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Internal doses of acrylamide and glycidamide
in mice fed diets with low acrylamide contents
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The formation of acrylamide during heating of certain foodstuffs constitutes a potential health hazard.
The health risk assessment should be based on knowledge about the relation between dietary exposure
to acrylamide and internal doses of acrylamide and its genotoxic metabolite glycidamide. The pri-
mary aim of this study in mice was to measure these relationships at low levels of acrylamide intake
through the diet. A secondary aim was to clarify which extraction method should be used when ana-
lyzing acrylamide in food in order to obtain a correct measure of the acrylamide that is available for
absorption. In the analysis procedure, alkaline extraction has earlier shown much higher measured
acrylamide levels in certain foods compared to water extraction. In this subcronic study the adminis-
tered diets were composed to give five levels of acrylamide intakes between 3 and 50 pg/kg body
weight per day (calculated on figures obtained after water extraction). Internal doses of acrylamide
and glycidamide were measured through hemoglobin (Hb)-adducts. The results showed linear rela-
tionships between the exposure of acrylamide and Hb-adduct levels from both acrylamide and glyci-
damide at these low exposure levels. The study also showed that the “extra” acrylamide measured

with alkaline extraction does not correspond to bioavailable acrylamide.
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1 Introduction

The finding [1, 2] that acrylamide is formed during heating
of food initiated a broad range of research. Acrylamide is a
neurotoxic chemical, carcinogenic in laboratory animals
and classified as a probable human carcinogen [3, 4]. It is
shown to form a genotoxic epoxy metabolite, glycidamide,
in laboratory animals and in humans [5—7]. Acrylamide
was shown to occur in many foods, and in certain products
at levels up to mg/kg [2, 8]. In many countries foods have
been characterized with regard to acrylamide contents
(e. g., IRMM, http://www.irmm.jrc.be/html/activities/acryl-
amide/database.htm, 2005), and such data together with
information from surveys on dietary habits, have been used
to estimate the acrylamide intakes in different populations
[9—11]. For the purpose of health risk estimation, however,
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the intake of acrylamide has to be related to the internal
doses of both acrylamide and glycidamide, which could be
inferred from hemoglobin (Hb)-adduct levels [12]. Studies
of the relation between estimated dietary intake of acryla-
mide from questionnaires and the corresponding Hb-adduct
levels in human blood samples show that the intake esti-
mates are encumbered with uncertainties [13—16].

In studies in rodents nonlinearity between exposure dose
of acrylamide and the internal doses of acrylamide and gly-
cidamide has been observed at high exposure doses, admin-
istered through i.p. injections [5, 17]. This particularly con-
cerns the formation of glycidamide from administered
acrylamide, assumed to be due to saturation of the P450
system involved in the oxygenation [18]. In humans, a non-
linear relationship between the internal doses of acrylamide
and glycidamide has been indicated at low levels of expo-
sure to acrylamide [19, 20].

In this subchronic study acrylamide at low daily doses is
administered to mice through diet. The primary aim is to
determine the relationship between the intake and the inter-
nal dose of acrylamide; and between the internal doses of
acrylamide and glycidamide. The different administered
doses of acrylamide are obtained through heating of
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selected food components, which then are mixed with labo-
ratory animal feed.

A factor with possible influence on the estimated intakes
of acrylamide concerns differences in measured acrylamide
contents, which depend on the chosen analytical procedure.
The content of acrylamide is usually measured as “water-
soluble free acrylamide” after extraction of the foodstuff
with water (pH 5—7 during extraction) followed by liquid
chromatographic separation and mass spectrometric detec-
tion (e. g., [2, 21]), a methodology which has shown compa-
rable results between different laboratories [22, 23]. In a
study of alternative extraction techniques Eriksson and
Karlsson [24] found that extraction at alkaline pH (pH = 12)
could result in up to three times higher levels of acrylamide
than the commonly used water extraction, especially in the
analysis of fiber-rich foodstuffs. The higher acrylamide con-
tent obtained with the alkaline extraction method might cor-
respond to acrylamide that is available for absorption. This
would then mean that estimates of the intake based on the
commonly used water extraction method would not be cor-
rect. Therefore, the present study is also designed to eluci-
date whether the acrylamide obtained with alkaline extrac-
tion contributes to the internal dose.

