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Abstract

Equimolar mixtures of glucose-lysine or glucose—methionine, 40% moisture, were heated at 150 °C for 30, 60, or 90 min. Samples
were characterized by means of pH measurement, browning development and free amino acid content. Solubility assays were
performed to study the influence of obtained MRPs on Ca, Mg, Fe, Cu and Zn solubility, under intestinal conditions of pH and
ionic strength. Results showed that heated mixtures of glucose-lysine and glucose-methionine had little effect on Ca and Mg
solubility. However, early compounds formed in both model systems seemed to favour trace element solubility, maximum after 30
min of heating in the glucose-lysine system, and after 60 min in the glucose-methionine one. Browning development and solubility
results reflected the slowing down of the Maillard reaction when methionine was one of the reactants. The effects of browning
products generated during food processing should be taken into account, particularly in trace element availability.
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1. Introduction

Various factors may influence mineral availability,
but especially interesting are those that play a role at the
digestive level, since the mineral species resulting from
the digestion process will be important determinants of
subsequent cell mucosal uptake and absorption. Solu-
bility in the intestinal lumen is not synonymous with
absorbable minerals; however, major minerals and trace
elements must be soluble in the gastro-intestinal tract
prior to absorption, hence the importance of knowing
their solubility stage.

During digestion, several chemical and physical
reactions take place, and the mineral elements may in-
teract with other components of foods or the gastroin-
testinal content. As a result of these interactions, the
solubility stage of mineral elements could be altered and,
consequently, their availability modified. Dietary factors
are of capital importance in this context and, to the
original components of raw food must be added those
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newly formed during industrial or domestic processes,
by means of which the food environment may be altered
and new external factors may be introduced.

Thermal treatments are frequently used to preserve
foods and make them edible. One of the most common
reactions to occur during processes and storage is the
Maillard reaction (MR), which involves the condensa-
tion of the carbonyl group of reducing sugars with the
amino group of amino acids and proteins, generating a
series of products (Schiff’s bases, premelanoidins and
melanoidins), widely known as Maillard reaction prod-
ucts (MRPs), the characteristics and molecular weights
of which depend both on the source of reactants and the
reaction conditions (Cammerer & Kroh, 1995). The
early MRPs are simple, but the advanced MRPs become
more complicated with different molecular weights.

Diverse studies have suggested that MRPs are capa-
ble of behaving as anionic polymers and of complexing
metal ions, producing soluble and insoluble complexes.
According to several authors (Rendleman, 1987; Wi-
jewickeme & Kitts, 1997) calcium and copper are
bound by soluble and insoluble melanoidins derived
from different amino acid—sugar model systems. MRPs,
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prepared from monosodium glutamate and glucose, are
capable of fixing Ca, Zn, Cu and Mg (O’Brien & Mor-
rissey, 1997). Other Maillard browned compounds, from
proline, leucine, glycine, glutamic acid or lysine, auto-
claved with glucose, bind zinc and decrease its apparent
availability, and lysine products present the greatest
binding capacity (Whitelaw & Weaver, 1988). After the
addition of a heated casein—glucose—fructose sample to a
calcium solution, a higher percentage of metal appears
insoluble in comparison with the raw sample, while the
rest remains soluble but, partially, in non-ionic form
(Aspe, Vaquero, & Navarro, 1993). Homma and his co-
workers (Homma & Murata, 2001; Homma, Aida, &
Fujimaki, 1986) also demonstrated the existence of
metal chelating compounds in browned pigments of
coffee with different affinities for iron, copper and zinc.
Finally, some browned products of toasted bread have
little calcium binding capability, but when bread con-
taining lactose is toasted, it gives rise to pigments which
insolubilize calcium ions (Rendleman, 1987).

On the other hand, MRPs from lysine are frequently
present in food, as this amino acid is very sensitive to
thermal treatment and has often been reported to be
highly reactive in the MR (Ashoor & Zent, 1984). In this
respect, lysine availability also decreases more than the
other amino acids (VanBarneveld, Batterham, Skingle,
& Norton, 1995). Thus, derivatives from the glucose—
lysine model system are frequently used to study diverse
aspects of MRPs, such as browning development, com-
plex formation (Bailey, Ames, & Monti, 1996), effects on
protein digestibility (Friedman, 1996), transport and
metabolism studies (Erbersdobler, Brandt, Scharrer, &
Von Wagenheim, 1981).

