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Introduction

2-Propenamide (acrylamide, AA) is classified as a geno-
toxic carcinogen that is formed during heat processing of 
foods, leading to human dietary exposure levels associated 
with margins of exposure (MOE) which indicate a poten-
tial human health concern (EFSA 2014). This heat-induced 
contaminant is known to arise during the Maillard reac-
tion between asparagine and reducing sugars at enhanced 
processing temperatures (>120 °C) (Mottram et al. 2002; 
Stadler et al. 2002). Estimated daily AA intake of adults in 
Europe averages 0.3–0.9 µg/kg bw or 0.6–2.0 µg/kg bw for 
the 95th percentile (EFSA 2014). Ingested AA is metabo-
lized in part by CYP450 2E1 to the epoxide 2,3-epoxypro-
panamide (glycidamide, GA), which is largely accepted 
as the ultimate genotoxic agent. It causes DNA damage 
by forming DNA adducts, primarily at position N7 of the 
DNA base guanine (Gamboa da Costa et al. 2003; Watzek 
et al. 2012a). Both AA and GA are electrophilic agents that 
avidly react with nucleophilic sites of amino acids, pep-
tides, and proteins, including plasma proteins, haemoglo-
bin and the major cellular detoxifying agent, glutathione 
(GSH). Haemoglobin adducts (AA-Hb and GA-Hb) and 
GSH adducts, respectively their terminal metabolites, the 
corresponding mercapturic acids (MAs) have been charac-
terized and established as exposure biomarkers. Main MAs 
formed from AA and GA are N-acetyl-S-(carbamoylethyl)-
l-cysteine (AAMA) and N-acetyl-S-(1-carbamoyl-2-
hydroxyethyl)-l-cysteine (GAMA), respectively (Berger 
et al. 2011; Hartmann et al. 2008; Watzek et al. 2012b). 
Urinary MAs reflect recent exposure to AA and can there-
fore be used as short-term biomarkers of exposure (EFSA 
2014). An overview of the main metabolic pathways of AA 
is given in Fig. 1. In addition to the main reactions with 
biological nucleophiles (proteins and GSH), regarded to 
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lead to detoxification, one minor detoxification pathway 
has been detected in humans, representing hydrolysis of 
GA to 2,3-dihydroxypropionamide (DHPA), also known 
as glyceramide. This metabolic sideway may contribute by 
about 10 % to overall AA metabolism (Fennell et al. 2005). 
However, since DHPA may also be generated from other 
sources, it is not considered to be a useful biomarker of AA 
exposure (EFSA 2014).

In a large dose–response study in rats, some indications of 
putative background internal exposure to AA became appar-
ent, as evidenced by consistent background mercapturic acid 
excretion. This baseline MA signal was observed in the urine 
of control animals at the end of an initial 2-week washout 
period, characterized by meticulous exclusion of any dietary 
or inadvertent AA exposure. In this study, AA was given 
orally in single dosage of 0.1–10,000 µg/kg bw. On average, 
37.0 ± 11.5 % of the AA dose was excreted as MAs within 
16 h, the time point of maximal DNA adduct levels found in 
the organs analysed (Watzek et al. 2012a). The diet consumed 
by the control group had been proven to be ‘AA free’ with a 
limit of detection (LOD) of 0.5 µg/kg. Taking the LOD value 

as true maximum AA intake, a daily AA exposure of 0.1 μg/
kg bw was estimated. Surprisingly, the output of urinary MAs 
accounted for a presumed ingestion of 0.6–0.7 μg AA/kg 
bw in the control group. This was interpreted as an indica-
tion for potential endogenous AA formation in rats by an as-
yet-unknown metabolic pathway (Watzek et al. 2012a). Some 
support for this assumption was derived from the observa-
tion that AA haemoglobin adducts were found increased in 
mice treated with compounds known to induce free radicals 
(Tareke et al. 2008), and that formation of AA became appar-
ent after incubation of asparagine with hydrogen peroxide 
under physiological conditions (Tareke et al. 2009).

The aim of the present study was to investigate the ques-
tion, whether and how such presumed background internal 
exposure to AA may also became observable in humans. To 
this end, an intervention study in healthy non-smoking vol-
unteers under tightly controlled dietary and environmental 
conditions was designed, characterized by exact measure-
ment of the dietary AA intake using duplicate diet moni-
toring and determining urinary AAMA and GAMA output 
throughout washout periods and dietary intake days.

