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Dietary intake of antioxidants has been associated with a reduced risk of cardiovascular diseases,
which is very likely caused by their capability of prevent oxidation of low-density lipoproteins (LDL).
During food processing and storage, substances with antioxidative properties are formed by Maillard
reactions. In this study, the activity of Maillard products to inhibit copper-induced oxidation of human
LDL in vitro was investigated. D-Glucose was heated with an equimolar amount of glycine, L-lysine,
or L-arginine, for 1 h under reflux. The increase of the antioxidative activity (AOA) of the Maillard
mixtures was highly significant compared to the control mixtures. Additionally, two defined Maillard
products with amino reductone structure were tested. 3-Hydroxy-4-(morpholino)-3-buten-2-one (1)
and amino hexose reductone (2) showed a significant and dose dependent AOA. Compound 1 was
about half as active as ascorbic acid, which served as positive control. Thus, it can be concluded
that Maillard products, particularly those with amino reductone structure, have the strong potential to
inhibit LDL oxidation.
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INTRODUCTION

Antioxidative compounds, which occur naturally in many
food stuffs, are important for food technology, because they
inhibit lipid oxidation, and as a result, prolong shelf life of the
products (1,2). In addition to antioxidative vitamins, phenolic
compounds from spices (1), tea (3), fruits and berries, (4) or
wine (5) are very active. More recently, it was suggested that
the intake of antioxidative food components is also beneficial
for health. There is substantial evidence that antioxidative food
components have a protective role against coronary heart
diseases by inhibition of low-density lipoprotein (LDL) oxida-
tion in vivo (6). Oxidized LDL plays a major role during the
development of atherosclerotic plaques, and as a result, of
cardiovascular diseases (7). During food processing and storage,
natural antioxidants are considerably degraded. On the other
hand, chemical reactions among food components lead to the
formation of secondary antioxidants (8). Important candidates
for secondary food antioxidants are Maillard products. During

processing, cooking, or storage of foods, amino acids or proteins
react with carbohydrates (Maillard reaction), leading to a
complex mixture of reaction products (9). These compounds
are very important for the quality of food, because they
contribute to the development of flavor or browning and to
changes in the nutritional value, mutagenicity, and toxicology
(10-12). One of the first reports about the antioxidative effect
of Maillard products was released in 1954 by Franzke and
Iwainsky (13). Since then, antioxidant activities of Maillard
products have been studied extensively, using different test
systems (14-16). In most cases, crude Maillard mixtures or
uncharacterized melanoidines were tested, whereas only in a
few cases was antioxidative activity related to structurally
defined Maillard products (17-19). The protective role of
Maillard products against oxidative damage gained particular
interest, because they considerably prolong the shelf life of
processed food (20). Furthermore, Maillard products could be
used as natural antioxidants to be added to food susceptible to
oxidative damage (21). However, hardly anything is known
about a potentially beneficial role of reducing Maillard products
in vivo (22). It can be assumed that, similar to natural products,
secondary food components are resorbed and thus protect for
example LDL from oxidative damage.

In the present study, the ability of Maillard products to inhibit
LDL oxidation in vitro was investigated. First, Maillard mixtures
of D-glucose and three different amino acids and finally two
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structurally defined Maillard products with aminoreductone
structure were tested.

MATERIALS AND METHODS

Preparation of the Maillard Mixtures. The reaction mixtures
consisted ofD-glucose (1M) andL-lysine,L-arginine, or glycine (1M)
dissolved in water. The pH was adjusted to 7.1 with diluted phosphoric
acid or sodium hydroxide, and the mixtures were heated under reflux
for 1h. After cooling, the mixtures were directly used for LDL-assay.
D-Glucose or the amino acids were heated alone under the same
conditions and tested in the same way as the Maillard mixtures.
Additionally, heatedD-glucose and heated amino acid solutions were
mixed in a ratio of 1:1 prior to the LDL assay (control mixtures).

