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Our purpose was to evaluate the uptake of antioxidant capacity (AC) in rats fed long-term a diet contain-
ing commonly consumed Maillard reaction products (MRPs) from the glucose–lysine system. The effects
on the oxidative status of liver, biceps brachii muscle and serum were also tested. The presence of model
MRPs in the diet, especially melanoidins, led to a significantly higher intake (24.0 lmol Trolox/day),
faecal excretion (0.604 lmol Trolox/day), and uptake (23.4 lmol Trolox/day) of AC, although the uptake
rate remained stable compared to the control group (97.5%). Consumption of the assayed MRPs did not
affect the hepatic antioxidant defence while some positive modifications, like an increase in glutathione
peroxidase, were detected in muscle (29%) and serum (400%). This pointed to an improved antioxidant
capacity. Despite the interesting findings for these specific MRPs, attention must be paid to the overall
consumption of MRPs from different sources in a conventional diet, due to their implications in the
development/advance of many disorders.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The Maillard reaction (MR) takes place during the thermal pro-
cessing and preservation of food and it is responsible for the forma-
tion of characteristic flavours, colours, and tastes that are desirable
for consumers (Ames, 1990). Typically, it takes place between the
carbonyl groups of reducing sugars and the free amino groups from
amino acids, peptides and proteins, but oxidised lipids can also
participate (Hodge, 1953). The huge variety of products formed
during this reaction is known as Maillard reaction products
(MRPs). The chemical structure and health effects of MRPs are
strongly dependent on food composition or pH (Kim & Lee,
2008), as well as technological conditions, such as heating time
and temperature (Rufián-Henares, Delgado-Andrade, & Morales,
2006). MRPs are a particularly complex mix of compounds with
different molecular weights, including flavouring (i.e. aldehydes,
ketones, pyrazines, etc.) and colouring compounds (i.e. heterocyc-
lic compounds and melanoidins) formed at the advanced stages of
the MR (Rufián-Henares, García-Villanova, & Guerra-Hernández,
2004).

The formation of MRPs leads to a decrease in the nutritional
value of food due to the destruction of vitamins, loss of essential
amino acids and lower protein digestibility (Seiquer et al., 2006).
In addition, some MRPs with potent mutagenic and/or carcinogenic
activity (i.e. acrylamide or heterocyclic aromatic amines) can be
formed (Delgado-Andrade, 2014). MRPs may also be generated in
biological systems by the reaction of a-dicarbonyl compounds
with amino groups of endogenous proteins, the so-called advanced
glycation end-products (AGEs). These AGEs can accumulate in
some tissues or are present in the systemic circulation, playing a
physiopathological role in cases of metabolic and degenerative dis-
orders (Delgado-Andrade, 2014). For example, the accumulation of
AGEs in bone has been shown to have a negative effect on biome-
chanical properties, decreasing its toughness and increasing its
stiffness and therefore contributing to skeletal fragility (Roncero-
Ramos et al., 2014).

On the other hand, MRPs have been also proven to have healthy
properties such as antimicrobial (Rufián-Henares & de la Cueva,
2009), prebiotic (Seiquer, Rubio, Peinado, Delgado-Andrade, &
Navarro, 2014) or antihypertensive activities (Rufián-Henares &
Morales, 2007), among others. Moreover, one of the main ben-
eficial effects of MRPs is their antioxidant capacity. In this sense,
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studies have primarily focused on the antioxidant properties of
melanoidins or brown MRPs from different foods, such as coffee,
bread crust, beer, biscuits, roasted cocoa or balsamic vinegar
(Pastoriza & Rufián-Henares, 2014). However, due to the complex
chemical composition of foods, model MRPs are commonly used
in animal studies in order to study their biological effects, since
they are easily obtainable and simplify results and their
interpretation. One of the most widely studied model systems is
glucose–lysine, because the lysine amino acid is very sensitive to
thermal treatment and highly reactive in the Maillard reaction.
Consequently, the availability of lysine also decreases more than
that of other amino acids (Hodge, 1953). In addition, the defined
composition of the reaction medium could allow inference of some
relationship between those compounds formed during the
preparing of the model system and the biological activities found
in the animal model.

