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The effect of pyridoxamine (PM) on the reduction of acrylamide (AA) formation in a low-moisture
equimolar glucose/asparagine model system was investigated. Formation/elimination kinetics of
acrylamide was carried out at temperatures between 120 and 180 °C. Time courses of glucose,
asparagine, pyridoxamine, 3-aminopropionamide (3-APA), acrylamide, and browning were measured
to get more insight on the mechanism of action of PM. PM exhibited an inhibitory effect on AA formation
at all temperatures studied, but became more relevant at 160 and 180 °C (up to 51% reduction).
Degradation rates of glucose and asparagine were not significantly affected by PM, but PM was
rapidly consumed in the glucose/asparagine system. Browning was significantly suppressed by addition
of PM in the system, and formation of 3-APA was increased as compared to control. In comparison
with pyridoxal, pyridoxine, and ascorbic acid, PM exerted the highest inhibition activity against AA
formation, and a clear dose-response was observed. The nucleophilic aminomethyl group of PM
was crucial for the exertion of an inhibition effect more than double those other B6 vitamers. The
action mechanism of PM was attributable to its structural features that have the capacity to scavenge
intermediary dicarbonyls formed during sugar degradation and advanced stages of the Maillard
reaction. These findings open new possibilities for strategies in acrylamide mitigation where formation
of reactive dicarbonyls should be carefully considered.
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INTRODUCTION

Acrylamide (AA) is naturally formed mainly in carbohydrate-
rich foods during thermal treatment such as frying, baking, or
roasting, and it is largely present in the diet of western countries.
Levels of AA in foods suggest potential safety issues relative
to its potent mutagenicity and carcinogenity as well as its
damages to the central nervous system functions. Thus, the
presence of this heat-induced toxicant in foodstuffs has led to
public health concern, and intense research is being focused on
ways of preventing or minimizing its formation (1, 2).

Since 2002, significant efforts have been conducted to
elucidate the chemistry pathways of AA for which the main
actors have been identified. Thermal degradation of free
asparagine in the presence of reducing sugars or carbonyls
following Maillard-type reactions has been proposed as the
major route in acrylamide formation (3, 4). It is known that
Schiff bases, decarboxylated Amadori compounds, Strecker
aldehydes, and glycoconjugates such as N-glycosides contribute
to the formation of AA (3-5), via Maillard reaction (MR).
Therefore, yields of AA can be reduced by competitive reactions
with these key intermediates, suppressing the early steps of the

MR. In this way, for instance, it was shown that metal ions
inhibited acrylamide formation by impeding the intermediate
Schiff base of asparagine, or ferulic acid, from reacting with
AA precursors or intermediates; alternative approaches involve
adding amino acids that compete with asparagine in the MR
such as glycine, reduction by olive oil phenolic compounds,
and the addition of bamboo leaves or green tea extracts.
Recently, Friedman and Levin (2) published a comprehensive
review of the different strategies of mitigation applied.

Vitamin B6 is a water-soluble vitamin that exists in three
major chemical forms: pyridoxine (PN), pyridoxal (PL), and
pyridoxamine (PM). The phosphate ester derivative pyridoxal
5′-phosphate (PLP) is the principal coenzyme form and has the
most importance in human amino acid and protein metabolism
and red blood cell metabolism; it is mainly present in fruits,
vegetables, cereal grains, meat, poultry, and fish (6).

In recent years, PM has attracted increasing attention because
it is a pharmacological agent used for the treatment of
multifactorial chronic diseases, such as diabetes or atheroscle-
rosis complications, by inhibiting the MR and reducing the
pathogenicity of carbonyl compounds (7). PM also prevents
renal and vascular pathology and hyperlipidemia in the Zucker
obese nondiabetic rat model (8). In addition, as recently
reviewed by Friedman and Levin (2), it has been pointed out
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that PM might be a possible inhibitor of AA in food, so
investigations should be conducted to clarify this point.

Furthermore, PM has been described as a post-Amadori
inhibitor capable of inhibiting the formation of advanced
glycation end-products (AGEs) in vivo and in vitro (9, 10) as
well as advanced lipoxidation end-product (ALEs) (10, 11), but
its reaction mechanisms are yet subject to debate. Its inhibition
properties involved in the MR are a consequence of its reactivity
due to the phenol and aminomethyl group at pyridinium ring,
respectively. In addition, there has been a previous study
demonstrating that vitamin B6 supplementation can delay and
reduce the severity of the neurotoxicity caused by acrylamide
(12).