Fig. 1  Main metabolic path-
ways of AA in humans; AA 
acrylamide, GA glycid- 
amide, Hb haemoglobin, GSH 
glutathione, AAMA N-acetyl-S-
(2-carbamoylethyl)-l-cysteine, 
GAMA N-acetyl-S-(2-car-
bamoyl-2-hydroxyethyl)-l-
cysteine
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Materials and methods

Chemicals

Chemicals were of analytical grade. Acrylamide (AA) was 
from Sigma-Aldrich (Steinheim, Germany) and the deute-
rium-labelled acrylamide (D3-AA) from Toronto Research 
Chemicals (Toronto, Canada), as were the MAs, N-acetyl-
S-(carbamoylethyl)-l-cysteine (AAMA) and N-acetyl-S-
(1-carbamoyl-2-hydroxyethyl)-l-cysteine (GAMA). The 
deuterium-labelled MAs (N-acetyl-S-(carbamoyl-d3-ethyl)-
l-cysteine (D3-AAMA) and N-acetyl-S-(1-carbamoyl-2-
hydroxy-d3-ethyl)-l-cysteine) (D3-GAMA) were available 
from former studies (Watzek et al. 2012b).

Study design

The study was approved by the Ethics Commission of 
Rhineland-Palatinate, Mainz (No. 837.449.12 (8600-F)). 
Fifteen non-smoking male volunteers of Caucasian origin 
in good health status were recruited. Exclusion criteria 
were age <20 or >44 years; body mass index (BMI) <19 
or >25 kg/m2; smoking or any other tobacco consumption; 
being under medication and/or taking dietary supplements; 
performing a competitive sport; metabolic disorders; not 
being accustomed to the coffee consumption foreseen in 
the study; participation in other studies or regular blood 
donors. Prior to their inclusion in the study, all volunteers 
gave their informed consent and a medical check-up was 
carried out to determine body weight, height, body mass 
index, blood pressure, and clinical parameters includ-
ing general blood count as well as creatinine, cystatin C, 
γ–glutamyltransferase (γ–GT), glutamate oxaloacetate 
transaminase (GOT), glutamate pyruvate transaminase 
(GPT), and C-reactive protein (CRP). All volunteers were 
of good health status with a BMI of 23.1 ± 1.5 kg/m2. The 
study location was a well-secluded home deep in the forest 
with no car or other traffic, no open fire, no tobacco smok-
ing, or any other potential source for inadvertent AA expo-
sure. Volunteers were under supervision 24 h/d. A scheme 
of the study design is given in Fig. 2. Diets were equal for 
all volunteers; water was allowed ad libitum. At days 1, 
2, 3, 5, 6, 8, and 9, an AA-minimized diet was consumed, 
mainly consisting of boiled potatoes, noodles, rice, boiled 
meat, yoghurts, vegetables, and fruits (washout phase). At 

day 4, a diet was given resulting in a low AA intake (low 
AA) and at day 7 in a high AA intake (high AA). These 
consisted mainly of potato crisps, French fries, fried pota-
toes, steak, sausages, crisp bread, biscuits, breakfast cere-
als, and coffee. Foods ready for consumption were divided 
into aliquots to be consumed and duplicates for analysis 
(duplicate meals). Duplicates (overall homogenates during 
washout, individual food items ready for consumption dur-
ing AA intake days) were weighed and frozen at −20 °C 
until determination of AA, protein, and asparagine con-
tents. Urine was collected at days 1, 2, and 9 over a period 
of 24 h, respectively. From day 3 to day 8, urine collection 
was split into three consecutive periods of 4 h each (8 a.m.–
12 p.m., 12–4 p.m., 4–8 p.m.), followed by a 12-h over-
night sampling period (8 p.m.–8 a.m.) (Fig. 2). After deter-
mination of the total urine weight, aliquots were stored at 
−20 °C until determination of urinary creatinine and MAs. 
Body weight of the volunteers was monitored daily (every 
morning before breakfast), and all physical activities were 
protocolled. One volunteer dropped out on the second 
study day due to dissatisfaction with the diet. Therefore, 14 
volunteers (age 23 ± 3 years; BMI 23.2 ± 1.6 kg/m2) ter-
minated the study.