Previous results found discordances in the antioxidant status of
rats fed on diets containing bread crust or its soluble high molecu-
lar weight, soluble low molecular weight or insoluble fractions
(Pastoriza, Roncero-Ramos, Rufián-Henares, & Delgado-Andrade,
2014). This could be related to the complex composition of such
fractions. In this sense, the complex glycation behaviour of gluten,
the main source of MRPs in bread, did not enable precise conclu-
sions about what type of products could be responsible for the
activities observed. Therefore, the aim of the present study was
to evaluate the in vivo uptake of antioxidant capacity (AC) in rats
fed on a diet containing commonly consumed MRPs obtained from
a simple glucose–lysine model system, trying to correlate such
uptake with the development of some specific MRPs.
Additionally, we focused on understanding the effects of those
compounds on the oxidative status of these animals at hepatic,
muscle and blood level.
Table 1
Characterisation of melanoidins present in the ingredients used for the preparation of
the diets. Portion of antioxidant capacity (AC) and fluorescence excreted in faeces and
uptaken from the diets.a,b

Parameter Ingredient

Bread crustc GL

Melanoidins (%) 18.2 ± 1.1a 96.4 ± 1.7b

Fluorescence intensity (Units/g
melanoidin)

3,704,000 ± 3872a 34,300,000 ± 14071b

Furosine (mg/g melanoidin) 0.44 ± 0.06a 58.6 ± 3.6b

HMF (mg/g melanoidin) 0.001 ± 0.000a 0.157 ± 0.028b

TEACABTS (lmol equivalents of
Trolox/g melanoidin)

6.9 ± 0.8a 603 ± 39b

Faecal fluorescence excretion
(units/day)

122,000 ± 398a 415,000 ± 502b

Fluorescence uptake (units/day) 1,100,320 ± 1022a 15,962,000 ± 10021b

Faecal AC excretion (lmol
equivalents of Trolox/day)

462 ± 9a 604 ± 11b

AC uptake (lmol equivalents of
Trolox/day)

4459 ± 371a 23,372 ± 898b

a Values are means ± SD, n = 3.
b Different letters within different columns indicate significant differences

between groups (p < 0.05).
c This ingredient was used in the formulation of the bread crust diet applied in a

previous work by our research group (Pastoriza et al., 2014) and introduced in this
table to perform a comparison between both sources of melanoidins.
2. Materials and methods

2.1. Chemicals

The standard antioxidant used, 6-hydroxy-2,5,7,8-tetramethyl-
chroman-2-carboxylic acid (Trolox), reagents for enzymes
determination, alpha amylase (A1031-5KU), pepsin, pancreatin
and bile salts were from Sigma–Aldrich (St. Louis, MO). 2,
20-Azobis-(3-ethylbenzothiazoline-6-sulfonic acid) for the ABTS
method was obtained from Fluka Chemicals (Madrid, Spain). The
rest of the chemicals used were of analytical grade and obtained
from Merck (Darmstadt, Germany) unless mentioned otherwise.

2.2. Sample preparation

Glucose (Merck, Darmstadt, Germany) and lysine-HCl (Sigma
Chemical, St. Louis, MO) were used as equimolar mixtures in
unbuffered distilled water, to prepare the model system for the
production of MRPs as described by Delgado-Andrade, Seiquer,
Nieto, and Navarro (2004). The mixture obtained was named GL
sample and used in the diets preparation.

