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Abstract

(−)-Epigallocatechin-3-gallate (EGCg) is a naturally occurring polyphenol found in plant-based 

foods and beverages such as green tea. Although EGCg can eliminate carbonyl species produced 

by glucose autoxidation and thus can inhibit protein glycation, it is also reported to be a pro-

oxidant that stimulates protein glycation in vitro. To better understand the balance between 

antioxidant and pro-oxidant features of EGCg, we evaluated EGCg-mediated bioactivities in a 

human serum albumin (HSA)/glucose model by varying three different parameters (glucose level, 

EGCg concentration, and time of exposure to EGCg). Measurements of glycation-induced 

fluorescence, protein carbonyls, and electrophoretic mobility showed that the level of HSA 

glycation was positively related to the glucose level over the range 10 to 100 mM during a 21-day 

incubation at 37 °C and pH 7.4. Under mild glycemic pressure (10 mM), long exposure to EGCg 

enhanced HSA glycation, while brief exposure to low concentrations of EGCg did not. Under high 

glycemic pressure (100 mM glucose), long exposure to EGCg inhibited glycation. For the first 

time we showed that brief exposure to EGCg reversed glycation-induced fluorescence, indicating a 

restorative effect. In conclusion, our research identified glucose level, EGCg concentration, and 

time of exposure as critical factors dictating EGCg bioactivities in HSA glycation. EGCg did not 

affect HSA glycation under normal physiological conditions but had a potential therapeutic effect 

on HSA severely damaged by glycation.
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Introduction

As the incidence of diabetes continues to rise, interest in the potential of food-derived 

compounds to prevent development of the disease and inhibit its long-term health effects has 

increased. (−)-Epigallocatechin-3-gallate (EGCg) is a naturally occurring polyphenolic 

compound that is associated with various chemoprotective effects [1]. Some studies suggest 

that long term consumption of EGCg-containing beverages, such as green tea, may 

ameliorate the complications of diabetes by reducing body fat, improving glucose 
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metabolism and maintaining cardiovascular health [2]. EGCg is a potent antioxidant in vitro 
[3], and dietary antioxidant intake has been associated with reduced risk of diabetes [4]. In 

addition, EGCg can neutralize carbonyl species [5] and thus protect proteins from glycation 

[6]. Although EGCg clearly has potential to protect biomolecules from damage, some 

studies have revealed the pro-oxidant activities of EGCg [7]. Our study was designed to 

evaluate the potential protective or damaging role of EGCg in protein glycation in vitro in 

order to provide mechanistic insights into its possible role in diabetes.

Human serum albumin (HSA), as the major plasma protein, is a transporter for various 

metabolites and is an essential component of the blood antioxidant system [8]. It is subject 

to modifications by reducing sugars via Maillard reactions during its long in vivo half-life 

(21 days) [9]. The amount of glycated HSA in individuals with diabetes is typically elevated 

2- to 3-fold [10], with over 80 % of the circulating HSA glycated in individuals with severe, 

uncontrolled diabetes [11]. Glycation alters the tertiary structure of HSA [12], resulting in 

altered physiological function [13]. Furthermore, glycated HSA can increase cellular 

oxidative stress and inflammatory activities by activating the receptor for advanced glycation 

end products (AGEs) [14], consequently contributing to the complications associated with 

diabetes [15]. Therefore, HSA is a physiologically important target for glycation research.

It is generally accepted that EGCg affects HSA glycation in vitro [5,6,16]. However, three 

significant knowledge gaps inhibit further understanding of EGCg-mediated biochemical 

activities under glycemic pressure. There is inadequate information on glycation at 

physiologically relevant levels of glucose, and a similar lack of information on the role of 

EGCg concentration. Furthermore, there is little data on how the time of exposure to EGCg 

affects its activity, a critical consideration for this short-lived molecule. Our work provides 

unique data on the role of EGCg under physiological conditions.

Glucose level is the first factor that limits our understanding of EGCg-mediated effects on 

HSA glycation. Most EGCg-related glycation studies have been carried out under high 

glycemic conditions (sugar > 30 mM), while blood sugar levels in most diabetic patients are 

in the range 7–10 mM [17]. There is no direct evidence to indicate whether the effects of 

EGCg on HSA glycation that have been observed under high, experimental glucose levels 

are meaningful under physiological conditions. We provide essential data to understand the 

biochemical effects of EGCg on HSA glycation in a system mimicking physiologically 

feasible conditions.

