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Model Maillard reaction products were generated by heating glucose-lysine mixtures (GL) at 150 °C
for different times (15, 30, 60, and 90 min). Samples were characterized by free lysine, browning,
and UV-visible spectra and assessed for antioxidant properties, metal chelating ability, and effects
on mineral absorption across Caco-2 monolayers. It was found that the capacity to retard lipid
peroxidation in a model linoleic acid emulsion system increased with heating time up to 60 min and
then leveled off, whereas the scavenging activity toward 1,1-diphenyl-2-picryl-hydrazyl (DPPH) radicals
increased in early periods of the reaction (15 and 30 min of heating) and decreased thereafter. The
iron binding affinity of the different samples was not correlated with antioxidant properties, and iron
transport in Caco-2 cells was unchanged between samples. On the contrary, copper chelating activity
showed significant correlation with free radical scavenging activity and with copper absorption across
intestinal cells. It can be concluded that severe heat treatment of GL mixtures maintained the ability
to reduce lipid peroxidation but decreased the free radical scavenging activity. Moreover, antiradical
activity, copper chelation ability, and positive effects on copper absorption were correlated and
associated to compounds formed at early stages of the Maillard reaction.
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INTRODUCTION

The Maillard reaction (MR), or nonenzymatic browning, starts
when carbonyl groups from reducing sugars condense with
amino groups from amino acids and progress into subsequent
complex reaction products, collectively known as Maillard
reaction products (MRPs). These products are formed during
food processing and storage and are widely present in the human
diet (1). Moreover, heat processing is commonly applied by
the animal feedstuff industry via extrusion and pelleting
methods, and MRPs are consequently formed (2).

Apart from their contribution to sensorial features of thermally
treated foods such as aroma, color, and taste, certain biological
effects have been attributed to MRPs, such as decreases in
protein digestibility (3), modifications in mineral bioavailability
(4), antioxidant activities (5), etc. Many in vitro studies (6) and
assays in cell cultures (7, 8) evidence the antioxidant properties
of MRPs. Most of these studies were carried out with model
systems (5, 7, 9) or compounds isolated from foods (10).
However, the mechanisms by which MRPs exert antioxidant
activity are still unclear; some authors have related this effect
with their free radical scavenging effect (5, 11, 12) or their

effectiveness as metal chelating agents, as it is known that MRPs
may behave like anionic polymers that are able to complex
minerals (13, 14). Several authors have shown that MRPs can
form complexes with copper (15, 16) and iron (17), and it has
been observed that the presence of glucose-lysine (GL) heated
mixtures strongly affects mineral solubility (18). Moreover,
studies performed in rats reveal the influence of MRPs intake
on copper and iron bioavailability (19, 20). Therefore, the metal
chelating ability of MRPs may have two different aspects: on
the one hand, a positive antioxidant effect in retarding metal-
catalyzed reactions and, on the other hand, a possible negative
effect on trace metal ions bioavailability. Thus, there is a need
to ascertain whether there is a correlation between the antioxi-
dant activity of model system MRP and the metal availability.

Reaction conditions, such as temperature, time of heating,
pH, water activity, and source of reactant, have been shown to
influence the characteristics and behavior of the MRPs formed
(14). It has been shown that melanoidins from model systems
have different iron and copper chelating abilities and different
antioxidant properties depending on the reaction conditions used
for synthesis (17, 21). Development of browning is usually
associated with an increase in the antioxidant properties in
systems where the MR is prevalent (22, 23), although some
authors do not find a correlation between browning and
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antioxidant capacity in assays performed in foods such as
coffee (11, 24).

The objectives of the present work were to study the
relationships between the antioxidant activity and the chelating
ability of MRPs from GL model systems heated at different
times and to evaluate whether these properties affect mineral
availability. The antioxidant activity was evaluated by the
capacity to reduce lipid oxidation in a lipid emulsion (measuring
the thiobarbituric acid reactive substances, TBARS) and the 1,1-
diphenyl-2-picryl-hydrazyl (DPPH) radical scavenging proper-
ties of the samples. Effects of the GL mixtures on mineral
absorption were studied using an intestinal cell culture model,
the Caco-2 cell line.

MATERIALS AND METHODS

All of the chemical products and solvents, for all of the analyses,
were of the highest grade available and were acquired from Sigma
(Sigma-Aldrich, St. Louis, MO) and Merck (Darmstadt, Germany).

Preparation and Characterization of Samples. Glucose (G) and
lysine (L) were used to prepare the samples. Equimolar mixtures of
GL monohydrate, 40% moisture in unbuffered systems, were heated
in an oven (Selecta 2000210, Barcelona, Spain) at 150 °C for 15, 30,
60, and 90 min, using open recipients. The chosen temperature and
time of heating corresponded to those commonly used for cooking food.
After the samples were heated, the reaction was stopped by cooling in
an ice bath, and the mixtures were removed, frozen, lyophilized (FTS
System, Inc., TDS-3, NY), and stored in polyethylene bags at -80 °C
until they were used.