2.3. Preparation of diets

The AIN-93G purified diet for laboratory rodents (Dyets Inc.,
Bethlehem, PA) was used as the Control diet. The GL sample was
added to the AIN-93G diet to reach a final concentration of 3%.
This diet was termed GL. The individual analysis of the GL diet
revealed no modification of the overall nutrient composition com-
pared with the Control diet (AIN-93G). The mean ± SD nutrient
content of the diets was: moisture (%) 8.14 ± 0.08; energy (kcal/
kg) 3845 ± 109; protein (g/kg) 176.6 ± 3.1; fat (g/kg) 78.1 ± 0.9;
Ca (g/kg) 4.79 ± 0.09 and P (g/kg) 3.28 ± 0.03. The higher MRP con-
tent in the GL diet with respect to the Control was confirmed by
analysing the furosine and hydroxymethylfurfural (HMF) contents,
following the procedures described by Delgado-Andrade, Morales,
Seiquer, and Navarro (2010). The data obtained for furosine
(mean ± SD) were as follows: 28.8 ± 0.5 and 1787 ± 7.31 mg/kg diet
for Control and GL diets, respectively. The results for HMF
(mean ± SD) were as follows: 0.44 ± 0.06 and 5.15 ± 0.08 mg/kg
diet for Control and GL diets, respectively. In addition, the amount
of melanoidins present in the GL sample was also assessed as
stated in Pastoriza and Rufián-Henares (2014). In parallel, the
melanoidins present in the bread crust used as an ingredient in
the rat diet previously assayed in our work Pastoriza et al. (2014)
were quantified by the same procedure. Both types of melanoidins
were isolated and characterised to compare the studies and to
understand the actions observed (Table 1).
2.4. Biological assays

Twelve female weanling Wistar rats weighing 41 ± 0.50 g
(mean ± SE) were divided into two groups and randomly assigned
to one of the dietary treatments. The animals were housed
individually in metabolic cages in an environmentally controlled
room under standard conditions (temperature 20–22 �C with a
12-h light/dark cycle and 55–57% humidity). The rats had
ad libitum access to their diets and demineralised water (Milli-Q
Ultrapure Water System; Millipore Corp., Bedford, MA).

The duration of the experiment was selected to reach the adult
age of the rats, when major effects would start to happen on the
redox balance due to the chronic consumption of the tested diets.
The experiment involved a preliminary 81-day period where solid
food intake and body weight changes were monitored weekly,
followed by a 7-day period in which faeces from each animal were
collected daily and stored separately as a 1-week pool. The faeces
were weighed, lyophilised, powdered and then homogenised. On
Day 88 the animals were anaesthetised with sodium pentobarbital
(5 mg per 100 g of body weight) (Abbott Laboratories, Granada,
Spain) after an overnight fast. Terminal exsanguination was per-
formed by a cannulation of the carotid artery. Blood was drawn
to obtain serum and the livers and the left triceps brachii muscles
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were removed, weighed and frozen at �80 �C until enzymatic
analysis.

All management and experimental procedures carried out in
this study were in strict accordance with the current European reg-
ulations (86/609 E.E.C.) regarding laboratory animals. The Bioethics
Committee for Animal Experimentation at EEZ-CSIC approved the
study protocol.

2.5. Determination of in vitro antioxidant activity in the experimental
diets

The total antioxidant activity of the diets was evaluated deter-
mining their global antioxidant response by the GAR method.
This procedure starts with an in vitro gastrointestinal digestion,
following the technique described by Pastoriza, Delgado-Andrade,
Haro, and Rufián-Henares (2011). Once finished, the bioaccessible
(soluble) and the non-bioaccessible (insoluble) fraction of the diets
were separated and their antioxidant activity was assessed
by using the ABTS procedure (Re, Pellegrini, Proteggente, Pannala,
& Rice-Evans, 1999), conducted with slight modifications as
described by Rufián-Henares and Delgado-Andrade (2009).
Finally, the global antioxidant response (GAR) of the diets was cal-
culated as the sum of the antioxidant activity from their soluble
fractions + the antioxidant activity trapped in the insoluble
fractions.

2.6. Calculation of antioxidant activity intake and excreted with faeces

Taking into account the food intake during the last week of the
experiment and the GAR values for each diet, the daily intake of AC
was calculated for each dietary treatment. The AC still retained in
faeces was also determined. Using the data for daily intake and AC
retained in faeces in the last week of the assay, the apparent uptake
of AC was calculated (ingested AC – faecal AC) as well as its appar-
ent uptake efficiency, % A/I = 100 � (apparent uptake/ingested AC).
As describes, both indexes are ‘‘apparent’’, so that term ‘‘apparent’’
will be ommited in the rest of the manuscript.

