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1 Introduction

Acrylamide (AA, Figure 1), an industrial
chemical used for more than six decades is
synthesized by catalytic hydration from
acrylonitrile. Today, the EU-wide output of this
high-volume chemical ranges from 80 000 to
100000t per annum. Up to 99.9% of AA

synthesized in the EU is used for the production

O

P

NH,

Figure 1
Chemical structure of acrylamide.

of polymers. Polyacrylamides have many applications, e.g. as soil stabilizers, as grouts in

sewer and tunnel construction, as flocculants for water and wastewater treatment, in paper

and pulp production, and in the cosmetic industry as thickeners and film-builders.

Monomeric AA is commonly used in laboratories for the preparation of polyacrylamide

gels applied for electrophoretic separation of proteins or nucleic acids (/). Whereas

polyacrylamides are generally considered non-toxic (2, 3), monomeric AA has been

identified as a cumulative neurotoxin in rodents (4-6) and humans (7-10) with a no-

observed-adverse-effect-level (NOAEL) of 500 pg/kg b.w. per day (/7). Moreover, AA
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seriously affects rodent reproduction (/2-15) at doses exceeding 2 mg/kg b.w. per day. The
AA-derived epoxide metabolite glycidamide (GA, Figure 3) has been demonstrated to be
mutagenic in Salmonella typhimurium (/6), in somatic cells in vitro (17) and in vivo (18)
as well as in germ cells in vivo (19, 20). Based on its multisite carcinogenicity in rodents
(21, 22), AA has been classified as a probable human carcinogen (Category 2A) by the

International Agency for Research on Cancer (23, 24).

For decades, occupational exposure was thought to be the main source of AA exposure in
humans and the risk for the general public was considered negligible. However, AA and its
possible effects on human health came into the focus of public attention in 1997. During
the construction of the Hallandsas tunnel in Southern Sweden, the applied AA-based grout
'Rhoca-Gil' polymerized incompletely. Large amounts of monomeric AA were released
into the environment. In the following weeks, high incidences of fish mortality and
neurotoxic effects in cattle were observed in the vicinity of the construction site. Workers
who had been exposed to high doses of AA also exhibited signs of neurotoxicity (/, 25).
For exposure assessment, AA-hemoglobin adducts were measured in the blood of the
exposed human subjects and in a control group (26). Unexpectedly high levels of AA-
hemoglobin adducts were detected in the control group, thus confirming the unexplained
detection of AA-hemoglobin adducts previously reported in a control population (27). The
assumption that humans could be exposed to AA via the diet was verified shortly
afterwards, when relatively high concentrations of AA were detected in a variety of heat-

treated carbohydrate-rich foods (28, 29).

National authorities were alarmed by the possible consequences of a long-term exposure of
the general public to a neurotoxic, possibly reprotoxic and potentially carcinogenic
substance. Initial exposure assessments estimated the average daily intake from AA-levels
in foods and from nutritional habits to range from 0.3 to 0.8 pg/kg b.w. (30). Accordingly,
neurotoxic and reprotoxic effects of AA from dietary exposure alone appeared rather
unlikely. However, the epoxide metabolite GA had been demonstrated to form adducts

with DNA in vitro as well as in vivo (31). Therefore, the risk for cancer from dietary AA
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became the focus of scientific research, as it is generally assumed that genotoxic

carcinogens that form DNA adducts operate by linear, non-thresholded mechanisms (32).

Extrapolation from tumor incidences in experimental animals to human dietary AA
exposure (e.g. 1.0 pg/kg b.w. per day) suggested a comparatively high cancer risk for
humans ranging from 700 to 10 000 additional cancer cases in one million people (33, 34).
However, a large number of uncertainties are involved in these linear extrapolations, as
they are based on rodent studies with AA doses exceeding the calculated mean dietary

exposure by several orders of magnitude (35).

In January 2006, at the beginning of the work on this doctoral thesis, biotransformation and
toxicokinetics of AA in humans were still unknown, and existing data was scarce and
inconsistent. Therefore, the aim was to evaluate the toxicokinetic properties as well as the
metabolic fate of AA in humans at doses as low as the mean daily exposure from the diet,

thus improving the basis for human risk assessment.
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2 Background

2.1  Physical and Chemical Characteristics of Acrylamide

AA (2-Propenamide, C;HsNO, CAS# 79-06-1) is an odorless, white, crystalline solid with
a molecular weight of 71.08 g/mol. It is soluble in cold and hot water (204 g/100 g water;
25 °C), ethanol, methanol and partly soluble in acetone. AA reacts vigorously with acids or
bases producing ammonia salts and acrylic acid. The solid is stable at room temperature
but may polymerize violently upon melting (melting point: 84.5 °C), as well as on

exposure to heat, U.V. light, oxidizers or peroxides (36).

Radical Polymerization. Polyacrylamide gels are routinely used in laboratories as
matrices for the electrophoretic separation of proteins (polyacrylamide gel electrophoresis,
PAGE). Spontaneous polymerization of AA does not readily occur at room temperature,
but requires the presence of catalysts, such as N,N,N,N-tetramethylethylenediamine

(TEMED). Under anaerobic conditions and in combination with a radical initiator, e.g.
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ammonium persulfate (APS), radical polymerization of AA can be started. Cross-links may

be generated by the addition of N,N-methylenebisacrylamide (Figure 2) (37).

O
O NH, O NH, O NH,
X
NH2 ~
Acrylamide
APS
TEMED
_I_ ﬁ}
SO, » SO~
HN O HN O LN O
N,N-Methylenebisacrylamide Polyacrylamide

Figure 2  Mechanism of radical polymerization of acrylamide during the preparation of gels for
polyacrylamide gel electrophoresis (PAGE).

2.2  Biotransformation and Disposition of Acrylamide

2.2.1 Biotransformation in Rodents

The metabolic conversion and elimination of AA in rodents have been thoroughly studied
after oral administration of AA in the mg/kg b.w. range (38-41). As a small, highly water-
soluble molecule, AA is readily absorbed and distributed throughout the organism
following oral administration (42, 43). According to its high reactivity towards sulfhydryl
groups, AA can directly conjugate with glutathione (GSH). After degradation by vy-
glutamyltransferase and dipeptidases and subsequent acetylation by acetyl-coenzyme A
(44) the resulting mercapturic acid N-acetyl-S-(2-carbamoylethyl)-L-cysteine (AAMA) is

excreted with urine. A major metabolic pathway in rats and mice is oxidation to the
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reactive epoxide glycidamide (GA) mediated by the cytochrome P450 isoenzyme
CYP 2E1 (45). GA can also be conjugated with glutathione and is excreted with urine after
metabolic conversion to the regioisomeric mercapturic acids rac-N-acetyl-S-(2-carbamoyl-
2-hydroxyethyl)-L-cysteine (GAMA) and rac-N-acetyl-S-(1-carbamoyl-2-hydroxyethyl)-L-
cysteine (iso-GAMA). After administration of 50 mg/kg b.w. AA to rats, approximately
30% of the excreted metabolites are derived from GA. Following administration of the
same dose to mice, 60% of all metabolites are excreted as GA-derived biotransformation
products. To a small extent, GA can be detoxified via hydrolysis to glyceramide

(dihydroxypropionamide) mediated by epoxide hydrolase (39) (Figure 3).

2.2.2 Biotransformation in Humans

Studies on metabolism and toxicokinetics of AA in humans, especially in the dose range
similar to the daily exposure via the diet, are rare and data derived from human studies is
mostly inconsistent. After administration of 0.5 -3 mg/kgb.w. “C3-AA to human
subjects, ’C3-AAMA has been identified as the major urinary metabolite. Contrary to
metabolism in rodents, AAMA can be oxidized to AAMA-sulfoxide in humans (38). The
CYP 2E1 mediated epoxidation to GA (46) however, seems to be a minor metabolic
pathway in humans. Hydrolysis to glyceramide has been reported after oral exposure to

3.0 mg/kg b.w. °C3-AA (38) (Figure 3).
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o 0 HO 0
\)L CYP 2EI o M Epoxide \ (
S > —_— *

Ho —/ NH

NH, NH, Hydrolase
AA GA Glyceramide

1.) Conjugation with glutathione
2.) Degradation by transpeptidases
3.) N-Acetylation

0 0 0

0 | oo | 0 T
S 2 S 2 2 ST
P R e e e

| ” Y0
HN \’) Humane N \H o HN ﬁ) OH HN \H OH
—

only
COOH ’ COOH COOH COOH

AAMA AAMA-SO GAMA iso-GAMA

Figure 3  Biotransformation of acrylamide in rodents and humans.

2.2.3 Reactivity towards Biomacromolecules

AA is a chemically reactive o, f-unsaturated carbonyl compound. According to the
Molecular Orbital Theory, a, f-unsaturated carbonyl compounds are considered to be soft
electrophiles that will react most favorably with soft nucleophiles such as the sulthydryl
groups on cysteine residues in proteins (47). The electron deficient double-bond reacts
spontaneously with nucleophiles (mostly hydroxyl-, amino-, or sulfhydryl- containing

compounds) by Michael-Addition (Figure 4) (48, 49).
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® H H H HH
R—Si
—_ \ _
. N 0 R—S A\ 6‘9
. U
H,N H,N
H HH H H H
H
R—S" \ gy == RS o
H,N H,N

Figure4  Michael-Addition: nucleophilic addition of an electron-rich sulfhydryl group (e.g.
L-cysteine) to the electron-deficient a, f-unsaturated carbonyl compound
acrylamide.

Michael-Addition to the thiol group of glutathione appears to be most efficient (50), and
(after enzymatic degradation and N-acetylation) results in urinary excretion of mercapturic
acid conjugates, thereby representing a detoxification pathway of AA (49, 51). AA can
also bind to plasma proteins, primarily reacting with the thiol group of cysteine or the
amino group of N-terminal valine in hemoglobin (48, 52-54). AA-hemoglobin adducts are
essentially considered an internal dose marker for the exposure to AA. By addition to
nucleophilic residues on proteins such as protamines or kinesins, AA may alter their
corresponding structure and function. This mode of action has been discussed concerning

AA-neurotoxicity (55, 56), reprotoxicity (/3) and also potential epigenetic effects (517).

The epoxide metabolite GA is also a reactive electrophile that binds to glutathione (39) and
hemoglobin (53, 54) according to classical nucleophilic substitution mechanisms.
Compared to AA however, it acts more like a hard electrophile and therefore tends to react
more readily with hard nucleophiles such as the heterocyclic amines in DNA-bases (57).
Whereas AA only forms DNA-adducts in vitro (58), GA forms multiple adducts with DNA

in vitro as well as in vivo (Figure 5) (31).
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: O i \ ‘ : __________ il
ME/\/|L | : 8 B O Hi OH E
- NH, | & STAD NG L N
NH, H SR ¢ \NJ\L b |
N y H ' |
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AA-glutathione-S-conjugate JL CYP 2EI Oj—{
g 0 Jug P —
NH,
AA GA
e \ LT
'O NI, !
// Sa ! - !
/’ 1 !
. o . x :
o Ky O [ s | [ oH
b )ErN | NH, | N{
A & VW 2 i HN i
H . i 0 i "N
H,N N
AA-hemoglobin-N-conjugate GA-guanine-N-conjugate

Figure 5  Schematic representation of the reactivity of acrylamide and glycidamide towards
biomacromolecules. As a soft electrophile, acrylamide reacts readily with soft
nucleophiles, such as glutathione, whereas glycidamide acts more like a hard
electrophile and therefore forms adducts with DNA bases in vitro as well as in vivo.

2.2.4 Enzymes involved in Acrylamide Metabolism: Function, Mechanism and

Polymorphism

In order to facilitate excretion via urine or bile and to prevent accumulation, xenobiotics
are subjected to metabolic conversion. Basically, biotransformation of exogenous
compounds can be divided into two major classes of metabolic reactions. During Phase I,
substances are functionalized mainly by insertion of oxygen via oxidoreductases such as
Cytochrome P450 monooxygenases (CYP) and flavin-dependent monooxygenases (FMO).
The obtained redox reaction products are generally less lipophilic than the parent
compounds and thus easier to excrete with urine. Additionally, many products are good

substrates for Phase II reactions. Phase II reactions are characterized by conjugation of the
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functionalized compound to hydrophilic endogenous substances such as GSH, glucuronic
acid or sulfate, mediated by glutathione-S-transferases (GST), UDP-glucuronyl-
transferases and sulfotransferases. The net result is an accelerated removal of the
xenobiotic and its metabolites from the body. However, these metabolic reactions can lead
to reactive and in some cases toxic metabolites as is the case with the CYP 2E1 mediated
oxidation of AA to the mutagenic epoxide GA. Figure 6 summarizes the
detoxification/toxification pathways of AA following oral uptake with respect to the most

important enzymes involved in AA biotransformation.

[ Acrylamide (AA) ]
[
‘ Absorption: passive diffusion ‘

Proteinsl

Neurotoxicity
Reprotoxicity
Cancer?

Phase I: Oxidation

CYP 2E1; Cytochrome P450/EMO |7 [ AL
A :
Proteins, 3 '
DNA

HED AAMA-
sulfoxide

Phase II: Conjugation
Glutathione (GST)

Excretion: renal

Figure 6  Schematic representation of biotransformation pathways and toxicity of acrylamide
following oral administration.
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Cytochrome P450. Cytochrome P540 monooxygenases (CYP) represent the largest and
most important group of metabolizing enzymes in virtually all life forms. Up to now, 18
CYP-families and more than 60 isoforms have been characterized in humans. Cytochrome
P450 enzymes are involved in synthesis of steroid-hormones, in oxidation of fatty acids,
and in Phase I metabolism of numerous endogenous substances as well as xenobiotics. The
membrane bound enzymes are mainly located in the smooth endoplasmatic reticulum
membrane and some forms are found in mitochondria. They are expressed in practically all
tissues with highest levels in the liver, significant activities in the small intestine wall and

the lungs, and smaller activity in brain and skin (59).

The cytochrome P450 system consists of two coupled enzymes, the flavoprotein NADPH-
cytochrome P540 reductase, which uses NADPH as cofactor and acts as an electron donor,
and the hemoprotein cytochrome P450, consisting of a variable apoprotein and a heme
moiety (i.e. iron-protoporphyrin IX) as prosthetic group. Oxidation of xenobiotics proceeds
via complex mechanisms, which involve binding of the substrate to cytochrome P450,
binding of molecular oxygen to the heme moiety, and several electron transfer steps. In
short, the monooxygenase reaction can be summarized as cleavage of O, and insertion of

one oxygen atom into the substrate XH:

0, + XH + 2¢ + 2H" — XOH + H,0O

or

O, + XH + NADPH + H* — XOH + H,O + NADP*

CYP 2E1. The cytochrome P450 isoenzyme CYP 2E1 is constitutively expressed in the
liver and in many other tissues and may be induced by acetone, isoniazid and ethanol.
CYP 2E1 metabolizes a variety of substances, in particular small compounds with a
molecular weight below 100 amu (60). Exogenous substrates include industrial solvents
(e.g. carbon tetrachloride, chloroform, vinyl chloride), alcohols (e.g. ethanol, methanol, n-

propanol) and drugs (e.g. acetaminophen and phenobarbital) (67).
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Physiologically, CYP 2E1 is involved in metabolism of endogenous compounds such as
fatty acids and ketone bodies (postulated to be an emergency gluconeogenesis pathway
during fasting) (62). CYP 2EI activity can be inhibited by a number of compounds, such
as the garlic constituent diallyl sulfide (63). Saturation of CYP 2E1 activity has been
observed in mice and rats following administration of AA at doses exceeding 5 mg/kg b.w.
(54, 64-66).

CYP 2EI1 catalyzes the oxygenation of C=C bonds in alkenyl moieties, thus yielding
primarily epoxides (59). As shown in Figure 7, the oxygen atom in the CYP-oxene
complex binds covalently to one of the two target carbon atoms to form the two transient
and interconverting intermediates. Formation of the second C—O bond generates the

epoxide and liberates the (Fe’*)-CYP 2El.

4 ™
P450
ll:e4+
O w
113450 H%_.gz
Fes* H o
H,N

Il
)
0) O
O _*
~ NH
i CYP 2El \ NH,
Acrylamide Glycidamide
P450
\ P450
Fe3* \
\

Fe?»+

Figure 7 CYP 2El mediated oxygenation of acrylamide (general mechanism adapted from
Testa et al., 2007 (59)).
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Significant inter-ethnic differences exist in CYP 2E1 polymorphism (61, 67), but there is
no clear evidence that any of these polymorphisms are related to altered function in vivo.
The incidence of these polymorphisms has been investigated in relation to different types
of cancer, alcoholic liver disease, and alcoholism. However, results are controversial and
no firm conclusions can be drawn (67-69). An even more pronounced effect on CYP 2E1
activity has been linked to physiological and pathophysiological conditions, such as

starvation (70), diabetes (71) or obesity (71, 72).

Until now, no significant correlation was observed concerning CYP 2E1 polymorphism
and the extent of AA biotransformation to the mutagenic epoxide GA (73). Possible
interindividual differences in the extent of CYP 2E1 mediated epoxidation of AA in
humans may therefore rather be related to exogenous influences than to genetic

polymorphism.

Flavin-Containing Monooxygenases. Flavin-containing monooxygenases (FMO) are
membrane-bound enzymes located in the endoplasmatic reticulum with highest expression
levels in the liver but also substantial activities in lungs, kidneys, and small intestine.
FMOs catalyze some of the reactions mediated by CYPs, sometimes in parallel, often
yielding the same metabolites. They are flavin adenine dinucleotide (FAD) containing
flavoproteins without a heme moiety. In contrast to CYPs, they receive their reducing
equivalents directly from their cofactor NADPH without an electron-transfer chain. FMOs
show relatively low substrate specificity and preferentially oxygenize soft nucleophiles
such as basic amines and sulfides as well as selenium- or phosphor-containing substrates

(59, 74).

Oxygenation of the sulfur in AAMA may be catalyzed by CYP as well as by FMO. The
observed lack of AAMA-sulfoxide in rodents following administration of AA however,
may be explained by notable species differences in enzyme expression/activity and

substrate specificity reported for FMO (75) as well as for CYP (76).
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The mechanism of FMO mediated oxygenation of soft nucleophiles is represented in
Figure 8. In the first step of the catalytic cycle, FAD undergoes 2-electron reduction by
NADPH. The reduced flavin reacts rapidly with molecular oxygen to form the
peroxyflavin. This activated state is considered to be the predominant form of the enzyme
to exist in the cell. In contrast to the CYP monooxygenase system, binding of the substrate
to FMO is not required and has no effect on the reaction velocity. As a result, any chemical
containing a soft nucleophile that gains access to the peroxyflavin intermediate is a
potential substrate (77). The nucleophilic attack on FAD-OOH by the substrate results in
one atom of molecular oxygen to be transferred to the substrate and one atom to form

water (74, 78).

O O
O O
4 A)kNH = @/QKNH
S 2 S"h 2
(0)
HN\H HN\) ©
|
COOH COOH
(3)
FAD-OOH FAD-OH
(NADPY) (NADPY)
(2) 4)
FADH, FAD

(NADPY) (5) (NADPY)

FAD
NADPH" NADP*
H+

Figure 8  Schematic representation of the catalytic cycle of FMO during sulfoxidation of
AAMA. (general mechanism adapted from Ziegler et al., 1993 (75)).

Five isoforms of FMO (FMO1 — FMOS5) have been detected in humans. Whereas FMOI is
expressed primarily in fetal liver, adult kidney and intestine, FMO?2 is the major FMO

isoenzyme expressed in lungs of most mammalian species, except of most humans. FMO3
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is the dominant isoenzyme in adult human liver and FMO4 and FMOS are thought to be of
minor relevance concerning metabolism of exogenous chemicals due to their limited
substrate specificity and relatively low expression levels in most tissues (74). FMOI,
FMO2 and FMO3 exhibit genetic polymorphisms (mostly single nucleotide
polymorphisms (SNP)) in humans. For example, a SNP in the FMO2 gene results in
absence of functional FMO2 in Caucasians and Asians. Functional FMO?2 alleles could
only be determined with frequencies <13% and <7% in African-Americans and Hispanic-
Americans, respectively (76). Genetic polymorphism leading to FMO3 deficiency results
in a disease known as trimethylaminuria or 'fish-odor syndrome' caused by absent
metabolism of endogenous trimethylamine (77). Possible consequences of FMO
polymorphisms concerning the extent of S-oxidation of AAMA during AA metabolism in

humans have not been elucidated yet.

Glutathione-S-Transferases. The main route of detoxification of AA and GA is
conjugation to the tripeptide glutathione (y-glutamyl-cysteinyl-glycine, GSH). Due to their
reactivity towards sulfhydryl groups, AA and GA may readily react with GSH directly or
mediated by glutathione-S-transferase (GST). GSTs are a large and diverse group of
enzymes present in the cytoplasm, in the endoplasmatic reticulum, in mitochondria, and in
peroxisomes (79). GSH and the GSTs represent the major chemical protection against
reactive xenobiotics and reactive intermediates produced during biotransformation of
endogenous and exogenous compounds (e.g. products of lipid peroxidation, reactive

oxygen species and radiation damage) (79, 80).

A main element in the catalytic mechanism of GSTs is the acidity of the thiol group in
GSH, which is increased significantly by assistance of a neighboring tyrosine residue via
donation of an H-bond (Figure 9). This increased thiol acidity is translated into increased
nucleophilicity of the respective thiolate anion towards reactive electrophiles. Additionally,
the reactivity of the substrate is increased by polarization of its electrophilic center, thus

facilitating nucleophilic addition of GSH.
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Figure 9  Simplified representation of GST mediated nucleophilic addition of GSH to
acrylamide (general mechanism adapted from Testa et al, 2008 (79)).

Once formed, GSH conjugates are extensively processed in the body through stepwise
enzymatic degradation. The first step is cleavage of the glutamyl residue by y-
glutamyltranspeptidase (Figure 10). y-Glutamyltranspeptidases are membranal enzymes
present in the liver, kidneys and other organs. The resulting cysteinylglycine-S-conjugate
loses its glycyl moiety by action of various dipeptidases. Subsequently, the cysteine-S-
conjugate is N-acetylated by cysteine-S-conjugate N-acetyltransferase, a microsomal
enzyme mainly present in the kidney. The resulting mercapturic acid (MA) is a major
urinary excretion product of the GSH biotransformation pathway. N-acetylation of cysteine

conjugates is reversible due to the involvement of various amidases (79, 81).

In humans, the isoenzymes GSTT1, GSTM1 and GSTP1 are polymorphic, with decreased
(heterozygotes) or absent (homozygotes) enzyme activity in individuals bearing the null
genotype. Absence of GSTM1 activity (35 — 62% in Caucasians (76)), for example, has
been associated with an increased risk for cancer in smokers (82, 83). Additionally, species
differences in GST activity have been reported. For instance, mice are much less
susceptible to adverse effects (i.e. liver-tumors) mediated by aflatoxin B; compared to rats.
Much higher levels of aflatoxin B;-GSH-conjugates were detected in mice compared to
rats and humans, indicating a more effective detoxification of this carcinogenic compound

(84).
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Figure 10 Metabolic processing of the acrylamide-glutathione-S-conjugate to the urinary
excreted mercapturic acid AAMA.

No significant correlations were detected in in vitro studies concerning the effectiveness of
different GST isoenzymes (GSTT1, GSTM1 and GSTP1) and the influence of
polymorphisms on the detoxification of AA and GA in human blood. Conjugation of AA
and GA to GSH in blood therefore seems to be more or less independent of GST,
indicating a nonenzymatic mechanism for GSH conjugation (85). However, in a recent in
vivo study in humans, significantly increased background concentrations of both, AA-Hb
and GA-Hb were observed for individuals with the GSTT1 null genotype and the GSTM1
null genotype, respectively (73).

