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Acrylamide is a reactive neurotoxin with a high intestinal bioavailability. Recently we have
shown that under the pH regime of the gut acrylamide can react with proteins and that this
reaction reduces the uptake of acrylamide in a gut model. On the other hand, using radioac-
tive labeled acrylamide, Bjellaas et al. [Toxicol. Sci. 100, 374Ð380 (2007)] showed that in vivo
the vast majority of orally administered acrylamide is absorbed and excreted as N-acetyl-S-
(3-amino-3-oxopropyl)-cysteine with the urine. Therefore, we tested whether intestinal pro-
teases can degrade a protein with acrylamide bound to cysteine residues. Furthermore we
tested whether the product of this reaction, S-(3-amino-3-oxopropyl)-cysteine, can pass the
intestinal barrier. Here we showed that S-(3-amino-3-oxopropyl)-cysteine is indeed a product
of proteolytic degradation of acrylamide-treated proteins. Using Caco-2 cells as a gut model,
we further showed that the non-protein amino acid S-(3-amino-3-oxopropyl)-cysteine is a
substrate for the neutral and cationic amino acid transporter system. Hence we concluded
that protein-bound acrylamide can be released in the intestine and that the resulting product
S-(3-amino-3-oxopropyl)-cysteine is transported through the intestinal barrier and later ex-
creted via the urine.
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Introduction

Acrylamide is a neurotoxin and presumably can-
cer-causing agent that can be released during ther-
mal food processing (Mottram et al., 2002; Stadler et
al., 2002). Orally administered acrylamide is highly
bioavailable (Doerge et al., 2007; Tareke et al.,
2006) and passes through monolayers of intestinal
Caco-2 cells via passive diffusion (Schabacker et al.,
2004; Zodl et al., 2007). As an α,�-unsaturated,
electrophilic molecule acrylamide can bind to DNA
and proteins under alkaline conditions. Covalent
binding to proteins was also suggested to be the mo-
lecular mechanism of acrylamide neurotoxicity
(LoPachin and Barber, 2006). Like many other
electrophilic toxins acrylamide is detoxified via the
cytochrome P450 2E1 pathway and via conjugation
to glutathione. Glutathione-bound acrylamide is
further metabolized to S-(3-amino-3-oxopropyl)-
cysteine [cysteine-acrylamide (CA)] and N-acetyl-
S-(3-amino-3-oxopropyl)-cysteine (NAPC). NAPC
eventually is excreted with the urine.

Abbreviations: CA, S-(3-amino-3-oxopropyl)-cysteine;
GST, glutathione-S-transferase; ESI-MS, electrospray
ionization-mass spectrometry; NAPC, N-acetyl-S-(3-
amino-3-oxopropyl)-cysteine; RT, room temperature.
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Much less is known about the fate of acrylamide
in the intestine. Recently, we have shown that
acrylamide also reacts with common food proteins
under the pH conditions of the gut (Schabacker
et al., 2004). Moreover, we have demonstrated that
pre-incubation of acrylamide with proteins reduces
the uptake of acrylamide in Caco-2 cell monolayers.
These data indicate that proteins in the diet may re-
duce the concentration of acrylamide in the gut and
consequently reduce the uptake of acrylamide. Re-
cently, Bjellaas et al. (2007), however, reported that
80% of the acrylamide that was fed to mice and
92% of the acrylamide that was injected subcuta-
neously was excreted as acrylamide metabolites
with the urine. These data would indicate that ad-
ministration of acrylamide with the food actually
reduces the absorption of acrylamide only to a low
extent.

In the present study we test the hypothesis that
protein digestion in the intestine liberates protein-
bound acrylamide in the form of CA. CA is a non-
protein amino acid and it is likely that it is a sub-
strate for an amino acid transporter system with
broad substrate specificity. Therefore, CA might
be transported through the intestinal barrier and
later excreted with the urine. Using a set of intes-
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tinal proteases we show that digestion of proteins
with bound acrylamide results in release of CA in
vitro and that synthetic CA in turn is transported
through Caco-2 cells via the neutral and cationic
amino acid transporter systems.