Although less reactive than lysine, methionine is also
degraded by the MR during food processing (Nielsen,
De Weck, Finot, Liardon, & Hurrell, 1985) generating
volatile compounds (Tsai, Hiserodt, Ho, Hartman, &
Rosen, 1998) and losing availability (Hurrell & Car-
penter, 1981). In nutritional terms, these losses could be
of considerable importance because the sulphur amino
acids, together with lysine, are normally the first limiting
amino acid in many food proteins.

Given the abundance of MRPs in the food we eat,
and their resistance to the digestive process, during this
process they have many opportunities to interact with
dietetic minerals and form more or less soluble com-
plexes which thus affect their absorption. Therefore, the
study of some of these products and their influence on
mineral solubility in the pH and osmolarity conditions
normally found in the intestine, is considered a first
step in determining their possible effects on mineral
availability.

The goals of the present study were to perform a
comparative analysis to determine the point at which the
presence of MRPs from glucose-lysine or glucose—
methionine model systems is capable of modifying the

degree of solubility of various minerals, under the
above-described conditions.

2. Materials and methods
2.1. Sample preparation

Glucose (Merck, Darmstadt, Germany), lysine and
methionine (Sigma Chemical Co., St. Louis, MO; USA)
were used to prepare the samples. Equimolar mixtures
of glucose-lysine monohydrate (GL0O) or glucose—dl-
methionine (GMO0), 40% moisture and in unbuffered
systems, were heated in an oven (Selecta 2000210, Bar-
celona, Spain) at 150 °C for 30 min (GL30 and GM30),
60 min (GL60 and GM60) or 90 min (GL90 and
GM090), using open recipients. Heating times and hu-
midity contents of samples were selected to simulate
usual cooking times and moisture contents of different
foods, which, moreover, promote the development of
the MR (O’Brien & Morrissey, 1997). After heating, the
reaction was stopped and the mixtures were lyophilized
(FTS System, Inc., TDS-3, New York, USA) as de-
scribed by Delgado-Andrade, Seiquer, and Navarro
(2002).

Samples were weighed before and after the heating
and lyophilizing processes, in order to determine the
percentage of lost samples.

2.2. Determination of pH in water solution

One hundred milligram of each sample/10 ml
demineralized and neutralized water (Milli-Q Ultrapure
Water System, Millipore Corp., Bedford, MA, USA)
were stirred for an hour in a water bath at room tem-
perature. The pH was measured in the water sample
solutions or in the corresponding supernatants
(PHM250 ion analyzer MeterLab, Radiometer Copen-
hagen, Denmark).

2.3. Development of brown colour and free amino acid
content

One hundred milligram of each sample (GL, GL30,
GL60, GL90, GM, GM30, GM60 or GM90) were sus-
pended in a final volume of 10 ml of demineralized and
neutralized water. Samples were then stirred for 1 hin a
water bath at room temperature (P Selecta, J.P. Selecta
S.A., Unitronic 320 OR) and centrifuged at 5000 rpm for
45 min (Heraeus Christ GMBH, Osterode/Harz 03400).
Absorbance was measured at 420 nm in solutions or
corresponding supernatants (Milton Roy Spectronic
1201).

Free amino acid contents of samples were determined
using the analytical procedure of Ferndndez-Figares,
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Pérez, Nieto, Aguilera, and Prieto (1995), omitting the
acid hydrolysis step.

2.4. Solubility assays

Solubility assays were performed to study the influ-
ence of obtained MRPs on the solubilities of Ca, Mg,
Fe, Cu and Zn in a conjoint solution. One hundred
milligram of each sample were individually suspended in
a final volume of 10 ml of a 3.75 mM Ca, Mg, Fe, Cu
and Zn solution. To simulate intestinal conditions, pH
and ionic strength were adjusted in solutions containing
samples to 6.8-7 and 0.165, respectively, using 4 N
NaOH and 1.65 M KCI (Rendleman, 1987). The solu-
tions were then stirred in a water bath at room tem-
perature for 2 h and centrifuged at 8000 rpm. (Hettinch
Zentrifugen, Universal 30RF D-78532 Tuttligen) for 2
h. After centrifugation, the Ca, Mg, Fe, Cu and Zn
contents was measured in the obtained fractions. The
percentages of soluble and insoluble minerals were cal-
culated from the initial mineral concentrations.

