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ABSTRACT 19 

Carbonylation is an irreversible modification in oxidized proteins that has been directly related to 20 

a number of health disorders including Type 2 diabetes. Dietary antioxidants have been proposed 21 

to counteract the oxidative stress occurred in hyperglycemic conditions. The understanding of 22 

the nature and consequences of the molecular interactions between phytochemicals and human 23 

plasma proteins is of the utmost scientific interest. Three tea catechins namely epicatechin (EC), 24 

epigallocatechin (EGC) and epigallocatechin-3-gallate (EGCG) were tested for i) their affinity to 25 

bind to human serum albumin (HSA) and human hemoglobin (HH) and ii) their ability to inhibit 26 

tryptophan (Trp) depletion and the formation of specific protein carbonyls and pentosidine in the 27 

aforementioned proteins. Both proteins (20 mg/mL) were allowed to react with postprandial 28 

plasmatic concentrations of the catechins (EC:0.7µM, EGC: 1.8 µM, and EGCG: 0.7µM) under 29 

simulated hyperglycemic conditions (12 mM glucose/0.2 mM Fe
3+

/37ºC/10 days). The three 30 

catechins were able to inhibit Trp oxidation and protein carbonylation in both plasma proteins. 31 

Some anti-glycation properties were linked to their binding affinities. The molecular interactions 32 

reported in the present study may explain the alleged beneficial effects of tea catechins against 33 

the redox impairment linked to hyperglycemic conditions.  34 

 35 

 36 

SHORT TITLE: ‘catechins against protein oxidation in hyperglycemia’ 37 

 38 

Keywords: Carbonylation; Catechins; Glyco-oxidation, Pentosidine; Plasma proteins; 39 

Tryptophan. 40 

 41 

Abbreviation list: HSA: Human serum albumin; HH: Human hemoglobin; BSA: Bovine serum 42 

albumin; EC: (-)-epicatechin; EGC: (-)-epigallocatechin; EGCG: (-)-epigallocatechin-3-gallate; 43 
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Trp: Tryptophan; AAA: α-aminoadipic acid; AAS: α-aminoadipic semialdehyde; GGS: γ-44 

glutamic semialdehyde; AGEs: advanced glycation end products 45 

46 
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 1. INTRODUCTION 47 

Protein oxidative modifications are a major class of protein post-translational changes and 48 

contribute to cell dysfunction and human disease [1, 2]. Carbonylation is an irreversible 49 

modification in oxidized proteins that has been directly related to a number of health disorders 50 

[3]. Carbonyls can be formed in proteins by three different pathways: i) radical-mediated 51 

oxidation of the side chains of alkaline amino acids such as lysine, threonine, arginine and 52 

proline; ii) the reaction of the δ-amino group of an alkaline amino acid with reducing sugars or 53 

their oxidation products and iii) the oxidative cleavage of the peptide backbone via the α-54 

amidation pathway or the oxidation of glutamyl side chains [4]. Among the three mechanisms, 55 

the Maillard-mediated reaction has been reported to be a significant carbonylation pathway in 56 

muscle and plasma proteins [5, 6].  57 

The Maillard reaction occurs between amino groups in proteins and a reducing sugar such as 58 

glucose and leads to the formation of multiple products including Schiff bases, Amadori 59 

products and advanced glycation end products (AGEs) [7]. The discovery that specific markers 60 

of oxidative stress such the protein carbonyls, α-aminoadipic semialdehyde and the γ-glutamic 61 

semialdehyde (AAS and GGS, respectively), are also formed in the presence of reducing sugars 62 

[5, 6], exemplify the interconnections between protein glycation and protein oxidation already 63 

highlighted by Wolff et al [8]. Akagawa et al. [9] identified the Maillard reaction as responsible 64 

for the accumulation of AAS and GGS in plasma proteins from diabetic rats. The detection of 65 

post-translational changes in plasma proteins as a result of pathological conditions by using such 66 

specific markers is of indisputable interest for diagnosis and health control purposes. 67 

Carbonylation in particular is known to occur in plasma proteins of Type II diabetic patients with 68 

this oxidative damage being the cause of subsequent functional impairments [3, 10]. Little is 69 

known, however, about the formation of these particular protein carbonyls in human proteins 70 
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under physiological and/or pathological conditions and the suitability of using these compounds 71 

as specific markers of glycosylation and disease.  72 

Polyphenols have been attributed diverse bioactivities as they act as free radical scavengers, 73 

metal chelators, enzymatic activity modulators, signal transductors and gene expression 74 

activators [11]. Owing to their versatile biological functions, these compounds have been 75 

proposed for struggling against chronic disorders, such as Type II diabetes, heart diseases and 76 

various types of cancer [11]. Tea is an excellent source of polyphenols with (-)-epicatechin (EC), 77 

(-)-epicatechin gallate (ECG), (-)-epigallocatechin (EGC), and (-)-epigallocatechin-3-gallate 78 

(EGCG) being the most abundant [12]. These species have displayed many pharmacological 79 

effects such as antimutagenic, antiproliferative, anticarcinogenic and neuroprotective activities 80 

[13]. Interestingly, EC, EGC and EGCG occur in blood of human individuals after tea 81 

consumption at concentrations ranging from 78 to 550 ng/mL [14, 15]. While the binding 82 

affinities and molecular interactions between tea polyphenols and plasma proteins have been 83 

studied [16, 17], the effect of these phytochemicals against the damage caused by oxidative 84 

stress and glycosylation to human proteins is mostly unknown.  85 

The objective of this study was to evaluate the effectiveness of three major tea polyphenols, 86 

namely EC, EGC and EGCG, against the carbonylation of human plasma proteins (human serum 87 

albumin and hemoglobin) under simulated pathological concentrations of glucose.  88 