2 Materials and methods

2.1 Chemicals

Pentafluorophenyl isothiocyanate (PFPITC) (CAS 35923-
79-6) (>95%), obtained from Fluka (Buchs, Switzerland)
was purified on a Sep-Pak silica cartridge [25]. Myoglobin,
from horse skeletal muscle, from Sigma—Aldrich Chemie
(Schnelldorf, Germany), was precipitated in acidic acetone
solution. Formamide (CAS 75-12-7) from Scharlau Chemie
S.A. (Barcelona, Spain) was purified by extraction with n-
pentane (CAS 109-66-0) prior to use. All other chemicals
used were of analytical grade. Standard compounds used
for identification and quantification of Hb-adducts were
gifts from Dr. E. Bergmark or synthesized according to
Paulsson et al. [26].

2.2 Instrumentation

The bread products were prepared by using a drying oven
(Termaks TS4115) and grounding equipment (Retsch ZM
100, with sieve 0.75 mm). The potato powder was heated in
a GC temperature-programmed oven (Hewlett—Packard
5790A). Analysis of the food products and the special diets
was performed by a LC-MS/MS (Agilent 1100, Micromass
Quattro Premier) according to Eriksson and Karlsson [24].
Hb-adducts were analyzed with GC-MS/MS technique
(Varian 3400, Finnigan TSQ700).
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2.3 Animal treatment

Thirty male C57BL mice, 5—8 wk old with average body
weight (bw) of 26 g, supplied from Scanbur-BK (Sollen-
tuna, Sweden) and the Wenner-Gren Institute, Stockholm
University were divided into five groups (six mice per
group) and fed special diets for 40 days. Four groups were
given two different diets (A or B) at two acrylamide intake
levels ("low-dose” and “high-dose™). A control group was
given laboratory animal feed (known to contain a low level
of acrylamide). The animals were kept in individual cages
(at the animal house at Stockholm University). The mice
were weighed every tenth day of the experiment. The study
was reviewed and approved by the Ethical Committee on
Animal Experiments of Stockholm, Sweden, application nr
N/56/02.

2.4 Diet preparation

The diets were composed to give as low exposure doses of
acrylamide as possible, yet sufficiently high to give signifi-
cant difference in the adduct levels from acrylamide and
glycidamide between the test groups of mice and compared
to the control group. Our hypothesis was that the measured
free acrylamide obtained through the alkaline extraction is
equally available for absorption as the acrylamide measured
after common water extraction. To test this hypothesis, two
diets (A and B) were composed so that the calculated acryl-
amide intake based on alkaline-extraction for both test diets
and dose groups should be similar (see Table 1). The com-
positions also implied equal energy levels for the diets.

All diets were based on grounded laboratory animal feed
(RMI (E) FG SQC, from Special Diets Services, Witham,
UK). The tests diets were prepared by mixing laboratory
animal feed together with the selected food products (Table
2). Diet A contained heated (170°C for 15 min), commer-
cially available mashed-potato powder and French loaf
bread dried at 65°C (overnight). Diet B contained soft
whole kernel bread, dried at 65°C (overnight). Prior to the
diet preparations, the selected food products were analyzed
by LC-MS/MS with regard to the acrylamide content
obtained by common water extraction or by alkaline
(pH = 12) extraction [24]. The contents were with common
water extraction and alkaline extraction, respectively: (i)
Dried whole kernel bread: 0.3 and 0.9 mg acrylamide/kg.
(i) Heated potato powder: 11 and 14 mg acrylamide/kg.
(iii) French loaf bread ~10 pg acrylamide/kg (only ana-
lyzed with common water extraction). All diets (including
the one for the control group) were prepared by mixing the
grounded components with water; the mix was then formed
to a cake that was dried at room temperature. The diets were
prepared and analyzed four times during the experiment.
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Table 1. Acrylamide content in the diets obtained after com-
mon water extraction and alkaline extraction, respectively