Experimental procedures

Food analysis (acrylamide, protein, asparagine, calorie 
content)

For AA determination, a stable isotope dilution method 
(SIDA) adapted from Watzek et al. was performed (Watzek 
et al. 2012a). Thawed food samples (1–30 g) were com-
minuted, homogenized, and diluted to 30 mL with bidis-
tilled water. The isotopically labelled standard (D3-AA, 
5 µL for foods with minor AA contents or 20 µL for foods 
with major AA contents, 50 μg/mL) was added. After stir-
ring (1 h) and centrifugation (3000 g; 30 min), supernatants 
(10 mL) were applied to SPE columns (Isolute® ENV+; 
500 mg; 6 mL from Biotage, Düsseldorf, Germany), pre-
conditioned with methanol (4 mL) and bidistilled water 
(4 mL). After sample loading, columns were washed with 
bidistilled water (4 mL) and analytes eluted with 60 % 
aqueous methanol (v/v, 2 mL). The eluates were concen-
trated to approximately 1 mL using a vacuum centrifuge 
(Eppendorf, Hamburg, Germany). Aliquots were injected 

Fig. 2  Study design of the 9-day human intervention study; washout: maximum AA intake 41 ng/kg bw/d; low AA: AA intake: 0.6–0.9 µg/kg 
bw/d; high AA: AA intake: 1.3–1.8 µg/kg bw/d; right arrow shows urine sampling period
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into the high-performance liquid chromatography–elec-
trospray-tandem mass spectrometry (HPLC–ESI–MS/
MS) system. AA determination in food with high AA was 
performed using an Agilent 1200 HPLC system (Agilent 
Technologies, Waldbronn, Germany) coupled with an API 
3200 mass spectrometer (AB Sciex, Darmstadt, Germany). 
Minor AA contents were determined using an Agilent 
1290 HPLC system (Agilent Technologies) coupled with a 
QTRAP 5500 mass spectrometer (AB Sciex). HPLC sepa-
ration was achieved with a reversed-phase HPLC column 
(Luna C8(2); 150 mm × 4.6 mm; 3 µm from Phenomenex, 
Aschaffenburg, Germany) equipped with a guard column 
(Luna C8(2); 4 mm × 3 mm from the same supplier).

Using the Agilent 1200 HPLC/API 3200 MS system with 
electrospray ionization, the injection volume was 50 µL and 
the flow was 0.5 mL/min. A gradient elution was carried out 
with 0.05 % aqueous formic acid as solvent A and methanol 
as solvent B. The concentration of methanol was increased 
from 1 to 20 % (minute 1–12). MS measurements were per-
formed as described earlier (Watzek et al. 2012a).

For the Agilent 1290 HPLC/QTRAP 5500 MS system, 
the injection volume was 5 µL and the used flow was 0.5 
mL/min. Gradient elution was carried out with 0.05 % 
aqueous acetic acid as solvent A and methanol as solvent 
B. The concentration of methanol was increased from 1 
to 5 % (minute 1–12). MS measurements were carried out 
after positive electrospray ionization using the multiple 
reaction monitoring (MRM) mode. Optimized MS param-
eters are listed in Table 1.

Calibration plots of peak area versus concentration 
ratios (AA/D3-AA) were linear with an R2 value of at least 
0.999. Limit of detection (LOD) and quantification (LOQ), 
using the Agilent 1290 HPLC/QTRAP 5500 MS system, 
was 0.05 and 0.15 pmol, respectively.

Determination of protein contents was carried out by 
Eurofins Analytik GmbH (Hamburg, Germany). Aspara-
gine contents were measured by Institut Kuhlmann GmbH 
(Ludwigshafen, Germany). Calorie contents of the foods 
consumed were calculated using the software PRODI 5.8 
Expert (Nutri-Science GmbH, Hausach, Germany).