 89 

2. Material and methods 90 

2.1. Chemicals  91 

EGCG and EGC were purchased from HWI Analytik GMBH (Rülzheim, Germany). EC, 92 

albumin from human serum (HSA), human hemoglobin (HH), sodium cyanoborohydride 93 

(NaCNBH3), diethylenetriaminepentaacetic acid (DTPA), 1,1-diphenyl-2-picrylhydrazyl 94 

(DPPH), sodium dodecyl sulfate (SDS), 4-Aminobenzoic acid (ABA), 2-(N-morpholino) 95 
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ethanesulfonic acid (MES) monohydrate and iron (III) chloride reagent grade were acquired 96 

from Sigma-Aldrich Co. Ltd. (Steinheim, Germany). D(+) Glucose monohydrate, sodium 97 

dihydrogen phosphate (NaH2PO4), di-sodium hydrogen phosphate (Na2HPO4), trichloroacetic 98 

acid (TCA), sodium acetate anhydrous, methanol, acetonitrile, diethylether, ethanol and 99 

hydrochloric acid were obtained from Scharlau Labs S.L. (Barcelona, Spain). Water used was 100 

purified by passage through a Milli-Q system (Millipore Corp., Bedford, MA). Solutions were 101 

freshly prepared prior to use.  102 

 103 

2.2. Assay of binding affinity between human plasma proteins and catechins 104 

For a detailed study of catechin–protein interactions, the quenching of protein intrinsic 105 

(tryptophan) fluorescence by the phenolics was employed as follows. HSA and HH (20 mg/mL) 106 

were dissolved in sodium phosphate buffer (pH 7.4; 100mM).  Individual phenolics (EC, EGC, 107 

EGCG) were dissolved in aqueous methanol (20%) in order to yield 0.87mM, 1mM, 1.3mM 108 

stock solutions, respectively. Fluorescence spectra were recorded in a Perkin Elmer LS 55 109 

luminescence spectrometer (Perkin Elmer, Cambridge, UK) using a 10 mm quartz Suprasil 110 

fluorescence cuvette (Hellma, Germany). In order to quantify the potential interaction between 111 

catechins and human proteins, the latter were titrated in cuvette by successive additions of 112 

individual catechin solutions (EC, 0.7-5.6 µM; EGC, 1.8-14.4µM; EGCG, 0.7-5.6 µM; final 113 

concentrations). This range of concentrations was selected based on the data available in the 114 

literature [14, 15] and on preliminary trials aimed to perceive detectable quenching of trp 115 

fluorescence in the selected proteins. Fluorescence emission spectra were recorded from 300 to 116 

400 nm with excitation at 280 nm. The excitation and emission slits were both set to 10 nm and 117 

scanning speed was 500 nm/min. All experiments were carried out at 37 °C. Fluorescence 118 

intensity was read at protein emission maximum of 335 nm. Fluorescence spectra of individual 119 

catechins at equal concentrations were recorded as blanks under the same experimental 120 
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conditions and subtracted from the corresponding sample to correct the fluorescence 121 

background. The bimolecular quenching rate constant (Kq) was calculated using the Stern–122 

Volmer equation [18] 123 

F0/F=1+Kqτ0[Q]                                                                                                                                      124 

where F0 and F are the fluorescence intensities of the protein solutions in the absence and 125 

presence of the quencher, respectively; [Q] is the quencher concentration, and τ0 (≈5 x 10
9
 s) is 126 

the lifetime of the fluorophore in the absence of the quencher [18].  127 

The apparent binding constants (Kb) were calculated using the following equation [19]: 128 

log (F0-F)/F = nlog Kb – nlog (1/([Q] F0- F [P]/F0))                 129 

where [P] is the total protein concentration and n the number of binding sites.  130 

 131 

2.3. DPPH radical scavenging activity 132 

Catechins (EC: 0.7µM, EGC: 1.8 µM, and EGCG: 0.7µM; final concentrations) were mixed with 133 

HSA (20 mg/mL) and HH (20 mg/mL) solutions to obtain 11 different experimental units 134 

including the units from the total factorial design (3 catechins x 2 human proteins) and their 135 

respective controls (containing each of these 5 components alone). Antioxidant activities of the 136 

above samples were measured against the DPPH free radical assay. Fifty µL of each sample was 137 

added to 2 mL of DPPH solution (6 x 10
5
 M in methanol). The decrease in absorbance at 517 nm 138 

was measured after 30 min. The DPPH radical scavenging activity was calculated using the 139 

following formula:  140 

DPPH radical scavenging activity (%) = (1-Acontrol/Asample)*100              141 

where Acontrol is the absorbance of the control (containing all reagents except the sample), and 142 

Asample is the absorbance of the samples, both measured at 517 nm.  143 

 144 

2.4. Experimental setting for glycosylation assay 145 
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Three different types of reaction units containing each human protein solutions (20 mg/mL) were 146 

prepared as follows: Reaction 1 included only the human proteins (HH or HSA) as negative 147 

control samples (2 reaction units in total); Reaction 2 included HH or HSA, FeCl3 (0.2mM) and 148 

glucose (12mM) as positive control samples (2 reaction units in total); Reaction 3 included HH 149 

or HSA,  FeCl3 (0.2mM), glucose (12mM) and each of the tea phenolics under study (0.7µM, 150 

EGCG; 0.7 µM, EC; 1.8 µM EGC; final concentrations) (6 reactions units in total). All reaction 151 

mixtures were prepared in triplicate (10 x 3= 30 in total) and incubated at 37 °C for 10 days with 152 

constant stirring. Samples were taken at fixed times (0, 3, 6, 10 days) for Reaction 1 and 2 and 153 

subsequently analyzed for tryptophan (Trp), AGEs and specific protein carbonyls. For Reaction 154 

