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Abstract Melanoidins are the final products of the
Maillard reaction. The main dietary sources of melanoidins
are coffee, bread crust, bakery products, black beer and
cocoa. Although the chemical structures of melanoidins are
widely unknown, data from gravimetric techniques allow
to roughly estimate a daily intake in the order of 10 g with
a Western diet. Melanoidins contribute to the sensorial
properties, modulating texture and flavour of foods.
Growing evidence also suggests that melanoidins have
health beneficial properties, such as chemopreventive,
antioxidant and antimicrobial activities, and the ability to
chelate different minerals. In the gastrointestinal tract,
melanoidins behave not only as antioxidants, but also as
dietary fibre by promoting the growth of bifidobacteria.
This array of biological activities suggests the need for
analytical techniques to identify the melanoidin structures
and to control their formation during thermal food
processing.
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Chemical properties of melanoidins

Melanoidins are formed at the final stages of the Maillard
reaction (MR). The different steps of the MR were illus-
trated for the first time in the general scheme by John
Hodge (1953) who schematized the reaction in three steps:
I, formation of early stage compounds, mainly the Amadori
products; II; formation of intermediate Maillard reaction
products (MRPs), such as hydroxymethylfurfural (HMF),
Strecker aldehydes or pyrazines; III, formation of final
reaction products, the melanoidins.

Melanoidins are brown in colour, have a heterogeneous
structure, and different from caramel, they always contain
nitrogen. They are considered high molecular weight
polymers, although the term polymer might not be fully
appropriate because of their heterogeneous nature. The
estimation of the molecular weight of melanoidin molec-
ular weight has been performed by gel filtration or dialysis
(Hofmann et al. 2001), mass spectrometry (Smaniotto et al.
2009) and centrifugation through membranes with different
cut-off sizes (Borrelli et al. 2003). However, dialysis
membranes are calibrated using globular proteins, making
any size estimations very rough. There is no general con-
sensus about their actual molecular weight, ranging from a
few thousands of Daltons (pre-melanoidins, Finot and
Furniss 1989) to 10-20 kDa (melanoidins having inter-
mediate molecular weight, Borrelli et al. 2003), to more
than 100 kDa (Borrelli et al. 2002; Hofmann 1998).

Melanoidins are quite hydrophilic (Migo et al. 1997)
and they are usually negatively charged (Morales 2002;
Bekedam et al. 2007). In complex systems, other com-
pounds are likely non-covalently associated to their surface
(Delgado-Andrade and Morales 2005; D’Agostina et al.
2004) and this is another factor contributing to the ana-
lytical challenge to determine their molecular size.
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Table 1 Chemical properties of melanoidins investigated in foods

Food melanoidins Water solubility

Other components

References

Coffee High

Soy sauce Moderate -
Bread Low -
Nut and seeds Low Fats
Cocoa Moderate

Milk Moderate -
Dark beer High

Balsamic vinegar Moderate -
Sweet wine Moderate

Chlorogenic acid

Catechins

Phenolic compounds

Phenolic compounds

Bekedam et al. (2008d)

Wang et al. (2007), Homma et al. (1998)
Borrelli et al. (2003)

Acar et al. (2009)

Summa et al. (2008)

Calligaris et al. (2004)

Rivero et al. (2005)

Falcone and Giudici (2008)

Ortega-Heras and Gonzalez-Sanjosé (2009)

The solubility of melanoidins depends on the nature of
the reactants and on the size of the polymer: Those having
a very high molecular weight are often insoluble. Some
categories of melanoidins according the nature of the
reactants can be differentiated (Table 1). In protein-rich
foods, the MR leads to the formation of a network among
the proteins which are crosslinked by carbohydrate-derived
structures. In this case, a particular class of melanoidins is
formed: melanoproteins, having a very high molecular
weight and being largely insoluble (Hofmann 1998).

A different situation occurs when low molecular weight
(LMW) compounds such as monosaccharides and amino
acids are involved in the polymer formation. In this case,
the formation of melanoidins occurs by a bottom up
mechanism with the formation of LMW blocks of brown
soluble material. If the reaction is prolonged, these blocks
will condensate, generating high molecular weight soluble
melanoidins. However, under low water activity condi-
tions, also a significant amount of insoluble material is
formed (COST Action 919 1998).

When the reaction between amines and sugars involves
polysaccharides and oligosaccharides, a variety of products
can be formed, depending on the nature of the reactants. In
starch-rich foods, the melanoidins are poorly soluble due to
the limited solubility of the starch.

Next to proteins/amino acids and carbohydrates, other
structures such as phenolic compounds can be incorporated
into the melanoidins. This has been demonstrated for cof-
fee melanoidins, where fragments of chlorogenic acid
(CGA) have been analysed (Borrelli et al. 2002) and cocoa
melanoidins containing polyphenols like catechins (Summa
et al. 2008). The brown polymers in nuts and seeds seem to
be of particular interest (Agar et al. 2009) since, during
roasting and frying of these products, the fat moiety also
plays a role in the formation of melanoidins. During heat
treatment, fatty acids can be oxidized and the fat carbonyl
group may react with amino group much more efficiently
than the carbohydrate carbonyl group (Oliviero et al. 2009;
Hidalgo and Zamora 2008). In these cases, it is likely that
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lipid oxidation products end up in a structure that con-
tributes to the formation of an insoluble brown polymer.

