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Graphic Abstract 

 

 

 

The prototypical hydrolyzable tannin, pentagalloylglucose (PGG), inhibits formation of AGEs 
at all stages of glycation and protects protein structure. 
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Abstract 

Glycation is a spontaneous process initiated by a condensation reaction between reducing 

sugars and proteins that leads to the formation of Advanced Glycation Endproducts (AGEs). 

The in vivo accumulation of AGEs is associated with several chronic human diseases and, 

thus, the search for AGE inhibitors is of great research interest. Hydrolyzable tannins 

(gallotannins and ellagitannins) are bioactive plant polyphenols which show promise as 

natural inhibitors of glycation and AGE formation. Notably, the gallotannin, 1, 2, 3, 4, 6-

penta-O-galloyl-β-D-glucose (PGG), is a key intermediate involved in the biosynthesis of 

hydrolyzable tannins in plants.  Herein, we investigated the effects of PGG on the individual 

stages of protein glycation and on protein structure (using Bovine Serum Albumin; BSA). 

MALDI-TOF data demonstrated that PGG inhibited early glycation by 75% while the 

synthetic AGE inhibitor, aminoguanidine (AG), was not active (both at 50 μM). In addition, 

PGG reduced the formation of middle and late stage AGEs by 90.1 and 60.5%, respectively, 

which was superior to the positive control, AG. While glycation induced conformational 

changes in BSA from α-helix to β-sheets (from circular dichroism and congo red binding 

studies), PGG (at 50 μM) reduced this transition by 50%. Moreover, BSA treated with PGG 

was more stable in its structure and retained its biophysical properties (based on zeta 

potential and electrophoretic mobility measurements). The interaction between PGG and 

BSA was further supported by molecular docking studies. Overall, the current study adds to 

the growing body of data supporting the anti-AGE effects of hydrolyzable tannins, a 

ubiquitous class of bioactive plant polyphenols. 
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1 INTRODUCTION  

Hydrolyzable tannins, constituting gallotannins and ellagitannins, are bioactive polyphenols 

which are abundant in fruit, berries, medicinal plants, and their derived products. Notably, 

the gallotannin, 1, 2, 3, 4, 6-penta-O-galloyl-β-D-glucose (PGG; chemical structure shown in 

Figure 1), is a key intermediate and immediate precursor involved in the biosynthesis of 

hydrolyzable tannins in terrestrial plants.1-3 PGG is biosynthesized from gallic acid and 

glucose by UDP-glucose enzyme catalyzed series of position-specific galloylation steps. 

Initially, β-glucogallin (1-O-galloyl-β-D-glucose) is formed and subsequent esterification 

steps, with extreme position specificity, yields the metabolic formation sequence of 1,6-

digalloylglucose followed by 1,2,6-trigalloylglucose, 1,2,3,6-tetragalloylglucose, and finally, 

PGG. 3 Further galloylation of PGG generates other gallotannins (such as hexa-, hepta- and 

octa-galloylglucoses with meta-depside bonds) while ellagitannins are produced via a series 

of intra- and/or inter-molecular oxidative crosslinking between galloyl units. Given, its 

ubiquity, abundance, and central role as a biosynthetic precursor of hydrolyzable tannins in 

plants, PGG has been extensively studied for a variety of biological effects, including 

anticancer and antidiabetic properties, in both in vitro 3-5 and preclinical animal models.3, 6, 7  

Interestingly, PGG has been shown to inhibit alpha-glucosidase enzyme activity and act as 

an insulin mimetic 8 as well as reduce high fat induced diabetes in mice.9  

 

Advance glycation endproducts (AGEs) are a polymorphic group of compounds formed 

initially from a reversible condensation reaction between carbonyl groups of reducing sugars 
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and amino groups of proteins, i.e. lysines, arginines and cysteines.10 The products of this 

initial stage, namely Schiff bases, are then converted to more stable aldimine structures 

referred to as Amadori products. In the advanced stage of glycation, Schiff bases and 

Amadori products undergo various types of chemical changes such as dehydration, 

oxidation, and rearrangements ultimately leading to the formation of AGEs.10,11  The 

formation and accumulation of AGEs in vivo has been linked with several chronic human 

diseases including diabetes, atherosclerosis, and Alzheimer’s disease.12-14  

 

Proteins with a longer half-life are particularly vulnerable to modifications to form protein-