2.5. Analytical techniques

Total fractions of precipitate and supernatant from
the solubility assays were completely digested by the
addition of concentrated HNO3;, HCIO4 and by heating
at high temperatures in a sand beaker (J.R. Selecta,
S.A., COMBIPLAC, num. 0373930). After appropriate
dilution with milli-Q water, mineral analysis in each
fraction was performed with flame AAS in a Perkin—
Elmer Analyst 700 Spectrophotometer (Norwalk, CO,
USA). Standard solutions were prepared from stock
Tritisol solutions of Ca (CaCl, in 6.5% HCI, 1000 mg
Ca, Merck), Mg (MgCl, in 6% HCI, 1000 mg Mg,
Merck), Fe (FeCl; in 15% HCI, 1000 mg Fe, Merck), Cu
(CuCl, in H,0, 1000 mg Cu, Merck) and Zn (ZnCl; in
0.06% HCI, 1000 mg Zn, Merck).

The interassay coefficients of variation for the differ-
ent minerals were as follows: Ca 2.07%, Mg 5.16%, Fe
3.21%, Cu 6.99%, Zn 1.93%. Milk powder standard
(certified reference material BCR No. 63, Community

Table 1

Bureau of Reference, Brussels, Belgium) was used to
check calcium and magnesium recoveries (mean &+ SD of
10 determinations): Ca measured value 13.48 +0.04 mg/
g, Ca certified value 13.49+0.10 mg/g; Mg measured
value 1.29£0.02 mg/g, Mg certified value 1.26+0.02
mg/g. Bovine liver standard (certified reference material
BCR No. 185, Community Bureau of Reference, Brus-
sels, Belgium) was simultaneously used to check iron,
copper and zinc recoveries (mean &+ SD of 10 determi-
nations): Fe measured value 215+ 5 pg/g, Fe certified
value 214 4+ 5 pg/g; Cu measured value 192 + 5 pg/g, Cu
certified value 189 +4 pg/g; Zn measured value 146 + 2,
Zn certified value 142 £ 3.

All glassware and polyethylene sample bottles were
washed with 10 N nitric acid, and milli-Q water
was used throughout. All analyses were performed in
triplicate.

2.6. Statistical treatment

The results for the weight losses of the sampling pro-
cess, pH determinations, absorbance measures and sol-
ubility assays were tested statistically by one-way analysis
of variance (ANOVA), followed by Duncan’s test to
compare means with significant variation (p < 0.05).
Correlations were established between pH, absorbance
and free residual amino acids.

3. Results and discussion
3.1. Characterization of the MRPs obtained

After heating, weight loss in the glucose-lysine and
glucose-methionine mixtures was observed, increasing
as heating time increased. However, the loss pattern was
not identical for the two systems: in the first 30 min of
heating, the glucose-lysine system decreased by 22% of
its initial weight (Table 1), mainly water losses with
a small fraction of dry matter, as suggested by the
weight after lyophilization. The mixture already showed
marked browning due to MR development, and volatile

Weight changes in the process for obtaining MRPs from 50 g initial weight of samples

Heating time ~ Sample

(min) : .

Glucose-lysine Glucose—methionine

After heating Weight after After heating Weight after

. - fi -dryi - . fi -dryi

Weight (g) Weight loss (%) recze-drying (&) W ioht (@) Weight loss (%) recze-drying (¢)
30 39.03£0.36a 21.94+0.48a 25.14+0.29a 43.08+0.16a 13.84+0.21a 29.50+0.37a
60 25.65+0.57b 48.70 £0.71b 22.64+0.03b 28.99 +0.09b 42.02+0.12b 24.21 +£0.34b
90 22.36+0.01c 55.28 £0.10c 21.624+0.27b 22.76 £0.41c 54.48 £0.53c 21.934+0.79b

Different letters in the same column mean significant differences (p < 0.05, ANOVA one-way and Duncan test). Values are mean 4 SD of six

determinations.
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compounds are assumed to have formed (Friedman,
1996). The formation of these volatile MRPs generally
increases with time and heating temperature (Chan &
Reineccius, 1994); between 30 and 60 min of heating
time higher weight losses were observed. The last 30 min
of heating, especially, produced a reduction of the water
fraction, since the weight after freeze-drying did not
vary between the GL60 and GL90 samples (Table 1).

In the glucose-methionine mixture, however, 30 min
of heating resulted only in a decrease of the water
fraction as, after lyophilization, the weight sample was
nearly identical to the initial weight (29.5 vs. 30 g). As
described for the glucose-lysine mixture, the highest
reduction of water and dry matter took place between 30
and 60 min of heating treatment and, after 90 min, the
weight of the dry sample did not vary significantly.