Epoxide Hydrolases. The mutagenic epoxide GA has been reported to be detoxified by
hydrolysis to the diol compound glyceramide via epoxide hydrolase (38, 39). Epoxide
hydrolases (EH) are a class of enzymes that cleave oxiran derivatives to yield the

corresponding diols. They can be diverted into membrane-bound microsomal EH (mEH),
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mainly located in the liver and encoded for by the human gene EPHXI, and soluble EH
(sEH), located in the liver, lung and placenta, encoded for by human EPHX2 (86). EHs
play important physiological roles, as e.g., vitamin K; oxide reductase or cholesterol
epoxide hydrolase (86, 87). Additionally, mEHs are of utmost significance in molecular
toxicology, being involved in the detoxification of reactive arene oxides (88). The overall
reaction catalyzed by EHs is the addition of an H,O molecule to an epoxide. In detail, the
reaction involves a catalytic triad consisting of a nucleophile (Asp226/mEH, Asp333/sEH),
a general base (His431/mEH, His523/sEH) and a charge relay acid (Glu376/mEH,
Asp495/sEH). First, an ester intermediate is formed by nucleophilic attack of aspartate at
the oxiran ring (Figure 11). Meanwhile, histidine and an acidic amino acid (Asp or Glu)
build a charge relay system that activates a water molecule via proton abstraction. Finally,
the ester intermediate is hydrolyzed, yielding a diol. Additional essential participants in
this catalytic reaction are two tyrosines (Tyr299 + Tyr374/mEH, Tyr382 + Tyr465/sEH)
that form hydrogen bonds to the oxygen atom in the epoxide ring of the substrate, thereby
increasing its electrophilicity and optimizing its position for the nucleophilic attack of

aspartate (86-88).

It has been shown, that the activity of the enzyme mEH is affected by two polymorphisms.
A substitution of Tyr113 to His113 in exon 3 corresponds to a 40% decrease in enzyme
activity, whereas a substitution of His139 to Argl39 in exon 4 corresponds to a 25%
increase in enzyme activity (89). Polymorphisms of EH have been associated with pre-
eclampsia in pregnant women (90), elevated risk for a whole range of different cancer
types (e.g. lung cancer and ovarian cancer) (91, 92), and COPD (chronic obstructive

pulmonary disease) (93).

However, in an in vitro study in human blood, no significant influence of EH on the
detoxification rate determined via measurements of GA-hemoglobin adducts was observed
(85). Also, attempts to determine the influence of the different genotypes of mEH on the
ratio GA-Hb/AA-Hb in humans yielded inconsistent results (73).
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Figure 11 Enzymatic mechanism of epoxide hydrolase mediated hydrolysis of glycidamide to
glyceramide (general mechanism adapted from Arand et al., 2005 (88)).
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2.3  Acrylamide Toxicity

2.3.1 Acute Toxicity

Upon contact, inhalation or ingestion, AA causes irritation of the skin, eye irritation,
irritation of the respiratory tract and mucous membranes as well as irritation of the
digestive tract including nausea and vomiting. AA can be absorbed through the skin. It
affects the central nervous system as well as the peripheral nervous system. Symptoms of
acute intoxication include changes in motor activity, numbness, paresthesia, ataxia, tremor,
convulsions, confusion, memory loss and hallucinations (36). The LDsy values for acute

toxicity following oral and dermal exposure in rodents and rabbits are summarized in

Table 1.

Table 1

LDso values for acute toxicity of acrylamide in rats, mice

and rabbits.

Species LDsy (mg/kg b.w.) LDsy (mg/kg b.w.)
oral dermal

Mouse 107 -

Rat 124 400

Rabbit 150 1680

2.3.2 Neurotoxicity

AA is a cumulative neurotoxin in rodents as well as in humans (94). So far, neurotoxicity
is the only adverse effect of AA confirmed in humans occupationally exposed to AA.
General symptoms of AA neurotoxicity in humans are a characteristic skin peeling of the

hands followed by ataxia, skeletal muscle weakness and numbness of hands and feet
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(8, 26). In experimental animals, intoxication at 5—50 mg/kg b.w. per day produced
neurological deficits such as hind-limb foot splay, ataxia (gait abnormalities), and skeletal
muscle weakness (decreased fore- and hind-limb grip strength) (117, 95). Experimental AA
intoxication is also associated with neurogenic autonomic dysfunction, for example urinary
retention, baroreceptor dysfunction, and impaired vasomotor control (96, 97). On the basis
of a subchronic (90 days exposure) study of peripheral nerve damage in rats, a NOAEL of
0.5 mg/kg b.w. has been established (/7). In double-blind studies in factory workers, no
neurotoxicity was found in workers exposed to less than 3.0 mg/kg b.w. per day as

determined by biomonitoring (98).

The mother compound AA itself is considered responsible for neurological symptoms,
although an additive effect of GA has also been discussed (99). AA neurotoxicity has been
characterized as central-peripheral distal axonopathy (4, 5). The primary effect however,
seems to be nerve terminal damage which subsequently leads to synaptic dysfunction.
Degeneration of axons in the central nervous system (CNS) as well as the peripheral
nervous system (PNS) is considered a consequence of these primary lesions (7, 100). Also,
neurotoxicity seems to be exposure-rate dependent. Acute high dose intoxication results in
mainly CNS damage (neurodegeneration of cerebellar Purkinje cells and terminalopathy),
whereas lower dose-rate exposure produces axon degeneration in PNS and CNS (/00).
There is some evidence, that neurotoxicity is mediated via direct reaction of AA with
nucleophilic sites at the nerve terminal, e.g. regulatory nerve terminal proteins or

microtubule-based motor proteins, thus inhibiting neurotransmission (7, 55, 101, 102).

2.3.3 Reproductive Toxicity

AA has been extensively tested in rodents for effects on a variety of reproductive
parameters. Whereas females seem resistant to the reproductive effects of AA, male
reproductive capacity is strongly affected by AA (15, 103, 104). Observed effects include
dominant lethal mutations in germ cells, degeneration of testicular epithelial tissue, and

impaired fertilization (/3, 105). As a result, reduced litter sizes and decreased body
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weights were observed in the pups. A direct correlation between neurotoxicity and male
reproductive effect has been proposed (15, 106). In experimental animals, a NOAEL of
2.0 mg/kg b.w. has been determined for reproductive toxicity (/2).

It has been demonstrated that reproductive toxicity is not only induced by AA, but also by
GA, which exerts clastogenic effects on spermatids (20, 105, 107). Thus, the fundamental

mechanisms of action for AA reprotoxicity appear to be

(1) AA and/or GA binding to spermatid protamines, resulting in dominant lethality

(from induced clastogenesis) and effects on sperm morphology,

(2) AA binding to the motor proteins kinesin and dyneine, leading to distal
axonopathy, and therefore hindlimb weakness, resulting in adverse effects on

mating, and

(3) kinesin inhibition during spermiogenesis by direct interaction with AA or GA

leading to decreased sperm motility (/3, 56).

2.3.4 Carcinogenicity

Cancer in Humans. There are a number of epidemiological studies concerning the
possible carcinogenicity of AA in humans. Two different cohorts of occupationally
exposed factory workers have been studied over several decades (/08-112). Although
workers were exposed to comparably high amounts of AA for many years, no statistically

significant excess mortality due to cancer of any specific site was reported.

To evaluate possible cancer risk from dietary AA, several cohort cancer incidence studies
with unintentionally exposed human subjects have been conducted (/73-119). Most studies
revealed no significant association between levels of dietary AA and cancer. Only weak
associations were found between dietary AA and renal cell cancer risk (//8). Additionally,

some association was found between AA-hemoglobin adduct levels and incidence of
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estrogen receptor positive breast cancer (/7/7) as well as between AA intake and other

endocrine tumors (endometrial and ovarian) in postmenopausal women (/20).

However, results of these studies should be interpreted with caution, as these studies, as
with most epidemiological studies, are limited by size of cohort, poor characterization of
exposures, confounding factors (e.g. cigarette smoke or additional exposure to other
carcinogens), and limited statistical power to detect small increases in a particular

response.

Cancer in Rodents. AA treatment in both rats and mice resulted in an organ-specific
tumorigenicity. Administration of AA via different routes, e.g. orally, topically or
systemically, increased the incidence of lung and skin adenomas and carcinomas in mice
(121). Treatment of Fischer 344 rats with AA at levels of 0.1 — 2.0 mg/kg b.w. per day for
two years induced scrotal mesotheliomas, thyroid adenomas and/or adenocarcinomas,
mammary gland tumors, uterine adenocarcinomas, clitoral gland adenomas, and oral

papillomas (21, 22).

The sites for cancer found in rats suggest a hormone-related cause and disruption of
hormone levels or activity by AA has been proposed as the underlying mechanism for
some of the tumors observed. However, the available data supporting such a mode of
action is limited or inadequate. Moreover, results from rats may not be transferred to
humans directly, especially as rats lack circulating proteins that bind hormones and act as a
hormone reservoir. Thus, rats are substantially more sensitive to perturbations in hormone
physiology than humans (/22, 123). In a recent study in male Fischer 344 rats, no evidence
could be found for hormone dysregulation as a possible mechanism for AA-induced
thyroid cancer, suggesting that the carcinogenic effects of AA are based on its genotoxicity
rather than endocrine disruption (/24). However, additional data are needed to resolve why
mostly hormonally responsive tissues were susceptible to AA carcinogenicity in the
chronic rat bioassays, whereas GA-DNA adducts have been observed in a much wider

array of tissues including liver, lung and kidneys (/25).
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Genotoxicity of Acrylamide. AA has been shown to be a clastogenic agent, inducing
chromosomal aberrations, micronuclei, sister chromatid exchanges, polyploidy, aneuploidy
and other mitotic disturbances in mammalian cells in the absence of metabolic activation
(126-129). AA induces somatic and male sperm cell chromosomal aberrations as measured
in the mouse bone marrow micronucleus assay, dominant lethal test, mouse spot test, and
heritable translocation test (reviewed in (/30)). It produces chromosome damage in
somatic cells. No apparent gene mutations were observed in vitro as determined in
bacterial as well as mammalian cell mutagenicity assays (/30, 131). The epoxide GA
however, was positive in the Salmonella typhimurium mutagenicity test (Ames Test) with
and without metabolic activation (/6). Mutation assays in vivo have demonstrated that oral
administration of AA or GA increases mutant frequencies in lymphocyte Hprt and liver

cll genes of adult Big Blue mice by inducing primarily G:C — T:A transversions (/8).

Mechanisms of Acrylamide Carcinogenicity: DNA-adducts. Formation of DNA-adducts
is a key element in the multi-stage process of carcinogenesis (32). DNA-adducts that are
not repaired by DNA repair mechanisms may cause mispairing during DNA replication,
thus giving rise to mutations. Specific mutations in crucial genes, e.g. oncogenes or tumor

suppressor genes, may eventually trigger tumorigenesis.

In vitro incubation of AA with calf thymus DNA over a prolonged period (40 days)
showed a slow direct reactivity of AA towards DNA (58). The resulting DNA-alkylation
products in order of decreasing abundance were NI-(2-carboxyethyl)-adenine, N3-(2-
carboxyethyl)-cytosine, N7-(carbamoylethyl)-guanine, N6-(2-carboxyethyl)-adenine, and
N1-(2-carboxyethyl)-guanine (Figure 12). In vitro incubation of AA with DNA in the
presence of S9 liver extracts (37) as well as in vivo treatment of mice and rats with AA,
predominantly induced formation of N7-(2-carbamoyl-2-hydroxyethyl)-guanine (N7-GA-
Gua), a GA derived DNA-adduct (31, 65) which may lead to G:C — T:A transversions.
Additionally, N3-(2-cabamoyl-2-hydroxyethyl)-adenine and NI-(2-carboxy-2-hydroxy-

ethyl)-adenine were identified as minor adducts in mice treated with a single i.p. dose of
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AA (Figure 12). No adducts derived from AA directly were observed in vivo. Consistent
with the pervasive presence of AA in the treated animals (43), GA-DNA-adducts were
evenly distributed in different organs, i.e. liver, lung and kidney (31, 65, 132). This is in
line with the low molecular weight and high water solubility of AA and GA, which allows

them to pass easily through various biological membranes.

Mechanisms of Acrylamide Carcinogenicity: Non-Genotoxic Effects. An alternative
mechanism discussed for carcinogenicity mediated by AA and GA, is binding to kinesin
proteins of the mitotic/meiotic spindle, thus modifying chromosome segregation and
polarization (56). In addition, AA was found to produce oxidative stress in rodents (/33).
Reactive oxygen species can lead to mutagenic oxidative DNA lesions and strand breaks
(134). Deletions observed in mouse lymphoma cells following AA treatment were similar
to those observed by compounds causing oxidative damage (/31). It therefore appears
likely, that the mode of action for AA is a combination of DNA damage, interference with

mitosis and meiosis, and oxidative stress.
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2.4  Human Exposure to Acrylamide

Humans can be exposed to AA via oral or inhalational routes and also by dermal
absorption (/2). Whereas exposure to AA residues in drinking water seems negligible
(maximum: 0.25 pg AA in 2 L drinking water per day), exposures from water, cosmetics,
diet, occupational exposure and cigarette smoke are cumulative (/). AA can pass the
transplacental barrier (135, 136), and AA-hemoglobin adducts were detected in neonatal
blood (/37). Additionally, infants may be exposed to AA due to the carry-over into breast
milk (/38). Latest research suggested that AA may also be formed in vivo (139).

2.4.1 Biomarkers of Exposure

Hemoglobin Adducts of Acrylamide and Glycidamide. Due to their reactivity towards
biomacromolecules, AA and GA readily conjugate with hemoglobin (Hb) in red blood
cells (53, 54). Adducts formed by reaction with the N-terminal amino acid L-valine
(Figure 13) can be measured via GC-MS or LC-MS/MS after modified Edman
degradation (53, 140, 141).

(0] (0] OH
H H
N NH N NH
HzN )i W 2 HZN)i \)\[‘r 2
(0] O

N-(2-carbamoylethyl)-L-valine N-(2-carbamoyl-2-hydroxyethyl)-L-valine
(AA-Val) (GA-Val)

Figure 13 Valine adducts of acrylamide and glycidamide derived from the respective Hb-adducts
following enzymatic hydrolysis or Edman degradation.
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Since hemoglobin has a long and well-defined life-span in vivo (about 65 days in rats and
120 days in man (98)), the Hb-adduct levels of AA and GA are convenient parameters for
long-term exposure to AA. The Hb-adduct approach has been used during the last 15 years
for the biomonitoring of AA exposure in factory workers (8, 27, 142). Initially, Hb-adducts
were mainly used for correlation of AA exposure to signs of neurotoxicity. By monitoring
the internal dose of AA via Hb-adduct measurements however, the possible role of diet as
a source of AA in otherwise non-exposed control groups was discussed for the first time
(25, 143). Results from a number of biomonotoring studies in humans with respect to

occupational exposure to AA as well as smoking status are summarized in Table 2.

Hb-adducts have proven useful in monitoring exposure to genotoxic agents, in order to
determine the dose of toxic compound which escapes detoxification and reaches its target
protein or DNA (/44). GA-hemoglobin adducts are considered as biomarkers for DNA-
adduct formation, as a linear correlation between these two markers was determined in vivo
in mice and rats. AA-hemoglobin adducts on the other hand, are significantly correlated to
the urinary excretion of the mercapturic acid of AA (AAMA) and are therefore considered

as a measure for the internal dose of AA (41).

Urinary Biomarkers. Measurement of metabolites excreted with urine is a convenient,
non-invasive method for biomonitoring exposure to xenobiotics. In rodents as well as in
humans, AA is metabolized via conjugation to glutathione, with the resulting mercapturic
acids (MA) excreted in urine. Another metabolic pathway of toxicological interest is
epoxidation to the mutagenic metabolite GA, which is also excreted as mercapturic acid
(Chapter 2.2). A number of studies analyzing AAMA and GAMA in human urine and
correlating the mercapturic acid excretion to AA intake via diet or smoking have been
performed over the last years (38, 145-152). Quantification of these urinary biomarkers
from spot-urine samples however, is only suitable for short-term biomonitoring, as these

compounds are excreted quite rapidly (153, 154).
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Table 2
Levels of hemoglobin adducts of acrylamide and glycidamide in humans with occupational
exposure to acrylamide as well as in smokers and nonsmokers.

AA-Val GA-Val

Exposure (pmol/g globin) (pmol/g globin) Reference
Control (n = 10) <10 <10 x 10 (142)
Exposed workers 4 (n=41) 300 — 34 x 10° 1.6 x 10° =32 x 10°
Control (n = 8) 24 — 49 - 27)
Exposed workers ®(n=22) 24 - 116 -
Smokers (n = 10) 27 - 148 -
Control (n = 18) 20-170 - (26)
Exposed workers ¢ (n = 210)"* <80-17.7x% 10° -
Nonsmokers (n = 24) 11 -50 - (155)
Smokers (n = 38) 16 — 294 -
Nonsmokers (n = 25) 12-50 - (156)
Smokers (n = 47) 13 -294 -
Nonsmokers (n = 5) 20-40 26 (157)
Nonsmokers (n = 13) 7-31 9-23 (158)
Smokers (n = 16) 25-199 22 -119
Nonsmokers (n = 10) 18 -34 - (137)
Nonsmokers (n = 70) 20 -100 - (159)
Smokers (n =72) 30-430 -
Men (n =70) 27 — 453 27 - 240 (141)
Women (n = 26) 31-325 36 -239

(148)
Nonsmokers (n = 60) 18 -51 -
Smokers (n = 60) 18 - 210 -
Nonsmokers (n = 52) 9-70 12 -47 (160)
Smokers (n = 16) 16 — 163 15-62
Men (n = 29) 10-119 13 -57
Women (n = 39) 9-163 12-62
Nonsmokers (n = 44) 18 - 66 7-46 (161)
Smokers (n = 6) 99 - 211 29 -99
Men (n = 94) 20-610 7-399 (162)
Women (n = 67) 4 —-364 7 -260
Nonsmokers, Women (n = 296) 14 — 148 23 - 157 (163)

* Workers employed in the synthesis of AA and in the production of polyacrylamides.
® Laboratory personnel working with PAGE.
¢ Tunnel workers handling AA-containing grouts (Hallandsés tunnel).
4 Neurotoxicity observed in workers with increased exposure to AA
(LOAEL (AA-Val) = 6 x 10’ pmol/g globin).
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2.4.2 Workplace Exposure

Occupational exposure to AA occurs during the production or processing of AA, during
grouting and during laboratory preparation of polyacrylamide gels. The main routes of
exposure are dermal absorption of AA monomer from solution and inhalation of dry
monomer or aerosols of AA solution (/64). Although a maximum allowable concentration
for AA cannot be assigned (/65) due to the proposed non-threshold mode of action
concerning carcinogenicity, a workplace exposure limit of 0.3 mg/m3 (166) (resp.
0.03 mg/m3 (36, 167)) has been established. Several exposure assessments in workers
employed in the AA producing or processing industry were performed using Hb-adducts as
biomarkers of exposure (Table 2). In laboratory personnel working with PAGE, the AA
burden was relatively low, corresponding to an uptake of AA from approximately
3 cigarettes per day (27). This finding was confirmed by inhalation exposure evaluations
resulting in mean workplace exposures of approximately 0.01 mg/m3* AA for PAGE
workers (/68). In factory workers and tunnel construction workers (Hallandsas) however,
exposures were extremely high (up to 153 mg/m3), inducing neurotoxicity in a number of
cases (8, 26, 142). From these studies, a lowest observed adverse effect level (LOAEL) of

6 x 103 pmol AA-Val/g globin for development of peripheral neuropathy could be derived.

2.4.3 Exposure to Acrylamide Residues from Polyacrylamides

Approximately 99.9% of AA produced in the EU is used in the production of polymers.
Whereas the release of free monomeric AA by degradation of polymers is reported to be
unlikely, monomeric AA may be present in polyacrylamides due to incomplete
polymerization during production. The residual content of AA in polymers produced in the
EU is kept below 0.1% (w/w) to avoid classification as a Category 2 carcinogen under the
Dangerous Preparations Directive (88/379/EEC). For polymers used in the preparation of
drinking water, the maximum permitted amount of free AA in the polymer is 0.025%

(wiw) (I).
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Drinking Water. A major part of the produced polymers is used as flocculants in the
treatment of municipal drinking water and waste water. Due to its excellent solubility in
water, free AA is readily released. In drinking water, the maximum content of AA has been
limited to 0.125 pg/L. Accordingly, the maximum daily intake from drinking water has
been estimated to approximately 0.0036 pg/kg b.w. in adults (7).

Cosmetics. Another possible source of exposure to residual AA in polyacrylamides are
cosmetic products. AA polymers are used as thickeners in soap and various other cosmetic
formulations, such as pre-shave lotions and hair grooming preparations (/).
Polyacrylamide is used in concentrations ranging from 0.05% to 2.8%. Residual levels of
AA in the polyacrylamides used, can range from <0.01% to 0.1% (169). Whereas polymers
do not penetrate the skin due to their size, approximately 4.5% of the applied AA is
absorbed through human skin (/47). As AA uptake via the skin is relatively slow, AA
content in leave-on formulations has been limited to 0.1 ppm and to 0.5 ppm in other

cosmetic products (/69).

2.4.4 Smoking

AA is a constituent of cigarette smoke (>1 —2 ug/cigarette) (170, 171) and elevated Hb-
adduct levels (2 -3 times the background level) have been reported in smokers
(27, 148, 158, 162, 172) (Table 2). It has been estimated that one cigarette raises the AA-
Hb adduct level by 3.4 pmol/g globin (/56). Smokers also excrete more AA-derived
metabolites in urine compared to the non-smoking population (3 —4 times). Therefore,
smoking status can be correlated directly to elevated levels of Hb-adducts as well as

urinary excreted metabolites of AA (/55).
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2.4.5 Dietary Exposure

Exposure to AA via the diet is the most prevalent source of AA in the general population.
AA is ubiquitous in the human diet. About 38% of our caloric uptake is provided from
food known as a source of AA (/73). Foods with the highest concentrations of AA are
potato products such as French Fries and chips. Also, very high contents were detected in
gingerbread (Table 4). Although in coffee, AA concentrations are relatively low, it is a
major contributor to AA exposure in adults, due to the high amounts consumed (/74).
Daily dietary intakes of AA were estimated from food consumption surveys and median

concentrations of AA in the most common foodstuffs (Table 3).

Children and adolescents tend to eat more AA on a per body weight basis. This may be due
to a combination of children’s higher caloric intake relative to body weight as well as their
higher consumption of certain AA-rich foods, such as French fries and potato crisps.
Accordingly, intakes 1.5 to 2 times the daily exposure in adults have been estimated for
children and adolescents with possible worst-case scenarios of up to 6.9 ug/kg b.w. per day

175).
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Table 3
Estimated daily intakes of acrylamide with the diet.

Daily Intake (ug/kg b.w.)
Exposure Assessment Age group Mean 95" percentile
#90™ percentile

WHO/FAO (2002) (30) 0.3-0.8
FDA (2002) (176) 0.7
BfR, Germany (2003) (/75) 4-6 1.2

15-18 1.1 34

25+ 0.6
SNFA, Sweden (2003) (/77) 18 - 74 0.45 1.03
NFCS, Netherlands (2003) (/78) 1-97 0.4 1.2

1-6 1.0 1.7
SNT, Norway (2003) (34) males 0.49 1.01*

females 0.46 0.86%

9, boys 0.36 0.72%

9, girls 0.32 0.61%

13, boys 0.52 1.35%

13, girls 0.49 1.2%

16 — 30, males 0.53
16 — 30, females 0.50

FDA (2003) (176) 2+ 0.37 0.81%*
2-5 1.0 2.15%
FDA (2004) (176) 2+ 0.43 0.92+
2-5 1.06 2.31%
FDA (2006) (176) 2+ 0.44 0.95+*

2-5 1.07 2.33%
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2.5  Formation of Acrylamide in Food

In early 2002, the Swedish National Food Administration reported that a group of Swedish
scientists had detected high levels of AA in various baked, fried or grilled foods (/79).
Until then, AA had only been known as a probably carcinogenic industrial chemical.
Consequently, this finding caused major concern and led to numerous studies to help
understand how AA is formed in food. Subsequent research in many European countries as
well as in the United States revealed that AA is generated primarily in carbohydrate-rich
foods prepared at elevated temperatures (28, 29, 180). Median levels of AA in food groups
known to be major sources of AA in the Western diet are summarized in Table 4. It is
apparent that the level of AA can vary broadly even within the same product group or
product type. Reasons for this variation in industrially processed foods are yet unknown,
but may be due to varying levels of AA precursors in the natural raw materials. However,

an even higher variation of AA content is to be expected from home-prepared foods.

