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Abstract: The Maillard reaction is a complex reaction that occurs between carbonyl and amine groups during food pro-

cessing and storage. In addition, it produces a large number of Maillard reaction products (MRPs), which have an important

role in determining food characteristics including aroma, color, flavor, and texture. Importantly, recent studies have been

conducted that the Maillard reaction products and their ferments with lactic acid bacteria (LAB) induced specific biological

characteristics including antimicrobial, antioxidative, and antihypertensive activities as well as improved their physiological

features such as the heat stability and emulsifying properties. Therefore, we described on new insights for enhanced physi-

ologic and biologic functions of MRPs through LAB fermentation.
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Introduction

The Maillard reaction is a complex reaction that occurs

between carbonyl and amine groups during food process-

ing and storage. It produces a large number of Maillard

reaction products (MRPs), which play an important role

in determining food characteristics including aroma,

color, flavor, and texture (Fayle and Gerrard, 2002). At an

early stage of the reaction, proteins containing free amino

groups react with carbonyl groups of sugars to form a

reversible Schiff bases, which give rise to stable ‘Ama-

dori compounds’ through rearrangement. In the advanced

stage of the reaction, Amadori compounds lead to the for-

mation of colored and fluorescent substances (Jing and

Kitts, 2002). 

Milk protein is known to contain valuable components

and biologically active substances (Chevalier et al., 2001)

and has been widely used as a functional ingredient in

food applications. The bioactive peptides derived from

milk proteins may function with antioxidant, immune-

modulating, antithrombotic, antihypertensive, and anti-

bacterial properties (Gobbetti et al., 2000; Meisel, 1997;

Smacchi and Gobbetti, 2000). In particular, Maillard re-

action products (MRPs), which are produced by reactions

between carbonyl and amine groups, not only produce

food characteristics such as aroma, color, flavor, and tex-

ture (Fayle, 2002), but also increase the antioxidant activ-

ity of milk proteins (Chevalier et al., 2001; McGookin

and Augustin, 1991). Several studies have been conduc-

ted that the Maillard reaction improved the heat stability,

emulsifying properties, and antioxidant activity of whey

protein (Chevalier et al., 2001); hence, these results pro-

pose that physiologic and biologic functions of milk pro-

tein could be improved by the Maillard reaction. Also, in

recent years, Maillard reaction products derived from

milk proteins have studied for their biological activities;

antimicrobial, anti-oxidative, antihypertensive, and anti-

browning activities (Kwon et al., 2006; Rufián-Henares

and Morales, 2007).

Milk protein and Maillard reaction products

(MRPs)

Milk protein

Milk is a white liquid produced by the mammary

glands of mammals. It is the primary source of nutrition

for young mammals until they are able to digest other
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types of foods. Milk is an important food with many

nutrients (Pehrsson et al., 2000). Milk contains nutrients

which required for the growth and development of the

neonate. All milks contain specific proteins and fats which

designed to make digest easier, and also the milks con-

tains lactose, minerals, vitamins, and other components

which taking an important roles (Jensen et al., 1991).

Milk protein is known to contain valuable components

and biologically active substances (Chevalier et al., 2001),

and has been widely used as a functional ingredient in

food applications. Milk proteins can be classified by 2

major groups: casein and whey protein (the ratio of 80:

20) (Fox and McSweeney, 2003). After processing occurs,

the caseins are the proteins responsible for making curd,

while whey proteins remain in an aqueous environment

(Marshall, 2004). The casein proteins are phosphopro-

teins and divide themselves into two groups. κ-casein is

calcium-insensitive and α
S1-
, α

S2-
 and β-casein are the

three calcium-sensitive members (Horne, 2006), and these

sub species form a casein micelle in milk. The compo-

nents of whey include β-lactoglobulin, α-lactalbumin, bo-

vine serum albumin (BSA), lactoferrin, immunoglubu-

lins, lactoperoxidas, and glycomacropeptides, etc (Mar-

shall, 2004).