2.7. Measurement of oxidative stress biomarkers in liver, muscle and
serum

The analysis of the antioxidant enzymatic activity was
measured in the cytosolic supernatants from liver and muscle as
well in the serum. Tissues homogenates were obtained as stated
in Pastoriza et al. (2014). Catalase (CAT) activity was determined
following the method described by Aebi (1984), superoxide
dismutase (SOD) was determined by the method of Fridovich
(1975), glutathione peroxidase (GPx) activity was assessed by the
technique of Flohé and Gunzler (1984) and the measurement of
reduced glutathione (GSH) was carried out by colorimetric assay
(QuantiChrom™ Glutathione Assay Kit; BioAssay Systems Ltd.,
Hayward, CA,). All oxidative stress biomarker determinations were
carried out within one week at least in triplicate.

2.8. Fructosamine determination in serum

The test kit commercialised by Química Clinical Aplicada
(Química Clinical Aplicada, Amposta, Spain) was used to determine
the serum fructosamine concentration (lmol/L).

2.9. Statistical data analysis

All data were statistically tested by one-way analysis of vari-
ance (ANOVA), followed by Duncan’s test to compare means that
showed a significant variation (p < 0.05). Evaluation of the relation-
ship between the different variables was carried out by computing
the relevant correlation coefficient (Pearson’s linear correlation).
Analyses were performed using Statgraphics Plus, version 5.1,
2001 (StatPoint, Inc., Herndon, VA).
3. Results and discussion

3.1. Relationship between dietetic melanoidins content and
antioxidant intake

The enrichment of a diet with different fractions of bread crust
showed contradictory results in a previous paper of our group
(Pastoriza et al., 2014) probably due to the complex composition
of such fractions. Therefore, we decided to use a GL model system
in order to find out some explanations regarding the effect of MRPs
on the antioxidant balance of rats.

It is well-known that Maillard reaction is able to generate many
different compounds depending on the food matrix used and the
heat treatment conditions. Some of the products formed at the
final steps of the Maillard reaction are melanoidins, brownish
high-molecular-weight compounds that contribute largely to the
overall antioxidant intake in the overall human population
(Pastoriza & Rufián-Henares, 2014). The strong heat treatment
used to prepare the GL sample, as well as the bread crust assayed
in our previous study, could generate a large amount of melanoi-
dins. In this sense, there were statistically significant differences
(p < 0.05) in the amount of melanoidins (Table 1) in bread crust
and the GL sample (18.2% vs. 96.4%, respectively). This could be
related to the ease of reaction between glucose and lysine instead
of the gluten glycation observed in bread crust. GL melanoidins had
a higher HMF and furosine content, and also showed a ten-times
higher fluorescence intensity and 100-times strongest antioxidant
activity compared with bread crust melanoidins. It is known that
free radical scavenging capacity of MRPs is highly correlated with
fluorescence intensity (Morales & Jiménez-Pérez, 2001). Thus, dif-
ferent antioxidant and fluorescence balances among rats fed bread
crust and those fed GL melanoidins could be expected. As stated in
Table 1, for rats fed a diet enriched with bread crust the ratio fluo-
rescence uptake/fluorescence excreted was 9.0, which was quite
similar to the ratio AC uptake/AC excreted (9.7%). In the same
way, for rats fed the GL model system the ratios fluorescence
uptake/fluorescence excreted and AC uptake/AC excreted were
38.5 and 38.7, respectively. From a mechanistic point of view this
could mean a relationship between the intake of fluorescent
compounds and the intake of antioxidant capacity, which rein-
forces the hypothesis of Morales and Jiménez-Pérez (2001) about
the relationship of fluorescence and the antioxidant activity of
MRPs. A part of such fluorescent/antioxidant characteristics could
be attributed to the polymeric melanoidins included within the
diet by means of bread crust or GL model system.
3.2. Global antioxidant response (GAR) of diets

Total AC of experimental diets was measured by applying the
GAR procedure using the ABTS�+ radical (Table 2), a method suc-
cessfully used as a more physiological approach to test the total
AC of different foodstuffs (Pastoriza et al., 2011). The procedure
allows the separate measurement of the soluble antioxidant
fraction (bioaccessible) and the insoluble one (non-bioaccessible).
The final result is calculated as the sum of both portions.