The second knowledge gap involves EGCg concentration, which might determine the 

balance between pro- and antioxidant activities of EGCg under glycemic pressure. On the 

one hand, low concentrations of EGCg (0.25 ~ 10 µM) inhibit glycation-induced 

fluorescence in an HSA/glucose-fructose system [6]. On the other hand, high concentrations 

of EGCg could be pro-oxidative. Elbling and colleagues report that 20 µM EGCg increases 

oxidative stress in cultured mammalian cells, possibly inhibiting cell growth [18]. EGCg (> 

= 50 µM) can also promote the formation of AGEs, such as N-(carboxymethyl) lysine, in 

both cell culture and in an HSA model system [16]. No adverse effects were reported for low 

concentrations of EGCg (<= 10 µM) in the same studies. We speculate that concentration 

plays a critical role in determining the outcome of EGCg-mediated biochemical activities 
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and provide novel data relevant to the typical low levels of EGCg that can be achieved by 

oral dosing.

The third knowledge gap relates to the duration and sequence of reactions between EGCg 

and the glycated protein. EGCg is chemically labile [19], and the parent compound and its 

degradation products might have different roles in protein glycation reactions. In previous 

studies, EGCg was incubated with HSA and glucose for at least 6 days [6]. Since EGCg is 

subject to spontaneous oxidation and decomposition in neutral solution [19], it is reasonable 

to assume that the degradation products of EGCg, rather than intact EGCg, were responsible 

for at least some of the biochemical effects in those studies. Glycation is a slow process, 

taking place over several weeks, but the in vivo half-life of EGCg is only about 4 hours [20]. 

If intact EGCg plays a role in glycation, it must be during a short time, and must involve 

glycated protein that has already formed. Previous studies have not examined the effects of 

intact EGCg on previously glycated protein. To better understand the biochemical activities 

of EGCg, further work is required to characterize the difference between HSA exposed to 

EGCg and its degradation products during glycation and HSA briefly exposed to EGCg after 

glycation. We provide the first direct comparison of these two conditions using 

physiologically relevant concentrations of the reactants.

In this study, we explored the biochemical activities of EGCg in an HSA/glucose model. 

Glycation-induced fluorescence, the dinitrophenyl hydrazine (DNPH) assay for carbonyls, 

and native polyacrylamide gel electrophoresis (PAGE) were used to assess the modification 

of HSA after 21 days of incubation (37 °C) with various concentrations of glucose (0–100 

mM). To evaluate potential time effects on EGCg bioactivities, we incubated EGCg with 

HSA/glucose samples for 21 days or with glycated HSA samples for 30 min. In both 

treatments, EGCg concentrations ranged from 0 to 100 µM.

Methods

Materials

O-phenylenediamine was purchased from Acros Organics (Morris Plains, NJ). HSA (≥97%) 

and methylglyoxal were purchased from MP Biomedicals, LLC (Solon, OH). Amicon 0.5 

mL ultrafiltration units (30 kDa molecular weight cut off) and 2,4-dinitrophenylhydrazine 

(DNPH) were purchased from Fisher Scientific Inc (Pittsburgh, PA). EGCg (>95%) was 

provided by Lipton Tea Co. (Newark, NJ). 2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic 

acid (ABTS) and Trolox were obtained from Sigma Chemicals (St. Louis, MO).

HSA and EGCg concentrations were determined spectrophotometrically using their 

extinction coefficients (ε280 (HSA) = 35750 M−1 cm−1 and ε280(EGCg) = 9700 M−1 cm−1). 

All solutions were sterile filtered before use, and samples that were contaminated during the 

21-day incubation were discarded without analysis.

In vitro glycation of HSA by glucose—HSA was mixed with glucose in 0.2 M sodium 

phosphate buffer containing 0.1 M sodium chloride (pH 7.4 PBS) to achieve a final 

concentration of 200 µM HSA and 0, 1, 10 or 100 mM glucose in a 1 mL reaction mixture. 