Urine analysis (mercapturic acids, creatinine, urine 
volumes)

Determination of mercapturic acids was carried out using the 
stable isotope dilution method (SIDA) published by Watzek 
et al. (2012b), with slight modifications. Urine aliquots 
(2 mL) were diluted to a total volume of 8 mL with ammo-
nium formate buffer (50 mM; pH 2.5). D3-AAMA (40 µL; 
10 µg/mL) and D3-GAMA (40 µL; 10 µg/mL) were added 
as internal standards. The samples were shaken and the pH 
adjusted to 2.5 by acidification with 4 N HCl. After centrifu-
gation (3000g; 15 min), supernatants were applied to SPE 

columns (Isolute® ENV+; 100 mg; 10 mL from Biotage), 
preconditioned with methanol (4 mL), bidistilled water 
(4 mL), and HCl (pH 2.5; 4 mL). After sample loading, col-
umns were washed first with HCl (2 mL; pH 2.5), then with 
HCl containing 10 % aqueous methanol (pH 2.5; 1 mL) and 
subsequently dried under vacuum. Analytes were eluted with 
methanol containing 1 % formic acid (1.85 mL). The elu-
ates were concentrated to a volume of 300 µL using a vac-
uum centrifuge and the residues taken up in 0.1 % aqueous 
formic acid. Aliquots of 5 µL were injected into a HPLC–
ESI–MS/MS (Agilent 1290 HPLC/QTRAP 5500 MS) sys-
tem. For HPLC separation, a reversed-phase HPLC column 
(Luna C8(2); 150 mm × 4.6 mm; 3 µm from Phenomenex) 
equipped with a guard column (Luna C8(2); 4 mm × 3 mm 
from Phenomenex) was used. Solvent A was 0.1 % aqueous 
acetic acid and solvent B acetonitrile. The concentration of 
methanol was 4 % for the first 9 min and then increased up 
to 10 % in 11 min. Using a flow of 0.5 mL/min, peaks for 
AAMA and GAMA were baseline separated. After nega-
tive ionization, MS measurement was carried out in MRM 
mode. Optimized MS parameters are given in Table 1. Cali-
bration plots of peak area vs. concentration ratios (AAMA/
D3-AAMA and GAMA/D3-GAMA) were linear with an 
R2 value of at least 0.999. LOD/LOQ were 0.9/3.0 fmol for 
AAMA and 0.9/3.1 fmol for GAMA (absolute amounts).

Urinary creatinine concentrations were measured using 
a Creatinine (urinary) Assay Kit (Cayman Chemical Com-
pany, Ann Arbor, USA) following the manufacturer’s infor-
mation. Total urine volumes were calculated by convert-
ing the determined urine weights into total urine volume 
assuming a density of 1 kg/L.

Data analysis

MS data were evaluated by Analyst 1.6 Software (AB 
Sciex). Further data analysis and preparation of the respec-
tive plots were carried out using Origin® 9.1 Software 
(Origin Lab Corporation, Northampton, USA). Statistical 
analysis is based on differences to the individual baseline 
levels. All statistical hypotheses were tested with a 5 % 
significance level against a two-sided alternative. Normal 
distribution was checked using the Shapiro–Wilk or Ander-
son–Darling test. When normality could not be rejected, 
a paired t test was applied to compare dose effects; other-
wise, the Wilcoxon signed rank test was used.

Results

Food analysis (acrylamide, protein, asparagine, calories)

During the 9-day human intervention study, all volun-
teers consumed the same amount of foods, selected for 
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minimized AA intake at the washout days (1, 2, 3, 5, 6, 8, 
and 9) and for medium and high AA contents at the AA 
intake days (4 and 7). The AA contents of the foods with 
quantifiable AA amounts are listed in Table 2. AA contents 
of all other analysed foods and drinks were below LOQ.

AA contents determined in duplicate meals were used 
to calculate the daily AA intake of the volunteers. On day 
4 (low AA), the total AA intake was 54.0 µg (0.6–0.9 µg/
kg bw), and on day 7 (high AA), it was 108.4 µg (1.3–
1.8 µg/kg bw). To assess the maximum AA intake on the 
washout days (1, 2, 3, 5, 6, 8, and 9), an upper bound esti-
mate (UB) was applied. All AA contents found between 
LOD and LOQ were accepted as respective concentration 
at the LOQ. Likewise, all results below the LOD were pre-
sumed to be true value at the respective LOD concentration. 
On this basis, a maximum AA intake of 2.2 ± 0.005 µg 
(21–41 ng/kg bw) was estimated for the washout days.