Some antioxidant compounds in the diet, especially polyphe-
nols, may be hydrolysed in the small intestine from their
associated compounds, releasing new antioxidant activity in vivo.
Moreover, they can be fermented in the colon to produce antioxi-
dant metabolites, which could be absorbed and even go back to the
gastrointestinal tract if they take part in the enterohepatic



Table 2
Global antioxidant response (GAR) measured in the experimental diets.a,b

Diets Soluble antioxidant
activity after in vitro
digestion (lmol
equivalents of Trolox)

Insoluble antioxidant
activity after in vitro
digestion (lmol
equivalents of Trolox)

GARc (lmol
equivalents
of Trolox/g
diet)

Control 402 ± 58a 7.6 ± 0.8a 409 ± 59a

GL 1560 ± 110b 32.2 ± 2.5b 1592 ± 107b

a Values are means ± SD, n = 4 are referred to 1 g of digested diet.
b Different letters within a column indicate significant differences between

groups (p < 0.05).
c GAR: global antioxidant response. It summarises soluble and insoluble

antioxidant ability from 1 g of diet.
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circulation (Cardona, Andrés-Lacueva, Tulipan, Tinahones, &
Queipo-Ortuño, 2013). It must be mentioned that total polyphe-
nols were measured in our diets (data not shown) and the amounts
were negligible. Therefore, the antioxidant activity in such diets
could mainly come from the presence of vitamin mix (0.7%)
(Reeves, Nielsen, & Fahey, 1993), the hydrolysis of carbohydrates
and proteins during the gastrointestinal process and from the
added MRPs. These are compounds not supposed to become an
important part of the enterohepatic circulation; it has been stated
that about 30% of low molecular weight MRPs are absorbed,
whereas only a very low proportion of high molecular weight
MRPs are absorbed (Somoza, 2005). Thus, all these sources of
antioxidant compounds present in the rat diets of this trial are
considered within the GAR procedure. However, it is worthy to
mention that the application of the approach proposed in this
study to evaluate the uptake of antioxidant capacity using other
type of diets could underestimate the antioxidant capacity
available at intestinal level, due to the in vivo production of
antioxidants and the possible enterohepatic circulation, a matter
especially important in human trials but not in rats, which usually
consume standard diets.

Important increases were detected in the soluble and insoluble
antioxidant activities after in vitro digestion of the GL diet,
compared with the Control one (1560 vs. 402 lmol equivalents
of Trolox/g diet) (Table 2). Since the GAR value is obtained by
addition of both portions, this parameter exhibited a significant
higher result in the GL diet. The only difference between both diet-
ary treatments was the inclusion of MRPs coming from the heated
glucose–lysine model system in the case of the GL diet, therefore
differences among their AC must be attributed to the presence of
those compounds. In this line, Seiquer et al. (2008) reported that
a diet rich in Maillard reaction products, designed for healthy male
adolescents, exhibited higher radical-scavenging activity measured
by the DPPH method than a diet low in those products. Only one
previous study, also coming from our research group, has reported
the suitability of the GAR method to evaluate the global AC of
Table 3
Food intake and daily input of antioxidant capacity (AC) in the organism after fe

Parameter

Food intake Global intake (g)
Intake in the balance week (g/day)
Final weight (g)

AC Intake (mmol equivalents of Trolox/day)
Faeces (mmol equivalents of Trolox/day)
Uptake (mmol equivalents of Trolox/day)
Uptake efficiency (%)

a Values are means ± SE, n = 6.
b Different letters among column indicate significant differences between gr
experimental diets for rodents (Pastoriza et al., 2014). In that case,
meals including both MRPs and glycated compounds from bread
crust were tested, revealing that the presence of those products
did not lead to a substantially higher AC compared with the control
diet. It is worthy to mention that the average GAR value detected in
those diets was 368 lmol equivalents of Trolox/g diet, while a level
of 1592 lmol equivalents of Trolox/g was measured in the GL diet
of the present trial. This difference is probably due to the different
origins for the MRPs, naturally formed in the case of bread crust
while strongly promoted under laboratory conditions in the case
of glucose–lysine model system.
3.3. Food intake and body weight