The samples were mixed and incubated at 37 °C for 21 days before transferring 450 µL from 
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each sample to an Amicon ultrafiltration unit for 10 min centrifugation at 14000 × g. To 

further purify each sample, 400 µL of PBS was added to the remaining solution in the 

filtration device and it was re-filtered as described above. This step was repeated 3 times 

before collecting the concentrated HSA samples by spinning the filtration devices upside-

down in new centrifuge tubes for 2 min at 1000 × g. All samples were adjusted to 200 µM 

HSA by mixing with 400 µL of PBS, and were kept at 4 °C for further analysis by the 

DNPH assay, native PAGE and fluorescence as described below.

EGCg treatments

Glucose-HSA solutions were treated with EGCg in two ways. For long term reactions, the 

mixtures described above were amended to achieve concentrations of 0, 1, 10 or 100 µM 

EGCg at the start of the 21 day incubation. For short term reactions, EGCg was added to 

glycated protein that had been purified by ultrafiltration as described above. EGCg was 

added to these samples to achieve final concentrations of 0, 1, 10 or 100 µM, and the 

samples were adjusted to 450 µL by PBS before incubation at 37 °C for 30 min. Upon the 

completion of each EGCg treatment, ultrafiltration was used to remove unreacted EGCg 

from samples as described above. All samples were adjusted to 200 µM HSA by mixing 

with 400 µL PBS and were kept at 4 °C for further analysis by the DNPH assay, native 

PAGE and fluorescence as described below.

Chemical analysis

To determine the glycation-induced fluorescence, each HSA sample was diluted to 30 µM 

with pH 7.4 PBS. The fluorescence intensity was measured with a LS55 luminescence 

spectrometer (PerkinElmer Inc., Hebron, KY) with an excitation/emission wavelength pair at 

330/410 nm. The fluorescence intensity was corrected by equation 1 to compensate for the 

inner filter effect due to sample absorbance [21].

(Equation 1)

where Fcor and Fobs are the corrected and observed fluorescence intensity, respectively. 

Abs330 and Abs410 represent the absorbance of samples in a 1 cm path-length cell at the 

excitation and emission wavelengths. In this study, all fluorescence intensities were 

corrected prior to data analysis. The anti-glycation effect of EGCg was evaluated by 

calculating the relative fluorescence intensity (equation 2).

(Equation 2)

where Fglycated is the fluorescence intensity of glycated HSA and Fnative is the fluorescence 

intensity of native HSA.

The carbonyl content of HSA was determined by Levine’s DNPH method [22].

Native PAGE (using the Laemmli system without the SDS) [23] was used to determine 

changes in the charge density of HSA due to reactions between glucose and amino acid 

residues such as arginine and lysine [9]. Each purified sample was diluted to 32 µM with 

PBS before mixing with an equal volume of bromophenol blue/glycerol sample preparation 
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solution, and loading 10 µL (0.16 nmole) per lane of a 12 % or 7.5 % running gel. The gels 

were stained with Coomassie brilliant blue.

EGCg-mediated methylglyoxal scavenging was determined by post-reaction conversion of 

remaining methylglyoxal to 1-methylquinoxaline, which was quantitated by high 

performance liquid chromatography (HPLC) [5]. Methylglyoxal (1 mM) and o-

phenylenediamine (1 mM) were prepared fresh in PBS. To prepare the various EGCg 

samples for analysis, PBS buffer containing 1 mM EGCg was aged at 37 °C for up to 21 

days. At intervals throughout the 21-day period, a 100 µL subsample of aged EGCg or PBS 

(control) was removed and mixed with to 40 µL of 1 mM methyglyoxal and reacted at 37 °C 

for 60 min. O-phenylenediamine (60 µL, 1 mM) was added to the mixture and after an 

additional 30 min incubation at 37 °C, the reaction products were quantitated with an 

Agilent 1100 series HPLC system equipped with a diode array detector (Agilent 

Technologies, USA). Separation was performed on a Zorbax Eclipse XD8 C8 column (5 µm, 

4.6 × 150 mm i.d.) using a gradient of 0.1 % trifluoroacetic acid in water and 0.13 % 

trifluoroacetic acid in acetonitrile. The product1-methylquinoxaline (tR 28.1 min) was 

detected at 315 nm and the percentage of methylglyoxal scavenged by EGCg was calculated 

based on peak area.