As mentioned above, it is not possible to define a precise
melanoidin structure due to their heterogeneous nature.
However, some structural elements have been identified in
model systems and in foods. Tressl et al. (1998) showed
that the reaction between deoxy-p-ribose and methyl
4-aminobutyrate leads to the formation of linear oligomers
that contain units of furan and pyrroles. These oligomers
can form, through polycondensation reactions, high
molecular weight melanoidins with repeating units. Simi-
larly, Kato and Hayase (2002) suggested that melanoidins
have structural similarities with Blue M1, a compound
containing a pyrrolopyrrole ring which is formed in
xylose—glycine reaction system.

Cammerer and Kroh (1995) proposed a melanoidin
structure having a skeleton that is formed by polymerized
carbohydrate degradation products and linked with amino
compounds. They showed how the melanoidins structure
can easily change with the reaction conditions. Later on,
the same authors demonstrated that, if the reaction is
carried out with oligosaccharides, intact carbohydrate
structures are incorporated into the polymer, suggesting
that the glycosidic bond remained intact, particularly in
water-free conditions (Cimmerer et al. 2002). Using a
radiolabelled approach, Brands et al. (2002) were able to
determine an extinction coefficient of melanoidin and
showed that, in a glucose casein system, the amount of
sugar bound to casein is directly proportional to the col-
our of the solution.

In foods, melanoidins are more frequently built up with
proteins than free amino acids. Hofmann (1998) showed
that, in casein glucose systems, LMW coloured substances
can be formed on the side chain amino groups of lysine or
arginine, thus crosslinking different polypeptides. Alter-
natively, in systems like gluten, where proteins form a
network through disulphide bridges, coloured small
molecular weight MRPs (which are formed through
ammonia release by glutamine and asparagines) can remain
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physically entrapped in the gluten matrix (Fogliano et al.
1999).

Among food melanoidins, those from coffee are by far the
most widely investigated. During roasting of green coffee
beans, chemical and structural changes occur where poly-
saccharides, proteins and phenolic compounds contribute to
the formation of coffee melanoidins (Viani and Illy 1995).
Nunes and Coimbra (2007) proposed three different frac-
tions in the high molecular weight fraction of coffee brew:
melanoidins, galactomannan-like polysaccharides and
arabinogalactan-like polysaccharides. Recently, it was also
demonstrated that phenolic compounds can also be non-
covalently linked to coffee melanoidins and melanoidins
could act as carriers of LMW substances (Delgado-Andrade
and Morales 2005).

With a series of six papers, Bekedam et al. (2006, 2007,
2008a, b, ¢, d) demonstrated that coffee melanoidins
incorporate polysaccharides, CGAs, sucrose and amino
acids/protein fragments. Prolonged roasting led to forma-
tion of melanoidins with high molecular weights, in which
arabinogalactans are more involved than galactomannans.
The authors hypothesized that chromophores may be
formed or attached through the arabinose moiety of arab-
inogalactan proteins.

From NMR spectroscopy data, Bunzel and co-workers
(Gniechwitz et al. 2008a, b) concluded that intact caffeic
and ferulic acid derivatives are not incorporated into the
melanoidins to a significant extent, suggesting that also
phenolic structures were significantly modified during the
reaction with other components during roasting.

In summary, the absence of a known molecular structure
and the strict dependence of its concentration on processing
conditions in the final product has hampered an estimation of
the dietary intake of melanoidins thus far. However,
mounting evidence suggests that melanoidins are not an inert
material and that they may exert some physiological activity.

Melanoidins occurrence in foods

Since genesis of melanoidins is linked to the thermal pro-
cessing of foods, it is expected that their occurrence is
ubiquitous in our diet. However, there is a gap in the sci-
entific literature concerning the estimation of the contents
of melanoidins in different food stuffs. Even a rough esti-
mate is missing due to the absence of reference materials.
Noteworthy, not a single food melanoidin structure has
been isolated and fully characterized so far, only some
information regarding the major compounds contributing
to the backbone structure of melanoidins is available.
However, the first melanoidins studied were those in soy
sauce (Sakurai et al. 1981) due to their outstanding impor-
tance at the Asiatic diet. Several processed foods have been

studied for their melanoidin content so far, either based on
the abundance of melanoidins or based on the frequency of
consumption: roasted coffee beans (Maier and Buttle 1973),
cocoa (Hofmann et al. 1999), malt (Obretenov et al. 1991),
roasted barley (Milic et al. 1975), black beer (Kuntcheva
and Obretenov 1996), roasted potatoes (Ponnampalam and
Mondy 2006), roasted pulses and seeds (Agar et al. 2009),
roasted meat (Obretenov et al. 1993), dairy products
(Meshcheryakova et al. 1987), bread (Borrelli et al. 2003),
balsamic vinegar (Giudici et al. 2009), sweet wine (Ortega-
Heras and Gonzalez-Sanjosé 2009), processed tomatoes
(Adams et al. 2005). As mentioned before, coffee brews and
instant coffee have been most widely studied due to the
large amounts of water-soluble melanoidins formed.

As mentioned before, the main drawback to calculate
food content of melanoidins is the lack of a reference
material, the absence of a known molecular structure, and
the appropriate analytical method. In the past, the content
of melanoidins has been calculated gravimetrically, as the
difference of the sum of known constituents of the target
food (Obretenov and Vernin 1998). However, this proce-
dure bears much bias. Later on, and based on the their
polymeric nature, melanoidins were isolated from the
LMW material of the food matrix and further characterized
by their brown colour as measured for their absorbance at
wavelength between 400 and 450 nm (Borrelli et al. 2002;
Brands et al. 2002). A step forward was settled by the
European COST Action 919 (COST 1999) within which
analytical procedures of isolation and characterization were
compared and harmonized, including functional properties
attributed to melanoidins.