During the washout phases, an average protein intake of 
103 ± 29 g and an average asparagine intake of 1.0 ± 0.5 g 

were determined (day 1, 2, 3, 5, 6, 8, and 9). On day 4 (low 
AA), a protein intake of 164 g and an asparagine intake of 
1.4 g were measured, and on day 7 (high AA), the respec-
tive values were 123 g (protein intake) and 1.6 g (aspara-
gine intake). Daily calorie intake was 2472 ± 72 kcal when 
the diet was AA-minimized (day 1, 2, 3, 5, 6, 8, and 9), 
2634 kcal on day 4 (low AA), and 2837 kcal on day 7 (high 
AA).

Urine analysis (mercapturic acids, creatinine, urine 
volumes)

The total urine volume was collected throughout the study 
over the different collecting periods. This allowed to cal-
culate the urinary mercapturic acids as amounts per total 
urine volume as well as concentrations related to the creati-
nine concentration (Fig. 3; Table 3).

At day 3, the end of the initial 3-day washout 
period, the total AAMA and GAMA amounts excreted 
were 93 ± 31 and 23 ± 8 nmol/24 h (0.05 ± 0.02 and 
0.01 ± 0.004 µmol/g creatinine), respectively. Implying 
that within 24 h about 30 % of ingested AA is excreted as 
AAMA, the AAMA level at day 3 appeared equivalent to 
a total AA uptake of 311 nmol corresponding to 22.1 µg/d 
(0.3–0.4 µg/kg bw/d). Subtraction of the estimated maximal 
dietary AA uptake during washout (2.2 ± 0.005 µg/24 h) 
results in a corrected AA baseline level on day 3 of the ini-
tial washout period of 19.9 µg/d (0.2–0.3 µg/kg bw/d).

After the low AA intake (0.6–0.9 µg/kg bw) on day 4, 
the AAMA excretion over 24 h increased to 225 ± 37 nmol 
(0.11 ± 0.01 µmol/g creatinine) and the GAMA excretion to 
29 ± 7 nmol (0.01 ± 0.003 µmol/g creatinine), accounting 
for 30 and 4 % of the consumed AA, respectively. Includ-
ing day 5 and 6, the excretion over 72 h was 58 % of the AA 
intake for AAMA and 10 % for GAMA. After the washout 
period following low AA intake, the AAMA output observed 
on day 6 was 24 % above the baseline value reached on day 
3 of the initial washout period (Table 3). High AA intake 
(1.3–1.8 µg/kg bw) on day 7 resulted in an increased 24 h 

Table 1  Mass spectrometric (QTRAP 5500) parameters for determination of AA, AAMA, and GAMA

Q1 = quadrupole 1 (m/z); Q3 = quadruple 3 (m/z); Dwell = dwell time (msec); DP = declustering potential (V); EP = entrance potential (V); 
CE = collision energy (V); CXP = cell exit potential (V); CUR = curtain gas (psi); CAD = collisionally activated dissociation gas; IS = ion 
spray voltage (V); TEM = temperature (°C); GS 1 = nebulizer gas (psi); GS2 = turbo heater gas (psi)

Q1 Q3 Dwell DP EP CE CXP CUR CAD IS TEM GS1 GS2

AA 72.1 55.1 100 36 10 16 15 40 Medium 4500 550 70 40

D3-AA 75.1 58.1 100 36 10 15 7 40 Medium 4500 550 70 40

AAMA 232.9 104.0 150 −30 −10 −20 −5 50 Medium −4500 550 50 70

D3-AAMA 235.8 107.0 150 −45 −10 −20 −11 50 Medium −4500 550 50 70

GAMA 248.9 120.0 150 −45 −10 −22 −11 50 Medium −4500 550 50 70

D3-GAMA 252.0 123.0 150 −45 −10 −22 −11 50 Medium −4500 550 50 70

Table 2  AA contents of food ready for consumption with quantifi-
able AA amounts

a Mean medium bound (MB) level (EFSA 2014)
b Coffee pad (7.5 g) per 125 ml water

Food AA [µg/kg]