Previous knowledge supports the idea that PM could act as
an inhibitor of AA formation in foods. Its demonstrated
inhibitory effects in vivo have not been studied in foods so far.
The main purpose of this investigation was, therefore, to evaluate
whether this natural intermediate of vitamin B6 capable of
inhibiting AGE formation could mitigate AA formation in foods
systems as well. Another objective was to gain information about
the action mechanism of PM on reactions that involve acryla-
mide formation. The inhibition rates of PM were compared with
those of PN and PL as well as vitamin C as reference. In the
present paper the main changes in glucose, asparagine, and
3-aminopropionamide (3-APA) and the extent of browning as
well as the changes in the PM, subjected to rate of disappearance
or destruction due to a heating process, were considered.

MATERIALS AND METHODS

Chemicals. Acrylamide (99%), D-(+)-glucose, dansyl chloride (5-
[dimethylamino]naphthalene-1-sulfonyl chloride), pyridoxine hydro-
chloride, pyridoxal hydrochloride, and o-phthaldehyde (OPA) were
purchased from Sigma (St. Louis, MO). Heptafluorobutyric acid and
pyridoxamine dihydrochloride were from Fluka Chemicals (Madrid,
Spain). L-Asparagine monohydrate, glycine, �-mercaptoethanol, metha-
nol, and acetonitrile (HPLC grade) were bought from Merck (Darmstadt,
Germany). Boric acid, sulfuric acid (96%), formic acid (98%), sodium
phosphate monobasic, and sodium bicarbonate were from Panreac
(Madrid, Spain). �-Alaninamide hydrochloride (97%) was from ABCR
GmbH & Co. KG (Karlsruhe, Germany). Ultrapure water was used
(Milli-Q system, Millipore Bedford, MA). Oasis-HLB cartridges (30
mg, 1 mL) were supplied by Waters (Milford, MA). [13C3]Acrylamide
(isotopic purity 99%) was from Cambidge Isotope Laboratories
(Andover, MA). Glass vials with septum screw caps were supplied by
Agilent Technologies (Wilmington, DE).

Preparation of Model Systems. Kinetic Model. (a) Glucose and
Asparagine (Glc/Asn). Reaction mixtures were prepared with equimolar
quantities (1:1) of Glc and Asn (0.3 mmol each). To obtain a
homogeneous mixture, both reactants were carefully dry-mixed in a
mortar until a powder was obtained. Aliquots of the mixtures (99.1
mg) were transferred to Pyrex hydrolysis tubes (10 cm × 0.9 mm i.d.)
with 100 µL of 0.1 M NaH2PO4 buffer (pH 6.8), tightly capped, and
heated in an oil bath at temperatures of 120, 140, 160, and 180 °C for
various times. Temperature (reference temperature ( 1 °C) was
previously calibrated, with external thermocouples (type K, 0.1 mm)
coupled to a datalogger. The heated samples were cooled immediately
in iced water to stop any further reaction. Samples were kept at 4 °C
for analysis within the same working day or frozen for further analysis.
Experiments were prepared at least in duplicate.

(b) Glucose, Asparagine, and Pyridoxamine (Glc/Asn/PM). The Glc/
Asn reaction mixture was modified by adding pyridoxamine (0.03
mmol) dissolved in 100 µL of 0.1 M NaH2PO4 buffer (pH 6.8). The
heating experiment was worked up as previously described. Experiments
were prepared at least in duplicate.

(c) Dose Effect. Glc (0.3 mmol) and Asn (0.3 mmol) were mixed
and transferred to Pyrex tubes, and variable concentrations of pyri-
doxamine, pyridoxine, pyridoxal, and vitamin C were added (0, 5, 10,
20, and 30 µmol) dissolved in 100 µL of 0.1 M NaH2PO4 buffer (pH

6.8). The experiment was heated at 140 °C for 30 min and cooled in
ice-water. Samples were kept at 4 °C for analysis within the same
working day or frozen for further analysis. The experiments were run
at least in triplicate.

