwise comparisons, however, there were no significant differences between
treated and control groups, and the analysis of extra rib alone did not show
significant differences. In this study, the NOEL for maternal toxicity was 2.5 mg/kg
bw per day and for developmental toxicity was 215 mg/kg bw per day.

Groups of 17 Fischer 344 rats were given water vehicle or acrylamide at 20
mg/kg bw per day by oral gavage from days 6 to 17 of gestation and allowed to
litter out and rear offspring to weaning at 24 days of age. On the day of birth, pups
were pooled within each group and fostered or cross-fostered in a randomized
manner to form four groups: control pups with control dams, control pups with
treated dams, treated pups with treated dams and treated pups with control dams.
At PND 14, 21 and 60, four pups per litter were killed and the intestinal tissue was
removed for enzyme assays (acid phosphatase, alkaline phosphatase, B-glucuron-
idase, citrate synthase and lactate dehydrogenase). There were no effects on
parturition or litter parameters (pup numbers, sex ratio or body weights). Maternal
intestinal enzymes on day 24 after parturition were unaffected by treatment.
According to the authors, intestinal enzyme activities at the various time points
sampled in the offspring showed a number of significant differences indicative of
effects on all but citrate synthase (Walden et al., 1981).

The review by CERHR (2004) pointed out that the authors did not address the
issue of multiple comparisons and that 60 such comparisons would give a 95%
likelihood of identifying a significant difference at a nominal P value of 0.05. In
their analysis of the data, CERHR (2004) concluded that “the findings are
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suggestive of changes in alkaline phosphatase and perhaps a ‘developmental’
effect (delay or acceleration in normal pattern of enzyme changes) on postnatal
day 21 for B-glucuronidase.” The implications of such changes for development
are unclear.

Wistar rats were given acrylamide by oral gavage at a daily dose of 25 mg/kg
bw during lactation only. Offspring were weaned at PND 21 and the male offspring
kept until 90 days of age, while the females were discarded at weaning. Effects on
maternal mortality, food intake and body weight or on pup mortality were not men-
tioned, and no data on these parameters were tabulated. There were no signifi-
cant effects on body or brain weight of the offspring. Some offspring from each
group were killed for neurochemical assays (noradrenaline, dopamine and 5-
hydroxytryptamine, and the activities of monoamine oxidase and acetylcholinester-
ase) at 2, 4, 8, 15, 30, 60 and 90 days of age. In the treated group, there were
significant reductions in whole brain noradrenaline and dopamine levels up to
15 days of age and significant reductions in 5-hydroxytryptamine levels up to
30 days of age compared with controls; monoamine oxidase activity was also
significantly increased and acetylcholinesterase activity significantly decreased at
all ages up to and including 30 days of age. The decrease in catecholamines was
said to be associated with progressive behavioural changes leading to complete
hindlimb paralysis, but the data were not shown (Husain et al., 1987).

In a second experiment, groups of 15 normal Wistar rats starting at 12, 15, 21
or 60 days of age were given vehicle or acrylamide at 25 mg/kg bw orally for 5
consecutive days and then killed for neurochemical assays on discrete brain
regions. Treated offspring showed the following significant effects: noradrenaline
was reduced in the basal ganglia, pons medulla and midbrain after treatment at
12, 15 and 21 days and in the midbrain after treatment at 12, 15, 30 and 60 days
of age; dopamine was significantly reduced in the cerebellum, pons medulla and
midbrain after treatment at 12, 15, 21 and 60 days of age; and 5-hydroxy-
tryptamine was reduced in the pons medulla, hypothalamus and cerebrai cortex
after treatment at 12, 15, 21 and 60 days of age (Husain et al., 1987).

Wistar rats (15 per group) were given acrylamide at 25 mg/kg bw per day and
were dosed throughout the lactation period. Maternal toxicity was assessed twice
daily by clinical observations and a FOB. Grip strength was assessed in the
offspring postnatally, but no neurochemical measurements were carried out. The
treated dams showed toxicity, including mortality (two animals), severely reduced
food and water intake, reduced body weight and body weight gain and progressive
signs of neurotoxicity from lactational day (LD) 13 onwards (hindlimb splaying,
ataxia, tremors, eye squinting/partial closure, hunched position, hindlimb foot splay
prone positioning and morbidity). Control and treated pup body weights on PND 0
were comparable, but they were significantly reduced in the treated group from
PND 4 onwards. Post-weaning, in the retained males, body weight gain in the
treated group was similar to controls, although the absolute body weights in the
treated group remained lower. The proportion of pups in the treated group
surviving to PND 21 was significantly reduced, and others were sacrificed
moribund on PND 22-24. The morbidity and mortality in pre-weaning animals
were associated with little or no milk in the stomachs. Male offspring forelimb and
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hindlimb grip strength were significantly reduced in the treated group at PND 30,
and hindlimb grip strength was also reduced, but not significantly so, on PND 60
and 90. The authors concluded that their results did not support the findings of
Husain et al. (1987) and that their findings were consistent with inanition in the
pups secondary to maternal toxicity, with recovery of animals post-weaning
(Friedman et al., 1999).

Groups of 12 Sprague-Dawley rats were exposed to acrylamide by oral
gavage at doses of 0, 5, 10, 15 or 20 mg/kg bw per day from GD 6 through to LD
10. The animals were allowed to deliver, and the offspring were kept up to
postnatal week 11 and evaluated for survival, growth, development, behaviour and
histological changes to brain, spinal cord and peripheral nerve. Maternal weight
gain during gestation was significantly reduced by 14% and 26% in the 15 and
20 mg/kg bw per day groups, respectively. Maternal weight gain during lactation
was also significantly reduced by 45% and 90% in the 10 and 15 mg/kg bw per
day groups. All females in the 20 mg/kg bw per day group showed hindlimb
splaying from LD 1 to LD 4, and all were sacrificed between presumed GD 24 and
LD 4 because of excessive pup mortality. There was also a significant reduction in
litter size at birth at 20 mg/kg bw per day. The only other reproductive effect was a
significant increase in pup deaths between PND 4 and 21 at 15 mg/kg bw per day.
In this group, the dams also showed hindlimb splaying from LD 4 onwards.
Significant, dose-related decreases in pre-weaning body weight of male and
female pups were observed in all dose groups at all time points, except the
5 mg/kg bw per day group, in which pup body weight was significantly reduced
during the first week only, and only in females. Post-weaning, body weight
remained significantly reduced only in the 15 mg/kg bw per day group. The only
significant effects on motor behaviour were an increase in horizontal motor activity
in the open-field female pups from the 15 mg/kg bw per day group on PND 21,
which may reflect their developmental delay (exploratory motor activity in rats
normally peaks around PND 17). A similar trend was seen in females at PND 17
and in males at PND 17 and PND 21, but not at PND 59. In auditory startle
habituation tests, offspring in the 15 mg/kg bw per day group showed a significant
reduction in peak amplitude on PND 22 (both sexes) and on PND 59 (females
only). There were no treatment-related effects in passive avoidance tests per-
formed on PND 24, 31, 59 and 66. Absolute brain weight was reduced in offspring
in the 10 and 15 mg/kg bw groups on PND 11 and at postnatal week 11, but this
was secondary to their reduced body weights; relative brain weight in these
groups was slightly increased compared with controls (no statistical evaluation
was carried out). There were no treatment-related effects on neural histology. In
this study, the NOEL for maternal toxicity was 5 mg/kg bw per day, and the NOEL
for maternal neurotoxicity was 10 mg/kg bw per day. The overall NOEL for devel-
opmental toxicity was <5 mg/kg bw per day, based on effects on transient female
pup body weight at 5 mg/kg bw per day, and the NOEL for developmental
neurotoxicity was 10 mg/kg bw per day. The authors concluded that acrylamide is
not a selective developmental neurotoxicant, as effects were seen on offspring
body weight at a dose lower than that affecting behaviour (Wise et al., 1995).
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226 Special studies
(a) Covalent binding to nucleic acids and proteins
(i) DNA adducts

In vitro

Prolonged incubation of calf thymus DNA with acrylamide at physiological pH
and temperature for approximately 40 days produced several reaction products
with DNA bases. However, reaction of glycidamide with DNA was much faster
(Segerback et al., 1995; Gamboa da Costa et al., 2003). Several DNA adducts
from reaction of glycidamide with salmon testes DNA in vitro have been charac-
terized (see Figure 2 in section 2.2.4). These included two base adducts, N7-(2-
carbamoyl-2-hydroxyethyl)guanine (N7-GA-Gua; Segerbéck et al., 1995) and N3-
(2-carbamoyl-2-hydroxyethyl)adenine (N3-GA-Ade; Gamboa da Costa et al,,
2003), that arise from thermal hydrolysis of the labile N-glycosidic bond of the
adducted purine nucleosides. In addition, two stable nucleoside adducts were
detected: N1-(2-carboxy-2-hydroxyethyl)-2'-deoxyadenosine (N1-GA-dA) and its
Dimroth rearrangement product, N°-(2-carboxy-2-hydroxyethyl)-2'-deoxyadenosine
(N°-GA-dA). Reaction of glycidamide with DNA in vitro produced N7-GA-Gua, N1-
GA-dA and N3-GA-Ade in a ratio of approximately 100:19:1.7 (Gamboa da Costa
et al., 2003).

In vivo

When either acrylamide or glycidamide was administered to F344 rats and
B6C3F1 mice, N7-GA-Gua and N3-GA-Ade were observed in all organs examined
in a ratio of approximately 100:1, similar to the ratio observed in vitro; however,
methodological limitations precluded observation in vivo of N1-GA-dA (or after
conversion to NS-GA-dA), even though it is formed in vitro at levels 11-fold higher
than that of N3-GA-Ade. The levels of DNA adducts in adult mice treated with
glycidamide were 1.2- to 1.5-fold higher than in those treated with acrylamide;
however, in neonatal mice, glycidamide produced 5- to 7-fold higher adduct levels
than acrylamide, presumably reflecting the deficiency of CYP2E1 in neonates
(Gamboa da Costa et al., 2003).

Administration of acrylamide to rats in a single intraperitoneal injection of 50
mg/kg bw produced levels of DNA adducts in tissues that were generally lower
than those observed in mice (Doerge et al., 2005c), which is consistent with
previous observations in mice of more extensive formation of glycidamide-derived
urinary metabolites (Sumner et al., 1992) and haemoglobin adducts (Paulsson et
al., 2002; Sumner et al., 2003). Administration of glycidamide to rats produced a
much larger incremental increase in DNA adduct formation, relative to acrylamide
dosing, than was observed in mice. The adduct levels produced by glycidamide
were greater in rat tissues than in the respective mouse tissue.

Modest differences in DNA adduct levels were observed between the different
rodent tissues examined (Doerge et al., 2005c). These findings are consistent with
the large volumes of distribution determined for acrylamide and glycidamide (see
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Table 1 in section 2.1.1) and the wide tissue distributions observed in rodents
(Doerge et al., 2005a, 2005b). In addition to liver, the rat tissues examined were
those in which chronic administration of acrylamide at doses between 0.5 and 3
mg/kg bw per day resulted in elevated tumour incidences in F344 rats (i.e. thyroid,
testes, mammary gland and brain). While the mammary gland and testes showed
the highest DNA adduct levels of all tissues tested, the thyroid was lowest;
therefore, it seems unlikely that differences in DNA adduct formation alone can
account for the tumour tissue specificity observed in chronic carcinogenicity bio-
assays.