Samples were characterized by means of weight loss, pH, absorbance
measurements, and residual free L. Samples (50 g) were weighed
(Mettler Toledo, AB420, Madrid, Spain) before and after heating to
determine the percentage of weight loss. All of the mixtures, raw (GL0)
and heated (GL15, GL30, GL60, and GL90), were suspended in
demineralized water (Milli-Q Ultrapure Water System, Millipore Corp.,
Bedford, MA) (1 mg mL-1), vigorously shaken for 10 min in a vortex,
and centrifuged at 3080g for 45 min. In these conditions, all of the GL
samples were totally soluble, except GL90, in which a little dark pellet
was observed. pH (pHM250 ion analyzer MeterLab, Radiometer,
Copenhagen, Denmark) and absorbance values at 280 and 420 nm
(Shimadzu UV-1700, model TCC-240A, Duisburg, Germany) were
measured in sample solutions or the corresponding supernatants.

The free L content in the GL mixtures was determined by high-
performance liquid chromatography (HPLC) according to the Waters
Pico Tag method (25) with precolumn derivatization with phenyl-
isothiocianate using a Waters 2695 separation module (Waters Cro-
matografı́a, S. A., Madrid, Spain), without the hydrolysis step. A
Millenium 32 chromatography manager system (Waters Cromatografı́a)
was used for gradient control and data processing.

In the assays described below, the contribution of G and L by
themselves to the different processes was also assessed. Both were
prepared in the same proportions (quantity and moisture) as those
present in the raw mixture.

TBARS Assay. The inhibitory effect on lipid peroxidation of the
samples (GL mixtures, G and L) was measured in a linoleic acid
emulsion system, following the procedure described by Wijewickreme
and Kitts (15), with some modifications. First, the linoleic acid emulsion
was prepared by adding linoleic acid (1.5 g) to a mixture of 0.1 M
potassium phosphate buffer (PBS), pH 6.8 (200 mL), and Tween 80
(0.4 g). Then, the samples (4 mg) were incubated with 5 mL of linoleic
acid emulsion and 5 mL of PBS at 45 °C for 24 h under dark conditions.
Following incubation, the solution was diluted (1:1) with 25 mM Tris
buffer (pH 7.4) containing 0.02% sodium azide, vigorously shaken,
and used to measure the TBARS. One milliliter of the mixture
containing the sample was added to 0.8% TBA (1 mL) in test tubes
with marble caps and incubated in a water bath (100 °C) for 15 min.
To lower the metal-catalyzed autoxidation of lipids, BHT (0.02%) was
added to the TBA reagent. After the mixture was cooled, 1.5 mL of
n-butanol was added and the mixture was shaken vigorously. The
samples were centrifuged (15 min, 1700g, 4 °C), and the absorbance

of the upper layer was measured at 532 nm using a Shimadzu 1700
UV-visible spectrophotometer. A standard curve prepared from
1,1,3,3,-tetraethoxypropane in 1% sulfuric acid was used. Controls
without samples were prepared in the same manner. Results were
expressed as the percentage of lipid peroxidation inhibition, calculated
as (TBARScontrol - TBARSsample)/TBARScontrol × 100.

DPPH Assay. The DPPH radical scavenging activity of the
different samples was estimated according to the method reported
by Jing and Kitts (5), slightly modified. One milliliter of the samples
dissolved in PBS (1 mg/mL) was mixed with 1 mL of 0.1 mM DPPH
in ethanol. The mixture was shaken vigorously and kept at room
temperature for 30 min under dark conditions. The absorbance of
the resulting solution was measured at 517 nm using a UV-visible
spectrophotometer (Shimazdu, UV-1700, Columbia, United States).
The control was prepared in the same manner, using PBS instead
of the samples. The capability to scavenge the DPPH free radical
of the sample (% of scavenging activity) was expressed as the
percentage of disappearance of the initial purple color and was
calculated according to the following equation: scavenging activity
(%) ) (absorbancecontrol - absorbancesample)/absorbancecontrol ×
100.

Copper Chelation Activity. The metal chelating activity of MRPs,
G, and L was determined according to the tetramethyl murexide (TMM)
method (16). Copper sulfate (0.1 mM CuSO4), MRPs (200 µg mL-1),
and TMM (1 mM) were each dissolved in 10 mM hexamine ·HCL (pH
5) buffer containing 10 mM potassium chloride (KCl). One milliliter
of CuSO4, 1 mL of MRPs, and 0.1 mL of TMM solutions were shaken
in a vortex and allowed to settle for 10 min. Free copper in the samples
was obtained by measuring the absorbance ratio between 460 and 530
nm and reading the amount of free copper from a standard curve
(CuSO4, 0.01-0.2 mM) (Shimazdu UV-1700). The amount of copper
bound to the samples was obtained by calculating the difference between
total copper and free copper in the system. The percentage of copper
chelation activity was expressed according to the following expression:
% copper chelation activity ) (total copper - free copper) × 100/
total copper.

Iron Chelation Activity. The method described by Yoshimura et
al. (13) with some modifications was applied to measure the iron
chelating power of the GL mixtures, G and L. Samples (0.05 g) and
1.4 mg of (NH4)2 ·Fe(SO4)2 ·6H2O (final concentration, 357 µM) were
dissolved in 10 mL of Hepes buffer (30 mM, pH 7.4). The solutions
were mixed with 10 mL of toluene containing 10 mM dibenzoylmethane
(DBM) and 1 mM tri-n-octylphosphine oxide (TOPO), vigorously
shaken, and centrifuged (1500g, 20 °C, 30 min). Free iron in the samples
was obtained by measuring the absorbance at 480 nm and using a
standard curve prepared from (NH4)2 ·Fe(SO4)2 ·6H2O (Shimadzu UV-
1700). The percentage of iron chelation activity was expressed according
to the following expression: % iron chelation activity ) (total iron -
free iron) × 100/total iron.