Mol. Nutr. Food Res. 2008, 52,974 —980

Table 2. Composition of diets: percentage of the different
components in the feeds

Acrylamide content

(ng/kg dry weight)?
Water Alkaline

extraction extraction

Controls Standard diet 20(7) 49 (4)

Low dose DietA 120 (10) 166 (12)
DietB 70(10) 164 (22)
High dose Diet A 334 (20) 401 (13)
DietB 157 (17) 375 (23)

a) Mean values from the analyses of the diets prepared four
times during the study. SD in parenthesis.

2.5 Hb-adduct analysis

The mice were sacrificed and blood (~1 mL) was collected
and prepared for analysis of Hb-adducts according to the N-
alkyl Edman method [27]. Samples were prepared as
described by Paulsson et al. [26] for simultaneous analysis
of acrylamide and glycidamide adducts, with some modifi-
cations due to low amounts of precipitated globin obtained
from the mouse blood samples (14—30 mg). Myoglobin
(5—-16 mg) was added when necessary to make 30 mg glo-
bin samples (myoglobin gives no contribution to the meas-
ured adduct levels) [25]. The globin samples were dissolved
in formamide (1 mL) and derivatized with PFPITC (5 pL)
after addition of 1 M NaOH (30 puL). The detached deriv-
atives, the pentafluorophenylthiohydantoins (PFPTHs) of
N-(2-carbamoylethyl)-valine from acrylamide, and N-(car-
bamoyl-2-hydroxyethyl)-valine from glycidamide were iso-
lated and purified by extraction. Corresponding deuterium-
substituted PFPTH analytes, synthesized from (*H)valine,
were used as internal standards, and reference globins with
known adduct levels from acrylamide and glycidamide to
N-terminal valine were used for calibration [28]. The cali-
bration curves (R?= 0.998, for both) included six samples
in the range of 0—400 pmol/g globin for acrylamide and 0—
800 pmol/g globin for glycidamide. After evaporation the
samples were dissolved in 30 pL toluene and 1 pL was
injected on the GC-MS/MS for analysis according to the
conditions described in Paulsson et al. [26]. The LOQ was
estimated to <1 pmol/g globin for acrylamide and 6 pmol/g
globin for glycidamide. The feeding was carried out over
the lifetime of erythrocytes () in mice (40 days) to exclude
an influence on the measured Hb-adduct levels of the acryl-
amide intake from the standard diet before start of the
experiment [29]. After a continuous exposure for this time
the Hb-adduct levels have reached a steady-state level (4y),
which is used for the calculation of daily adduct level incre-
ment (a) according to: a = As/(t./2) [30]. The daily adduct
level increment is directly proportional to the daily “Area
Under the Concentration Curve,” that is the internal dose
and the rate of formation of the specific adducts from the
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Standard Whole  Potato French
animal  kernel  powder loaf

feed bread (heated) bread
(%) (%) (%) (%)
Standard diet 100 0 0 0
Lowdosediet A 85 0 1 14
B 85 15 0 0
High dose diet A 55 0 3 42
B 55 45 0 0

compound studied [12]. Thus the daily adduct level incre-
ment from acrylamide and from glycidamide, respectively,
is then calculated as a measure of the internal dose from the
respective compound (such calculations also facilitate com-
parisons with other studies with regard to adduct level
increment per administered dose).

3 Results

3.1 Diet analyses

The test diets and the laboratory animal feed were analyzed
with regard to acrylamide content, with both common water
extraction and alkaline extraction [24] (Table 1). As
expected Diet B, with a high content of fiber-rich whole
kernel bread, gave considerably higher measured acryl-
amide levels after the alkaline extraction. The calculation
of the acrylamide intake (see Table 3) was based on the
measured acrylamide content in the diets and an average
feed intake for mouse of 4 g per day. The average increase
in bws in mice during the study was 3.5 g with no signifi-
cant difference between the groups (not shown).