The role of CYP2E1-mediated oxidation of acrylamide (El-Hadri & Ghanayem,
2004) in the formation of glycidamide-derived DNA adducts was studied using
wild-type and CYP2E1 knockout mice strains (Ghanayem et al., 2005b). Admin-
istration of a single intraperitoneal dose of acrylamide (50 mg/kg bw) to male
CYP2E1 knockout and wild-type mice produced glycidamide concentrations in
serum at 6 h that were 20-fold higher in wild-type mice and acrylamide concen-
trations at 6 h that were 140-fold lower in wild-type mice. In addition, N7-GA-Gua
and N3-GA-Ade levels in liver, lung and testes were significantly lower in knockout
mice (52- to 66-fold). Similarly, glycidamide—haemoglobin adducts were 33-fold
lower and acrylamide—haemoglobin adducts were 2-fold higher in knockout mice.

The kinetics of glycidamide—DNA adduct loss were measured in rats following
a single gavage dose of acrylamide at either 18 or 54 mg/kg bw. Half-lives for loss
of N7-GA-Gua from liver, testes, brain, leukocytes and adrenals were in the range
of 53—89 h. For N3-GA-Ade, the range of half-lives was 19-33 h for liver, testes
and brain. The authors concluded that because the kinetics of adduct loss
observed in these tissues were similar to those observed in vitro at 37 °C, it is
unlikely that any active DNA repair processes are operative in rats for either
adduct. This conclusion appears valid for rat tissues in which elevated tumour
incidences were observed following chronic exposure to acrylamide (brain, testes),
as well as in non-target tissues (liver, leukocytes) (Maniére et al., 2005).

Repeated dosing of rats and mice with acrylamide administered in the
drinking-water resulted in production of steady-state serum levels of glycidamide
(0.4-0.6 pmol/l in rats) and in accumulation of N7-GA-Gua adducts in liver. In
mice, a steady state level of N7-GA-Gua was attained in approximately 14 days
with a half-life of about 4 days (Doerge et al., 2005¢). Female rats also appeared
to reach a steady-state level of adducts in approximately 14 days, with a formation
half-life of about 4 days. Adduct levels in males appeared to reach a maximum at
approximately 14 days, with a formation half-life of about 3 days. N3-GA-Ade was
not detected in any rat liver sample and only in the terminal mouse samples
assessed after 42 days of dosing. The authors speculated that this finding likely
reflects the lower steady-state levels reached by this adduct, relative to N7-GA-
Gua, because of its 3-fold faster removal kinetics and the inherently lower
amounts formed in DNA (approximately 1%) (Doerge et al., 2005¢).

Recent studies of DNA adduct formation in B6C3F1 mice and F344 rats have
shown that at low oral doses of acrylamide (0.1 mg/kg bw), the level of N7-GA-
Gua is linearly correlated with AUC for glycidamide (Doerge et al., 2005b). These
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findings show that internal exposure to glycidamide is the principal determinant of
DNA adduct formation in vivo.

(i) Haemoglobin adduct formation

Adducts of reactive electrophiles with proteins provide complementary infor-
mation to the corresponding DNA adducts, primarily in estimates of internal expo-
sures (see also section 2.4.1 and Figure 1) (reviewed by Térnqvist et al., 2002). N-
Terminal valine haemoglobin adducts from acrylamide and glycidamide are
detected and quantified through use of the Edman reagents, as the substituted
phenylthiohydantoins of N-(2-carbamoylethyl)valine and N-(2-carbamoyl-2-hydrox-
yethyl)valine, respectively, using gas chromatography (GC)/MS/MS (Paulsson et
al., 2003b) and LC/MS/MS (Fennell et al., 2003; Vesper et al., 2004).

In order to use haemoglobin adduct data for AUC estimation, the rate
constant for reaction between acrylamide or glycidamide and N-terminal valine
residues of haemoglobin is required, along with measurements of erythrocyte
turnover (Térnqvist et al., 2002). These rate constants have been determined, and
the reactivity of either rat or human haemoglobin with acrylamide is lower than the
corresponding reaction with glycidamide (2.5-fold, Bergmark et al., 1993; 1.3- to
1.6-fold, Fennell et al., 2005). The acrylamide— and glycidamide—haemoglobin
adduct levels in rats and mice exposed to acrylamide and N-methylolacrylamide
(NMA) have been measured in several studies (Paulsson et al., 2002, 2003a;
Fennell et al., 2003), and the correlation between glycidamide—haemoglobin
adduct levels and micronucleus formation has been determined (Paulsson et al.,
2002, 2003a). In general, the haemoglobin adduct data are consistent with
toxicokinetic studies that show greater conversion of acrylamide to glycidamide in
the mouse than in the rat, specifically at higher acrylamide doses (25-100 mg/kg
bw). However, observations that rats produce higher relative amounts of glycid-
amide—haemoglobin adducts as the administered dose of acrylamide is decreased
(Calleman, 1996) have been extended by recent toxicokinetic determinations that
show similar glycidamide AUCs in rats and mice administered the same low acryl-
amide dose (0.1 mg/kg bw), particularly by the oral route (Doerge et al., 20053,
2005b).

(b) Neurotoxicity

A number of reviews have been published on the subject of acrylamide neuro-
toxicity (Spencer & Schaumburg, 1974a, 1974b; Tilson, 1981; Hattis & Shapiro,
1990; Gold & Schaumburg, 2000; LoPachin et al., 2003; Ty! & Friedman, 2003;
LoPachin, 2004). The cumulative evidence described in these reviews indicates
that sufficient, repeated exposure to acrylamide by any route (dermal, oral,
intraperitoneal, etc.) eventually results in peripheral neuropathy. Crofton et al.
(1996) suggested that the observed neurotoxicity after acrylamide exposure
results from an accumulation of toxic damage from repeated exposures, since
acrylamide has not been shown to accumulate at the sites of toxicity.

The neurobehavioural deficits associated with acrylamide peripheral neurop-
athy (hindlimb weakness, foot splay and gait abnormalities) occur relatively early
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during exposure in rats and in the absence of detectable axonal degeneration
(LoPachin et al., 2000). Acrylamide-induced nerve terminal degeneration in the
cerebellum likely contributes to these characteristic gait abnormalities (Lehning et
al., 2002). Nerve terminal damage in the brain stem and spinal cord may develop
prior to axonopathy and the appearance of significant gait disturbances. These
observations and observations in the forebrain — where there is a clear absence
of axonal degeneration in the presence of significant terminal degeneration — led
to the suggestion that nerve terminals, rather than axons, may be the primary site
of acrylamide intoxication (Lehning et al., 2002; LoPachin et al., 2002). These
studies also demonstrated that with continued dosing, terminal degeneration
emerged in brain areas critical for learning, memory and other cognitive functions
(i.e. cerebral cortex, thalamus and hippocampus). Subsequent studies led to the
hypothesis that acrylamide reacts with specific target thiol-containing presynaptic
proteins (e.g. synaptosomal-associated protein of 25 kDa; N-ethylmaleimide-sen-
sitive factor) to disrupt normal neurotransmission and presynaptic membrane
turnover (LoPachin et al., 2002, 2003). Others have suggested that inhibition of
fast, bidirectional axonal transport by acrylamide might serve to cause or contrib-
ute to the noted terminal degeneration (Sickles et al., 2002). Regardless of
mechanism, degeneration of nerve terminals appears to precede the observation
of axonopathy originally reported by Spencer and colleagues (Spencer & Schaum-
burg, 1975, 1977), and it is now thought that the axonopathy is secondary to nerve
terminal degeneration.

The key neurotoxicity study considered by the Committee was that conducted
by Burek et al. (1980). Groups of 10 male and female F344 rats received
acrylamide at doses of 0, 0.05, 0.2, 1, 5 or 20 mg/kg bw per day in drinking-water
for 90 days. An additional 10 males per group were used for a 14-day recovery
period and a further 6-9 males for interim sacrifices and electron microscopy
during the 90-day period. Investigations conducted weekly included recording of
body weight, clinical signs of toxicity, test for peripheral neuropathy (measuring
foot splay after being dropped onto a horizontal surface from a low height) and
water consumption. Haematology was performed on day 76, at termination and on
day 60 of the recovery period for those not sacrificed after 90 days of acrylamide
exposure. Urinalysis was performed on day 76 and on completion of the exposure
period. Extensive macroscopic and microscopic pathology examinations were per-
formed on 59 males and 60 females after 92-93 days of acrylamide exposure and
on 4 males per exposure group after 144 days of recovery. Electron microscopy
was performed on males during the 90 days of acrylamide exposure (days 7, 33
and 90) and during the 144-day recovery period (days 25, 11 and 144).

Reduced body weight gain was noted only at 20 mg/kg bw per day. Among
those animals examined (males only), body weight was restored by day 141 of the
recovery period. Significantly reduced water consumption was noted among
females at 20 mg/kg bw per day.

Blood biochemistry was not remarkable. Haematology examinations on day
75 and at termination showed decreased packed cell volume, red blood cells and
haemoglobin values among male and females at 20 mg/kg bw per day. Significant
decreases in these parameters were also observed at termination among females
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at 5 mg/kg bw per day. Haematology performed on day 4 of the recovery period
still showed a reduction in packed cell volume, red blood cells and haemoglobin
values among males that had received 20 mg/kg bw per day. By day 60 of the
recovery period, a slight, but statistically significant, reduction in red blood cells
was still apparent, but other values had returned to normal. There were no further
haematology examinations, and, as with blood biochemistry examinations, the
magnitude of effects was not reported.

Statistically significant increases in landing foot splay were observed among
males and females at 20 mg/kg bw per day on day 22 and were more pronounced
at day 29, so this test was discontinued to prevent injury. Other clinical signs of
toxicity included curling of toes, splayed hindlimbs, incoordination and hindlimb
weakness. At the end of 90 days, there was a loss of use of hindlimbs. On males
and females at 5 mg/kg bw per day, there were no abnormalities on the landing
foot spread test at day 29. On day 12 of the recovery period, control males and
males at 5 mg/kg bw per day were tested on the landing foot splay test. There
were no abnormalities seen in this test and no clinical signs of toxicity at this or
lower exposure levels.

Histopathology of peripheral nerves after 90 days showed axon and myelin
degeneration; both enlarged and unusually small axons were observed, whereas
others were fragmented, broken or absent. Myelin degeneration was prominent
and observed as clumping of myelin, vacuolization, myelin debris or absence of
myelin. Interstitial space between individual nerve fibres was increased. These
peripheral nerve lesions were marked in all animals at 20 mg/kg bw per day.
Peripheral nerve lesions were also observed in most animals at 5 mg/kg bw per
day, but varied in severity from equivocal to very slight (focal or multifocal changes
in individual nerves) in 9 of 10 males and 6 of 10 females. Spinal cord sections,
taken from the cervical, thoracic and lumbrosacral regions, showed equivocal to
slight degenerative myelopathy (demyelinization, swollen astrocytes and swollen
axons) in the dorsomedial funiculi of one or all spinal cord sections in 5 of 10
males and 9 of 10 females at 20 mg/kg bw per day only. Transverse sections
through the cerebrum, cerebelium and midbrain did not reveal any abnormalities
among those animals examined (control and high dose levels).

The other major pathology findings, after 90 days at 20 mg/kg bw per day,
were atrophy of skeletal muscle (2/10 males and 8/10 females); ulcerative gastritis
or hyperkeratosis of the non-glandular stomach (4/10 males); testicular atrophy
(10/10 males); mineralization of focal or multifocal seminiferous tubules of the
testes (5/10 males); increased cellular debris and/or decreased spermatogenic
elements in the tubular lumina of epididymides (9/10 males); vacuolization of the
smooth muscle of the bladder (1/10 males and 2/9 females); and suppurative,
chronic-active or granulomatous inflammation in the lungs (3/10 males and 5/10
females).