Although there were slight variations, the food consumption
was stable between diets during the whole experimental period
and the balance week (Table 3). There is no consensus on the
effects of MRPs on food intake. The consumption of high vs. low
MRP diet by healthy subjects induced an increase in the food
intake (Birlouez-Aragon et al., 2010), which could be attributed
to the pleasant aroma and flavour, as well as improvement in
palatability developed by MRPs. However, animal assays have
revealed controversial conclusions. The study of Hofmann et al.
(2002) depicted stable food consumption after feeding mice diets
containing high or low MRP levels, while Delgado-Andrade
(2002) reported decreases in the food intake by administrating
the same browning products to rats as those generated in this trial
(glucose–lysine model system heated at 150 �C for 90 min). The
discrepancy between these results and the data here presented
could be attributed to the age of the rats, which were younger in
the former study (therefore with lower capacity of adaptation to
the diet). This statement is supported by the fact that, in the pre-
sent trial, animals belonging to the GL group did not show any sta-
tistically significant decrease in their global food intake with
respect to the Control group (1189 vs. 1324 g of food intake for
GL and Control groups, respectively), although a tendency was
observed. However, during the balance week (last one) the food
consumption of the GL group was a little bit higher (p > 0.05) than
in the Control group (14.6 vs. 13.2 g food per day, respectively), evi-
dencing that an adaptation to the diet took place during the
advance of the experiment.

The mentioned trend to decrease the global food intake was
manifested in a lower final weight of animals belonging to the
GL group, but without reaching statistical relevance (Table 3). A
similar animals weight pattern was previously observed by
Pastoriza et al. (2014) after feeding rats diets including 10% bread
crust or its soluble fractions for three months. However, Sebekova
et al. (2005) observed an increase in body weight when rats con-
sumed a diet containing 25% of bread crust but not when the pro-
portion included was 5%.
eding rats different diets.a,b

Diets

Control GL

1324 ± 34a 1189 ± 51a

13.2 ± 1.0a 14.6 ± 1.9a

244 ± 5a 220 ± 9a

5.40 ± 0.398a 24.0 ± 0.888b

0.136 ± 0.007a 0.604 ± 0.011b

5.26 ± 0.392a 23.4 ± 0.898b

97.5 ± 0.1a 97.5 ± 0.1a

oups (p < 0.05).
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3.4. Daily input of antioxidant capacity in the organism

Taking into account the previous results obtained from experi-
mental diets containing MRPs from bread crust and its AC apparent
uptake (Pastoriza et al., 2014), we decided to perform a parallel
study focusing on a particular type of MRPs: those generated in a
glucose–lysine model system, as a major source of Maillard-
derived compounds in the diet. The calculations were based on
the application of the GAR procedure to the diets, in order to estab-
lish the total AC ingested and the AC still present in faeces. This
approach is adequate in our experimental conditions, since the
antioxidant sources in the rat diets are controlled (AIN93-G diet
added with model MRPs). Moreover, this procedure also consid-
ered the outstanding action of the intestinal microbiota, releasing
those antioxidant compounds trapped in the undigested portion
of the diets.

In spite of the stability in the food intake of the last week
(Table 3), the animals fed the GL diet ingested more than four
times the daily AC of the Control group (Table 3) due to the higher
GAR value detected in the GL diet (Table 2). As expected, the AC
detected in faeces of these animals was also greater, but due to
the high AC intake, a very high apparent uptake of AC was shown
in the GL group (23.4 vs. 5.26 mmol equivalents of Trolox/day for
GL and Control groups, respectively). These data suggest that many
of the compounds generated in the heated glucose–lysine model
system had the correct size and structure to allow their absorption
in vivo. Surprisingly, the uptake efficiency was exactly the same in
both dietary treatments (97.5%). In our previous study focused on
the antioxidant balance after long-term consumption of diets
including bread crust glycated compounds by adult rats, lower
AC uptakes and uptake efficiencies were reported (�90%), pointing
out that the MRPs originating in a complex food matrix, the bread
crust, had a worse availability at intestinal level (Pastoriza et al.,
2014). The higher ratio of AC uptake/AC excretion in the GL diet
means a favoured absorption compared to the bread crust diet.
This could be explained taking into account that the melanopro-
teins formed in bread crust are mainly composed of glycated glu-
ten, which could be hardly digested and/or absorbed compared
to those melanoidins formed in the GL model system. In addition,
the formation of melanoidins in the GL model system is specially
favoured contrary to the bread crust. Finally, the higher antioxi-
dant capacity uptake of those rats fed on the diet enriched in GL
could be related with the higher AC of the GL melanoidins com-
pared with those fed a diet enriched in bread crust.
3.5. In vivo antioxidant status after long-term consumption of
experimental diets