Thus, although the final weights of the samples after
90 min of heating were very similar, the glucose-lysine
system seemed to follow a faster development of the
reaction than the glucose-methionine system, a result
that was expected due to the higher reactivity of lysine in
the MR (Hurrell & Carpenter, 1981; Malec, Gonzales,
Naranjo, & Vigo, 2002).

The pH of the GLO0 sample was 9.9, due to the use of
lysine monohydrate, while that of the GMO0 sample was
6.4 (Table 2). It is well documented that an increase in
pH causes an increase in the rate of Maillard browning.
Moreover, a higher pH favours the initial condensation
step of the MR and influences many subsequent path-
ways as the most chromogenic routes, yielding reduc-
tones and fission products (Bates, Ames, MacDougall,
& Taylor, 1998). Therefore, the high pH of the GLO
sample could contribute to the faster reaction develop-
ment described for this model system.

3.2. pH changes and browning

The MR itself has a strong influence on pH and, in
unbuffered systems, pH falls through the reaction due to
the disappearance of basic amino groups at the early
stages (Hill, Ledward, & Ames, 1996). Thus, in our
glucose-lysine and glucose-methionine model systems,

Table 2

pH decreased with heating time, as has been described in
several model systems (Monti, Bailey, & Ames, 1998;
Renn & Sathe, 1997). The rate of pH decline was more
pronounced for the glucose-lysine system than for the
glucose—methionine one, especially during the first 30
min of treatment, in which the glucose-lysine system
underwent a rapid and marked decrease (3.15 units of
pH). However, the greatest pH decline in the glucose—
methionine system was only of 1.9 units, and took place
between 30 and 60 min of heating. Such differences
should be considered in the context of the diverse na-
tures of the amino acids involved since, as mentioned
above, lysine is one of the most highly affected. More-
over, in unbuffered systems, the amino compounds may
well influence the rate of browning through their effect
on pH.

pH has an important effect on the extent of MR and
strongly influences the profile of the reaction products
obtained; in most cases, accordingly, reaction rates have
been found to rise with increasing pH (Ames, 1998). In
this sense, Ashoor and Zent (1984) demonstrated max-
imum colour development at around pH 10 for various
glucose—amino acid model systems. In accordance with
the results of the present experiment, Hill et al. (1996)
observed, in a xylose-lysine model system at initial pH
values of 8 or 6.3, that the rate of pH decline during 1 h
of incubation at 50 °C was higher at basic pH (0.57 vs.
0.12).

On the other hand, under alkaline conditions, the
Schiff base and the Amadori compound undergo chain
fragmentation, and the fragments quickly react to form
melanoidins (Rizzi, 1994).

The time-course of colour formation in the glucose—
lysine model system was more accelerated than in the
glucose-methionine one, and the browning degree
reached after each heating time was also higher in
samples containing lysine. Similarly, after the heat
treatment of various amino acid-sugar combinations,
Ashoor and Zent (1984) showed that the glucose-lysine
system produced a higher browning rate at 420 nm. It is
generally accepted that reactants and reaction condi-
tions strongly affect the browning and structure of final
products (Manzocco & Maltini, 1999).

pH and absorbance at 420 nm of water sample solutions or corresponding supernatants

Heating time Sample

Glucose-lysine

Glucose—-methionine

pH Precipitate Absorbance pH Precipitate Absorbance
0 9.93+£0.02a - 0.001 +0.000a 6.39+£0.03a - 0.007 £0.001a
30 6.78 £0.01b - 0.573+£0.001b 6.06£0.01b - 0.011+0.001a
60 5.85+0.01c - 0.989 +£0.001¢c 4.12+0.01c + 0.126 £0.002b
90 5.354+0.01d + 0.348 +£0.001d 4.35+0.01d ++ 0.219 £0.002¢

Different letters in the same column mean significant differences (p < 0.05, ANOVA one-way and Duncan test). Values are mean &+ SD of six

determinations.
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According to Bates et al. (1998), the dissociation
constants of the two amino groups of lysine favour the
initial step of MR, as well as the more chromogenic
routes of the reaction. In the present glucose-lysine
system, the absorbance value at 420 nm was maximum
after an hour of heating time (Table 2), probably due to
the high concentration of soluble brown pigments. In
the last 30 min of treatment, insoluble melanoidins were
formed, shown by the appearance of a dark pellet. Thus,
the spectrophotometric measure of absorbance, per-
formed on the soluble fraction, decreased in the GL90
sample. In this sense, Fogliano, Monti, Musella, Ran-
dazzo, and Ritieni (1999), in a gluten-glucose system
heated to 150 °C, also observed an important increase of
browning until 45 min of heating, followed by a decrease
at longer heating times. Monti et al. (1998), using dif-
ferent amino acid-sugar mixtures refluxed for up to 120
min, also reported that, in the glucose-lysine system, the
highest absorbance values appeared after 1 h of heating,
to subsequently reach a plateau.