Material and Methods

Synthesis of CA

0.5 g synthesis grade cysteine and 2.5 g acryl-
amide were dissolved in 30 ml 60 mm NaHCO3,
pH 8.3, and 70 ml ethanol. The reaction mixture
yielding CA was incubated over night at room
temperature (RT). CA was collected by centrifu-
gation at 6000 ¥ g for 10 min, washed with 70%
ethanol and further purified from remaining
cysteine by preparative silica gel TLC using H2O/
butanol/acetic acid (50 :40 : 10) as mobile phase [Rf

(CA) = 0.16, Rf (cysteine) = 0.5]. Correct synthesis
of CA was confirmed by ESI-MS. The product was
dried under a steam of N2 and kept at Ð70 ∞C in the
dark until use. 35S-CA was synthesized in a similar
manner using 35S-cysteine as starting material.

Alkylation and digestion of soybean trypsin
inhibitor (SBTI)

SBTI (Sigma-Aldrich GmbH, Schnelldorf, Ger-
many) was chosen because it is a small protein
with a high number of cysteine residues and be-
cause it is a protein, which naturally occurs in the
human diet. 50 mg SBTI were dissolved in reac-
tion buffer [100 mm tris(hydroxymethyl)amino-
methane-HCl, pH 8.8, 2% SDS, 0.07% 2-mercap-
toethanol] and incubated at 95 ∞C for 5 min. 2%
(w/v) acrylamide was added and the reaction mix-
ture was incubated at 37 ∞C for 1 h. The alkylated
protein was precipitated with acetone and inten-
sively washed with 70% 1-propanol. The protein
pellet was dried under a steam of N2 in order to
remove remaining 1-propanol.

Alkylated SBTI was resuspended in 10 mm HCl
(pH 2). Pepsin (Merck, Darmstadt, Germany) was
added to a final content of 1% (w/v) and the diges-
tion was incubated over night at 37 ∞C. Then, the
pH value was adjusted to 8 with solid (NH4)2CO3,
pancreatin, elastase, and chymotrypsin were added
[1% (w/v) each] and the digestion was incubated
over night at 37 ∞C. Carboxypeptidase A was added
and the digestion was incubated at 4 ∞C for 6 h. The
digestion of the protein was monitored by SDS-
PAGE and TLC using dansylchloride as colour re-

agent. Released amino acids were precipitated with
acetone and dissolved in 50% acetonitrile, 2% for-
mic acid and analyzed by ESI-MS.

Mass spectrometry

Amino acids and acrylamide were analyzed us-
ing a VG Quattro II electrospray ionization tan-
dem mass spectrometer (Micromass UK Ltd,
Cheshire, UK). The ESI-mass spectrometer was
operated in the positive electrospray mode. The
dry gas (N2) flow rate was set to 350 l/h and the
spray gas to 13 l/h. Capillary voltage and tempera-
ture were set to 3.5 kV and 80 ∞C, respectively. For
bombardment, argon 4.8 (Linde Gas, München,
Germany) at a pressure of 0.2 bar was used. Sam-
ples were dissolved in 50% acetonitrile and 2%
formic acid and applied with an A99 syringe pump
(Razel, Georgia, VT, USA) at a flow rate of 35 μl/
min. Calibration of the mass spectrometer with
purified CA showed that the detection limit of CA
in our system is 3 ng/μl (S/N = 3).

Cell culture

Caco-2 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM), containing 20% fetal bo-
vine serum, 1 mm sodium pyruvate, 10 mm non-es-
sential amino acids, 2 mm l-glutamine, 100 U/ml
penicillin, and 100 μg/ml streptomycin (Biowhit-
taker, Walkersville, MD, USA). Cells were cultured
in 75 cm2 flasks (Greiner bio-one, Frickenhausen,
Germany) and incubated at 37 ∞C with 5% CO2 and
90% relative humidity. The culture medium was
changed every second day. The cell viability was
tested with standard MTT and neutral red assays.

Uptake and permeability assay

Cell monolayers were used between 14Ð21 and
21Ð28 d post-seeding for uptake and transport
studies, respectively. Cells were harvested with
0.25% trypsin-EDTA and seeded at a density of
60,000 cells/cm2 in 24-well plates (2.0 cm2 surface
area; Greiner bio-one) for uptake studies, or on
Transwell polyester membrane filters (0.4 μm pore
size, 1.0 cm2 surface area, Costar 3460; Fisher
Scientific GmbH, Frickenhausen, Germany) for
transport studies. Both assays were conducted in
Krebs-Ringer buffer containing 10 mm HEPES,
pH 7.4, 142 mm NaCl, 3 mm KCl, 1.8 mm K2HPO4,
1.3 mm MgCl2, 1.4 mm CaCl2 and 4 mm d(+)-glu-
cose. For all uptake studies cells were washed
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twice with Krebs-Ringer buffer and then incu-
bated for 15 min. The uptake of 3H-labeled amino
acids (5Ð10 nm) was tested after 25 or 45 min in
the presence and absence of 1 mm CA. The uptake
was arrested after aspirating the uptake buffer and
immediately washing the cells twice with ice-cold
buffer lacking substrate. For comparison, a molar
surplus of 106 times of an unlabeled amino acid
reduced the uptake of the same labeled amino
acid in this experiment to less than 15%. For meas-
uring the radioactivity trapped in the cells, the cells
were lysed in 1 ml 1% Triton-X100 and radioactiv-
ity was measured in a scintillation counter. A statis-
tically significant reduction of the amino acid up-
take of more than 10% compared to the control was
considered as a clear inhibitory effect.

