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Introduction

Advanced glycation end products (AGEs) are formed in the later

stages of Maillard reactions (MR) during heat processing of food as

initiated by reactions of reducing sugars with amino groups mainly

present in the protein side chain of lysine or arginine. Such dietary

AGEs are formed in most types of heat processed food containing

proteins and reducing sugars. For dairy products, MR are important

both during production and storage of milk powders as well as

powders for instant beverages and protein concentrates with

intermediate water activity. AGEs are also formed in vivo and are an

increasing health concern in relation to diabetes and cardiovascular

diseases. Details of the formation of AGEs, the structure of AGEs, and

their effects in the body have recently been reviewed (1). For certain

dairy products, addition of plant extracts containing plant phenols

and carotenoids is expected to protect milk proteins against both

oxidation and browning reactions. Such extracts include coffee and

tea products that are mixed with sugars and milk powders for instant

beverages. Although it was found that the formation of AGEs is

inhibited in vivo by chlorogenic acid from coffee and epicatechin

from tea (2,3), chlorogenic acid and other plant polyphenols may not

have the same effect at the elevated temperature during food

processing, where the plant polyphenols may become partly

oxidized. In addition, plant polyphenols may alter the conformation

of proteins, exposing reactive groups to sugar derived reactants

during heat processing and thereby affecting the formation of AGEs.

Control of the level of AGEs in milk powders and protein may be a

future challenge for the dairy industry.

The effect of flavonoid epicatechin from green tea on the

development of MR and the formation of AGEs was recently

investigated in a low molecular weight model system, and epicatechin

was found to have an inhibitory effect on the reaction between

lysine and glucose (4). However, the effects of plant polyphenols on

the formation of AGEs in heat processed proteins that are of

importance in dairy products are largely unknown.

The aim of the present study was to examine two of the most

relevant phenolic antioxidants as possible inhibitors in the formation

of AGEs from reactions between β-lactoglobulin as a reactive milk

protein and glucose as a reducing sugar when their mixture in a

homogenous solution was exposed to conditions similar to heat

treatment of food. To mimic the conditions of the reactions of AGEs

in vivo, including the biological interaction with specific receptors (5),

an immunochemical approach (ELISA detection) was preferred to

more traditional analytical chemical methods.

Materials and Methods

Chemicals β-Lactoglobulin and (−)epicatechin were from Sigma-

Aldrich (St. Louis, MO, USA). D-(+)-Glucose, gelatine, Tween 20, and
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Abstract Dietary exposure to advanced glycation end products (AGEs) formed from proteins and

reducing sugars is of increasing concern to human health. AGEs may form in protein-based powders

containing sugars for instant beverages during drying and storage of the product. Chlorogenic acid, a

plant phenol characteristic of coffee, was found to protect against the formation of AGEs at a

concentration of 50 mM during heating of β-lactoglobulin in the presence of glucose as a reducing

sugar in 30% aqueous ethanol at 70oC. Epicatechin, a plant phenol characteristic of green tea, had no

similar effect for the equivalent concentration of phenol on the formation of AGEs. Immunochemical

detection (ELISA) using polyclonal antibodies raised against AGEs showed a dose-dependent effect of

protection by chlorogenic acid on AGE formation and is recommended for routine quality control of

sugar containing milk-based powders for instant beverages.
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chlorogenic acid (95%) were from Sigma-Aldrich. Ethanol (99%) was

from Kemetyl A/S (Køge, Denmark). Horseradish peroxidase (HRP)-

conjugated goat anti-rabbit IgG (H+at) (ABIN237503) was from

Antibodies-online GmbH (Aachen, Germany), rabbit anti-AGE101

polyclonal antibody was from Biologo (Kronshagen, Germany), and

TMB-one substrate was from Kem-En-Tec (Copenhagen, Denmark).

Water was purified through a Millipore Q-plus purification train from

Millipore Corporation (Billerica, MA, USA).