Maillard Reaction products (MRPs)

The Maillard reaction, a chemical reaction between

amino groups and reducing sugars, is very significant for

foods because it strongly affects food quality (Van Boe-

kel, 1998). Maillard reaction products (MRPs), which are

naturally produced in food during heat processing by re-

ducing the sugars that interact with available amino acids

(Hwang et al., 2011). In the case of milk, amino groups

are mainly lysine residues in milk proteins (Walstra and

Jenness, 1984). Lysine residues in caseins seem to be more

reactive than in serum proteins, while κ-casein seems to

be the most reactive casein (Turner et al., 1978). The

reducing sugar in milk is lactose, a disaccharide of glu-

cose and galactose and the monosaccharides (i.e. glucose

and galactose) are found in raw milk only in very low

concentrations (Van Boekel, 1998).

The Maillard reaction is sometimes subdivided into three

stages: the early Maillard reaction, the advanced Maillard

reaction and the final Maillard reaction (Mauron, 1981).

The early Maillard reaction consists of condensation of

the reducing sugar with the amino group and leads, via

formation of a Schiffs base and the Amadori rearrange-

ment, to the so-called Amadori product (Fig. 1). In milk,

this Amadori product is lactulosyllysine (bound to pro-

tein). The advanced Maillard reaction consists of the

breakdown of the Amadori product (or other products

related to the Schiffs base) into numerous fission products

of the sugar-amino compound. The final Maillard reac-

tion consists of the condensation of amino compounds

and sugar fragments into polymerized protein and brown

pigments, called the melanoidins, the chemical nature of

which is still rather obscure (Van Boekel, 1998).

Biological activities of MRPs

In the previous studies, Maillard reaction have only

focused on the reactants, color development or the forma-

tion of intermediate MRPs and other products, but its bio-

logical functionality has not been conducted. In recent

years, several studies have focused on the effect of MRPs

on antimicrobial, anti-oxidative, antihypertensive, and

anti-browning activities (Kwon et al., 2006; Rufián-Hen-

ares and Morales, 2007).

Gu (Gu et al., 2009) reported that heated casein-glu-

Fig. 1. Schematic overview of the early Maillard reaction in milk, leading to the Amadori product. (gal = galactose, R = protein

chain) (adapted from Van Boekel, 1998).
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cose mixtures decreased rates of lipid peroxidation in an

emulsified linoleic acid model. In addition, caseinate-

sugar-derived MRPs exhibited antioxidant activity against

Fenton reactant-induced hydroxyl free radicals, but not

against hydrophobic radicals (Gu et al., 2009). In accor-

dance with Kwon (Kwon et al, 2006), total polyphenol,

flavonoid, and 5-HMF contents increased with increasing

treated temperature and time due to non-enzymatic Mail-

lard reaction during the garlic juice heating process and

these resulted increased antioxidant activities. In addition,

melanoidins formed at the last stage of the Maillard reac-

tion have been pointed out to possess certain functional

properties. It possess antioxidant (Delgado-Andrade and

Morales, 2005; Delgado-Andrade et al., 2005; Manzocco

et al., 2000; Morales, 2005), antimicrobial (Del Castillo

et al., 2007; Ruán-Henares and Morales, 2007) and preb-

iotic activities (Borrelli & Fogliano, 2005).

Hydrolysis of milk proteins and MRPs

Biologically active peptides are food-derived peptides

that exert a physiological, hormone-like effect in humans

as well as their nutritional value. They are inactive within

the sequence of their parent protein and can be released

by enzymatic hydrolysis either during gastrointestinal

digestion or during food processing (e.g., cheese ripening

and milk fermentation). They usually contain 2-20 amino

acid residues per molecule, but in some cases may consist

of more than 20 amino acids. Milk protein hydrolysate

via enzymatic proteolysis or probiotic fermentation can

either be absorbed through the intestine to enter the blood

circulation intact and exert systemic effects, or produce

local effects in the gastrointestinal tract. Depending on

the sequence of amino acids, these peptides can exhibit

diverse activities, including opiate-like, mineral binding,

immunomodulatory, antimicrobial, antioxidant, antithro-

mbotic, hypocholesterolemic, and antihypertensive actions,

in addition to aiding in the mineral absorption of calcium

(Hartmann and Meisel, 2007; Kitts and Weiler, 2003;