Briefly, there are three main approaches for isolation of
melanoidins: extensive tubing dialysis, ultrafiltration, and
gel permeation/molecular exclusion chromatography tech-
niques. Figure 1 depicts a classical chromatographic sep-
aration of water-soluble coffee brew melanoidins. After
this separation, melanoidin fractions are lyophilized and
their content can be expressed in a dry mass basis of the
initial food. For example, the melanoidin content in roasted
coffee is expected to be up to 35% of their weight but it
depends on the extent of the roasting and type of process
(Bekedam et al. 2008b; Nunes and Coimbra 2007). An
educated extrapolation considering the dietary intake from
a moderate coffee consumption habits suggests an intake of
melanoidins close to 0.5 g/day (Morales and Fogliano,
unpublished results). A similar approximation can be cal-
culated for bread and cereal products by combining the
mean level of consumption with a weighted estimation of
the melanoidin content of the product. In case of cereal
products, melanoidins are mainly present in the crust,
whereas in dry biscuits, they are distributed through the
entire product. Due to the proteinaceous nature of those
melanoidins, enzymatic treatment with proteases 1is
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Fig. 1 Elution profiles of coffee brew (a) and its corresponding
isolated melanoidin fraction (b) by size exclusion chromatography.
Melanoidin fraction is isolated by ultrafiltration. Dotted line denotes
the nominal cut-off at 10 kDa

necessary before isolation and quantitation (Borrelli et al.
2003). For bread and biscuits, an intake up to 15 and up to
8.5 g/day can be estimated, respectively. Those numbers
for the intake of melanoidins from coffee and bread suggest
a total dietary intake of about 10 g/day for the general
population consuming a classical western diet (Morales
and Fogliano, unpublished results).

In vivo effects of melanoidins

A prerequisite for dietary compounds to have a biological
effect is its bioavailability, with the relevant exception of
the effect inside the gastrointestinal tract. In general, the
bioavailability of high molecular weight MRPs is assumed
to be highly limited, whereas for low molecular MRPs, in
particular when administered as free, non-protein linked
compound, substantial amounts can be detected in the urine
after dietary intake (Somoza 2005).

The first metabolic transit data of fructoselysine as an
Amadori compound in human volunteers have been reported
by Erbersdobler et al. (1986), showing that urinary excretion
of orally administered fructoselysine is about 3%, whereas
faecal excretion can be estimated at about 1%. These data
confirmed a hypothesis made 16 years before (Erbersdobler
etal. 1970), when intestinal microorganisms were thought to
degrade Amadori products. The proof of this hypothesis was
finally provided by Wiame et al. (2002) who discovered the
enzyme fructosamine-6-kinase, which enables Escherichia
coli and other species to metabolize Amadori products.

In the past 20 years, a few more studies focused on the
metabolism of food-derived MRPs (for review, see Faist
and Erbersdobler 2001; Bergmann et al. 2001; Somoza
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et al. 2005, 2006), all demonstrating an absorption rate of
LMW MRPs of up to 30%, depending on the structure and
the administered dose. Bergmann et al. (2001) used posi-
tron emission tomography (PET) to monitor biodistribution
and elimination of radiofluorinated Ne-carboxymethylly-
sine (CML). The authors found that the compound was
rapidly absorbed and transported into circulation, followed
by an excretion through the kidneys.

For high molecular weight melanoidins, Finot and
Magnenat (1981) reported an urinary excretion rate of a
10,000 Da fraction of a '“C-labelled, at 100°C heated,
casein/glucose mixture of 4.3%, as opposed to a 27% uri-
nary excretion of the administered dose for the LMW
fraction below a molecular weight of 10,000 Da. Taken
together, there is circumstantial evidence that low and even
high molecular MRPs are being absorbed at least to some
extent, albeit metabolic transit data for a MRP structure
showing a structure-specific bioactivity such as an antiox-
idant activity in vivo are still lacking. For heat-treated
foods, however, numerous intervention trials in animals
and humans have been performed aiming at their ability to
increase the antioxidant capacity in plasma or tissues.

Regarding melanoidins, studies on rats suggested that
they are absorbed, probably after some modification by
intestinal enzymes and/or microorganisms. Interestingly, in
studies performed by Finot and Magnenat (1981), a LMW
fraction was hardly detected by gel chromatography in the
faeces of rats fed a diet containing 2% HMW melanoidins,
but the melanoidins excreted had an even smaller propor-
tion of LMW components than the original one. Therefore,
it may be speculated that even the HMW melanoidin
fraction in the diet was degraded into LMW fractions by
intestinal microorganisms, and these products were absor-
bed in the intestines. However, even non-absorbed mela-
noidins may elicit beneficial effects passing through the
intestines (Gokmen et al. 2009).

Melanoidins acting as dietary fibre

The daily intake of melanoidins from different sources is in
the order of magnitude of the amount recommended for
dietary fibre intake which is of 30 g/day. Unfortunately,
melanoidins do not fall into the definition of dietary fibre
because they are not exactly “polysaccharides naturally
present in raw foods” as they are formed upon processing
and moreover they include an amino acidic/protein moiety
besides polysaccharides.

On the other hand, there is mounting evidence that
melanoidins actually behave as dietary fibre, being largely
indigestible by humans and fermented in the gut. Com-
paring melanoidins with the various types of natural
polysaccharides, a structural similarity with cereal
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arabinoxylans, can be highlighted. In fact, this particular
dietary fibre is predominantly linked to phenolic com-
pounds, mainly to ferulic acid, and so, like melanoidins,
arabinoxylans have an antioxidant capacity close to
100 mmol Trolox equivalents/kg (Serpen et al. 2008).

