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Abstract

Acrylamide (AA) is a heat-induced food contaminant considered as genotoxic carcinogen. The present study investigated
the influence of nutritional and lifestyle preferences on human AA exposure. A 10-day human study was performed with ten
volunteers without nutritional preferences (omnivores) and ten vegans. Volunteers self-reported their daily routine and dietary
habits. Overall mean AA intake, calculated from contents of diet duplicates, was 0.32+0.19 pg/kg body weight (bw)/day
with marked inter-day and inter-volunteer variabilities. Vegans ingested more AA (0.38 +0.23 ug/kg bw/day) than omnivore
volunteers without dietary restrictions (0.26 +0.10 pg/kg bw/day). Excretion kinetics of urinary AA-related mercapturic
acids N-acetyl-S-(2-carbamoylethyl)-L-cysteine and N-acetyl-S-(2-hydroxy-2-carbamoylethyl)-L-cysteine were essentially
concordant with the respective dietary AA intake. Disproportionately enhanced AA-related biomarker excretion could be
traced back to reportedly inadvertent, passive exposure to tobacco and/or fire smoke, as evidenced by the respective urinary
exposure biomarkers, cotinine and N-acetyl-S-(2-cyanoethyl)-L-cysteine. Although the study is based on the comparison of
small volunteer groups, the results confirm the association of AA exposure biomarkers with documented dietary preferences
and lifestyle factors. Some additional contribution of endogenous background AA exposure was demonstrated individually.
Disproportionately enhanced AA exposure is suggested to result from passive exposure to tobacco and/or barbecue smoke.
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Introduction

Acrylamide (AA) is a process-related contaminant that
forms during heating of food from asparagine and reducing
sugars in the so-called Maillard reaction. AA levels in food
strongly depend on the type, temperature and duration of
processing, such as frying or baking. Especially foods rich in
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carbohydrates are prone to increased AA contamination as a
consequence of heat treatment. (Rydberg et al. 2003; Jackson
and Al-Taher 2005; Zyzak et al. 2003; Mottram et al. 2002).
These include fried potato products (mean of 332 ug/kg),
potato crisps (580 pg/kg), certain breakfast cereals (113 pg/
kg), biscuits, crackers, crisp bread or similar (264 pg/kg) and
roasted coffee (317 pg/kg). Dietary exposure estimates for
adults (aged 18-65 years) range from 0.4 to 0.6 ug/kg body
weight (bw)/day (mean) and 0.8—1.3 pg/kg bw/day (95th
percentile), respectively (EFSA 2015). In addition to foods
of industrial origin, home cooking is contributing to an as
yet largely unexplored extent to the AA overall exposure.
Finally, AA also arises by combustion processes and there-
fore is present in tobacco smoke (Mojska et al. 2016). AA
is considered a genotoxic carcinogen undergoing CYP450
2E1 mediated epoxidation in the liver to 2,3-epoxypropan-
amide, an alkylating electrophile also called glycidamide
(GA). Both, AA and GA, are predominantly conjugated with
glutathione (GSH) and further metabolized to mercapturic
acids (MA) like N-acetyl-S-(2-carbamoylethyl)-L-cysteine
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(AAMA), derived from AA, and N-acetyl-S-(2-hydroxy-
2-carbamoylethyl)-L-cysteine (GAMA), derived from GA
(Fennell et al. 2005; Watzek et al. 2012b; Boettcher et al.
2006). AAMA and GAMA are widely utilized as short-term
biomarkers of exposure, because they are excreted within
about 3 days following exposure (Goempel et al. 2017). In
contrast, adducts to the N-terminal valine of hemoglobin
(Hb) are conceived as biomarkers reflecting cumulative
exposure over the lifetime of red blood cells, known to
be completely replaced within about 4 months in humans
(Vikstrom et al. 2012).