3, a single sampling was performed after 10 days of incubation for the analysis of trp, AGEs and 155 

specific protein carbonyls. 156 

 157 

2.5. Tryptophan measurements 158 

The concentration of Trp in human protein systems was measured on a Perkin Elmer LS 55 159 

luminescence spectrometer (Perkin Elmer, Cambridge, UK). Human proteins solutions were 160 

diluted with 100 mM sodium phosphate buffer, pH 7.4. The emission spectra were recorded from 161 

300 to 400 nm with the excitation wavelength established at 283 nm. Excitation and emission slit 162 

widths were set at 10 nm. Trp content was calculated from the corresponding standard curves of 163 

HSA and HH. Emission spectra of the sodium phosphate buffer and the catechins were recorded 164 

under the same conditions and used as background spectra in the pertinent samples. The 165 

fluorescent quenching of catechins as measured in the experiment described in Section 2.2. was 166 

also taken into consideration for accurate quantification purposes. Results are expressed as mM 167 

trp.  168 

 169 

2.6. Pentosidine measurements 170 
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Pentosidine was analyzed using a LS-55 Perkin-Elmer fluorescence spectrometer (Perkin-Elmer, 171 

Beaconsfield, U.K.). Prior to the analysis, human proteins solutions were diluted with 100 mM 172 

sodium phosphate buffer, pH 7.4. Pentosidine was excited at 370 nm, and the emitted 173 

fluorescence was recorded from 400 to 500 nm. The excitation and emission slits were both set 174 

to 10 nm and scanning speed was 500 nm/min. Results are expressed as fluorescence intensity 175 

(Area units).  176 

 177 

2.7. Synthesis of AAS and GGS Standard Compounds 178 

N-Acetyl-L-AAS and N-acetyl-L-GGS were synthesized from Nα- acetyl-L-lysine and Nα-179 

acetyl-L-ornithine using lysyl oxidase activity from egg shell membrane following the procedure 180 

described by Akagawa et al. [5]. Briefly, 10 mM Nα-acetyl-L-lysine and Nα-acetyl-L-ornithine 181 

were independently incubated with constant stirring with 5 g egg Shell membrane in 50 mL of 182 

20 mM sodium phosphate buffer, pH 9.0 at 37 °C for 24 h. The egg shell membrane was then 183 

removed by centrifugation and the pH of the solution adjusted to 6.0 using 1 M HCl. The 184 

resulting aldehydes were reductively aminated with 3 mmol ABA in the presence of 4.5 mmol 185 

NaBH3CN at 37 °C for 2 h with stirring. Then, ABA derivatives were hydrolyzed by 50 mL of 186 

12 M HCl at 110 °C for 10 h. The hydrolysates were evaporated at 40 °C in vacuo to dryness 187 

using a Savant speed-vac concentrator. The resulting AAS-ABA and GGS-ABA were purified 188 

by using silica gel column chromatography and ethyl acetate/acetic acid/water (20:2:1, v/v/v) as 189 

elution solvent. The purity of the resulting solution and authenticity of the standard compounds 190 

obtained following the aforementioned procedures have been checked by using MS and 
1
H 191 

NMR.  192 

 193 

2.8. Analysis of AAS and GGS 194 
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A 200 µL sample of the experimental units was dispensed in 2 mL screw-capped eppendorf 195 

tubes and treated with 1 ml of cold 10% TCA solution. Each eppendorf was vortexed and then 196 

proteins were precipitated with centrifugation at 5000g for 5 min at 4 °C. The supernatant was 197 

removed, and the resulting pellet was treated again with 1.5 mL of cold 5% TCA solution. A 198 

new centrifugation was performed at 5000g for 5 min at 4 °C for protein precipitation. The 199 

supernatant was removed, and then the pellets were treated with the following freshly prepared 200 

solutions: 0.5 mL of 250 mM MES buffer pH 6.0 containing 1% SDS and 1 mM DTPA, 0.5 mL 201 

of 50 mM ABA in 250 mM MES buffer pH 6.0, and 0.25 mL of 100 mM NaBH3CN in 250 mM 202 

MES buffer pH 6.0. The derivatization was completed by allowing the mixture to react at 37 ºC 203 

for 90 min.  The samples were stirred every 30 min. The derivatization was stopped by adding 204 

0.5 mL of cold 50% TCA followed by a centrifugation at 5000g for 5 min. The pellet was then 205 

washed twice with 10% TCA and diethyl ether−ethanol (1:1). Centrifugations at 5000g for 10 206 

min were performed after each washing step. The pellet was treated with 6 N HCl and kept in an 207 

oven at 110 °C for 18 h until completion of hydrolysis. The hydrolysates were dried in vacuo 208 

using a Savant speed-vac concentrator. Finally, the generated residue was reconstituted with 200 209 

µL of Milli-Q water and then filtered through hydrophilic polypropylene GH Polypro (GHP) 210 

syringe filters (0.45 µm pore size, Pall Corporation) for HPLC analysis.  211 

Samples were eluted in a Cosmosil 5C18-AR-II RP-HPLC column (5 µm, 150 mm × 4.6 mm) 212 

equipped with a guard column (10 mm × 4.6 mm) packed with the same material (Nacalai Inc., 213 

USA). A Shimadzu ‘Prominence’ HPLC apparatus (Shimadzu Corp., Kyoto, Japan), equipped 214 

with a quaternary solvent delivery system (LC-20AD), DGU-20AS online degasser, SIL-20A 215 

autosampler, RF-10A XL fluorescence detector, and CBM-20A system controller, was used. 216 

Sodium acetate buffer (50 mM, pH 5.4) (eluent A) and acetonitrile (ACN) (eluent B) were used 217 

as eluents.  A low-pressure gradient programme was used, varying B concentration from 0% 218 