Acrylamide Analysis. One milliliter of distilled water was added
to the heated mixtures, and the reaction solution was gently vortexed
and centrifuged for 5 min at 4000 rpm for removing insoluble particles,
if any. Appropriate dilution (100-fold) was made using distilled water
and then purified on an Oasis-HLB solid phase extraction cartridge.
The cartridges were washed with 1.0 mL of methanol and 1.0 mL of
water prior to use. The sample dilution (1.0 mL) was loaded on the
cartridge, and the first drops were discharged. The eluate was filtered
through a 0.45 µm filter and subjected to a liquid chromatography-diode
array detector (LC-DAD). The results were confirmed by using liquid
chromatography-mass spectrometry (LC-MS).

The quantification of acrylamide was conducted with a Shimadzu HPLC
system (Kyoto, Japan) equipped with a LC-20AD pump, a SIL-10ADvp
autosampler, a CTO-10ASVP oven, and a DAD (SPD-M20A). The
chromatographic separations were performed on an Inertsil ODS-3 column
(250 × 4.6 mm, 5 µm). The mobile phase condition was isocratic at 100%
ultrapure water at a flow rate of 0.6 mL/min at 32 °C. Acrylamide was
detected at 210 nm. The quantification of AA was performed using a
calibration curve in the range of 5-1000 µg/L. The limit of quantitation
(5 µg/L) was similar to that found by other authors (13).

Confirmatory LC-ESI-MS analysis were performed as described by
Rufián-Henares et al. (14) using an Agilent 1100 HPLC system
(Waldbronn, Germany) consisting of a quaternary pump, an autosam-
pler, and a temperature-controlled column oven, coupled to an Agilent
1100 MS detector equipped with an electrospray ionization interface.
The analytical separation was performed on an Inertsil ODS-3 column
(250 × 4.6 mm, 5 µm; GLC-Sciences Inc., Kyoto, Japan) using an
isocratic mixture of 0.2% aqueous solution of formic acid at a flow
rate of 0.6 mL/min at 25 °C. Data acquisition was performed, with a
delay time of 8 min, in a selected ion monitoring (SIM) mode using
the following interface parameters: drying gas (N2, 100 psig) flow of
12 L/min, nebulizer pressure of 45 psig, drying gas temperature of 350
°C, capillary voltage of 3 kV, and fragmenter voltage of 70 eV.
Monitored ions were m/z 72.1 for acrylamide and m/z 75.1 for 13C3-
labeled acrylamide. An acrylamide calibration curve was built in the
range of 2-100 µg/L. The accuracy of the procedure was recently
demonstrated for potato crisps in an interlaboratory comparison study
organized by the Institute of Reference Materials and Measurements,
yielding a z score of -0.5. The analyses are integrated within the scope
of a certified laboratory controlled by AENOR (Spanish Association
for Standardization and Certification).

Analysis of 3-Aminopropionamide (3-APA). 3-APA was analyzed
according to the procedure reported by Bagdonaite et al. (15) with some
minor modifications. Samples (200 µL) were dissolved in 200 µL of
0.5 M NaHCO3 (pH ∼8) and then derivatized with dansyl chloride.
To 100 µL of the mixture was added 100 µL of dansyl chloride solution
(5 mg/mL in acetone) in a test tube. The mixture was vigorously mixed
for 3 min and left in the dark overnight. Twenty microliters of a glycine
solution (100 mg/mL) was added, vortexed for 1 min, and left for 15
min. The extraction of the sample was done with 1 mL of diethyl ether,
twice. The combined extracts were dried with nitrogen, and the residue
was dissolved in 1 mL of acetonitrile and filtered at 0.45 µm. A
Shimadzu HPLC system (Kyoto, Japan) equipped with an LC-20AD
pump, an LC-20AD/AT low-pressure gradient former, a SIL-10ADvp
autosampler, a CTO-10ASVP oven, and an RF-10AxL fluorescence
detector controlled by a CBM-10A communication bus module was
used. The chromatographic separations were performed on a Mediter-
ranea-Sea-C18 analytical column (25 × 0.40 cm, 5 µm, Tecknokroma,
Barcelona, Spain) using a gradient elution of ultrapure water (phase
A) and acetonitrile (phase B) at a flow rate of 0.8 mL/min at 32 °C.
Data acquisition was performed by acquiring chromatograms at an
excitation wavelength of 320 nm and an emission of 500 nm. The
column was equilibrated in 90% phase A and 10% phase B; the gradient
was as follows: time 0-2 min, 30% B; time 12 min, 70% B; time 20
min, 70% B; time 21 min, 10%, held until the end of the run (30 min).
The quantification of 3-APA was performed using a calibration curve.
Stock solution of 3-APA was prepared at a concentration of 10000
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µg/L dissolved in 0.25 M NaHCO3 (pH 8). Working standards were
freshly prepared by diluting the stock solution to concentrations of 100,
200, 300, 400, 500, 750, and 1000 µg/L.