Cell Culture. Caco-2 cells were purchased from the European
Collection of Cell Cultures (ECACC) through the Cell Bank of Granada
University at passage 20 and used in experiments at passages 30-35.
All cell culture media and cell culture-grade chemicals were obtained
from Sigma Chemical Co. Culture flasks and Petri dishes were
purchased from Corning Costar (Cambridge, MA). Cells were grown
in 75 cm2 plastic flasks containing high glucose Dulbecco’s modified
minimal essential medium (DMEM), supplemented with heat-inacti-
vated fetal bovine serum (10%), sodium bicarbonate (3.7 g L-1),
nonessential amino acids (1%), 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES) (15 mM), bovine insulin (0.1 UI mL-1), and
1% antibiotic-antymycotic solution (Sigma A-5955). The cells were
maintained at 37 °C in an incubator in a 95:5 atm of air-CO2 at 90%
humidity and given fresh medium every 2 or 3 days. Trypsinization
and seeding of cells into permeable polycarbonate filter supports
(Transwell, 24 mm diameter, 4.7 cm2 area, 3 µm pore size, Costar)
were performed as described elsewhere (26). The medium was changed
every second day, and cells were used for transport and uptake
experiments after 21 days of culture. The cell monolayer integrity during
differentiation of Caco-2 cells was monitored by determining transepi-
thelial electrical resistance (TEER) of filter-grown cell monolayers on
different days after seeding, using a Minicell electrical resistance system
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(Millipore, Bedford, MA). The monolayers used in this study exhibited
adequate TEER values ranging from 500 to 650 Ω/cm2. In addition to
TEER measurements, the poorly absorbed phenol red marker, at a
concentration of 42 µM in the culture medium, was used to confirm
the integrity of the Caco-2 cell monolayers. To evaluate the rates of
phenol red absorption, 1.5 mL of culture medium was added to the
apical side, and 2.5 mL of transport buffer (130 mM NaCl, 10 mM
KCl, 1 mM MgSO4, 5 mM glucose, and 50 mM HEPES, pH 7) was
added to the basolateral side. After incubation for 1 h at 37 °C,
spectrophotometric measurements (λ ) 559 nm) of phenol red in both
apical and basolateral samples, following adjustment at pH 10 with 5
N NaOH where only the basic form of phenol red exists, were carried
out. Cell monolayers were used when the leakage rate of phenol red
was lower than 2.5% per hour.

Copper and Iron Uptake and Transport Experiments. Cell
viability in the presence of solutions of GL mixtures, G, L, Cu (CuSO4),
and Fe (FeSO4) in transport buffer (see above) was assayed prior to
the experiments to select concentrations of metals and samples that do
not affect the integrity of the cell monolayer in the bicameral cell culture
system. Concentrations of iron and copper were chosen among those
that could be physiologically reached at gastrointestinal levels. Metal
solutions were freshly prepared before each assay. The viability of the
Caco-2 cells was assessed by a neutral red (NR) cytotoxicity assay
procedure, based on the ability of viable uninjured cells to actively
incorporate NR, a supravital dye, into lysosomes. Cells were seeded
in 96 well microtiter plates at a density of 75000 cells/well in 100 µL
of media and maintained overnight to allow adherence to the wells.
Growth medium was removed, and 100 µL of metal and sample
solutions was added to the cells. The control wells received growth
medium. Caco-2 cells were harvested after 3 h of exposure, during
which time the growth medium was not changed. Cell viability was
assessed by staining with NR (2 h at 37 °C), followed by cell fixation
(0.5% formaldehyde and 0.1% CaCl2 for 30 s at room temperature).
Microtiter plates were washed by three brief immersions in phosphate-
buffered saline, and the cells were lysed (50% ethanol and 1% acetic
acid overnight at 4 °C). The optical densities of the resulting solutions
were measured at 550 nm using a BioRad model 550 microplate reader
(BioRad, CA). Cell viability data were expressed as a percentage as
compared to control data from at least two independent experiments
(n g 5 per experiment).

Uptake and absorption experiments were carried out 20 days after
initial seeding into bicameral chambers. Spent culture medium was
aspirated from the apical and basolateral chambers, and both cell
surfaces of the monolayer were washed three times with HBSS at 37
°C. A 2.5 mL amount of transport buffer (see above) was then added
to the basolateral chambers. Cell monolayers were covered with 1.5
mL of solutions of iron (0.1 mM) or copper (60 µM), alone (control
solutions) or containing GL mixtures, G, or L (1 mg mL-1) (three
replicates/solution). Cell cultures were then incubated at 37 °C in a
humidified air/CO2 atmosphere for 3 h. After incubation, medium from
the apical compartment was aspirated, the filter insert was removed,
and the cell surface was washed twice with ice-cold buffer containing
150 mM NaCl, 1 mM EDTA, and 10 mM HEPES, pH 7, to remove
nonspecifically bound metal and residual medium. The membrane with
the cell monolayer was cut out, transferred to melting pots, and reserved
to determine the amounts of Cu and Fe internalized in cells. To calculate
the Cu and Fe transported across the cell monolayer, buffer from the
basolateral chamber was removed; to ensure complete collection, the
wells were washed twice with demineralized water.