Cereal dietary fibre was considered as antioxidant dietary
fibre (Saura-Calixto 1998) and the relevant physiological
role that this type of food material can exert in vivo has been
outlined in different papers (Vitaglione et al. 2008; Gokmen
et al. 2009). From a functional standpoint, melanoidins
perfectly fit into the definition of the antioxidant dietary
fibre. Due to the abundance of reducing functional groups
present in this polymer, both soluble and insoluble mela-
noidins can act like antioxidant dietary fibre, quenching
radical species which are continuously formed in the gas-
trointestinal tract (Babbs 1990). The quantitative relevance
of melanoidins in maintaining the reducing environment in
the gut should be a matter of future assessment. However,
the observation by Garsetti et al. (2000) reporting that the
antioxidant capacity of faeces is related to the coffee con-
sumption and not to the intake of whole grain, fruit and
vegetables suggests that melanoidins, at least those from
coffee, may have a prominent role in this respect.

The other fundamental feature that should be investi-
gated for any non-digestible food ingredient is the ability to
promote the growth of beneficial bacteria in the lower gut.
This important property is attributed to prebiotic com-
pounds in foods. In general, the term ‘prebiotic substance’
refers to soluble dietary fibre (fructo-oligosaccharides and
inulin) that is able to modify the balance of intestinal
microorganisms, mainly increasing the concentration of
lactobacillus and bifidobacteria (Gibson et al. 2004).

Data from human and animal studies have shown that
dietary melanoidins are not digested in the upper gastro-
intestinal tract and they are mainly recovered in the faeces
(Faist and Erbersdobler 2001). Therefore, food melanoi-
dins, as part of the food’s indigestible material that reaches
the lower gut, might be metabolized by the gut microor-
ganisms and might be considered as a potential prebiotic
material. In this respect, first investigations were addressed
by Erbersdobler et al. (1970) and Horikoshi et al. (1981) on
the effect of MRPs on the microorganisms in rats. Later
studies showed that melanoidins escape digestion and pass
through the upper gastrointestinal tract where they can
interact with the different microbial species present in the
hindgut (Finot and Magnenat 1981).

Ames et al. (1999) tested the prebiotic activity of gly-
cated BSA, but no beneficial effects were found. Later on,
Dell’ Aquila et al. (2003) showed that low molecular mass
products formed by peptic and tryptic digests of melano-
proteins are able to change the growth of bacteria.

Borrelli and Fogliano (2005) investigated the potential
prebiotic activity by a static batch culture of different

melanoidins isolated from bread. Results showed that
anaerobic bacteria, particularly bifidobacteria strains, are
able to use bread crust melanoidins as unique carbon
source. The bacterial growth was different for the various
types of melanoidin samples, indicating that the starting
material and the processing conditions have a strong
influence on the prebiotic potential of bread melanoidins.
In particular, it was possible to note that after about 10 h of
fermentation, the resulting bread melanoidins well support
bifidobacteria growth, while the other bacteria considered
(Clostridia, Bacteroides spp., Streptococci, and Entero-
bacteriacea) showed a limited aptitude to use those mela-
noidins. In conclusion, bread crust melanoidins can be
metabolized/fermented by the human hindgut microor-
ganisms. These melanoidins selectively enhance the
growth of bifidobacteria, which are desirable bacteria in the
gut due to their health-promoting properties.

A similar effect could be observed for coffee silverskin,
which is a by-product of coffee roasting that contains very
high contents of coffee melanoidins (Borrelli et al. 2004).
Nunes and Coimbra (2007) also demonstrated that mela-
noidins from coffee which are mainly constituted by
polysaccharides such as arabinogalactans and galacto-
mannans have a good prebiotic potential.

Recently, a series of papers published by the group of
Bunzel from the University of Minnesota (Gniechwitz et al.
2008a, b; Reichardt et al. 2009) showed that coffee mela-
noidins definitively behave as a soluble dietary fibre since
they are fermented by the microorganisms in the gut. High
amounts of acetate and propionate were produced after
microbial degradation of high molecular weight components
from coffee, the authors also point out that most of the effect
is due to galactomannans and arabinogalactans which are
also present in the high molecular weight coffee fraction.

Altogether, data available up to now suggest that poly-
saccharide-rich melanoidins such as those present in coffee
are preferentially metabolized by bifidobacteria, while
protein-rich melanoidins as obtained by protein glucose
mixtures are good substrates for potentially harmful protein
metabolizing bacteria predominantly present in the
descending tract of the colon.

The biological activities may also be attributed to the
degradation products of melanoidins in the large intestine:
As for other insoluble, non-digestible material, they may
also play a role in the binding and/or release of other,
putatively harmful dietary components.

Melanoidins as antimicrobial agents in foods
Thermal processing is basically applied to foods to increase

their shelf-life, to promote a number of physical-chemical
modifications that make the food edible and to increase the
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acceptability of foods to consumers. Hence, the ability of
melanoidins to influence food shelf life also by inhibiting
undesired microbial growth is of great interest.