The quality control of cell monolayers used in
the permeability assays was conducted by measur-
ing the transepithelial electrical resistance (TEER)
of each monolayer using an epithelial voltameter
(Millipore Corporation, MA, USA). Monolayers
with TEER values in the 450Ð650 Ohm/cm2 range
were included in the permeability study. Further-
more the apparent permeability index (Papp) of
3H-mannitol (paracellular marker, Papp � 2 · 10Ð6

cm/s) was computed. Permeability assays in api-

Fig. 1. ESI-mass spectrum of digested soybean trypsin inhibitor. Soybean inhibitor, alkylated by acrylamide, was
digested with a set of proteases and analyzed by ESI-MS (positive mode). CA was identified as a peak at m/z 193
[M + H+]. Amino acids others than CA detected in the spectrum are annotated with the single letter code.

cal-to-basolateral direction were conducted with
CA at a concentration of 5 mm.

Results

CA can be released from proteins by
proteolytic degradation

In order to test whether the non-protein amino
acid CA can be liberated from proteins we alkyl-
ated soybean trypsin inhibitor (SBTI) with acryl-
amide and digested the alkylated protein with a
series of proteases (pepsin, trypsin, chymotrypsin,
elastase, and carboxypeptidase A). The digest of
alkylated SBTI was analyzed by ESI-MS (Fig. 1).
As indicated in the figure we found a peak at m/z
193 [M + H+] that corresponds to the molecular
weight of CA. Hence, we are confident that CA
can be released from proteins by proteolytic deg-
radation in vitro.

CA passes through Caco-2 cell monolayers

In order to test whether the non-protein amino
acid CA can pass through Caco-2 cell monolayers,
we measured the uptake of 35S-CA from the apical
to the basal compartment of Caco-2 cells. We
found that 35S-CA passes through the cells with an
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apparent permeability of (3.3 · 10Ð4 ð 5.5 · 10Ð5)
cm/s (n = 8). Since CA might be modified in the
apical compartment (for instance hydrolysis) we
also confirmed the uptake of intact CA from the
apical compartment by ESI-MS (detection of m/z
193 [M + H+] for CA).

CA inhibits the uptake of proteinogenic
amino acids

CA is structurally related to the amino acids as-
paragine and glutamine. Hence, we expected that
CA interferes with the uptake of these amino acids
in Caco-2 cells. In order to test this hypothesis, we
measured the uptake of 3H-labeled amino acids in
Caco-2 cells in the presence and absence of a sur-
plus of CA. As shown in Table I, CA does not in-
terfere with the uptake of alanine, proline and glu-
tamic acid, whereas in the presence of CA the
uptake of arginine (Arg), histidine, leucine and

Table I. Inhibition of amino acid uptake by CA. 10 nm 3H-labeled amino acids and 1 mm CA were applied on Caco-2
cell monolayers and incubated for 45 min. Radioactivity in the basolateral compartment was measured with a scintil-
lation counter. Uptake refers to the uptake in the presence of CA versus the uptake in the absence of CA in percent.

Amino acid Uptake (%) in the Transport systems
presence of CA

Alanine 91 ð 7 Neutral, B0+, y+L, b0+

Arginine 65 ð 7 Cationic, B0+, y+L, b0+, y+

Histidine 58 ð 5 Neutral, cationic
Glutamine 79 ð 6 Neutral, B0+, y+L, b0+

Proline 110 ð 3 Imino, A
Glutamic acid 94 ð 7 XÐ

G, xÐ

Leucine 64 ð 2 Neutral, L, B0+, y+L, b0+

Fig. 2. Dose-dependent inhibition of the arginine uptake by CA. 10 nm 3H-arginine and various CA concentrations
(0Ð10 mm) were applied on the apical side of Caco-2 cell monolayers, seeded on Transwell polyester membrane
filters. After 45 min of incubation, the radioactivity in the basolateral compartment was measured in a scintillation
counter.

glutamine is reduced by 20Ð40%. CA particularly
inhibits the arginine uptake and hence we focused
on this system in our further studies. In the next
experiment we used various concentrations of CA
and we found that inhibition of the arginine up-
take is dose-dependent (Fig. 2).