Table 4
Acrylamide levels in selected food groups (/81).

\ Minimum Maximum Median

Food Group n Acrylamide Acrylamide Acrylamide
(ng/ke) (ng/ke) (ug/ke)

Crisp bread 131 21 3383 311
Cereals 81 3 149 28
Fine biscuits 92 20 1556 50
Gingerbread 369 6 3779 319
Potato chips 158 70 2233 394
French fries 409 5 1846 227
Coffee, roasted 90 15 515 195

‘ Number of tested products.
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Maillard Reaction. The basic mechanism of AA-formation in starch-containing foods is
a non-enzymatic browning reaction known as Maillard Reaction between amino acids and
reducing sugars (/80, 182). Asparagine, a major amino acid in potatoes and cereals is a
crucial participant in the formation of AA by this pathway, as it already has an amino
group attached to a chain of two carbon atoms (/83). During high temperature heating, the
amino group of asparagine and the carbonyl group of reducing sugars (fructose or glucose)
form an asparagine-N-glycosyl-conjugate which is dehydrated to the corresponding
Schiff’s base (180, 183, 184). Decarboxylation, either directly (Path I), via intramolecular
cyclization to oxazolidine-5-one (Path Ia) (/84), or via the zwitterionic Schiff’s base
(Path Ib) to the azomethine ylide, and further deamination eventually yield AA (/85)
(Figure 14). Low water content as well as elevated temperatures with an optimum between

120 °C and 170 °C promote the formation of AA by this pathway (/82).

Additional Routes of Acrylamide Formation. In addition to the generation of AA via
Maillard browning, other routes of formation have been investigated. Low levels of AA
were detected in foods with negligible content of carbohydrates, e.g. grilled or fried meat,
or foods that were not prepared under heating, such as canned black olives or prune juice.
For meat, formation from the dipeptide carnosine (N-f-alanyl-L-histidine) (/86) or via S-
oxidation products of fatty acids (e.g. acrolein) (/87) was discussed. During the processing
of black olives, the methods of preservation and darkening seemed to have the most
pronounced effect on AA content (/88). Yet, the precise mechanism of AA formation in

olives or prune juice is still unclear.

Formation of Glycidamide in Food. Recently, GA, the genotoxic metabolite of AA, was
also detected in potato chips and French fries (/89) at very low concentrations ranging
from 0.3 to 1.5 pg/kg. As a possible way of formation, epoxidation of AA by linoleic acid

hydroperoxides from sunflower oil was discussed.
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Reduction of Acrylamide Content in Food. Unavoidable substances considered to be
genotoxic carcinogens, such as AA, are unwanted in foods and are usually dealt with via
the ALARA principle (as low as reasonably achievable). According to the ALARA
principle, the exposure to AA should be reduced to a minimum (/64, 190). In the last
years, several approaches to reduce AA content in industrially prepared foodstuffs have
been promoted (/91). In Germany, 'Signal Values' have been introduced for each food
group known as a source of dietary AA (/87). Under this mitigation regimen, food
processing companies are encouraged to reduce the amount of AA in their products under a
certain level, which is defined anew every year as the lowest value of the upper
10" percentile for each food group. A Signal Value higher than 1000 pg/kg is
automatically set to 1000 pug/kg. If individual values exceed the Signal Value, the food
control authorities contact the food producers and enter in the so-called 'minimization-
dialogue' with the aim to reduce the levels found via changing ingredients and/or

processing conditions.

However, products of the Maillard Reaction are responsible for much of the tastiness, odor
and color generated during baking and roasting. Browned crispy crusts in foods like French
fries, potato chips, crackers, cereals and toasted bread tend to have the highest levels of AA
(192). Reduction of temperature and heating time may reduce the amount of AA formed
during preparation of food, but will inevitably lead to a loss of flavor. For some foods,
especially for coffee, which is one of the major sources of dietary AA in Western societies
(34), this would result in a loss of the major characteristics of the product itself, since the

roasting step cannot be fundamentally changed.
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2.6 Risk Assessment

2.6.1 Human Risk Assessment of Genotoxic Carcinogens

General Strategies for Risk Assessment. Risk assessments serve as the foundation of
regulatory decisions on whether to take actions to reduce (or otherwise manage) a
toxicological risk or not. Chemical risk assessment follows a specific paradigm composed
of four steps (35). The first step, hazard identification aims at determining the specific
properties of a substance, i.e. its potential to cause harm in experimental animals or
humans. The required toxicity data can be obtained either from experimental systems, such
as invitro assays or invivo animal experiments, or from epidemiological studies in
humans. The next step is the dose-response assessment. The purpose of dose-response
assessments is to describe the relationship between the administered dose and the response
in the exposed population. The third step of the risk assessment process is exposure
assessment. Exposure assessments are generally based on measured data from
biomonitoring studies and/or the use of theoretical exposure models. The likelihood of
human exposure, the magnitude and duration, as well as the potential routes of exposure
are determined. The final step is risk characterization, which involves comparing the
quantitative or qualitative information on human exposure to the dose-response
relationship for the critical effect, or when possible, a qualitative evaluation of the

probability that an effect will occur at any given exposure.

Risk Classification of Carcinogenic Substances. Carcinogens can generally be divided
into those for which a threshold can be determined and those for which, for various
reasons, a threshold cannot be established. The threshold paradigm implies that some
exposure can be tolerated by an organism with substantially no initiation of a toxic
response. The identification of practical biological 'thresholds' experimentally or via dose-
response modeling may allow the determination of an exposure level that correlates to an

acceptable level of risk. Carcinogens operating by non-threshold mechanisms on the other
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hand, are historically considered to have no safe level of exposure (32). It is assumed that
even a small number of molecular events (i.e. DNA-adducts leading to mutations) can
evoke changes in a single cell that can result in uncontrolled cellular proliferation. Hence,
in terms of risk assessment, the NOEL or NOAEL found in a study of carcinogenicity
represents the limit of detection in the respective bioassay rather than an estimate of a
possible threshold (7/93). The traditional approach of using a NOAEL to define a tolerable
daily intake is therefore not appropriate for DNA-reactive substances. As a result, for
unavoidable contaminants that are considered undesired in foods, the ALARA principle is
applied, which states that the intake level should be as low as reasonably achievable
(164, 190, 193). However, ALARA provides non-quantitative advice based solely on
hazard identification and does not take into account either carcinogenic potency or human

exposure.

Apart from ALARA, more recent approaches are customarily used for risk characterization

of genotoxic carcinogens (/94):

(1) TTC (threshold of toxicological concern) if adequate cancer dose-

response data are lacking,
(2) low-dose extrapolation of data from rodent carcinogenicity bioassays, and

(3) MOE (margin of exposure), representing the ratio between a reference
dose on the dose-response curve from animal bioassays or

epidemiological studies and the estimated human exposure.

The TTC approach is only used if there is no biological data available. As an alternative,
risk estimates are based on data from structurally related carcinogens, assuming similar

genotoxic potential (/95).

For linear extrapolation to risk at low doses, mathematical models are fitted to
carcinogenicity data in test animals to create quantitative risk estimates at doses several
orders of magnitude below the lowest experimental dose. Simple linear extrapolation from

either a selected incidence within the experimental range (e.g. LOAEL) or from a derived
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incidence (e.g. BMDL10 or T25, see below) as well as more complex mathematical
models are commonly used by risk assessment authorities. A calculated lifetime risk of
cancer of one in a million (1 x 10"6) or one in a hundred thousand persons (1 x 10"5)
associated to the level of exposure has been defined as a low risk (/94). In using this
approach, it must be taken into account that, as the applied mathematical models are in
most cases highly conservative, linear extrapolation results in an upper bound estimate of

risk rather than an accurate estimate.

Recently, the margin of exposure (MOE) approach has been suggested most appropriate
for risk assessment of substances that are both genotoxic and carcinogenic (193, 196). The
MOE is based on available animal dose-response data (i.e. the dose leading to tumor
formation in experimental animals), without extrapolation, and on human exposures. It
represents a helpful means for classification of genotoxic carcinogens and is used to
determine the level of priority for risk management actions. For calculations of a MOE, a
suitable reference point in the dose-response data in animal experiments must be
determined via mathematical modeling. For this purpose, generally, a benchmark dose
(BMD) close to the bottom end of the observed effect range or limit of quantification is
chosen that leads to a 10% increase in tumor incidence over background in the
experimental species. By using the lower limit of the 95% confidence interval (BMDL10),
uncertainties and statistical errors in the available dose-response data are taken into
account. Another possible reference point on the dose-response curve is the T25 value,
which is the chronic dose that will give rise to tumors in 25% of the animals above
background at specific tissue site (/97). The T25 is determined by linear extrapolation
from the lowest dose giving a statistically significant increase in tumors (the critical dose).
It is generally agreed, that a MOE above 10 000 based on a BMDL10 from an animal study
is a value for which a low concern arises for the public health and which poses a low
priority for risk management actions (/96). An advantage of the MOE approach is that it is
not based on extrapolations outside the dose range tested in animal models. As a simple
ratio, the magnitude of the MOE reflects the possible magnitude of the risk, but does not

attempt to define an actual risk level.
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2.6.2 Human Risk Estimations for Acrylamide Toxicity

Hazard Identification. Potential hazards to human health associated with exposure to
AA include neurotoxicity, reprotoxicity and carcinogenicity (57/). The NOAELs for
neurotoxicity and reprotoxicity have been determined in rodent bioassays to be
0.5 mg/kg b.w. (/1) and 2.0 mg/kg b.w. (12) AA, respectively. Considering estimated daily
intake levels of approximately 0.4 ug/kg b.w. via food (176), these effects do not appear to
be relevant as possible human health hazards from dietary AA. In contrast, due to expected
non-threshold mechanisms, genotoxicity and carcinogenicity are commonly acknowledged

as the pivotal effects for AA risk assessment in humans (/98).

Most of the available data indicate that the major genotoxic effects that lead to tumors
from exposure to AA are clastogenicity, involving covalent modifications of proteins by
AA and GA, and mutagenicity produced by GA via direct alkylation of DNA
(12, 17, 31, 126, 132). Support for the genetic damage in somatic and germ cells of mice
treated with AA being dependent upon metabolism of the parent compound to GA by CYP
2E1 comes from studies with CYP 2E1-null mice where in comparison to CYP 2E1 wild-
type mice no increase in micronuclei or germ cell mutations could be observed following
administration of AA (20, 199). In Big Blue mice, similar mutation spectra were found
following administration of AA or GA (/8). In vivo micronuclei measurements following
1.p. administration of AA or GA to rats and mice indicated equal potency of GA to increase
micronucleus frequency, whether its in vivo dose results from direct administration of GA

or from metabolism from AA. (200, 201).

In two 2-year drinking water bioassays, increased incidences of thyroid tumors in male and
female rats, scrotal sac mesotheliomas in male rats, and mammary gland tumors in female
rats were detected, with the mammary gland tumors in female rats being the most sensitive

end-point at a daily dose of 0.5 mg/kg b.w.(21, 22).

Although evidence from available human epidemiological studies is judged to be limited to
inadequate, risk assessors consistently agree that the carcinogenic effects observed in

rodents are relevant to human exposure to AA. (1, 24, 30, 34, 193, 196, 202, 203).
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Dose-Response Assessment. Due to the lack of consistent epidemiological data, as well
as adequate human and animal biomarker data, dose-response relationships for AA risk
assessment are established on the basis of animal studies (35). In terms of a conservative
risk assessment, the development of mammary gland fibroadenomas in female rats is

generally chosen as the critical endpoint (204).

BMDL10 and T25 values can be derived from the dose-response curve. The T25 value for
AA has been estimated by linear extrapolation to be 0.65 mg/kg b.w. per day. Using a
number of different mathematical models (/93), BMDLI10 values varying from 0.31 to
0.62 mg/kg b.w. have been calculated (205). For risk evaluations, the more conservative

lower end of this range of values is favored.

Exposure Assessment. Based on measurements of AA in different foodstuffs and on
food consumption data, the daily dietary intake for adults was determined to range from

0.3 t0 0.8 ug/kg b.w. AA (Table 3).

Various exposure data have been applied for risk assessment, thereby reflecting different
exposure levels. Daily doses ranging from 0.41 ug/kg b.w. AA to 4.0 ug/kg b.w. were
chosen to represent the life-long intake in average consumers up to high consumers

(Table 5) (193, 205).

Risk Characterization — Margin of Exposure Assessment. In order to quantitatively
characterize the risk for human exposure to AA, margins of exposure were determined on
the basis of different AA intake levels (Table 5). As has been mentioned above, a MOE
above 10000 is considered safe. However, the MOE for AA is relatively low for a
compound that is genotoxic and carcinogenic. Therefore, it has to be concluded that dietary

exposure AA poses a human health concern (193).
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Table 5
Comparison of margins of exposure for acrylamide at different exposure levels in humans.

T25 BMDL1Q ~ Human MOE
Reference e b e b Exposure
(mg/kg b.w)  (mg/kg bW) (oo bw)  T25 BMDL10
JECFA, 2005 (193) 0.30 1.00 300
4.00 75
O7Brien et al., 2006 (205) 0.65 0.31 0.41 1600 760
0.42 1600 740
0.43 1500 720
0.92 710 340
2.31 280 130
T25: chronic daily dose, which will give rise to tumors in 25% of the animals above background.

Calculated by linear extrapolation from the lowest dose giving a statistically significant increase
in tumors (critical dose).

BMDLI10: the 95% lower confidence interval of a benchmark dose (BMD) for a 10% increase in tumor
incidence in test animals. Determined by fitting dose-response data to various mathematical
models.

MOE: ratio between a dose leading to tumor formation in experimental animals (e.g. T25 or BMDL10)
and the human intake.

Risk Characterization — Linear Extrapolation of Risk to Low Doses. Quantitative
lifetime cancer risk estimates for human dietary exposure to AA may be obtained by linear
extrapolation from rodent cancer data. Usually, T25 and BMDLI10 are used as points of
departure. Table 6 summarizes the cancer risk estimates calculated by different risk
assessment agencies. In general, a daily intake of 1.0 pg/kg b.w. AA (unit risk) over a
period of 70 years was assumed. The obtained lifetime cancer risks range between
700 x 10 and 10 000 x 10"6, which corresponds to 700 to 10 000 additional cancer cases
in one million people, thereby exceeding the tolerable cancer risk of 1 x 10° to 1 x 10”

(194) by several orders of magnitude.
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Table 6
Human lifetime cancer risk estimates for dietary exposure to acrylamide.

Reference Lifetime Cancer Risk
US EPA, 1985 (206) 5500 x 10

WHO, 1985 (207) 700 x 10°°

Granath et al., 2001(33) 10 000 x 10°°

Sanner et al., 2001(/97) 5000 x 10°

Dybing et al., 2003 (34) 1600 x 10°°

2.6.3 Gaps and Limitations in Human Risk Assessment of Acrylamide

Generally, risk assessments are subjected to a number of uncertainties evolving from
extrapolations from experimental data to actual human risk. An example of a risk
assessment principle that may lead to uncertainties is that for dose extrapolation. In order
to identify a small risk in a population with significant biological variability, a very large
study is needed. It has been estimated, that epidemiological studies cannot reliably detect
excess relative risks about 10% or smaller (203). In experimental systems on the other
hand, the study design can be adjusted to increase the probability to detect rare effects by
increasing the applied doses. Consequently, toxicity data generated by standard bioassays
or animal studies are usually obtained from exposures that are significantly higher than

those relevant to human risk assessment.

Another example for a commonly applied risk assessment principle is species
extrapolation. Extrapolation from experimental animal data to human risk is a critical step
in the risk assessment process, as both qualitative (e.g. nature of the response) and
quantitative (e.g. magnitude of the response) species differences have been shown to exist.

A possible way to address this problem is the use of simple conversion factors (35).
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Due to the lack of consistent human data regarding toxicodynamics and toxicokinetics of
AA at low doses, risk assessment for AA carcinogenicity in humans is based on
extrapolation from rodent studies with exposures in the mg/kg b.w. range. It must be taken
into consideration however, that a cancer risk determined by linear extrapolation from
animal data represents an upper bound on the risk for rodents rather than a mathematical
estimate of the real risk in humans (205). It has also been criticized that the use of low-
dose linear extrapolation over several orders of magnitude does not necessarily reflect the
underlying biological processes. There is potential for significant non-linearity in the
intake-response relationship outside the observed dose range. Since cellular protective
mechanisms such as detoxification processes, cell cycle arrest, DNA repair, and apoptosis
may be operative at low doses, linear extrapolation may overestimate the actual risk arising

from exposures as low as those derived from the human diet (34).
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3 Objectives

Precise knowledge of biotransformation and toxicokinetics of a potential carcinogen is
crucial for risk assessment, especially, if formation of reactive intermediates is involved.
To elucidate whether and to what extent chemicals are transformed into electrophilic
metabolites, measurement of GSH-adducts or corresponding mercapturic acids excreted in
urine is a convenient means (208). Therefore, the first part of this thesis was devoted to the
development and validation of a highly sensitive and specific analytical method for the
simultaneous detection and quantification of the hydrophilic mercapturic acid metabolites
of AA. The analytical method was intended to be suitable for quantification of AAMA,
GAMA and AAMA-sulfoxide from exposures to AA as low as those expected from the
diet.

Following the demonstration of applicability of the analytical method by measurement of
background exposures to AA in smokers and nonsmokers, a major aim was to estimate the
daily dietary exposure in humans via biomonitoring. Compared to previous exposure

calculations on the basis of AA levels in foods and dietary habits, measurement of urinary
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biomarkers may result in a more realistic estimate because it directly reflects the internal

dose of AA (209, 210).

Risk assessment for AA in humans is generally based on results from animal studies with
doses exceeding the mean dietary intake by several orders of magnitude. As a result, major
uncertainties evolve from extrapolation of animal data down to human exposures (35).
There have been some findings suggesting differences in AA biotransformation in humans
and rodents (2117). Therefore, the most important objective of this work was to evaluate
possible inter-species differences in biotransformation and toxicokinetics of AA after
administration of doses similar to the daily exposure from food. For this purpose, studies in
rats and humans with single oral administration of BCs-labelled AA at low doses were

planned.

The obtained results may improve the basis for risk assessment of human dietary exposure

to AA and help to avoid high-dose to low-dose as well as inter-species extrapolation.
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4 Analytical Method Development

4.1 Introduction

4.1.1 Analysis of Acrylamide-derived Metabolites in Urine

Several methods for LC-MS/MS quantification of AA-derived metabolites in urine based
on Reverse Phase (RP) chromatography have been published over the last 4 years
(146, 148-150, 153). Apart from one method, where online sample-workup is applied
(149), time-consuming sample preparation prior to LC-MS/MS analysis is needed.
However, neither of these methods is suitable for the analysis of AAMA-sulfoxide or
glyceramide, the hydrolysis product of GA. This is due to insufficient retention of the
highly hydrophilic substances on RP column material. At the relatively low urinary
metabolite concentrations derived from dietary exposure to AA, interferences such as ion
suppression from the urinary matrix, especially close to, or in, the void volume of the
analytical column, have crucial influence on the detection of analytes. Accordingly,

AAMA-sulfoxide has only been determined in human urine following administration of
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0.5, 1 and 3 mg/kgb.w. AA, and glyceramide could only be detected by *C-NMR
following exposure to 3 mg/kgb.w. "“C3-AA (I47). These doses however, are

approximately 1000 to 6000 times higher than the median dietary exposure.

4.1.2 Hydrophilic Liquid Interaction Chromatography

Hydrophilic Liquid Interaction Chromatography (HILIC) has been introduced more than
30 years ago as an analytical separation technique mainly for carbohydrates (212, 213).
Due to difficulties during application, e.g. major retention time shifts and insufficient
availability of HILIC phases, and particularly because of the rapid advance of Reversed
Phase (RP) technology, HILIC fell into oblivion for at least two decades. With the
emergence of new research fields like metabonomics and proteomics at the beginning of
the 21* century, a need for analytical methods for very polar substances (e.g. proteins or
urinary metabolites) arose, and HILIC came into the focus of scientific attention again
(214). Due to the ability to separate polar analytes, HILIC technology has recently been
used for metabonomic screening studies in human and rat urine (2/5-217). Quantitation of
single analytes in urine with HILIC-MS/MS however, still requires sample preparation
procedures such as solid phase extraction due to interferences of polar matrix components

(218, 219).

HILIC Retention Mechanistics. HILIC is a separation technique utilized for
chromatography of highly hydrophilic analytes. In contrast to RP chromatography, polar
column materials are used in combination with mobile phases with relatively high content
of organic solvent (e.g. acetonitrile, >60%) and low content of water or buffers (e.g.
ammonium acetate buffer). Accordingly, HILIC is often referred to as 'Reversed-RP'.
Retention is mediated by distribution of the analytes between a water-enriched, quasi-
stationary phase attracted by the polar column material, and the rest of the solvent

(Figure 15). The high content of acetonitrile in the mobile phase and the application of
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volatile salts for the preparation of buffers, such as ammonium acetate, make HILIC an
almost ideal chromatography technique for electrospray ionization-mass spectrometry

(ESI-MS) (214).

organic solvent
with aqueous
admixture

polar e
stationary
phase

Figure 15 HILIC-principle. Retention of polar analytes by separation between a water-enriched
layer and the mainly organic solvent.

Retention capabilities of HILIC material increase with hydrophilicity and polarity of the
analytes. Also, an increasing concentration of organic solvent in the mobile phase increases
retention (220). These characteristics are the complete opposite to those observed with RP
(217). In RP chromatography, retention is largely mediated by van-der-Waals forces
between the relatively unpolar stationary phase (e.g. C-8 or C-18 bonded silica) and the
analytes. Thus, more hydrophobic compounds are preferentially retained, and retention of
polar analytes is increased with decreasing admixture of organic solvent. The orthogonality
of retention of AAMA and GAMA on RP and HILIC columns is demonstrated in
Figure 16.
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HILIC Separation of AAMA, GAMA and AAMA-sulfoxide. For the separation of
AAMA, GAMA, iso-GAMA and AAMA-sulfoxide, a Zic-HILIC column (3.5 um,
2.1 mm x 150 mm, SeQuant AB, Umea, Sweden) was chosen as analytical column. The
zwitterionic sulfoalkylbetaine stationary phase offers the possibility of a very selective
separation of charged analytes by weak electrostatic interactions with the column surface

221).
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Figure 16 Orthogonality of HILIC compared to RP. Retention of AAMA (I), GAMA (II*; IIa)
and iso-GAMA (IIb) (standards dissolved in acetonitrile) on a Reprosil-Pur C18-Aq
column (3 um, 150 x 2 mm, Dr. Maisch, Ammerbuch, Germany) (RP); mobile phase:
98% formic acid 0.1% in water, 2% methanol; flow rate: 200 uL/min and on a Zic-
HILIC column (3.5 um, 2.1 mm x 150 mm, SeQuant AB, Umed, Sweden) (HILIC);
mobile phase: 80% acetonitrile, 20% ammonium acetate buffer, pH 6.9, 20 mM; flow

rate: 200 uL/min.
* This mass transition accounts for both GAMA and iso-GAMA.