The aim of the present study was to investigate the
potential influence of nutritional consumption preferences
on dietary AA exposure. To this end, regular home cooked
food of volunteers without specific dietary regimen was ana-
lyzed in comparison to that of vegans by determination of
AA contents in representative aliquots of self-prepared diet
duplicates. Subsequently, the respective total urines excreted
within 12 h time periods were monitored for AA-related
mercapturic acids as urinary AA exposure biomarkers. All
volunteers were unrestricted and free-living individuals,
whose normal lifestyle habits were not interfered with by
any guideline given due to study participation. In addition
to AA-related biomarkers, biomarkers of inadvertent smoke
exposure by tobacco or open fire (e.g., connected with out-
door barbecuing) were monitored as well. This was achieved
by monitoring urinary cotinine, the major metabolite of nic-
otine present in tobacco smoke, and urinary N-acetyl-S-(2-
cyanoethyl)-L-cysteine (CYMA), a biomarker supposed to
reflect exposure to acrylonitrile. The latter is a basic chemi-
cal used, e.g., in polymer synthesis that is also generated by
combustion of organic material, e.g., at an open fire or bar-
becue, and is also generated during tobacco smoking. Inha-
lative exposure to acrylonitrile can be monitored by urinary
CYMA quantification (Bramer and Kallungal 2003; Minet
et al. 2011; Jakubowski et al. 1987; Goniewicz et al. 2017).

Materials and methods
Study design

Twenty healthy non-smoking volunteers of Caucasian origin
were recruited and allocated to two different groups: ten (five
male, five female) who did not declare any dietary prefer-
ences, hereinafter called omnivores, and ten (five male, five
female) who declared to follow a vegan lifestyle by abstain-
ing from consumption of animal products. Exclusion criteria
were: age <20 or > 50 years, body mass index (BMI) <19
or > 25 kg/m?, smoking or tobacco consumption, metabolic
disorders, performing competitive sports, being under medi-
cation or taking dietary supplements, participation in other
studies, regular blood donation, and pregnancy in women.

@ Springer

All volunteers gave their informed consent. A medical check
was performed prior to study start to determine bw, height,
BMLI, blood pressure, and clinical parameters including gen-
eral blood cell counts as well as creatinine, glomerular fil-
tration rate, y-glutamyl transferase, and C-reactive protein.
Volunteers were aged 26 +5 years and were of good health
status with a BMI of 22 + 2 kg/m?.

During the 10-day study all volunteers maintained their
daily living routine as well as their dietary habits. All con-
sumed meals and beverages were protocolled (time, portion
size) by the volunteers and representative aliquots (=50 g,
judgement by volunteers themselves) were delivered daily
to the study location, where they were homogenized imme-
diately and stored at —20 °C until analysis. Duplicates of
meals consumed in the university canteen were provided
by the canteen staff, homogenized in the lab and stored
at —20 °C until analysis. Volunteers preparing their own
meals at home were instructed in detail prior to study start
and trained how to generate aliquots representative for their
meals as closely as possible by replicating portion size and
constituent distribution. The study was carried out during
summer time (June—August 2015). Each study day started at
8.00 a.m. (0 h). Total urine was collected during the whole
study in two sequential 12 h intervals per day (8 a.m. to
8 p.m. respective 8 p.m. to 8 a.m.). Urine was delivered
daily to the study location, weighed and stored at —20 °C
until analysis of AAMA and GAMA. Additionally, in 16
of 20 volunteers consenting to a study amendment urinary
CYMA and cotinine were analyzed. After 9 days one volun-
teer (vegan-male-5) quit the study due to a clinical surgery.
All volunteers were asked to retrospectively fill out activ-
ity protocols approximately 1 year after the study to obtain
information on inadvertent exogenous AA sources they may
have been potentially exposed to, like open fire, barbecuing,
and/or second-hand smoke.

Experimental procedures
Chemicals

AA was purchased from Sigma Aldrich (St. Louis,
USA). Deuterium-labeled AA (D;-AA), N-acetyl-S-
(carbamoylethyl)-L-cysteine (AAMA), N-acetyl-S-
(1-carbamoyl-2-hydroxyethyl)-L-cysteine (GAMA),
N-acetyl-S-(2-cyanoethyl)-L-cysteine (CYMA),
(£)-1-(methyl)-5-(2-pyridinyl)-2-pyrrolidinone (rac-
cotinine) as well as the deuterium-labeled analogues
N-(acetyl-Dj3)-S-(carbamoylethyl)-L-cysteine (D;-AAMA),
N-(acetyl-Dj)-S-(1-carbamoyl-2-hydroxyethyl)-L-cysteine
(D3;-GAMA) and (+)-1-(Methyl-D;)-5-(2-pyridinyl)-
2-pyrrolidinone (Ds-cotinine) were obtained from Toronto
Research Chemicals (Toronto, Canada). All HPLC solvents
were LC-MS grade, other reagents were of analytical grade.
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Acrylamide contents of food

Acrylamide contents of relevant food samples were deter-
mined in duplicate by a stable isotope dilution method
(SIDA) as recently described (Goempel et al. 2017). In short,
food samples were extracted with water using 250 ng D;-AA
as internal standard for all food samples, then purified via
solid phase extraction (SPE) using Isolute® ENV+ columns
(Biotage, Uppsala, Sweden), concentrated and measured
via high performance liquid chromatography tandem mass
spectrometry (HPLC-MS/MS) (Agilent 1290 Infinity Series
HPLC, Waldbronn, Germany, coupled to an AB Sciex QTrap
5500, Darmstadt, Germany) using positive electrospray ioni-
zation and the multiple reaction monitoring (MRM) mode.