(min 0) to 8% (min 20). The volume injection was 0.5 µL, the flow rate was kept at 1 mL/ min, 219 

Page 10 of 37Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



and the temperature of the column was maintained constant at 30 °C. Excitation and emission 220 

wavelengths were set at 283 and 350 nm, respectively. Standards (0.2 µL) were run and analyzed 221 

under the same conditions. Identification of both derivatized semialdehydes in the FLD 222 

chromatograms was carried out by comparing their retention times with those from the standard 223 

compounds. The peaks corresponding to AAS-ABA and GGS-ABA were manually integrated 224 

from FLD chromatograms and the resulting areas plotted against an ABA standard curve with 225 

known concentrations that ranged from 0.1 to 0.5 mM. Results are expressed as nmol of 226 

carbonyl compound per mg of protein. 227 

 228 

3. Statistics 229 

All experimental units were prepared in triplicate and each individual sample at each sampling 230 

time was analyzed three times for each measurement. The effect of the addition of the tea 231 

catechins on the extent of Trp loss and the formation of AGEs and protein carbonyls was 232 

analyzed by an Analysis of Variance (ANOVA). The Tukey’s test was used for multiple 233 

comparisons of the means. The significance level was set at P < 0.05. 234 

 235 

4. Results and Discussion 236 

4.1. Binding affinity between catechins and human plasma proteins 237 

The binding affinities of catechins (EGCG, EC, EGC, Figure 1) for HSA and HH were assessed 238 

by the ability of these phytochemicals to quench the intrinsic fluorescence of Trp. The 239 

fluorescence intensity of the experimental units containing HSA and HH gradually decreased 240 

with increasing concentrations of all tested tea catechins. The fluorescence quenching data were 241 

computed for calculating the bimolecular quenching constants (Kq) and the binding constants 242 

(Kb) of EC, EGC and EGCG associated with each of the human plasma proteins under study. As 243 

reported in Table 1, the Kq values in all tested systems are higher than the diffusion-controlled 244 
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rate constant of the biomolecules (Kdiff = 1.0 x 10
10

 L mol
-1

 s
-1

) which confirmed that the static 245 

quenching mechanism of the catechins is the main reason behind the loss of intrinsic protein 246 

fluorescence. The chemistry of this interaction usually involves the reaction of the hydroxyl 247 

group with the carboxyl residues of the protein to form hydrogen bonds. As a result of this 248 

reaction, the di-hydroxyl moiety of a polyphenol is readily oxidized to an ortoquinone, and then 249 

the quinine forms a dimer in a side reaction, or reacts with amino or sulfhydryl side chains of 250 

polypeptides to form covalent C\N or C\S bonds with the phenolic ring, with regeneration of the 251 

hydroquinone [20]. This molecular interaction may alter the microenvironment of Trp-214 252 

residue in HSA and Trp-37 residue in β-subunit in HH which have been reported to be 253 

responsible for the fluorescence emitted by both human plasma proteins [21].  254 

Regarding the differences between experimental units, the highest quenching rate constant in 255 

HSA solutions was found for EGCG (15.30 x10
12

 M
-1

 s
-1

) followed by EC (3.51 x10
12

 M
-1

 s
-1

) 256 

and EGC (1.43x10
12

 M
-1

 s
-1

). Consistently, the strongest binding affinity for same complexes 257 

followed the decreasing order 5.81 x10
4
 L mol

-1
, 1.40 x10

4
 L mol

-1
 and 0.60x10

4
 L mol

-1
, for 258 

EGCG, EC and EGC respectively. These values are comparable with those reported by Trnková 259 

et al. [17] who analyzed the interaction mechanisms between these phytochemicals and HSA 260 

using a similar spectroscopic approach. The structural properties of the tea polyphenols largely 261 

explain the binding affinities of these phytochemicals for plasma proteins [20, 22]. In particular, 262 

the hydroxyl groups are known to play a key role on these interactions as hydroxylation of 263 

phenolic rings leads to an increase of the binding sites [22]. The higher ability of EGCG to bind 264 

to both human plasma proteins may be explained by the presence of the galloyl moiety on the C-265 

ring of this catechin [22]. In addition, the catechin with the catechol group on the B-ring (EC) 266 

had a stronger binding affinity than the species with pyragallol group (EGC) [20]. By applying 267 

an HPLC analysis with an immobilized HSA column, Ishii et al. [16] studied the binding 268 

affinities of green tea catechins for HSA and reported that the most important structural element 269 
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contributing to HSA binding of tea catechins is the galloyl group, followed by the number of 270 

hydroxyl groups on the B-ring and the galloyl group or the configuration at C-2. Applying 271 

Fourier Transform Infrared (FTIR) methodologies and docking studies, Maiti et al. [23] provided 272 

substantial insight into the molecular interaction between EGCG and HSA. In addition to the 273 

confirmed strong affinity between both molecules, the authors also reported that van der Waals 274 

interactions and hydrogen bonding are primarily responsible for t �he overall negative G° of the 275 

reaction and also that the red shift in the fluorescence spectra of HSA in the presence of EGCG 276 

(also observed in the present study) is due to an increased polar environment at the Trp-214 277 

residue in HSA.  278 

While the quenching rate constants between the catechins and HH followed a similar order with 279 

EGCG (3.63 x10
12

 M
-1

 s
-1

) showing the highest quenching potential followed by EC (1.02x10
12

 280 

M
-1

 s
-1

) and EGC (0.58x10
12

 M
-1

 s
-1

) the values were lower than those found for HSA. The 281 

binging affinities of the catechins for HH were in good agreement with their quenching abilities 282 

(1.53 x10
4
 L mol

-1
, 0.37 x10

4
 L mol

-1
, 0.24 x10

4
 L mol

-1
, for EGCG, EC and EGC, respectively). 283 

The differences in binding affinities of catechins for different proteins could be explained by 284 

several factors, including their hydrophobicity, isoelectric point and amino acid composition 285 