In order to rule out that the observed transport
inhibition is due to toxic effects of CA we tested
different concentrations of CA in MTT and neu-
tral red assays. Both, the MTT and neutral red as-
say showed that CA, in concentrations between
0.1 and 5 mm, is not toxic for Caco-2 cells. Further-
more, in order to exclude that CA is as a suicide
substrate, we tested whether CA inhibition is re-
versible. Caco-2 cell monolayers were incubation
with 1 mm CA for 30 min. The CA-containing com-
partment was discarded and the cells were inten-
sively washed with Krebs-Ringer buffer. 3H-labeled
amino acid transport studies were conducted as de-
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scribed above. CA pre-incubated Caco-2 cell mon-
olayers showed no statistically significant reduced
arginine transport compared to untreated cells (p =
2.7 · 10Ð4; n = 6; DF = 5). Similar results were

achieved for other amino acids. Hence, we conclude
that CA interferes with the uptake through the neu-
tral and cationic amino acid transport systems in a
reversible and dose-dependent manner.

Inhibition of amino acid transport is competitive

The kinetics of arginine uptake is a combination
of active transport described by the Michaelis-
Menten kinetics and passive diffusion described by
Fick’s law. Therefore, Km and Jmax were calculated
for the uptake of arginine in the presence of CA
according to the formula: v = vmax · S / (Km + S) +
K · S by non-linear regression. In the presence of
CA, the Km value of the arginine uptake increased
by the factor 8.9 and the value of Jmax by the factor
1.6 (Table II). This data demonstrate that CA inhib-
its the arginine uptake in a competitive manner.

Discussion

Acrylamide covalently binds to proteins, in par-
ticular to cysteine residues, under alkaline condi-
tions. Due to the alkaline pH in the gut, acryl-
amide can react with dietary proteins, peptides or
cysteine, before it passes the intestinal barrier. The
further fate of protein-bound acrylamide, how-
ever, is unknown. Recently, Bjellaas et al. (2007)
reported that the majority of orally administered
acrylamide is excreted as NAPC. Protein-bound
acrylamide, however does not pass through Caco-2
cells and, therefore, it is unlikely that it will con-
tribute to the level of NAPC in the urine. These
data indicate that either protein-binding of acryl-
amide in the intestine occurs to a very low extent
or protein-bound acrylamide can be liberated in

Table II. Michaelis-Menten parameters of the arginine
transport system. Caco-2 cell monolayers were incu-
bated with arginine (Arg, 0.1Ð4 mm) and the uptake was
measured after 45 min. CA concentration in the inhibi-
tor experiment was 1 mm. The parameters were calcu-
lated by nonlinear regression according to: J = [Jmax · S /
(Km + S)] + K · S. Both data sets are significant (Arg:
R2 = 0.996; Arg + CA: R2 = 0.998; DF = 9).

Jmax [mol/min] Km [μm]

Arg (7.1 ð 1.2) ·10Ð11 54 ð 24
Arg + CA (11.4 ð 2.7) ·10Ð11 476 ð 184

the form of CA (the precursor of NAPC) in the
intestine, and then appear as NAPC in the urine.

In the intestine, proteins are enzymatically de-
graded to amino acids, di- and tripeptides. Using a
set of proteases, that naturally occur in the intes-
tine, we simulated protein digestion in vitro. The
ESI-MS spectrum of the digest showed that a mol-
ecule of the molecular weight of CA can be re-
leased from proteins via digestion with gastro-in-
testinal proteases in vitro. In fact, pepsin, elastase
and carboxypeptidases show very little substrate
specificity when the substrate protein is fully de-
naturated. Hence, we expect that CA can also be
released from alkylated proteins in vivo.