Contents Literature based 
mean MB levela

Potato crisps 333 ± 6 389

Crisp bread 222 ± 8 171

Biscuits 108 ± 2 201

Breakfast cereals (oat based) 97 ± 1 102

French fries 59 ± 1 308

Fried potatoes 23 ± 1 308

Fresh coffee brewb 19 ± 4

Steak 5 ± 0.1

Sausages 3 ± 0.2

Vanilla yoghurt 1 ± 0.02
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output of AAMA (404 ± 78 nmol or 0.17 ± 0.04 µmol/g cre-
atinine) and GAMA (40 ± 9 nmol or 0.02 ± 0.004 µmol/g 
creatinine). Excretion of AAMA and GAMA within 24 h 
accounted for 27 and 3 %, respectively, of the AA intake. 
Within 72 h, the respective total output reached 58 % for 
AAMA and 7 % for GAMA. After high AA intake, the 
cumulative AAMA excretion on day 9 (at the end of the 
2-day washout period) exceeded the baseline value reached 
on day 3 of the initial washout period by 59 % (Table 3).

Excretion kinetics of MAs within a time period of 72 h 
after low (0.6–0.8 µg/kg bw) and high (1.3–1.8 µg/kg bw) 
dietary AA intake are illustrated in Fig. 4 (additional infor-
mation in Table 4). The areas under the curve (AUC) were 
calculated after subtraction of presumed baseline values 
defined as final washout concentrations at baseline (−12 to 
0 h, Fig. 4). The low dietary AA intake resulted in an AUC 

of 0.58 4 h × µmol/g creatinine for AAMA, with a maxi-
mum concentration (cmax) of 0.15 µmol/g creatinine. High 
AA intake resulted in an AUC of 1.72 4 h × µmol/g creati-
nine and a cmax of 0.29 µmol/g creatinine. The cmax was 
reached earlier after AA intake on day 4 (tmax 8–12 h) com-
pared to day 7 (tmax 24–28 h). This shift of tmax reflects 
prolonged consumption of AA containing foods on day 7 
in comparison with day 4. On day 4, the main AA intake 
(with crisp bread, steak, vegetable stew, biscuits, yoghurt, 
and coffee) took place between 4 and 8 h after the begin-
ning of the AA intake period, resulting in a total intake of 
0.5 µg AA/kg bw within that time period. In contrast, the 
main AA sources on day 7 consisted of potato crisps were 
consumed 12 h after the beginning of the AA consump-
tion period. This resulted in an AA intake of 0.6 µg/kg bw 
(12–24 h).

Fig. 3  Urinary excretions of AAMA (left, 1) and GAMA (right, 2) 
as absolute amounts (in nmol, a) and concentrations (in µmol/g cre-
atinine, b) for each individual study day (24 h, start at 8 a.m.). Day 
1, 2, 3, 5, 6, 8, and 9: washout days (21–41 ng AA/kg bw/d), day 4: 
low AA (0.6–0.9 µg/kg bw/d), day 7: high AA (1.3–1.8 µg/kg bw/d). 
Boxes represent the interquartile range (IQR), the maximum length of 

each whisker is 1.5 times the IQR, crosses are outliers according to 
the 1.5 times the IQR criterion, squares represent mean values, hori-
zontal lines within boxes represent median values. ***significant dif-
ference (p < 0.001); **significant difference (p < 0.01); *significant 
difference (p < 0.05)
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Discussion

Acrylamide

This study was carried out under strictly controlled condi-
tions. Volunteers stayed together in a remote, well-secluded 
home under continuous supervision by the research team. 
Deep in the forest, there was no car or other traffic, no open 
fire, no tobacco smoking, or any other potential source for 
inadvertent AA exposure. Dietary exposure to AA was 
measured in duplicates of the respective daily meals ready 
for consumption. Main AA sources were potato crisps, 
French fries, fried potatoes, crisp bread, biscuits, and 
breakfast cereals, with contents mostly as described in the 
literature (Table 2). The exceptions were potato fried prod-
ucts (French fries 59 ± 1 µg/kg; fried potatoes 23 ± 1 µg/
kg) with AA contents found lower than those reported in 
the literature (308 µg/kg) (EFSA 2014).