Absorbance measurement at 280 and 420 nm was carried out in
solutions before the experiments and in the transport buffer removed
from the basal chamber after the incubation time. The absorbance
recovery (%) was calculated taking into account the corresponding
dilution factors.

Mineral Analysis. All materials used for analysis were previously
soaked overnight in dilute nitric acid (10 N) and carefully rinsed with
demineralized water. Iron and copper analyses in cell monolayers and
basal chamber solutions were performed by flame atomic absorption
spectrophotometry using a Perkin-Elmer Analyst 700 Spectrophotometer
(Norwalk, CT). Previously, the samples were completely digested by
the addition of concentrated HNO3 and HClO4 and by heating at high

temperatures (180-220 °C) in a sand beaker (Block Digestor Selecta
S-509; J. P. Selecta, Barcelona, Spain). Standard solutions were prepared
from stock Tritisol solutions (FeCl3 in 15% HCl, 1000 mg of Fe, CuCl2

in H2O, and 1000 mg of Cu, Merck). External standards from the
Community Bureau of Reference (Brussels) were used to test iron and
copper recovery (Pig kidney, CRM no. 186 and bovine liver CRM no.
185R, respectively) (Fe: certified value, 299 ( 10.00 µg g-1; measured
value, 295.31 ( 4.77 µg g-1; Cu: certified value, 277 ( 5.00 µg g-1;
measured value, 287.27 ( 5.34 µg g-1).

Statistical Analysis. All analyses were run in triplicate. One-way
analysis of variance (ANOVA) was performed between the GL mixture
data, and means comparisons were carried out using Duncan’s multiple-
range test (P < 0.05). In addition, in the Caco-2 cells experiments, the
results of GL mixtures were compared with the controls by means of
one-way ANOVA, followed by Duncan’s multiple-range test to compare
significant variations between means (P < 0.05). Analyses were
performed using Statgraphics Plus, version 5.1, 2001. Results of G and
L alone were not taken into account to the statistical analysis.

RESULTS AND DISCUSSION

Characterization of Samples. Characteristics of the GL
mixtures are shown in Table 1. In our experimental conditions,
MR was allowed to proceed without external pH control during
heating. The pH of the heated mixtures decreased gradually and
significantly as the heating time increased up to 90 min. This
result was in accordance with those of other authors, who have
reported, using model systems from different sugar-amino
acids (18, 27) or sugar-proteins (23), a drop in pH values as
heating time is increased. The decrease in pH during thermal
treatment has been attributed to the formation of organic acids
(mainly acetic acid and formic acid) (28). The disappearance
of basic amino groups of lysine could also be implicated, as a
relationship between pH values and free lysine (r ) 0.8924; P
) 0.0002) was observed among the samples of the present assay.

The measurement of the absorbance is the parameter most
frequently used to monitor the progress of the MR (18, 27).
The 280-290 nm absorbance range is related with early stage
and low molecular weight MRP (5), whereas absorbance at 420
nm is an index for the formation of later stage and colored
compounds of the MR (27, 29). Our results show that heat
treatment of the GL mixtures caused an increase in absorbance
at 280 nm, reaching a plateau at 30 min of heating (Table 1).
Conversely, other authors have found a continuous increase in
absorbance at 294 nm of protein-sugar MRPs heated at 100
°C up to 5 h (23). In the present assay, heating GL mixtures at
150 °C led to progressively higher formation of uncolored
compounds up to 30 min of heating, but with longer heating
times, no further formation of early and intermediate products
was detected, probably because these compounds, which are
the precursors of the browned ones, are rapidly transformed into
advanced and colored MRPs in more drastic conditions. The
development of browning, as measured by absorbance at 420
nm, increased continuously as a function of heating time,

Table 1. Samples Characterizationa

absorbance

sampleb pH 280 nm 420 nm
free lysine

(%)
weight loss

(%)

GL0 9.71 ( 0.00 a 0.33 ( 0.00 a 0.05 ( 0.00 a 44.6 ( 0.84 a
GL15 8.80 ( 0.00 b 1.14 ( 0.00 b 0.10 ( 0.00 b 25.8 ( 0.09 b 6.52 ( 0.02 a
GL30 7.73 ( 0.00 c 3.61 ( 0.01 c 1.02 ( 0.00 c 13.5 ( 0.28 c 14.06 ( 0.05 b
GL60 6.30 ( 0.01 d 3.62 ( 0.01 c 1.95 ( 0.01 d 12.2 ( 0.11 c 35.20 ( 0.05 c
GL90 5.43 ( 0.00 e 3.61 ( 0.01 c 2.29 ( 0.01 e 8.9 ( 0.05 d 49.18 ( 0.30 d

a Values are means ( SE (n ) 3). Different letters in each column indicate
significant differences (one-way ANOVA followed by a Duncan test, P > 0.05).
b GL0, raw GL mixture; GL15, GL30, GL60, and GL90, GL mixtures heated at 150
°C for 15, 30, 60, and 90 min, respectively.
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according with previous assays carried out by other investigators
with model MRPs (27, 30). However, in certain conditions, a
decrease in 420 nm absorbance values after an initial increase
has been observed in model MRPs at prolonged heating
times (18, 31). Apart from the MR, caramelization of sugar
could contribute to the browning of the mixture (29), although
it has been shown that in sugar-amino acid mixtures that
browning is almost completely due to the MR (27, 30).