Kovacs-Nolan et al., 2005; LeBlanc et al., 2002; Meisel,

1997). Many of the known bioactive peptides are multi-

functional and can exert more than one of the effects

mentioned (Korhonen and Pihlanto, 2003; Meisel, 2004;

Meisel and FitsGerald, 2003). Because of their health-

enhancing potential and safety profiles they may be used

as components in functional foods or nutraceuticals.

However, milk proteins are currently the main source of

several biofunctional peptides and daily intake of milk

and milk products has proved to be physiologically im-

portant to both neonates and adults (Appel et al., 1997;

Pfeuffer and Schrezenmeir, 2000; Severin and Wenshui,

2005). Antimicrobial peptides have been derived from the

minor whey protein, lactoferrin. The peptide degraded

from lactoferrin has bactericidal property more potent

than undigested lactoferrin, suggesting its much smaller

size may facilitate access to target sites on the microbial

surface (Tomita et al., 1994). Antihypertensive effect is

related with inhibition of the angiotensin converting

Enzyme (ACE). The casein-derived ACE inhibitors, or

casokinins, represent different fragments of human and

bovine casein. For example, highly active casokinins rep-

resent 14 and 15, which are present in the bovine β-casein

and α
S1
-casein sequence, respectively (Meisel, 1999). In

addition, the bioactivity of immune-peptides from milk

protein was characterized by different in vitro and in vivo

test systems in several studies with casein-derived pep-

tides including the ACE inhibitory fragment 17 of α
S1
-

casein and 19 and 20 of β-casein, and they have been

shown to stimulate phagocytosis of sheep red blood cells

by murine peritoneal macrophages, and to exert a protec-

tive effect against bacterial infection in mice (Migliore-

Samour, 1989). Moreover, it has been reported that phos-

phopeptides from milk proteins can form soluble organo-

phosphate salts and may function as carriers for different

minerals, especially calcium (Sato et al., 1986). The mode

of action for mineral absorption is correlation with nega-

tively charged side chains, in particular the phosphate

groups, of amino acids to represent the binding sites for

minerals. Other studies have shown that a proteinase from

L. helveticus CP790 was able to release an antihyperten-

sive peptide from casein hydrolysates (Maeno et al, 1996;

Yamamoto et al., 1994).

Although enzymatic and microbial hydrolysis of milk

protein has been conducted well, in particular various car-

diovascular protective effects of milk derived peptides

(Table 1), hydrolysis of MRPs has not been studied well.

Amadori compounds, one of the intermediate of Maillard

reaction products, could be partially hydrolyzed by pro-

teinase because of its protein backbone structure. In this

study, we could expect the production of biological pep-

tides from enzymatic proteolysis and probiotic fermenta-

tion of MRPs.

Lactic acid bacteria (LAB) fermentation of milk

proteins and MRPs

Only a few studies exist on the potential protective car-

diovascular effects (reduction of cholesterol uptake, inhi-

bition of thrombin and HMGR, fibrinolytic activity) of

milk-derived compounds fermented by lactic acid bacte-
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ria (LAB). Therefore, our group was investigating that the

enhanced functionality of MRPs via fermentation on the

preventive cardiovascular effects.