The antimicrobial activity of melanoidins was initially
studied using model systems constituted by sugars and
amino acids, and coffee. The most extensive study was
performed by Einarsson et al. (1983) who measured the
antimicrobial activity of arginine—xylose and histidine—
glucose MR mixtures. Further investigations were carried
out in specific microbial growth media, which showed that
melanoidins can either stimulate microbial growth (Jem-
mali 1969) or inhibit it (Einarsson et al. 1983; Stecchini
et al. 1991), but differences between low and high
molecular weight products were not depicted. Daglia et al.
(1994) reported that the antibacterial activity of coffee
melanoidins depends on the degree of roasting and is not
related to the procedure applied to prepare the coffee
beverage. In summary, melanoidins can exert their anti-
microbial activity mediated by a bacteriostatic activity or
bactericidal activity. Basically, it depends on the mela-
noidin concentration, the pH and the temperature of the
media, and the molecular weight and structure of the MRP.
Antimicrobial activity of the MRP in study was mediated
by lowering the iron solubility, resulting in a decrease in
glucose and oxygen uptake. However, it can be assumed
that the availability of other nutrients, which are essential
for growth and survival of bacteria, is reduced. In addition,
the antimicrobial activity of MRPs is also referred to the
interference with the uptake of serine, glucose, and oxygen
(Einarsson 1987), to inhibit the carbohydrate catabolizing
enzymes of the microorganisms (Lanciotti et al. 1999) or
their potential antioxidant activity (Mattila and Sandholm
1989). But the exact mechanism by which melanoidins or
MRPs affect the bacterial growth is not completely known.

Recently, new insights were described by Rufidn-
Henares and Morales (2008a, b) for coffee and biscuit
melanoidins of different molecular weight. The authors
stated that melanoidins provoke irreversible cell membrane
disruption, which was independent of the bacterial trans-
membrane potential. These results indicate that melanoidins
are able to kill pathogenic bacterial strains (E. coli) by
causing irreversible changes to the inner and outer mem-
branes. This result indicates interference with biosynthetic
processes, such as the inhibition of nutrient transport and
macromolecular precursors. Rufian-Henares and De la
Cueva (2009) suggested three different mechanisms for the
antimicrobial activity of coffee melanoidins that can occur
simultaneously. At low concentrations, melanoidins may
exert a bacteriostatic activity mediated by iron chelation.
Second, in bacterial strains that are able to produce sid-
erophores for iron intake, melanoidins may chelate the
siderophore—Fe3+ complex, which could decrease the vir-
ulence of pathogenic bacteria. Third, coffee melanoidins
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may also exert a bactericide activity at high concentrations
by removing Mg2+ cations from the outer membrane, pro-
moting the disruption of the cell membrane and allowing
the release of intracellular molecules.

Opposite to the strategy to exert the antimicrobial
activity of melanoidins towards specific strains such as
Bacillus subtilis, E. coli, Staphylococcus aureus or Bacillus
stearothermophilus, Rufian-Henares and Morales (2006)
developed a general procedure to estimate the antimicro-
bial activity of melanoidins. This approach allows to study
the mechanism of action and to assess the antimicrobial
potency of melanoidins independently of the specific strain.
The target microorganism was Geobacillus stearothermo-
philus var. calidolactis, which is highly sensitive to a wide
variety of antimicrobial substances. The efficiency of the
antimicrobial activity exerted by the different melanoidins
was expressed as oxytetracycline equivalents. In general,
antimicrobial activity of melanoidins is significantly higher
towards S. aureus (Gram-positive) than E. coli (Gram-
negative), probably because Gram-positive bacteria are
known to be more resistant to the action of antibiotics in a
general way. Results indicate that both strains have dif-
ferent sensitivity against the presence of melanoidins and
probably different mechanisms of inhibition. This proce-
dure is presented as a rapid screening of the potential
antimicrobial properties of melanoidins, and subsequently
to MRPs as well, against pathogenic strains in order to
isolated substances with biological activity.

Melanoidins acting as antimicrobial agents

Hiramoto et al. (2004) demonstrated the inhibitory activity
of a variety of protein-derived melanoidins on urease-
gastric mucin adhesion of Helicobacter pylori which plays
an important role for the infection and colonization of the
host (animals and humans). H. pylori infection is the pri-
mary cause of peptic ulcer and gastric cancer and its col-
onization in the stomach is suppressed by anionic polymers
such as food melanoidins. Some beverages and foods
protect tooth surfaces against Streptococcus mutans by
inhibiting their glucosyltransferase activities. Adhesion of
S. mutans to the tooth surface is an important step in the
initiation and the development of dental caries. Results
from Daglia et al. (2002) indicated that coffee might help
to prevent cavities. Melanoidins may play a role in regu-
lating dental plaque formation in vivo and, thereby, have
long-term effects on the development of dental caries. It
was also found that green, unroasted coffee beans were less
active than the corresponding roasted coffee beans. But the
effect indicating that coffee, if consumed solely, has anti-
caries activity, but in the presence of additives the anti-
bacterial and anti-caries activity was totally minimized.
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Melanoidins as chelating agents

Melanoidins are likely to play an important role in the
binding of nutritionally important metals (O’Brien and
Morrissey 1997), potentially undesirable dietary com-
pounds (Yen and Hsieh 1994) and odourants (Hofmann and
Schieberle 2002). Secondly, the chelating properties
towards metal ions also contribute to the antioxidant and
antimicrobial properties of melanoidins in foods (Rufian-
Henares and De la Cueva 2009) and in vivo (Tagliazucchi
et al. 2010). Also, the chelating ability of melanoidins is
relevant from technological (Petracco et al. 1999), nutri-
tional (Jagerstad et al. 2002) and physiological (Faist and
Erbersdobler 2001) points of view.