Isolation or Synthesis of the Maillard Products.Piperidino hexose
reductone (2) (23, 24) and 3-hydroxy-4-(morpholino)-3-buten-2-ones
(1) (18) were prepared according to methods described previously.
Briefly, for the synthesis of the latter, 1-bromo-2,3-butanedione (1 M)
and morpholine (2 M) were dissolved separately in tetrahydrofuran and
cooled on ice. The solution of morpholine was added dropwise to the
1-bromo-2,3-butanedione solution while stirring, and the mixture was
reacted for 30 min at room temperature and for 30 min at 50°C. The
product was obtained as lightly yellow crystals after column chroma-
tography on silica gel with ethyl acetate/diisopropyl ether (4:1) as eluent.
The purity of1 was checked by CHN analysis (Anal. Calcd for C8H13-
NO3: C, 56.13; H, 7.65; N, 8.18. Found: C, 56,16; H, 7.66; N, 8.06.).
UV (CH3OH) λmax 321 nm (logε ) 4.3) with negligible absorption in
the visible range. Compound2: UV (water, pH 6)λmax 308.5 nm with
negligible absorption in the visible range (25).

Inhibition of Human LDL Oxidation. The assay was performed
as described before (26). In brief description, LDL was prepared from
the blood of healthy volunteers after an overnight fast ofg 12h by
centrifugation in a density gradient. All experiments described here
were performed with the same representative LDL preparation from
one individual (male, 42 years, mixed western diet, no supplementation
with antioxidants or medication; the clinical parameters of lipid
metabolism were in the normal range). Similar results were obtained
with LDL preparations from other volunteers. Prior to use, LDL was
diluted with oxygen-saturated PBS pH 7.4 to a final concentration of
0.08 g/L LDL-cholesterol. The mixtures were added without further
treatment in a final dilution of 1:1000. The test substances were diluted
in water, and 0.5, 1, or 2µl of these solutions were added to 1 mL of
the LDL test solution to obtain the indicated concentrations. LDL
oxidation was initiated by addition of a freshly prepared aqueous CuSO4

solution (final concentration 5µM). LDL oxidation was spectropho-
tometricly monitored by measuring the change in absorbance at 234
nm. Absorbance readings were made every 5 min at 37°C until there
was no further increase in the formation of conjugated dienes.
Antioxidative activity was measured as duration of the lag phase and
related to the lag phase of a negative control consisting only of LDL
and CuSO4. The lag phase was determined as described before in detail
(27). In brief description, it was taken from the graphy ) OD234 and
x ) time and described by the time point where the linear extrapolation
of the propagation phase intersectsy ) y (t0). The experiments were
performed in multiplicates as indicated in the legends of the figures.

Statistical Analyses.A paired Student’st test was used for statistical
evaluation of significant differences between two groups withp < 0.01.

RESULTS

Maillard mixtures were prepared using equimolar amounts
of D-glucose and the amino acids glycine,L-arginine, and
L-lysine. The mixtures were added to human LDL in a final
dilution of 1:1000, and oxidation was induced by the addition
of Cu2+. Because all tests were carried out in aqueous solution,
ascorbic acid was used as positive control in a final concentra-
tion of 5 µM. Solutions ofD-glucose or the amino acids alone,
which were treated in the same way as the Maillard mixtures,
were also tested. In some experiments, the heated glucose
solution and the heated amino acid solution were mixed prior

to LDL assay (control mixtures). Some characteristic properties
of the test solutions are summarized inTable 1. LDL-oxidation
was recorded by measuring UV-absorbance of conjugated diens,
which are formed during its oxidation. Antioxidant activity
(AOA) was determined by the capability of a substance or a
mixture to prolong the lag phase compared to the negative
control, consisting only of LDL and CuSO4. The lag phase of
the negative control was 58.1 min( 3.8 (mean( S. E. M.)

As shown in Figure 1, all mixtures showed a highly
significant increase in AOA compared to the control mixtures.
AOA increased from 2.14( 0.1 to 6.46( 0.8 (glycine), from
1.41 ( 0.3 to 7.46( 2.0 (L-lysine), and from 1.13( 0.1 to
5.65( 1.9 (L-arginine), withp < 0.01. The effect was slightly,
but not significantly, dependent on the amino acid that was used
for preparing the Maillard mixtures.