Determination of Glucose (Glc). Samples were diluted (1:10) with
distilled water and then analyzed for Glc by HPLC-RI, consisting of
an MD-420 pump, an MD-465 autosampler, a refractive index detector
(Erma Inc., Tokyo, Japan), and a temperature-controlled column oven,
all from Kontron Instruments (Milan, Italy). The chromatographic
separations were performed on an ION-300 polymeric resin column
(300 mm × 7.8 mm, Interaction-Laboratory, San Jose, CA) at 50 °C.
A sulfuric acid solution (1 µM) was used as eluent at 0.4 mL/min.
Glucose was recorded with a refractive index detector (RID-10A,
Shimadzu, Tokyo, Japan) and quantified by the external standard
method within the range of 0.01-0.8 g/100 mL.

Determination of Asparagine (Asn). Asn was analyzed in a plate
reader by an automated procedure. A 20 µL aliquot of sample and 180
µL of 0.1 M borate buffer (pH 10) were placed per well in a 96-well
microplate (Biogen Cientı́fica, Madrid, Spain). Sample was previously
diluted in borate buffer (1/1000). The plate-reader automatically
dispensed 50 µL of OPA solution. The microplate was shaken for 15 s,
and the fluorescence was recorded at 360 and 460 nm excitation and
emission wavelengths, respectively. A Synergy HT-multimode micro-
plate reader with automatic reagent dispenser and temperature control
from Biotek Instrumens (Winooski, VT) was used. Biotek Gen5 data
analysis software was used. The OPA solution was daily prepared and

Figure 1. Kinetics curve of acrylamide formation and elimination in glucose/asparagine model system (solid box, control) and in glucose/asparagine/
pyridoxamine model system at 120 °C (a), 140 °C (b), 160 °C (c), and 180 °C (d).

Figure 2. Time necessary (min) to reach the maximum level of
acrylamide formation at each temperature investigated in the glucose/
asparagine (Glc/Asn) and glucose/asparagine/pyridoxamine (Glc/Asn/
PM) model systems.
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100-fold diluted with borate buffer. The OPA stock solution (stable
for 1 week) was prepared 6 h before use and stored in the dark at 4 °C
and contained 100 mg of o-phthaldehyde dissolved in 1.0 mL of
methanol, 500 µL of �-mercaptoethanol, and 8.5 mL of 0.1 M borate
buffer (pH 10). A blank using borate buffer instead of the sample and
calibration solutions (10, 25, 50, 100, 200, and 300 mM asparagine)
was used in each assay. Asparagine solutions were also diluted 1000-
fold with borate buffer.

AnalysisofPyridoxamine.PMwasquantifiedbyaHPLC-fluorescence
according to the method of Nagaraj et al. (16). Sample (10 µL) was
injected into a Kromasil column (250 mm × 4 mm, 5 µm, Sugerlabor,
Madrid, Spain). The samples were appropriately diluted with distilled
water. The vitamin was eluted in a gradient with 5% heptafluorobutyric
acid (phase A) and 100% acetonitrile (phase B) at 1 mL/min. The
column was equilibrated in 95% phase A and 5% phase B. The elution
program was as follows: time 0-1 min, 5% B; time 10 min, 20% B;
time 11 min, 40% B; time 12 min, 40% B; time 20 min, 5% B; time
45 min, 0% B. Data acquisition was performed by acquiring chro-
matograms at an excitation wavelength of 290 nm and an emission
wavelength of 395 nm. The quantification of pyridoxamine was
performed using a calibration curve. Stock solution of PM was prepared
at a concentration of 130 µg/mL.

Measurement of Browning. Two hundred microliters of reaction
mixture was placed per well in a 96-well microplate (Biogen Cientı́fica).

Browning was measured at a wavelength of 420 nm after appropriate
dilution. The instrument for determining A420 was a microplate reader
(BioTek Instruments).