Radical scavenging was determined by the ABTS assay [24]. The ABTS radical cation was 

prepared by oxidation of the neutral species with potassium persulfate, and was stored in the 

dark until use [25]. EGCg was dissolved in pH 7.4 PBS buffer, and was used immediately or 

after aging at 37°C for up to 21 days. The colored radical solution was mixed with solutions 

containing various concentrations of fresh or aged EGCg, and the absorbance at 734 nm was 

measured after 10 min incubation at room temperature. The data were fit to linear response 

curves to determine the amount of EGCg required to decolorize 50% of the initial ABTS 

radical cation (IC50), and compared to the IC50 for Trolox determined under the same 

conditions.

Statistics

Each glycation reaction and/or EGCg treatment was replicated 5 times. All results were 

expressed as means +/− SD, and statistical analysis was performed using Sigmaplot 12.5 

(Systat Software Inc., San Jose, CA) with P < 0.05 as standard for significance. Two-way 

ANOVA followed by the Holm-Sidak method[26] was used to analyze interaction between 

glucose level and EGCg concentration.

Results

In all cases, the glycation reaction was 21 days. Some HSA samples were treated only with 

glucose (gHSA). The others were reacted with both glucose and EGCg. EGCg was added 

either at the beginning of the glycation period (Eg-21d), or in a 30 min incubation after the 

conclusion of the 21 day glycation period (Eg-30m).

Establishing the effects of polyphenols such as EGCg on biological systems can be 

analytically challenging, because these compounds interfere with many chemical and 

spectroscopic analytical techniques [27]. In control experiments, we found that the 
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fluorescence of EGCg aged for 30 min or for 21 days in the presence or absence of glucose 

much lower than that of HSA. The F/Fo calculated for EGCg relative to control HSA was 

<0.3 for all conditions, so we concluded that EGCg did not interfere with our fluorescence 

measurements. Control experiments also demonstrated that EGCg did not react with DNPH, 

used to assess protein carbonyls, or with o-phenylenediamine, used to evaluate methyl 

glyoxal scavenging.

HSA glycation was positively associated with glucose concentrations over the range 10–100 

mM. Very low levels of glucose (1 mM) did not modify HSA during the 21 day reaction, but 

significant glycation-induced fluorescence was noted after treatment with 10 mM glucose, 

with the reaction product yielding an RFI value ~1.5-fold higher than that of the native 

protein, while 100 mM glucose yielded a 15-fold increase (Fig. 1a). The DNPH assay and 

native PAGE were less sensitive than fluorescence, with detectable carbonyls or mobility 

shifts noted after reaction with at least 40 mM glucose (Fig. 2a, 3a).

While low concentrations of EGCg (1 and 10 µM) in the absence of glucose did not affect 

native HSA, 100 µM EGCg altered the protein in ways that were qualitatively similar to 

glucose-induced glycation. The RFI and carbonyl content of native HSA did not increase 

after treatment with 1 or 10 µM EGCg (Fig.1b and 2b), consistent with results from native 

PAGE (Fig.3b and 3c). Interestingly, HSA incubated 21 days with 1 µM EGCg and no 

glucose had significantly lower carbonyl content than the native protein, suggesting that very 

low levels of EGCg might protect proteins against some spontaneous oxidative damage. In 

samples incubated with 100 µM EGCg, RFI, carbonyl content, and electrophoretic mobility 

were significantly increased, indicating pro-oxidative reactions between EGCg and HSA 

(Fig. 1b, 2b, 3b, 3c). One exception to this trend was noted for Eg-30m with 100 µM EGCg, 

which did not have an elevated carbonyl content.

When the glucose concentration was 10 mM, HSA glycation was somewhat enhanced in 

Eg-21d samples at the highest concentration of EGCg (Fig. 1c). The carbonyl contents of 

Eg-21d samples for 1 µM and 10 µM EGCg were only slightly higher than the levels for 

gHSA (Fig. 2c), but the increases were significant. However, there was no change in 

carbonyls at the highest level of EGCg (Fig. 2c).

Under the same mild glycemic pressure, Eg-30m did not affect carbonyl formation or 

glycation induced fluoresence at low concentrations of EGCg (1 and 10 µM). The 30 min 

treatment with 100 µM EGCg substantially increased glycation-induced fluorescence but not 

carbonyl levels (Fig.1c and 2c).