The tested Maillard solutions are heterogeneous mixtures of
different compounds that are formed in various concentrations.
A study to identify the most active components in the mixtures
is currently under progress. Additionally, two compounds were
synthesized and tested for AOA toward LDL oxidation: 3-hy-
droxy-4-(morpholino)-3-buten-2-one (1), a C4-aminoreductone,
and amino hexose reductone (2) (Scheme 1). In model Maillard
reaction mixtures, both compounds are formed as major reaction
products (18,28). Furthermore, they both possess amino
reductone structures, so that they are very likely candidates for
antioxidative components in Maillard mixtures. Both compounds
showed a significantly increased AOA compared to the control,
which clearly was dose dependent: For1, AOA was 1.68(
0.5 at 2.5µM, 2.45 ( 0.5 at 5µM, and 3.17( 0.9 at 10µM.
For 2, AOA was 1.33( 0.09 at 10µM, 2.18 ( 0.3 at 20µM
and 3.2 ( 0.3 at 40 µM (Figures 2 and 3). At a given
concentration (10µM), the AOA of 1 was more than 2-fold

Table 1. Characterization of the Maillard Mixtures

Maillard mixture
or control

pH after
reactiona

OD360

(dilution)
OD420

(dilution)

glycine control 7.0 0.028 (undil) 0.022 (undil)
lysine control 7.3 0.270 (undil) 0.056 (undil)
arginine control 7.9 0.036 (undil) 0.008 (undil)
glucose control 6.9 0.51 (undil) 0.20 (undil)
glycine + glucose MP 4.9 0.49 (1:10) 0.23 (1:10)
lysine + glucose MP 4.9 0.52 (1:10) 0.22 (1:10)
arginine + glucose MP 7.2 1.1 (1:20) 0.55 (1:20)

a The pH was adjusted to pH 7.1 prior to reaction.

Figure 1. Effect of Maillard reaction mixtures on the copper-induced
oxidation of human low-density lipoprotein. The AOA is expressed as the
increase of lag time produced by the test solution compared to the negative
control. D-Glucose was heated with glycine, L-lysine, or L-arginine for 1 h
under reflux (MP ) Maillard reaction mixture; means ± standard deviation;
n ) 6). For all samples, a highly significant increase of AOA compared
to the respective control mixtures was measured.
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higher than the AOA of2. Compared to ascorbic acid (5µM),
which is known as a very potent antioxidant in food,1 showed
about half of the AOA at the same concentration. AOA of2 at
5 µM was not significantly above the control.

DISCUSSION

LDL oxidation was induced by the addition of Cu2+, and
AOA was measured by the capability of a test substance to
prolong the lag phase of the reaction. LDL oxidation was
monitored by UV-absorbance at 234 nm, resulting from the

diene band of oxidized polyunsaturated fatty acids. This system
is widely used as an in vitro model to evaluate a possible
protective activity of food components against cardiovascular
diseases (29), because there is strong evidence that oxidized
LDL is a major factor in the pathogenesis of atherosclerosis
(30).

In this study, it was shown for the first time that products
that are formed by the Maillard reaction betweenD-glucose and
amino acids can inhibit oxidation of human LDL in vitro.
Maillard mixtures derived fromL-lysine, which can be modified
at the NR- as well as at the Nε-amino group, from glycine, and
from L-arginine were tested. Although it must be expected that
reaction of NR- and Nε-amino group leads to similar products,
the yields of the Maillard products from the amino acids may
be different due to differences in the pKs values of the amino
groups and the presence of a second amino group in the
molecule. In contrast, the guanidinium group of arginine
produces different structures as primary amines, often with
imidazolone or pyrimidine moiety (10). However, in our
experiments, only slight, but not significant, differences were
found between the reaction mixtures derived from various amino
acids.