[24]. HH has been much less studied than HSA for their molecular interactions with 286 

polyphenols. According to the study carried out by Xiao et al. [25] in bovine hemoglobin (BH), 287 

the affinities of flavonoids for this protein increased with increasing partition coefficient which 288 

meant that the binding interaction between polyphenols and BH was mainly caused by 289 

hydrophobic forces. BH as well as HH is a highly polar macromolecule consisting of large 290 

numbers of amino, hydroxyl, and carboxylic residues. The results from the present study and the 291 

differences for binding affinities between tea catechins and HH are in general consistent with the 292 

data reported by Xiao et al. [25] for BH. 293 
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Unlike the aforementioned studies, the concentration range of the tea catechins in the present 294 

experimental units was adjusted to that reported to occur in the plasma of human individuals 295 

after tea consumption [14, 15]. Hence, the present results confirm the intense affinity and 296 

molecular interactions between human plasma proteins and these three species in conditions 297 

closer to a realistic physiological situation.  298 

The reactions between polyphenols and plasma proteins have attracted great interest owing to the 299 

consequences of such interactions. Binding polyphenols not only affect the structure and 300 

conformation of HSA as demonstrated by Maiti et al. [23]; the functionality of the protein and 301 

relevant physiological processes may also be affected. For instance, the distribution, metabolism, 302 

and efficacy of many drugs are correlated with their affinities toward both HSA and HH. In the 303 

present study, the consequences of these molecular interactions were further investigated for the 304 

radical scavenging activity of both the proteins and the catechins and the potential protection of 305 

the latter against the glucose-mediated carbonylation of the former.   306 

 307 

4.2. In vitro antioxidant activity of catechins and human proteins 308 

Table 2 shows the values of percent inhibition against DPPH of the experimental units 309 

containing each of the tea catechins and human proteins alone, and the combination of them (2 310 

proteins x 3 tea catechins). The three catechins displayed, at the tested concentrations, radical 311 

scavenging capacity against DPPH that ranged between 13.95 and 18.85%. These results are in 312 

general concurrence with Nanjo et al. [26] who reported that tea catechins and their epimers 313 

showed 50% radical scavenging ability in the concentration range of 1 to 3 µM. However, the 314 

differences found among catechins for their antiradical activity diverge from those reported by 315 

previous researchers who stated that the antioxidant activity of tea was mainly attributed to the 316 

esterified catechins (EGCG/ECG) [26, 27]. Using Electron Spin Resonance (ESR) 317 

measurements, Guo et al. [27] confirmed that the presence of a gallate group at the 3 position 318 
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played the most important role in their abilities to scavenge free radicals. They also reported that 319 

scavenging capacity of EGC was higher than that of EC, suggesting that the presence of a 320 

hydroxyl group at the 5′ position also played an important role in their ability to scavenge free 321 

radicals. It is worth mentioning that the concentration of the catechins as well as the ratio 322 

catechin/DPPH is considerably lower in the present study compared to the aforementioned work 323 

and this factor is highly influential on the outcome of this in vitro assay [28]. The bulky steric 324 

hindrance of catechins containing galloyl groups has been reported to obstruct their DPPH 325 

scavenging activities [27] and this condition may have played a major role at the lower 326 

concentrations of the catechins used in this study.   327 

On the other hand, both human plasma proteins displayed antioxidant capacity against DPPH 328 

and this capacity was comparable with that shown by the tea catechins (Table 2). Though the 329 

scavenging activity of HH was in the range of all biomolecules tested, it was significantly lower 330 

than that of HSA. The antioxidant properties of HSA are well-documented and considered to be 331 

responsible for several important physiological and pharmacological functions [29]. The two 332 

sulfur-containing residues in HSA, Met and Cys, have been reported to account for 40-80% of 333 

the total antioxidant activity of the protein and more than 70% of the free radical-trapping 334 

activity in serum [30]. Again, the antioxidant capacity of HH is less documented than that of 335 

HSA while recent reports identified the β93 cysteine residue as a major contributor of its radical-336 

scavenging property and a relevant element of vascular anti-inflammatory defense [31].  337 

The radical scavenging activities of the experimental units combining catechins and human 338 

plasma proteins were lower than the activities displayed by the individual elements (Table 2). 339 

This finding may indicate that the polyphenol-proteins molecular interaction inhibit the 340 

antioxidant capacity of the whole system (Table 2). The binding affinity of the catechins for the 341 

human proteins seemed to play a role in the antioxidant capacity of the experimental units with 342 

both biomolecules. The scavenging activity of EGCG and EC decreased in the presence of HSA 343 
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and HH while the activity of EGC, which showed lower binding affinity for the proteins, 344 

increased. Cao et al. [32] also found that the DPPH scavenging percentages of polyphenols 345 

decreased with increasing affinities for bovine serum albumin (BSA). In one hand, the 346 

scavenging activity of plasma proteins, highly dependent on the free thiols, may be lost as a 347 

result of the nucleophilic addition of such protein residues with quinones [33]. The depletion of 348 

free thiols is a common consequence of the covalent binding of phenolics to protein residues 349 

[34]. Bae et al. [35] reported that incubation of EGCG with HSA occurred along with the loss on 350 

a free sulfhydryl group in HSA which support the present hypothesis. As already explained, the 351 

nucleophilic addition leads to the regeneration of the hydroquinone which may display 352 

antioxidant properties due to the presence of hydroxyl groups [20]. While, according to the 353 

present results, the antioxidant potential of the protein-bound catechin may be lower than that of 354 

the free catechin, the former may exert efficient protection against radical-mediated oxidation of 355 

neighboring protein residues. To similar conclusions came Almajano et al. [36] testing the 356 

radical scavenging of adducts formed by EGCG and assorted plasma and dairy proteins.  357 