When the glucose level was increased to 100 mM, incubation with EGCg for the entire 21 

day glycation period exerted protective activity in our HSA/glucose model. The development 

of glycation-induced fluorescence was inhibited in a dose-dependent manner by EGCg 

between 10 to 100 µM (Fig. 1d). The RFI value of gHSA samples was 12.8-fold larger than 

that of the native protein. Addition of 100 µM EGCg reduced the RFI value to 2.4, 

suggesting suppression of 80% of the glycation-derived fluorophores. The carbonyl contents 

were significantly lower in Eg-21d samples than in gHSA samples (Fig. 2d). The lowest 

concentration of EGCg slightly inhibited the formation of protein carbonyls under high 
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glycemic pressure, while more inhibition was achieved at 10 and 100 µM EGCg. However, 

Eg-21d did not inhibit changes in the electrophoretic mobility of HSA samples (Fig. 3d).

Under the same high glycemic conditions, treatment with EGCg for 30 min after the 21 day 

glycation reaction exerted a restorative effect in our HSA/glucose model. Eg-30m at all 

tested EGCg concentrations quenched ~50 % of the glycation-induced fluorescence of 

gHSA. The RFI values for Eg-30m samples with 1 and 10 µM EGCg were much smaller 

than those of Eg-21d samples with the same levels of EGCg (Fig. 1d). There was no 

evidence for a dose-dependent response to EGCg in the 30 min incubation. Furthermore, 

Eg-30m could not eliminate protein carbonyls derived from glycation (Fig. 2d) or restore 

electrophoretic mobility to glycated HSA (Fig. 3d).

The ability of aged EGCg to scavenge methylglyoxal was diminished in a time-dependent 

fashion (Fig. 4). Fresh EGCg destroyed 93% of the added methylgyoxal, but after 7 days of 

aging, EGCg could only eliminate 40% of the methylglyoxal. Scavenging ability continued 

to decline over the remainder of the incubation, with only 21% of the methyl glyoxal 

scavenged by 21 day old EGCg (Fig. 4). Antioxidant activity also diminished with age of the 

EGCg solution (Fig. 5).

Discussion

Our study reveals important effects of EGCg on protein glycation under physiological 

conditions. We found for the first time that EGCg not only inhibits protein glycation, but 

also reverses glycation when the time and concentrations of the reactions are controlled in a 

fashion that mimics the physiological condition. We also found that in the absence of 

glucose, high concentrations of EGCg damage protein in ways that resemble glycation 

reactions. These data support the hypothesis that EGCg is a bifunctional molecule that can 

protect or damage other biomolecules, perhaps because it has both pro- and antioxidant 

properties with potential to directly protect or damage biomolecules, and to indirectly 

control stress responses [7].

We devised a new model for testing EGCg that is physiologically more relevant than 

previous models. EGCg is a molecule with very short half life [19], so that very little EGCg 

is found in the blood stream 24 h after ingestion. Glycation is a very slow reaction [28], 

requiring weeks for the protein to accumulate detectable damage. Our system tests EGCg 

added for 30 min after the glycation reaction, to focus on the physiologically realistic effect 

of ingested EGCg on pre-existing glycated serum proteins.

We demonstrated that we could detect protein glycation when glucose levels were held 

within the physiologically normal range for healthy and diabetic individuals (1–30 mM) 

[17]. Although we could detect glycation damage when glucose levels were as low as 10 

mM, the protein was more heavily damaged when glucose levels were artificially high (100 

mM), similar to other studies of glycation at various concentrations of sugar [29]. Our 

methods for determining protein carbonyls or for electrophoretically evaluating changes in 

protein charge density are less sensitive than fluorescence, but show the same trend with 

glucose concentration.
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We note that our results with EGCg as a modifier of glycation are dependent on the 

glycation pressure and the EGCg concentration and are a consequence of the interaction 

between the polyphenol and the protein. When a small amount of EGCg was added for a 

short period to protein that was slightly glycated (10 mM glucose) there was little effect, but 

if a larger amount of EGCg was added, glycation damage was increased. This finding is 

consistent with earlier reports that 100 µM EGCg stimulates protein carbonyl formation in 

HSA [30]. We propose that the protein binding activity of EGCg [31] provides a mechanistic 

basis for the concentration-dependent effects of EGCg on lightly glycated protein. We 

suggest that when the concentration of EGCg is low and the protein is relatively undamaged, 

the polyphenol binds specifically to the hydrophobic pocket of the protein [32], and does not 

damage the protein. However, if excess EGCg is added, nonspecific binding to the protein is 

initiated, leading to damage similar to that induced by glycation. The mechanism for damage 

includes the well-known formation of covalent bonds between the electron-dense B ring of 

the flavonoid and electrophilic groups on the protein such as amines or thiols [33,34], 

analogous to glycation reactions at these residues [9]. Increased carbonyl content is a 

consequence of the irreversible oxidative deamination of the polyphenol-protein adduct [35], 

while increases in fluorescence are attributed to the association of the protein with the highly 

aromatic polyphenol [33,34].