Water activity (ay) is an important factor for MR,
which is favoured within an interval of moisture content
(Reineccius, 1990). Thus, the MR activation energies
increase with decreasing water proportion (Cremer &
Eichner, 2000). In the present experiment the moisture
content of the assayed samples drastically decreased
after 60 min of heating, and thus, the lower ay could be
another limiting factor in the browning rate. Fogliano
et al. (1999) pointed out that samples from the gluten-
glucose system, heated under wet conditions, produced
more colour at all temperatures studied, compared to
those heated under dry conditions.

In both model systems, glucose-lysine and glucose—
methionine, the decline in the reaction rate pH tended to
follow the same general trend as the browning rate, as
Renn and Sathe (1997) described for the glucose-leucine
model system, without finding a correlation between the
two parameters. However, in the present assay, a cor-
relation was found between pH and absorbance: r =
—0.9773 and -0.9942 for glucose-lysine and glucose—
methionine, respectively, until 60 min of heating

Table 3
Soluble and insoluble minerals in the presence of the glucose-lysine samples

(» < 0.001), r = —0.7027 and —0.8880 for glucose-lysine
and glucose—methionine, respectively, including all
heating times (p < 0.01).

As the heating time was increased, free residual me-
thionine, and especially, lysine decreased. Also recorded
were decreased pH and an enhanced browning rate.
However, statistical analysis only found a correlation
between pH and lysine decrease (»r = 0.9886, p = 0.01).
The amino acid losses followed a similar trend to the
browning rate, but there was no correlation between the
two occurrences, as has been described in other amino
acid—sugar model systems (Renn & Sathe, 1997).

The highest proportions of lysine and methionine
were lost during the first 30 min of heating, when the
glucose—methionine samples had only taken on a slight
yellow colour, while those of glucose-lysine had already
attained a brown colouring, and absorbance at 420 nm
had increased. In this regard, Renn and Sathe (1997)
suggest that MR occurs in three stages, of different du-
ration depending on the reaction conditions. During the
first stage, amino acids and sugars mostly react exclu-
sively with each other, producing early compounds that
are uncoloured but capable of reducing the nutritive
value (Malec et al., 2002). This is in agreement with the
loss of free methionine and the absence of browning in
the GM30 sample (Table 2).

3.3. Influence of the glucose-lysine samples on mineral
solubility

The presence of GLO in 3.75 mM Ca, Mg, Fe, Cu
and Zn solutions did not lead to significant changes in
Ca solubility and increased the Mg soluble fraction
(Table 3), as previous assays carried out under the same
conditions but without samples showed percentages of
soluble mineral of 93.6+6.50% and 80.6 +6.91% for
Ca and Mg, respectively. Heating the glucose-lysine
mixture (GL30, GL60 and GL90 samples) caused only
slight decreases in Ca and Mg solubility (Table 3,
Fig. 1), with the element remaining almost soluble. In
this sense, O’Brien and Morrissey (1997) studied the

Mineral  Soluble mineral (umol)

Insoluble mineral (pmol)

Sample? Sample*

GLO GL30 GL60 GL90 GLO GL30 GL60 GL90
Ca 37+ 1.1Aa 35+ 1.0Ba 35+ 1.0Ba 35+ 1.0Ba 0.8+0.1Aa 1.6 +£0.2Ba 1.54+0.2Ba 1.4+0.1Ba
Mg 37+ 1.0Aa 34+ 1.0Bab 35+ 1.1Aba 33+1.0Ba 1.1+£0.1Aa 1.9+04ABab 2.1+0.4ABa 2.2+0.2Ba
Cu 36+ 1.0Aa 29 +2.0Bc 18 +1.0Cb 13+ 1.0Db 0.9+0.1Aa 7.5+0.8Bc 19+1.5Cb 24.5+0.5Db
Fe 1.3+£0.1Ab  32+£2.0Bb 28 +1.0Cc 12+1.0Dc 34+ 1.0Ab 6.4+1.5Bc 9.7+£0.1Cc 26.5+0.5Dc
Zn 16+ 1.0Ac 34+ 1.0Bab 224+2.0Cd 14 £2.0Ad 21+ 1.0Ac 3.6+ 1.4Bb 12+1.0Cd 21 +1.1Ad