AGE adducts. Indeed, many of these modified proteins have been identified in vivo, e.g. 

albumin, hemoglobin, collagen, and fibrinogen.10, 15, 16 Under hyperglycemic conditions, AGE 

formation is significantly accelerated, resulting in undesirable accumulation of modified 

proteins in circulation and cells.17,18 Protein-AGE adducts are associated with many 

progressive complications of diseases such as diabetes and have been shown to be toxic to 

diverse cell types including retinal capillary cells, endothelial cells, and neuronal cells.19-21  

To date, several mechanisms have been proposed to explain the deleterious effects of 

AGEs. For instance, intracellular AGEs up-regulate oxidative stress and inflammation by 

binding to cell membrane proteins such as Receptor for AGEs (RAGE), AGE Receptor 

Complex (AGE-RG), and macrophage scavenger receptor.13,22 Moreover, extracellular 

accumulation of AGEs can cause crosslinks on long lived proteins and protein aggregation, 
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which consequentially leads to alteration in protein structures and impairment of their 

functions.10, 23 

 

Given that the in vivo formation and accumulation of AGEs play a significant role in the 

pathophysiology of several chronic human diseases, there has been an ongoing research 

effort to discover synthetic and natural inhibitors of these processes.24, 25 While several 

synthetic compounds show strong anti-glycation activities, many including metformin, 

pyridoxyamine, and aminoguanidine (AG) have been shown to have severe side effects in 

clinical studies.24, 26 However, natural compounds, including plant-derived polyphenols found 

in medicinal plants and plant foods, have shown great promise as alternative dietary 

strategies to prevent AGE related diseases.25, 27  

 

Our group has been involved in a program of studies to isolate, identify, and elucidate the 

mechanisms of actions of hydrolyzable tannins, namely, gallotannins and ellagitannins, from 

medicinal plants targeting diabetes and Alzheimer’s disease.28, 29 We have recently reported 

on the anti-AGE effects of ellagitannins from the pomegranate fruit,30 and were interested in 

whether similar effects/mechanisms of actions would be exerted by gallotannins, namely, 

PGG, given its central role as a biosynthetic precursor of hydrolyzable tannins in plants.   

While PGG and several of its closely related natural analogs have been reported to inhibit 

protein glycation,31 the mechanisms of these actions are still unclear. Also, since 

hydrolyzable tannins are known to bind extensively to proteins,32-34 we investigated whether 
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PGG would exert protective effects on protein structure during glycation using bovine serum 

albumin (BSA).  BSA was selected as the ‘model protein’ because it is a well-characterized 

protein which has been used extensively in published studies involving tannin-protein 

interactions. 34 This is the first report to examine the effects of PGG on the different stages of 

glycation (initial, middle, and final) as well as its protective effects on protein structure. 

 

2 EXPERIMENTAL  

2.1. General Experimental 

Bovine serum albumin (BSA), D-fructose, aminoguanidine hydrochloride (AG), and sinapic 

acid were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). Congo red, 

HPLC-grade acetonitrile and trifluoroacetic acid (TFA) were obtained from Thermo Fisher 

Scientific (Rockford, IL, USA). ZipTip pipette tips with C4 resin and 0.22 µm filter units were 

purchased from EMD Millipore Co. (Billerica, MA, USA). G.K. peptide was obtained from 

Bachem Americas, Inc. (Torrance, CA, USA). 

 

1H and 13C nuclear magnetic resonance (NMR) spectra were obtained on a Bruker 400 MHz 

spectrometer. Deuterated methanol (methanol-d4) was used as solvent.  Electrospray 

ionization mass spectra (ESIMS) data were obtained on a Q-Star Elite (Applied Biosystems 

MDS) mass spectrometer equipped with a Turbo Ionspray source and were acquired by 

direct infusion of pure compounds.  
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Analytical high-performance liquid chromatography (HPLC) was carried out on a Hitachi Elite 

LaChrom system consisting of an L-2130 pump, an L-2200 autosampler, an L-2455 diode 

array detector (DAD) and an L-2485 programmable fluorescence (FL) detector all operated 

by EZChrom Elite software (Pleasanton, CA, USA). All HPLC solvents were obtained from 

Wilkem Scientific (Pawcatuck, RI, USA). 