Urine analysis [mercapturic acids, cotinine, urinary
creatinine (ucr)]

Assuming a density of 1 kg/L, total urine weight was con-
verted into total urine volume. Urinary creatinine (ucr) was
determined in duplicate using an ucr assay kit purchased
from Cayman Chemical Company (Ann Arbor, USA) fol-
lowing the manufacturer’s instructions. Urinary MA were
expressed as amounts per excreted total urine volume and
normalized to ucr. Determination of AAMA and GAMA fol-
lowed the SIDA method as published before (Goempel et al.
2017). In brief, urine samples (1 mL each) were purified
via SPE using Isolute® ENV+ columns (Biotage, Uppsala,
Sweden) and diluted 1:4 for analysis via UHPLC-ESI-MS/
MS (Agilent 1290 Infinity Series HPLC + AB Sciex QTrap
5500). Measurements were performed in the scheduled
MRM mode.

Cotinine and CYMA were determined in the SPE elu-
ates prepared to quantitate AAMA and GAMA. To that end,
these eluates were further diluted (1:4) with a D;-cotinine
solution, resulting in a final Ds-cotinine concentration of
3 ng/mL. Since adequately pure D;-CYMA was not avail-
able CYMA was estimated by external calibration. A cali-
bration curve was established each time immediately before
analysis of the urine samples of each volunteer. Separation
of cotinine and CYMA was achieved by reversed phase chro-
matography using an Agilent Zorbax Eclipse XDB-C18 col-
umn (50 x4.6 mm, 1.8 um) equipped with the correspond-
ing UHPLC guard column. Gradient elution was carried out
with 0.1% aqueous acetic acid (A) and acetonitrile (B) at
a flow rate of 600 pL/min. After 0.5 min at 4% B, it was
increased to 9% within 3.3 min, followed by a recondition-
ing step. MS/MS detection was based on the shuttled MRM
mode switching ionization from positive (cotinine) to nega-
tive (CYMA) after 3 min (MS parameters see Supporting
Information Table S1). Absolute SPE recovery rates were
82-99% for cotinine and 77-87% for CYMA (measured
with four different concentrations each). Limits of detection

(LOD) and limits of quantification (LOQ) were 20 pg/mL
and 75 pg/mL for cotinine as well as 15 pg/mL and 50 pg/
mL for CYMA.

Data analysis

MS data were processed by Analyst 1.6.1 and Multiquant
2.1.1 Software (AB Sciex). Data analysis and plots were
set up with Excel 2013 (Microsoft, Washington, USA) and
Origin® 2018 Software (Origin Lab Corporation, Northamp-
ton, USA), respectively. Normal distribution was checked by
the Anderson—Darling test. When normality could not be
rejected, a two-sided, unpaired ¢ test was used to compare
groups.

Results

A 10-day human study was performed with two groups
of healthy volunteers (n =10 each) to monitor dietary AA
intake via analysis of diet duplicates prepared by the vol-
unteers. One group did not report any dietary preferences
(omnivores), the other declared to follow a vegan lifestyle.
In parallel, urinary excretion of the AA exposure biomarkers
AAMA and GAMA was monitored. In a subgroup (n=16)
consenting to a study amendment, (tobacco) smoke-related
biomarkers cotinine and CYMA were monitored.

During the study all 20 volunteers provided self-prepared
aliquots of the consumed meals for AA analysis. The AA
intake was calculated individually for each study day and
each individual volunteer by a middle bound approach as
described by the European Food Safety Authority (EFSA)
in 2015. Therefore, all AA values < LOD (ranging, in
dependence of the matrix, from 0.3 to 24 pg/kg) were set
to 0, whereas values >LOD and < LOQ were set to half
the LOQ (LOQ range 1.1-36 pg/kg). Only food expected
to have quantifiable AA contents was analyzed. Foods and
beverages that had not been treated with a process prone to
bring about noteworthy AA contamination, such as water,
soft drinks, juices, milk and milk products, raw fruits and
fresh vegetables were presumed not to contain appreciable
AA contamination, and were therefore excluded from analy-
sis (EFSA 2015; Ruenz et al. 2016). Grouped AA contents
of typical food items are given in Table 1.