Portions of perfused sciatic and brachial nerves from males after 25, 111 and
144 days of recovery were also examined. Nerve damage similar to that seen
during the treatment phase was seen in males that had received 20 and 5 mg/kg
bw per day only. Findings after 25 days of recovery were apparently more severe
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than those observed during the 90-day exposure period, but gradual recovery of
the nerve damage was observed subsequently such that at 144 days of recovery,
only very slight to slight alterations were seen in sciatic nerves of males that had
received 20 mg/kg bw per day. However, peripheral nerve lesions (altered tinctor-
ial properties and/or vacuolization of fibres) were still present at this dose in sciatic
and brachial nerves, although findings were less severe than after 90 days of
treatment. There was evidence that some regeneration had occurred. There were
no signs of nerve damage at this time point in other groups.

At the end of the recovery period, all four males that had received 20 mg/kg
bw per day still had testicular lesions (slight focal or multifocal atrophy of semini-
ferous tubules and mineralization and cellular debris in focal or multifocal tubules).
Lesions in the urinary bladder had essentially recovered by this time. Some inflam-
matory lesions were observed in the liver and lungs of males that had received
20 mg/kg bw per day, but the significance of these was uncertain.

Electron microscopy of nerve tissue provided additional evidence of sub-
stantial neuropathy, with some post-exposure recovery, at 20 and 5 mg/kg bw per
day. There were also some axolemmal invagination at 1 mg/kg bw per day at
90 days. No ultrastructural changes were observed at lower doses.

In summary, this important study demonstrated that oral administration of
acrylamide to rats for 90 days principally resulted in several lesions of peripheral
nerves and spinal cord at 20 mg/kg bw per day (with associated clinical signs of
toxicity); atrophy of skeletal muscle; testicular atrophy (although all the stages of
spermatogenesis were still apparent); and decreased red blood cell parameters.
Peripheral nerve lesions were also observed at 5 mg/kg bw per day, and slight
changes in nerve tissue (electron microscopy) were seen at 1 mg/kg bw per day.

Male and female Fischer 344 rats were treated with acrylamide via the drink-
ing-water at doses of 0, 0.01, 0.1, 0.5 or 2.0 mg/kg bw per day for 2 years.
Degeneration of peripheral nerves was observed in rats receiving 2.0 mg/kg bw
per day (Johnson et al., 1986).

In a lifetime (106 weeks) carcinogenicity study conducted in Fischer 344 rats,
acrylamide was administered in drinking-water at doses of 0, 0.1, 0.5 or 2.0 mg/kg
bw per day to males or 0, 1.0 or 3.0 mg/kg bw per day to females (Friedman et al.,
1995). Significant increases were reported in sciatic nerve degeneration observed
microscopically in high-dose males and females.

Acrylamide doses of 0, 5, 10, 15 or 20 mg/kg bw per day were provided to
maternal Sprague-Dawley rats by oral gavage from GD 6 to LD 10. The animals
were allowed to deliver, and offspring were evaluated for behavioural effects, as
well as histological changes to brain, spinal cord and peripheral nerve. Behav-
joural assessments were conducted during both the pre-weaning and adult
periods and included open-field motor activity, auditory startle habituation and
passive avoidance tests. All FO and F1 animals in the 20 mg/kg bw per day group
were euthanized early in the lactation period due to high pup mortality. Hindlimb
splaying was observed in dams in the two highest dose groups. Significant
decreases in average horizontal motor activity and auditory startle response were
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observed only in weanlings of the 15 mg/kg bw per day group. In F1 adult animals,
a decrease in auditory startle responses in females of the 15 mg/kg bw per day
group was observed. No effects were observed in the passive avoidance test or in
the histological examination of the nervous system of pre-weaning pup or adult
animals. Based on the authors’ results, the NOEL for developmental neurotoxicity
was determined to be 10 mg/kg bw per day. The authors indicated that because
behavioural changes in the offspring were observed only at doses that were also
maternally toxic (i.e. pup body weight was affected at a dose lower than that which
produced maternal effects or offspring behavioural effects), acrylamide may be a
selective developmental toxicant but not a selective developmental neurotoxicant
(Wise et al., 1995).

Fischer 344 FO weanling rats were exposed to acrylamide in drinking-water at
0.0, 0.5, 2.0 or 5.0 mg/kg bw per day for 10 weeks and then mated. Exposure of
FO females continued through gestation and lactation of F1 litters. FO males, after
FO mating, were removed from exposure and mated (one male to two untreated
females). F1 weanlings were exposed for 11 weeks to the same dose levels as
their parents and then mated to produce F2 offspring. FO and F1 parents and F1
and F2 weanlings were necropsied. Pre-breeding exposure of FO and F1 animals
resulted in increased head tilt and/or foot splay at 0.5-5.0 mg/kg bw per day. At
5.0 mg/kg bw per day, adult F1 male peripheral nerves exhibited axonal fragmen-
tation and/or swelling, while F1 female spinal cord sections were unremarkable.
The NOEL for adult systemic toxicity, including neurotoxicity, was <0.5 mg/kg bw
per day (Tyl et al., 2000b).

Male Sprague-Dawley rats were injected intraperitoneally once a day with
either acrylamide (8-14 days, 25 or 50 mg/kg bw per day) or glycidamide (8-14
days, 50 or 100 mg/kg bw per day). Both compounds affected rotarod perfor-
mance, but only acrylamide had a significant effect in the hindlimb splay test.
Morphological abnormalities were observed in sciatic nerves and dorsal root
ganglion cells of rats treated with acrylamide at 50 mg/kg bw per day for 12 days,
but not in rats exposed to glycidamide at 100 mg/kg bw per day for 11 days.
Despite evidence of an effect of glycidamide on motor skills, the authors con-
cluded, based on the hindlimb test results as well as the morphological studies,
that acrylamide was the compound primarily responsible for neurotoxicity (Costa
et al., 1992, 1995).

Male Sprague-Dawley rats were given acrylamide or glycidamide intraperito-
neally at an acrylamide-equivalent dose of 50 mg/kg bw. Both treatment groups
demonstrated similar neuropathological changes in the central and peripheral
nervous system, with glycidamide producing the more severe lesions. The authors
concluded that glycidamide is an active neurotoxic metabolite (Abou-Donia et al.,
1993).

Male rats injected intraperitoneally with acrylamide (25 or 50 mg/kg bw) or
glycidamide (50 or 100 mg/kg bw) once daily for eight doses demonstrated greater
toxic effects of acrylamide than glycidamide in a wheel rotation test, hindlimb splay
test and activities of glyceraldehyde-3-phosphate dehydrogenase in peripheral
nerves of rats. Evidence of peripheral nerve damage was observed only in
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acrylamide-treated animals. The authors concluded that nerve tissue was more
vulnerable to acrylamide than to glycidamide (Deng et al., 1997).

In a reproductive study discussed in more detail in section 2.2.5, neurotoxicity
was assessed in treated F1 animals via grip strength tests; the authors concluded
that there were only minor effects on grip strength at 10 and 30 mg/l and no neural
histopathology (Chapin et al., 1995).

Neurotoxicity studies in animals administered acrylamide in drinking-water or
by gavage are summarized in Table 6.

(c) Hormonal activity/effects

Acrylamide administration (10-30 mg/kg bw per day) elevated binding of
agonists to dopaminergic and serotonergic receptors in several rat brain regions
(Agrawal et al., 1981).

Acrylamide administration (10-20 mg/kg bw per day) increased serotonin
metabolism in rat brain regions (frontal cortex, striatum, hypothalamus, hippo-
campus and brain stem) and increased dopamine release from caudate nucleus,
but not hypothalamus or frontal cortex (Ali, 1983).

Acrylamide administration (single doses of 50—100 mg/kg bw or 10-20 mg/kg
bw per day for 10-20 days) increased Met-enkephalin in frontal cortex, but not
other brain regions, and had no effects on neurotensin, B-endorphin or substance
P. Acrylamide administration to male rats reduced testosterone and prolactin, but
not growth hormone (Ali et al., 1983).

(d) Thyroid function

A study on thyroid effects from short-term (2 or 7 days) dosing with acryl-
amide in female F344 rats with 2 or 15 mg/kg bw per day showed no significant
changes in triiodothyronine (T3)/thyroxine (T4), thyroid-stimulating hormone (TSH)
or prolactin (Khan et al., 1999); however, changes in thyroid foliicle colloid areas
and cell heights were interpreted as evidence for endocrine disruption that could
produce a tumorigenic response under chronic high dosing rates, as in rodent can-
cer bioassays. While there is little precedent for production of rat thyroid follicular
tumours in the absence of increases in TSH, it is possible that alterations in the
responsiveness of the pituitary or hypothalamus from hypothetical increases in
dopaminergic tone could actually reduce serum TSH, because dopamine is an
inhibitory factor in release of TSH from the thyrotrophs (Scanlon & Toft, 1996).

(e) Related contaminants

NMA is a structural analogue of acrylamide that is used similarly in a number
of commercial products requiring polymeric properties, whose presence in foods
has not been demonstrated. The United States National Toxicology Program
reported results from toxicity (16 days and 13 weeks) and carcinogenicity (2 years)
studies of NMA administered by gavage to male and female B6C3F1 mice and
F344 rats (Bucher et al., 1990). Evidence for neurotoxicity was more severe in
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rats, but was also apparent in mice and during the 13-week studies. Increased
incidences of tumours in liver, lung and Harderian gland were related to NMA
administration in both sexes of mice, and ovarian tumours were also observed in
females; no evidence for tumorigenicity was observed in rats.

Table 6. Neurotoxicity in animals repeatedly exposed to acrylamide by the oral route

Species, Exposure NOEL LOEL Effect Reference
sex conditions (mg/kg bw (mg/kg
(mg/kg bw per day) bw per
per day) day)
Fischer 0, 0.05, 0.2, 0.2 1 Morphological Burek et al.
344ratt M 1,520 changes in (1980)
dF EM
an 90 days in nerves (EM)
drinking- 1 5 Degenerative
water changes in
nerves (LM)
5 20 Hindlimb foot
splay
5 20 Decreased body
weight (8-20%)
5 20 Atrophy of testes
and skeletal
muscle
Fischer 0, 0.01, 01, 0.5 2.0 Degenerative Johnson et
344rat,tM 050r20 changes in al. (1986)
and F ) nerves (LM)
2 years in
drinking- 2.0 ND Hindlimb foot
water splay
0.5 2.0 Decreased body
weight (<5%, M
only)
0.5 2.0 Early mortality
after 24 weeks
2.0 ND Other non-
neoplastic
lesions
Fischer 0,0.1,0.5, 0.5M 2.0M Degenerative Friedman
344rat, M 2.0 (M) changes in et al.
dF LM 1
an 0,1.0,3.0 nerves (LM) (1995)
(F) 10F 3.0F
2 years in 20M ND Hindlimb foot
drinking- 30F ND splay

water



ACRYLAMIDE

Table 6. (contd)
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Species, Exposure NOEL LOEL Effect Reference
sex conditions (mg/kg bw (mg/kg
(mg/kg bw per day) bw per
per day) day)
Fischer 05M 20M Decreased body  Friedman
344 rat, M weight (8—9%) etal.
and F (1995)
(contd) 10F 3.0F
0.5 20 Early mortality
after 60 weeks
20M ND Other non-
neoplastic
lesions
3.0F ND
Fischer 0, 0.5, 2.0, 2.0 5.0 MM implantation Tyl etal.
344rat,tM 5.0 losses (FO & F1)  (2000a)
and F .
2 2.0 50M Degenerative
generations changes in
in drinking- nerves (LM)
t
water ND 0.5M Hindlimb foot
splay and head
tilt (FO M only)
0.5 20M Decreased body
weight (4-6%)
CD-1 0, 0.8, 3.1, 3.1 75 MM implantation  Chapin et
mouse,M 7.5 losses (FO and al. (1995)
and F 9 F1)
generations 7.5 ND Degenerative
in drinking- changes in
water nerves (F1; LM)
3.1 7.5 Mild deficits in
grip strength (F1
and F2)
7.5 ND Hindlimb foot
splay
31F 75F Decreased body
weight (8%, F1
only)
Sprague- 0, 5,10, 15, 10 15 Decreased Wise et al.
Dawley 20 maternal weight (1995)
t, F ain
8 GD 6-10 by g
gavage 10 15 Hindlimb splay,

maternal
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Table 6. (contd)

Species, Exposure NOEL LOEL Effect Reference
sex conditions (mg/kg bw (mg/kg
(mg/kg bw per day) bw per
per day) day)
Sprague- ND 5 Decreased body ~ Wise et al.
Dawley weight in (1995)
rat, F offspring
(contd)
10 15 Increased overall
horizontal
activity and
decreased
auditory startle
response in
offspring

EM, electron microscopy; F, female; GD, gestation days; LM, light microscopy; LOEL,
lowest-observed-effect level; M, male; MM, male-mediated; ND, not determined; NOEL, no-
observed-effect level

The neurotoxic potency of NMA appears to be significantly lower than that of
acrylamide (Bucher et al., 1990), and both acrylamide and glycidamide adducts
with haemoglobin were detected in mice and rats following dosing with either
acrylamide or NMA (Paulsson et al., 2002; Fennell et al., 2003); however, the
uncertainties about metabolic and non-enzymatic conversion of NMA to acryla-
mide make quantitative comparisons of potency based on relative adduct levels
difficult.