LC-MS measurements in urine are often complicated due to interferences with coeluting
matrix-components. To avoid complex and time-consuming sample preparation steps such
as solid phase extraction, an online clean-up method was developed. A Stability BS-C17
trap column (5 pm, 3 mm X 33 mm, Dr. Maisch, Ammerbuch, Germany) was applied. The
RP/SAX (reverse phase/strong anion exchange) column material consists of quaternary

ammonium groups embedded in carbon chains with altogether 17 carbon atoms (222). Due

.. o
5 10

5
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to the positive charge of the material, a HILIC-like mode of retention could be observed
when a mobile phase with high content of acetonitrile and very low admixture of
ammonium acetate buffer was used. With decreasing water content in the mobile phase,
retention and separation of the hydrophilic substances increased immensely (Figure 17).
Compared to the Zic-HILIC column however, a different pattern of retention could be
observed. Instead of AAMA, iso-GAMA and GAMA were eluted first from the column.
This effect was desired, as, due to this weak orthogonality, a larger amount of confounding
substances from the urine matrix could be eliminated compared to the application of a trap

column with exactly the same retention performance as the analytical column (223).
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Figure 17 Retention of AAMA (I), GAMA (II**; IIa), iso-GAMA (IIb) and AAMA-sulfoxide
(IIT) (standards dissolved in acetonitrile) on a Stability BS-C17 analytical column
(5 pm,150mm x 2mm, Dr. Maisch, Ammerbuch, Germany) depending on water
content in the mobile phase. Mobile phases consisted of 80% acetonitrile and 20%
ammonium acetate buffer, pH 6.9, 20 mM (left hand side) and of 92% acetonitrile and
8% ammonium acetate buffer, pH 6.9, 20 mM (right hand side), respectively. t,

represents the void volume of the column.
* This mass transition accounts for both GAMA and iso-GAMA.

150
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4.1.3 Electrospray Ionization

An API 3000 mass spectrometer equipped with an electrospray ionization (ESI) source
(Applied Biosystems) was used for MS/MS analysis of the urinary metabolites of AA and
BC3-AA. ESI is the preferred method of ionization for polar substances at atmospheric
pressure (224). The solvent flow from the LC system is lead through a charged metal
capillary. According to the applied voltage, analytes form ions either in anion or cation
form. An aerosol, a mist of small charged droplets (electrospray) is formed. A heated
(400 °C) stream of nitrogen (nebulizer gas) helps to evaporate the neutral solvent.
Eventually, as the analyte molecules are forced closer together, the droplets break up in a
process called Coulomb fission or Coulomb explosion. This process repeats until the
analytes are free of solvent and lone ions remain. Ions are then transferred into the high
vacuum region of the mass spectrometer for analysis (Figure 18). ESI represents a soft

ionization technique useful for the MS analysis of polar biomolecules.

‘ Mass
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Figure 18 Schematic illustration of the negative electrospray ionization process (adapted from
Cech and Enke, 2001 (224)).

HPLC solution
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4.1.4 Multiple Reaction Monitoring Mode

Analytes were detected in a triple-quadrupole mass spectrometer run in the multiple
reaction monitoring mode (MRM). In this configuration, the first (Q1) and the third (Q3)
quadrupole act as mass analyzers (filters). The second quadrupole (Q2) is used as 'collision
cell', where the precursor ions are collided with inert gas (argon or nitrogen) to give
substance-specific fragments (Figure 19). The desired analytes are selected by their mass-
to-charge ratios (m/z) in Q1. If the charge is £1, then m/z is equal to the molecular weight
of the ion or fragment of interest. After collision induced fragmentation in Q2, specific
product ions are detected in Q3. Using MRM, highly specific analysis of substances in

mixtures of multiple compounds can be achieved.
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Figure 19 Multiple reaction monitoring. The first quadrupole (Q1) filters the precursor ion that
undergoes collision with nitrogen in Q2, resulting in a specific fragment analyzed in

Q3.

Figure 20 shows the substance-specific fragmentation of AAMA determined by MS/MS.
The mass trace m/z 233 — 104 gave the highest relative response in the mass spectrum and
was therefore chosen for quantification. The neutral loss of 129 amu resulting from the
cleavage between the sulfur and the carbon atom in the N-acetyl-L-cysteine moiety during
negative electrospray ionization has been reported to be common in all mercapturic acids

(225). Similar fragmentation was observed for all other mercapturic acids determined
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during this work. For the deuterated standards, fragmentation resulted in a neutral loss of

131 amu, correspondingly.

o -

129 amu
NHQ 0
HN\\/'\ / ) /Qk
S NH,
COOH
233 amu 104 amu

Figure 20 Specific MRM-fragmentation of AAMA following negative ESI-ionization and
collision with nitrogen. The L-cysteine moiety is lost as a neutral fragment (129 amu).
The specific mass transition m/z 233 — 104 is used for quantification of AAMA via
HILIC-MS/MS.

4.2 Materials and Methods
4.2.1 Instrumentation

Identification and purification of synthesis products was performed with an HPLC system
consisting of a quaternary solvent pump (Agilent Technologies, Waldbronn, Germany) and
an autosampler (Agilent Series 1100, Agilent Technologies) coupled to a QTRAP 2000
mass spectrometer (Applied Biosystems, Darmstadt, Germany) with a TURBO-Ionspray
source. An electrical valve (Valco Valve) was used for automated sample clean-up. 'H-
NMR (600 MHz) and BC-NMR (150 MHz) spectra were recorded on a DMX 600 or on an
AMX 400 spectrometer (Bruker Biospin GmbH, Rheinstetten, Germany). For HPLC-

MS/MS measurements, an HPLC system consisting of two binary solvent pumps (Agilent
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Technologies) and an autosampler (Agilent Technologies) coupled to an API 3000 mass
spectrometer equipped with an electrospray ionization (ESI) source (Applied Biosystems)
was used. An electrical valve (Valco Valve) was applied to control the solvent flow from
the two different pumps during the HILIC-MS/MS measurements of urine samples.
Analyst software 1.4.1 and 1.4.2 (Applied Biosystems) was used for data acquisition and
quantification. The centrifuge used was an Eppendorf Centrifuge 5403 (Hamburg,
Germany). For freeze-drying of synthesis solutions, an Alpha 1 —4 LSC Freeze Dryer

(Martin Christ Gefriertrocknungsanlagen GmbH, Osterode, Germany) was applied.

4.2.2 Chemicals

Water, methanol and acetonitrile were purchased from Roth (Karlsruhe, Germany). 13C3-
AA (chemical purity >98%, isotope enrichment >99%) was purchased from CK Gas
Products Ltd. (Hook, Hampshire, UK). GA (chemical purity >98%) was purchased from
Toronto Research Chemicals Inc. (North York, Ontario, Canada). All other chemicals were
from Sigma/Fluka (Taufkirchen, Germany) in the highest purity available and all solvents
used were HPLC grade.

4.2.3 Synthesis of Glyceramide

Glyceramide was synthesized from GA by acidic hydrolysis according to Sugiyama et al.
(226). Formic acid (15 puL, 18.3 mg, 397 umol) was added to a solution of GA (170 mg,
1.95 mmol) in water (3.25 mL). The solution was stirred for 5 hours at 74 — 82 °C and for
another 18 hours at room temperature. The yield of the oily product was 60% (123 mg,
1.17 mmol).
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4.2.4 Synthesis of AAMA, "C3-AAMA and *H;-AAMA

Synthesis of the mercapturic acids of AA and *C3-AA was performed in two steps. In the
first step, the cysteine-S-conjugates S-(2-carbamoylethyl)-L-cysteine (AA-Cys) and *C3-S-
(2-carbamoylethyl)-L-cysteine (13C3—AA—Cys) were synthesized according to Calleman et
al. (53). L-cysteine (600 mg, 4.95 mmol) and triethylamine (700 uL, 5.05 mmol) were
dissolved in water (10 mL). After addition of AA (500 mg, 7.03 mmol) or BCs-AA
(500 mg, 6.76 mmol), the solution was stirred at room temperature for 2.5 hours.
Following addition of 100 mL acetone and subsequent washing with 3 x 40 mL acetone,
white solid products were obtained. AA-Cys and *C3-AA-Cys were dried under vacuum.
Yield was 97% (921 mg, 4.80 mmol) for AA-Cys and 96% (860 mg, 4.41 mmol) for *C;-
AA-Cys.

In the second step, AA-Cys and C3-AA-Cys were acetylated with acetic anhydride
according to Kellert et al. (/49) using acetic acid as solvent instead of water. ‘H;-AAMA
was synthesized analogous to AAMA using Hg-acetic anhydride and Hs-acetic acid. AA-
Cys (20 mg, 104 umol) or *C3-AA-Cys (20 mg, 103 pmol) was suspended in acetic acid
(2 mL) or “Hs-acetic acid (2 mL). While the suspension was stirred on an ice bath, acetic
acid anhydride (50 uL, 529 umol) or “Hg-acetic anhydride (50 uL, 500 pmol) was added
drop-wise. Afterwards, the ice bath was removed and the now clear solution was stirred at
room temperature over night. The solvent was removed by repeated addition of water and
subsequent freeze-drying. Yields of the solid white products were 70% (17.0 mg, 73 umol)
for AAMA, 70% (17.1 mg, 72 umol) for 13C3-AAMA and 72% (17.6 mg, 74 umol) for
H;-AAMA.

4.2.5 Synthesis of AAMA-sulfoxide, *C3-AAMA-sulfoxide and *H3-AAMA-sulfoxide

AAMA, 13C3-AAMA and 2H3—AAMA were transformed into sulfoxides by oxidation with
hydrogen peroxide (H,O,) as described by Werner et al. (227). AAMA (23.4 mg,
0.1 mmol), "Cs-AAMA (23.7 mg, 0.1 mmol) or “H-AAMA (23.7 mg, 0.1 mmol) was
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dissolved in acetic acid and stirred at 16 °C (melting point of acetic acid) under the
stepwise addition of a 30% solution of H,O, (11.3 uL, 0.11 mmol). After 60 min, the ice-
bath was removed and stirring of the mixtures was continued at room temperature over
night. The solvent was removed by repeated addition of water and subsequent freeze-
drying. Yields of the solid white products were 85% (21.3 mg, 85 umol) for AAMA-
sulfoxide, 83% (21.0 mg, 83 umol) for BCg-AAMA-sulfoxide, and 87% (22.0 mg,
87 umol) for “H;-AAMA -sulfoxide, respectively.

4.2.6 Synthesis of *C3-Glycidamide

BC3-GA was synthesized by oxidation of ’C3-AA with dimethyldioxirane. In the first step,
dimethyldioxirane =~ was  prepared according to Adam et al. (228).
Sodiumhydrogencarbonate (60 g, 714 mmol) was added to a mixture of water (250 mL)
and acetone (200 mL, 158 g, 2.72 mol). The suspension was stirred at 0 — 5 °C (ice-bath)
and Oxone® (2 KHSOs « KHSOq4 + K;SO4; 120 g, 657 mmol) was added over a period of
10 min. The ice bath was removed and the evolving gas was distilled by means of a water-
jet vacuum pump (80 — 140 mbar). The condensate was collected in a cooled (-78 °C;
acetone/dry ice) round bottom flask. Distillation was continued for approximately 2 hours.

The yellow liquid was stored over molecular sieve 3 A at -20 °C.

As described by Paulsson et al. (201), 13C3—AA was oxidized with dimethyldioxirane in
acetone to give ?C3-GA. To a solution of dimethyldioxirane in acetone (75 mL) a solution
of BCs-AA (500 mg, 6.76 mmol) in dichlormethane (20 mL) was added, and the mixture
was stirred for 24 hours at room temperature. After checking the progress of the reaction
via mass spectrometry, another 75 mL of the dimethyldioxirane solution were added and
stirring was continued for another 24 hours. Then, after the progress of the reaction was
checked again, the solvent was removed under vacuum (100 mbar). The oily residue was
covered with n-pentane and stored for 4 days at -20 °C for crystallization. Subsequently,
the n-pentane layer was removed and the solid crystals were dried under vacuum

(100 mbar). For further clean-up, the solid was dissolved in acetone and all undissolved
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particles were removed by filtration. Then, the solvent was removed under vacuum

(100 mbar). The yield of the white solid was 80% (487 mg, 5.41 mmol).

4.2.7 Synthesis of GAMA, “C3-GAMA and *H;-GAMA

Analogous to the synthesis of AAMA, synthesis of the mercapturic acids of GA and "*Cs-
GA was performed in two steps. In the first step, the regioisomeric cysteine conjugates S-
(1-carbamoyl-2-hydroxyethyl)-L-cysteine and S-(2-carbamoyl-2-hydroxyethyl)-L-cysteine
(summarized as GA-Cys) as well as °C3-S-(1-carbamoyl-2-hydroxyethyl)-L-cysteine and
13C3—S—(2—carbamoyl—2—hydroxyethyl)—L—cysteine (summarized as C5-GA-Cys) were
synthesized (53). L-cysteine (60 mg, 495 umol) and triethylamine (70 pL, 505 pmol) were
dissolved in water (2 mL). After addition of GA (50 mg, 575 pmol) or *C3-GA (50 mg,
556 umol), the solution was stirred at room temperature for 2.5 hours. Following addition
of 10 mL acetone and subsequent washing with 3 x 5 mL acetone, white solid products
were obtained. GA-Cys and 13C3-GA—CYS were dried under vacuum. Yield was 94%
(89.6 mg, 431 pumol) for GA-Cys and 97% (93.9 mg, 445 umol) for *C3-GA-Cys.

In the second step, GA-Cys and “C3-GA-Cys were acetylated with acetic anhydride
according to Kellert et al. (149) using acetic acid as solvent instead of water. “H;-GAMA
was synthesized analogous to GAMA using “Hg-acetic anhydride and “Hs-acetic acid. GA-
Cys (20 mg, 96.2 umol) or 13C3—GA—Cys (20 mg, 94.8 umol) were suspended in acetic acid
(2 mL) or “Hz-acetic acid (2 mL). While the suspension was stirred on an ice bath, acetic
anhydride (50 uL, 529 pmol) or *He-acetic anhydride (50 uL, 500 pmol) was added drop-
wise. Afterwards, the ice bath was removed and the now clear solution was stirred at room
temperature over night. The solvent was removed by repeated addition of water and
subsequent freeze-drying. Yields of the solid white products were 93% (22.4 mg,
89.5 umol) for GAMA, 90% (21.6 mg, 85.3 umol) for *C;-GAMA and 98% (23.7 mg,
94.3 pmol) for “Hy-GAMA.
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4.2.8 Purification and Characterization of Synthesis Products

With the exception of *C3-GA and glyceramide, all synthesized chemicals (endproducts)
were purified by HPLC (Reprosil-Pur C18 Agq, 5 um, 150 mm x 4.6 mm, Dr. Maisch,
Ammerbuch, Germany). The compounds were dissolved in water at concentrations of
approximately 1 mg/ml and samples of 50 - 100 ul were injected in a series of separations.
One-sixth of the total flow of 0.75 ml/min (isocratic elution with a mixture of 98% of
water containing 0.1% formic acid and 2% of acetonitrile) was split into the mass-
spectrometer. By monitoring the specific mass transitions (Table 7) for the compounds to
be isolated, fractions were collected. An electrical valve (Valco Valve) was applied to

automatize the procedure.

The synthetic products were characterized by mass spectrometry in the negative ion mode
after direct infusion. The declustering potential was set to -20 V and collision energy and

cell exit potential were set to -30 V and -15 V, respectively.

AAMA; m/z (%): 233 (89) [M — H, 162 (10), 128 (1), 104 (100), 58 (12)
BC3-AAMA; m/z (%): 236 (100) [M — H, 162 (5), 107 (67), 60 (15)
’H;-AAMA; m/z (%): 236 (94) [M — H], 165 (13), 104 (100), 58 (14)

GAMA: m/z (%): 249 (100) [M — H], 128 (23), 120 (87), 75 (11), 73 (8)
BCs-GAMA; m/z (%): 252 (79) [M - H, 128 (11), 123 (100), 77 (13), 75 (11)
’H;-GAMA:; m/z (%): 252 (100) [M — H], 131 (23), 120 (86), 75 (12), 73 (12)
AAMA -sulfoxide; m/z (%): 249 (100) [M — H], 178 (36), 120 (17), 116 (38), 49 (44)

BC3-AAMA-sulfoxide; m/z (%): 252 (100) [M — H], 178 (15), 116 (21), 49 (24)
*Hs-AAMA-sulfoxide; m/z (%): 252 (100) [M —H], 181 (41), 120 (15), 119 (49), 49 (49)

Glyceramide; m/z (%): 104 (100) [M - H], 74 (30), 57 (6), 42 (4)

The compounds (except for glyceramide) were also characterized by 'H-NMR and "“C-
NMR spectroscopy. Chemical shifts were determined in ppm, according to the d4-scale.

2H4—methanol was used as solvent and as internal standard with a chemical shift of & = 3.31
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ppm and &=49.05 ppm for the 'H-NMR and C-NMR measurements, respectively.

Spectra were recorded at 23 °C. Purity of all compounds was determined to be >96%.

'H-NMR AAMA (600 MHz, *Hs-methanol): & = 2.08 (3H, s, CH3), 2.50 (2H, t,
SCH,CH>), 2.82 (2H, t, SCH,CH,), 2.88 (1H, dd, CHCH>S), 3.06 (1H, dd, CHCH,S), 4.60
(1H, dd, CHCH,S) ppm.

BC-NMR AAMA (150 MHz, *H,-methanol): § = 21.60 (CH3), 27.18 (CH,SCH,CH>),
32.80 (CH,SCH,CH,), 34.74 (CH,SCH,CH,), 53.06 (NHCH), 172.36 (CO), 174.11
(CO(O)H), 177.45 (C(O)NH,) ppm.

'H-NMR GAMA (600 MHz, “H,-methanol): & = 1.99 (3H, s, CH;), 2.77 — 2.85 (1H, m,
SCH,CHOH), 291 — 2.99, (2H, m, SCH,CHOH, CHCH,S), 3.12 — 3.21 (IH, m,
CHCH,S), 4.18 — 4.28 (1H, m, SCH,CHOH), 4.59 — 4.63 (1H, m, NHCHCH,) ppm.

BC-NMR GAMA (150 MHz, *Hj-methanol): & = 21.66 (CHs), 32.96 and 33.07
(SCHC(H)COOH), 50.0 and 50.3 (SCH), 61.59 and 61.63 (CH,OH),53.54 and 53.63
(SCHC(H)COOH), 174.11 (CH3CO), 174.55 and 174.58 (CO,H), 177.78 (CONH,) ppm.

'H-NMR iso-GAMA (600 MHz, “H,-methanol): & = 1.97 (3H, s, CH3), 2.91-2.92 (1H,
m, SCHCH,OH), 2.93-3.03 (2H, m, CHCH,S, SCHCH,OH), 3.12-3.17 (1H, m, CHCH,S),
4.27-4.28 (1H, m, CHCH,S), 4.46-4.50 (1H, m, SCHC(O)NH,) ppm.

BC-NMR iso-GAMA (150 MHz, *H,-methanol): § = 21.66 (CHs), 33.67 and 33.53
(CHCH,S), 35.85 and 36.05 (SCH,CHOH), 53.06 and 53.12 (CHCHS,S), 70.38 and 70.41
(CHOHC(O)NH,), 174.11 (CH3CO), 174.55 and 174.58 (CO,H), 177.78 (C(O)NH,) ppm.

"H-NMR AAMA -sulfoxide (600 MHz, 2H4—methan01): 0=1.96 (3H, s, CH3), 2.71 (2H,
m, CH,CONH,), 3.04 (1H, m, SCH,CH)), 3.07 (2H, m, SCH,CH,, CHCH,S), 3.35 (1H, m,
CHCH,S), 4.21 (1H, m, NCHCH,) ppm.

BC-NMR AAMA-sulfoxide (150 MHz, “Hj-methanol): & = 21.70 (CHj), 27.66
(CH,SCH,CHy), 47.60 (CH,SCH,CH,), 50.54 (CH,SCH,CH,), 52.89 (NHCH), 171.0
(CO), 173.36 (C(O)OH), 174.06 (C(O)NH,) ppm.
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As the diastereomers of GAMA and iso-GAMA as well as the diastereomers of AAMA-
sulfoxide were not measured separately, multiplets (m) were observed in the 'H-NMR-
spectra for the signals of the L-cysteine and AA/GA-derived protons. In the *C-NMR
spectra, pairs of peaks for the L-cysteine and AA/GA-derived carbons were observed,
consistent with the occurrence of pairs of diastereomers. In comparison with the unlabeled
standards, the “Hs-labeled standards showed no signal for the L-cysteine methyl-group at
8 =2.08 ppm, & = 1.99 ppm, & = 1.97 ppm, or & = 1.96 ppm (3H, s, CH;) in the "H-NMR-

spectra due to the H — H exchange.

4.2.9 Liquid Chromatography

The Stability BS-C17 trap column (5 um, 3 mm X 33 mm, Dr. Maisch, Ammerbuch,
Germany) was preconditioned for 60 min with a mixture of 80% ACN and 20%
ammonium acetate buffer (20 mM, pH 6.9) at a flow rate of 1.0 ml/min and subsequently

equilibrated to 90% ACN and 10% ammonium acetate buffer for 45 min.

An electrical valve (Valco Valve) was applied to control the flow of the solvents from two
pumps into two different columns (Figure 21). In the first step, the autosampler (Agilent
Series 1100, Waldbronn, Germany) introduced the sample (100 ul) into the system and
pump 1 (Agilent Series 1100, Waldbronn, Germany) delivered the mobile phase,
consisting of 10% ammonium acetate buffer (20 mM, pH 6.9) and 90% acetonitrile at a
flow rate of 1.0 ml/min to load the sample onto the trap column (Figure 21A). Sample
loading and elimination of matrix components were completed after 3 min. Then, the valve
switched to the eluting position and pump 2 (Agilent Series 1100) flushed the trapped
analytes at 0.4 ml/min in the reverse direction from the trap column to the analytical
column (Figure 21B). The applied solvent mixture consisted of 14% ammonium acetate

buffer and 86% acetonitrile. After 6 min, the valve was switched back to loading position

to prevent transfer of trapped matrix components to the analytical column (Figure 21A).
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The trap column was flushed with 10% ammonium acetate buffer and 90% acetonitrile for

another 10 min, and analysis was completed after 25 min.

(A) Loading Position

Zic-HILIC® analytical column

— 1 Mass
spectrometer
Autosampler o
‘\\7 Stability BS-C17®
? Valve | U trap column
Waste
L Pump @7
=3 Chromatographic column 5
(B) Eluting Position
Zic-HILIC® analytical column
Mass
spectrometer

Autosampler

Stability BS-C17®
H trap column

Waste
L Pump

=3 Chromatographic column

Figure 21 Column switching liquid chromatography assembly for online clean-up of urine
samples and analysis of AAMA, GAMA and AAMA-sulfoxide in human and rat
urine.
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4.2.10 Mass Spectrometry

For the mercapturic acids of AA, highest relative responses were obtained with negative
ionization. Therefore, an ion spray voltage of -3 100 V was applied. Source temperature
was 400 °C. Nitrogen was used as curtain and collision gas. Focusing potential was set to -
200 V and entrance potential to -10 V. For each transition analyzed by MRM, a dwell time
of 100 msec was applied. Analyte specific acquisition parameters were obtained by
infusion of standards using the quantitative optimization function of the Analyst 1.4.1
software (Applied Biosystems) (Table 7). At least two transitions were monitored for each
analyte and MRMs with the highest relative response and specificities were used for

quantification.