3.2 Hb-adduct levels

Analysis of blood samples from the mice of both diet
groups showed significant increases in both acrylamide-
and glycidamide-adduct levels with increasing intake of
acrylamide. In Table 3 the calculated intake and the average
adduct levels in the samples from each group are presented.

In Fig. 1A and B the daily increase in acrylamide-adduct
levels is presented as a function of the daily intake of acryl-
amide in the diets, calculated from the acrylamide content
measured after extraction with both extraction methods.
Plots of the daily adduct increment versus daily intake,
show different slopes for the two diets when the intake was
based on the alkaline extraction method (Fig. 1A). The
curve for the Diet A showed a higher slope compared to the
curve for the Diet B (with fiber-rich bread). The plots for
the intakes calculated on acrylamide measured after com-
mon water extraction showed nearly equivalent slopes for
the two diets (Fig. 1B).
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Table 3. Calculated daily intake of acrylamide and measured Hb-adduct levels of acrylamide and glycidamide in each animal group

Acrylamide intake® (ug/kg bw perday)

Measured Hb-adduct level” (pmol/g globin)

Water extraction Alkaline extraction Acrylamide Glycidamide
Controls Std diet 3 7 12(1) 42 (6)
Low dose DietA 18 26 34 (2) 184 (39)
DietB 11 25 20(1) 85(12)
High dose DietA 51 61 68 (4) 396 (39)
DietB 23 58 36 (3) 171 (8)

a) Based on acrylamide contents obtained with the different extraction procedures.
b) Mean values from each group of mice (n=6, except for the group High dose, Diet B, where n=5 as samples from two mice

were pooled). SD in parenthesis.
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Figure 1. Relationships between estimated daily acrylamide intake and the daily increase in acrylamide-adduct levels in Hb when
the intake was inferred from analysis after alkaline extraction (A), and from analysis after common water extraction (B).

Furthermore, a strong correlation (R*>= 0.98, not shown)
was found between the acrylamide-adduct levels of all ani-
mals and the acrylamide-intakes calculated from the anal-
ysis after common water extraction. Analysis of the
observed acrylamide-adduct levels with a multiple regres-
sion model, simultaneously including the intake calculated
after both common and alkaline extraction, showed no sig-
nificant contribution from the “extra” acrylamide measured
after alkaline extraction (P = 0.93). These results reject the
hypothesis that the increased acrylamide content measured
after alkaline extraction is bioavailable.

The primary aim of the study concerned the metabolism
of acrylamide to glycidamide at these low exposure levels
of acrylamide in the diet. The measurement of Hb-adducts
showed that from the lowest dose it was a linear relationship
between the glycidamide adduct levels and acrylamide
adduct levels as shown in Fig. 2. The ratio of the adduct lev-
els from glycidamide and acrylamide then corresponds to a
slope of 6.2.

4 Discussion

This study presents data on Hb-adduct levels from acryl-
amide and from the metabolite glycidamide, as a measure-
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ment of internal doses, in a subchronic feeding experiment
in mice at low exposure levels. In the experimental design
we considered the earlier finding that extraction at pH ~ 12
in the analysis of certain foodstuffs results in much higher
values of measured acrylamide. The results showed that,
the extra acrylamide obtained with the alkaline extraction
procedure gave no contribution to the internal dose of acryl-
amide measured as Hb-adduct levels (Table 3 and Fig. 1A
and B). This means that for the different diets the common
water extraction gives a good measurement of the acryl-
amide that is available for absorption. Then this also indi-
cates the same bioavailability of acrylamide in the relatively
fiber-rich diet, “Diet B, High dose” compared to the other
diets.

The extra acrylamide observed by Eriksson and Karlsson
[24] has in later studies been suggested to be formed
through two different precursors. One study claimed that 3-
aminopropionamide is a possible precursor for acrylamide
formation under alkaline conditions [31]. Recently it was
instead suggested the food heat-generated Amadori product
N-(1-deoxy-D-fructos-1-yl)-3’-aminopropionamide is con-
verted to acrylamide if exposed to alkaline conditions and
that this is the main source for the formed acrylamide [32].