2.3 Observations in domestic animals

Seven Charolais cattle from a herd accidentally exposed, while grazing, to
acrylamide and NMA that were released from grouting activities associated with
tunnel construction in Sweden showed clinical signs of neurotoxicity over an 8-
month period, including hindlimb paralysis. The severity of the neurological symp-
toms correlated directly with the circulating levels of acrylamide—haemoglobin
adducts. The cattle recovered over the course of the study, and the gestation of
four pregnant cows proceeded normally (Godin et al., 2002).

2.4 Observations in humans

2.4.1 Biomarkers of exposure

The internal dose of acrylamide may be estimated from determinations of
concentrations of acrylamide or its metabolite glycidamide in bodily fluids or alter-
natively by quantifying the extent of adduct formation of acrylamide or glycidamide
with proteins or DNA. Acrylamide itself is a potential biomarker that has been
detected at low levels in human urine. Glycidamide itself has not been detected in
human urine to date. Haemoglobin adducts of acrylamide and glycidamide are
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currently used as the main biomarkers of acrylamide exposure (Tareke et al.,
2002). The background level of haemoglobin determined in human blood has
been estimated to correspond to a daily intake of approximately 100 ug of acryl-
amide per day, corresponding to 1.7 ug/kg bw per day for a 60-kg person.

In a study carried out in a Chinese factory manufacturing acrylamide and
polyacrylamide from acrylonitrile, blood samples and 24-h urine were collected
from 41 heavily exposed workers and 10 non-exposed controls from the same city.
Among workers, air sample data over the few months preceding the sampling as
well as an index of neurological symptoms were also obtained. Free acrylamide in
plasma and acrylamide—haemoglobin (Cys) adducts were measured, and the
mercapturic acid conjugates of acrylamide were measured in urine. All categories
of exposed workers had values of acrylamide—mercapturic acid conjugates in
urine higher than controls; its correlation coefficient with the neurological index
was r = 0.42 among workers. High values of AA—Cys adducts ranging from 0.3 to
34 nmol/g globin were observed among exposed workers, and a clear distinction
was evident between adduct levels in exposed and unexposed subjects.
Unexposed control subjects had levels below 0.01 nmol/g. Furthermore, there was
a close relationship (r = 0.67) between adducts and the index of neurological
symptoms among workers. The GA—-Cys adduct level was 1.6-32 nmol/g globin
(about 30% of AA-Val), with a good linear relationship with AA-Val (r = 0.96)
(Bergmark et al., 1993; Calleman et al., 1994).

AA-Val adducts were measured in laboratory workers in Sweden who used
acrylamide in the preparation of polyacrylamide gels. The mean adduct level was
54 pmol/g, being significantly higher than the mean level (31 pmol/g) of non-
smoking controls. The mean adduct level among smokers was higher
(116 pmol/g), with a good correlation with the number of cigarettes smoked per
day (Bergmark, 1997).

Acrylamide— and glycidamide~haemoglobin adducts were observed in blood
collected from 11 Korean workers from an acrylamide production plant, and much
lower levels were observed in all four outside control subjects (Licea-Perez et al.,
1999). The Committee noted that in this study, much lower levels of glycidamide
adducts relative to acrylamide adducts (3—12%) were reported than in the study by
Bergmark et al. (1993).

Construction of a tunnel in Sweden led to the inadvertent exposure of workers
to a grouting solution containing acrylamide and NMA over a 2-month period in
1997 (Hagmar et al., 2001). One to five weeks after cessation of exposure to the
grouting agent, 210 workers underwent physical examinations, and blood samples
were collected for analysis of acrylamide—haemoglobin adducts. In addition, blood
samples were collected from 18 non-smoking control subjects with no known
occupational exposure. The distribution of AA-Val adduct levels in workers was as
follows: <0.08 nmol/g, n = 47; 0.08-0.29, n = 89; 0.30-1.0, n = 36; and >1.0, n =
38. There was a significant relationship between measured AA-Val adducts in
groups of workers and the self-reported degree of exposure (high, some, none).
There were also significant associations between AA-Val adduct levels and
symptoms of peripheral neurotoxicity, skin irritation and general discomfort. The
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control subjects had AA-Val adduct levels in the range of 0.02—0.07 nmol/g, which
the Committee considered as being consistent with other studies of background
exposure to acrylamide from the diet.

In a chemical plant in Germany, 62 workers (38 smokers, 24 non-smokers
engaged in the production of surfactants for the textile industry) were investigated
to assess exposure to several alkylating substances, including acrylamide. Ten
persons not exposed occupationally to acrylamide (among which were two
smokers) were used as a control group. Median values of AA—Val adducts (pmol/g
globin) were 63 for exposed workers and 28 for controls; within workers, median
values were 89 for smokers and 22 for non-smokers. Among smokers, the
acrylamide—haemoglobin adduct level showed a good correlation with the number
of cigarettes smoked per day — i.e. the daily consumption of one cigarette raises
the level of acrylamide—haemoglobin adducts to about 3.4 pmol/g (Schettgen et
al.,, 2002).

Acrylamide—haemoglobin adducts were measured in a group of 72 adults (63
males, 9 females), all of whom had no known contact to acrylamide, other than
diet, including 47 smokers and 25 non-smokers. The median AA-Val level (pmol/g
globin) was 85 (range 13-294) for smokers and 21 (range <12-50) for non-
smokers. The reported levels of acrylamide-haemoglobin adducts are in line with
results obtained from referents or unexposed groups in studies focusing on
occupational exposure (Schettgen et al., 2003).

Acrylamide— and glycidamide—haemoglobin adducts were measured in con-
trol mice, rats and humans exposed through normal diets. The ratio of glycida-
mide/acrylamide adducts was 5.4, 1.8 and 1.0, respectively (Paulsson et al.,,
2003b).

An acrylamide-based grouting agent was used in railway tunnel works in
Norway in 1997; shortly afterwards, several tunnel workers complained of symp-
toms of neurotoxicity. Eighty-four days (range 60-143) after cessation of grouting,
mean acrylamide—haemoglobin adduct levels of 156 pmol/g globin in 23 exposed
workers and of 63 pmol/g in 8 unexposed referents were found. Among the non-
smoking workers, the mean AA-Val level was 82 pmol/g, compared with 33
pmol/g for the non-smoking referents, while the corresponding figures for smokers
were 225 and 154 pmol/g for exposed workers and referents, respectively, the
latter based on two measurements only. The extreme value for one exposed
smoker was 890 pmol/g (Kjuus et al., 2004). The Committee noted that acryla-
mide—haemoglobin adduct levels among referents were compatible with the esti-
mated background level of 2070 pmol/g seen in other studies, but the increase
seen among exposed persons, although significant, was lower than the increase
observed among Swedish tunnel workers described by Hagmar et al. (2001).
However, blood samples in the Swedish study were taken 1-5 weeks after
cessation of exposure, while in the Norwegian study, the samples were collected,
on average, 84 days (range 60—143) after cessation of grouting.

Acrylamide levels in urine of three men and three women were measured
following consumption of potato chips containing 938 + 1 pg acrylamide. Urinary
elimination half-times were determined to be in the range of 1.8-2.8 h (mean
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2.3 h) for total cumulative excretion of 2.2-6.2% (mean 4.5%) of the administered
quantity of acrylamide (Pournara et al., 2004).

AA-Val adducts were measured in blood from 11 pregnant women (on a
normal diet) a few hours prior to childbirth and in the corresponding umbilical cord
blood of 11 neonates. There was a linear correlation between AA-Val adducts in
mothers’ blood and umbilical cord blood (r = 0.86). The highest value for both the
mother and neonate was observed for the only smoking woman, as confirmed by
simultaneous measurement of acrylonitrile-haemoglobin adducts. Among non-
smokers, the median AA-Val adduct levels were 21 pmol/g and 10 pmol/g for
mothers’ blood and umbilical cord blood, respectively. However, considering the
different life span of fetal and maternal erythrocytes and body weight differences,
the authors conciuded that the internal dose (per kg bw) in newborn infants is
about the same as in their mothers (Schettgen et al., 2004).

Six volunteers consumed 85 g potato chips containing 115 pg acrylamide
daily for 1 week (average exposure 1.9 ug/kg bw per day), and blood was drawn
at baseline and at the end of the study for analysis of haemoglobin adducts. At
baseline, the mean glycidamide/acrylamide—haemoglobin adduct ratio was 0.61.
At the end of the study, levels of acrylamide—haemoglobin adducts had increased
in one of six subjects, decreased in one of six and remained unchanged in four of
six; by contrast, glycidamide—haemoglobin adducts increased in four of six sub-
jects and decreased in two of six. The mean glycidamide/acrylamide—haemoglobin
adduct ratio increased to 0.76. This study suggests that low dietary exposures to
acrylamide result in efficient conversion to glycidamide by people (Vesper et al.,
2004), similar to that observed in rodent studies conducted at low doses of
acrylamide (Doerge et al., 2005a, 2005b).

Mercapturic acid conjugates of acrylamide and glycidamide were measured in
the urine of 13 smokers and 29 non-smokers. The ratio of glycidamide/acrylamide
mercapturates was in the range of 0.03-0.53 (mean 0.16, a value similar to that
observed in rats). Haemoglobin adducts from acrylamide and glycidamide were
also measured, and a high degree of correlation between mercapturic acid conju-
gates and the respective haemoglobin adduct was observed. The glycidamide/
acrylamide—haemoglobin adduct ratio ranged between 0.4 and 1.7 (Boettcher et
al., 2005).