We then demonstrated that radioactive CA can
pass Caco-2 cell monolayers and that non-radioac-
tive CA inhibits the uptake of amino acids by the
neutral and cationic amino acids transport sys-
tems. The major target for CA is the arginine
transport system, which is inhibited in a dose-de-
pendent, reversible and specific manner. The up-
take of arginine is catalyzed by two distinct cationic
amino acid transport systems: a sodium-dependent
(B0+, y+L) and a sodium-independent (b0+, y+) sys-
tem (Pan et al., 1995a). Indeed we found that the
uptake of CA is partially Na+-dependent (data not
shown) and that CA supplement alters the Km

value, but not the Jmax value of the arginine uptake.
These data show that CA is a competitive inhibitor
for the arginine transporters. Competitive inhibi-
tors compete against the substrate for the catalytic
pocket and therefore we conclude that CA is a po-
tential substrate itself. Furthermore, taken together
with the data that CA, although it is a hydrophilic
molecule, can pass the monolayer, we conclude that
CA is indeed a substrate for the neutral and cationic
amino acid transport system and consequently is
transported through Caco-2 cells.

Caco-2 cells are a common model to study the in-
testinal amino acid uptake (Pan et al., 1995b), and
it is likely that CA can follow the same route in the
human intestine. Since the human N-acetyltransfer-
ases 1 and 2 (EC 2.3.1.5) are expressed in the epithe-
lium of the intestine, colon and the urinary bladder,
it is further reasonable that CA will be N-acety-
lated, similar to CA generated from glutathione
(Windmill et al., 2000). Consequently, CA formed in
the gut may be excreted as NAPC with the urine.

Acknowledgements

We thank Jenny Hetzer for excellent technical
assistance.



918 T. Schwend et al. · S-(3-Amino-3-oxopropyl)-cysteine and Caco-2 Cells

Bjellaas T., Olstorn H. B., Becher G., Alexander J., Knut-
sen S. H., and Paulsen J. E. (2007), Urinary metabo-
lites as biomarkers of acrylamide exposure in mice
following dietary crisp bread administration or subcu-
taneous injection. Toxicol. Sci. 100, 374Ð380.

Doerge D. R., Twaddle N. C., Boettcher M. I., McDa-
niel L. P., and Angerer J. (2007), Urinary excretion of
acrylamide and metabolites in Fischer 344 rats and
B6C3F(1) mice administered a single dose of acryl-
amide. Toxicol. Lett. 169, 34Ð42.

LoPachin R. M. and Barber D. S. (2006), Synaptic cys-
teine sulfhydryl groups as targets of electrophilic
neurotoxicants. Toxicol. Sci. 94, 240Ð255.

Mottram D. S., Wedzicha B. L., and Dodson A. T. (2002),
Acrylamide is formed in the Maillard reaction. Nature
419, 448Ð449.

Pan M., Wasa M., Lind D. S., Gertler J., Abbott W., and
Souba W. W. (1995a), TNF-stimulated arginine trans-
port by human vascular endothelium requires acti-
vation of protein kinase C. Ann. Surg. 221, 590Ð600.

Pan M., Malandro M., and Stevens B. R. (1995b), Regu-
lation of system y+ arginine transport capacity in
differentiating human intestinal Caco-2 cells. Am.
J. Physiol. 268, G578Ð585.

Schabacker J., Schwend T., and Wink M. (2004), Reduc-
tion of acrylamide uptake by dietary proteins in a
Caco-2 gut model. J. Agric. Food Chem. 52, 4021Ð
4025.

Stadler R. H., Blank I., Varga N., Robert F., Hau J., Guy
P. A., Robert M. C., and Riediker S. (2002), Acryl-
amide from Maillard reaction products. Nature 419,
449Ð450.

Tareke E., Twaddle N. C., McDaniel L. P., Churchwell
M. I., Young J. F., and Doerge D. R. (2006), Relation-
ships between biomarkers of exposure and toxicoki-
netics in Fischer 344 rats and B6C3F1 mice adminis-
tered single doses of acrylamide and glycidamide and
multiple doses of acrylamide. Toxicol. Appl. Pharma-
col. 217, 63Ð75.

Windmill K. F., Gaedigk A., Hall P. M., Samaratunga H.,
Grant D. M., and McManus M. E. (2000), Localiza-
tion of N-acetyltransferases NAT1 and NAT2 in hu-
man tissues. Toxicol. Sci. 54, 19Ð29.

Zodl B., Schmid D., Wassler G., Gundacker C., Leibets-
eder V., Thalhammer T., and Ekmekcioglu C. (2007),
Intestinal transport and metabolism of acrylamide.
Toxicology 232, 99Ð108.