4.2.11 Calibration Curves and Quantification

For the quantification of AAMA, AAMA-sulfoxide and GAMA in urine of humans
unintentionally exposed to AA from the diet or from cigarette smoke, calibration samples
were prepared in human urine as matrix with concentrations of BCi-AAMA, BC5-GAMA
and *C3-AAMA-sulfoxide ranging from 0.5 to 1 000 pg/L. Samples were prepared and
analyzed in duplicate according to the methods described. Calibration curves were
calculated by linear regression and weighted 1/x using the Analyst 1.4.2 software (Applied
Biosystems). Due to an identical response for *C-labeled and '“C-analytes, background
AAMA, GAMA and AAMA -sulfoxide contents in human urine were calculated from the

linear regression coefficients obtained with the '*C-labeled compounds (229).
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Table 7

MS/MS-transitions, declustering potentials (DP), collision energies (CE) and cell exit
potentials (CXP) used for the detection of AAMA and 13C3—AAMA, GAMA and l3C3—
GAMA as well as AAMA-sulfoxide and 13C3—AAMA—sulf0xide in human and rat urine,

respectively.

Transition

M-H] — Compound DP (V) CE(V) CXP (V)
233.2 — 104.0 AAMA (quantifier) 26 24 -5
2332 — 58.0 AAMA (qualifier) 26 -52 -7
236.2 — 107.0 BC3-AAMA (quantifier) 21 -18 -15
236.2 — 162.0 BC3-AAMA (qualifier) 26 -52 -7
236.2 — 104.0 ’H;-AAMA (internal standard) -16 -22 -5
249.2 — 120.0 GAMA" (quantifier) -26 22 -7
249.2 — 128.0 GAMA (qualifier) 26 -18 -7
2492 — 75.0 GAMA (qualifier) 26 -48 -1
2492 — 73.0 iso-GAMA (qualifier) 26 -48 -11
25221230  C,-GAMA (quantifier) 21 224 11
2522 — 77.0 BC;-GAMA (qualifier) 26 -48 -1
2522 — 75.0 PC3-is0-GAMA (qualifier) 26 -48 -11
2522—1200  ’H;-GAMA (internal standard) 21 -24 -9
2492 —» 116.0 AAMA-sulfoxide (quantifier) -16 -22 -9
2492 — 178.0 AAMA-sulfoxide (qualifier) -16 -14 -9
2522 — 116.0 BC3-AAMA-sulfoxide (quantifier) 21 24 -9
252.2 — 178.0 BC;-AAMA-sulfoxide (qualifier) -16 -14 -9
252.2 — 119.0 2H3—AAMA—su1foxide (internal standard) -21 -22 -9

* This transition accounts for GAMA and iso-GAMA as well. Both metabolites are quantitated together as
GAMA.
b

This transition accounts for both *C;-GAMA and "*C;-iso-GAMA.
¢ This transition accounts for both 2H3—GAMA and 2H3—iSO—GAMA.
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4.2.12 Method Validation

The method was characterized for dynamic range, limit of detection (LOD, defined by a
signal-to-noise ratio S/N >3), and limit of quantification (LOQ, S/N >10). LODs and LOQs
were determined by analysis of urine by adding increasing concentrations of BC3-AAMA,
BC3-GAMA and C3-AAMA-sulfoxide. For intraday and interday precision and accuracy,
urine samples (26.5 mg/dL creatinine) were spiked with three different concentrations
(5 ug/L, 50 pg/L and 500 pg/L) of *Cs-labeled analytes, split into aliquots (500 uL) and
stored at -20 °C. To assess intraday precision and accuracy, the three concentrations were
prepared and measured in triplicate. For interday precision and accuracy, determinations of
the three concentrations were performed on three different days with new samples prepared
each day from the frozen aliquots. Additionally, quality control samples (n=50) were
analyzed continuously along with the analyses. Each quality control sample was prepared
individually from the same urine sample. The samples were analyzed for AAMA, GAMA
and AAMA-sulfoxide on 9 different days, thus providing further data on long-term
stability of the analytical method.

4.2.13 Human Study: Smokers vs. Nonsmokers

To confirm that the established method is suitable for the detection of background
exposure in smoking and nonsmoking human subjects, students and PhD students (age 22
to 31) of the local university were asked to donate spot urine samples. 67 smokers (22 male
and 45 female) with a self-reported cigarette consumption of more than 5 cigarettes per
day, and 67 nonsmokers (21 male and 46 female) were randomly chosen to participate in
the study. Spot urine samples were collected between 9:00 a.m. and 1:00 p.m.. Samples
were aliquoted (5 x 2 mL) and stored at -20 °C until analysis. One aliquot (200 puL) of each
sample was analyzed for content of creatinine at the local Laboratory for Clinical

Chemistry. In accordance with the Declaration of Helsinki, the study was performed with
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informed consent, and the study protocol was reviewed and approved by the local

Institutional Review Board.

4.2.14 Sample Preparation

Frozen human urine samples were thawed, vortexed and diluted with an equal volume of
acetonitrile. To remove precipitated proteins and salts, samples were centrifuged for
10 min at 4 °C and 1 400 x g followed by addition of the internal standards (IS) at a final
concentration of 30 ug/L. of each standard. The IS-solution was prepared by dissolving
2H3—AAMA, 2H3—GAMA and 2H3—AAMA—sulf0xide in water at a concentration of
3000 pg/L.

4.2.15 Analysis of Creatinine

All urine samples (aliquots of 200 uL) were analyzed for content of creatinine at the local
Laboratory for Clinical Chemistry. Quantitation of creatinine was performed with a 'Cobas

Integra' system creatinine plus ver. 2 (Roche Diagnostics, Mannheim, Germany).

4.3 Results and Discussion

4.3.1 Synthesis of Glyceramide

Glyceramide (2,3-dihydroxypropanamide) was synthesized from GA according to
Sugiyama et al. (226). Acidic hydrolysis catalyzed by formic acid gave the highest yield
(60%) compared to a range of other organic acids (e.g. acetic acid) recommended by

Sugiyama et al. (Figure 22).
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O HO O
O HCOOH, H,0
| >—« — yX
a z‘\ H O VA \
NH, NH,
Glycidamide Glyceramide

Figure 22  Acidic hydrolysis of glycidamide to glyceramide catalyzed by formic acid.

432 Synthesis of AAMA, "C3-AAMA and “H3-AAMA

AAMA, “C3-AAMA and *H3;-AAMA were prepared in a double-stage synthesis. First, the
L-cysteine-S-conjugates  S-(2-carbamoylethyl)-L-cysteine  (AA-Cys) and °Cs-S-(2-
carbamoylethyl)-L-cysteine ('*C3-AA-Cys) were synthesized according to Calleman et al.
(53) (Figure 23). Yields were 96% and 97%, respectively. Because the cysteine-S-
conjugates were too hydrophilic for preparative purification and separation via HPLC, AA-

Cys and ’C3-AA-Cys were employed directly in the following synthesis step.

O
/\)kNH
O SH H,0. NFEt, S 2
NH,
COOH COOH
Acrylamide L-Cysteine S-(2-Carbomoylethyl)-L-cysteine
AA-Cys

Figure 23  Synthesis of S-(2-carbamoylethyl)-L-cysteine (AA-Cys).

The L-cysteine-S-conjugates were acetylated by reaction with acetic anhydride or “Hg-
acetic anhydride according to Kellert et al. (/49) to give AAMA, BC3-AAMA and *H3-

AAMA (Figure 24). However, acetic acid (2H3—acetic acid) was used as solvent instead of
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water to prevent premature hydrolysis of acetic acid anhydride. Yields were 70 and 72%

compared to the employed quantity of AA-Cys and °C3-AA-Cys, respectively.

SA)J\ NH, YO SAA NH
HZN ﬁ) . T) (|) H,CCOOH R HN \H
Ko

2

coon coonl
S-(2-Carbamoylethyl)-L-cysteine Acetic acid anhydride N-Acetyl-S-(2-carbamoylethyl)-L-cysteine
AA-Cys AAMA

Figure 24 N-Acetylation of the L-cysteine-S-conjugate of acrylamide (AA-Cys). For the
preparation of 2H-labeled AAMA, 2Hg-acetic anhydride was used.

433 Synthesis of AAMA-sulfoxide, *C3-AAMA-sulfoxide and “H3-AAMA-sulfoxide

AAMA-sulfoxide, “C3-AAMA-sulfoxide and “H;-AAMA-sulfoxide were prepared by
oxidation of AAMA, "C3-AAMA and *H;-AAMA with hydrogen peroxide (H,O,) as
described by Werner et al. (227) (Figure 25). Care was taken to add an exact 10% excess
of H,O, (30%-solution) to solutions of AAMA, 13C3—AAMA and 2H3—AAMA in glacial
acetic acid. A smaller amount of H,O; results in incomplete reaction, whereas too much
H,0O; produces sulfones. Yields were 85%, 83% and 87% for AAMA, BC-AAMA and
2H3—AAMA, respectively.

0] 0]
= 0 /\)\ = 0 ® /Qk
\[/ S NH, Y S. NH,
H,CCOOH 0
HN o T L o ) %
™ o N
- 16 °C
COOH COOH
N-Acetyl-S-(2-carbamoylethyl)-L-cysteine N-Acetyl-S-(2-carbamoylethyl)-.-cysteine-sulfoxide
AAMA AAMA-sulfoxide

Figure 25 Sulfoxidation of AAMA with hydrogen peroxide.
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4.3.4 Synthesis of *C3-Glycidamide

BC3-GA was obtained by oxidation of *C3-AA with dimethyldioxirane in acetone. First,
dimethyldioxirane was prepared by conversion with Oxone® according to Adam et al.

(228) (Figure 26).

O H,0, NaHCO, O\k ,/O

L+ KHSO; > X
PN 5-10°C VRN
Acetone Dimethyldioxirane

Figure 26 Synthesis of dimethyldioxirane.

AA was epoxidized to GA by reaction with dimethyldioxirane at room temperature
(Figure 27). As dimethyldioxirane is relatively unstable under these conditions, the
synthesis was carried out in two steps. The progress of the reaction was verified after the
first addition of dimethyldioxirane as well as after the second addition by direct infusion of
the reaction solution into the mass spectrometer (Q-TRAP 2000). The monitored mass
transitions (positive ionization) were m/z 72 — 55 (i.e. loss of NH3) and m/z 88 — 44 (i.e.
loss of CONH,) for AA and GA, respectively. The reaction was stopped, when AA could
not be detected in the mass spectrum anymore. To remove polymerized AA from the
reaction batch, the solvent was evaporated under vacuum (100 mbar) and the polymer was
precipitated by addition of acetone. Drying and storage of GA was performed under
nitrogen at -20 °C, as GA is very hygroscopic. Yield was 80% calculated from the

employed amount of AA.

/ O
O \\ v () /7
/’;\: e | R"“x /{"'/
LL SN - acetone g
>~ - » v S
%\::?/J |
NH2 room temperature NHE
Acrylamide Glycidamide

Figure 27 Epoxidation of acrylamide to glycidamide.
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4.3.5 Synthesis of GAMA, "C3-GAMA and *H3-GAMA

Analogous to synthesis of AAMA, ]3C3-AAMA and 2H3-AAMA, the mercapturic acids of
GA and "C3-GA were synthesized in two steps. First, the L-cysteine-S-conjugates were
prepared by reaction of GA and BC3-GA with L-cysteine according to Calleman et al. (53)
(Figure 28). Yield was 94% and 97% for GA and "’C3-GA, respectively. Because the
cysteine-S-conjugates were too hydrophilic for preparative purification and separation via
HPLC, the regioisomers GA-Cys and iso-GA-Cys as well as °C3-GA-Cys and "Cs-iso-
GA-Cys were employed directly in the following synthesis step.

SH H,N \H OH H,N O
0 H,N H,0, NEt,

O\ / “ *
K+ \H > COOH * S

NH, COOH S-(2-Carbomoyl-2- H,N OH
hydroxyethyl)-/.-cysteine
Glycidamide L-Cysteine GA-Cys COOH

S-(1-Carbomoyl-2-
hydroxyethyl)-L-cysteine
is0-GA-Cys

Figure 28 Synthesis of the regioisomeric cysteine-S-conjugates of glycidamide.

GA-Cys (both regioisomers) and >C3-GA (both regioisomers) were acetylated using acetic
anhydride or Hg-acetic anhydride as described by Kellert et al. (/49) (Figure 29). Acetic
acid (*Hs-acetic acid) was used as solvent instead of water to prevent acetic anhydride from
hydrolysis. Thus, yields of 93%, 90% and 98% were obtained for GAMA, *C;.GAMA and
*H;-GAMA, respectively.
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SAHL NH, hl sAl)J\ NH,
H,N \\/‘ OH 0 0 HN OH
J ]
COOH . HN_ _O 0~ ™ COOH . HN_ _O
S-(2-Carbomoyl-2- H.CCOOH > N-Acetyl-S-(2-carbomoyl-2- §)

hydroxyethyl)-L-cysteine

GA-Cys S :*/g

COOH
S-(1-Carbomoyl-2-

hydroxyethyl)-Z-cysteine
i50-GA-Cys

hydroxyethyl)-L-cysteine < e
GAMA S

HN\H OH

COOH

N-Acetyl-S-(1-carbomoyl-2-
hydroxyethyl)-Z-cysteine
iso-GAMA

Figure 29 N-Acetylation of GA-Cys and iso-GA-Cys to GAMA and iso-GAMA.

4.3.6 Column Switching HILIC-MS/MS Method

LC-MS/MS Analysis of Glyceramide in Human Urine. So far, there is no LC-MS/MS
method available for the quantification of glyceramide, the hydrolysis product of GA
(147). This compound, eliminated in urine following metabolism downstream of GA, plays
a crucial role for the evaluation of potential risk from GA. Whereas AAMA and AAMA-
sulfoxide are urinary metabolites considered as biomarkers for detoxification, glyceramide
and GAMA are metabolites derived from the mutagenic epoxide GA (39).

Presumably due to the lack of an easily ionizable moiety (e.g. carboxylic acid),
glyceramide gave only weak response in the mass spectra recorded following negative as
well as positive ionization. Several LC techniques were investigated concerning their
applicability for the analysis of wurinary glyceramide. However, neither HILIC-
chromatography (columns tested: Zic-HILIC and Stability BS-C17) nor RP-
chromatography with or without structural modifications (columns tested: ReproSil C8,

ReproSil C18, ReproSil-Pur C18-AQ (all from Dr. Maisch GmbH, Ammerbuch, Germany)
and Shodex ODP2 HP (Showa Denko Europe GmbH, Munich, Germany) were suitable for
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efficiently retaining glyceramide. Whereas this outcome was anticipated for the RP
columns, the poor retention of glyceramide on HILIC material was rather surprising. As
both Zic-HILIC and BS-C17 retention is mediated by zwitterionic, resp. cationic
interactions (222, 230), the lack of a charged moiety in glyceramide may be accountable

for this result.

HILIC-MS/MS Analysis of AAMA, AAMA-sulfoxide and GAMA in Human Urine. Due to
poor retention on traditional RP phases for HPLC and ion suppression by coeluting matrix
components, quantification of hydrophilic compounds such as the urinary metabolites of
AA by LC-MS/MS is very difficult. To minimize the influence of the urinary matrix and to
increase the on-column concentration of the analytes, a simple on-line clean-up procedure
was developed. By trapping the analytes on a Stability BS-C17 trap column and reversing
the solvent flow, most of the interfering matrix components were removed. By applying
this trap column in combination with a Zic-HILIC analytical column and MS/MS, a rapid,
reliable, sensitive and specific analytical method for the simultaneous quantification of the
most relevant urinary metabolites of AA was possible. AAMA, AAMA-sulfoxide and
GAMA showed excellent retention on the Zic-HILIC column (Figure 30) and were well
separated, including the regioisomers GAMA and iso-GAMA (Figure 31) and the two
diastereomers of AAMA-sulfoxide (Figure 32).
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Figure 30 Chromatogram showing the mass traces for AAMA, GAMA and AAMA-sulfoxide

(left-hand side) as well as of “Hi-AAMA, *H;-GAMA and “H;-AAMA -sulfoxide
(internal standards; right-hand side) determined in the urine of an unintentionally
exposed human subject
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Figure 31 Chromatogram showing the mass traces for the regioisomers GAMA (grey line) and
is0-GAMA (black line) as well as the mass trace accounting for both metabolites
(dotted line) in the urine of a non-intentionally exposed human subject. By monitoring
the common mass transition m/z 249 — 120, both regioisomers could be conjointly
quantitated. The mass traces for the corresponding internal standards are shown on the
right-hand side.

GAMA; .04 *H;-GAMA (IS);
4000 i m/z 249 — 120 ! m/z 252 — 120
» ' / 7500 /
£ 3000 " ) t
z ¥ ; ¥
RZ i i AAMA-sulfoxide; 5000 it 2H;-AAMA-sulfoxide(IS);
8 2000 ¥ H miz249 5 116 | i m/z252 5119
= H H 1
1000 S 2500 /\
0 0
5 20 5 10 15 20
Time, min Time, min

Figure 32 Chromatographic baseline separation of the isobaric urinary metabolites GAMA
(dotted line) and AAMA-sulfoxide (black line). The mass traces for the corresponding
internal standards are shown on the right-hand side.
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GAMA and iso-GAMA were not entirely resolved chromatographically. However, both
metabolites could be observed separately in the chromatogram, due to the mass transition

m/z 249 — 73 unique to iso-GAMA (/49) (Figure 33).

2 O
N N)L NH
H H S 2
N.\(J OH N~\fJ OH
\H/ ) T
0 COO o  coo®
iso-GAMA GAMA
m/z 249 m/z 249

0
0 NH, H
pcd TN S
S

o  coo® OH
m/z 120 m/z 128 m/z 120
\ S@ /(

/
0=C=¢C

\

H

m/z 73

Figure 33 Fragmentation of GAMA and iso-GAMA following negative electrospray ionization
and collision with nitrogen. Both mercapturic acids show a neutral loss of 129 amu
(resp. m/z 128), resulting in isobaric fragments of m/z 120. The mass transition
m/z 249 — 73 is unique to iso-GAMA due to elimination of ammonia and carbon
monoxide via a specific transition state of a six-membered ring, which is not possible
for GAMA. (adapted from Kellert et al., 2006 (/49))

Due to the baseline separation of the isobaric AAMA-sulfoxide and GAMA, which share a
fragmentation of m/z 249.2 to m/z 120.0 (neutral loss of 129 amu), interferences between

these metabolites could be avoided. Peaks representing AAMA-sulfoxide may easily be
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misinterpreted as GAMA if the peaks are not separated clearly. An inefficient separation of
GAMA and AAMA-sulfoxide may explain some of the high GAMA-concentrations in
human urine samples reported previously (/48, 231). GA, the precursor of GAMA, is the
DNA-reactive AA-metabolite supposedly responsible for tumor induction after AA-
administration in rodents (I8, 199, 232). Therefore, an overestimation of GAMA excretion
due to interference with AAMA-sulfoxide in human urine may result in to an

overestimation of the potential risk of health effects due to AA-exposures for humans.

4.377 Method Validation

Retention-times in HILIC-measurements vary strongly depending on the matrix and
retention time shifts of up to several minutes were observed when analyzing standards of
AA-metabolites using pure water or human urine samples as matrix. Therefore, the column
switching method was not applicable to generate calibration curves for the AA-metabolites
in water, and LODs and LOQs needed to be determined in matrix (human urine). Using the
column switching method, retention time shifts between different human urine samples
were negligible. Since all human urine samples contain AA-metabolites in varying
concentrations, calibration curves were generated using *Cs-labeled analytes thus avoiding
extrapolation from background levels or complicated standard addition procedures (229).
The obtained linear regression coefficients were used for calculation of metabolite
concentrations, since identical concentrations of ]3C3-labeled and unlabeled standards gave

almost identical peak areas (Figure 34 and Table 8).
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Figure 34 Chromatogram showing simultaneous analysis of unlabeled (black) and “Cs-labeled
(dotted) standards of AAMA (I), GAMA (II) and AAMA-sulfoxide (III) at a
concentration of 500 pg/L each, using acetonitrile as solvent.

Table 8
Response factors (Area13c3/Areaunlabeled) determined at different concentrations.

AAMA GAMA AAMA -sulfoxide
Concentration
(ng/L) Mean Mean Mean
(n=3) S.D. % CV (n=3) S.D. %CV (n=13) S.D. % CV
5 1.011 0.036 3.54 1.004 0.058 5.77 0995 0.078 7.83
50 1.014 0.069 6.77 0.983 0.023 2.37 0980 0.053 5.38
500 1.058 0.052 4.94 0980 0.051 5.188 1.017 0.035 3.45
Pooled Mean 1.028 0.989 0.997
Pooled S.D 0.052 0.042 0.053
Pooled %CV 5.07 422 5.29

Mean and standard deviation (S.D.) and precision (coefficient of variation, %CV).
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The slopes of the calibration curves were 0.022 (’C3-AAMA), 0.0135 (°C3-GAMA) and
0.00582 (°Cs-AAMA-sulfoxide). Calibration curves for ’C3-AAMA, "“C;-GAMA and
BC;-AAMA-sulfoxide were linear up to concentrations of 1 000 pg/L with correlation
coefficients 72 = 0.9998, 0.9998 and 0.9995, respectively. LODs were 0.1 pg/L (PCs-
AAMA), 0.5 ng/L (PC3-GAMA), and 1 pg/L (C3-AAMA-sulfoxide), and LOQs were
0.5 ug/l (PC3-AAMA), 1 pg/l (°C3)-GAMA, and 2.0 pug/L "Ci;-AAMA-sulfoxide. The
method also showed high interday and intraday precision, accuracy and reproducibility

(Table 9 and Table 10).

Table 9

Precision data for the determination of AAMA, GAMA
and AAMA-sulfoxide in 50 individually prepared quality
control samples of the same urine (test of robustness).

AAMA GAMA AAMA'
sulfoxide
Quality Me‘}ﬁ 14.4 2.56 12.4
Control  (M&/L)
samples g . 0.91 0.30 1.63
(n=50) 9gCVv 6.31 11.83 13.1

Mean and standard deviation (S.D.; n = 50) and precision
(coefficient of variation, CV)
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4.3.8 Analysis of AAMA, AAMA-sulfoxide and GAMA in Urine

The average daily dietary exposure to AA in adults ranges from approximately
0.3t0 0.6 ug/kg b.w. (Table 3). Another major source of AA in the general public is
cigarette smoke (27). Approximately 1-2.3 ug AA are inhaled per cigarette (/71).
Because smoking is a major contributor to the overall AA exposure in the general
population and because it is a major risk factor for certain cancers (233), estimating the

effect of smoking on the overall exposure in the general public is of great interest.

To determine the background burden of AA in the general population with respect to
smoking habits, as well as to prove the applicability of the HILIC-MS/MS method for
simultaneous quantification of the major AA-derived metabolites in urine, spot urine
samples of 67 smokers (22 male and 45 female) and 67 nonsmokers (21 male and
46 female) were analyzed for AAMA, AAMA-sulfoxide and GAMA. Spot-urine samples
were collected and one aliquot of each sample was analyzed for content of creatinine
(mg/dL). Median concentrations for creatinine were 114 mg/dL (range: 7.7 — 570 mg/dL)
in smokers and 130 mg/dL (range: 19.6 — 673 mg/dL) in nonsmokers. Concentrations of

AAMA, AAMA-sulfoxide and GAMA are shown in Table 11.