A broad range of beverage and food samples was ana-
lyzed. As shown in Table 1, food items processed at
> 120 °C revealed high AA contents (mean of 119 pg/kg,
maximum 289 pg/kg). Commercially available snack prod-
ucts such as crisps and snacks, toasted tomato bread and
pretzel sticks were found to contain the highest amounts of
AA with a mean of 147 pg/kg (maximum 481 pg/kg in a
crisps sample). Meals consisting of meat and heat-processed
products were mainly from the canteen of the university,
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Table 1 Mean, minimum (min) and maximum (max) acrylamide
contents of different food categories (with n food samples each) con-
sumed during the human study by volunteers

Table2 Mean and absolute maximum (max) daily acrylamide intake
of all volunteers (vegans and omnivores) during the 10-day study and
averaged sum of the whole study

n  Acrylamide con-
tent (ug/kg)

Mean Min Max

Heat processed potato products® 18 119 9 289
Crisps and snacks 11 147 15 481
Meals with meat and highly heated 8 81 29 202
productsb
Meat surrogates (e.g., tofu) + side dishes 12 50 15 100
Vegetarian meals 7 24 5 48
Bread and sandwiches® 26 50 8 210
Bakery goods and biscuits 22 43 6 241
Sweets? 11 84 9 160
Coffee beverages (+ milk) 12 8 4 22

*E.g., French fries, croquettes

"Mostly meals from the university’s canteen like French fries with
schnitzel

“Bread (rolls) with or without topping

dE,g., ice cream, chocolate

as many volunteers were students. Mean AA contents in
these meals were 81 pg/kg. In a home cooked meal contain-
ing meat (not specified) with potatoes a maximum value of
202 pg/kg was measured.

Meat surrogates like tofu or seitan with or without side
dishes like gnocchi showed lower mean AA contents (50 pg/
kg) with a maximum of 100 pg/kg in a grilled tofu sausage.
Vegetarian meals mainly consisting of vegetables showed
lower mean AA contents with a maximum of 48 ug/kg.
Samples of bread (rolls) with or without topping showed
an overall average AA content of 50 pg/kg and maximum
values of 143 pg/kg and 210 pg/kg in olive and walnut bread,
respectively. Bakery goods and biscuits revealed mean AA
contents of 43 pg/kg with maximum values of 149 pg/kg
and 241 pg/kg in two cake samples. Sweets showed a broad
range of AA contents from 9 pg/kg (praline ice cream) to
160 ug/kg (hazelnut waffles). During the study, about half
of the volunteers drank coffee with or without milk or sugar
(mean of 8 ug/kg, maximum 22 pg/kg in an espresso).

Daily AA intake of each volunteer at the respective study
day was estimated, based on the quantified AA contents in
the consumed foods with the self-protocolled portion size
and ingestion time (see Supporting Information Table S2).
During the 10-day study, mean dietary AA exposure of all
volunteers was 299 nmol/day (0.32 +0.19 pg/kg bw/day)
(see Table 2), with marked inter-day and inter-volunteer
variabilities (see Fig. 1a). On some study days, AA was
not found (< LOD) in any consumed meals, consequently
dietary intake of the corresponding volunteer was set to
0 nmol. Male volunteers showed a higher absolute AA intake

@ Springer

n Acrylamide intake

ug/kg bw/day nmol/day
Mean Max Mean Max
All volunteers 20 0.32 2.51 299 2200
Men 10 0.29 1.87 323 2200
Women 10 0.35 2.51 276 2112
Omnivores 10 0.26 1.58 244 1097
Male omnivores 5 0.21 0.93 237 1091
Female omnivores 5 0.33 1.58 264 1097
Vegans 10 0.38 251 355 2200
Male vegans 5 0.38 1.87 409 2200
Female vegans 5 0.39 2.51 302 2112

(323 + 212 nmol/day) than the females (276 + 145 nmol/
day), however, on a body weight base, intake was
0.29+0.18 pg/kg bw/day for males and 0.35 +0.20 pg/kg
bw/day for females. Furthermore, vegan volunteers ingested
more AA (mean 355 +228 nmol/day and 0.38 +0.23 ug/kg
bw/day, respectively) than the omnivore volunteers (mean
244 +90 nmol/day and 0.26 +0.10 pg/kg bw/day, respec-
tively), yet this difference was not significant (p >0.18).