 

2.2. Isolation and Identification of Pentagalloyl Glucose (PGG) 

Our group has previously reported on the isolation and structure elucidation of compounds 

from the fruits of Rhus copallinum L. species (commonly known as winged sumac).35  For 

the current project, PGG was isolated from the leaves of this plant species.  Briefly, R. 

copallinum leaves (164.5 g) was macerated in methanol (2 × 400 mL × 12 h) to offer a dried 

methanol extract (90.5 g) after solvent removal in vacuo.  The methanol extract (90.0 g) was 

subjected to a sequential liquid-liquid partitioning with n-hexanes (3 × 400 mL), ethyl acetate 

(3 × 400 mL) and n-butanol (3 × 400 mL) to yield n-hexanes (17.2 g), ethyl acetate (38.4 g) 

and n-butanol (22.5 g) extracts, respectively.  The n-butanol extract (22.0 g) was further 

reconstituted in 50% aqueous methanol and adsorbed onto an Amberlite XAD-16 resin 

column (45 x 3 cm) which was eluted with a gradient solvent system consisting of water and 

methanol (from 100:0 to 10:90, v/v) to afford fourteen sub-fractions (Fr1-14).  Fraction 2 (1.3 

g) was further purified by semi-preparative HPLC to afford PGG (50.7 mg). The chemical 

structure of PGG was confirmed on the basis of the 1H and 13C NMR and mass spectral data 

and by comparison of these to published literature reports.33, 36 
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2.3. Characterization of Early Stage Glycation: BSA-Fructose MALDI-TOF Spectrum 

The formation of early glycation and Amadori products was characterized using previously 

reported methods.30,37 Briefly, 10 mg/mL BSA and 100 mM D-fructose were mixed and 

incubated in the presence or absence of 50 µM PGG in 0.1 M phosphate buffer, pH 7.4. 

Blank solutions included either BSA alone (10 mg/mL) or D-fructose alone (100 mM). The 

positive control solution contained 10 mg/mL BSA, 100 mM D-fructose, and 50 µM 

aminoguanidine (AG). D-fructose was chosen as the model glycating agent due to its higher 

reactivity compared to D-glucose. Moreover, D-fructose can be formed in vivo and the AGEs 

generated from fructose-induced glycation, i.e. fructosylation, have been shown to play an 

important role in the pathogenesis of several diseases.38 Unless otherwise indicated, all of 

the reaction mixtures were prepared in triplicate and incubated at 37 °C in the dark for 24 

hours. Albumin protein samples were analyzed on a Bruker Autoflex MALDI-TOF mass 

spectrometer (Bruker Daltonics Inc., Billerica, MA, USA) with instrument settings optimized 

for intact protein analyses using a delayed extraction of 60 nanoseconds. Prior to analyses, 

the proteins were purified using C4 ZipTips and mixed with a saturated solution of α-cyano-

4-hydroxy-cinnamic acid containing 0.05 % TFA.  The mass spectra were recorded in 

positive ion mode in the m/z range from 20,000 to 80,000. Typically, 3000 spectra were 

accumulated with 50 laser shots for each sample spot analyzed. FlexAnalysis and 

ClinProTools software (Bruker Daltonics Inc., Billerica, MA, USA) were used for the analyses 

of the data. 
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2.4. Characterization of Middle Stage Glycation  

2.4.1. BSA-Fructose Intrinsic Fluorescence 

All solutions were prepared in 0.1 M phosphate buffer, pH 7.4, under sterilized condition. 

The final concentrations of BSA and D-fructose in each reaction mixtures were adjusted to 

10 mg/mL and 100 mM, respectively. BSA-fructose mixtures were then incubated in the 

absence or presence of different concentrations of PGG ranging from 10 to 300 µM. BSA 

alone (10 mg/mL), D-fructose alone (100 mM), or PGG alone (10, 20, 50, 100, 200 and 300 

µM) served as blank solutions. The positive control contained 10 mg/mL BSA, 100 mM D-

fructose, and different concentrations of AG (10, 20, 50, 100, 200 and 300 µM). All reaction 

mixtures were prepared in triplicate and incubated at 37 °C for up to 21 days. On day 0, 3, 7, 

14 and 21, aliquots were collected from each incubation tube for a time course study. Prior 

to analyses, 50 µL of each sample was diluted with 150 µL 0.1 M phosphate buffer and then 

transferred to 96-well black fluorescence reading plates. Measurements of emission intensity 

at 430 nm were obtained from a Spectra Max M2 spectrometer (Molecular Devices, 

Sunnyvale, CA, USA). To determine the total AGE fluorescence, the excitation wavelength 

was set at 360 nm, according to previously reported methods. 39 

 