Acrylamide in doses of 0.5-3.0 mg/kg bw was administered orally and der-
mally to 18 non-smoking sterile male subjects, and urine and blood were collected
at baseline and at regular intervals for the determination of urinary metabolites and
haemoglobin adducts. Of the orally administered dose (3.0 mg/kg bw), 30% was
recovered in the urine, 26% being derived from acrylamide and 4% from glycid-
amide; however, no mercapturates from glycidamide were detected. A linear
response between acrylamide—~ and glycidamide—haemoglobin adducts was
observed after oral administration, and the ratios for adducts of glycidamide/acry!-
amide were in the range of 0.36-0.66 (Fennell et al., 2005). Data on urinary
metabolites and haemoglobin adducts were also obtained from male F344 rats
given an oral dose of 3 mg/kg bw. In contrast to men, 50% of the administered
dose was detected in urine of rats, of which 29% was acrylamide mercapturic acid
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conjugate and the remaining 21% was derived from glycidamide mercapturic acid
conjugates. The haemoglobin adduct ratio for glycidamide/acrylamide in rats was
0.84. The authors concluded that men metabolize acrylamide to glycidamide to a
lesser extent that do male rats and that dermal absorption in men was 6.6% of an
equivalent oral dose (Fennell et al., 2005).

It seems that there is an important need to have a comparison of external
dietary exposure with validated biomarkers of exposure and internal dose in order
to assess the use of these biomarkers as exposure biomarkers at dietary expo-
sure levels.

2.4.2 Biomarkers of effects

There are no biomarkers of effect for acrylamide, unless DNA adducts are
considered as such (see section 2.4.1).

2.4.3 Clinical observations

No clinical observations were located in the literature.

2.44 Epidemiological studies
(a) Cancer

(i) Occupational exposure

A cohort of 371 male workers employed in the manufacture of acrylamide
monomer and polyacrylamide was observed, with particular emphasis on cancers
at sites identified from animal studies as being possibly relevant to acrylamide
exposure, such as the central nervous system, thyroid gland, other endocrine
glands and mesotheliomas. Exposure was categorized based on a review of
worker job classification and personal 8-h time-weighted average concentration of
acrylamide. Twenty-nine deaths were observed (up until 1982) out of 38 expected;
after excluding workers not exposed to organic dyes, only four cancer deaths were
observed versus 6.5 expected. The authors concluded that this study does not
support a cause—effect relation between exposure to acrylamide at this work site
and overall mortality, total malignant neoplasm or any specific cancers (Sobel et
al., 1986).

An updated analysis of these data has been published (Marsh et al., 1999) for
three plants in the United States, with an extended follow-up that was 11 years
longer than in the previous report. The update also included a review of company
records, allowing an estimation of exposure based on air concentrations that had
been monitored from 1977. External comparisons were made with local (country)
rates, while internal comparisons between exposed and non-exposed workers
were carried out within the cohort. No association was found with mortality due to
total malignant tumours (standardized mortality ratio [SMR] = 0.98). An excess
mortality of at least 20% was found for cancers of the pancreas, thyroid, oesoph-
agus, kidney and rectum, but none of them reached statistical significance. After
further categorization of exposure using three levels, a significant excess risk was
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found for pancreatic cancer (SMR = 2.26, 95% confidence interval [CI] 1.03—4.29)
for subjects with cumulative exposure greater than 0.3 mg/m3-years; however, no
consistent exposure-response relationship was observed. This estimate was
based on nine pancreatic cancer cases (Marsh et al., 1999).

A reanalysis of the data proposed to combine the two intermediate categories
of exposure (0.001-0.029 and 0.03-0.29 mg/m3-years) to avoid the small number
of cases, obtaining a monotonically increasing risk with increasing exposure
(Schuiz et al., 2001).

The Committee noted that the main route of occupational exposure to acryl-
amide was inhalation and to a lesser extent dermal exposure.

(i) Dietary exposure

A series of case—control studies has been carried out in several areas of Italy
and Switzerland on cancers of the oral cavity and pharynx, larynx, oesophagus,
colon and rectum, breast and ovary. Overall, they include a few more than 7000
cases and 13 000 controls. All the studies were hospital-based and used a food
frequency questionnaire comprising 78 items to assess dietary intake. Two
questions asking for the usual consumption of fried/baked potatoes were used as
a surrogate for the dietary acrylamide intake. Subjects were categorized in three
levels, showing whether their weekly consumption was zero, one or more than one
portion of fried/baked potatoes. Odds ratios (ORs) estimated were adjusted by
age, gender and several potential confounders, including alcohol consumption and
smoking habits. All the ORs for the highest versus the lowest level of exposure
ranged between 0.8 and 1.1; an inverse trend was observed for colon cancer and
colon and rectal cancers combined (Pelucchi et al., 2003).

In a previous analysis of the same data, a positive association between
laryngeal cancer risk and consumption of certain fried foods was found: beef/veal,
fish/shellfish, eggs/omelet and potatoes. The OR for the highest to lowest levels of
exposure for fried potatoes was 1.86 (95% Cl 1.29-2.68), and the test for trend
was significant (P = 0.019) (Bosetti et al., 2003). The Committee concluded that
the different outcomes of the two analyses of laryngeal cancer may have been due
in part to different categorization of potato consumption.

The results of Pelucchi et al. (2003) were criticized because of lack of
inclusion of other foods important to total dietary intake of acrylamide, such as
coffee (Beer et al., 2004). A reanalysis of previous data according to coffee
consumption added a further 5500 cases and 7000 controls, approximately, from
other Italian and Swiss studies on breast and colorectal cancer. Compared with
the lowest level of consumption, significant ORs were found for the highest levels
of coffee consumption for cancers of the oral cavity and pharynx (0.6), oesopha-
gus (0.8), colon in Htaly (0.7) and colon/rectum in Switzerland (0.4) (Pelucchi et al.,
2004).

Already existing data from a population-based case—control study in Sweden,
aimed at assessing the relation between heterocyclic amines in fried foods and
large bowel and urinary tract cancers, were also used to assess the potential risk
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of dietary acrylamide. The study included 591, 263 and 133 cases of histologically
confirmed cases of cancers of large bowel, bladder and kidney, respectively,
together with 538 age and gender frequency-matched population controls. Dietary
habits for the 5 years prior to the study were assessed by means of a food
frequency questionnaire of 188 items, including the majority of foods found to
contain acrylamide. A score of acrylamide intake was assigned to every subject
from his or her usual food consumption, and the median acrylamide content was
determined by the Swedish National Food Administration. Potential confounders
considered in the analysis were smoking, body mass index and the intake of
alcohol, fruits and vegetables, red meat, saturated fat and total energy. Using
quartiles of daily dietary intake of acrylamide, the relative risk for colorectal cancer
decreased with increasing exposure with a significant trend, with a 40% reduction
of risk for those in the highest compared with the lowest quartile of consumption.
This inverse association was evident among non-smokers and suggestive (non-
significant) among smokers (Mucci et al., 2003a).

The authors reanalysed the study including acrylamide content in coffee; the
daily mean dietary acrylamide intake estimated was 34 ug for controls and 34.8,
36.8 and 34.5 g for cases of colorectal, bladder and kidney cancer, respectively.
The pattern of inverse association with colorectal cancer remained, and there was
a trend to a decreased risk of kidney cancer with increasing exposure to
acrylamide, although it did not reach statistical significance (Mucci et al., 2003b).

Data from a larger Swedish case—control study of renal cell cancer, which
included 379 cases and 353 age and sex frequency-matched controls, were
reanalysed. Dietary assessment was made by means of a food frequency ques-
tionnaire including 11 food items with potentially elevated acrylamide levels. Acryl-
amide food content was ascertained by search of food databases in Sweden and
the United States. The estimated daily average intake of acrylamide was 27.6 ug
per person, for both cases and controls. After adjusting for potential confounders
(smoking, education, body mass index, total energy), no association was observed
between renal cell cancer risk and dietary acrylamide; the relative risk (RR)
comparing the highest versus the lowest quartile was 1.1 (95% Cl 0.7-1.8) (Mucci
et al., 2004).

(a) Effects other than cancer

(i) Neurotoxicity

Among 41 heavily exposed workers involved in the production of acrylamide
in China, a neurotoxicity index was built based on neuropathic signs and symp-
toms and indicators of peripheral neural dysfunction, such as vibration threshold
and electroneuromyography. This index adequately predicted clinical diagnosis of
peripheral neuropathy and was significantly correlated with AA-Val haemoglobin
adducts and mercapturic acid in urine (Calleman et al., 1994).

Tunnel workers exposed to acrylamide in Sweden were asked about symp-
toms such as numbness, tingling or pain in hands, feet or legs in an interview, and
a physical examination was performed. A standardized neurophysiological
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examination was carried out, comprising both motor (median and peroneal nerves)
and sensory (median and sural nerves) neurography and measurement of sensory
perception thresholds in the left foot. There was a significant dose-response
association between prevalence of peripheral nervous symptoms and AA-Val
haemoglobin adducts. The upper confidence limit for the threshold dose was 0.51
nmol/g for numbness or tingling and 1.86 nmol/g for leg cramps (Hagmar et al.,
2001).

The Committee noted that there was a time lag in exposure measurement, as
blood samples were drawn for haemoglobin adduct measurement 1-5 weeks after
exposure ended, and that haemoglobin adduct levels may not have reached a
steady state during the 2 months when most of the exposure occurred. This may
have affected the internal dose estimation.

Neurophysiological measurements among tunnel workers exposed to acryla-
mide and NMA in Norway included motor nerve conduction velocity (NCV), ampli-
tude and F-latency in the median, ulnar, peroneal and posterior tibial nerves as
well as sensory NCV and amplitude in the median and ulnar nerves. Most neuro-
physiological measurements did not show any significant difference between
exposed and non-exposed subjects; however, there was a slight but significant
difference in the mean sensory NCV and motor distal delay in the ulnar nerve
4 months post-exposure and also a reduction in mean sensory NCV and ampli-
tude in the sural nerve after 16 months. Early reversible changes were found in
the upper but not in the lower extremities (Kjuus et al., 2004).

The Committee noted that exposure to acrylamide in these studies was inhal-
ation and dermal, not dietary.

(i) Genotoxicity

An unpublished report reported the frequency of chromosomal aberrations in
tunnel workers in Norway with relevant exposure to acrylamide. Blood samples
were collected from 25 tunnel workers with highest exposure to acrylamide-
containing grout and 25 workers who had not been exposed, and four lymphocyte
cultures per sample were carried out. Chromosome damage was scored per 200
cells and reported as number of cells with aberrations (excluding gaps), chromatid
breaks, chromosome breaks, chromatid gaps and chromosome gaps. Further-
more, DNA from all subjects but two controls was genotyped to assess deletion
polymorphisms in glutathione-S-transferases M1 and T1 (GSTM1 and GSTT1). Al
indicators of chromosome damage were higher among exposed, but only the dif-
ference in mean number of chromatid gaps (10.6 vs 6.4) was statistically signif-
cant. This pattern remained unchanged when subjects were stratified according to
length of exposure and smoking habits. Among workers with GSTM1-/GSTT1-,
higher frequencies for all effect parameters were evident in the exposed group,
although none of them reached statistical significance, probably due to small
numbers (four exposed vs three controls). Among subjects with GSTM1-/GSTT1+
and GSTM1+/GSTT1+, only the number of chromatid gaps was higher for
exposed. The most consistent finding related to genotypes was the lower number
of chromatid gaps in subjects with intact genes: among exposed, the mean
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number of chromatid gaps was 16.3 for subjects with GSTM1-/GSTT1-, 10.4 for
subjects with GSTM1-/GSTT1+ and 8.8 for those with GSTM1+/GSTT 1+, respec-
tively (Kjuus et al., 2005). The Committee noted that both GSTM1 and GSTT1
enzymes induce conjugation with glutathione, one of the potential pathways in the
metabolism of acrylamide. The results may indicate that individuals with intact
genes, and thus active enzymes, are less prone to such chromosomal aberrations
when exposed to acrylamide. On the other hand, so far only increased chromo-
some aberrations including chromatid and/or chromosome breaks, but no chroma-
tid gaps, have been found related to cancer.