We provide the first evidence that if protein is heavily glycated (100 mM glucose) before 

treatment with EGCg, then short treatment with EGCg can reverse the damage. A 30 min 

treatment with 1 µM EGCg quenched 55% of the glycation-induced fluorescence of 200 µM 

gHSA, which suggests a catalytic mechanism for the polyphenol. The nucleophilic A and/or 

B rings of the flavonoid might selectively target the positively charged AGEs, such as 

glyoxal- and methylglyoxal-induced lysine dimers, and might then carry out catalytic 

desctruction of AGES by mechanisms similar to those reported for some thiazolium and 

pyridium AGES breakers [36]. An alternative to the catalytic mechanism is transglycation 

reaction between the nucleophilic polyphenol and the glycosylamine precursor to AGES 

[37]. Given the potential of EGCg to reverse glycative damage, further experiments to 

identify potential reaction products that would elucidate mechanism of action are warranted.

However, the EGCg-mediated restorative effect was not reflected by all measures of 

glycation. Some fluorescent AGEs were resistant to EGCg-mediated restoration even at high 

levels of EGCg, and the carbonyl content and electrophoretic mobility of glycated HSA 

were not changed by the short treatment with EGCg. The remaining fluorescent AGEs may 

include vesperlysines and pentosidine, which are chemically more stable than other AGEs 

[38]. Carbonylation irreversibly alters the affected protein [39], so persistence of this 

damage marker despite the EGCg treatment is not surprising. We conclude that EGCg-

mediated restoration only applies to certain glycative modifications and is limited by EGCg 

and AGEs structure and reactivity. More work is needed to establish pathways for 

destruction of AGEs by brief treatment with polyphenols such as EGCg, and to establish 

whether destruction of the AGEs has positive effects on protein activity and physiological 

parameters.

We compared our model to more typical models in which the EGCg is added at the 

beginning of the several week-long glycation reaction. Effects of EGCg in this reaction 
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system are not due to the parent compound, but to the complex mixture of oxidative and 

degradative products of EGCg reaction [40]. When EGCg was added to the reaction at the 

beginning of glycation, the level of glycation-induced damage increased slightly if the 

glucose concentration was at physiological level. The mechanisms for increased glycation 

damage may include reactions between EGCg and the protein similar to those described 

above. A more likely mechanism for increased damage when EGCg is present during the 

prolonged glycation reaction is reaction of the protein with EGCg degradation products. For 

example, polyphenols like EGCg participate in the formation of hydrogen peroxide in the 

presence of trace amounts of reactive metal ions via Fenton reactions [41,42], and hydrogen 

peroxide facilitates albumin glycation [43]. We propose that long exposure to EGCg 

enhances HSA glycation by producing hydrogen peroxide. This result contrasts with the 

typical view of polyphenols as beneficial antioxidants [2,6], but is consistent with previous 

reports that EGCg damages proteins [18,44]. Because our work shows that long incubation 

of EGCg converts it to species with pro-oxidant activity, future work should employ 

methods that mimic the in vivo situation of limited exposure of plasma proteins to the short-

lived EGCg molecule.

When the glucose concentration was very high (100 mM), then EGCg added to the glycation 

reaction protected the protein from damage, similar to previous research [6]. EGCg is an 

effective scavenger of reactive aldehydes such as methyl glyoxal and is a radical scavenging 

agent [36]. We demonstrated novel reactivity for the EGCg decomposition products by 

showing that they are able to scavenge carbonyls and radicals, providing a mechanism for 

long-term protection of protein by a short-lived parent compound. Given the likely 

importance of EGCg decomposition products in vivo, further characterization of their 

reactivities with important biological species is justified.

We found that EGCg in the absence of glycating agent altered the protein in ways similar to 

glycation, especially in the short incubation experiments. As described above, covalent 

modification of protein by EGCg can yield protein carbonyls and fluorescent species. 