AA intake on day 4 (low AA 0.6–0.9 µg/kg bw) and on 
day 7 (high AA 1.3–1.8 µg/kg bw) was in the range of the 
average (0.3–0.9 µg/kg bw/d) and the 95th percentile (0.6–
2.0 µg/kg bw/d) of adults in Europe (EFSA 2014). During 
the washout phases (day 1, 2, 3, 5, 6, 8, and 9), we aimed to 
keep AA intake as low as possible, mainly offering boiled 
potatoes, noodles, rice, boiled meat, vegetables, and fruits 
(all <LOQ). Only one item (vanilla yoghurt) was above 
LOQ (1.00 ± 0.02 µg/kg AA). This ensured a maximum 
daily intake of 21–41 ng/kg bw/d during the washout days.

Protein and asparagine contents of all foods were also 
determined to examine their potential impact on a possible 
endogenous AA formation. However, no clear correlation 

between daily protein and asparagine intakes and MA 
excretion was observed. An isocaloric intake was achieved 
during the washout periods. On the AA intake days, the 
calorie intake was somewhat elevated, reflecting enhanced 
caloric contribution by foods with elevated AA contents 
(fried potato products, biscuits).

Mercapturic acids

Acrylamide- and glycidamide-associated mercapturic acids 
(AAMA and GAMA) were monitored in all urine sam-
ples collected during the 9-day human intervention study 
(Fig. 3; Table 3). After intake of 0.6–0.8 µg AA/kg bw on 
day 4 (low AA) and of 1.3–1.8 µg AA/kg bw on day 7 (high 
AA), the excretion of AAMA reached 58 % of the respec-
tive ingested AA amounts within 72 h. The respective val-
ues for GAMA reached 10 % after low AA intake (day 4) 
and 7 % after high AA intake (day 7). This compares well 
to the 52 % found excreted as AAMA and 5 % found as 
GAMA found in 46-h urine after intake of a single dose 
(1 mg) of deuterium-labelled AA (Boettcher et al. 2006). 
After consumption of potato crisps (0.94 mg AA) by six 
male volunteers, the AA equivalent found excreted within 
72 h was 48 % for AAMA and 5 % for GAMA (Fuhr et al. 
2006).

At the end of the initial 3-day washout period, baseline 
concentrations of AAMA and GAMA were 0.05 ± 0.02 
and 0.01 ± 0.004 µmol/g creatinine on day 3, respectively. 
The 2-day washout periods after low AA (day 4) and high 
AA (day 7) intake were too short to reach the AAMA and 
GAMA baseline level of day 3 (Fig. 3), indicating some 

Table 3  AAMA and GAMA excretion given as absolute excreted amounts (in nmol) and concentrations (in µmol/g creatinine) during the 
human intervention study with low (0.6–0.9 µg/kg bw) and high (1.3–1.8 µg/kg bw) AA intake

LOW Washout AA intake Washout AA intake + washout

24 h [Day 3] 24 h [Day 4] 24 h [Day 5] 24 h [Day 6] 72 h [Day 4 + 5 + 6]

AAMA

 nmol 93 ± 31 225 ± 37 140 ± 21 115 ± 21 365 ± 29

 µmol/g creatinine 0.05 ± 0.02 0.11 ± 0.01 0.07 ± 0.01 0.06 ± 0.01 0.08 ± 0.02

GAMA

 nmol 23 ± 8 29 ± 7 26 ± 7 25 ± 7 79 ± 7

 µmol/g creatinine 0.01 ± 0.004 0.01 ± 0.003 0.01 ± 0.004 0.01 ± 0.003 0.01 ± 0.003

HIGH Washout AA intake Washout AA intake + washout

24 h [Day 6] 24 h [Day 7] 24 h [Day 8] 24 h [Day 9] 72 h [Day 7 + 8 + 9]

AAMA

 nmol 115 ± 21 404 ± 78 374 ± 58 148 ± 30 927 ± 55

 µmol/g creatinine 0.06 ± 0.01 0.17 ± 0.04 0.20 ± 0.04 0.09 ± 0.01 0.16 ± 0.06

GAMA

 nmol 25 ± 7 40 ± 9 51 ± 9 27 ± 8 117 ± 9

 µmol/g creatinine 0.01 ± 0.003 0.02 ± 0.004 0.03 ± 0.004 0.02 ± 0.003 0.02 ± 0.006
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residual MA still excreted in the urine after the 2-day 
washout periods due to the previous AA intake. MA base-
line levels after the initial 3 days washout are comparable 
to those described in the literature at different time points. 
For instance after 11 h of fasting, pre-dose concentra-
tions of 0.05 ± 0.02 µmol AAMA/g creatinine and of 
0.02 ± 0.01 µmol GAMA/g creatinine have been reported 
in a human study with five male volunteers (Watzek et al. 
2012b).