#GLO, unheated glucose-lysine mixture; GL30, GL60 and GL90, glucose-lysine mixtures heated at 150 °C for 30, 60 or 90 minutes, respectively.
Values are mean + SD of six determinations. Different capital letters in the same file mean significant differences, for either soluble or precipitated
minerals (p < 0.05, ANOVA one-way and Duncan test). Different small letters in the same column mean significant differences (p < 0.05, ANOVA

one-way and Duncan test).
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Fig. 1. Effects of the heat treatment of glucose-lysine samples on
mineral solubility (%). GLO, unheated glucose-lysine mixture; GL30,
GL60 and GL90, glucose-lysine mixtures heated at 150 °C for 30, 60
or 90 min, respectively.

affinities of MRPs-minerals and suggested that Ca
should be the one with least affinity, followed by Mg.
In solubility assays carried out in our laboratory with
heated casein—glucose—fructose mixtures, it was shown
that all the soluble calcium was ionic calcium (Seiquer,
Aspe, Vaquero, & Navarro, 2001). Thus, it could be
hypothesized that, in the presence of glucose-lysine
heated mixtures, most of the Ca remains in ionic form.
However, it could also be, to a slight extent, bound to
the soluble melanoidin fraction; Rendleman (1987) re-
ported considerable soluble complex formation between
Ca and brown pigments in coffee and only small
amounts of insoluble Ca complexes. Under our exper-
imental conditions, small quantities of insoluble com-
pounds were also formed.

In the absence of sample under the initial conditions,
almost all the Fe was precipitated (91.5+2.36%). The
presence of the GLO sample in the mineral solution did
not modify iron solubility, probably due to the basic pH
of the GLO sample. Most iron absorption takes place in
the initial portions of the small intestine since, the higher
the pH, the lower the iron solubility (Charlton &
Bothwell, 1983). A significant increase in Fe solubility
was observed with the GL30 sample (Table 3). This
could be due, in part, to the lower initial pH of this
sample (Table 2). Moreover, free lysine, still 37.2%
present in the GL30 sample, could complex Fe, as the
ability of lysine to chelate this mineral and improve its
absorption has been shown (Van Campen, 1973). An-
other factor, which could contribute to enhancing Fe
solubility, is the capacity of soluble melanoidins to
complex Fe (Homma & Murata, 1994).

Iron solubility significantly decreased in the presence
of the most heated samples, GL60 and GL90 (Table 3).
This might be explained by the progressive destruction
of free lysine (34.1% and 21.5% of free lysine in GL60
and GL90, respectively) and the formation of more
advanced MRPs, which were partially insoluble in GL90

(Table 2). Using a glucose—glycine model system Yo-
shimura, lijima, Watanabe, and Nakazawa (1997) indi-
cated that the high molecular weight fraction possesses
greater iron-chelating power than the low molecular
weight fraction, and the binding of certain non dialyz-
able melanoidins with iron has also been described
(Hashiba, 1986). More recently, Homma and Murata
(1994) showed (in coffee) the presence of ligands with
molecular weights from 36 to 50 kDa, capable of in-
solubilizing Fe.

The GLO sample solubilized practically all the copper
(from 1.08 £0.52% of soluble Cu without sample to
97.8 £0.89%, Fig. 1). Several amino acids, including ly-
sine, may form soluble complexes with Cu, and in bio-
logical media only a little Cu remains as free ion
(Berthon, Hacht, Blais, & May, 1986). Cu solubility is
directly related to intestinal Cu absorption; for this rea-
son, Cu-Lys complexes have been used in animal nutri-
tion to improve copper absorption (Nockels, DeBonis, &
Torrent, 1993). The presence of glucose-lysine heated
mixtures led to a significant reduction of the soluble
copper fraction, which progressively diminished with the
longer heating time (Table 3). The loss of free lysine
could have contributed to this reduction, but the ability
of MRPs to insolubilize Cu should also be taken into
account. O’Brien and Morrissey (1997) suggest that the
affinity between MRPs and Cu is even higher than with
the amino acid involved. It has been pointed out that the
copper-chelating affinity of MRPs is implicated in the
antioxidant activity attributed to some of these com-
pounds (Wijewickeme & Kitts, 1997). Moreover, with
increased heating time, the Cu-chelating ability of the
final products is higher (Moon, Murata, & Homma,
1994), which, in accordance with the present results, fa-
vours Cu insolubilization. Therefore, the soluble per-
centage of Cu in the presence of heated mixtures was
lower than the other minerals, except in GL90, where no
significant differences were found with respect to the
other trace elements.