On the other hand, values of browning and absorbance at
280 nm were inversely correlated with the free L content of
MRPs (r )-0.9282, P ) 0.0000 and r )-0.9694, P ) 0.0000,
respectively). Our results are in agreement with those of other
authors who have reported free L losses in model systems during
extended heating (23, 32), confirming that heat treatment
catalyzes the interaction between ε-NH2 group of lysine and
sugar via the glycation process.

Antioxidant Activity. The ability of the GL mixtures, G and
L, to reduce the lipid peroxidation in a model linoleic acid
emulsion system is presented in Figure 1a. As has been shown
for GL and fructose-lysine MRP obtained in different conditions
(15), all of the GL mixtures of the present assay revealed
antioxidant activity as assessed by the TBARS method, con-
firming that the presence of MRPs contributes to slowing the
development of lipid oxidation (22). The antioxidant activity
was strongly correlated with the degree of browning of the
samples (r ) 0.9075, P ) 0.0000); thus, the stronger the color,
the greater the antioxidant activity is. Similar results have been
obtained when the inhibition of an induced-lipid oxidation has
been investigated in the presence of model melanoidins and
melanoidins isolated from beer and sweet wine (6, 22). In a
similar way, the ability of coffee brews to suppress oxidation

in a linoleic acid model system increases with the degree of
roasting (33). Therefore, compounds formed in the later stages
of the MR seem to play an essential role in the prevention of
lipid oxidation, and the use of MRPs has been proposed in food
technology as antioxidants to prevent the deterioration of food
quality (34), although our knowledge of the mechanism of action
remains limited. Although it has been suggested that the
effectiveness of MRPs in reducing the propagation of lipid
autoxidation reactions could signify an ability to scavenge free
radicals (21), no statistical correlation between the reduction
of lipid peroxidation and the antiradical activity was found in
the present assay. The capacity of GL mixtures to reduce the
stable radical DPPH increased drastically at the beginning of
heating (15 and 30 min) but dropped significantly at more
prolonged heating (Figure 1b). Moreover, a negative relation-
ship was found between free radical scavenging properties and
browning (r )-0.8539, P ) 0.0008). Therefore, browning may
not be a good index to evaluate the free radical scavenging
activity of the MRPs formed, according to some authors (27)
but in disagreement with others (10, 23), who found that the
DPPH radical scavenging activity of model MRPs increases
linearly as browning and heating time increase. In this line, Jing
and Kitts (5) observe that the high molecular weight fraction
isolated from sugar-L MRPs has a greater DPPH scavenging
activity than the low molecular weight fraction. Free radical
scavenging activity in relation to roasting and degree of
browning has also been studied in foods, where antioxidants
other than MRP are present, such as polyphenols and phenolic
acids. Studies carried out with malts show that antioxidant
activity increases with the intensity of heating, in parallel with
color formation (35), whereas reports have been made of a loss

Figure 1. Percentages of lipid peroxidation inhibition (a) and DPPH scavenging activity (b) of glucose, lysine, and GL mixtures. The inhibitory effect on
lipid peroxidation was measured in a linoleic acid emulsion system by the TBA method. Results are expressed as the percentage of lipid peroxidation
inhibition calculated as (TBARS control - TBARS sample)/TBARS control × 100. The scavenging activity was measured by means of the DPPH
method and is expressed as the percentage of disappearance of the initial purple color, calculated by the following equation: scavenging activity (%) )
(absorbance control - absorbance sample)/absorbance control × 100; n ) 4. Different letters indicate significant differences (one-way ANOVA, followed
by Duncan′s test, P < 0.05). GL0, raw GL mixture; GL15, GL30, GL60, and GL90, GL mixtures heated at 150 °C for 15, 30, 60, and 90 min, respectively.
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of antioxidant capacity during the advanced phases of roasting
in coffee brews (24, 33). Our results agree with those of Anese
et al. (36), who suggest that the highest scavenging properties
of glucose-glycine heated mixtures are located at the first stages
of the MR and with Yilmaz and Toledo (31) who stated that
heating glucose-histidine mixtures at high temperatures over
long periods degrades the antioxidant MRPs formed in the early
stages of the reaction. Samaras et al. (30) also found increased
scavenging properties of glucose-proline mixtures when these
were heated at 220 °C for 10 min, followed by a loss of
antioxidant activity at longer heating times. Therefore, it has
been proposed that compounds that are thermally induced by
severe temperature and/or time conditions may contribute to
color development but not to antioxidant activity (30). On the
other hand, the amino acid plays an important role in the final
antiradical activity of the compounds (37), as shown in the
present assay (Figure 1). Therefore, the disappearance of free
lysine with increased heating time (Table 1) could have
contributed to the reduced antiradical properties of the samples.
The DPPH assay showed that the glucose has no antioxidant
activity.