Our results have shown that after dietary AA uptake, 
about 30 % of AA is excreted as AAMA within 24 h. On 
this premise, the observed baseline level on day 3 of the 
initial washout period would be equivalent to a total AA 
uptake of 22.1 µg/d (0.3–0.4 µg/kg bw/d) the day before. 
If the assumed maximal dietary AA uptake during washout 
by consumption of the AA-minimized diet is subtracted 
(2.2 ± 0.005 µg/24 h), a net AA baseline level of 19.9 µg/d 

(0.2–0.3 µg/kg bw/d) would result. However, there may 
have been some substantial dietary AA intake before the 
start of the initial 3-day washout period in some volunteers 
(not controlled for). Thus, some residual MA excretion 
resulting from potentially substantial dietary AA intake 
3 days ago may well have contributed to this apparent uri-
nary baseline level. The results therefore do not allow us 
yet to conclude on the true nature of the AAMA excreted 
on day 3 of the initial washout period. It may reflect die-
tary intake 3 days before the initial washout or may indeed 
indicate a true baseline level. The latter assumption is sup-
ported by experimental observations from an extended rat 
study reporting a background of urinary MA excretion even 
after 2 weeks of washout suggesting an endogenous AA 
exposure equivalent to ingestion of 0.6–0.7 μg AA/kg bw 
(Watzek et al. 2012a).

This will be further investigated in a follow-up study 
with extended washout periods, using stable isotope-
labelled AA to clarify toxicokinetics at the low levels of 
present day average human dietary exposure.

Conclusion

AA contents determined in duplicate meals of quantified 
servings were used to calculate the daily AA intake of vol-
unteers at present day levels of human dietary exposure. 
Total AA intake was 54.0 µg (0.6–0.9 µg/kg bw) for low 
and 108.4 µg (1.3–1.8 µg/kg bw) for high uptake. A maxi-
mum AA intake of 2.2 ± 0.005 µg (21–41 ng/kg bw) was 
estimated for the washout days. Within 72 h after dietary 
AA uptake, the excretion of AAMA reached 58 % of the 
respective ingested AA, whereas within 24 h, about 30 % 
of AA was found excreted as AAMA. The baseline level 

Fig. 4  Excretion kinetic of AAMA (a) and GAMA (b) after dietary 
AA intake. Low AA intake: 0.6–0.9 µg/kg bw/d, high AA intake: 1.3–
1.8 µg/kg bw/d

Table 4  AAMA and GAMA concentrations after washout, before 
AA intake (cwashout), AAMA and GAMA maximum concentrations 
after AA intake (cmax), time period in which cmax was reached (tmax) 
and area under the curve (AUC) for AAMA and GAMA after low 
(0.6–0.9 µg/kg bw) and high (1.3–1.8 µg/kg bw) AA intake

Low AA intake High AA intake

AAMA

 cwashout 0.05 µmol/g creatinine 0.06 µmol/g creatinine

 cmax 0.15 µmol/g creatinine 0.29 µmol/g creatinine

 tmax 8–12 h 24–28 h

 AUC 0.58 4 h × µmol/g creatinine 1.72 4 h × µmol/g creatinine

GAMA

 cwashout 0.01 µmol/g creatinine 0.01 µmol/g creatinine

 cmax 0.02 µmol/g creatinine 0.03 µmol/g creatinine

 tmax 12–24 h 24–28 h

 AUC 0.01 4 h × µmol/g creatinine 0.12 4 h × µmol/g creatinine
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observed on day 3 of the initial washout period appeared 
equivalent to a hypothetical net AA baseline level of 
19.9 µg/d (0.2–0.3 µg/kg bw/d). The results do not allow us 
yet to conclude on the true nature of the AAMA excreted 
on day 3 of the initial washout period. It may reflect die-
tary intake 3 days before the initial washout or may indeed 
indicate a true baseline level. A follow-up study with sta-
ble isotope-labelled AA and extended washout periods is in 
preparation.
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