In recent, we reported that the hydrolysates of MRP

with fermentation by selected strains of lactic acid bacte-

ria (LAB) including Lactobacillus gasseri and L. fermen-

tum significantly induced the anti-oxidant activity in 1,1-

diphenyl-2-picrylhydrazyl (DPPH) radical scavenging as-

says, ferric-reducing power assay, and 2,2’-azino-bis (3-

ethylbenzothiazoline-6-sulfonic acid) diammonium salt

(ABTS) radical scavenging assay (Oh et al., 2014). In

addition, the specific biological properties were enhanced

by LAB fermentation. MRPs fermented by L. gasseri

demonstrated the greatest activity for thrombin and 3-

hydroxy-3-methylglutaryl-CoA reductase (HMGR) inhi-

bition (Oh et al., 2014). Equally importantly, we indicated

that MRPs fermented by LAB positively influenced on

cardiovascular health in ICR mouse and rat models (Oh

et al., 2015). Taken together, the heath-promoting effect

of MRP was synergistically improved by LAB fermenta-

tion. To date, we are evaluating on the identification and

characteristics of small unknown compounds that were

likely released by fermentation of MRP by size-exclusion

chromatography and Matrix-assisted laser desorption/ion-

ization time-of-flight/mass spectrometry (MALDI-TOF/

MS).

Antioxidant Activity and Cardiovascular Health

Antioxidant activity

All organisms are exposed to reactive oxygen species

(ROS) or reactive oxygen metabolites (ROM), such as

hydrogen peroxide (H
2
O2), superoxide anions (O

2

2·) or

hydroxyl radicals (OH
2
), as a byproduct of oxidative

metabolism or through exposure to radical-generating

compounds (Yu, 1994). Free radicals and ROS are closely

associated with various degenerative diseases including

atherosclerosis, ischemic heart disease, and aging, etc.

(Belch et al., 1991; Comporti, 1985; Halliwell and Gut-

teridge, 1990; Steinbrecher et al., 1990). Superoxide ani-

ons are readily generated through the one-electron reduc-

tion of oxygen by transition metal ions and then dismu-

tated into hydrogen peroxide by enzymatic and nonenzy-

matic mechanisms (Fridovich, 1989). Hydrogen peroxide

is then further converted into hydroxyl radicals (OH·),

which are highly reactive as the initiating species for cel-

lular and plasma lipid peroxidation (Aust and Svingen,

1982; Fridovich, 1989). They promptly react with cellular

macromolecules such as lipids, proteins, and nucleic acids

eventually leading to cell death. Superoxide dismutase

(SOD), catalase (CAT), and glutathion peroxidase (GSH-

Px) are the primary intracellular antioxidant enzymes

which cooperate on the detoxification of the free radicals

produced during normal aerobic respiration. Cu, Zn-SOD

resolves O
2

2· into H
2
O

2
 and O

2
, whereas CAT and GSH-

Px catalyze the reduction of H
2
O

2
 to H

2
O.

Under oxidant stress, the increased production of reac-

tive oxygen species (ROS) in combination with outstrip-

ping endogenous antioxidant defense mechanisms, is an-

other significant causative factor for several cardiovascu-

lar diseases. ROS can cause extensive damage to biologi-

cal macromolecules like DNA, proteins and lipids (Ames

et al., 1993). Specifically, oxidative modifications of LDL

occur, leading to atherosclerosis. Free radicals generated

from reduction of oxygen may cause cellular damage and

contribute to atherosclerosis, arthritis, diabetes, and carci-

noma (Aviram, 2000; Halliwell, 1994). The major effect

of antioxidants is to prevent the formation of oxidized

LDL and severe tissue injury. Meanwhile, antioxidant

activities prevent enzymatic (lipoxygenase-mediated) and

nonenzymatic peroxidation of lipids and essential fatty

acids (Chen et al., 1996), however the exact mechanisms

behind these effects are not fully understood. Possible

mode of action may be the induction of genes which pro-

tect cells from damage by ROS. Rival (Rival et al., 2001)

reported that caseins and casein-derived peptides were

found to inhibit lipoxygenase, an enzyme which catalyzes

the peroxidation of unsaturated fatty acids such as linoleic

acid. Moreover, emerging evidence suggests that increa-

sed oxidative stress is a mechanism of endothelial dys-

Table 1. The list of peptides with preventive effect on cardiovascular health derived from milk proteins