Chelation of odorants

This property has been used for the stabilization of aroma
compounds, such as furfural or pyrrole derivatives and
aromatic thiols, which have an impact on the overall
organoleptic properties of coffee, beer and sweet wine
(Kuntcheva and Obretenov 1996; Rivero-Pérez et al. 2002).
Hofmann et al. (2001) studied the flavour binding proper-
ties of coffee melanoidins with different coffee aroma
compounds in the same concentration as determined in a
coffee brew. Melanoidins were remarkably active against
thiols such as 2-furfurylthiol, 3-mercapto-3-methylbutyl
formate, and 3-methyl-butene-1-thiol, but aldehydes
remained unaffected. In addition, the presence of mela-
noidins is directly associated with the reduction of the
intensity of the sulfury-roasty odour quality of the coffee
brew. Melanoidins behave as multifunctional structures
and are able to link covalently or ionically different
odorant via Schiff bases, disulfide links, forming thioesters
or thioacetals. Ortega-Heras and Gonzalez-Sanjosé (2009)
established the impact of the addition of melanoidins from
boiled must on the aroma and colour of sweet wines. The
extent of the aroma binding process was reversible and
variable depending on the kind of melanoidins present in
the syrup. This aspect has a technological impact since
flavour retention capacities of melanoidins could maintain
or even improve the organoleptic properties of products
such as roasted and instant coffee, bread, fruit juices or
beer for a long time (Obretenov et al. 2002).

Chelation of ions

At pH values close to those found in most foods, mela-
noidins have a negative net charge and are able to bind
metallic ions (Migo et al. 1997). Gomyo and Horikoshi
(1976) reported that the melanoidins behave as anionic
hydrophilic polymers, which can form stable complexes

with metal cations. In general, melanoidins exert a net
negative electric charge at pH 5.0, and melanoidins become
more negative at higher pH values. Then, an equilibrium is
reached when the rate of formation of the melanoidin—
metal adduct is equal to the rate of dissociation. This
property has been pointed out to exert negative nutritional
consequences since, for instance, excessive coffee con-
sumption will inhibit iron absorption (Mok et al. 1983) or
calcium absorption.

Further melanoidin—metal-chelating activities of Ca(Il),
Fe(I), Zn(1I), Pb(1I), Cu(Il) and Co(II) have been descri-
bed (Wijewickreme et al. 1997; Rendleman 1987; Borrelli
et al. 2002). In general, the metal-chelating activity is
more effective of melanoidins obtained at more severe
heating conditions that generate more insoluble structures
(Rendleman 1987). The first evidence of an interaction
between the mineral metabolism and MRPs was described
in patients to whom sterilized solutions of amino acids and
glucose were administered. In these patients, urinary
excretion of Zn, Cu and Fe was abnormally high (Stegink
et al. 1981) and clearly indicates negative health effects.
On the other hand, the metal-chelating properties of coffee,
barley coffee and dark beer has a positive physiological
effect by inhibiting the lipid peroxidation during gastric
digestion (Tagliazucchi et al. 2010). Negative nutritional
consequences have to be evaluated in the context of a
complex diet, where potential benefits and risks should be
considered at the same time.

There is no consensus on the mechanism by which
melanoidins exert their ion chelation abilities. First inves-
tigations pointed out that the active residues for the metal-
chelating properties of melanoidins have been attributed to
ketone or hydroxyl groups of pyranone or pyridone resi-
dues (Hashiba 1986). Also, the type of sugar was shown to
be a significant parameter for obtaining melanoidins with
high iron ability, and glucose was more efficient than
lactose. However, chromophore residues might not be the
main co-ordination sites for iron complexation in the
melanoidin structure since browning and iron chelating
ability are not related (Morales et al. 2005). Nunes and
Coimbra (2007) investigated the chelating properties of
different coffee melanoidins and suggested that the che-
lating ability is modulated by the carbohydrate composi-
tion. Wijewickreme et al. (1997) have shown that the
Cu®"-chelating ability of melanoidins is influenced by
the type of sugar and the reaction conditions used for
the synthesis. Borrelli et al. (2002) reported that synthetic
melanoidins prepared from a glucose—glycine model mix-
ture have better affinity towards Cu®* than Pb>* and Fe**.
Later, metal-chelating properties of coffee melanoidins
have been related to the presence of the degradation
products of CGA in the polymer structure (Takenaka et al.
2005).
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Chelation of LMW substances

According to their multifunctional properties, melanoidins
are also able to bind other food components than metal ions.
For instance, melanoidins are able to bind harmful com-
pounds formed during food processing like heterocyclic
amines (Solyakov et al. 2002). Heterocyclic amines are a
group of structures which are formed during home cooking
and industrial processing of protein-rich foods and exert a
potent mutagenic activity. The International Agency for
Research on Cancer has classified some heterocyclic
amines as probable human carcinogens. Melanoidins
were specifically active towards PhIP, harman, norharman,
Trp-P-1, Trp-P-2, A-alpha-C and MeA-alpha-C. In other
cases, melanoidins act as carriers of beneficial substances
such as natural antioxidants. One example is the occurrence
of non-covalently linked CGA likely by ionic interactions in
coffee melanoidin fractions isolated by ultrafiltration
(D’Agostina et al. 2004; Delgado-Andrade and Morales
2005). Although it has not been probed yet if CGA remains
biologically available after gastrointestinal digestion, it is
expected that CGA could be released from weak ionic link
at the gastrointestinal environment.