3 ANALYTICAL METHODS
3.1 Chemistry

Acrylamide (CH>=CH-CO-NH>; 2-propenamide) is a white crystalline solid. It
has a relative molecular mass of 71, a melting point of 84.5 + 0.3 °C and a high
boiling point (136 °C at 3.3 kPa) (Cyanamid, 1969; Habermann, 1991). Acrylamide
is extremely soluble in water (2155 g/l at 30 °C), in lower alcohols (1550 g/l in
methanol and 860 g/l in ethanol) and in other polar organic solvents (396 g/l in
acetonitrile, 126 g/l in ethyl acetate and 631 g/l in acetone). It is virtually insoluble
in non-polar organic solvents such as heptane and carbon tetrachloride (<1 g/l)
(Cyanamid, 1969; Habermann, 1991). The limited conjugation involving n-elec-
trons means that acrylamide lacks a strong chromophore for ultraviolet (UV)
detection and does not fluoresce. The solubility behaviour dictates the extraction
strategy used for analysis, and the low molecular mass and low volatility have
consequences with respect to the measurement techniques used.

Solid acrylamide is quite stable at ambient conditions and has a long storage
life. Even at temperatures up to its melting point, no significant polymer formation
is observed (e.g. for 1 day in the absence of light). Above its melting point, how-
ever, liquid acrylamide polymerizes rapidly and exothermically (Habermann,
1991).

Acrylamide is a bifunctional monomer containing a reactive electron-deficient
double bond and an amide group, and it undergoes reactions typicat of those two
functionalities (Friedman, 2003). It exhibits both weak acidic and weak basic
properties. The electron-withdrawing carboxamide group activates the double
bond, although the activation is not as great as by a carbonyl or acid group in
conjugation. Consequently, acrylamide reacts with nucleophilic reagents in a
Michael addition reaction.

3.2 Description of analytical methods

3.2.1 Introduction

The formation of acrylamide is discussed in section 5.
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3.2.2 Screening tests

Several research groups have undertaken developmental work to raise anti-
bodies to acrylamide with the objective of deploying a test methoed in enzyme-
linked immunosorbent assay (ELISA), dip-stick or lateral-flow formats. No publica-
tions have reported success. It seems likely that the reactivity of acrylamide allied
to its small size has so far defeated attempts to raise useful antibodies.

A schematic of the main steps in analysis of foods for acrylamide is shown as
Figure 3.

Figure 3. General schematic for acrylamide analysis
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3.2.3 Quantitative methods

(a) Addition of internal standard

Nearly all published methods use internal standards. Both deuterium-labelled
(2H3—AA) and carbon-labelled (1303-AA) substances are available commercially
and are used widely. The triple label in each takes the internal standard well away
from the mass ions used to measure acrylamide itself in methods that employ MS.
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In most published methods, the internal standard is added to the specimen of
food, and a period of incorporation is allowed before commencing extraction. It is
then assumed that the internal standard behaves in the same way as the “native”
acrylamide. This is usually checked by determining the recovery of acrylamide
spiked into the matrix.

(b) Extraction using water

The high water solubility of acrylamide means that extraction of foods using
plain water is effective. Water extraction is most usually conducted at room
temperature (Rosén & Hellends, 2002; Tareke et al., 2002) with a mass ratio of
about 1 part sample to 10 parts water (Rosén & Hellenas, 2002; Tareke et al.,
2002). Acrylamide is neither strongly acid nor basic, so adjustment of pH is not
required. The sample needs to be finely divided to ensure efficient extraction.
Extraction seems to be rather rapid, and just a few minutes’ agitation of a dis-
persed sample in cold water is effective. Cereal and potato products are naturally
hydrophilic and extract well. Extraction using hot water for 1-2 h does not seem to
give any higher recovery (Owen et al., 2005). However, fatty matrices such as
chocolate or peanut butter benefit from using hot water to promote dispersion and
effective extraction (Ahn et al., 2002; Gutsche et al., 2002; Zyzak et al., 2003).
Alternatively, room temperature extraction using a binary mixture of water and an
organic solvent such as dichloroethane to break up and remove the fat phase
(Zyzak et al., 2003) is very effective. Other organic solvents, including hexane,
have been used by others for defatting the sample prior to water extraction
(Gutsche et al., 2002; Hartig et al., 2003; Vattem & Shetty, 2003).

(¢} Extraction using organic solvents

Accelerated solvent extraction with acetonitrile has been used as an
alternative to water extraction for analysis of acrylamide in potato products and
crispbreads (Cavalli et al., 2003). Other polar solvents, including methanol (Tateo
& Bononi, 2003), propanol, acetonitrile and ethanol/dichloromethane mixture, have
been employed to extract acrylamide from foods (Owen et al., 2005). Pre-swelling
some foods with water is necessary to ensure efficient extraction (Biedermann et
al., 2002c).

(d) Efficiency of extraction

When the same materials are analysed by laboratories using different
extraction solvents and extraction conditions, such as in proficiency exercises
(Clarke et al., 2002; Owen et al., 2005), there is a general consensus of results,
with no evidence that one combination of solvents/conditions gives rise to better
results than others. Some laboratories (Biedermann et al., 2002¢; Jezussek &
Schieberle, 2003) have used an enzymatic treatment of the food sample during
water extraction, but treatment with amylase or protease did not liberate any
additional acrylamide in the foods tested. The preponderance of evidence from
different extraction studies indicates that extraction of acrylamide for the food
sample is complete when using the normal analytical procedures (JIFSAN, 2004).
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(e) Determination by GC-MS after bromination

Analysis for acrylamide using bromination and GC determination was rel-
atively advanced even before acrylamide was discovered in heated foods,
because of the need to test drinking-water, discharge waters and crops for
acrylamide (Lande et al., 1979; Castle et al., 1991; Habermann, 1991; Bologna et
al., 1999). Bromination affords an analyte that is much easier to analyse at trace
levels than acrylamide itself. The product of bromination is 2,3-dibromopro-
pionamide, which can be back-extracted from the agueous bromination solution
into a solvent such as ethy! acetate. Bromination is an addition reaction, and the
isotope label (2H or 13C) on the internal standard is retained (Nemoto et al., 2002;
Ono et al., 2003).

In some methods, the first-formed 2,3-dibromopropionamide is dehydro-
brominated to form the more stable 2-bromopropenamide by treatment with
triethylamine before GC-MS analysis. In this case, one of the three deuterium
labels is lost if 2H3-AA is used as the internal standard, but quantification via the
monobromo derivative is still successful (Andrawes et al.,, 1987; Nemoto et al.,
2002; Pittet et al., 2004).

(i) Confidence in the identification and quantification aspects

It is possible to determine acrylamide by bromination followed by GC analysis
using an alkali flame ionization detector (Schultzova & Tekel, 1996) or using an
electron capture detector (Poole et al.,, 1981; Raymer et al., 1993). However,
virtually all laboratories make use of the extra selectivity and confidence offered by
MS coupled with the facility this provides to use an isotopically labelled internal
standard.

The bromination-GC-MS (Br-GC-MS) method has a high intrinsic level of
specificity originating from three attributes: 1) water extraction, bromination to
make a less polar derivative and then back-extraction into ethyl acetate eliminate
many water-soluble and unreactive components; 2) capillary GC is a high-resolu-
tion procedure with a large number of effective chromatographic plates; and 3)
brominating the acrylamide gives a higher molecular mass analyte, which,
especially with the characteristic "°Br/*'Br isotope pair, gives several ions to
monitor and confirms the identity of the analyte.

(i) Trueness of the Br-GC-MS analysis

There was an initial concern that the harsh conditions used in the bromination
procedure, with strong acid and potentially oxidizing conditions with elemental
bromine, might give rise to acrylamide formation from precursors as an artefact of
the method. These concerns were dispelled early on when parallel analysis of
sample extracts using Br-GC-MS and underivatized LC-MS gave broad agreement
for a range of food types (Ahn et al., 2002). More recently, when 74 different food
samples were tested using both Br-GC-MS and LC-MS, the range of results
spanned 2-3500 ug/kg. There was excellent correlation between the two
approaches, with a correlation coefficient of 7 = 0.946. The slope of the line was
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near unity (Y = 0.931X), and the intercept was very close to the origin (-2.2 pg/kg)
(Ono et al., 2003). Similarly, in check-sample exercises, there has been no
evidence of any bias from Br-GC-MS methods compared with other test methods
used (Owen et al., 2005).

(iii) Performance of the Br-GC-MS methods

In a typical procedure (Ahn et al., 2002), homogenized food is extracted by
shaking with water in a 1:10 ratio. A portion of the filtered extract is brominated
overnight at about 5 °C, and the derivative is extracted into ethyl acetate. The
organic extract is dried over sodium sulfate and then evaporated to a small vol-
ume. Analysis on a normal bench-top GC-MS instrument fitted with a capillary
column with a 50:50 phenyl/methyl silicone phase gave a limit of quantification
(LOQ) of less than 10 ug/kg. At this level, the brominated acrylamide gave a good
response in all 4 m/z channels monitored. In this procedure, 1 mi of final analysis
solution corresponded to 1 g of food.

It is possible to increase the effective concentration for GC-MS analysis, for
example, using a procedure described by Ono et al. (2003), in which a final
analysis solution of 25 pl corresponds to 0.28 g food, or an 11-fold concentration.
The limit of detection (LOD) and LOQ were said to be 1 ug/kg and 3 pg/kg,
respectively (Ono et al., 2003). Other cleanup steps have been described, using
Carrez solutions | & Il, cleanup of the brominated derivative using Florisil,
dehydrobromination using triethylamine and then GC-MS (Pittet et al., 2004). The
concentration factor was 34 (final extract of 0.44 mi corresponding to the 15-g food
specimen), and the LOD and LOQ were quoted to be 2 pg/kg and 5 ug/kg,
respectively. Cleanup of the brominated food extract on silica (Castle et al., 1991;
Castle, 1993), on Florisil (Nemoto et al., 2002; Pittet et al., 2004) and by size
exclusion chromatography (Tareke et al., 2000) have also been employed to good
effect in order to achieve lowered detection limits. An LOQ of 5-10 pg/kg is more
than adequate for testing most individual food items, although improved sensitivity
is desirable when testing composite diet samples.

(iv) Br-GC-MS: Conclusions

It can be concluded that methods using bromination of acrylamide followed by
GC-MS are well developed and have been demonstrated to be accurate in check-
sample exercises. LOQs down to 5 pg/kg are well within the reach of the average
laboratory equipped with a standard benchtop GC-MS instrument.

(f) Determination by GC-MS with no derivatization

Acrylamide is not a natural candidate for direct GC-MS analysis, for several
reasons. Firstly, the polar solvents (and preferably water) that are required to
effect a good extraction of acrylamide out of foods are not well suited for pre-
concentration and injection onto a capillary column. Secondly, acrylamide is very
polar and has a low volatility compared with its molecular mass, and so selection
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of the column phase is critical. Lastly, such a small molecule with a relative
molecular mass of 71 does not give a very convincing or unique mass spectrum.

Nevertheless, a number of laboratories have persisted with the difficult task of
developing a direct GC method for acrylamide (Biedermann et al., 2002c¢), largely
because it offers higher sample throughput (avoiding the time-consuming bromi-
nation step) and it reduces the use of corrosive and hazardous chemicals. Given
the limited solubility of acrylamide in most organic solvents, a polar solvent such
as methanol (Tateo & Bononi, 2003), propanol or butanone (Biedermann et al.,
2002c) is needed for efficient extraction. Water is still required, however, since
swelling of many food samples with water is necessary; otherwise, the recovery is
very poor. Fatty samples require defatting, normally by extraction into hexane.
Due to the high polarity of acrylamide, a polar column such as Carbowax is used,
and on-column injection is preferable. Chemical ionization is said to offer better
sensitivity than electron impact ionization, with an LOD down to 5 pg/kg (Robarge
et al., 2003).