Activity Origin Sequence/name

Antioxidant
Casein YFYPEL

β-lactoglobulin MHIRL, YVEEL, WYSLAMAASDI

Antithrombotic
κ-casein MAIPPKKNQDK (casoplatelin) and smaller fragments

lactoferrin KRDS

Hypocholesterolmic β-lactoglobulin IIAEK (lactostatin)

Hypotensive casein FFVAPFPEVFGK

Antiobese κ-casein Caseinoglycomacropeptide



Enhanced Functionality of Maillard-reaction Products Derived from Milk Protein through Lactic Acid Bacteria Fermentation 23

function in hypercholesterolemia (Keaney et al., 1993;

Ohara et al., 1993). Improved endothelial vasomotor

function raised the possibility that the addition of an anti-

oxidant drug increases the beneficial effect of lipid lower-

ing therapy on endothelial function. In addition to the

well-known dietary antioxidants like vitamin C, vitamin

E, polyphenols and carotenoids, other dietary compounds

have generated particular interest as defenses against oxi-

dative damage. Recent studies have shown that peptides

with antioxidant properties can be released from food

sources such as milk casein (Suetsuna et al., 2000), whey

protein (Hemandez-Ledesma et al., 2005), egg (Davalos

et al., 2004; Ishikawa et al., 2004) and soy protein (Chen

et al., 1995). The antioxidant activity of whey-derived

peptides and whey itself has been linked with the pres-

ence of cysteine-rich proteins which promote the synthe-

sis of glutathione, a potent intracellular antioxidant (Mei-

sel, 2005). In a study by Rival et al. (2001), caseins and

casein-derived peptides were found to inhibit lipoxygen-

ase, an enzyme which catalyzes the peroxidation of unsat-

urated fatty acids such as linoleic acid.

Antithrombotic activity

In Cardiovascular diseases, thrombin acts as a major

pathogenic factor. Generally thrombin is a multifunctio-

nal protease generated at sites of vascular injury, and trig-

ger fibrin formation, platelet aggregation, and chemotatic

for monocytes, mitogenic reaction for lymphocytes, fibro-

blast, and vascular smooth muscle cells (Coughlin, 1994).

Thrombus defined as a localized clotting of the blood,

and consists of fibrin clot, aggregated platelet, various

blood cells and immune cells. Increased occurrence of

thrombosis has been linked to platelet hyperreactivity, high

levels of hemostatic proteins (e.g., fibrinogen), defective

fibrinolysis and hyperviscosity of the blood (Bertina,

1999). Hence, antithrombotic drugs are commonly used

to reduce platelet aggregation and enhance fibrinolysis.

The coagulation cascade, which is platelet aggregation, is

the sequential process by which coagulation factors of the

blood interact and are activated, ultimately generating

fibrin, the main protein component of the thrombus, and

this cascade operates in both arterial and venous throm-

bosis (Mackman, 2008). Generally, these processes are

initiated by the damage of endothelial cells of the vessel

wall, go through the “intrinsic” or “extrinsic” pathway,

and end up with the “common pathway” and these path-

ways were described in Fig. 2. The main target of antico-

agulation drugs is thrombin inhibitor. Thrombin inhibitor

could act on anti-platelet and inhibition of fibrinogen deg-

radation. Thrombin inhibitor can block the action of thro-

mbin by binding to three domains: the active site or cata-

lytic site and catalyze the inactivation of thrombin and

activated factor X (factor Xa) by antithrombin (Weitz and

Crowther, 2002). The main antithrombotic peptide MAIP

PKKNQDK, isolated from the soluble C-terminal frag-

ment (caseinoglycomacropeptide) of bovine κ-casein, cor-

Fig. 2. The pathways of blood coagulation cascade (adapted from Mosesson, 1998).
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responds to the residues 106 to 116 of κ-casein and is