Melanoidins acting as antioxidants in vivo

The prerequisite for dietary MRPs to exert antioxidant
effects in vivo is that these compounds are absorbed in the
gastrointestinal tract and are either transported in its parent
structure to the target tissues or cell in effective concen-
trations or, prior to that, transformed into antioxidants.
The most recent evidence that food-derived MRPs elicit
antioxidative properties in humans has been reported by
Dittrich et al. (2009). The authors administered diets poor
and rich in MRPs to eight healthy volunteers for 3 weeks in
a weekly turn. The diet rich in MRPs contained dark beer,
bread crust, and roasted coffee and led to a statistically
significant increased oxidative stability by 35.5% of iso-
lated LDL against copper-induced oxidation ex vivo.
Although the experimental design of this study does not
allow to draw conclusions about the active principles, the
fact that administration of severely heat-treated foods
versus mildly heat-treated foods resulted in an increased
oxidative stability of LDL strongly supports the hypothesis
that dietary MRPs exhibit antioxidant properties in vivo.
Coffee is one of the most commonly studied foods for the
formation of MRPs and their biological effects, probably
due to the intense heat treatment of the raw coffee beans
during roasting and its widespread consumption. Given the
fact that most of the naturally present phenolic antioxidants
are degraded during roasting, the overall antioxidant
activity of coffee is mainly attributed to high molecular
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weight MRPs, i.e. the melanoidins (Borrelli et al. 2003;
Daglia et al. 2004). Anese and Nicoli (2003) studied the
influence of some technological variables on the changes of
the antioxidant capacity of ready-to-drink coffee brews and
demonstrated a higher redox potential for brews prepared
from dark roasted versus medium and light roasted coffee
beans. When coffee beans are roasted with the addition of
sugar (so-called rorrefacto roasting), the antioxidant activ-
ity is even higher than that of conventionally roasted cof-
fees, probably due to the increased formation of MRPs/
melanoidins (Lopez-Galilea et al. 2007).

When coffee brews were administered to human vol-
unteers, the total antioxidant capacity of the plasma
increased shortly after consumption. Natella et al. (2002)
reported a statistically significant 7% increase in the
plasma antioxidant capacity of blood samples drawn from
healthy volunteers 2 h after intake of 200 ml regular coffee
beverage. These results are in accordance with those
reported by Esposito et al. (2003), demonstrating an
increasing effect on the main water-soluble antioxidant in
the plasma, glutathione, after administration of five cups of
regular coffee per day to healthy volunteers for 1 week.

Bichler et al. (2007) reported a protection of human
lymphocytes against DNA damage induced by reactive
oxygen radicals or heterocyclic aromatic amines. Human
volunteers consumed 600 ml of regular coffee per day for
5 days. Blood samples were taken before and after coffee
consumption and cultivated in the presence of H,O, or Trp-
P-2, after which DNA damage was assessed by means of
the comet assay (single cell gel electrophoresis). DNA
damage was significantly reduced after coffee consump-
tion, as compared to the induced damage before the
intervention. The analysis of the cytosolic enzymes of the
lymphocytes after coffee consumption showed an increased
activity of superoxide dismutase (4+38%), whereas gluta-
thione peroxidase remained unchanged.

One of the active principles in coffee brews acting as
key antioxidants might be N-methylpyridinium, a decar-
boxylation product that is generated during coffee bean
roasting (Fig. 2; Stadler et al. 2002). In rats, Somoza et al.
(2003) demonstrated an increase in total antioxidant
capacity and alpha-tocopherol concentrations in the plasma
of rats fed on coffee or N-methylpyridinium for 10 days.
Further investigations on the cellular effects of N-meth-
ylpyridinium by Béttler et al. (2010) showed that it induces
the protein expression and the gene transcription of Nrf2, a
nuclear transcription factor that is responsible for the gene
expression of antioxidant and detoxifying enzymes.

Fig. 2 Chemical structure of =
N-methylpyridinium (Somoza |
et al. 2003) N+
\
CH,
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Fig. 3 Chemical structure of HO 0
pronyl-lysine (Lindenmeier
et al. 2002) / OH
HC™ N cy
3
H,N COOH

Next to N-methylpyridinium, there might be other cof-
fee-derived antioxidants yet not identified, e.g. melanoidins
(Goya et al. 2007). Although melanoidins comprise high
molecular weight compounds, unlikely to be absorbed to
exert antioxidant activities in vivo, these compounds might
be degraded upon intestinal digestion, resulting in
absorbable structures with antioxidant effects. Rufian-
Henares and Morales (2007) reported that LMW com-
pounds released by gastrointestinal digestion from a coffee
melanoidin fraction with a molecular weight > 10 kDa
exerted high antioxidant activities, even higher than those
compounds bound ionically to melanoidins. Thus, gastro-
intestinal digestion is able to modify coffee melanoidins to
some extent, either by modifying/releasing the ionically
bound compounds and/or by genesis of new structures from
the melanoidin skeleton after enzymatic treatment.

Beer is also rich in MRPs and melanoidins due to the
malting and brewing process. The antioxidant properties of
beer were reported to correlate both with the level of total
polyphenols and with the content of melanoidins. Rivero
et al. (2005) studied the antioxidant capacity of blond, dark
and alcohol-free lager beers, showing that the oxidative
damage of calf thymus DNA resulting in the formation of
8-OH-dG after induction by copper/ascorbic acid was
prevented by co-incubation with the various beers, of
which the darkest beer was most effective. When malt (5%,
w/w) was fed to rats for 15 days, plasma contents of total
tocopherols increased by 14%, while the levels of thio-
barbituric acid reactive substances decreased (Somoza
et al. 2005). In this study, the antioxidant effect of malt was
demonstrated in vivo for the first time. Further investiga-
tions by Somoza and colleagues revealed that one of the
key antioxidants in malt is pronyl-lysine (Fig. 3), which
had earlier been identified as the most effective antioxidant
formed in bread crust by means of cell culture experiments
and an animal feeding trial (Lindenmeier et al. 2002).

Melanoidin as modulators of Phase I and Phase 11
enzymes

Detoxification enzymes generally function to minimize the
potential damage from xenobiotics living organisms are

exposed to, such as pharmaceuticals or food components.
Many of these compounds show little relationship to pre-
viously encountered compounds or metabolites and most of
them are of non-polar structures which do not allow urinary
excretion. In order to prevent xenobiotics from being
accumulated in tissues, a highly complex system of
detoxifying enzymes has evolved to transform these com-
pounds into polar, water-soluble structures that can be
easily excreted through the urine.