Chelating Activity. The iron and copper chelating activity
of the samples is summarized in Table 2. MRPs are known
metal chelators (20), and their metal ion binding affinity has
been proposed as a possible mechanism for their antioxidant
activity (5), as transition metals, especially iron and copper, are
implicated in the generation of free radicals by Fenton reactions.
All of the GL mixtures showed a high iron chelating ability,
ranging from 82 to 97% (Table 2). Moreover, L by itself was
able to complex nearly all of the iron present, thus confirming
its recognized capacity to chelate iron (38). Therefore, the
significant decrease in iron chelating activity shown by the
heated mixtures as compared to the raw sample and L could
be partially due to the losses of free L; however, the progressive
decrease in free L was not accompanied by a similar decrease
in chelating ability, which means that new compounds with iron
binding properties were formed during thermal treatment.
Previously, other authors have shown the ability of different
sugar-amino acid model MRPs to chelate iron (13, 17), and
even equations for the effect of melanoidins on the chelation
of iron have been proposed (17). Although iron complexation
has been related to the antioxidant properties of MRPs (13, 5),
as chelating iron could afford protection against oxidative
damage, no statistical correlations between iron chelation and
lipid oxidation inhibition or efficiency for scavenging free
radicals were found in the present assay. In line with Morales
et al. (17), no relationship was found between browning and
iron binding ability of the samples. The sugar, although to a

lesser extent than the amino acid, was also found to contribute
to the iron chelating power, as has been pointed out by
others (13, 17).

When the GL mixture was heated for 15 min, the copper-
chelating ability of the sample enhanced significantly with
respect to the raw sample, but at more prolonged heating
times, a progressive decrease was observed (Table 2),
although always maintaining higher values than in the
nonheated mixture. A negative relationship was found
between 420 nm absorbance values and copper chelation
ability (r ) -0.9513, P ) 0.0000). The special affinity of
MRP to chelate copper has been described by several authors
(39). Seifert et al. (40) studied the complex formation of some
MRPs (Nε-fructoselysine and Nε-carboxymethyllysine) with
copper and zinc and reported the formation of moderately
stable copper complexes, whereas no complex formation with
zinc was observed, thus concluding that new copper-binding
centers are formed on the glycation of proteins. Moreover,
increased copper insolubilization associated with the thermal
treatment of GL mixtures has been reported in intestinal
conditions (18). The chelation of copper has been related
with the antioxidant activity in model MRPs (15) and in other
compounds such as hydrolyzed potato protein (41). A
different behavior of iron and copper binding ability associ-
ated with the thermal treatment would indicate a different
MRPs-metal chelating mechanism. In this line, different
protein binding properties have been described for copper
and iron in metal-catalyzed oxidation of proteins (42). Copper
chelating activity was significantly related to the scavenging
ability of the samples in the present assay (r ) 0.6826, P )
0.0025), but no correlation was found with lipid peroxidation
reduction. As shown for the scavenging properties, the
compounds showing better copper chelating activity were
those formed in the initial stages of the MR. Decreases of
copper affinity associated with the heat treatment of the
samples could be somewhat attributed to the loss of free
lysine, as it has been shown that lysine is capable of forming
chelates with copper (43), which is in accordance with our
results (Table 2). In fact, Cu-Lys complexes have been used
in animal nutrition to improve copper bioavailability (44).
No copper chelating activity could be attributed to the
sugar.

Mineral Uptake and Transport in Cell Cultures. Several
reports have validated the usefulness of the Caco-2 cell culture
system to study iron metabolism (45). Iron uptake by Caco-2
cells was drastically reduced in the presence of GL mixtures as
compared to the control (FeSO4) (Table 3), which could be
attributed to the formation of iron chelates, previously demon-
strated (Table 2). According to some authors, the efficiency of
iron uptake is determined by the affinity of the Fe complex for
the iron uptake proteins and the tendency of the chelator to
release the iron to the proteins (46). Thus, the MRPs from GL
mixtures seem to chelate iron with a high affinity so that it is
poorly available for uptake by brush border iron transporter
proteins, impairing its uptake by the enterocyte in a similar way
to that described for other dietary components (47). Among the
GL mixtures, it may be observed that compounds formed at
prolonged heating times favored the internalization of iron into
the cells with respect to the shorter heating times, in agreement
with previous results (20). The amount of mineral internalized
by intestinal cells cannot be considered totally available, because
many cells in the intestinal mucosa are desquamated and
renewed daily; therefore, variations in the mineral uptake by
the enterocyte may have a relative impact on availability.

Table 2. Iron and Copper Chelating Activity of Samplesa

iron copper

sampleb free (µg)
chelating activity

(%) free (µg)
chelating activity

(%)

GL0 5.85 ( 0.33 a 97.07 ( 0.16 a 3.90 ( 0.05 a 38.43 ( 0.86 a
GL15 20.20 ( 1.30 b 89.89 ( 0.65 b 2.12 ( 0.01 b 66.59 ( 0.25 b
GL30 36.81 ( 1.97 c 81.60 ( 0.99 c 2.39 ( 0.03 c 62.21 ( 0.56 c
GL60 26.35 ( 2.01 b 86.83 ( 1.00 b 3.56 ( 0.02 d 43.83 ( 0.38 d
GL90 34.34 ( 2.08 c 82.83 ( 1.04 c 3.48 ( 0.07 d 45.17 ( 1.11 d
lysine 0.85 ( 0.07 99.86 ( 0.03 2.53 ( 0.11 60.17 ( 1.78
glucose 85.54 ( 7.21 57.23 ( 3.60 6.31 ( 0.01 0.63 ( 0.17