2.4.2. BSA-Fructose HPLC-FL Analyses  

Reaction mixtures for HPLC-FL analyses included 10 mg/mL BSA and 100 mM D-fructose 

with or without PGG (20 µM) in 0.1 M phosphate buffer, pH 7.4. The positive control was AG 

at a similar concentration. Blank solutions included either BSA alone (10 mg/mL) or PGG 
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alone (20 µM). All mixtures were prepared under sterilized conditions and incubated at 37 °C 

for 7 days. All AGE species were separated on a Shodex (New York, NY, USA) RSpak C18 

reverse phase HPLC column (5 μm×4.6 mm×150 mm) with a 415 Å pore size. The mobile 

phase A consisted of 99% water (0.1% TFA) and 1% acetonitrile (ACN). The mobile phase B 

included 5% water (0.1% TFA) and 95% ACN. A linear gradient from 20 to 60% of mobile 

phase B was applied at a constant flow rate of 1.0 mL/min over 25 minutes. The formation of 

AGEs was monitored using a programmable fluorescence (FL) detector with excitation and 

emission wavelengths set at 360 nm and 430 nm, respectively. Prior to analyses, all solvents 

were degassed and sonicated for 15 min and all samples were filtered by a 0.22 micron 

membrane.  

 

2.5. Characterization of Late Stage Glycation: G.K. Peptide Assay 

G.K. peptide-ribose assay was performed to evaluate the formation of peptide cross-linking 

structures produced in the late stage of glycation as described previously.40 Briefly, 40 

mg/mL G.K. peptide was incubated with 100 mM D-ribose in 0.1 M phosphate buffer, pH 7.4 

at 37 °C. Different amounts of PGG or positive control, AG, were added to G.K. peptide-

ribose mixtures with their final concentrations adjusted to 1, 10, 50, 100 and 300 µM. After 

incubation for 6 hours, the fluorescence of each sample was obtained using a Spectra Max 

M2 spectrometer (Molecular Devices, Sunnyvale, CA, USA) at excitation and emission 

wavelengths of 340 and 420 nm, respectively. 
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2.6. Circular Dichroism (CD) Analyses 

To evaluate the protective effect of PGG on protein secondary structure, CD analyses was 

performed with a Jasco J-720 spectropolarimeter (Tokyo, Japan). Analyzed sample mixtures 

included 10 mg/mL natural BSA, 10 mg/mL BSA glycated with 100 mM D-fructose (BSA-

fructose mixture), BSA-fructose mixtures treated with 50 µM PGG or with 50 µM AG (positive 

control). All of the above mixtures were prepared in 0.1 M phosphate buffer, pH 7.4, in 

triplicate and incubated in dark at 37 °C for 7 days. Prior to spectral acquisition, the 

concentration of BSA in each sample was adjusted to 1 mg/mL with the 0.1 M phosphate 

buffer, pH 7.4. CD spectral signatures were obtained in the far-ultraviolet region (190-260 

nm) with bandwidth set to 1 nm and 10 repetitive scans were performed for each sample. 

The percentages of BSA’s secondary structure composition were estimated with Selcon 3 

method 41 using DichroWeb program. 42 

 

2.7. Congo Red Binding Assay 

The congo red binding assay was carried out according to previously reported methods16 

with minor modifications. Briefly, 100 µM congo red was freshly prepared in PBS with 10% 

(v/v) ethanol. 70 µL congo red solution was then mixed with 80 µL protein sample and 320 

µL PBS, resulting in a final protein concentration of 25.0 µM in each sample. Absorbance 

scans from 480 to 560 nm were obtained using an UltroSpec 2100 instrument (Biochrom 

Ltd, Cambridge, UK) with congo red solution alone serving as the background. The following 

samples were evaluated for their binding ability with congo red dye and each sample was 
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prepared in triplicate: 1) natural BSA, 2) BSA-fructose mixture, 3) BSA-fructose mixture 

treated with 100 µM PGG, and 4) BSA-fructose mixture treated with 100 µM AG.  All 

mixtures were prepared in 0.1 M phosphate buffer, pH 7.4 under sterilized condition and 

incubated in dark at 37 °C for 21 days.  