In the literature, there is considerable evidence for an
association between impaired detoxification and the risk
for various diseases, such as some types of cancer, Par-
kinson’s disease or chronic immune dysfunction syndrome.
On the other hand, the intake of fruits and vegetables
containing compounds that induce detoxification enzymes,
such as antioxidants, has been shown to lower the risk for,
e.g., colorectal cancer.

The biotransformation of xenobiotics occurs in two
phases: functionalization, which uses oxygen to form a
reactive site, and conjugation, which results in addition of a
water-soluble group to the reactive site. These two steps,
functionalization and conjugation, are termed Phase I and
Phase II detoxification, respectively. Phase II conjugation
reactions generally follow Phase I activation, resulting in a
xenobiotic that has been transformed into a water-soluble
compound that can be excreted through urine or bile.

Heat-treated foods and even MRPs structures formed
therein have been demonstrated to modulate Phase I and
Phase II enzymes in animal feeding trials. Wenzel et al.
(2002) administered heat-treated casein that was selec-
tively fortified with the MRP CML. After a feeding period
of 10 days, Phase II glutathione S transferase (GST)
activity in rat colonic enterocytes and kidneys increased by
64 and 86%, respectively, compared to control animals on
a standard diet containing equivalent amounts of non-
heated casein. Lindenmeier et al. (2002) first identified an
MREP structure with strong Phase I and Phase II modulating
activities that is formed in bread crust upon heat treatment.
In accordance with the well-accepted fact of antioxidants
being potent inducers of Phase II enzymes through cellular
binding to the “antioxidant responsive element” (ARE),
this compound was also characterized as the key antioxi-
dant in bread crust.

Next to bread crust and malt, coffee brews were also
studied for their effects on Phase II enzymes (Somoza et al.
2003). In this study, N-methylpyridinium iodide was
identified as the key compound modulating Phase IT GST.
In vivo effects of a decaffeinated coffee beverage and
N-methylpyridinium iodide were tested in a 15-day animal
trial on rats. As a result, feeding of 4.5% coffee beverage
resulted in an increase of Phase II GST and UDP-glucur-
onyl-transferase activity by 24 and 40%, respectively,
compared to animals fed control diet. Animals on the
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N-methylpyridinium diet showed an increase in liver Phase
II UDP-glucuronyl-transferase of 65% compared to con-
trols. Plasma total antioxidant capacity and plasma
tocopherol were elevated in animals fed both coffee
beverage and the N-methylpyridinium containing diet.
Surprisingly, feeding of N-methylpyridinium also resulted
in an increased total antioxidant capacity in the plasma,
although, based on its chemical structure, this compound
cannot act as a radical scavenging antioxidant. The
mechanism by which N-methylpyridinium ions induce
Phase II enzymes has recently identified by Bottler et al.
(2010) who showed that this compound effectively induced
the gene transcription and translocation of Nrf2, a major
transcription factor leading to the expression of antioxidant
and Phase II enzymes, such as GST. These results are in
line with findings reported by Cavin et al. (2008) who
demonstrated an induction of Nrf2-mediated cellular
defence and alteration of detoxifying enzyme activities as
mechanisms of chemoprotective effects of coffee in the
liver of rats. However, controlled intervention trials are still
needed to verify the contribution of N-methylpyridinium
ions and potential other health beneficial compounds in
coffee to the reduced risk for diseases such as various types
of cancer which are associated with an endogenous load of
reactive oxygen species and decreased activities of detox-
ification enzymes.

Final outlook

‘Melanoidins: the forgotten class of food polymers’. This
was the title initially proposed for the European COST
Action 919 that started in 1999. Over the past 10 years, the
scientific knowledge on this topic has been significantly
increased. Despite the difficulties related to the lack of a
defined structure and to the absence of common standards,
more than 200 papers have been published on melanoidins
in foods and the number of papers and citations increased
year by year due to their technological, nutritional and
physiological implications.

The reasons underlying this growing interest are related
to the number of biological activities that melanoidins are
able to exert. In addition, the availability of more powerful
analytical techniques which have become available to
investigate these structurally complex compounds and the
development of procedures to assess specific biological
activities such as the antioxidant (Serpen et al. 2007,
Delgado-Andrade et al. 2005) or the antimicrobial activi-
ties (Rufian-Henares and Morales 2008b) favoured the
growing research on food-derived melanoidins.

The results obtained up to now demonstrated that it is
not possible to attribute the same chemical characteristics,
biological properties and physiological activities to all
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kinds of melanoidins. Soluble versus insoluble as well as
protein-rich versus polysaccharide-rich melanoidins dis-
play very different chemical structures and biological
activities. Remarkably, a very recent paper of Paur et al.
(2010) indicates growing evidence for the health benefits of
coffee melanoidins, including even data that support the
hypothesis that melanoidins are the main components
determining the anti-inflammatory effect of coffee.

In most of the other cases, jeopardized and somehow
contradictory evidence has been published. In particular,
the findings which have been related to possible physio-
logical relevance of melanoidin intake for human health are
often very weak and not taking into account the low bio-
availability of melanoidins. On the other hand, the aware-
ness that the intake of melanoidins associated with the
Western diet is probably in the order of grams per day
necessarily leads to the need of a precise assessment of
their contents in foods. This would offer the opportunity to
control their quantitative formation or modulate their
structure in many thermally processed foods. The ultimate
challenge for the next future will be to optimize food
processing technologies for a selective formation of health
beneficial melanoidins.
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