 358 

4.3. In vitro glycation of HSA and HH: tryptophan depletion and formation of carbonyls and 359 

AGEs 360 

The chemical modifications induced in HSA and HH as a result of the incubation (10 days/37ºC) 361 

with glucose (12mM) and iron (0.2mM) are depicted in Figure 2. The glycation of HSA has been 362 

typically linked to Maillard-mediated mechanisms that proceed via the attachment of a glucose 363 

molecule to N-terminal residues or the ε-amino group of protein-bound lysine residues, resulting 364 

in the formation of reversible Schiff bases. These adducts are in equilibrium with glucose in 365 

solution and with their rearrangement Amadori products that may subsequently undergo 366 

irreversible rearrangement to form fluorescent AGEs [7]. However, glucose can actually undergo 367 

metal-catalyzed oxidation that leads to the production of ketoaldehydes, hydrogen peroxide and 368 

Page 16 of 37Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



other highly reactive oxidants [8]. Furthermore, Hedegaard et al. [37] recently reported the 369 

formation of reactive oxygen species during incubation of β-lactoglobulin with glucose (1 M) 370 

and Fe
2+

 (5 mM) and the subsequent radical-mediated oxidation of the protein. While the 371 

experimental conditions of this latter experiment are considerable severe, simulated 372 

physiological conditions like the applied in the present study have also been found to generate 373 

reactive carbonyls and ROS from glucose autoxidation [8]. Hence, the chemical damage to the 374 

present human plasma proteins could be reasonably attributed to the pro-oxidant action of 375 

species formed from ‘autoxidative glycosylation’ reactions.  376 

Tryptophan is highly sensitive to ROS and its depletion is considered an early expression of the 377 

oxidative damage to proteins. The initial Trp concentrations in HH and HSA solutions decreased 378 

throughout the incubation assay with this depletion being more remarkable in HH due to the 379 

initial larger concentration of this amino acid (Figure 2A). At the end of the assay, HSA and HH 380 

lose 63 and 80% of the initial Trp, respectively. Similar Trp depletions were recorded by Khan et 381 

al. [38] inducing an in vitro glycation of HSA for up to 20 weeks in the absence of metals. The 382 

metal-catalyzed oxidation of glucose may definitely accelerate the loss of Trp as Cuossons et al. 383 

[39] observed a dramatic Trp loss in HSA when Cu
2+ 

(50µM) was added to the glucose-induced 384 

(5-50 mM) glycation assay. In the absence of the metal, the loss of Trp was negligible even at 385 

high glucose concentrations (500 mM) and prolonged incubation periods at 37ºC (56 days). It 386 

can be hypothesized whether the decrease in the fluorescence of the tryptophanyl residues was 387 

caused by a glycation-dependent conformational change within the protein that affected the local 388 

environment of Trp. However, whenever pro-oxidative species are present (i.e. glucose is 389 

combined with transition metals) the loss of Trp is promoted plausibly via free radical 390 

mechanisms [8]. The present results illustrate the high susceptibility of HH to glucose-mediated 391 

degradation as previously reported by Cussimanio et al. [40]. Trp is particularly susceptible as 392 

glycated HH has been found to undergo structural modifications leading to an exposure of Trp 393 

Page 17 of 37 Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t



residues [41] that may be readily oxidized by glucose-mediated ROS. This is a relevant finding 394 

owing to the biological significance of Trp oxidation in a hyperglycemic environment [42]. The 395 

recurrent observation of low Trp levels in plasma of diabetic patients may be caused by the 396 

molecular mechanisms described here and this may lead to further disorders such as enzyme 397 

malfunction and neurological complications [43]. 398 

The formation of specific carbonyls, AAS and GGS, occurred in both plasma proteins during 399 

incubation (Figure 2B). After 10 days, the concentration of carbonyls significantly increased 400 

from 0.24 to 2.03 in HSA and from 0.44 to 1.85 nmol/mg protein in HH. The carbonylation of 401 

human plasma proteins in hyperglycemic conditions, including those occurred in diabetic 402 

patients, has been profusely documented [10, 38, 41, 44]. However, this analysis is commonly 403 

made using unspecific methods for detection of protein hydrazones upon DNPH derivatization 404 

while the exact nature of the carbonyl species as well as the underlying chemical pathways were 405 

not described. In fact, to our knowledge, this study reports original data on the concentration of 406 

AAS and GGS in human plasma proteins incubated under simulated physiological conditions. 407 

Before us, only Akagawa et al. [9] reported elevated levels of both protein carbonyls in diabetic 408 

rats. The same authors [5] proven the in vitro formation of these semialdehydes in BSA in the 409 

presence of glucose-derived α-dicarbonyls (2 mM glyoxal and methylglyoxal), confirming the 410 

occurrence of ‘autoxidative glycosylation’ mechanisms in the oxidative damage to glycated 411 

proteins. The Maillard-mediated mechanism has been thoroughly described elsewhere [5, 6]. 412 

These highly reactive dicarbonyls may condense with the є-amino group from the side chains of 413 

lysine, arginine and proline causing the oxidative deamination and the subsequent formation of 414 

the carbonyl moiety in the side chain of the susceptible amino acid. Taking into consideration the 415 

proven generation of ROS as a result of the metal-catalyzed oxidation of glucose, the formation 416 

of AAS and GGS via direct attack of free radicals to alkaline amino acids could plausibly have 417 

happened. In fact, the formation of both carbonyls in plasma and muscle proteins has been 418 
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induced in vitro by hydroxyl-radical generating systems [5, 45]. Hence, protein glycation and 419 

protein oxidation are inextricably linked as two difference pathways lead to the formation of the 420 

same product and in the conditions of the present experiment, the contribution of each 421 

mechanism to carbonyl formation is indistinguishable.  422 

The concentration of carbonyls (AAS + GGS) in HSA and HH after 10 days of incubation at 423 