Initial in vitro Zn solubility in intestinal conditions
was reduced in the GLO solution (from 75.0 £6.58 %
without sample to 42.0 & 1.58 %). The behaviour of Zn
in the presence of the glucose-lysine heated samples was
similar to that of iron, except that, with GLO, higher
values of the soluble mineral were recorded (Table 3).
Several assays, carried out with the amino acid-sugar
model system, have shown the ability of these products
to chelate Zn (O’Brien & Morrissey, 1997). The Zn-
chelating activity of browning pigments in foods has
been studied in corn flakes (Johnson, 1991) and in coffee
(Homma, Nakamura, Asakura, Sekiguchi, & Murata,
1990), where the most active Zn-binding fraction con-
tains low molecular weight compounds. These authors
later demonstrated that the high molecular weight
fractions are also able to chelate Zn (Homma & Murata,
1994). It would be reasonable to assume that, in the
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GL30 solution, the soluble compounds formed had a
high Zn-binding ability; with increased heating time, the
products are assumed to be of higher molecular weight,
and they should complex Zn, producing its precipita-
tion. This hypothesis is in accordance with the reasoning
of Whitelaw and Weaver (1988), who observed a de-
crease in Zn bioavailability with the advance of the
browning process.

Our results show that MRPs from glucose-lysine do
not lead to major modifications in Ca and Mg solubility.
Like Friedman (1996), we found trace elements to be the
most reactive, the affinity order being Fe<Cu>Zn. The
stronger binding of Cu compared to Zn is consistent
with the findings of other investigators (Homma et al.,
1986; O’Brien & Morrissey, 1997).

3.4. Influence of the glucose—methionine samples on
mineral solubility

Effects on Ca and Mg solubility due to the presence of
glucose—methionine mixtures were quantitatively minor,
both in comparison with the no-sample solution and
between the different samples (Table 4, Fig. 2). A slight
but significant decrease in the soluble Mg fraction was
observed in the presence of the GM90 sample, which
could be related, as has been described, to the ability of
advanced MRPs to chelate minerals (Rendleman, 1987).
In spite of the proven implication of methionine in the
MR, there is a lack of information about the influence of
MRPs from this amino acid on mineral speciation. The
few biological assays, concerning the effects of MRPs
from methionine on Mg availability, show disparate
results, reporting both no effects (Delgado-Andrade,
2002) and increased Mg absorption (Andrieux & Sa-
quet, 1984).

As has been described for the glucose-lysine model
system, MRPs from glucose-methionine do not seem to
have major effects on Ca solubility. However, when
protein is used as a reactant, rather than amino acids,
there is a decrease in Ca solubility, which has been
shown with heated mixtures of casein—glucose—fructose

Table 4

100 . e —————
—_
X\ A
30 K
\’/ \X "o Ca
60 —n—Mg
——Fe
40 A ——Cu
A\ —K—7n
20
K
0 A
GMO GM30 GM60 GM90

Fig. 2. Effects of the heat treatment of glucose-methionine samples on
mineral solubility (%). GMO, unheated glucose-methionine mixture;
GM30, GM60 and GM90, glucose-methionine mixtures heated at
150 °C for 30, 60 or 90 min, respectively.

(Seiquer et al., 2001). The different effects on Ca speci-
ation confirm the importance of the reactants and
the reaction conditions for the behaviour of the final
products.

The presence of the GMO sample did not modify Cu
solubility with respect to the no-sample solution, with
nearly all the Cu remaining precipitated, contrary to
what was observed with the GLO sample (Table 4).
Thus, as expected, soluble complexes with Cu do not
seem to have been formed under our experimental
conditions, since methionine is not cited among the
amino acids with ability to complex Cu (Berthon et al.,
1986). However, Aoygi and Baker (1994) demon-
strated that certain Cu—methionine products may coun-
teract the inhibitory effect of some substances on Cu
absorption.

Heat treatment of the glucose-methionine samples
improved Cu solubility, more markedly after 60 min
(Fig. 2). It can be hypothesized that the higher Cu sol-
ubility may be ascribed to the ability of premelanoidins
and soluble melanoidins to chelate Cu. With 90 min of
heat treatment, levels of insoluble melanoidins were
raised, and, as a consequence, so were those of the
precipitated Cu fraction (Table 4).