The content of acrylamide in the standard feed was meas-
ured to 3 pg/kg (relatively large SD, cf. Table 1), thus the
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Figure 2. Glycidamide-adduct levels in Hb as a function of
acrylamide-adduct levels in pmol/g globin.

control animals correspond to a low-exposure group. The
steady-state level of the Hb-adduct from acrylamide in the
control animals was 12 pmol/g. Corresponding background
acrylamide-adduct levels in mice and rats between 5 and
170 pmol/g have been found in other studies [1, 33—36].
These background levels are expected to mainly originate
from acrylamide in the diet. However, in Table 3 and Fig.
1B it is indicated that the adduct increment per ng acryla-
mide intake is relatively higher in the control mice com-
pared to the adduct increment at higher doses. This might
be explained by an unknown exposure source, with a meas-
urable impact only on the incremental adduct levels of the
control group. Even though acrylamide has not been proved
to be formed endogenously, this cannot be excluded. For
certain other compounds, like ethylene oxide, background-
adduct levels due to endogenous formation of the precursor
electrophile has been demonstrated [37—40].

In the present study acrylamide was administered to mice
through diet at five dose levels between 3 and 50 pg/kg bw
per day, which is relatively close to the estimated mean
intakes of dietary acrylamide in humans, 0.3—-2.0 ug/kg bw
per day [41]. Hb-adduct levels from acrylamide showed a
linear increase with acrylamide intake, and the relationship
between the adduct levels from glycidamide and acryla-
mide was linear as well. The obtained ratio of 6.2 (Fig. 2),
could be compared with the corresponding adduct ratio
obtained in other studies. Mice treated with i.p. injections
with doses from 25 to 100 mg acrylamide/kg bw showed a
decrease in the ratio from 3 to 1 [34]. No such obvious devi-
ation from linearity could be observed in the present study.
The study, however, confirm that the metabolism to glyci-
damide is more effective in the mouse at low exposure lev-
els through diet than at the much higher dose rates obtained
from i.p. injections at high doses. As follows from the faster
metabolism to glycidamide, the acrylamide adduct incre-
ment per administered dose of acrylamide is lower in the
present low-dose oral study (Fig. 1B) compared to our pre-
vious study [34] with treatment via i.p. (4 and 9—-20 nmol
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acrylamide adducts/g Hb per mmol acrylamide/kg bw,
respectively).

Tareke et al. [42] have administered acrylamide at low
levels through diet and gavage (at a single exposure doses
of 0.1 mg/kg bw) and drinking water (at about 3 mg/kg bw
and day) to mice. The obtained glycidamide to acrylamide
adduct ratio was about two times higher (adduct-levels esti-
mated from figures in the paper) in the drinking water
experiment than in the low single (diet and gavage) expo-
sure doses. The adduct ratio obtained for the low single
exposure doses by Tareke et al. [42] is compatible to that of
this present study (different analytical set-up and mouse
strain). A study in swine with exposure to acrylamide
through the drinking water at 0.8 or 8 ug/kg bw during
142 days (in the range of the lowest doses in the present
study) showed a direct proportionality between Hb-adduct
levels from acrylamide and the intake [43]. Glycidamide
adduct-levels were below LOQ in the study.

The dietary acrylamide intake in humans has been esti-
mated to about 0.5 pg/kg bw and day [44]. Rather few stud-
ies of “background” acrylamide exposure include analysis
of Hb-adducts from both acrylamide and glycidamide [13,
19, 20, 26, 45]. In the most comprehensive study (n = 96;
smokers and nonsmokers) the results showed acrylamide-
adduct levels in the range of 27—453 pmol/g globin. It was
indicated that the metabolism of acrylamide to glycidamide
is more effective at low doses [20], as earlier indicated in a
smaller study (n = 29) [19]. With regard to cancer risk esti-
mation of acrylamide it is important that this observation
could be rejected or verified in studies of a large number of
nonsmoking humans. In the present study in mice no
obvious difference in the metabolism of acrylamide at the
exposure levels from 50 down to 3 pg acrylamide/kg bw
could be verified.
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