37ºC in the presence of glucose (12 mM) and Fe
3+ 

(200 µM) in the present study, is in the range 424 

reported by Akagawa et al. [5] in BSA and in line with the extent of protein carbonylation found 425 

in diabetic patients [10, 46, 47]. Both proteins behaved similarly for their susceptibility to 426 

carbonylation though HH suffered a more intense damage at an intermediate sampling (day 6) 427 

(Figure 2B). Carbonylation may have progressed faster in this protein owing to the reported 428 

effect of glycosylation on the release of heme iron from HH that enhances, in turn, further 429 

oxidative damage including Trp depletion and carbonylation [44]. The carbonylation level was 430 

similar between proteins at the end of the assay as a likely consequence of the total consumption 431 

of glucose (data not shown), that could have acted as a limiting factor.  432 

Finally, and as expected, the incubation of human proteins with glucose and Fe
3+

 led to an 433 

increase in pentosidine (Figure 2C). This AGE is a potent protein-crosslinking agent typically 434 

formed in glycosylation reactions between proteins and reducing sugars. Using specific anti-435 

radical agents, Khan et al. [38] were able to block the formation of pentosidine in HSA treated 436 

with 0.05M glucose, incriminating the hydroxyl and superoxide radicals in pentosidine 437 

formation. The behavior of the plasma proteins in the present study is consistent with that 438 

reported previously [38-40]. The pentosidine specific fluorescence was more intense in HSA and 439 

the increase observed during the last stage of incubation enlarged the differences between 440 

proteins. This remarkable difference between HSA and HH may be due to the presence and 441 

availability of lysine and arginine residues on the surface of the protein as both amino acids are 442 
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involved in pentosidine formation. Pentosidine is used as marker of disease and commonly used 443 

as indicator of diabetes complications such as hypertension, heart failure and retinopathy [48]. 444 

 445 

4.4. Effect of catechins against human protein glycation 446 

Owing to the close connection between glycosylation and oxidative stress in hyperglycemia and 447 

diabetes, diverse plant materials with antioxidant potential have recently been tested as natural 448 

remedies for alleviating the symptoms of the metabolic syndrome [11, 44, 49]. In most of these 449 

studies, however, the chemistry behind the interaction of the phytochemicals on particular 450 

biomolecules remains unknown. In particular, the understanding of the impact of these catechins 451 

on the oxidative stability of human proteins is critical owing to the biological significance of 452 

protein oxidation in these metabolic disorders. The ability of tea catechins at postprandial 453 

concentrations in plasma to inhibit the glucose-mediated oxidative damage to human plasma 454 

proteins was assessed and the results are displayed in Figures 3-5.   455 

Catechins fully inhibited Trp degradation as the concentration of Trp in the experimental units 456 

treated with the catechins did not vary during incubation (p>0.05) (data not shown). The 457 

effectiveness of the catechins against Trp oxidation, as assessed by the remaining Trp, was 458 

similar in the experimental units with HSA (Figure 3A) while significant differences were found 459 

in HH (Figure 3B). HH solutions with EC had significantly higher remaining Trp than solutions 460 

containing EGCG while EGC was in an intermediate position. Catechins also protected plasma 461 

proteins against glucose-mediated carbonylation (Figure 4). While the three catechins under 462 

study reduced the protein carbonyls in HH to a similar extent (Figure 4B), significant differences 463 

were found between catechins for their ability to control carbonylation of HSA (Figure 4A). 464 

EGC displayed the more intense protection against HSA carbonylation followed by EC and 465 

EGCG. Anyway, the percent inhibitions against HSA carbonylation were beyond the 80% for the 466 

three catechins. The protection of the tested catechins against the glycation of HH was not 467 
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reflected in the formation of pentosidine (Figure 5). Compared to HH, HSA suffered a more 468 

intense pentosidine formation and in this case a significant protective effect of catechins was 469 

observed and followed the decreasing order EGCG>EC>EGC (Figure 5A).  470 

The antioxidant activity of catechins is generally attributed to their ability of chelating metals 471 

and scavenging free radicals [26] with any of these two mechanisms being applicable to the 472 

present results. The protection of catechins on plasma proteins has been previously documented, 473 

including both oxidative (radical-mediated) and glycosylative stress [50]. However, the 474 

outstanding ability of the three catechins at such low plasmatic concentrations to inhibit Trp 475 

oxidation and AAS/GGS formation in HH and HSA has no precedent in literature.  476 

The results obtained for the effect of catechins on carbonylation and pentosidine suggest a likely 477 

connection between the affinity of the phytochemicals to bind to the proteins and their ability to 478 

protect against the glucose-mediated oxidative damage. The effect of catechins against 479 

carbonylation was inversely related to their ability to bind to proteins, which suggests a more 480 

intense activity of the free species. On the contrary, binding to the protein seemed to be linked to 481 

the ability of protecting against pentosidine formation. This is reasonable as in addition to their 482 

antioxidant activities, attached phenolics may exert some steric hindrance to the formation of 483 

cross-links between intra- or intermolecular protein residues. The fact that such effects were only 484 

observed in HSA, for which catechins had a higher affinity, provides some strength to this 485 

hypothesis.  486 

The present results provide an approximate picture of the beneficial effects that tea consumption 487 

may have against the glycosylation of HSA and HH at a pathological glucose concentration (~12 488 

mM). It is worth noting that physiological studies report the presence of both free and conjugated 489 

forms of the three catechins in the bloodstream upon tea consumption [14, 15]. The protective 490 

effects reported in the present study may only be applicable to the free forms. The consequences 491 

of this protection are of biological significance since the oxidative degradation of plasma 492 
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proteins reflect the damage that oxidative stress may cause in living cells and tissues [3]. 493 