 

2.8. BSA Zeta Potential Measurement 

The zeta potential and the electrophoretic mobility of each sample were measured with a 

Zetasizer Nano-ZS90 (Malvern, Worcestershire, UK) using laser doppler micro-

electrophoresis technique. For this purpose, four sets of samples, each in triplicate, were 

prepared in PBS buffer, pH 7.4, and incubated in the dark at 37 °C for 7 days prior to 

analyses: 1) 10 mg/mL natural BSA, 2) 10 mg/mL BSA with 100 mM D-Fructose (BSA-Frc 

mixture), 3) BSA-Frc mixture treated with 100 µM PGG, and 4) BSA-Frc mixture treated with 

100 µM AG. The operating temperature was set at 25 °C and 100 consecutive runs were 

obtained for each sample.  

 

2.9. Molecular Docking Studies 

For the molecular docking study, the initial structure of BSA was obtained from the Protein 

Data Bank (PDB ID: 4F5S).43 Two potential ligand binding sites, namely, the substrate 

binding site and the Trp213 binding site were defined as in previous studies.44-46 PGG was 

optimized using MMFF94s force field, and then the protein structure was protonated based 

on AMBER-99 force field after removing water molecules. MOE-docking (MOE 2010.10, 
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Chemical Computing Group, Inc., Montreal, Canada) was employed to identify the binding 

poses of PGG and BSA. All docked poses of PGG were ranked on the basis of the binding 

docking energies. The lowest energy conformation was chosen for binding modes analyses.  

 

3 Results  

3.1. Effects of PGG on Early Stage Glycation 

Figure 2 shows the MALDI-TOF mass spectral profiles of doubly charged BSA in: 1) blank 

solution containing BSA alone (black line), 2) glycated BSA without any treatment (green 

line), glycated BSA treated with 50 µM PGG (blue line), and 4) glycated BSA treated with 50 

µM AG serving as the positive control (red line). The increase in the mass of BSA after its 

glycation with D-fructose was due to the condensation of the sugar molecules with the 

protein during early stage glycation.47 A greater extent of glycation results in a higher mass 

shift compared to the molar mass of natural BSA and the number of sugar adducts on each 

protein molecule can be calculated based on such shifts using the following equation: 

number of sugar adducts = (m/z of glycated protein – m/z of natural protein) X z/molar mass 

of sugar. 

 

Analyses of the data showed that the most pronounced shifts in the m/z value of BSA 

occurred in the control solution that contained only BSA and D-fructose without any 

treatments.  Native BSA exhibited an m/z value at 33180 whereas that of the control yielded 

an m/z value of 33540. It should be noted that all m/z values presented here were obtained 
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from doubly charged BSA (z = 2). This difference in the m/z values represented the 

condensation of 4 sugar residues onto the protein.  In the case of the reaction mixture 

containing 50 µM PGG, the changes in the m/z value were less pronounced compared to the 

control solution, generating a protein peak with an m/z of 33260.  Thus, relative to native 

BSA, this represented only 1 D-fructose adduct. However, the positive control, AG (also at 

50 µM) generated a MALDI-TOF spectrum similar to that of the control, indicating that AG 

exhibited none or a minimal effect on early stage glycation. In contrast, PGG inhibited the 

formation of early glycation products by 75%. In summary, in the PGG treated samples, only 

1 sugar adduct was condensed with BSA, while in the control or AG treated solutions, 4 

sugar molecules were found to be glycated with BSA within 24 hours of reaction. 

 

3.2. Effects of PGG on Middle Stage Glycation 

3.2.1. Intrinsic Fluorescence  

The effect of PGG on middle stage glycation was then evaluated by intrinsic fluorescence 

and HPLC-FL. In this phase of reaction, Schiff bases or Amadori products generated from 

early glycation can degrade and release reactive dicarbonyl compounds.10, 11 Such species 

react with proteins or early glycation products at a much higher rate to produce crosslinking 

structures which exhibit characteristic fluorescence. The excitation wavelength of 360 nm 

and an emission wavelength of 430 nm have been previously reported as optimum for 

detecting total fluorescent AGEs of BSA and other proteins.39  
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The intrinsic fluorescence profiles showed that there were increases in the fluorescent 

intensity of all of the incubation mixtures that contained BSA and D-ribose, regardless, of 

whether PGG or AG were included in the reaction mixtures or not.  Blank solutions 

containing BSA alone or D-fructose alone yielded no increases in fluorescent readings (data 

not shown). Figure 3 A displays the time course profiles of the control solution containing 