The main aim of this experiment was to investigate whether
MRPs derived from the glucose–lysine model system, a pool of
compounds frequently consumed in our usual diet, have some
antioxidant effect in vivo and therefore a possible health benefit.
With that purpose, absorption of MRPs is a prerequisite to exert
any in vivo effects and metabolic transit. Studies performed mainly
on rats have evidenced that at least 30% of low molecular weight
compounds are absorbed, whereas high molecular weight com-
pounds are absorbed to a much lesser extent (Somoza, 2005) and
probably after intestinal transformations (Homma & Fujimaki,
1981).

Among others, the enzymes CAT, SOD and GPx are important
tools available in cells and tissues to fight against reactive oxygen
species (ROS) generated during the oxidative metabolism (Ueda
et al., 1998). The CAT activity of tissues varies greatly, being impor-
tant in liver and kidney, and more residual in muscles and connec-
tive tissue (Aebi, 1984). Along with this, the CAT activity detected
in the liver of rats after being fed different diets was substantially
higher than in the muscle and serum (Figs. 1–3, respectively).

GPx plays a crucial role in the intracellular quenching of cell-
damaging peroxide species and the effective recovery of the GSH
stock (Ueda et al., 1998). Enhanced activity of GPx is a cell require-
ment to face the generation of ROS induced by prooxidant com-
pounds (Alía, Ramos, Mateos, Bravo, & Goya, 2006). As described
for CAT data, in the present trial SOD and GPx were quantitatively
higher in the hepatic tissue than in muscle or serum (Figs. 1–3,
respectively), which is in agreement with the important detoxifi-
cant and metabolic role of the liver. Finally, GSH depletion reflects
intracellular oxidation, whereas an increase in its level could be
expected to prepare the cell against potential oxidative damage
(Alía, Ramos, Mateos, Bravo, & Goya, 2005).

Focusing on the liver (Fig. 1), the intake of the GL diet did not
induce any significant modification in the CAT, SOD or GPx activi-
ties compared with the control group. Levels of GSH were also
unaffected by consumption of model MRPs. Therefore, the products
here assayed seem to be well detoxified in the liver, without
affecting its antioxidant balance. Even so, an inverse correlation
was manifested between the AC uptake and the SOD levels
(r = �0.8506; p = 0.0318), pointing out that the presence of model
MRPs in the organism consume a major portion of this compound
used to measure antioxidant activity. Opposite to these results, our
previous study established that the ingestion of bread crust gly-
cated compounds induced a clear increase in the CAT and GPx
activities, as well as higher levels of reducing power (GSH) within
the cell, revealing a positive action of those specific compounds at
this level (Pastoriza et al., 2014).

CAT, SOD, GPx and GSH were also tested in the left triceps bra-
chii muscle of the rats (Fig. 2), where oxidative status was substan-
tially different and less uniform. GPx significantly increased after
MRPs consumption and a clear reduction, although quantitatively
less important, was reported in the case of SOD. Kono and
Fridovich (1982) reported that the lower SOD activity could raise
the levels of anion superoxide and lead to certain inhibition of
CAT, which could be linked to the finding of the minor CAT activity
detected in this tissue. Moreover, SOD activity has been demon-
strated to be inhibited by methylglyoxal (Choudhary, Chandra, &
Kale, 1997), an a-dicarbonyl compound probably present in the
GL diet and able to contribute to the in vivo genesis of AGEs.
Levels of GPx kept high after the intake of the GL diet, pointing that
the actions of the CAT and SOD enzymes with the participation of
the GSH molecule were enough to repell the oxidative damage
caused to the muscle. Data found in the muscle indicate that this
tissue was submitted to a higher oxidative stress than the liver
as a consequence of the MRPs consumption, but still maintained
the ability to perform an adequate antioxidant defence.