Glycation-modified hemoglobin in particular, has been suggested to be a source of enhanced 494 

catalytic iron and free radicals causing pathological complications in diabetes mellitus [44]. On 495 

this line, Roy et al. [44] found that dietary pelargonidin protected against glucose-mediated HH 496 

oxidation leading to an overall amelioration of oxidative stress linked to hyperglycemia. 497 

Regarding specific molecular changes, the loss of Trp and the formation of carbonyls in 498 

particular, have been found to play a role in the pathogenesis of diabetes, the metabolic 499 

syndrome and other disorders caused by oxidative stress [3]. Chetyrkin et al. [42] originally 500 

reported on the relationship between the oxidation of tryptophan and the altered function of 501 

proteins under hyperglycemic conditions. In response to this relevant finding, Jain [43] 502 

hypothesized i) whether this would explain the reduced plasmatic levels of Trp in Type II 503 

diabetic patients and ii) if this impairment may be neutralized by inhibitors of glycol-oxidative 504 

reactions. As long as the present results could be confirmed in an in vivo system, catechins may 505 

provide means to alleviate plasmatic Trp depletion under hyperglycemic conditions and hence, 506 

control the serious consequences linked to such disorder [42]. Protein carbonyls and pentosidine, 507 

on the other side, have been recurrently described as stable markers of multiple metabolic 508 

disorders including Type II diabetes [3]. Interestingly, a recent report [51] highlighted the α-509 

amino adipic acid (AAA), the oxidation end-product of AAS, as the most reliable early indicator 510 

of diabetes risk in humans. The authors also found that AAA could modulate the function of 511 

endocrine pancreas and induce diabetes in experimental animals fed on the aforementioned 512 

compound. As long as lysine oxidation/glycation products may play a role as signaling 513 

molecules or even be involved in the pathogenesis of metabolic disorders, tea catechins may 514 

contribute to normalize a homeostatic situation by inhibiting carbonylation of plasma proteins.  515 

 516 

4. Conclusion 517 
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Protein carbonyls (AAS and GGS) may be used as reliable and specific markers of the oxidative 518 

damage caused to human plasma proteins under hyperglycemic conditions. The trp depletion 519 

reported in plasma from diabetic patients may be explained by the molecular mechanisms 520 

reported in the present paper. Three major tea catechins were able to efficiently inhibit the 521 

oxidative damage to human hemoglobin and HSA at postprandial blood concentrations. Of note 522 

that an impaired oxidative status is thought to be responsible for the metabolic syndrome and 523 

further health complications in diabetic patients. These results emphasize the beneficial effects of 524 

tea catechins against the impairment of glucose metabolism in human individuals. The present 525 

results provide scientific evidence to the control of the oxidative stress linked to hyperglycemia 526 

through dietary tea catechins.  527 
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 FIGURE CAPTIONS 666 

Figure 1. Structures of the catechins tested in the present study: EC: (-)-epicatechin; EGC: (-)-667 

epigallocatechin; EGCG: (-)-epigallocatechin-3-gallate. 668 

Figure 2. Evolution of TRP concentration (A) carbonyl content (B) and pentosidine fluorescence 669 

(C) during incubation of HSA and HH solutions (20 mg/mL) for 10 days at 37ºC with glucose 670 

(12 mM) and iron (0.2 mM). 671 

Figure 3. Remaining Trp concentration in HSA (A) and HH (B) solutions (20 mg/mL) after 672 

incubation for 10 days at 37ºC with glucose (12 mM), iron (0.2mM) and, when denoted, with EC 673 

(0.7 µM), EGC (1.8 µM), and EGCG (0.7 µM).  674 

Figure 4. Concentration of carbonyls (AAS+GGS) in HSA (A) and HH (B) solutions (20 675 

mg/mL) incubated for 10 days at 37ºC with glucose (12 mM), iron (0.2mM) and, when denoted, 676 

with EC (0.7 µM), EGC (1.8 µM), and EGCG (0.7 µM). 677 

Figure 5. Pentosidine fluorescence in HSA (A) and HH (B) solutions (20 mg/mL) incubated for 678 

10 days at 37ºC with glucose (12 mM), iron (0.2mM) and, when denoted, with EC (0.7 µM), 679 

EGC (1.8 µM), and EGCG (0.7 µM). 680 

681 
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Table 1. The bimolecular quenching rate constants (Kq; x10
12

 M
-1

 s
-1

) and binding constants 682 

(Kb; x10
4
 L mol

-1
) between the catechins species and the serum human proteins tested.  683 

 684 

HSA HH 

Kq Kb Kq Kb 

EC 3.51 1.40 1.02 0.37 

EGC 1.43 0.60 0.58 0.24 

EGCG 15.30 5.81 3.63 1.53 

685 
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Table 2. Percent inhibition against DPPH radical of HSA, HH (20 mg/mL), EC (0.7µM), EGC 686 

(1.8 µM), and EGCG (0.7µM) and the combination of all of them.  687 

 688 

19.92
x,a

±0.10 17.38
y,a

±0.12 

HSA HH 

18.85
x,a

±0.10 EC 18.05
y,c

±0.10 17.38
z,a

±0.19 

13.95
z,c

±0.18 EGC 18.48
x,b

±0.12 17.01
y,b

±0.13 

14.44
x,b

±0.26 EGCG 12.09
d,z

±0.11 13.10
c,y

±0.11 

  689 

a,b,c 
Means with different superscripts within a column were significantly different in ANOVA.  690 

x,y,z 
Means with different superscripts within a row were significantly different in ANOVA.  691 
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Figure 1.  
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Figure 3.  
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Figure 5.  
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Different letters on top of bars denote significant differences between treatments. 
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