Smokers excreted approximately 4 times more AAMA and AAMA-sulfoxide than non-
smokers and 3 times more GAMA. This is in good accordance with previously reported
ratios of urinary excreted metabolites (/48). Statistical evaluation (Student’s t-Test)
showed significant difference (p <0.001) concerning the concentrations of the respective
metabolites excreted in urine of smokers or nonsmokers. This suggests, that in human
subjects smoking more than 5 cigarettes per day, excretion of AA-derived metabolites is
mainly influenced by smoking, and that by reducing the amount of cigarettes smoked per
day or by altogether quitting smoking, the AA burden can be reduced drastically. The
metabolic ratio (GAMA : (AAMA + AAMA-sulfoxide)) was significantly lower in
smokers compared to nonsmokers (p <0.001), thus confirming previously reported results

concerning the metabolic ratio GAMA : AAMA (148).
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Table 11

Biomonitoring of AAMA, AAMA-sulfoxide and GAMA in urine

nonsmokers.

of smokers and

AAMA-sulfoxide

AAMA (ug/L GAMA (ug/L AA : GA®
(ng/L) (ug/L) (ng/L)
Nonsmokers (n = 67)
Median 39 (35)° 30 (26)° 9 (7)° 0.11
Range 6-283(11-78)"  7-121(8-64)" 2-79(3-13)" 0.07 - 0.26
Smokers (n = 67)
Median 165 (132)° 121 (108)° 25 (22)° 0.09
14 -1018 (5 - b b
Range 563)° 16 - 761 (13- 556)° 4 -172 (7 - 69) 0.03 - 0.25
All (n = 134)
Median 69 (61)° 50 (46)° 13 (10)° 0.11
Range 6- 1018 (5-563)" 7-761 (8 -556) 2-172 (3 -69)° 0.03 - 0.26

* Ratio GAMA : (AAMA + AAMA-sulfoxide).
® Concentration calculated in ng/mg creatinine.

Values obtained for urinary concentrations of AAMA and GAMA are in good agreement
with those obtained previously (Table 12). Representing approximately 37% of the
quantitated analytes, AAMA-sulfoxide could be verified as a major metabolite excreted in

human urine following unintentional exposure to AA from the diet or smoking.

4.4 Conclusions

A highly sensitive and specific analytical method was established and validated for the
simultaneous quantification of the hydrophilic urinary metabolites of AA. The application
of an on-line sample clean-up system resulted in excellent retention and separation of the
analytes, thereby avoiding time-consuming sample preparation prior to LC-MS/MS. For
the first time, AAMA-sulfoxide could be determined in urine samples of the general
population, thus confirming previous reports that AAMA may be S-oxidized in humans

(38).
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Table 12

Comparison of metabolite excretion in human urine after acrylamide exposure from the diet and/or cigarette smoke.

Exposure AAMA“ AAMA-sulfoxide GAMA GA:AA" Reference
Nonsmokers (n = 16) 29 ng/L ND 5 ug/L! 0.22 (145)
Smokers (n = 13) 127 ng/L ND 19 pg/LL 0.15

Overall (n =29) 60 pg/L ND 8 ug/L 0.16

Nonsmokers (n =5) 29 ng/L ND 17 pg/L? 0.46 (231)
Smoker (n=1) 337 ug/L ND 111 pg/L 0.25

Overall (n = 6) 35 ug/L ND 19 png/L 0.40

Nonsmokers (n = 60) 41.6 pg/L ND 8.7 ug/L* 0.18 (148)
Smokers (n = 60) 107.3 pug/L ND 15.0 pg/LL 0.13

Nonsmokers (n = 13) 26 ng/L ND 3 pg/Ld 0.12 (149)
Occ. smokers (n = 12) 56 ug/L ND 9 ug/L 0.16

Smokers (n = 13) 283 ug/L ND 20 pg/L 0.07

Overall (n = 38) 58 ug/L ND 8 ug/L 0.14

Nonsmokers (n = 47) 32 ug/L NQ 3u g/Ld 0.07 (150)
Smokers (n = 6) 184 pg/L NQ 10 pg/L 0.06

Nonsmokers (n = 67) 39 ug/L 30 ug/L 9 ug/l/ 0.11 This study
Smokers (n = 67) 165 pg/L. 121 pg/L 25 ug/L 0.09

Overall (n =134) 69 ng/L 50 ug/L 13 ug/L 0.11

ND = not determined; NQ = not quantified.

“ AAMA, AAMA-sulfoxide and GAMA calculated as median concentration (ug/L) in urine.
b ratios of GA-derived metabolites to AA-derived metabolites excreted in human urine.
“ median overall excretion of metabolites in urine calculated as AA-equivalents (ug/24h).

? GAMA quantitated without iso-GAMA.

¢ excretion of AA-equivalents (ug/24h) calculated from mean excretion of AAMA and GAMA (ug) within 24 hours (see reference).

/GAMA includes both GAMA and iso-GAMA.
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5 Human Biomonitoring of Acrylamide Exposure

5.1 Introduction

Apart from exposure assessments calculated from the amount ingested, the internal dose
can also be derived from the actually measured in vivo doses. In general, biomonitoring
concerning human exposure to AA is done by analysis of Hb-adducts as has already been
indicated in Chapter 2.3.1. However, as measurements in urine represent a non-invasive
method for the evaluation of the AA burden in a human subject, this approach was chosen

for human biomonitoring of AA exposure.

Prior to the human biomonitoring study however, several aspects of AA biotransformation
and kinetics of elimination had to be taken into consideration. Whereas measurements of
Hb-adducts of AA and GA deliver insight into background exposure over an interval of up
to 120 days (medium life-span of the erythrocyte), measurements of urinary AA
metabolites are more suitable for the determination of short-time exposures. Due to the

relatively fast excretion of the hydrophilic metabolites, high interindividual variability of
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the excretion pattern can be expected, influenced by factors such as time of day, time of
sampling after last food consumption or last urination and variable diets from day to day
(234). To avoid most of these problems, and to obtain a good approximation on the actual
background exposure levels, human subjects participating in this study were asked to
collect all urine excreted over a period of 72 hours in intervals of 8 hours. Thus, intra-day,
as well as inter-day variation concerning the excretion of AA metabolites could be
retraced. Additionally, food consumption was documented in food diaries to allow
retrospective correlation of fluctuations in metabolite excretion to dietary exposure to AA.
Nonsmokers were chosen for this experiment, thus avoiding overlap due to mixed

exposures.

5.2 Materials and Methods

5.2.1 Human Study: Biomonitoring of Dietary Acrylamide Exposure

Urine samples were obtained from healthy human subjects (three female and three male
subjects, body weights between 52 and 75 kg, age between 23 and 28 years). All subjects
were nonsmokers and did not drink alcoholic beverages 72 hours before and during the
study. The study participants were asked to avoid known major dietary AA sources such as
potato chips and French fries while otherwise keeping to their usual dietary habits. Urine
samples from the subjects were collected in intervals of 8 hours over 72 hours (0 -8, 8 —
16, 16 —24, 24 —32, 32 - 40, 40 —48, 48 —56, 56 — 64 and 64 — 72 hours). Individual
urine volumes were recorded and five aliquots (2 mL) were stored at -20 °C until analysis.
One aliquot of each sample was analyzed for content of creatinine at the local Laboratory
for Clinical Chemistry. In accordance with the Declaration of Helsinki, the study was
performed with informed consent, and the study protocol was reviewed and approved by

the local Institutional Review Board.
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5.2.2  Sample Preparation

Frozen human urine samples were thawed, vortexed and diluted with an equal volume of
acetonitrile. To remove precipitated proteins and salts, samples were centrifuged for
10 min at 4 °C and 1 400 x g followed by addition of the internal standards (IS) at a final
concentration of 30 pg/L of each analyte. The IS-solution was prepared by dissolving *Hs-
AAMA, *H;-GAMA and “H;-AAMA-sulfoxide in water at a concentration of 3 000 ug/L.

All urine samples were analyzed for content of creatinine as described in Chapter 4.2.15.

5.2.3 HILIC-MS/MS Analysis of AAMA, AAMA-sulfoxide and GAMA

AAMA, AAMA-sulfoxide and GAMA excreted in human urine following unintentional
exposure to AA via the diet were analyzed and quantitated according to the methods
described in Chapter 4. Again, “C-labeled analogues were used for preparation of
calibration curves to avoid interferences with urinary background metabolites of AA (229).
LODs and LOQs for “C3;-AAMA, "“C3;-GAMA and "“Ci;-AAMA-sulfoxide remained
unchanged at 0.1, 0.5 and 1 pg/L and 0.5, 1 and 2 pug/L, respectively.

5.3 Results and Discussion

For biomonitoring of average AA-metabolite excretion, urine from six human subjects was
collected over 72 hours in 8 hour intervals (Figure 35). The median values of AA-
metabolites excreted with urine (ug/L and ng/mg creatinine) give a good estimate of the
average exposures of the human subjects to AA (Table 13) since variations in urinary
concentrations of AA-metabolites arising from temporal factors within a day (e.g., time of
sampling after food consumption or last urination) and across days (e.g., variable diets

from day to day) are averaged out by monitoring over a prolonged period. The median
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values for AAMA and GAMA of the nonsmoking subjects were in good accordance with
previously reported data (Table 14). As already observed in smokers and nonsmokers
(Chapter 4), AAMA-sulfoxide was demonstrated to be a major metabolite of AA

representing approximately 38% of the metabolites excreted in urine.

Assuming continuous ingestion of acrylamide with the diet and accordingly, constant
excretion of metabolites with urine, the daily intake of AA corresponds directly to the daily
excretion of urinary metabolites. The overall daily excretion with urine calculated as AA-
equivalents was 33.5 ug/24 hours (range: 19.7 —50.4 ug/24 hours) for the six subjects.
Accordingly, an intake of AA of 0.5 ug/kg b.w. per day (range: 0.25 - 0.81 pg/kg b.w. per

day) was calculated in agreement with the exposure estimates summarized in Table 2.

Since the study participants tried to avoid food known as major AA sources, metabolite
concentrations in urine varied only marginally over time. The impact of foods with higher
AA-contents and the suitability of the method to detect changes in AA-intake are
confirmed by the excretion profiles in subject M3, who had a meal of French fries on day
three. This increase in exposure to AA was rapidly reflected by an increase in AA
metabolite excretion (Figure 35). An additional excretion of 22.3 ug AA-equivalents
(AAMA, AAMA-sulfoxide and GAMA excreted in urine) was observed during day three
as compared to days one and two which is in good accordance with average contents of

28.3 —48.8 ug AA in French fries per portion (70 g) (176).
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Figure 35 Urinary excretion of AAMA (m), GAMA (o) and AAMA-sulfoxide (A) in the urines

of six unintentionally exposed human subjects (3 female, F1-F3; 3 male, M1-M3)
determined over 72 hours in intervals of 8 hours. The arrow indicates the ingestion of
French fries by participant M3.
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Table 13

Urinary concentrations of AAMA, AAMA-sulfoxide and GAMA.

Participant AAMA (ug/L) AAMA-sulfoxide (ug/L) GAMA (ug/L) GA : AA"
Fl (n=9)

Median 22 (52)° 27 (50)° 4(6)° 0.07

Range 10-72 (37 - 61)° 11-70 (43 - 56)° 1-9(6-8)° 0.06 - 0.07
F2 (n=9)

Median 36 (61)° 31 (52)° 7 (10)° 0.08

Range 11 - 64 (40 - 74)° 10 - 55 (35 - 64)° 2-11(8-11)" 0.07-0.11
F3 (n=9)

Median 37 (43)° 23 (27)° 9 (10) 0.15

Range 15-78 (31 - 48)° 11-57 (24 -29)° 4-24(9-12) 0.14-0.18
M1 (n=9)

Median 25 (36)° 15 (28)° 4(7)° 0.10

Range 8 - 47 (30 - 49)° 10-32 (23 - 35)° 2-11(5-8) 0.08 - 0.10
M2 (n=9)

Median 16 (25)° 14 (23)° 23 0.07

Range 8-38(14-29)° 8-37 (16 - 30)° 1-72-4° 0.05 - 0.09
M3 (n=9)

Median 14 (24)° 10 (14)° 3(5)° 0.11

Range 11-80 (20 - 88)° 7-31(13-34)" 2-10(4-11)" 0.07-0.15
Overall (n = 54)°

Median 24 (40) 17 (28)° 4(7)° 0.09

Range 8-80 (14 - 88)° 7-70 (13 - 64)° 1-242-12)0 0.05-0.18

? Ratio GAMA:(AAMA+AAMA-sulfoxide).

® Urinary concentrations related to creatinine (ng/mg creatinine).
“Median and range calculated from all 54 samples derived from the six individuals over 9 consecutive sampling periods.
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Interindividual differences in expression and activity exist for most of the enzymes
involved in biotransformation of exogenous chemicals. Such variations may be caused by
genetic polymorphisms, induction or inhibition of the enzyme by xenobiotics or
environmental factors, and also by physiological (e.g. age or pregnancy) or
pathophysiological (e.g. liver disease) conditions (76). Polymorphisms could influence the
risk from hazardous substances. Accordingly, individuals with impaired enzyme activity
could be at a higher risk if major elimination or detoxification pathways are affected and at

a lower risk if the affected enzyme is responsible for bioactivation.

Individual calculation of the ratio GAMA : (AAMA + AAMA-sulfoxide) for each study
participant and interindividual comparison showed significant differences as determined by
Students t-Test (p-value <0.001). Whereas two participants (F1 and M2) exhibited
significantly lower metabolic ratios, one subject (F3) had a significantly higher ratio
compared to the others (Table 11 and Figure 36). Similar results were obtained for the
ratio GAMA : AAMA. Whether these results are due to genetic polymorphisms or to other
factors such as temporal changes in the activity of metabolizing enzymes is not clear. A
possible explanation could be the influence of body weight or body fat, roughly
characterized by the body-mass-index (BMI = weight (kg) x height” (kg?)). With
increased BMI (range: 19.5 — 25.7), an increased metabolic ratio was observed with the
most pronounced effects among female subjects. However, with only six participants, the
study cohort is much too small to generate general conclusions on the occurrence and
etiology of interindividual differences in AA metabolism.

In the future, a similar study design (e.g. with standardized meals) combined with
genotyping and measurement of catalytic enzyme activity in a larger study cohort may help

understand the underlying mechanisms.

In terms of risk assessment, it must be noted that, since both the parent AA and the
metabolite GA have adverse effects, different catalytic activities of CYP 2E1 may result in

different spectra of adverse effects.
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Figure 36 Interindividual differences in acrylamide biotransformation in six human subjects
(3 females, F1-F2; 3 males, M1-M3) during nine consecutive 8-hour sampling
periods, demonstrated by the metabolic ratio GAMA : (AAMA + AAMA-sulfoxide).
Box-plots display median values, 25" and 75" percentiles (box), and mean
concentrations (m) as well as minimum and maximum values (whiskers).

“Ratios for F1 were significantly different (p-value <0.001) from all other participants except M2.
PRatios for M2 were significantly different (p-value <0.001) from all other participants except F1.

54 Conclusions

By monitoring the excretion of the major urinary metabolites of AA in six nonsmoking
human subjects, the median daily exposure to AA from food was determined to be
approximately 0.5 ug/kg b.w.. This value is in excellent agreement with estimates based on
AA concentrations in food and on food consumption surveys (Table 3). It has also been
shown that in this study cohort, the excretion of AA-derived metabolites in urine varied
only marginally over time, whereas the intake of food with high content of AA (e.g. French
fries) was instantly reflected in an increase in metabolite concentration. Additionally,
possible inter-individual differences in AA biotransformation were evaluated. This may be
an important issue for future risk assessment of AA, as variation in the extent of formation

of GA possibly results in differences in risk for cancer mediated by AA.
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6 Biotransformation and Toxicokinetics of Acrylamide in Rats

6.1 Introduction

Rodent metabolism of AA has been studied thoroughly over the last years. However, all of
these studies were performed using doses exceeding human exposure by several orders of
magnitude. Also, no effort was made to determine AAMA-sulfoxide in rat or mouse urine.
In order to provide a suitable basis for inter-species comparability of biotransformation and
toxicokinetics of AA, male Fischer 344 rats were exposed orally to a single dose of
20 pg/kg b.w. and of 100 pg/kg *Cs-AA. b.w., respectively, thus representing a possible
worst case AA uptake in humans from highly contaminated foodstuffs such as French fries

or gingerbread (/81).
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6.2  Materials and Methods
6.2.1 Rat Study: Animals and Handling

Male Fischer 344 rats were purchased from Harlan-Winkelmann (Borchen, Germany) and
acclimatized for seven days. Standard feed (ssniff® Spezialdidten GmbH, Soest, Germany)
and water were supplied ad [libitum and animals were maintained under standards
conditions (12 hour light-dark cycle, temperature 21 —23 °C, humidity 45 —55%). All
animal experimentation was performed under permit from the appropriate authorities in an
approved animal care facility of the department. Prior to exposure to BCs-AA, rats were
transferred into plastic metabolic cages (one rat per cage) for 24 hours to collect predose
urine. At the time of dosing, the animals weighed 192 — 224 g and were 9 weeks old. Five
animals were administered a single dose of 20 pg/kg b.w. (270.27 nmol/kg b.w.) *Cs-AA
and another five animals were exposed to a single dose of 100 pg/kgb.w.
(1.351 pmol/kg b.w.) BC3-AA in deionized water via oral gavage. Control animals (n =5)
were administered vehicle only. 13C3—AA was used instead of unlabeled AA to prevent
interference with AA from the rat feed. Immediately after dosing, the rats were transferred
back into the metabolic cages and urine was collected on ice in predetermined intervals
(0-6, 6-12, 12-24, 24-29, 29-34, 34 -48, 48-58, 58-72, 72 -82 and 82 -
96 hours). Urine volumes were recorded and samples were aliquoted (500 puL) and stored

at -20 °C until analysis by HILIC-MS/MS.

6.2.2 Sample Preparation

Frozen rat urine samples were thawed, vortexed and diluted with one part water and two
parts acetonitrile. To remove precipitated proteins and salts, samples were then centrifuged
for 10 min at 4 °C and 1 400 x g followed by addition of the internal standards (IS) at a

final concentration of 30 ug/LL of each standard. The IS-solution was prepared by
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dissolving 2H3—AAMA, 2H3—AAMA—sulfoxide and 2ng—GAMA in water at a concentration
of 3000 pg/L.

6.2.3 HILIC-MS/MS Analysis of *C3-AAMA and C3-GAMA in Rat Urine

Rat urine samples obtained following single oral administration of *C3-AA were analyzed
for *C3-AAMA and “C3-GAMA using the methods described in Chapter 4. HILIC-
MS/MS analysis of 13C3—AAMA and 13C3—GAMA in rat urine was possible without
altering the liquid chromatography method (Figure 37).

11.78 11.82
13C,-AAMA, 2H,-AAMA (IS);
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Figure 37 Chromatogram showing the mass traces for “C3;-AAMA and "“C;-GAMA
(left hand side) as well as for ’H;-AAMA and *H;-GAMA (internal standards, IS;
right hand side) determined in the urine of a male Fischer 344 rat 12 hours following
administration of 100 ug/kg b.w. *Cs-acrylamide. C;-AAMA-sulfoxide could not be

detected in rat urine.
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Calibration and Quantitation. For analysis of 13C3—AAMA, 13C3—GAMA and 13C3—
AAMA-sulfoxide in rat urine following administration of ]3C3-AA, calibration samples
were prepared in rat urine with concentrations of 13C3—AAMA, 13C3—GAMA and 13C3-
AAMA-sulfoxide ranging from 5.0 to 10 000 pg/L. Samples were prepared and analyzed
in duplicate according to the methods described above. Calibration curves were calculated
by linear regression and weighted 1/x. Quantitation was carried out using the Analyst 1.4.2
software (Applied Biosystems). Limits of detection (LOD, defined by a signal-to-noise
ratio S/N >3) for analysis in rat urine were 5, 10 and 50 pg/L for BC-AAMA, PCs-
GAMA and “C3-AAMA-sulfoxide and limits of quantification (LOQ, S/N >10) were 10,
20 and 100 pg/L. The increased LODs and LOQs in rat urine as compared to human urine
(Chapter 4.3.7) may be due to the higher degree of dilution of the samples (1 : 4 compared
to 1:2) and to a higher amount of interfering salts and other components in rat urine
causing ion suppression. Calibration curves in rat urine were linear for BC3-AAMA from
10 pg/L to 10 000 pg/L with a correlation coefficient of 12 = 0.9987, for *C3-GAMA from
20 ug/L to 10 000 ug/L with 12 = 0.9999 and for *C3-AAMA-sulfoxide from 100 ug/L to
10 000 pg/L with 2 = 0.9995.

6.2.4 Toxicokinetic Analysis

Toxicokinetic parameters for 13C3-AAMA and 13C3-GAMA in rat urine after single oral
administration of 13C3—AA were determined from the results of the quantitative HILIC-
MS/MS measurements. Molar excretion over time was displayed in a graph (Figure 38).
By polynomial regression (Excel, Microsoft-Office 2007) and subsequent integration using
Functions® (www.numericalmathematics.com) the AUCj., (area under the time-
concentration curve) could be calculated. The values for tm.x (time of maximum
concentration in urine) and ¢, (maximum concentration in urine) for each metabolite
were also evaluated using Functions®. First order elimination rate constants (k.) were
determined from the slope of the terminal phase of the In-linear concentration-time curves.
Half lives (t;») were determined from elimination rate constants using the relationship

tip= In2/ ke.
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6.3 Results and Discussion

6.3.1 Urinary Excretion of °C3-AAMA and "*C3-GAMA following single oral

administration of 13C3—Acry1amide to Rats

Following oral gavage administration of 20 pg/kg b.w. PC3-AA to male Fischer 344 rats
(n=35) the total recovery in % of dose (0—96 hours) was 66.3 £ 11.4%. Following
administration of 100 pg/kg b.w. °C3-AA (n = 5), 70.5 + 10.5% of dose were recovered in
urine. No 13C3—AAMA-sulf0><ide could be detected in any of the rat urine samples. 13C3—
AAMA and “C3-GAMA were quantified in all urine samples collected up to 96 hours after
administration. Table 15 summarizes the values for molar recoveries and % of dose as

well as % of all metabolites determined (i.e. BCi-AAMA and ]3C3-GAMA).

Table 15

Urinary metabolites (nmol) and recovery
following gavage administration of Cs-
acrylamide to male Fischer 344 rats (0 — 96 h).

BC-AAMA BC,-GAMA

Low Dose Group (20 ug/kg b.w.)

Sum 19.0 £ 3.1 18.5+£3.8
% of Total* 508 +£34 492 +34
% of Dose 33.6 £5.0 32770
High Dose Group (100 ug/kg b.w.)

Sum 112 £25 90.8 + 14.1
% of Total* 549 £42 451 £42
% of Dose 388 +7.3 31.7 £4.8

Mean values + standard deviation (n = 5).
* % of all metabolites determined in urine.
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In the low dose study, 51% of all determined metabolites were excreted as 13C3—AAMA
and 49% as °C3-GAMA. In the high dose study, 55% were excreted as *C3-AAMA and
45% as 13C3—GAMA. The molar ratios GAMA : AAMA were 0.974 +£0.132 in the low
dose study and 0.830 +0.138 in the high dose study. Accordingly, the fraction of
metabolites excreted as ’C3-GAMA was slightly smaller in the high dose study than in the
low dose study, possibly indicating saturation of CYP 2EI1. Statistical calculations
however, did not yield a significant result, thus indicating, that at doses below
100 pg/kg b.w., AA-biotransformation in rats is not substantially influenced by

interactions with metabolizing enzymes.

6.3.2 Kinetics of Urinary Excretion of 13C3-AAMA and 13C3-GAMA in Rats

Urinary excretion of 13C3-AAMA and 13C3-GAMA following administration of
20 ug/kg b.w. *C3-AA to male Fischer 344 rats (n=35) is displayed in Figure 38A.
Figure 38B shows the molar urinary excretion over time following administration of
100 pg/kg b.w. °Cs-AA. C3-AAMA is the most rapidly responding metabolite, whereas
concentrations of '*C3-GAMA in urine increase comparatively slower due to the time

required for biotransformation by CYP 2E1.