BSA and D-fructose only, BSA-fructose mixture treated with 20 µM PGG, and BSA-fructose 

mixture treated with 20 µM AG. The fluorescent profiles showed that fluorescent intensities 

increased over time from day 0 to day 21 for all of the three samples. Glycation is a time-

dependent process and therefore this increase in fluorescence is expected.47 Fluorescent 

readings were highest in samples that contained only BSA and D-ribose during the entire 

incubation process. AG and PGG both showed inhibitory effects on the formation of 

crosslinking fluorescent AGEs throughout the entire incubation period, yielding fluorescent 

readings lower than that of control.  Moreover, PGG treated samples also showed a reduced 

glycation rate as compared to the control solutions and AG treated samples (see Figure 3 

A).  

 

Based on the intrinsic fluorescent intensities, the percent inhibition of AGE formation was 

calculated using the following equation: % inhibition = [1-(fluorescence intensity of solution 

with inhibitor/fluorescence intensity of control solution)] x 100%. Figure 3 B shows the 

percent inhibition of different concentrations of PGG and AG after 7 days of incubation.  
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PGG reduced AGE formation by more than 50% while the positive control, AG, only showed 

16% inhibition at an equivalent concentration of 10 µM.   

 

3.2.2. HPLC-FL Data 

Figure 4 displays the HPLC-FL profiles of the control solution without any treatment (4 A), 

reaction mixture treated with 20 µM AG (4 B), or with 20 µM PGG (4 C). In each of the 

profiles, peaks I, II, and III with retention times (Rt) of 10.74, 11.38 and 20.13 min, 

respectively, represented the fluorescent AGE products of BSA detectable at excitation and 

emission wavelengths of 360 nm and 430 nm, respectively. Repeated HPLC-FL analyses 

showed that these peaks occurred routinely in all of the mixtures containing BSA and D-

fructose. The HPLC-FL profile of the blank solution containing BSA alone yielded no 

fluorescence peaks (data not shown). 

 

Examination of the integrated areas under peaks I, II, and III for each sample revealed that 

glycation products were most pronounced in the control that contained only BSA and D-

fructose, which was in agreement with the intrinsic fluorescence data. The HPLC-FL profile 

of the control solution yielded three AGE peaks with a total peak area set to 100 %. In 

comparison, the formation of fluorescent AGEs was less pronounced in mixtures treated with 

AG or PGG, yielding total AGE peak areas of 68.7 and 27.7 %, respectively. Based on the 

peak areas of fluorescent AGEs, the positive control, AG, reduced the formation of glycation 
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products by 31.3% while in the PGG treated sample, AGE formation was decreased by 

72.3%, indicating that PGG is a more potent inhibitor on middle stage glycation than AG. 

 

3.3. Effects of PGG on Late Stage Glycation 

Dimerization of lysine containing peptide and advanced Maillard reaction products can be 

formed through lysine-lysine cross linking to further generate late stage AGEs. The 

preventive effects of PGG on the formation of cross-linked final glycation products can be 

characterized by the G.K. peptide-ribose assay. In this assay, the formation of protein cross-

linking products was inhibited by PGG in a concentration dependent manner. As shown in 

Figure 5, PGG effectively inhibited (by 60.5 %) the formation of late stage AGEs in a 

concentration dependent manner while AG showed weaker inhibitory effects (of 17.2 %) at 

an equivalent concentration of 300 μM.   

 

3.4. Protective Effects of PGG on Protein Structure 

3.4.1. CD Analyses 

Glycation and AGE formation can change the biochemical and biophysical properties of 

proteins in several ways. While glycation occurs, sugar molecules covalently bind to certain 

amino acid residues on proteins and cause alteration of their secondary structures16 and 

such changes can be monitored by a CD spectropolarimeter at the far-UV region (190-250 

nm). Therefore, to evaluate the effect of PGG on the conformational change of glycated 

BSA, CD scans were performed at this region on reaction mixtures of: 1) native BSA serving 
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as the blank, 2) control solution containing BSA and D-fructose only, and 3) BSA and D-

fructose incubated with PGG. Figure 6 displays the respective CD spectra of the above 

solutions and their conformational compositions (α helix and β strand) are summarized in 

Table I. Based on the quantitative analyses of the spectra, native BSA was composed of 