Foods consumed were categorized into groups with
respect to contribution to dietary AA intake (see Support-
ing Information Table S3). In general, frequent ingestion
of raw fruits and vegetables (e.g., salad) led to lower AA
intake, as compared to heated foods, bread and bakery prod-
ucts or coffee beverages. Meals with heat-processed potato
products like French fries and potato crisps led to enhanced
AA intake, accounting for 31% (mean) of the overall AA
intake during the study. Heated meals (not deep fried) were
consumed more often and regularly than deep-fried potato
products, in total accounting for about a quarter of the AA
exposure. Such products contributed by about 20% to the AA
exposure of the omnivore volunteers and by 29% to that of
vegan volunteers. Almost all volunteers (n = 18) consumed
bread, bread rolls or pretzels during the study, accounting
for 16% of the total AA intake of all volunteers, again with
a marked difference between omnivores (8%) and vegans
(23%). Bakery goods and biscuits were mainly consumed by
omnivore volunteers, accounting for 15% of their overall AA
intake, in contrast to vegan volunteers (5%). Furthermore, a
mean of 18.4+10.0 ug/10 days AA was ingested via coffee
drinking, equivalent to 11 +5% of the overall AA intake
among coffee drinkers (11 out of 20 volunteers).

Results of monitoring the urinary AA exposure bio-
markers AAMA and GAMA throughout the whole 10-day
study period are given in detail, as sum of two 12-h inter-
vals, in Supporting Information Tables S3 (AAMA) and
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S4 (GAMA). Table 3 gives a group summary. Daily mean
excretion of AAMA was 312 nmol/day (46—1338 nmol/day)
for all volunteers, that of GAMA as minor metabolite was
45 nmol/day (11-109 nmol/day). In accordance with the
dietary AA intake, vegan volunteers excreted more AAMA
(374 nmol/day) and GAMA (50 nmol/day) than the omni-
vore group (251 nmol/day for AAMA and 40 nmol/day for
GAMA).

As mentioned, every volunteer kept his/her usual dietary
and lifestyle habits. Reflecting the respective individual AA
intake (Fig. 1a), AAMA excretion varied strongly from vol-
unteer to volunteer and between days (Fig. 1b).

Individual AA intake and associated biomarker excretion
in three volunteers are exemplified in Fig. 2. The omnivore-
female-1 with an unrestricted diet (Fig. 2a) consumed AA-
containing food every study day, resulting in a mean dietary
AA exposure of 238 nmol/day (0.34 ug/kg bw/day). On days

vegans

1, 5 and 9, this volunteer ingested relatively high amounts
of AA by having lunch at the university canteen with major
contribution (79% of total AA intake) by fried potato prod-
ucts (day 1: pork blade steak with French fries and side
dishes, 29.2 ug/kg consumed meal; day 5: potato pancakes
with apple puree and soup, 152 pg/kg consumed meal; day
9: Swiss cheese salad with French fries and side dishes,
48.4 pg/kg consumed meal). Accordingly, the excretion of
AAMA and GAMA reached maximum levels in the over-
night urine of day 1, day 5, and day 9. In the intervening time
periods with low AA intake values were decreasing within
72 h (day 9: 48 h until study end). The excretion of CYMA
was very low during the whole study (0.4 + 0.1 nmol/day),
levels of cotinine were < LOD.

In contrast, vegan-female-3 (Fig. 2b) consumed barely
quantifiable AA amounts on 3 days during the study, result-
ing in the lowest overall AA intake of all 20 volunteers
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Table 3 Mean and absolute

o . _ n AAMA excretion GAMA excretion
minima/maxima (min/max)
excreted amounts (in nmol/ nmol/day nmol/day
day) of AAMA (N-acetyl-S-(2- - -
carbamoylethyl)-L-cysteine) and Mean Min Max Mean Min Max
GAMA (N-acetyl-S-(2-hydroxy-— y oneer 20 312 46 1338 45 11 109
2-carbamoylethyl)-L-cysteine)
during the 10-day study Men 10 325 124 873 52 26 109
Women 10 299 46 1338 38 11 103
Omnivores 10 251 73 514 40 11 85
Male 5 291 159 514 50 30 35
Female 5 211 73 460 30 11 50
Vegans 10 374 46 1338 50 16 109
Male 5 360 124 873 53 26 109
Female 5 387 46 1338 46 16 103