a Values are means ( SE (n ) 3). The chelating activity was estimated from
the initial amount of free iron and copper, respectively. Different letters in each
column indicate significant differences between GL mixtures (one-way ANOVA
followed by a Duncan test, P > 0.05). b GL0, raw GL mixture; GL15, GL30, GL60,
and GL90, GL mixtures heated at 150 °C for 15, 30, 60, and 90 min, respectively.
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However, considerable quantities of iron crossed the cell
monolayer and were transported to the basolateral chambers,
both in the presence of GL mixtures and with the control
solution, with no differences between them. It seems likely that
most of the iron transported to the basal chamber in the presence
of GL mixtures was in ionic form, nonchelated iron, and has
crossed the cell monolayer moving transcellularly. Although it
is known that there is little paracellular iron transport under
normal circumstances, we cannot discount the possibility of the
absorption of certain iron-MRPs as intact chelates through a
paracellular route, in a similar fashion manner to that proposed
for iron-EDTA (48). The absorbance recovery in the basal
chambers (Table 4) confirmed that early and intermediate
Maillard compounds were absorbed to some extent, as 280 nm
absorbance values progressively increased with thermal treat-
ment of samples reaching nearly 30% of recovery. However,
the lack of correlation between “absorbance recovery” (280 and
420 nm) and “iron transport” suggest that the transport of iron
complexes was not the main route of iron absorption. The 420
nm absorbance values were little or not at all detected in
solutions collected from the basal chambers, which would mean
a negligible flux of advanced MRPs, in agreement with other
authors who have found extremely low transport levels across
Caco-2 cell monolayers of Maillard products such as carboxym-
ethyllisine (49). On the other hand, these findings agree with
the MRPs metabolic transit studies performed mainly on rats,
which have shown that at least 30% of low molecular weight

compounds are absorbed, whereas high molecular weight
compounds are absorbed to a much lesser extent (50).

A positive effect of glucose on iron absorption was observed
(Table 3). Accordingly, studies performed in rats have found
increased values of iron absorption when diets contained glucose
and FeSO4 as the iron source (51).

Although the Caco-2 cell line is a useful model to study
copper metabolism (52) and Cu transporter proteins have been
shown to be expressed in the villi of Caco-2 cells in culture
(52), little is known regarding the effects of MRPs in copper
absorption across Caco-2 cells. Our results show that copper
uptake by Caco-2 cells was significantly lower after incubation
in the presence of GL mixtures, or L and G separately, than in
the presence of copper sulfate (Table 5). Conversely, copper
transferred to the basal chamber was enhanced during incubation
with GL heated mixtures, reaching significant differences with
respect to the control in the presence of GL30, although
dropping progressively with longer heating times. The absor-
bance recovery data revealed again that early MRPs crossed
the cell monolayer in considerable proportions, except in the
presence of GL15, as measured by the absorbance values at
280 nm of basal chamber solutions (Table 6). Browning
compounds seem to have been absorbed to a lesser extent, as
indicated by absorbance measured at 420 nm, although in the
presence of GL30 values were significantly increased, in
coincidence with higher copper absorption after incubation with
this sample. Thus, it may be suggested that the formation of
certain Cu-MRP complexes enhances copper absorption,

Table 3. Iron Uptake and Transport in Caco-2 Cell Monolayers After 3 h
of Incubation with 0.1 mM Fe Solutions Containing the Different Samplesa

uptake transport

sampleb µg/well % µg/well %

control 1.88 ( 0.37 22.48 ( 4.49 1.91 ( 0.37 22.79 ( 4.40
GL0 0.19 ( 0.02 a* 2.29 ( 0.35 a* 2.22 ( 0.05 a 26.62 ( 0.68 a
GL15 0.15 ( 0.07 ab* 3.22 ( 0.08 ab* 1.48 ( 0.27 a 17.74 ( 3.32 a
GL30 0.19 ( 0.07 a* 2.32 ( 0.79 a* 2.15 ( 0.36 a 25.70 ( 4.36 a
GL60 0.51 ( 0.08 c* 6.13 ( 0.91 c* 1.29 ( 0.17 a 15.45 ( 2.09 a
GL90 0.47 ( 0.08 bc* 5.60 ( 0.98 bc* 1.92 ( 0.46 a 22.98 ( 5.56 a
lysine 0.09 ( 0.03 1.01 ( 0.31 2.12 ( 0.37 25.43 ( 4.53
glucose 0.20 ( 0.05 2.45 ( 0.60 3.68 ( 0.57 43.99 ( 6.92

a Values are means ( SE (n ) 3). Different letters in each column indicate
significant differences between GL mixtures; the asterisk indicates significant
differences between the GL mixtures and the control (FeSO4) (one-way ANOVA
followed by a Duncan test, P > 0.05). b Control, transport buffer with FeSO4; GL0,
raw GL mixture; GL15, GL30, GL60, and GL90, GL mixtures heated at 150 °C for
15, 30, 60, and 90 min, respectively.