57.5 % α-helix and 4.1 % β strands, which is in agreement with literature.49 After glycation by 

D-fructose, BSA displayed a CD spectrum with similar features as that of native BSA, but 

with reduced signals at 208 nm and 222 nm. Such changes indicate a conformational 

change of the protein and the calculation of the secondary structural composition showed a 

significant decrease in α-helix content from 57.5 to 17.2 %, accompanied by an increase in 

β-strand formation from 4.1 to 24.2 %. However, in the PGG treated sample, the secondary 

structure of BSA was stabilized and a much smaller change in its secondary structure was 

observed. The α-helix content of BSA, in this case, increased to 35.8 % while the β strands 

content decreased to 11.3 % compared to untreated samples. The positive control, AG, also 

prevented the conformational change of BSA and showed similar but slightly weaker 

protective effects compared to PGG. The percent α-helix and β strands values in AG treated 

sample were 29.5 and 17.9 %, respectively. 

 

3.4.2. Congo Red Binding Assay 

Glycation of proteins can cause conformational transition from α-helix to β-strand which is 

the structural unit that forms β sheets. It is known that β sheets formation can perturb 

secondary structures of protein and accelerate protein aggregation.16, 20 Such conformational 
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changes might cause a loss of protein functions and their physiological activities. Hence, we 

evaluated the protective effects of PGG against β sheet formation during glycation (by the 

congo red binding assay) using BSA-fructose mixture as the model system. Congo red is a 

dye previously shown to interact with cross-β structures in proteins and produces a 

characteristic absorption at 520-530 nm. Figure 7 shows the UV-Vis spectra of native BSA 

(blue), glycated BSA without any treatment (red), PGG treated BSA (green), and AG treated 

BSA (purple).  All of the four spectra exhibited a λmax of 520 nm with the minimal intensity 

observed in samples containing natural BSA. Glycated BSA without any treatment showed 

the most prominent enhancement in β sheet formation, yielding the highest reading at 520 

nm. To better compare the data, the intensities of all samples at 520 nm were normalized 

based on the readings of the blank solutions and negative control solutions which were 

adjusted to 0 and 100%, respectively. A noticeable decrease of UV-Vis intensities were 

observed in samples treated with either PGG or AG (both at 100 µM) yielding normalized 

values of 38.3 and 43.3%, respectively. This represented a 61.7% decrease in β sheet 

formation in protein solutions containing PGG while a slightly lower inhibition (56.7%) was 

observed with AG.  

 

3.4.3. Zeta Potential Measurement  

Proteins structurally modified by glycation show alterations in their biophysical properties 

such as isoelectric point, electrophoretic mobility, and surface hydrophobicity.44, 50 Since 

PGG showed protective effects on the secondary structure of BSA and prevented its 
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conformational changes, we evaluated the effects of PGG on these biophysical parameters 

using Zetasizer.  

 

Lysine and arginine residues are two major glycation sites of proteins, which are both 

positively charged under physiological conditions. When glycation occurs, these residues are 

modified and neutralized by reducing sugars, resulting in an increase in the negative 

charges and a decrease in the isoelectric points of proteins.50, 51 Moreover, the surface 

hydrophobicity of glycated proteins is generally higher than that of their native forms due to 

conformational alterations and partial unfolding.51 The changes in the isoelectric points of 

proteins can be quantified by zeta potential measurement while the changes in surface 

hydrophobicity can be detected by monitoring electrophoretic mobility.  

 

As shown in Table II, at pH 7.4, glycated BSA exhibited a much higher zeta potential value 

compared to natural BSA (-106.3 versus -8.18 mV) which is in agreement with previously 

reported data.44 However, BSA samples co-incubated with PGG showed an average zeta 

potential reading of -30.9 mV, which was significantly reduced compared to untreated BSA. 