Although the data demonstrate that EGCg can potentially damage proteins, ingestion of 

dietary EGCg is normally safe. The amount of EGCg found in a typical diet is low (<50 mg/

day) [45], and only a small fraction of the ingested EGCg is absorbed from the digestive 

tract [20]. Most of the absorbed EGCg is modified by glucuronidation, methylation and 

sulfation during absorption, which attenuates its reactivity [46]. Furthermore, EGCg has a 

short half-life in vivo [20], preventing its accumulation. However, our study indicates that 

using EGCg as a supplement beyond the levels found naturally in foods and beverages could 

lead to unfavorably high levels in the blood stream with possible negative effects on serum 

proteins such as HSA.

In conclusion, EGCg is a redox active compound exhibiting both pro-oxidant and 

antioxidant activities. Our study clearly showed that bioactivities of EGCg in an HSA/

glucose model were determined by glucose level, EGCg concentration and time of exposure. 

In a physiologically relevant environment (mild glycemic pressure, low EGCg concentration 

and brief exposure of the glycated protein to EGCg), EGCg did not affect carbonyl content 

of HSA. However, fluorescence of glycated HSA was partially reversed by EGCg, 

suggesting a potential restorative effect. Although in vivo experimentation will be required 
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to test the therapeutic implications of our observations, our in vitro study provides 

preliminary evidence for an important positive effect of food-derived polyphenols within 

reaction constraints imposed by instability of the polyphenols. However, our work also 

suggests that dietary supplements of reactive polyphenols such as EGCg should be used with 

caution to avoid pro-oxidant, damaging activities in individuals with normal or mildly 

elevated glycemic pressure.
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Figure 1. Effects of EGCg on the fluorescence of native or glycated HSA
HSA (200 µM) was incubated for 21 days with different levels of glucose (0–100 mM) in pH 

7.4 PBS at 37 °C. Reactions were carried out without added EGCg (a) or with EGCg (b–d) 

added during the 21 day reaction (■) or after the glycation reaction (○). RFI was calculated 

as the ratio of the fluorescence of the glycated protein at λex = 330 nm, λem = 410 nm to that 

of the native HSA, * indicates a statistical difference between the sample protein and its 

respective control: native HSA (a, b); HSA treated with 10 mM glucose (c) or HSA treated 

with 100 mM glucose (d).
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Figure 2. Effects of EGCg on the carbonyl content of native or glycated HSA
HSA (200 µM) was incubated for 21 days with different levels of glucose (0–100 mM) in pH 

7.4 PBS at 37 °C. Reactions were carried out without added EGCg (a) or with EGCg (b–d) 

added during the the 21 day reaction (■) or after the glycation reaction (○). Carbonyl 

content was measured as DNPH reaction products at 370 nm. * indicates a statistical 

difference between the sample protein and its respective control: native HSA (a, b); HSA 

treated with 10 mM glucose (c) or HSA treated with 100 mM glucose (d).
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Figure 3. Effects of EGCg on the electrophoretic mobility of native or glycated HSA
HSA (200 µM) was incubated with different levels of glucose (0–130 mM) and/or EGCg (0–

100 µM) and/or EGCg in pH 7.4 PBS at 37 °C. Reaction times were 21 days for glucose (a) 

or 21 days (b) or 30 min (c) for EGCg. For samples treated with both glucose and EGCg (d) 

the glycation time was 21 days, and treatment with EGCg was either during glycation (21 

days) or after glycation (30 min). Electrophoretic mobility was evaluated with native PAGE 

gels (a, 12% gel; b–d, 7.5% gel) followed by Coomassie blue staining.
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Figure 4. Effect of incubation time on the methylglyoxal scavenging ability of EGCg
EGCg (1 mM) was incubated for up to 21 days in pH 7.4 PBS at 37 °C before determining 

methyl glyoxal scavenging activity.. * indicates a statistical difference between the sample 

and fresh EGCg.
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Figure 5. Effect of incubation time on the antioxidant activity of EGCg
EGCg (1 mM) was incubated for up to 21 days in pH 7.4 PBS at 37 °C before determining 

radical scavenging activity with the ABTS assay. The IC50 values were expressed as Trolox 

equivalents. * indicates a statistical difference between the sample and fresh EGCg.
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