A deeper effect on the oxidative status of this muscle was
obtained in rats fed on bread crust glycated compounds
(Pastoriza et al., 2014). In that study the different oxidative status
of the muscle compared with the liver was supported by the high
fructosamine levels in the serum of animals fed glycated com-
pounds from bread crust. Serum fructosamine is considered an
index of glycaemic control and its increase is a sign of elevated
blood glucose concentration for a sustained period (Ng, Thai, Lui,
& Koay, 1989). Its suitability for our studies is due to the recent
demonstration that diet-induced insulin-resistant mice main-
tained high levels of blood glucose (149 vs. 211 mg/dL for control
and experimental groups, respectively), evidence of a state of
oxidative stress in the skeletal muscle which resulted in mitochon-
drial dysfunction (Bonnard et al., 2008). Opposite to the results of
our previous study, in the present trial the fructosamine levels of
serum were unaffected by the consumption of model MRPs
(mean ± SE: 32.2 ± 6.9 and 39.8 ± 5.5 lmol/L, for the Control and
the GL group, respectively; p > 0.05) a fact that also corroborates
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that the muscle was not submitted to an excessive oxidative
environment.

Serum was also evaluated in order to find out differences in the
activities of CAT, SOD, GPx and GSH. In this fluid, besides the obser-
vation of non-significant variations in some of the parameters
analysed, a clear and significant increase in the GPx activity was
evidenced after the intake of the GL diet. This change suggests a
better antioxidant capacity of serum to perform the antiradical
defence as a consequence of the model MRPs consumption, a fact
reinforced by the finding of a high and positive relationship
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between the uptake of AC from the diet and the GPx activity in
serum (r = 0.9518; p = 0.0034).

The main body of studies about the actions of MRPs or glycated
compounds on oxidative stress have been developed in cell culture
and they usually show the protective effects of specific compounds
of the Maillard reaction. Thus, the ability of coffee (final MRPs) of
different molecular masses to protect human HepG2 cells against
oxidative stress has been established (Goya, Delgado-Andrade,
Rufián-Henares, Bravo, & Morales, 2007). In the same line, previous
findings of our research group showed that incubation of Caco-2
cells with solutions including MRPs from the same glucose–lysine
model system and H2O2 as oxidising agent, decreased lipid oxida-
tion and maintained the antioxidant enzyme activity (Ruiz-Roca,
Delgado-Andrade, Navarro, & Seiquer, 2011).

However, only a few in vivo assays have been performed to link
the effects of MRPs or glycated compounds consumption with the
effects on the enzymatic antioxidant defence. The results of the pre-
sent investigation are in line with data found by Somoza et al.
(2005). These authors demonstrated that feeding rats with a diet
containing bread crust, malt or a pronylated albumin increased
the antioxidant activity of plasma (measured by the inhibitory
effect on linoleic acid peroxidation), decreased the plasma TBARS
levels and raised the levels of chemopreventive enzymes in the liver
and kidneys. Coffee consumption in humans (five cups per day for
1 week), probably the highest melanoidins source in the human
diet, increases the plasma content of the antioxidant glutathione,
but with no changes in the hydroperoxide levels (Espósito et al.,
2003). Moreover, Correa et al. (2012) established that the consump-
tion of medium-light and medium roasted coffee by healthy volun-
teers increased the CAT, SOD and GPx activity in erythrocytes.
Seiquer et al. (2008) also documented that the consumption of a
white diet (free as possible in MRPs) or a brown diet (rich in
MRPs) in a group of healthy male adolescents did not modify the
in vivo antioxidant markers of damage or defence. However, the
treatment of biological samples with external oxidants revealed
higher values of AC after consumption of the MRPs-rich diet.
In summary, the approach set up by of our research team in a
previous study to estimate the uptake efficiency of the AC from
standard chows is applied to a diet rich in model MRPs. The
method, based on the GAR procedure, shows adequate suitability
since the antioxidant structures present in the experimental diet
essentially come from the heated glucose–lysine model system,
compounds not supposed to become an important part of the
enterohepatic circulation. The presence of the model MRPs in the
diet highly increases the intake and uptake of AC in the organism,
causing no significant damage in the antioxidant defence at hepatic
or muscle level, and even improving the antioxidant capacity of
blood. Despite these results, in order to establish the global impact
of the consumption of MRPs or glycated compounds on health, not
only the effects on the antioxidant balance should be considered
but also other systemic effects related with cardiovascular patholo-
gies, mineral metabolism or bone status.
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