n number of volunteers

(mean of 91 nmol/day, 0.1 ug/kg bw/day). On day 1, bread
with and without topping was consumed (9.2 and 9.7 ug/
kg, respectively), on day 2 pan-fried vegetables with soy
stripes (66.4 ug/kg), and on day 9 pan-fried vegetables
(23.2 pg/kg). Apart from that, mainly fresh fruits and
smoothies, mixed salads, vegetables, mineral water, and tea
were consumed. Associated with this low AA intake, this
volunteer had the lowest AAMA excretion with a mean of
96 nmol/day and a range of 46—185 nmol/day (Fig. 1b). AA
intake of 546 nmol (0.6 pg/kg bw) mainly in the early even-
ing of day 2 resulted in a maximum AAMA excretion of
135 nmol/12 h (240 nmol/g ucr) in the overnight urine of
day 2. In the absence of any further AA intake, urinary MA
excretion declined down to a consistent background, with a
mean of 51 +5 nmol/day AAMA (48 + 10 nmol/g ucr) and
19 + 3 nmol/day (17 +3 nmol/g ucr) GAMA between days
5-8. No detectable levels of cotinine were measured in the
urine of this volunteer, values for CYMA were in the low
end area of all volunteers. Of note, the excretion of both
MA never reached zero. For example, vegan-female-3 after
6 days of zero dietary AA intake still exhibited a baseline
excretion of 46 nmol/day for AAMA, respectively, 11 nmol/
day for GAMA as lowest values. Since noteworthy exog-
enous AA exposure was absent, urinary cotinine was < LOD
and CYMA extremely low (0.3-0.6 nmol/day), this indicates
the level of endogenous background AA exposure in this
volunteer.

As a third example, results for vegan-female-4 are pre-
sented in Fig. 2c. Surprisingly, this volunteer excreted
disproportionately high amounts of MA, with regard
to her mean dietary AA intake of 293 + 110 nmol/day
(0.36 £ 0.14 pg/kg bw/day), throughout the study rang-
ing from 135 to 503 nmol/day (0.17-0.63 pg/kg bw/day).
Consumption of bread with topping, and bakery goods like
pretzels, cake, and biscuits accounted for 82% of her overall
AA intake. This volunteer excreted disproportionately high
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amounts of AAMA and GAMA, with means of 804 nmol/
day (545-1338 nmol/day) and 73 nmol/day (56—103 nmol/
day), respectively.

Upon inquiry, this volunteer reported to have spent sev-
eral days a week near open fires, in public smoking areas,
and/or in the presence of smokers. Urinary levels of coti-
nine (mean of 345 + 145 nmol/day) and CYMA (mean of
43 + 16 nmol/day) were the highest monitored in the whole
group. No relation between dietary AA intake and excretion
of AAMA and GAMA was observed.

As can be seen in Fig. 3a, some other volunteers also
showed inadvertently enhanced CYMA excretions on a dis-
tinct number of days (e.g., omnivore-males-2 and -3 and
omnivore-female-5). Probably as a consequence of expo-
sure prior to study onset, highest values were recorded on
day 1. CYMA excretions of vegan volunteers in general
were lower (0.6 +0.3 nmol/day, under exclusion of vegan-
female-4) as compared to those of omnivore volunteers
(2.3 +2.3 nmol/day). Similarly, cotinine values (Fig. 3b)
were 1.8 £5.1 nmol/day for vegans (excluding vegan-
female-4) compared to 39+ 157 nmol/day for omnivore
volunteers, indicating some exposure to tobacco smoke
(presumably second hand). Also see supporting informa-
tion S5/6.

Discussion

The aim of this study was to generate scientific data on the
impact of consumer preferences on human exposure to food-
borne AA. Representative aliquots of duplicates of meals
as consumed were obtained to compare dietary exposure of
vegan and omnivore volunteers without dietary restriction.
Volunteers kept to their accustomed daily habits and pro-
vided activity protocols retrospectively. Since unexpectedly
enhanced AAMA and GAMA excretions were measured



Archives of Toxicology (2019) 93:987-996

993

Ry
N
o
o

—!