Table 4. Absorbance Recovery Across Caco-2 Cell Monolayers After 3 h
of Incubation with 0.1 mM Fe Solutionsa

apical chamber basal chamber

sampleb initial Abs final Abs recovery (%)

280 nm
GL15 1.626 ( 0.00 a 0.150 ( 0.03 a 9.27 ( 1.95 a
GL30 4.822 ( 0.00 b 0.958 ( 0.07 b 19.87 ( 1.43 b
GL60 4.822 ( 0.00 b 1.205 ( 0.29 bc 24.99 ( 3.47 b
GL90 4.823 ( 0.00 b 1.394 ( 0.26 c 28.92 ( 4.55 b

420 nm
GL15 0.15 ( 0.00 a 0.000 ( 0.00 a 0.000 ( 0.00 a
GL30 1.48 ( 0.00 b 0.012 ( 0.01 b 0.810 ( 0.12 b
GL60 2.73 ( 0.00 c 0.052 ( 0.01 c 1.922 ( 0.51 b
GL90 3.27 ( 0.00 d 0.052 ( 0.01 c 1.581 ( 0.52 b

a Values are means ( SE (n ) 3). Different letters indicate significant differences
between samples (one-way ANOVA followed by a Duncan test, P > 0.05). b GL15,
GL30, GL60, and GL90, GL mixtures heated at 150 °C for 15, 30, 60, and 90
min, respectively.

Table 5. Copper Uptake and Transport in Caco-2 Cell Monolayers After
3 h of Incubation with 60 µM Cu Solutionsa

uptake transport

sampleb µg/well % µg/well %

control 0.73 ( 0.09 12.26 ( 2.05 0.43 ( 0.09 7.54 ( 2.33
GL0 0.22 ( 0.04 a* 3.78 ( 0.69 a* 0.31 ( 0.05 a 5.44 ( 0.88 a
GL15 0.11 ( 0.01 b* 1.92 ( 0.29 b* 0.62 ( 0.02 bc 10.94 ( 0.42 bc
GL30 0.13 ( 0.03 b* 2.21 ( 0.53 b* 0.76 ( 0.15 c* 13.34 ( 2.74 c*
GL60 0.08 ( 0.01 b* 1.48 ( 0.28 b* 0.45 ( 0.07 ab 7.85 ( 1.28 ab
GL90 0.05 ( 0.00 b* 0.96 ( 0.12 b* 0.22 ( 0.01 a 3.98 ( 0.28 a
lysine 0.15 ( 0.01 2.71 ( 0.17 b 0.18 ( 0.00 3.14 ( 0.15 bc
glucose 0.25 ( 0.01 4.39 ( 0.24 b 0.11 ( 0.00 1.93 ( 0.02 c

a Values are means ( SE (n ) 3). Different letters indicate significant differences
between GL mixtures; the asterisk indicates significant differences between the
GL mixtures and the control (CuSO4) (one-way ANOVA followed by a Duncan
test, P > 0.05). b Control, transport buffer with CuSO4; GL0, raw GL mixture; GL15,
GL30, GL60, and GL90, GL mixtures heated at 150 °C for 15, 30, 60, and 90
min, respectively.

Table 6. Absorbance Recovery Across Caco-2 Cell Monolayers After 3 h
of Incubation at 37 °C with Cu-MRP Solutionsa

apical chamber basal chamber

sampleb initial Abs final Abs recovery (%)

280 nm
GL15 1.419 ( 0.00 a -0.003 ( 0.01 a -0.248 ( 0.46 a
GL30 4.702 ( 0.00 b 1.769 ( 0.25 b 37.63 ( 5.47 b
GL60 4.602 ( 0.00 c 2.19 ( 0.29 b 47.69 ( 6.44 b
GL90 4.602 ( 0.00 c 1.87 ( 0.26 b 40.67 ( 5.74 b

420 nm
GL15 0.402 ( 0.00 a 0.001 ( 0.00 a 0.000 ( 0.00 a
GL30 2.04 ( 0.00 b 0.381 ( 0.05 b 18.68 ( 2.69 b
GL60 3.91 ( 0.00 c 0.497 ( 0.06 b 12.67 ( 1.58 c
GL90 4.30 ( 0.00 d 0.445 ( 0.06 b 10.34 ( 1.51 c

a Values are means ( SE (n ) 3). Different letters indicate significant differences
between samples (one-way ANOVA followed by a Duncan test, P > 0.05). b GL15,
GL30, GL60, and GL90, GL mixtures heated at 150 °C for 15, 30, 60, and 90
min, respectively.
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although the mechanism remains as yet unknown. Moreover, a
relationship was observed between copper chelating ability and
copper absorption (r ) 0.5389, P ) 0.0210). In accordance with
our results, other experiments carried out on rats fed a rich MRPs
diet have also found increased values of copper absorption, with
copper accumulating in some organs (19). The physiological
consequences of such increased absorption of copper bound to
MRPs remains to be studied, as apart from the likely beneficial
role of copper in oxidative stress, excess can also be toxic (53).
On the other hand, including pharmacological levels of copper
in animal feed has been shown to increase growth performance,
especially of weanling pigs (54). Copper sources other than
copper sulfate should be studied, to reduce feeding levels and,
consequently, decrease copper excretion in manure and the
potential environmental threat (55).

We may conclude that severe heat treatment of GL mixtures
maintained the ability to reduce lipid peroxidation but decreased
the free radical scavenging activity. The iron binding affinity
of the different samples was not correlated with antioxidant
properties and did not modify iron absorption across Caco-2
cells. Conversely, copper chelating ability, free radical scaveng-
ing activity, and positive effects on copper absorption were
correlated and associated to compounds formed at early stages
of the MR.
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