As already indicated in earlier studies with MC-labeled AA (43), excretion of both
metabolites is biphasic with a fast initial excretion phase up to approximately 34 hours
following administration and a prolonged wash out phase over several days. Toxicokinetic
parameters calculated from the urinary excretion of “C3-AAMA and "“Ci;-GAMA
following single oral administration of 20 pg/kg b.w. and 100 pg/kg b.w. *C3-AA to male
Fischer 344 rats (n=35) are summarized in Table 16. In agreement with the biphasic
excretion of AA-derived metabolites in rat urine, values characterizing excretion behavior,
i.e. coefficients of elimination (k.) and half lives (t;»), were calculated for the
corresponding elimination intervals. For the initial fast excretion phase, ke (I) and t;, (I)
were calculated from the In-linear interval up to 34 hours following exposure. The wash

out phase (34 hours - ©) is characterized by k. (II) and t;» (I). Values for t;;, (I) ranged
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from 3.59 to 5.37 hours for *C3-AAMA and from 2.30 to 5.64 hours for °C;-GAMA and
values for t;;; (I) ranged from 41 hours to 6 days for BC3-AAMA and from 27 hours to
3 days for *C3-GAMA. These results are in good accordance with previous studies, where
half-lives of 5 hours (t;» (I)) and 8 days (t;» (II)) were determined for urinary excretion of
total '*C (43). To simplify comparison with excretion data derived from the human studies
(Chapter 7), excretion parameters were also calculated over the complete period of
excretion (ke (I + II) and t;, (I + II)). These values however, are only approximations based

on noncompartmental first-order kinetics.

Excretion in urine (nmol)
()
=

40

0 L! T T T T
0 20 40 60 80 100

Time after exposure (h)

Figure 38 Urinary excretion of “C;-AAMA and “C;-GAMA in rat urine (n=5/dose group)
following administration of 20 ug/kg b.w. (A) and 100 pg/kg b.w. “Cs-acrylamide
(B), respectively.
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Results of the rat studies are in good accordance with those obtained by other work-groups
after administration of 3 mg/kg b.w. and 0.1 mg/kg b.w. AA, respectively (Table 17). The
comparatively lower concentration values for GAMA obtained following administration of
50 mg/kg b.w. AA to rats (39) can be explained by an inverse dose dependency. As the
amount of AA administered is decreased, the amount metabolized to GA increases in mice

and rats (54, 235).

64 Conclusions

Biotransformation and toxicokinetics of AA have been determined in Fischer 344 rats at
doses similar to the daily dietary intake in humans. Almost 50% of the metabolites in rat
urine could be assigned to GAMA, the mercapturic acid metabolite of the mutagenic
epoxide GA. As expected, no AAMA-sulfoxide could be determined in rat urine following
administration of AA. For the first time, rats were administered the same dose as humans,

thus allowing for direct comparability.
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Table 17
Comparison of molar percentages of dose excreted in urine of mice and rats after oral administration of acrylamide.
All information given is referenced to collection periods of 24 h after administration.

Species - dose AA AAMA sﬁi?OMxﬁi;: GA GAMA Glyceramide YGA®: > AA" Total of dose®
M - 50 mg/kgd NQ 21.0+1.10 ND 8.6x1.1 17 £0.60 2.70 £ 0.60 1.3 50.4

M - 0.1 mg/kg® 0.6-0.7 5-9 ND 16 - 18 9-22 ND 4.2 33-48
R-50 mg/kgd NQ 34.0+1.80 ND 2.8 +0.50 12 £ 0.60 1.20+£0.40 0.47 50.7

R - 50 mg/kg' NQ 38 ND 3.9 10.5 0.6 0.39 53

R - 3 mg/kg® NQ 29.0 £4.50 ND ND 21 £2.42 ND 0.72 50.0 = 8.60
R - 0.1 mg/kg® 2 31 ND 6 27-29 ND 1-1.1 64 - 66

R - 20 pg/ke" ND 297 +5.13 ND ND 25.4+6.20 ND 0.86 55.1+11.8
R - 0.1 mg/kg" ND 34.9 +7.40 ND ND 26.7 + 4.64 ND 0.77 61.7+10.5

NQ = not quantified, ND = not determined

* This sum represents GA + GAMA + Glyceramide.

®This sum represents AA + AAMA + AAMA-sulfoxide.

¢ Total amount excreted within 24 hours after exposure calculated as % of dose.
4 Sumner et al., 1992. Gavage male rats; gavage male mice.

¢ Doerge et al., 2007. Gavage male mice; gavage male rats.

TSumner et al., 2003. Gavage male rats.

€ Fennell et al., 2005. Gavage male rats.

" This study. Gavage male rats.
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7 Biotransformation and Toxicokinetics of Acrylamide in Humans

7.1 Introduction

To investigate biotransformation and toxicokinetics of AA in humans at doses resembling
the dietary uptake, a human study was conducted with single oral administration of °Cj-
AA. C-labeled AA was used to prevent interference with AA from the diet. As has been
determined previously by human biomonitoring (Chapter 5.3), the mean daily exposure
from the diet is approximately 0.5 pg/kg b.w. AA. Accordingly, this dose was chosen for
the low dose experiment in the present study. A second dose of 20 pg/kg b.w. 13C3—AA[1]

was selected to provide direct comparability with the low dose experiment in rats

(Chapter 6).

[ Although the dose of 20 pg/kg b.w. exceeds the mean daily AA exposure by a factor of 40, it nevertheless represents a
possible (worst case) uptake easily achieved by ingestion of, e.g. 300 g or 180 g of highly contaminated French fries
(3770 ug AA/kg) and gingerbread (7834 ug AA/kg), respectively (180).
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7.2 Materials and Methods
7.2.1 Human Subjects and Study Design

Six subjects (3 female, 3 male) volunteered to participate in the study. They weighed
between 52 and 75 kg and were between 23 and 28 years old. All subjects were
nonsmokers and did not drink any alcoholic beverages 72 hours before and during the
study. They also refrained from eating foodstuffs prepared with garlic to eliminate possible
interactions of the cytochrome P450 enzyme CYP 2E1 with diallyl sulfide and related
compounds (63). Dietary protocols were maintained 72 hours before and during the study
and the study participants were asked to avoid major AA sources like potato chips and

French fries.

Prior to the study, all volunteers underwent physical and medical examination. Blood
samples of each volunteer were analyzed at the local Laboratory for Clinical Chemistry for
parameters indicative of kidney or liver damage and thyroid function. Only apparently
healthy subjects participated in this study. In accordance with the Declaration of Helsinki,
the study was performed with informed consent and the study protocol was reviewed and

approved by the local institutional review board.

The same individuals participated in the low and high dose experiments with an interval of
two weeks in between to allow for the excretion of all metabolites from the first 13C3—AA

exposure. Study design for both parts was identical.

Predose spot urine and blood samples (9 mL) were taken from each volunteer. In the first
part (low dose study) the volunteers were exposed orally to 0.5 ug/kgb.w.
(6.76 nmol/kg b.w.) *C3-AA in 100 mL drinking water before breakfast. In the second part
(high dose study) the oral dose was 20 pg/kg b.w. (270.27 nmol/kg b.w.) BC3-AA. Urine
was collected in predetermined intervals (0 -4, 4-9, 914, 14 -22, 22 - 30, 30 - 38,
38 -46, 4654, 54-62, 62-70, 7078, 78 —86 and 86 — 94 hours). Five aliquots
(2 mL) of each sample were stored at -20 °C until analysis by HILIC-MS/MS.
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Blood samples (9 mL) were taken by venopuncture 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12 and
24 hours following administration of 13’C3-AA. Samples were allowed to clot at room
temperature for approximately 20 to 30 min. Then, samples were centrifuged to obtain
serum and five aliquots (500 uL) of each sample were stored at -20 °C until analysis by

LC-MS/MS.

7.2.2  Sample Preparation

Urine Samples. Frozen human urine samples were thawed, vortexed and diluted with an
equal volume of acetonitrile. To remove precipitated proteins and salts, samples were
centrifuged for 10 min at 4 °C and 1 400 x g followed by addition of the internal standards
(IS) at a final concentration of 30 pg/L of each standard. The IS-solution was prepared by
dissolving 2H3-AAMA, 2H3-GAMA and 2H3-AAMA-su1‘f0xide in water at a concentration
of 3000 pg/L.

Serum Samples. Prior to LC-MS/MS analysis for 13C3—AA, human serum samples were
purified by solid phase extraction (236). Briefly, 100 uL serum were diluted with 100 uL
water containing 50 ng GA as internal standard. 50 mg Isolute ENV+ SPE cartridges
(Biotage Sweden AB, Uppsala, Sweden) were preconditioned by sequential application of
I mL methanol and 2 x 1 mL water. Samples were transferred onto the SPE cartridges and
washed with 2 x 100 pL water and 200 uLL of 2% methanol in water (v/v). Subsequently,
samples were eluted with 4 x 100 uL 10% acetonitrile in water (v/v) into 1.5 mL collection
vials. Samples were concentrated to approximately 50 — 80 uL under a stream of nitrogen
in a heat block at approximately 55 °C. Care was taken to avoid reducing samples to
dryness. After reconstituting each sample to a volume of 100 uL. by addition of water,

aliquots of 10 uLL were analyzed via LC-MS/MS.
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7.2.3 HILIC-MS/MS Analysis of “C3-AAMA, “C3;-AAMA-sulfoxide and *C3-GAMA

in Human Urine

For measurements of “C3-AAMA, “C;-GAMA and "“C;-AAMA-sulfoxide in human
urine following administration of BC3-AA, calibration samples were prepared in blank
human urine with concentrations of ’C3-AAMA, C;-GAMA and Cs;-AAMA-sulfoxide
ranging from 0.5 to 3 000 pg/L. *H3-AAMA, “H3-GAMA and “Hi;-AAMA-sulfoxide were
used as internal standards. HILIC-MS/MS Analysis was performed according to the
methods described in Chapter 4. No deterioration concerning retention during HPLC or
sensitivity (LOD and LOQ) of the mass spectrometric analysis and quantification could be
observed following adjustment of the mass transitions to the respective ~C-labeled

analogues (Figure 39).

7.2.4 HPLC-MS/MS Analysis of *Cs-Acrylamide in Human Serum Samples

After purification via solid phase extraction, human serum samples were analyzed for BCs-
AA. The LC-MS/MS system consisted of an Agilent Series 1100 binary pump, degasser
and autosampler (Agilent, Waldbronn, Germany) and a triple-stage quadrupole mass
spectrometer (API 3000, Applied Biosystems, Darmstadt, Germany) equipped with an
electrospray ionization source. The column used was a Reprosil-Pur C18-Aq column
(3 um, 150 x 2 mm, Dr. Maisch, Ammerbuch, Germany). A guard column (Reprosil-Pur
C18-Aq, 5 um, 10 x 2 mm, Dr. Maisch) was applied. Injection volume was 10 uL. Elution
was isocratic at a flow rate of 200 uL/min with 98% solvent A (5% methanol in 0.1%

formic acid, v/v) and 2% solvent B (100% acetonitrile). Run-time was 10 min.
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Figure 39 Chromatogram showing the mass traces for BCi-AAMA, BC3-GAMA and “C;-
AAMA -sulfoxide (left hand side) as well as for H;-AAMA, *H;-GAMA and *Hs-
AAMA-sulfoxide (internal standards; right hand side) determined in the urine of a
female human subject 9 hours following single oral administration of 20 pg/kg b.w.
13C3-acrylamide.

Positive ions were analyzed by multiple reaction monitoring (MRM) with a dwell time of
200 msec for each transition. Ion spray voltage was 4 000 V with a source temperature of
400 °C using nitrogen as curtain and collision gas. Focusing potential was set to 120 V and
entrance potential to 10 V. Analyte specific acquisition parameters were obtained by
infusion of standards using the quantitative optimization function of the Analyst 1.4.1
software (Applied Biosystems). “C3;-AA was determined by monitoring the mass
transition m/z 75 — 58 (i.e. loss of NHj3). Collision energy was set to 17 V and cell exit
potential to 8 V. The mass transition for the internal standard GA was m/z 88 — 44 (i.e.
loss of CONH,) with collision energy set to 25V and cell exit potential to 6 V.

Declustering potential for both transitions was 21 V. GA could be used as an internal
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standard, since no background GA was detected in any of the serum samples from this
study (<LOD). A chromatogram showing the mass traces of >C3-AA and GA in human

serum is presented in Figure 40.

3.35
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Q 0
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S 1.5e4 1 m/z 88 — 44
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5000

12 3 4 5 6 7 8 9 10
Time, min
Figure 40 Chromatogram showing the mass traces for “C;-AA and GA (internal standard)

determined in a serum sample obtained from a female human subject (F3) 1.5 hours
following single oral administration of 20 pg/kg b.w. *Cs-acrylamide.

Calibration and Quantification. For the calibration curve, blank serum samples were
spiked with PC3-AA at concentrations ranging from 1.0 to 200 pg/L. Samples were then
prepared and analyzed in duplicate according to the methods described above. The
calibration curve was calculated by linear regression and weighted 1/x. Quantitation was
carried out using the Analyst 1.4.2 software (Applied Biosystems). Limit of detection
(LOD, defined by a signal-to-noise ratio S/N >3) and limit of quantification (LOQ, S/N
>10) for *C3-AA in human serum were determined to be 0.5 and 1.0 pg/L, respectively.
The calibration curve was linear over the whole range with a correlation coefficient of

2 =0.9999. Recovery of the SPE method and stability of the LC-MS/MS method were
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determined by addition of 13C3—AA to blank serum samples at three different
concentrations (2 pg/L, 5 ug/L and 10 pug/L) before and after solid phase extraction. Each
sample was prepared and analyzed in triplicate according to the methods described above.

Mean recovery was calculated as 80.2 + 6.1%.

7.2.5 Toxicokinetic Analysis

Toxicokinetic parameters for 13C3-AAMA, 13C3-GAMA and 13C3—AAMA—sulfoxide in
human urine after single oral administration of 13C3-AA were determined from the results
of the quantitative HILIC-MS/MS measurements. Molar excretion over time was displayed
in a graph (Figure 41). By polynomial regression (Excel, Microsoft-Office 2007) and
subsequent integration using Functions® (www.numericalmathematics.com) the AUCq.,
(area under the time-concentration curve) could be calculated. The values for ty.. (time of
maximum concentration in urine) and Cpn.x (Mmaximum concentration in urine) for each
metabolite were also evaluated using Functions®. First order elimination rate constants (ke)
were determined from the slope of the terminal phase of the In-linear concentration-time
curves. Half lives (t;») were determined from elimination rate constants using the

relationship t;» = In 2/k.

Human serum toxicokinetics of 13C3—AA (AUC).00, tmax, Cmax» Ke and ty,) were determined
accordingly. As concentrations in serum samples collected at 3 hours following
administration of ?C3-AA were between LOD and LOQ, these samples were given a value

of LOQ divided by the square root of 2 to facilitate calculations.
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7.3 Results

7.3.1 Urinary Excretion of “C3;-AAMA, Ci-AAMA-sulfoxide and *C3-GAMA in

Humans following Single Oral Administration of *Cs-Acrylamide

Six human subjects (3 female, 3 male) were exposed orally to 0.5 pg/kg b.w. and
20 ug/kg b.w. Cs-AA in 100 mL drinking water in two separate studies. In each
experiment, urine samples were collected for 94 hours in intervals. Subsequently, aliquots

were analyzed for content of 13C3-AAMA, 13C3—AAMA-sulfoxide and Cs-GAMA.

In the high dose study, metabolite levels in urine were well above the LOQ up to 94 hours
following exposure. In the low dose study, 13C3—AAMA-sulfoxide and ' Cs-GAMA were
only detectable up to 46 hours after the administration of Cs-AA. The total amount
excreted after administration of 0.5 pg/kg b.w. (0 —46 hours) was 71.3 +5.1% of the
administered dose. After administration of 20 pg/kg b.w., 70.0 £ 3.1% of dose could be

recovered in urine (0 — 94 hours).

The individual recoveries for all quantitated metabolites are shown in Table 18. Molar
percentages of the individual analytes relative to the total dose of BC3-AA administered
were calculated using the individual urine volumes. After single oral administration to
humans, the main metabolite of *C3-AA was C3-AAMA accounting for approximately
71% of all relevant metabolites excreted with urine. 20% were excreted as 13C3—AAMA—
sulfoxide. Compared to urinary excretion in rats, BC3-GAMA (including BCs-is0-GAMA)
was a minor metabolite in humans: only about 9% could be assigned to the mercapturic
acid(s) of the mutagenic epoxide GA. The median molar ratios
GAMA : (AAMA + AAMA-SO) were 0.100+0.018 in the low dose study and
0.101 £ 0.023 in the high dose study. No significant differences were observed concerning
urinary recovery in the low dose and in the high dose experiment as well as between

female and male human subjects (Student’s t-Test).
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Table 18

Urinary metabolites (nmol) and recovery following single oral administration of
0.5 ug/kg b.w. and 20 pg/kg b.w. *Ci-acrylamide to female (n=3) and male (n=3)
human subjects.

BC,-AAMA BC;-AAMA-sulfoxide BC;-GAMA

Low Dose Group (0.5 ug/kg b.w.)

Female (n = 3)

Sum (0 — 46 h) 211 £ 53 482 + 79 29.0 £ 9.7
% of Total* 729 £ 23 17.1 + 35 10 £ 2
9% of Dose 494 + 4.1 115 + 24 6.7 = 1.1
Male (n =3)
Sum (0 — 46 h) 261 + 37 62.5 + 3.3 285 £ 1.5
% of Total* 739 + 3.2 19.8 + 3.9 8.1 = 0.6
% of Dose 541 £ 13 149 + 33 6.0 + 0.6
All(n=26)
Sum (0 — 46 h) 236 + 49 553 + 95 28.8 + 6.2
% of Total* 734 + 2.6 184 + 3.6 9.1 £+ 1.5
% of Dose 517 £ 3.8 132 + 32 6.3 + 0.9
High Dose Group (20 ug/kg b.w.)
Female (n = 3)
Sum (0-94h) 8.07x10%> £+ 1.55x 10> 240x 103 £ 044 x 10> 1.11x10> £ 0.51 x 103
% of Total* 69.6 + 2.7 21.1 + 5.0 9.3 + 29
% of Dose 474 £ 13 145 + 39 6.3 + 1.9
Male (n =3)
Sum (0-94h) 9.85x10® + 1.75x 10> 2.73x 10> £ 1.78 x 10> 1.25x 10> + 0.12 x 103
% of Total* 709 £+ 4.0 20.1 £ 3.8 9.1 £ 05
% of Dose 509 £+ 3.0 144 + 29 6.5 + 0.2
All (n=06)
Sum (0-94h) 8.96x10% £ 1.77x 10> 256x 10> £ 0.35x 10> 1.18 x 10® = 0.34 x 103
% of Total* 70.2 + 3.1 20.6 £ 4.0 92 £ 1.9
% of Dose 492 £ 2.8 145 £ 3.1 64 £ 1.2

Mean values + standard deviation.
* 9% of total of all metabolites determined in urine.
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7.3.2 Kinetics of Urinary Excretion of 13C3—AAMA, 13C3—AAMA—sulfoxide and
13C;‘;-GAMA in Humans

Molar excretion of 13C3—AAMA, 13C3—AAMA—sulf0xide and 13C3—GAMA in urine of
female (n=3) and male (n=3) human subjects is displayed in Figure 41. Following
administration of 0.5 pg/kg b.w., excretion was monitored over 46 hours (Figure 41 Al-
AIII). Following administration of 20 pg/kg b.w., the observation period was 94 hours
(Figure 41 BI-BIII). °C;-AAMA is the most rapidly responding metabolite, whereas
urinary concentrations of PC3-AAMA-sulfoxide and *C3-GAMA increase comparatively

slower due to the time required for biotransformation via CYP2El and

FMO/Cytochrome P450, respectively.
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Figure 41 Excretion of “C;-AAMA (I), "Cs-AAMA-sulfoxide (II) and C;-GAMA (III) in
urine of female (®; n = 3) and male (A; n = 3) human subjects following single oral

administration of 0.5 ug/kgb.w. (A) and 20 pg/kgb.w. “Cs-acrylamide (B),
respectively.
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Toxicokinetic parameters for the individual metabolites calculated from data derived from
the high dose study are displayed in Table 19. “C3;-AAMA reached its maximum
concentration in urine approximately 10 hours following administration, whereas
concentrations for *C3-GAMA and "*C3-AAMA-sulfoxide increased comparatively slower
and maximum concentrations could be observed approximately 23 hours after dosing. *Cs-
AAMA was also excreted more rapidly compared to “C3-GAMA and "“Ci;-AAMA-
sulfoxide. Values for ti» were 14, 26 and 22 hours for ’C-AAMA, ’C3-GAMA and "°Cs-
AAMA-sulfoxide, respectively. No significant differences were observed concerning
toxicokinetics and biotransformation of 13C3—AA in the low dose and in the high dose

experiment as well as between female and male human subjects (Student’s t-Test).

7.3.3 Human Serum Toxicokinetics of 13C3-Acry1amide

Blood samples were taken from the six human subjects (3 female, 3 male) before dosing
and 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12 and 24 hours following administration of 20 ug/kg b.w.
13C3—AA. The obtained serum samples were analyzed for 13C3—AA via LC-MS/MS. 13C3—
AA could only be quantified in the samples collected up to 2 hours following exposure
(Figure 42). Concentrations at 3 hours after administration of BC;-AA were between LOD

and LOQ in all samples.
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Figure 42 Concentrations of "Cs-AA in serum of female (n =3, F1-F3) and male (n =3, M1-
M3) human subjects following single oral administration of 20 ug/kg b.w. “Cjs-
acrylamide.

Toxicokinetic parameters are shown in Table 20. As no significant gender-differences
could be observed concerning the serum toxicokinetics of AA in humans, values are given

as mean irrespective of gender.

Table 20

Serum toxicokinetics following oral administration
of 20 pg/kg b.w. *Cs-acrylamide to human subjects
(n = 6; 3/gender).

BCy-AA
AUC,.. 56.6 + 9.0 nM x h
tmax 0.94 + 0.21 h
Crmax 292 + 45 nM
ke 0.964 + 0.277 h'
tin 0.79 + 0.30 h

Mean values + standard deviations (n=6; 3male, 3 female) for area
under the curve (AUC), time of maximum concentration in serum
(tmax)» Maximum serum concentration (Cp,y), coefficient of
elimination (k.) and elimination half life (t,).
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7.4 Discussion

In order to help understand the biotransformation pathways and toxicokinetic properties of
AA in humans after uptake of low doses, two studies with single oral administration of
BC3-AA at doses covering the range of human dietary exposure (from mean exposure to
worst case exposure) were conducted. Urine samples were collected in intervals over 46
and 94 hours, monitoring the major part of the excretion phase. All samples were analyzed
for the three major metabolites excreted in human urine: 13C3—AAMA, 13C3—GAMA and
C3-AAMA-sulfoxide.

Comparison with other Studies in Humans. Most workgroups only determine
metabolites excreted during the first 24 hours following administration (38-41, 147). A
considerable part of AAMA-sulfoxide and GAMA is actually excreted afterwards
(Figure 41). To improve comparability of results, molar percentages of dose excreted in
urine during the first 24 hours (22 hours) following exposure were calculated (Table 21).
Results concerning measurements of 13C3—AAMA and 13C3—GAMA are consistent with
previous studies in the low dose range. After ingestion of potato chips containing 0.94 mg
AA, unchanged AA, AAMA and GAMA had been quantified in the urines of humans
subjects (n = 6) over a period of 72 hours (/53). The total recovery was 60.3 + 11.2% of
the administered dose, with 4.4 £ 1.5%, 50.0 £ 9.4% and 5.9 + 1.2% of dose accounting for
unchanged AA, AAMA and GAMA, respectively. Similar values for t;, were obtained for
AAMA and GAMA compared to our results for BC3-AAMA and 13C3—GAMA. In another
study, urinary metabolites levels for 2ZH3-AAMA and 2H3-GAMA have been monitored
over 46 hours after administration of 0.99 mg 2H3-AA to a male volunteer (/54). The
overall excretion was 56.2% of dose with 52.7% of dose recovered as 2H;-AAMA and
4.6% as ZH3-GAMA. These values are in good accordance with our results from the human
low dose and high dose study recoveries after 94 and 46 hours, respectively (Table 18).
Both workgroups however did not quantify AAMA-sulfoxide. Following administration of
0.5, 1.0 and 3.0 mg/kg b.w. BC3-AA to human subjects, Fennell et al. (/47) recovered
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approximately 8% of dose as AAMA-sulfoxide (0—-24 hours), which is in good
accordance with our results (Table 21). The values obtained for GAMA however, are
distinctly lower, maybe indicating a saturation of CYP 2E1 in humans at doses 1 000 —

6 000 times the median daily dietary exposure.