’—’ a

400F—

300 _
200
100 -

: "

500 - b

400 -

300 -

200

100 A

800
7001
6001
500
4001
300{{ .
200/

1004

./I

u;-/\.
1

o

AA intake [nmol/d] / biomarker excretion [nmol/12 h]  AA intake [nmol/d] / biomarker excretion [nmol/12 h] AA intake [nmol/d] / biomarker excretion [nmol/12 h]

day
[ ] AA intake —— AAMA —8— GAMA----- cotinine---/+-- CYMA

Fig.2 Acrylamide (AA) intake and excretion kinetics of mercapturic
acids and cotinine of a omnivore-female-1, b vegan-female-3 and ¢
vegan-female-4. CYMA and cotinine levels are only displayed in c.
AAMA: N-acetyl-S-(2-carbamoylethyl)-L-cysteine, CYMA N-acetyl-
S-(2-cyanoethyl)-L-cysteine GAMA: N-acetyl-S-(2-hydroxy-2-
carbamoylethyl)-L-cysteine

in some volunteers, despite their relatively low dietary AA
intake, potential inadvertent exposure to open fire and/or
tobacco smoke was suspected. Therefore, in a subgroup
(16/20) consenting to the respective study amendment,

urinary CYMA as well as cotinine levels was monitored.
Mean AA intake of all volunteers was estimated to be
0.32 pg/kg bw/day, thus being in the same range as studies
from other countries had shown before (Normandin et al.
2013; Sirot et al. 2012).

Although the volunteer collective was small (n=20),
results allow some conclusions on the dependency of indi-
vidual AA dietary exposure on factors of lifestyle and die-
tary preferences (see Fig. 4). Consumption of deep-fried
potato products like French fries led to enhanced dietary
AA intake and urinary exposure biomarker (AAMA) excre-
tion in all volunteers. Sustained daily consumption of heat-
processed food such as meat or tofu-based products, of bread
or bakery products contributed substantially to overall AA
intake. Coffee consumption accounted only for some minor
contribution. However, consumption of pan-fried vegetables
and meat surrogates like tofu or seitan as well as bread-based
products appeared to substantially contribute to enhanced
AA intake of the vegan volunteers. For omnivore volunteers,
meals with meat content such as burger and casserole with
bakery products or biscuits provided a major share to the
dietary AA exposure. In a 2-day duplicate diet study from
Japan mixed dishes, confectionary, vegetables and beverages
were reported to mainly contribute to dietary AA uptake, in
some agreement with our results (Yamamoto et al. 2018).

Monitoring the urinary mercapturic acids AAMA and
GAMA, informed about the diet-related AA exposure.
Excretion of both metabolites essentially was concordant
with the AA intake estimated by the described duplicate
diet dosimetry. However, incidental exposure to combus-
tion associated external AA sources like open fire and/or
tobacco smoke (second hand) supposedly was responsible
for unexpectedly high biomarker response. In a vegan vol-
unteer this was detected by monitoring cotinine and CYMA.
Goniewicz et al. (2017) recorded almost unchanged urinary
cotinine levels in volunteers after switching to nicotine con-
taining e-cigarette vapor inhalation as compared to tobacco-
based cigarette smoke. In contrast, levels of the acryloni-
trile-related urinary biomarker CYMA were found strongly
reduced in the urine of e-cigarette vapor exposed volunteers,
in line with further combustion products of organic mate-
rial, such as polycyclic aromatic hydrocarbons or carbon
monoxide. Therefore, CYMA may be considered a bona fide
biomarker of exposure to smoke from organic matter form-
ing acrylonitrile during incineration.

Another female vegan (see Fig. 2b) showed excretion
kinetics obviously undisturbed by smoke exposure, compa-
rable to those also observed previously in human interven-
tion studies under strictly controlled conditions. These have
indicated that an AA intake of 1.3—1.8 pug/kg bw resulted in
amean of 58% of the ingested AA being excreted as AAMA
(7% as GAMA) within 72 h. (Goempel et al. 2017; Ruenz
et al. 2016) In the present study in free-living individuals,
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about similar excretion kinetics were seen. AAMA was
excreted in less than 72 h with a maximum value already
reached within 12 h after the reported dietary intake. As
case in point, vegan-female-3 excreted within 72 h about
64% of the respective dietary AA intake (546 nmol) on day
2 as AAMA. Under strictly controlled conditions, a sus-
tained endogenous background exposure to AA had com-
pellingly been demonstrated in the above studies (Goempel
et al. 2017; Ruenz et al. 2016). The present study also sup-
ports the premise of a steady background, as exemplified
for vegan-female-3. The mean AAMA excretion of this vol-
unteer between days 5-8 (51 +£5 nmol/day) is estimated to
be equivalent to an AA exposure of 0.2 pug/kg bw/day of
endogenous origin, assuming 30% of the respective dose
excreted as AAMA within 24 h (Goempel et al. 2017; Ruenz
et al. 2016; Watzek et al. 2012a) This individual endoge-
nous background estimate is close to those observed before

@ Springer

(0.2-0.4 pg/kg bw/day) (Goempel et al. 2017; Ruenz et al.
2016).