termed casoplatelin. This undecapeptide inhibits both the

aggregation of ADP activated platelets as well as the

binding of human fibrinogen γ-chain to its receptor region

on the platelet surface (Jolles et al., 1986). Three amino

acid residues (Ile108, Lys112, Asp115) of the aforemen-

tioned undecapeptide seem to be important for the anti-

thrombotic effect, because they are homologous in posi-

tions to the γ-chain sequence of human fibrinogen. There-

fore, antithrombotic activity is influenced by the competi-

tion for platelet receptors between casoplatelin and the γ-

chain of human fibrinogen. Furthermore, a correlation

between sugar level and antithrombotic activity has been

suggested since the human κ-caseinoglycomacropeptide,

which is richer in sugars than that in bovine, is reportedly

more potent (Chabance et al., 1995). In vivo antithrom-

botic activities have been shown for the κ-casein-derived

undecapeptide (Maubois et al., 1991) as well as for the

lactoferrin-derived tetrapeptide (Drouet et al., 1990). In

addition, no detectable toxic effect has been reported.

Hence, caseinoglycomacropeptide could potentially be

used to treat or prevent thrombosis.

Cholesterol lowering activity

An unfavorable profile of blood lipids and serum cho-

lesterol level are other important risk factors for the gen-

esis of various CVD. Hypercholesterolemia (elevated

serum cholesterol) leads over time to atherosclerosis and

CVD. Serum cholesterol is produced both through hep-

atic cholesterol synthesis, the rate of which is controlled

by 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR),

and through intestinal cholesterol uptake. Many studies

have been performed in which the control of serum cho-

lesterol levels via HMGR inhibition or suppression of

cholesterol uptake through reduction of cholesterol solu-

bility have been evaluated (Daniel et al., 2003; Duangjai

et al., 2013; Ngamukote et al., 2011). It is generally known

that proteins can improve blood lipid profiles. In recent

study, hypocholesterolemic properties have been reported

for soy, whey and fish protein, capable of altering the

plasma profile from atherogenic to cardioprotective (Hori

et al., 2001; Wergedahl et al., 2004; Zhang et al., 1993).

The exact mechanisms responsible for the hypocholester-

olemic effects have not been fully identified, but evidence

suggests that the specific amino acid composition proba-

bly influences the effect of the protein source on plasma

cholesterol levels. It has been reported that dietary pro-

teins with low ratios of methionine-glycine and lysine–

arginine. When amino acid mixtures similar with soy pro-

tein were fed to rats or rabbits, the resulting blood choles-

terol levels were significantly lowered but not as low as

those that were fed with the intact protein (Huff and Car-

roll, 1980; Nagata et al., 1982). It has also been shown

that soy protein hydrolysates reduce total cholesterol lev-

els more effectively than intact soy protein (Sugano et al.,

1990; Wang et al., 1995). Several more reports indicated

that hydrophobic peptides derived from soy protein

bound bile acids thereby enhancing fecal steroid excre-

tion which may contribute to the hypocholesterolemic

activity (Iwami et al., 1986; Making et al., 1988). Numer-

ous studies have shown that milk whey protein, in con-

trast to milk casein, decreases serum cholesterol similar

to soy protein (Nagaoka, 1996; Nagaoka et al., 1991; Na-

gaoka et al., 1992). This effect was more marked with the

whey peptide fraction than with the intact whey protein

(Nagaoka, 1996). Following oral administration to rats,

total serum cholesterol levels were significantly lower,

whereas HDL concentration and atherogenic index (HDL

cholesterol/ total cholesterol) were significantly higher

than in the group fed with β-sitosterol. These effects have

been speculated to be at least in part due to a decrease of

micellar solubility of cholesterol which leads to lower

intestinal cholesterol absorption (Nagaoka et al., 2001).

Recent data have shown that lactostatin is capable of

inducing the gene transcription of human cholesterol 7á-

hydroxylase (CYP7A1), a cholesterol-metabolizing enz-

yme, resulting in hypocholesterolemic effects. Moreover,

both LPYRP and IAVPGEVA inhibited HMGR and it

was revealed that the hydrophobic region (especially the

maximum length of the hydrophobic sequence was four

amino acids) of both peptides is a required structural ele-

ment for their biological activity (Pak et al., 2005; Tak-

enaka et al., 2000).
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