Statistical Analysis. Data were analyzed using Microcal Origin,
version 7.5 (Origin Laboratory Corp., Northampton, MA). Values are
presented as means ( SD. Differences with P < 0.05 were considered
to be statistically significant using the Tukey test.

RESULTS AND DISCUSSION

Effect of Pyridoxamine on the Formation of Acrylamide.
Two model systems (Glc/Asn, Glc/Asn/PM) were designed for
studying the fate of PM on the chemistry of AA formation.
Systems were prepared under low-moisture conditions in closed
glass tubes to resemble the processing of cereals under baking
conditions and heated at 120-180 °C for different times. The
amount of water present in the matrix has an important effect
on the yield of AA, being dramatically reduced in both dry
systems and with water content higher than 25%. Model systems
of Asn and substances with carbonyl residues, both in dry and
aqueous solutions, have been largely used to elucidate the
pathways of acrylamide formation (see refs 2, 5, and 13).

Figure 1 illustrates AA formation in the presence of PM
(Glc/Asn/PM) as compared with a control model system (Glc/

Figure 3. Reactivity of glucose (expressed as percentage of remaining
glucose) in the glucose, glucose/asparagine, and glucose/asparagine/
pyridoxamine systems at 120 and 140 °C. Residual standard deviation
was below 5%.

Figure 4. Reactivity of pyridoxamine (expressed as percentage of
remaining pyridoxamine) in a pyridoxamine system (a) and in a glucose/
asparagine/pyridoxamine system (b). Residual standard deviation was
below 3%.
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Asn) without the addition of PM at different temperatures
and times. Classical kinetics of AA in the MR describe both
the formation and elimination processes for whcih several
different mathematical models have been drawn to elucidate
the process and follow two consecutive first-order reactions
(see refs 13 and 17). Kinetic modeling of AA formation/
elimination is not the aim of this paper. Results obtained for
the Glc/Asn model system are in line with results in model
systems (see ref 18) and foods (19) reported in the literature,
where prolonged heating times and high temperatures decreased
the net formation of AA. AA has two reactive sites, the
conjugated double bond and the amide group, and it has been
proposed that losses of acrylamide are due to polymerization,
evaporation, and Michael addition reactions with other food
constituents (5). At 120 °C a plateau was observed after 60 min
of heating where the formation and elimination of AA are in
balance. Inhibition of AA by PM was observed at all temper-
atures but become relevant at temperatures >120 °C. As
expected, the time to reach the maximum level of acrylamide
was reduced by increasing temperature, being 60, 30, 10, and
4 min for 120, 140, 160, and 180 °C, respectively, but the time
to reach the maximum level of AA for each temperature
remained equal in both systems and was not affected by the
addition of PM as depicted in Figure 2.

Becalski et al. (17) reported in dry systems that the amount
of AA was reduced when the temperature was increased from
155 to 185 °C, at least when heating was longer than 10 min.
It is clear that AA is an intermediary of the MR rather than an
end-product, which implies that it is also subject to further
degradation reactions as has been clearly shown by kinetic
modeling (13). If percentages of AA reduction are compared at
the time at which the highest AA was formed, inhibition rates
of 25, 44, 51, and 51% were obtained at 120, 140, 160, and
180 °C, respectively. Inhibition of AA by PM was more
effective at higher temperatures, at which up to 51% of reduction
was obtained, which is promising for its further application
during baking of cereal products.

In line with the literature, with increasing temperature, the
reactionrateofbothAAformationandeliminationincreased(13,20),
but it is worth noting that the curves of both Glc/Asn and Glc/
Asn/PM systems showed the same rate of acrylamide formation/
elimination. A correlation was observed between the time
necessary to reach the maximum AA yields at each temperature,
providing supportive evidence that was described before (Figure
2), and it was not affected by the presence of PM. In line with
previousstudies, timeandtemperaturedriveAAformation(19,21),
but PM did not induce new chemical pathways for AA and just
a net reduction in the reaction rate was suggested.