Acrylamide Serum Toxicokinetics. AA is eliminated very quickly from the blood
compartment. Half lives calculated from BC3-AA serum concentrations following
administration of 20 ug/kg b.w. *C3-AA were approximately 0.79 hours. This is in good
accordance with a value of 0.73 hours determined in mice after administration of
50 mg/kg b.w. “C3-AA (236). Additionally, concentrations of free AA in serum were
extremely low (<0.5% of dose), indicating a high affinity of AA to hemoglobin and other

proteins present in the blood specimens (43).

7.5 Conclusions

For the first time, excretion of 13C3-AAMA, ]3C3-GAMA and 13Cg-AAMA-sulfoxide has
been monitored in human urine following single exposure to *C3-AA at doses similar to
daily exposure from food. Approximately 70% of the measured metabolites could be
assigned to *C3-AAMA, 20% were identified as *C3-AAMA-sulfoxide, and °C3-GAMA
accounted for approximately 9%. The obtained biotransformation and toxicokinetics data

may help to improve the basis for human risk assessment of dietary AA.
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Table 21
Comparison of molar percentages of dose excreted human urine after oral administration of acrylamide.
All information given is referenced to collection periods of 24 h after administration.

AAMA-

: a, b c
Dose AA AAMA sulfoxide GA GAMA Glyceramide ) GA®:> AA® Total of dose
3.0 mg/kg’ NQ 22.0+5.30 420+1.10 0.79 £0.24 ND 3.30+1.10 0.16 34.0+5.70
13 pg/kg* ND 451 ND ND 2.8 ND 0.06 47.7
0.5 mg/kg' 4.67+1.34 31.2+£6.55 8.26 £2.39 0.43£0.20 0.82+£0.16 ND 0.03 45.6 + 8.50
1.0 mg/kg' 5.02 £1.65 344 +5.21 8.68 £1.21 0.63 +0.33 0.82 +0.11 ND 0.03 49.9 +6.30
3.0 mg/kg' 3.23+0.49 27.8 +7.99 7.25+2.40 0.65+0.21 0.70 £0.22 ND 0.03 39.9+9.90
0.5 ng/kg® ND 41.4 +£3.47 7.19+1.40 ND 3.83+£0.78 ND 0.08 52.4+3.59
20 ug/kg® ND 37.4+292 6.33 £1.77 ND 3.23 £0.69 ND 0.07 46.9 +3.70

NQ = not quantified, ND = not determined
* This sum represents GA + GAMA + Glyceramide.

® This sum represents AA + AAMA + AAMA-sulfoxide.

¢ Total amount excreted within 24 hours after exposure calculated as % of dose.

4 Fennell et al., 2005. Oral administration male humans.

°Boettcher et al., 2006. Oral administration male human. Excretion within 22 hours following exposure.

fFennell et al., 2006. Oral administration male humans.

€ This study. Oral administration male and female humans. Excretion within 22 hours following exposure.
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8 Inter-Species Differences: Implications for Risk Assessment

Human risk assessment for genotoxic substances is generally based on data derived from
animal studies. However, linear extrapolation of a response in experimental animals down
to human exposure may for a number of reasons be inappropriate leading to over- or
underestimation of the human risk (35). Both in rodents and in humans, AA is metabolized
to the DNA-reactive epoxide GA (39, 142), which is thought to be responsible for the
initiation of cancer in rodents (/99). Therefore, the extent of bioactivation to GA is an

important factor for risk assessment regarding carcinogenicity of AA in humans.

From the experimental data obtained during the toxicokinetics studies in rats and humans,
major differences in the pattern of urinary excreted metabolites could be observed. Most
interestingly, no AAMA-sulfoxide was found in any of the rat urines. More importantly in
terms of risk assessment however, humans excrete much less GAMA than rats. Only 9% of
the measured metabolites could be assigned to the genotoxic metabolite in human urine,
compared to approximately 49% in rat urine (Table 22). Assuming that the major part of

GA is conjugated with GSH and excreted as GAMA, it must be concluded that in humans



122 8 Inter-Species Differences: Implications for Risk Assessment

AA is transformed to GA to a much lower extent. The obtained data confirm previous
results (38, 147, 153) which indicate that biotransformation via the oxidative pathway

seems to be less important in humans than in rodents.

Table 22

Comparison of urinary recovery of acrylamide-derived metabolites following single oral
administration of 20 pg/kg b.w. *Cs-acrylamie to male Fischer 344 rats and male (n = 3)
and female (n = 3) human subjects.

BC;-AAMA BC;-AAMA-sulfoxide BC;-GAMA
Rats (n =5)
Sum (0 — 96 h) 19.0 = 3.1 - 185 + 3.8
% of Total* 50.8 + 3.4 - 492 + 34
% of Dose 336 £ 5.0 — 3277 £ 7.0

Humans (n = 6)

Sum (0-94h) 896x10° + 1.77x 10° 256 x10° + 0.35x 10° 1.18 x 10° + 0.34 x 10’
% of Total* 70.2 + 3.1 20.6 + 4.0 92 + 1.9
% of Dose 492 + 2.8 145 + 3.1 64 + 12

Mean values + standard deviation (n = 5).
* % of all metabolites determined in urine.

A possible explanation for the observed species differences in AA biotransformation may
be inter-species variability concerning the activity of the enzymes involved in metabolic
conversion. It has been suggested that FMOs are poorly expressed in rats, whereas humans
exhibit comparatively high activity of these enzymes (237). As FMOs may be involved in
S-oxygenation of AAMA, this possibly explains the exclusive formation of AAMA-
sulfoxide in humans. Species differences have also been reported for CYP 2E1. There is
evidence that in mice, the CYP 2E1 mediated epoxidation of AA to GA occurs more
efficiently compared to rats (39). Following oral administration of 50 mg/kg b.w. AA to
rats and mice, only 30% of the excreted metabolites could be assigned to GA and GA-

derived biotransformation products in rats, whereas in mice approximately 60% of
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metabolites were recovered as GA, GAMA or glyceramide. In this context, a lower
sensitivity to the carcinogenic action of AA has been suggested for rats compared to mice,
as demonstrated by in vivo measurement of micronucleus frequency following i.p.
administration of AA (200). Lower expression of CYP 2E1 in humans may therefore also
be the reason for the decreased amounts of GAMA excreted in human urine compared to
rat urine. As a consequence, humans may have a comparatively lower risk for cancer from

AA.

The fact that AA is epoxidized to GA to a much lower extent compared to rodents must be
incorporated in future risk assessments. A possible approach would be the use of
conversion factors in species extrapolation correcting for differences in metabolic rate. An
option to avoid species extrapolation in risk assessment is the use of physiologically based
toxicokinetic (PBTK) modeling. The biotransformation and toxicokinetics data obtained
from our human study may be used for this approach in order to get a better understanding

of the actual human risk.

A completely new issue for toxicological concern may arise from the human-only
formation of AAMA-sulfoxide. Hitherto unknown toxic effects may be generated by this
potentially pro-reactive metabolite which cannot be observed in the rodent model. There
have been reports of structurally related compounds (e.g. the sulfoxide of the acrolein
mercapturic acid) causing predominantly kidney or bladder toxicity (238-241). The
mechanism of sulfoxide toxicity is discussed as a nonenzymatic S-elimination, resulting in
release of the parent compound as a reactive electrophile, which may readily react with
proteins in the kidney or bladder. Recently, a small increase in renal cell cancer has been
observed in an epidemiological study, suggesting an association between dietary AA and
renal cell cancer in humans (//8). Experimental data on the toxicity of AAMA-sulfoxide is
still lacking, but should be included in future risk considerations concerning AA toxicity in

humans.
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In conclusion, major species differences have been observed concerning biotransformation
of AA in rats and humans. Rats excrete about 5times more GAMA than humans.
However, the consequences arising from formation of small amounts of GA in humans are
still unclear. Although the general risk for cancer from AA may be smaller in humans
compared to rats, no safe level of exposure can be determined for human exposure to AA
due to the underlying non-threshold mechanism suggested for DNA-reactive genotoxic
substances such as GA. Therefore, taking into consideration all remaining gaps and
uncertainties concerning human risk assessment of dietary AA, application of the ALARA

principle seems to be the most reasonable approach in dealing with AA at the present.
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9 Summary

The widely used chemical acrylamide (AA) has been classified as a probable human
carcinogen (23, 24). This classification was based on positive results in rodent
carcinogenicity studies (217, 22) as well as on a number of in vifro mutagenicity assays
(16, 127, 242). In 2002, AA was discovered to be formed during the preparation of starch-
containing foods (28, 29). According to the latest FDA exposure assessment (2006), the
average daily intake has been estimated from AA levels in foodstuffs and from nutritional
habits to be around 0.4 pg/kg b.w. with a 90" percentile of 0.95 pug/kg b.w. (176). In
children and adolescents however, the daily AA intake is about 1.5 times higher, due to
lower body weight and differing consumption patterns (/75). Apart from the diet, humans
may be exposed to AA during the production or handling of monomeric AA, from AA

residues in polyacrylamides, and from cigarette smoke (/, 171).

After oral administration, AA is readily absorbed and distributed throughout the organism
(42, 43). AA is metabolized to the reactive epoxide glycidamide (GA) via the CYP 450
isoenzyme CYP 2E1. Both, AA and GA are conjugated with glutathione. After enzymatic
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processing, the mercapturic acids N-Acetyl-S-(2-carbamoylethyl)-L-cysteine (AAMA) as
well as the regioisomers N-Acetyl-S-(2-carbamoyl-2-hydroxyethyl)-L-cysteine (GAMA)
and N-Acetyl-S-(1-carbamoyl-2-hydroxy-ethyl)-L-cysteine (iso-GAMA) are excreted with
urine (39). An additional pathway for the metabolic conversion of GA is the epoxide
hydrolase mediated hydrolysis to the diol compound glyceramide (38, 39). Following
administration of AA at doses exceeding the daily dietary intake by a factor of 1000 - 6000
to human subjects, a new urinary metabolite was found, which could be identified as the S-

oxide of AAMA (AAMA-sulfoxide) (38).

In general, data from animal studies are used for risk assessment of (potential) human
carcinogens. However, inter-species differences in toxicodynamics or toxicokinetics, e.g.
in biotransformation may lead to under- or overestimation of human risk (35). The
objective of this work was to establish a highly specific and sensitive analytical method to
quantify the major urinary metabolites of AA. Other aims apart from measurements
concerning the human background exposure were the evaluation of biotransformation and
toxicokinetics of AA in humans and rats after oral administration of > Cs-AA. The obtained
data was intended to help avoid linear extrapolation from animal models for future risk

assessments of AA carcinogenicity.

A hydrophilic interaction liquid chromatography tandem mass spectrometry method
(HILIC-MS/MS) using a zwitterionic stationary phase (Zic-HILIC) was developed and
validated to quantitate the mercapturic acids of AA and GA as well as AAMA-sulfoxide in
human urine. In contrast to reversed phases, the application of Zic-HILIC resulted in
efficient retention and separation of these highly polar compounds. Off-line sample work-
up was avoided by application of column switching with a Stability BS-C17 trap column

prior to the analytical column, thus minimizing interferences with the urinary matrix.

As a proof of concept, spot urine samples of 67 smokers (22 male and 45 female) and
67 nonsmokers (21 male and 46 female) were analyzed for background levels of AAMA,
GAMA and AAMA-sulfoxide. Concentrations were above LOQ in all samples. Median
concentrations for AAMA, GAMA and AAMA-sulfoxide were 165 ug/L (14 -
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1018 ug/L), 25 ug/L (4-172 pg/L) and 121 pg/L (16 —761 pg/L) in smokers and
39 ug/L (6 —283 ug/L), 9 ug/L (2—-79 ug/L) and 30 pg/L (7 — 121 pg/L) in nonsmokers.
Smokers excreted approximately 4 times more AAMA and AAMA-sulfoxide and 3 times
more GAMA than nonsmokers. Statistical evaluation showed that these differences were
significant (p <0.001). It was concluded that AAMA-sulfoxide is a major metabolite of AA
in humans, as 37% of the metabolites measured in urine could be assigned to this
compound. In addition, cigarette smoke was identified as a major contributor to the overall
exposure to AA in the general population. As a result, reducing the amount of cigarettes

smoked would significantly reduce exposure to AA.

The background exposure to AA derived from the diet was determined in a human
biomonitoring study. Six nonsmoking human subjects were asked to collect urine over a
period of 72 days in intervals of 8 hours. Median concentrations in the urine samples
(n=54) were 24.0 ug/L (AAMA, 7.8 —79.8 ug/L), 16.7 ng/L (AAMA-sulfoxide, 6.8 —
70.1 pg/L) and 3.82 ug/L (GAMA, 1.0 —23.6 ug/L). As AA is rapidly excreted from the
human organism and excretion was steady over the observation period, the amount
excreted corresponds directly to the amount ingested. Accordingly, a median daily intake
of 0.5 ug/kgb.w. AA (0.25-0.81 nug/kg b.w.) could be calculated, which is in good
agreement with previous estimates. Additionally, significant (p <0.001) interindividual
differences, probably due to variations in enzyme activity, were observed concerning the

ratio GAMA : (AAMA + AAMA -sulfoxide).

Potential inter-species differences in AA-bioactivation and toxicokinetics were evaluated
by single oral administration of doses similar to daily dietary exposure to rats and humans.
Male Fischer 344 rats (n = 5/dose group) were administered 20 and 100 pg/kg b.w. °Cs-
AA in deionized water via oral gavage. Human subjects (n=3/gender) were orally
exposed to 0.5 and 20 pg/kg b.w. BCi-AA in drinking water. Urine samples were collected
in intervals for 96 and 94 hours, respectively. Urinary concentrations of *C3-AAMA, Cs-
GAMA and "C3-AAMA-sulfoxide were monitored by HILIC-MS/MS. Ci;-AAMA-
sulfoxide was not detected in rat urine. The recovered urinary metabolites accounted for

66.30% and 70.45% of a 20 and 100 pg/kg b.w. dose in rats and for 71.26% and 70.03% of
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a 0.5 and 20 pg/kg b.w. dose in humans. In rats, °C3-AAMA accounted for 33.58% and
38.79% of dose. 32.72% and 31.66% of dose could be recovered as '*C;-GAMA. In
humans, "C3-AAMA, PC3-GAMA and Cs;-AAMA-sulfoxide accounted for 51.74% and
49.16%, 6.32% and 6.41% and 13.20% and 14.46% of the applied dose, respectively.

The obtained data suggest that in humans AA is bioactivated to GA to a considerably
smaller extent compared to rats. As a result, humans may be at a much lower risk for

cancer mediated by AA than rodents.
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10 Zusammenfassung

Die weitverbreitete Chemikalie Acrylamid (AA) wurde als moglicherweise krebserregend
im Menschen eingestuft (23, 24). Diese Klassifizierung beruhte auf positiven Ergebnissen
aus Kanzerogenititsstudien in Nagern (217, 22) sowie einer Reihe von in vitro
Mutagenititstests (16, 127, 242). Im Jahr 2002 wurde entdeckt, dass AA wihrend der
Zubereitung von stirkehaltigen Nahrungsmitteln entsteht (28, 29). Nach den neuesten
Expositionsabschitzungen der FDA (2006) wurde auf der Basis von AA-Gehalten in
Lebensmitteln und Erndhrungsgewohnheiten eine tdgliche Aufnahme von etwa 0.4 pg/kg
KG (Korpergewicht) errechnet. Die 90. Percentile lag bei 0.95 pg/kg KG (/76). In Kindern
und Heranwachsenden ist die tigliche AA Aufnahme jedoch um etwa Faktor 1.5 hoher.
Dies beruht auf einem vergleichsweise geringeren Korpergewicht und anderen
Erndhrungsvorlieben (/75). AuBler iiber die Nahrung konnen Menschen wihrend der
Produktion oder Verarbeitung von monomerem AA, iiber Riickstinde in Polyacrylamiden

und iiber Zigarettenrauch gegeniiber AA exponiert sein (/, 171).
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Nach oraler Gabe wird AA schnell resorbiert und im ganzen Organismus verteilt (42, 43).
AA wird tiber das Cytochrom P450 Isoenzym CYP 2E1 in das reaktive Epoxid Glycidamid
(GA) umgewandelt. Sowohl AA als auch GA binden an Glutathion. Nach enzymatischer
Verstoffwechslung werden die Mercaptursduren N-Acetyl-S-(2-carbamoylethyl)-L-cystein
(AAMA) sowie die Regioisomere N-Acetyl-S-(2-carbamoyl-2-hydroxyethyl)-L-cystein
(GAMA) und N-Acetyl-S-(1-carbamoyl-2-hydroxyethyl)-L-cystein (iso-GAMA) mit dem
Urin ausgeschieden (39). Ein weiterer Weg fiir die metabolische Umwandlung von GA ist
die durch Epoxidhydrolase katalysierte Hydrolyse zum Diol Glyceramid (38, 39). Nach der
Verabreichung von AA an Menschen in Dosen, die die tdgliche Aufnahme iiber die
Nahrung um das 1000 bis 6000-fache iiberschritten, wurde ein neuer Metabolit im Urin

entdeckt, der als das S-oxid von AAMA identifiziert werden konnte (38).

Im Allgemeinen werden Daten aus Tierstudien fiir die Risikobewertung von (moglichen)
Kanzerogenen im Menschen verwendet. Spezies-Unterschiede beziiglich der
Biotransformation konnen demzufolge zu Unter- oder Uberbewertung des Risikos fiir den
Menschen fithren (35). Das Ziel dieser Arbeit war es, eine hochspezifische und
empfindliche analytische Methode fiir die Quantifizierung der wichtigsten Metaboliten von
AA im Urin zu entwickeln. Neben Messungen beziiglich der Hintergrundbelastung im
Menschen sollten Biotransformation und Toxikokinetik von AA in Menschen und Ratten
nach oraler Gabe von C3-AA bestimmt werden. Die gewonnenen Daten sollten dazu
beitragen, lineare Extrapolation ausgehend von Tiermodellen fiir zukiinftige

Risikoabschitzungen zu vermeiden.

Unter Verwendung einer zwitterionischen stationdren Phase (Zic-HILIC) wurde eine
HILIC-MS/MS Methode fiir die Quantifizierung der Mercaptursduren von AA und GA
sowie AAMA-sulfoxid entwickelt und validiert. Im Gegensatz zu Umkehrphasen fiihrte
die Anwendung von Zic-HILIC zu effizienter Retention und Trennung der hochpolaren
Verbindungen. Vorhergehende Probenaufarbeitung wurde vermieden, indem eine
Sdulenschaltung iiber eine Stability BS-C17 Trapsiule in das System integriert wurde. Auf

diesem Weg wurden Storeinfliisse durch die Urinmatrix minimiert.



10 Zusammenfassung 131

Um die Praxistauglichkeit der Methode zu demonstrieren, wurden Spoturine von 67
Rauchern (22 méannliche und 45 weibliche) und 67 Nichtrauchern (21 ménnliche und 46
weibliche) beziiglich der Gehalte an AAMA, GAMA und AAMA-sulfoxid analysiert. Die
Konzentrationen waren in allen Proben oberhalb der Nachweisgrenze. Mittlere
Konzentrationen fiir AAMA, GAMA und AAMA-sulfoxid betrugen 165 ug/L (14 —
1018 pg/L), 25 pg/L (4—-172 pug/L) und 121 pg/L (16 — 761 pg/L) bei Rauchern und
39ug/l (6-283ug/l), 9ug/L (2-79pg/l) und 30pg/L (7-121pug/L) bei
Nichtrauchern. Raucher schieden ungeféahr 4 mal mehr AAMA und AAMA-sulfoxid und 3
mal mehr GAMA aus. Die statistische Auswertung zeigte, dass diese Unterschiede
signifikant waren (p <0.001). Aus den Ergebnissen wurde der Schluss gezogen, dass
AAMA-sulfoxid mit 37% der gemessenen Metabolite im Urin ein Hauptmetabolit von AA
im Menschen ist. Desweiteren wurde Zigarettenrauch als eine Hauptquelle von AA in der
Allgemeinbevolkerung identifiziert und daraus gefolgert, dass eine Reduktion des

Rauchens zu einer signifikanten Erniedrigung der AA Exposition fiihren wiirde.

Die Hintergrundbelastung durch AA in der Nahrung wurde in einer Human-
Biomonitoring-Studie ermittelt. Sechs Nichtraucher wurden gebeten, iiber einen Zeitraum
von 72 Stunden in Intervallen von 8 Stunden ihren Urin zu sammeln. Die mittleren
Urinkonzentrationen (n =54) betrugen 24.0 ug/LL (AAMA, 7.8 -79.8 png/L), 16.7 ng/L
(AAMA-sulfoxid, 6.8 —70.1 ug/L) und 3.82 ug/L. (GAMA, 1.0-23.6 ug/L). Da AA
schnell aus dem menschlichen Organismus ausgeschieden wird und die Elimination iiber
den gesamten Beobachtungszeitraum gleichméfig war, korreliert die ausgeschiedene
Menge mit der aufgenommenen Menge. Demzufolge wurde eine mittlere Aufnahme von
0.5 pgrlkg KG AA (0.25-0.81 pg/kg KG) berechnet. Dieser Wert ist vergleichbar mit
bestehenden Schitzungen. AuBlerdem wurden signifikante (p <0.001) interindividuelle
Unterschiede  beziiglich des Verhiltnisses GAMA : (AAMA + AAMA-sulfoxid)
beobachtet, die moglicherweise auf Variationen in der Enzymaktivitit zuriickzufithren

sind.

Mogliche Speziesunterschiede im Bezug auf AA-Bioaktivierung und Toxikokinetik

wurden nach einmaliger oraler Gabe von Dosen die der tdglichen Aufnahme entsprechen
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an Ratten und Menschen untersucht. Ménnlichen Fischer 344 Ratten (n = 5/Dosisgruppe)
wurde per Schlundsonde 20und 100 uglkg KG 'Cs-AA in deionisiertem Wasser
verabreicht. Menschlichen Probanden (3 ménnliche, 3 weibliche) wurde 0.5 und 20 ug/kg
KG "C3-AA in Trinkwasser gegeben. Uber 96 bzw. 94 Stunden wurde in Intervallen Urin
gesammelt. Die Urinkonzentrationen von BCi-AAMA, ®C3-GAMA und *C;-AAMA-
sulfoxid wurden per HILIC-MS/MS bestimmt. In Rattenurinen konnte kein *C3-AAMA-
sulfoxid gefunden werden. Insgesamt wurden 66.30% und 70.45% der 20, bzw. 100 pg/kg
KG Dosis im Rattenurin wiedergefunden und 71.26% sowie 70.03% der 0.5, bzw.
20 ng/kg KG Dosis im menschlichen Urin. In den Ratten wurden 33.58% und 38.79% der
jeweiligen Dosis als *C3-AAMA und 32.72% und 31.66% als ?C3-GAMA ausgeschieden.
Im Menschen machten ’C3-AAMA, "C;-GAMA und "C3;-AAMA-sulfoxid 51.74% und
49.16%, 6.32% und 6.41% sowie 13.20% und 14.46% der verabreichten Dosis aus.

Die gewonnenen Daten deuten darauf hin, dass AA im Menschen im Vergleich zur Ratte
zu einem weitaus geringeren Anteil in GA umgewandelt wird. Daraus resultiert, dass das
Krebsrisiko durch AA fiir den Menschen moglicherweise viel geringer ist als fiir den

Nager.
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