Detection of AGEs using ELISA The content of AGEs was

determined by an indirect ELISA method using the polyclonal

antibody against AGEs as described previously (6). Briefly, the MR

mixtures were diluted 100 times by a coating buffer (0.10 M sodium

bicarbonate, pH 9.6) prior to adding 100 μL/well of the samples to a

96-well plate from VWR (Albertslund, Denmark), which was left

overnight at 4oC. Then the plate was washed three times with

phosphate buffered saline (PBS, pH=7.4) containing 0.050% Tween

20 (PBST) and incubated for 2 h at room temperature after the

addition of 300 μL/well blocking buffer (0.50% gelatine in PBST). The

plate was washed three times with the PBST buffer and again

incubated for 1 h after the addition of 100 μL/well of primary

polyclonal antibody AGE101 (diluted 4:10,000 dissolved in the PBS

buffer). The plate was washed three times with the PBST buffer and

incubated at room temperature for 1 h with 100 μL/well of

secondary polyclonal antibody HRP conjugated goat anti-rabbit IgG

(H+L) (diluted 4:10,000 in the PBS buffer). Non-protein bound

antibodies were removed by washing the plate five times with the

PBST buffer, TMB-one substrate was added (100 μL/well), and the

plate was left in dark conditions for 30 min. The reaction was finally

stopped by adding 100 μL/well of 0.30 M H2SO4, and the absorbance

was measured at 450 nm using a GENios plus ELISA reader from

TECAN (Mannedorf, Switzerland). The development of AGEs was

expressed as changes in absorbance at 450 nm. All samples were

prepared in triplicate.

Results and Discussion

The formation of AGEs was determined in MR mixtures dissolved in

30% (v/v) aqueous ethanol at 70oC for up to 180 min in closed glass

containers. The MR mixtures contained either (i) glucose (2.0 M) with

β-lactoglobulin (2.0 mM), (ii) glucose (2.0 M) with β-lactoglobulin (2.0

mM) and chlorogenic acid (10 or 50 mM, investigated), or (iii) glucose

(2.0 M) with β-lactoglobulin (2.0 mM) and epicatechin (5, 10, and 25

mM, investigated). A mixture of ethanol and water was preferred as

the reaction solvent to ensure a homogenous solution and avoid

heterogeneous catalysis. This approach is also in agreement with

previous investigations of reactions of reducing sugars with whey

proteins (6-8).

Inhibition of the formation of AGEs by the phenolic antioxidants

(Fig. 1) was measured using ELISA as changes in absorbance at 450

nm as an indication of the relative level of AGEs. High concentration

of chlorogenic acid (50 mM) was found to prevent the formation of

AGEs, as shown in Fig. 1. Chlorogenic acid had no effect when tested

at the lower concentration of 10 mM. Epicatechin did not inhibit the

formation of AGEs at any of the investigated concentrations. The

concentration used for epicatechin was adjusted for the presence of

four phenol groups as compared to that of two phenolic groups in

chlorogenic acid (Fig. 2) to provide conditions for direct comparison

of reactivity for the two plant phenols. Chlorogenic acid is clearly

seen to inhibit the formation of AGEs at a concentration of 70 mM at

70oC. Epicatechin, which is known as a good inhibitor of MR at room

Fig. 2. Structure of the plant phenols epicatechin from green tea and

chlorogenic acid from coffee

Fig. 1. Formation of advanced glycation end products (AGEs) as

determined using ELISA for heating at 70oC for up to 180 min for (i) β-

lactoglobulin (2.0 mM) (GLG) with glucose (2.0 M), (ii) β-lactoglobulin

(2.0 mM) with glucose (2.0 M) and chlorogenic acid (50 mM) (GLG

CHLO), or (iii) β-lactoglobulin (2.0 mM) with glucose (2.0 M) and

epicatechin (25 mM) (GLG EPI). To ensure a homogeneous reaction,

30% (v/v) aqueous ethanol was used as the solvent.
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temperature, has no significant effect on the inhibition of AGE

formation at the high temperature used to model heat processing of

food.

The mechanism behind the inhibition of the formation of AGEs by

plant polyphenols is still speculative (6). Plant polyphenols may

scavenge radicals formed during the browning reactions as reactive

intermediates. However, a reaction mechanism in which partly

oxidized forms of polyphenols react with lysine side chains of

proteins is more likely to occur, thus blocking the amino group and

preventing reaction with carbonyl groups of sugars or their

degradation products (7). The higher reactivity of chlorogenic acid is

suggested to relate to its higher acidity as compared to epicatechin,

resulting in the electrostatic binding of the anion form of chlorogenic

acid to the reactive lysine sites of proteins with positive charge at

neutral pH (8).

Chlorogenic acid at a concentration of 70 mM inhibited the

formation of AGEs from β-lactoglobulin during heating in the presence

of glucose as a reducing sugar, whereas epicatechin used in the

equivalent concentration had no inhibitory effect. These results

should be of intermediate interest for the production of instant

beverage products based on milk powder and sugars with added

plant-based flavoring. Depending on the nature of the added plant

extract, a milder heat treatment is recommended for some products.

Further, the use of immunochemical detection using polyclonal

antibiotics raised against AGEs may provide direct results related to

the biological effects of AGEs and is recommended as an easy

method for routine control in the food industry (9).

Disclosure The authors declare no conflict of interest.
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