Figure 5. Formation of 3-aminopropanamide in glucose/asparagine model system (solid box; control) and glucose/asparagines/pyridoxamine model
system at 120 °C (a), 140 °C (b), 160 °C (c), and 180 °C (d).
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Effects of PM on Glc, Asn, 3-APA, and Browning. For
better understanding of whether the presence of PM in the
reaction mixture influences the mechanism of reaction for AA
formation, Glc and Asn were analyzed as reactants. As expected,
consumption of Glc was increased with the presence of amino
groups, and the reaction was rapidly catalyzed at high temper-
atures. Figure 3 shows the glucose remaining (percent from
initial glucose content) in Glc, Glc/Asn, and Glc/Asn/PM model
systems. The rate of glucose decomposition was just slightly
reduced at 120 °C (Figure 3a) and 140 °C (figures 3b) by the
addition of PM. At higher temperatures, the reaction took place
so quickly that the potential effect of PM on Glc degradation
could not be observed or quantified (data not shown). At
physiological conditions it had been demonstrated that PM was
able to trap hexoses and pentoses by forming a Schiff base and
finally degrades into unknown compounds and pyridoxal (22),
but this situation cannot be extrapolated to classical cooking
temperatures.

In the case of degradation of Asn, an increase in the
temperature led to higher losses as time increased in the Glc/
Asn model, but Asn remained when heated alone (data not
shown).Theseresultsareinagreementwithpreviouspapers(13,23).
In contrast, the degradation rate of Asn was not significantly
affected by the addition of PM regardless of the temperature

applied. Average values of 30, 21, 17, and 9% for remaining
Asn were obtained at 120, 140, 160, and 180 °C, respectively.
Moreover, in the Glc/Asn model system, Glc was consumed
more rapidly than Asn, which is in line with results reported in
the literature (see ref 13). This fact can be explained by the
regeneration of Asn from the initial condensation products such
as the Amadori rearrangement product and the possible forma-
tion of diglucosylamine (10, 24). It was concluded that PM did
not influence significantly the rates of glucose and asparagine
consumption, and its effect on AA formation would take place
in a more advanced stage of the reaction.

The thermal stability of PM was also evaluated in the presence
of Glc and Asn, where thermal decomposition of PM is limited
when heated alone (Figure 4a). Degradation was found to be
up to 20% depending of the temperature and time, indicating
that most of the PM remains reactive. However, degradation of
PM is rapidly enhanced in the presence of Glc and Asn in the
reaction media, being almost consumed after only a few minutes
(Figure 4b) because PM is participating in the advanced stages
of the MR. At 160 and 180 °C a complete loss of PM was
observed after just 2 min of reaction. Then, PM reacted very
efficiently in the Glc/Asn reaction system, where PL and PN
are also detected as reaction products in the chromatogram
profile as well as other minor unknown compounds.

Previous studies have demonstrated that 3-APA is a transient
intermediate in AA formation during thermal treatment (15, 25).
Furthermore, it may also be formed by enzymatic decarboxylation
of Asn (26), via decarboxylation of the Schiff base (4), and through
the Schiff base formed from Asn and R-hydroxycarbonyl (27) or
reaction with pyruvic acid (5). This point was confirmed in the
present study when the concentration of 3-APA in the reaction
mixtures clearly showed an exponential increase followed by a
decrease after prolonged time depending on the temperature
(Figure 5). When the temperature was increased, 3-APA yields
increased in both model systems. However, the presence of PM
did not show an inhibitory action on 3-APA; in contrast, PM
enhanced the net formation of 3-APA at 140, 160, and 180 °C (no
significant effect was found at the lowest temperature). These data
suggest that the action mechanism of PM could be taking place at
this step, blocking the reaction of 3-APA through AA or blocking
other routes of AA formation (such as degradation of the Amadori
products or Schiff base and formation of reactive intermediary
compounds) through the formation of 3-APA.

Browning is a classical feature of the extent of the MR in its
advanced/final stages, and it has been directly related to AA
formation in both model systems and foods (see ref 28). Figure
6 depicts the extent of browning in the control model system
and with the addition of PM. In the Glc/Asn model (Figure
6a), browning increased rapidly with temperature until a
maximum; after that, browning remains more stable with time.
Results are in line with previous studies (17). Similar behavior
was observed in the Glc/Asn/PM system (Figure 6b). Browning
was also directly related with the temperature, where a
maximum is obtained. At 120 and 140 °C, browning increased
steadily, whereas at 160 and 180 °C the absorbance reached a
peak and finally decreased followed by a plateau. However,
browning was nearly 2-fold less in the presence of PM. These
findings indicate that PM strongly reduces the advanced and
final stages of the MR and, subsequently, PM action on AA is
connected to its inhibitory effect on the activity of the MR and
the formation of intermediary reactive compounds as reported
for in vivo studies.