Maillard reaction mixtures are very heterogeneous and
complex, and their exact composition remains mostly unknown.
Although there are numerous studies that show that Maillard
reaction products possess antioxidative activity, the AOA could
seldom be assigned to defined structures. Volatile flavor
compounds, such as 2-acetylpyrrole, HMF, or 1-methylpyrrole,
that are formed by Maillard type reaction inhibited hexanal
oxidation (31). However, it seems that these compounds are
only formed in relatively small amounts in Maillard reaction
mixtures (32). Monti et al. investigated the antioxidative
efficiency of a lactose-lysine model system, and they were able
to assign some of the detected activity to defined peaks in the
HPLC chromatogram. The most active peaks were tentatively
assigned to 5-hydroxymethylfurfural (HMF), galactosyliso-
maltol, and pyrraline (33). The antioxidative activity of reduc-
tones and amino reductones is well established (19,34). Under
certain reaction conditions, particularly after short-term incuba-
tion, aminoreductones are the main UV-absorbing Maillard
reaction products (18, 35, 36). Using other test systems, it was
shown that aminoreductones that can be formed by Maillard
reaction have similar anti- or pro-oxidative properties to
L-ascorbic acid (18). And indeed, Shimamura et al. suggested
that a C6-aminoreducton is the main reducing substance in a
Maillard mixture of lactose (37). Therefore, we have investigated
the activity of two colorless aminoreductones formed by the
Maillard reaction to inhibit LDL oxidation in vitro. Compound
1 is a major Maillard product ofD-glucose with strong reducing
properties (18). Compound2, which is formed in large amounts
during the reaction of glucose with secondary amines, possesses
a cyclic aminoreductone structure (23, 24) (Scheme 1). Com-
pound1, and to a lesser extent2 showed strong dose dependent
activity to prevent LDL oxidation in vitro. Because both
compounds possess a very similarâ-amino reductone structure,
the differences in activity could be explained by steric or
conformational differences or differences in the lipophilic
properties, which results in another actual concentration at the
oxidation site. Interestingly, a considerably higher activity of
1, compared to a structurally similar C6-â-amino reductone, was
also found when AOA was measured in other test systems (17).
The exact mechanism of the antioxidative effect has not been
clarified. It must be assumed, however, that amino reductones
behave in a similar way to ascorbic acid (38), which rather reacts

Figure 2. Dose dependent increase of the AOA of the Maillard product
1 (NR1R2 ) morpholino). The antioxidative activity is expressed as the
increase of lag time of copper-induced low-density lipoprotein oxidation
compared to the negative control (means ± standard deviation; n ) 18
for 1 and 5 for ascorbic acid). For all samples, a highly significant increase
compared to the control was measured.

Figure 3. Dose dependent increase of the antioxidative activity (AOA) of
the Maillard product 2 (NR1R2 ) piperidino). The antioxidative activity is
expressed as the increase of lag time of copper-induced low-density
lipoprotein oxidation compared to the negative control (means ± standard
deviation; n ) 8 for 2 and n ) 5 for ascorbic acid). For all samples, a
highly significant increase compared to the control was measured.

Scheme 1. Formation of the Aminoreductones 4-Alkylamino-3-hydroxy-
3-butene-2-one and Aminohexose Reductone during the Maillard
Reaction of D-Glucose
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with radicals and other reactive oxidative species than chelate
the copper ions. Reductones and amino reductones possess
highly reducing properties (34,39) and are not stable in the
presence of metal ions (40). It is not clear yet if amino
reductones of the types1 and2 are indeed responsible for the
AOA observed in the test mixtures. Compound2 is mainly
formed from secondary amines and sugars, so it is unlikely that
the substance is present in the tested mixtures from primary
amines. Although HPLC chromatography of the test mixtures
strongly indicate the presence of amino reductones of type1,
(peak with a characteristic UV spectrum and maximum at 321
nm), quantification of these compounds in the mixtures was
not performed.

This study shows clearly that Maillard reaction products can
prevent oxidation of human LDL in vitro. In this test system,
amino reductones -particularly those of type1- show a strong
antioxidative activity. It remains to be investigated if the intake
of certain Maillard products contribute to the nutrition-dependent
increase of antioxidative capacity, and -as one consequence-
reduction of LDL oxidation in vivo.

ABBREVIATIONS USED

AOA, antioxidative activity; LDL, low-density lipoprotein;
PBS, phosphate buffered saline.
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