Extract cleanup for underivatized GC-MS is likely to be more demanding than
for the Br-GC-MS procedure, although little comparative work has been reported.
The extra requirement is because of the possibility that the precursors of
acrylamide may be extracted and thus that extra acrylamide may be formed as an
artefact during the GC analysis. It has been noted by others (DeVries & Post,
2004; Grob et al., 2004; Tanaka et al., 2004) that extraction of acrylamide
precursors from foods can lead to extra acrylamide formation as an artefact during
subsequent heating, and this may occur also in the hot injection port of a gas
chromatogram. In proficiency check-sample exercises, it has been noted (Anklam
& Wenazl, 2005; Owen et al., 2005) that some laboratories using the direct GC-MS
approach report high results.

(g) Determination by LC

LC has been used as the determination step after bromination (similar to GC)
using a UV detector measuring at 196 nm (Brown & Rhead, 1979) in aqueous
samples and in sugar using a column switching technique and with a thermospray
interface to MS (Cutié & Kallos, 1986). LC-UV has also been used to test directly
for residual acrylamide in polyacrylamides, soil and other environmental samples,
by measuring in the rather universal range 208 up to 254 nm (Skelly & Husser,
1978; Shanker et al., 1990; Smith & Oehme, 1993; Ver Vers, 1999; Saroja et al,,
2000). LC-UV exhibits rather poor sensitivity and selectivity, because acrylamide
possesses a poor UV chromophore. Nevertheless, it has found application, espe-
cially in the testing of food samples prepared in the laboratory to simulate home
cooking or industrial cooking and so for which blank (uncooked) samples are
readily available to help guard against interferences in the analysis.

LC-UV has been used to test mainly potato products and instant noodles, for
which acrylamide levels can be rather high, and so sensitivity is not a major issue.
A drawback with this technique is that isotope-labelled acrylamide cannot be used
as internal standard. To compensate for the lack of selective detection, column
switching techniques have been used to get better separation (Terada & Tamura,
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2003). For french fries and other foods, LC-UV at low wavelengths gave broadly
the same results as L.C-MS (Cavalli et al., 2003; Peng et al., 2003). Using LC with
a diode array detector at 200, 214 and 240 nm for the analysis of potato chips
showed higher results than expected for uncooked potato, but the results were not
confirmed by another technique (Vattem & Shetty, 2003).

(h) Determination by LC-MS
(i) Extract cleanup requirements for LC-MS

As stated above, the best extraction solvent for acrylamide in foods is water,
and this extract is directly compatible with reversed-phase LC using an aqueous
mobile phase with a small amount of organic modifier. However, some prior
cleanup of the aqueous extract is required. Cleanup for LC-MS methods has three
approaches that are often used in combination: 1) using solid-phase extraction
(SPE) with complementary stationary phases; 2) using chemical deproteination
with Carrez | and Il solutions (Gutsche et al., 2002; Hartig et al., 2003); and 3)
removing unwanted co-extractives by physical methods of freeze—-thaw precipi-
tation or membrane filtration. No difference in results depending on the way in
which the samples have been purified has been reported.

For purification of the extracts, different kinds of SPE columns have been
used, including graphitized carbon, ion-exchange resins and mixed-mode mater-
ials. In most cases, the choice of any particular cleanup SPE cartridge has been
made largely by trial and error until the problem has been solved. Consequently, a
large number of SPE materials have been reported (Ahn et al., 2002; Gutsche et
al.,, 2002; Rosén & Hellends, 2002; Tareke et al., 2002; Becalski et al., 2003;
Leung et al., 2003; Ono et al., 2003; Peng et al., 2003; Riediker & Stadler, 2003;
Roach et al., 2003; Andrzejewski et al., 2004; Shih et al., 2004). In many cases,
the SPE cleanup step has been combined with a molecular size cut-off filter (3—-5
kDa) to remove larger molecules that would otherwise interfere.

(i) Chromatographic performance in LC-MS

The chromatographic resolving power of LC columns is much lower than for
GC columns, so column choice is critical for a successful analysis. This is espe-
cially true because acrylamide is so water soluble and it is a challenge to get
useful retention on most reversed-phase LC columns.

As with the SPE cleanup, a number of different stationary-phase chemistries
have been used to effect the LC separation of acrylamide from other co-extrac-
tives. These include graphitic carbon (Gutsche et al., 2002; Rosén & Hellenas,
2002; Tareke et al, 2002; Becalski et al., 2003; Hartig et al., 2003; Inoue et al.,
2003; Leung et al., 2003; McHale et al., 2003; Shih et al., 2004), octyl decyl-
modified silica (Ahn et al., 2002; Hartig et al., 2003; Ono et al., 2003; Peng et al.,
2003; Roach et al., 2003; Zyzak et al., 2003; Andrzejewski et al., 2004), other
modified silicas (Hartig et al., 2003; Jezussek & Schieberle, 2003) and ion-
exchange resins (Cavalli et al., 2003; Riediker & Stadler, 2003) — some with a
supplementary size-exclusion mode too (Terada & Tamura, 2003). No difference
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in results has been shown depending on the type of column used. The column
type used most frequently is graphitic carbon.

(iii) Detection by LC-MS

Triple-quadrupole mass spectrometers for LC-MS are quite expensive, but
single-stage instruments are not usually sensitive enough to conduct acrylamide
analysis on water extracts of foods unless a degree of pre-concentration is used.
Even so, most modern LC-MS/MS instruments perform relatively poorly below
about 100 Da unless tuned specifically for low mass/charge ratio ions; acrylamide
has a relative molecular mass of 71. Most LC-MS/MS methods use ESI in the
positive ion mode (Ahn et al., 2002; Gutsche et al., 2002; Rosén & Hellenas, 2002;
Tareke et al., 2002; Ahn & Castle, 2003; Becalski et al., 2003; Hartig et al., 2003;
Leung et al., 2003; Ono et al., 2003; Riediker & Stadler, 2003; Roach et al., 2003;
Andrzejewski et al., 2004; Shih et al., 2004).

(iv) Confidence in LC-MS identification of acrylamide

LC-MS/MS identification of acrylamide rests on the chromatographic retention
time and on the presence and relative abundance of characteristic ions (JIFSAN,
2004). The main ions observed for acrylamide are m/z 72 (protonated molecular
ion), 55 (loss of amino) and 27 (subsequent loss of carbon monoxide). A typical
identification criterion is that the relative abundance values should agree to within
+10% for acrylamide to be considered to be detected (Roach et al., 2003;
Andrzejewski et al., 2004). In a similar vein, acrylamide in food was confirmed if at
least two positive selective-reaction monitoring (SRM) responses were obtained
with matching ion ratios within an acceptable tolerance (mean + 10-20%) com-
pared with the ratios obtained from acrylamide standards. Three SRM traces were
routinely recorded, although the acquisition of just two SRM traces fuffils the
criteria required in the Commission Decision 2002/657/EC (Riediker & Stadler,
2003). Another criterion that has been used is to examine the full mass spectrum
obtained. So, for example, the ion m/z 55 was used for quantification; for
identification, the spectra should be identical for the sample and for the standard
at 10 eV and 20 eV collision energy (Tareke et al., 2002).

(v) Quantitative aspects of LC-MS analysis

In many reports, it is not clear exactly how the reported LOD and LOQ values
were derived. Some laboratories have derived the values from standards, and
others from sample extracts. It is also frequently unclear if the LOD and LOQ
values cited are for the main qualifying ion only or if they take proper account of
the need to record and measure the qualification ions so that the relative
abundance ratios can be checked. For acrylamide, the qualification ions are often
much weaker (less abundant) than the main quantification ion, depending on the
instrument and the conditions used. Most laboratories are still within the same
magnitude as Rosén & Hellenas (2002) and Tareke et al. (2002), independent of
which LC-MS method they have used. LOD values are 3—-20 pg/kg, LOQ values
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are 10-50 pg/kg and the analysis is linear over the range 10-10 000 pg/kg (with
some variations).

(vi) LC-MS methods: conclusions

Most survey data for acrylamide have been obtained using LC-MS/MS anal-
ysis. The technique has proved to be well correlated with GC-MS measurements
and is accurate.

(i)  Summary of the performance of analytical methods used

During the past 3 years since acrylamide formation in heated foods was
discovered and reported, there has been a tremendous development of analytical
methods for the determination of levels in foods. There are both GC-MS and LC-
MS/MS techniques, which fulfil the requirements for today's acrylamide analysis
(Wenzl et al., 2003). There is currently an absence of certified reference materials
and methods that have been tested collaboratively according to the harmonized
guidelines of the International Union for Pure and Applied Chemistry (IUPAC).
Consequently, the performance of methods is judged using in-house (single labor-
atory) validation data and performance in check-sample exercises and perfor-
mance assessment schemes. The methods show good agreement generally and
are likely to be accurate. There is a need for improvements in precision (within-
laboratory) and repeatability (between-laboratory). However, given the very wide
range of acrylamide concentrations that can be achieved using different cooking
and heat-processing methods, and given the very high number of survey data
available, it is not expected that the analytical uncertainty will be a large factor in
the overall uncertainty in estimates of exposure.

4. SAMPLING

Acrylamide formation is largely a surface phenomenon where the conditions
of high temperature and low moisture pertain. The affected foods are mostly
solids. Acrylamide is not distributed homogeneously throughout these foods, but it
is concentrated at the surface. There can be very large differences between
individual food pieces, such as potato crisps or chips. There can also be large
differences in acrylamide content within individual crisps or chips, since the edges
and tips brown more than the rest of the item. So the whole portion or serving of
food as eaten should be homogenized thoroughly before a specimen is taken for
extraction and analysis. Acrylamide is freely water-soluble and virtually insoluble in
oil and fat phases, so if there is any tendency for foods to separate, this should be
avoided. This said, most of the affected foods can be homogenized quickly and
effectively.

Acrylamide levels have been reported to decline slowly in some food products
during long-term storage. One example is ground coffee, for which a 40-65%
decline was found after 6 months’ storage of three brands at room temperature
(Andrzejewski et al., 2004). in contrast, there was no significant decline of
acrylamide levels in a coffee sample stored at —40 °C (Andrzejewski et al., 2004).
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Also in the work of Andrzejewski et al. (2004), the level of acrylamide in coffee
was measured when freshly brewed and after standing heated for up to 5 h. No
significant change in the concentration was found. In general, however, for home-
cooked, take-away and restaurant meals that are freshly cooked and then
consumed hot, there seem to have been no systematic studies reported on the
short-term stability of acrylamide. The current view is that these products can be
allowed to cool and then analysed later, but this should be verified.

Given that acrylamide seems to be rather stable in the large majority of the
affected foods, any discrepancy between the date of analysis of retail samples
compared with the “normal” date of consumption by the consumer is not expected
to be a major source of error in estimates of intake via the diet.

5. EFFECTS OF PROCESSING

5.1 Heat-induced formation of acrylamide in foods

Acrylamide formation has been discussed and reviewed recently (European
Commission, 2003; Friedman, 2003; European Food Safety Authority, 2004;
JIFSAN, 2004; Taeymans et al., 2004).