Dose-Response and Structure-Related Effect of PM on
AA Formation. The dose-response of different vitamins on AA

Figure 6. Browning (expressed as absorbance at 420 nm) in a glucose/
asparagine system (a) and in a glucose/asparagine/pyridoxamine system
(b). Residual standard deviation was below 7%.
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formation was investigated. For this purpose, three B6 derivates
(PM, PN, PL) and vitamin C at different concentrations (5, 10,
20, and 30 µmol) were added to the Glc/Asn model system and
heated at 140 °C for 30 min. Results are depicted in Figure 7 and
are expressed as percentage of AA inhibition as compared with
the control system without the addition of vitamin. All of the
compounds showed inhibition activities to some extent, except for
pyridoxal at concentrations of 5 and 10 µmol, which did not show
significant differences from control. However, a dose-dependent
response for PM, PN, and vitamin C was observed. At the highest
concentration tested (30 µmol), PM, PN, PL, and vitamin C reduced
the formation of AA by 38, 21, 8, and 27%, respectively. Among
the vitamers examined, PM provided the highest inhibition rates
followed by vitamin C and pyridoxine. Pyridoxal (the alcohol form
of vitamin B6) appeared to inhibit acrylamide formation only very
slightly. On the other hand, vitamin C showed a moderate
inhibition, confirming the protective action against acrylamide
found in previous paper, mainly owing to lowering of the
pH (19, 29). It is observed that the dose-response for vitamin C
is not linear and a degree of saturation is observed at 30 µmol.
However, the activity of PM increased linearly with time, showing
a remarkable dose-response.

It is interesting to compare the different responses observed
between the inhibition rates for the three forms of vitamin B6. This

finding could be attributed to a structure-related effect (Figure 7).
It has been demonstrated that in the case of PL the inhibition
involves competitive Schiff base condensation of the aldehyde
group with protein amino groups at glycation sites (30). In this
respect, the inhibition exerted by PM necessarily follows a different
pattern, as it lacks an aldehyde group as described below. In
contrast, some authors have reported that PN is not an AGE
inhibitor (9). The structural features of PM are critical in the
catalysis of transamination reactions, where important residues are
the phenolic hydroxyl group and the aminomethyl group at
positions 3 and 4 of the pyridinium ring, respectively. PM was
effective in blocking carbonyl compounds; the amino group reacts
with the carbonyl moiety of R-keto acid, which is the key point of
its usefulness for AA mitigation. Then, PM can act through
nucleophilic reactions with carbonyl intermediates in the MR,
autoxidation of carbohydrates, or lipid peroxidation.

It has been frequently reported that PM is a potent inhibitor
of the formation of AGEs (9, 10). This discovery stimulated
our interest in this B6 vitamer as a possible inhibitor of AA
because the formation of this compound is closely linked to
the MR. AA formation involves the condensation between
carbonyl groups of reducing sugars with amino groups to form
N-glycoconjugate, which is in equilibrium with the Schiff base
(3). Recently, it has been described that the Schiff base

Figure 7. Dose-response effect of PM on the acrylamide inhibition (percentage from control) in a glucose/asparagine model system with added pyridoxamine
(a), pyridoxine (b), pyridoxal (c), and ascorbic acid (d).
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mentioned is the first step in the formation of AA (4, 5). Our
results suggest that PM did not affect this early step of the MR
because it did not greatly influence the decomposition of the
reactants at 140, 160, and 180 °C. The effect of PM in the
degradation rates of Glc and Asn was residual.