Soluble and insoluble minerals in the presence of the glucose-methionine samples

Mineral Soluble mineral (umol) Insoluble mineral (pmol)

Sample* Sample*

GMO GM30 GM60 GM90 GMO GM30 GM60 GM90
Ca 35+1.0a 36+ 1.0a 36+1.1a 36+ 1.0a 0.7+0.1Aa 0.6 +0.1Aa 0.7+0.1Aa 1.1 +£0.1Ba
Mg 35+1.1Aa 34+1.0ABa 34+1.0ABb 334+1.0Bb 1.9+ 0.4ABa 2+0.1ABa 1.7+0.1Aa 2.3+0.2Ba
Cu 2+0.5Ab 5.6+0.6Bb 27+1.0Cc 11+1.0Dc 35+ 1.0Ab 28 +2.0Bb 9+0.4Cc 24 +0.3Db
Fe 12+ 1.0Ac 3.3+0.4Bc 16 +1.0Cd 0.84+0.2Bd 244+0.1Ac 35+ 1.0Bc 204+1.0Cd 36+ 1.0Bc
Zn 33+ 1.0Ad 24+ 1.1Bd 31+ 1.0Ae 26+ 1.0Be 4.34+0.3Ad 10+ 0.4Bd 4.9 +0.4Ae 10+ 0.5Bd

#GMO, unheated glucose-methionine mixture; GM30, GM60 and GM90, glucose-methionine mixtures heated at 150 °C for 30, 60 or 90 min,
respectively. Values are mean = SD of six determinations. Different capital letters in the same file mean significant differences, for either soluble or
precipitated minerals (p < 0.05, ANOVA one-way and Duncan test). Different small letters in the same column mean significant differences (p < 0.05,

ANOVA one-way and Duncan test).
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Iron, initially insoluble at neutral pH, was partially
solubilized in the presence of GMO (Table 4). It should
be taken into account that the more acid pH of the
sample (6.39) could have contributed to the soluble
complexes formation of iron—methionine. In this sense,
Glidewell and Glidewell (1993) reported the complexing
of iron with several amino acids containing —-SCH3, such
as methionine. Moreover, the decrease in —SH groups
during food processing (Castrillén, Navarro, & Alvarez-
Pontes, 1997) has been related to a decrease in Fe
absorption (Taylor, Martinez-Torres, Romano, & Lay-
risse, 1986). Of several amino acids, only methionine
and cysteine are able to mimic the positive effect of the
“meat factor’” in iron absorption (Layrisse, Martinez-
Torres, Leets, Taylor, & Ramirez, 1984). A positive
effect of methionine on Zn absorption has also been
described (Lonnerdal, 2000), which could be related to
the higher Zn solubility (86.9 + 1.15%) observed in the
presence of the GMO sample with respect to the no-
sample solution (75.0 + 0.53%).

Glucose-methionine complexes, formed after 30 min
of heating, did not favour Fe and Zn solubility, contrary
to what was described for Cu. The stronger binding of
soluble MRPs for Cu than for Fe and Zn (O’Brien &
Morrissey, 1997) could explain the positive influence on
Cu solubility. Due to the slow reaction development in
the glucose-methionine system, after 60 min of heat
treatment, soluble MRPs are assumed to have increased,
which would have allowed an increase in the soluble Fe
and Zn fractions with respect to the GM30 sample.
However, during the last 30 min of heating, with the
browning development, insoluble melanoidins increased
(Table 2) and the Fe and Zn soluble fractions were
significantly reduced, more markedly in the Fe fraction.
MRPs formed in the presence of GM90 seemed to have
a higher affinity for Cu and Fe than for Zn and this may
contribute to the lower Zn precipitation compared with
other minerals. In this respect, assays carried out using
heated casein—glucose—fructose mixtures, digested alone
or included in a diet, show that Zn precipitation is minor
when the browning products form part of a diet, due in
part to the presence of other minerals that compete with
Zn for binding sites on chelating compounds (Navarro,
Aspe, & Seiquer, 2000).

In summary, current findings show that heating
mixtures of glucose—lysine and glucose-methionine has
little or no effect on Ca and Mg solubility. With respect
to the trace elements, early compounds formed in both
model systems seem to favour mineral solubility, maxi-
mum after 30 min of heating in the glucose-lysine sys-
tem, and after 60 min in the glucose-methionine one,
supporting the slowing down of the MR when methio-
nine is one of the reactants, and this is also reflected in
the browning development. It is therefore concluded
that the effects of browning products generated during
food processing should be taken into account, especially

regarding trace element availability, as in vitro solubility
may be considered as a prior indication of in vivo
mineral utilization.
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