The free amino acid asparagine, present as such in many raw food commod-
ities, has been identified as a major precursor of acrylamide in foods. Heat-
induced formation from asparagine, involving reducing sugars or other carbony!
compounds as necessary co-reactants, has been demonstrated in a number of
studies on mixtures of pure chemicals or simple food models. The importance of
asparagine is further supported by observations from real foods — e.g. through
conformity between acrylamide and asparagine levels in foods due to variations in
the natural asparagine content or as a result of addition or enzymatic removal.

From a very simplistic view, the conversion from asparagine to acrylamide
merely represents elimination of the carboxyl and the amine groups from the
asparagine molecule. However, the general view is that the most important
formation mechanism in food is through complex Maillard reactions. Several
reaction pathways have been suggested and supported by experimental evidence
from model experiments. Some controversy still exists on the quantitative impor-
tance of these different pathways.

Acrylamide formation from other precursors and/or by other reaction mech-
anisms has been demonstrated in chemical model systems. No firm data have
been presented indicating their importance to acrylamide levels in foods. Alter-
native mechanisms could be minor contributors to the acrylamide formation in
common and important food sources, working in parallel with Maillard reactions of
asparagine, and possibly of more significant importance in certain specific food
commodities and with specific cooking/production conditions.

Much of the present knowledge on formation mechanisms and factors has
been obtained from test tube studies on chemical mixtures or simple food models.
Differences in results from different studies might be due to model setup — e.g.
dry or aqueous environment, open or closed system, choice of



78 ACRYLAMIDE

temperature/heating time, etc. Often, a small amount of dry test sample in a
sealed system is submitted to temperature treatment at temperatures at 180 °C or
higher. This represents a well defined model allowing for repeatable and
conclusive experimentation. On the other hand, the results might not be applicable
to real food. The process of cooking is a dynamic and highly complex process. For
example, the temperature of the actual food item in a hot oven does not signif-
icantly exceed 100 °C until most of the water has evaporated, a process that starts
at the surface and is delayed by the diffusion rate of water from the inner parts.

5.2 Chemical mechanisms

5.2.1  Formation from amino acid and sugar by Maillard reactions

The classical Maillard reaction system represents a complex reaction cluster
leading to browning and formation of the flavour and aroma compounds associ-
ated with fried or baked foods. Low moisture, high temperature and alkaline pH
typically favour the reaction. However, Maillard compounds can be formed at slow
rates under less favourable conditions.

Acrylamide formed from asparagine and sugar in Maillard model experiments
using labelled reagents was shown to have incorporated all three carbon atoms,
as well as the nitrogen atom, from the amide side-chain of asparagine (Becalski et
al., 2003; Zyzak et al., 2003). Labelled carbon atoms in the glucose co-reactant
were not incorporated (Stadler et al., 2002; Yaylayan et al., 2003).

in the first reaction steps, condensation between the amine group of
asparagine and the carbonyl group of a co-reactant (e.g. a reducing sugar) can
form a Schiff's base via an N-substituted glycosylamine (Stadler et al., 2002).
Several different reaction routes have been proposed for the further reaction to
acrylamide — e.g. decarboxylation of the Schiff's base followed by deamination
through loss of an imine or formation of a 3-aminopropionamide (3-APA)
intermediate and subsequent loss of ammonia (Yaylayan et al., 2003; Zyzak et al.,
2003; Stadler et al., 2004).

Strecker degradation of asparagine, involving dicarbonyl compounds formed
in classical Maillard reactions, has been suggested as an alternative formation
mechanism (Mottram et al., 2002).

Maillard system studies with asparagine and sugars added to flour have
pointed to the possible importance of free ammonia, especially at lower tempera-
tures and in high-moisture systems. Addition of ammonium bicarbonate was
shown to dramatically increase acrylamide formation. The relative molar yield
increased from about 0.1% to 5% (Biedermann & Grob, 2003). It was suggested
that ammonia reacts with the reducing sugar, forming an amino-sugar that is more
prone to react with asparagine in the Maillard reaction than the intact sugar
(Weisshaar, 2004).

Sugar-assisted formation of acrylamide has aiso been demonstrated in pyrol-
ysates from aspartic acid and glucose (Yaylayan et al., 2004). To a lesser extent,
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this amino acid was also able to form acrylamide via the acrylic acid pathway
discussed in the next section.

5.2.2  Formation via acrylic acid

It is known that heating of acrylic acid in the presence of free ammonia yields
acrylamide (e.g. Yasuhara et al., 2003). In food systems, the acrylic acid can be
formed in well known heat-induced reactions from various common food com-
ponents, including fats (via acrolein), amino acids and carbohydrates. The ammo-
nia can likewise be formed from deamination of proteins and amino acids. Recent
experiments have demonstrated the formation of acrylamide from B-alanine and
the dipeptide carnosine (N-B-alanyl-L-histidine) in yields comparable to the aspar-
agine—glucose system in pyrolysis experiments (Yaylayan et al., 2004). The
mechanism(s) might be of specific relevance to meat, where free asparagine
levels are low. The pyrolysis experiments were done at high temperature and
short time (350 °C, 20 s).

5.2.3  Formation from 3-aminopropionamide

As mentioned above (section 5.2.1), 3-APA has been identified as a late inter-
mediate in acrylamide formation from asparagine in the Maillard reaction (Zyzak et
al., 2003). More recently, 3-APA has been detected in raw potatoes at concen-
trations in the range 0.2-2 mg/kg fresh weight (Granvogl et al., 2004). The pres-
ence was proposed to be due to the enzymatic decarboxylation of asparagine.
The relative turnover of 3-APA to acrylamide at 180 °C in aqueous model systems
was up to 60%, compared with 0.1% for the asparagine—glucose system. Even at
temperatures down to 100 °C, the turnover was above 0.1%.

5.2.4  Elimination of acrylamide

Acrylamide concentrations in fried foods can be seen as the net result of two
competing processes: formation and elimination. By adding labelled acrylamide
before heating in model experiments, both processes could be followed simul-
taneously (Biedermann et al., 2002a, 2002b). Elimination was demonstrated in all
models, including potato, flour and, in particular, meat. Similar studies with coffee
(Taeymans et al., 2004) and gingerbread (Amrein et al., 2004) have also been
performed. Although elimination was seen in gingerbread during baking, it was
concluded that the rate was low in comparison with the formation rate within
normal baking times. In roasting of coffee, on the other hand, acrylamide is accu-
mulated during an early phase followed by a dramatic reduction before the final
product is obtained (Taeymans et al., 2004).

No experimental data are available concerning the chemical mechanism(s)
for, or end-products of, acrylamide elimination in foods. It has been hypothesized
that the elimination could be due to reaction with nucleophilic sites on proteins —
i.e. through mechanisms similar to the formation of protein and DNA adducts in
humans and other animals (Friedman, 2003).
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5.2.5 Analogues: formation of other compounds

Model studies on acrylamide formation have resulted in the identification of
other heat-induced compounds, including, for example, N-methylacrylamide, N,N-
dimethylacrylamide, 2-pyrrolidone and styrene (Stadler et al., 2004). The two
former were identified in pyrolysates of carnosine/creatine mixtures, and N-methyl-
acrylamide was also detected in meat pyrolysates in amounts estimated to be
comparable with acrylamide levels in potato products (Yaylayan et al., 2004). 2-
Pyrrolidone was detected as a conspicuous peak during acrylamide analysis of
foods and later in model systems containing glutamine and sugar (Biedermann et
al., 2003; Stadler et al., 2003). The identity was first mistaken for 3-butenamide,
the four-carbon analogue to acrylamide (Weisshaar & Gutsche, 2002).

5.3 Formation factors

5.3.1 Heating temperature and time

Formation of acrylamide has been demonstrated in asparagine—sugar model
systems at temperatures from 120 °C to 350 °C (Mottram et al., 2002; Stadler et
al,, 2002, 2004; Becalski et al., 2003). Maximum yields (0.1-0.3% relative
asparagine turnover) were obtained with time/temperature combinations ranging
from 20 min/155 °C to 5 min/180 °C. In several of the studies, more vigorous
heating resulted in lower yields. Thus, temperature and the time of heating appear
to be interrelated parameters, affecting both formation and elimination rates.
Covariance of temperature and time was recently demonstrated with asparagine—
glucose dissolved in dimethylsulfoxide — i.e. a liquid non-aqueous system. Fixed
heating times of 5 and 60 min showed sharp and well separated temperature
optima for acrylamide formation at 160 °C and 120 °C, respectively, with fairly
similar maximum yields (approximately 1%) (Robert et al., 2004).

Although increased acrylamide levels at long heating times were also seen in
experiments with simple food models (Biedermann & Grob, 2003; Rydberg et al.,
2003), it is likely that the upper end-points for heat treatment in these studies were
considerably higher than those in real food production. In a study on deep-fried
potato pieces of various well defined sizes, the upper limit for heat treatment was
related to an anticipated consumption threshold for surface browning (Taubert et
al., 2004). Decreased accumulation in the high temperature range (total range
120-230 °C) was seen only in small-sized potato pieces. The effect was sug-
gested to be due to a smaller surface-to-volume ratio, and thereby a smaller
precursor reservoir, in small compared with large pieces.

Consistently increased acrylamide levels with increased time and temperature
were observed within realistic intervals for heat treatment in production of bread
(Surdyk et al., 2004), potato crisps (Haase et al., 2003; Kita et al., 2004; Pedreschi
et al., 2004) and french fries (Gertz et al., 2003; Grob et al., 2003; Taeymans et
al., 2004).

For coffee, the levels in the finished product were about 5-10 times lower
than at an early stage of the roasting process. The pattern was similar at tempera-
tures of 210—-250 °C (Taeymans et al., 2004).
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5.3.2 Precursors

The ability of several sugars (e.g. glucose, fructose, galactose, lactose, ribose
and sucrose), as well as other carbonyl compounds (e.g. glyceraldehydes, glyoxal
and ascorbic acid), to assist the formation of acrylamide from asparagine has
been demonstrated in model experiments (Stadler et al., 2002, 2004; Weisshaar &
Gutsche, 2002; Becalski et al., 2003; Pollien et al., 2003; Zyzak et al., 2003).
Fructose was more efficient than glucose in most studies, typically giving 30—
100% higher yields (Becalski et al., 2003; Biedermann & Grob, 2003; Rydberg et
al., 2003; Yaylayan et al., 2003; Stadler et al., 2004; Taeymans et al., 2004).
Experiments in crystalline model systems demonstrated higher yields from
fructose, while glucose was the more efficient in an anhydrous liquid system
(dimethyl sulfoxide). This was explained by a higher molecular mobility, linked to
the sugars’ melting behaviour and phase transition temperatures being more
important than the chemical reactivity in the crystalline system (Robert et al.,
2004). Inconsistent data on the effect of sucrose might be due to temperature
differences. The non-reducing disaccharide sucrose is not supposed to take part
in the formation reaction until thermally decomposed. In comparison with glucose,
the molar acrylamide yields with sucrose were 50% lower or 30% and 370%
higher in experiments at 175 °C, 200 °C and 350 °C, respectively (Becalski et al.,
2003; Yaylayan et al., 2003; Taeymans et al., 2004). By contrast, no increase in
acrylamide levels was detected from sucrose addition when dried potato was
heated at 120 °C (Biedermann & Grob, 2003).

Addition of asparagine and fructose to the dough prior to baking wheat bread
showed that the acrylamide levels were strongly correlated to the asparagine
concentration, while the fructose addition had no effect (Surdyk et al., 2004).
Addition of asparagine in gingerbread production showed similar resuits (Amrein
et al., 2004). The findings are supported by model experiments with wheat and rye
flour (Weisshaar, 2004).

The potential for acrylamide formation in a large number of potatoes has been
investigated in relation to the natural variation in levels of asparagine and sugars
in the raw tubers. Linear regression of acrylamide levels versus contents of
reducing sugars (fr