Previous studies indicated that R-hydroxycarbonyls are much
more efficient than R-dicarbonyls in converting asparagine into
AA (5), but opposing evidence has also been reported recently.
Yuan et al. (31) showed that almost 80% of AA was formed
through participation of R-dicarbonyls such as methylglyoxal.
Similar results were obtained by Zyzak et al. (4) studying AA
formation in a semidry food model system, showing that a
variety of carbonyl sources (glucose, ribose, glyceraldehyde,
glyoxal) could generate AA from Asn under heating. The
reactivity of carbonyl is higher when the sugar chain is shorter;
glyoxal becomes 3-fold more reactive than glucose on a molar
basis. Then, discrepancies could be due to the water content in
the reaction medium used when the reaction is limited in dried
systems at pyrolysis conditions. Amrein et al. (32) also
concluded that methylglyoxal and glyoxal play important roles
in AA formation in model systems. Therefore, the inhibition
mechanism of PM might be related with these compounds
because it is known that this form of vitamin B6 is capable of
reacting with the reactive dicarbonyls intermediates of the MR,
especially glyoxal, methylglyoxal, glycolaldehyde, or 3-deoxy-
glucosones (10, 16), forming stable adducts (33) that would
inhibit the conversion to the next steps of the reaction. The
action mechanism is attributable to its structural features as
mentioned before; PM possesses a nucleophilic amino group
(see Figure 7a) that has the capacity to scavenge toxic carbonyl
compounds, inactivating these key intermediates on the AA and
thereby preventing progression to its formation. Nagaraj et al.
(16) concluded that the inhibitory effect of PM is mediated by
the formation of a methylglyoxal-pyridoxamine dimer in
biological systems. In our investigation, we were not able to
identify the formation of dimers between PM and dicarbonyls
or PM degradation products, but this aspect is still under
investigation due to the complexity of chromatographic profiles
in the Glc/Asn/PM system.

The strong decrease in the degree of browning by the addition
of PM found in the reaction mixture also confirmed the
inhibitory action of PM on AA formation as the color is directly
associated with its formation through the MR (28, 34). It is
important to stress that this suppression of the browning confirms
the hypothesis of the capacity of PM to trap these colored
compounds and precursors formed during the degradation of
sugars in the MR. Nevertheless, the inhibitory effect is limited
not only to scavenging of dicarbonyl compounds but also to
blocking the pathway of formation of acrylamide via 3-APA.
There was an increase of 3-APA formation likely because of
no conversion to AA, confirming the studies reported by other
authors where 3-APA takes part in acrylamide formation (25, 26).
In addition, 3-APA is converted into AA more efficiently in
the presence of aldehydes (35). Consequently, PM reacts with
aldehydes and therefore competes with 3-APA for available
carbonyl groups.

PM suppressed AA formation even at the lowest concentration
investigated. PM is more effective as compared with the other
B6 vitamers, pyridoxal and pyridoxine; even inhibition was
considerably higher than vitamin C at the same concentration
studied. On the basis of the data obtained in the present work,
a working hypothesis was settled on, whereby the PM mech-
anism of action to reduce AA formation is mediated through
scavenging dicarbonyls. Dicarbonyl compounds such as glyoxal

and methylglyoxal are established as important intermediates
of the MR (a) from retro-aldol fragmentation of Schiff base,
(b) from autoxidation of sugars, (c) from oxidative degradation
of the Amadori product, and (d) and as part of the end-products
of lipid peroxidation. At this point, the formation of conjugated
intermediary compounds from the reaction of PM and advanced
products of the MR is not confirmed. Theefore, a forthcoming
investigation is focused on the determination of methylglyoxal
or glyoxal pyridoxamine dimers and adducts of two molecules
of PM and two molecules of MG or glyoxal. On the other hand,
application of PM as a mitigating agent for acrylamide formation
is also potentially relevant to foods rich in lipids where advanced
products of oxidation have been recently implied in the
formation of acrylamide.
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glycosylation processes: the reaction between pyridoxamine and
glucose. Chem. BiodiVers. 2005, 2, 964–975.

(23) Vleeschouwera, K.; Planckena, I. V.; Loey, A. V.; Hendrickx,
M. E. The kinetics of acrylamide formation/elimination in
asparaginesglucose systems at different initial reactant concentra-
tions and ratios. Food Chem. 2008, 111, 719–729.

(24) Martins, S. I. F. S.; Van Boekel, M. A. J. S. A kinetic model for
the glucose/glycine Maillard reaction pathways. Food Chem. 2005,
90, 257–269.

(25) Granvogl, M.; Schieberle, P. Thermally generated 3-aminopro-
pionamide as a transient intermediate in the formation of acry-
lamide. J. Agric. Food Chem. 2006, 54, 5933–5938.

(26) Granvogl, M.; Jezussek, M.; Koehler, P.; Schieberle, P. Quanti-
tation of 3-aminopropionamide in potatoessa minor but potent

precursor in acrylamide formation. J. Agric. Food Chem. 2004,
52, 4751–4757.
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