Taken together, the results of this study clearly underline
the dependence of exposure to AA on living conditions and
dietary preferences. In some cases, vegan lifestyle was found
associated with enhanced AA exposure, especially in cases
where heat-processed vegan food like meat surrogates were
ingested. Although not significant, mean dietary AA expo-
sure of vegan volunteers (0.38 pug/kg bw/day) exceeded that
of omnivore volunteers (0.26 pg/kg bw/day). In accordance
with differential AA exposure vegan volunteers excreted
more AAMA (374 nmol/day) and GAMA (50 nmol/day)
than the omnivore group (251 nmol/day for AAMA and
40 nmol/day for GAMA). This may well reflect some nutri-
tional preference for thermally treated vegan food.

By comparison, in a study reporting lower frequency
of micronuclei in transferrin-positive immature peripheral
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Fig.4 Comparison of the contribution of different foods to the total
acrylamide intake of vegan (n=10, one volunteer quit after 9 days)
and omnivore (n=10) volunteers following an unrestricted diet,
respectively, during the 10-day study

blood reticulocytes of vegetarians (defined by excluding
meat and fish from their diet) as compared to non-vegetar-
ians, no significant difference in mean Hb adduct levels of
AA and GA were found (Kotova et al. 2015). The methodol-
ogy applied in that study is, however, not comparable to our
approach. First, there may be differences between vegetar-
ian and vegan nutrition. Second, Hb adducts are long-term
biomarkers of cumulative exposure during the lifetime of
human red blood cells, analyzed in that study at one time-
point. In our study, continuous urinary MA monitoring
after dietary exposure allows to follow excretion kinetics in
detail, thus informing on additional inadvertent exogenous
exposure. Duplicate diet studies from Japan considered time
intervals of 24 h and 2 days, respectively, when comparing
different methods of AA intake dosimetry (Yamamoto et al.
2018; Kawahara et al. 2019). These short-term dosimetry
studies arrived at a somewhat lower range of AA intake as
compared to our data, continuously collected over 10 days.
Apart from the markedly differential time periods of AA
intake monitoring, differing nutritional lifestyles may also
have contributed to the observed differences.

The present study has several strengths.

First, the dosimetry of dietary AA intake by analyzing
volunteer-prepared dietary duplicates reflects as closely as
possible, daily meal consumption within a timeframe of
10 days. A second strength consists of the individual and
time-resolved resolution of AA intake and urinary excre-
tion kinetics of exposure biomarkers during the whole study

period which allowed to conclude on additional, non-dietary
AA exposure sources. Third, passive exposure to sources
of environmental smoke from barbecuing, campfires and/or
second-hand tobacco smoke was detected by monitoring the
respective biomarkers, urinary CYMA and cotinine.

There are, however, also limitations.

First, the study was uncontrolled and it had only a small
number of volunteers. Second, analytical findings largely
depend on the quality and exactness of dietary duplicate
preparation. Although volunteers were trained to prepare
representative meal duplicates this may have resulted in
somewhat increased variability. Third, depending on the
study amendment, consenting volunteers were required to
recall and document their then living circumstances (after
about 1 year). Fourth, since we had to apply for an amend-
ment to also monitor CYMA and cotinine, not all volunteers
originally participating could be contacted or responded,
thus reducing participant number with regard to evaluat-
ing the specific aspect of (inadvertent) smoke exposure.
In addition, urinary levels found for cotinine and CYMA
may somewhat deviate from true values, since, in contrast
to those for AAMA and GAMA, they were quantified by
external standard addition after sample work-up. However,
since the respective recovery rates were between 77-99%,
this is considered a minor source of variability, not essen-
tially compromising the overall outcome.

Taken together, this 10-day monitoring study provides
new insights into human AA exposure resulting from indi-
vidual dietary preferences and lifestyles as well as giving
further support to ascertainment of endogenous AA expo-
sure. These results are novel and appear of value to pave
the way for the future design of related larger scale studies.
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