Glycated BSA without any treatment also displayed a noticeable increase in its 

electrophoretic mobility while the PGG treated BSA samples exhibited a mobility level closer 

to that of native BSA. The positive control, AG, yielded zeta potential value and 

electrophoretic mobility levels similar to PGG, indicating that both PGG and AG had some 

protective effects on protein structure. 
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3.4.4. Binding modes of PGG and BSA  

The binding modes of PGG and BSA were obtained by molecular docking studies. The 

crystal structure of BSA has been well characterized (PDB ID: 4F5S).43 It is known that BSA 

consists of three domains (I, II, and III) and each domain can be divided into two 

subdomains “a” and “b”.52 As shown in Figures 8 A and B, two potential binding sites of PGG 

to BSA were defined based on structural complementarities and previous studies.44, 45 The 

first PGG binding site was located in subdomain Ib, which comprised of three helices and a 

loop structures. As shown in Figure 8 C, the phenolic hydroxyl groups of PGG can form four 

hydrogen bonds with the residues LYS-524, ASP-555, and VAL-546, respectively. The 

carbonyl group of PGG also forms a hydrogen bond with the residue ASN-404. In addition, 

the aromatic ring of PGG forms π-π stacking interactions with the side chain of residue PHE-

550. All of these interactions can provide the binding energy to stabilize the PGG-BSA 

complex. This binding mode of PGG and BSA is similar to that reported for other natural 

products for instance, limonene and BSA. 44  

 

The second likely PGG binding site is located in the subdomain IIa of BSA (Figure 8 D). This 

binding site of BSA is comprised of the residues TRP-213, VAL-342, SER-191, ARG-256, 

HIS-287, TYR-149, ALA-290, GLU-291, LYS-294, ARG-217, and GLN-195. Similarly, as in 

the first binding site, the carbonyl or phenolic groups of PGG were also able to form 

hydrogen bonds with various amino acids residues in this binding site. Thus it can be 
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concluded that PGG mainly interacted with BSA via hydrogen bonds thereby increasing the 

stability of the PGG-BSA complex.   

 

4. Discussion and Conclusion 

In this study, we have shown that the naturally occurring hydrolyzable gallotannin, PGG, 

inhibits all of the stages of glycation superior to the synthetic compound, AG.  Notably, AG 

has been reported to be a strong carbonyl scavenger 26 and it inhibits the formation of AGEs 

by competitively binding to reactive carbonyl species such as methylglyoxal, the precursor of 

AGEs.  Recently, our group reported that ellagitannins also inhibited the formation of AGEs 

by trapping reactive carbonyl species.30 Interestingly, the gallotannin studied here, namely 

PGG, also showed promising anti-glycation activity, but without the similar scavenging effect 

on reactive carbonyl species (data not shown).  Therefore, while it appears as if different 

mechanisms of anti-glycation effects are displayed by these two sub-classes of hydrolyzable 

tannins, namely, gallotannins and ellagitannins, further studies to elucidate the role of the 

chemical/structural differences of these two sub-classes are warranted. 

 

Ellagitannins have been shown to bind weakly to proteins with compact globular tertiary 

structures unlike gallotannins which have a much stronger binding affinity with these 

proteins.34 Therefore, we hypothesized that proteins treated with PGG might be more 

stabilized and less vulnerable to glycation due to PGG’s binding ability with such proteins. 

Using BSA as a model protein, we showed that PGG reduced glycation levels at all of the 
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stages of the reaction and also prevented conformational changes of the protein. In addition, 

less formation of β sheets and a lower degree of protein unfolding were observed in the 

PGG treated samples indicating that PGG could maintain BSA’s secondary structure and 

protect the protein from structural modification by glycation. Moreover, as displayed by the 

MALDI-TOF data, PGG inhibited the formation of early glycation and Amadori products while 

the positive control, AG, did not show any such activity. Therefore, this suggests that PGG 

binds to BSA at the initial stage of the reaction thereby stabilizing the protein’s structure and 

preventing further modifications. Hence, PGG treated BSA was less susceptible to early 

glycation.  

 

In conclusion, the natural polyphenolic compound, PGG, inhibited glycation at all stages of 

the reaction by protecting the secondary structure of proteins.  This study lends support to 

the growing body of data supporting the anti-AGE effects of plant polyphenols, including 

hydrolyzable tannins, and warrants the further investigation of these natural compounds as 

alternative dietary strategies for the prevention and/or treatment of AGE related diseases 

including diabetes and Alzheimer’s disease. 
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Figure Captions 

Figure 1. Chemical structure of 1, 2, 3, 4, 6-penta-O-galloyl-β-D-glucose (PGG). 

 
Figure 2. MALDI-TOF mass spectra of the +2 ion of: 1) Natural BSA alone, 2) BSA 
incubated with D-fructose, 3) BSA incubated with D-fructose in the presence of 50 µM PGG, 
and 4) BSA incubated with D-fructose in the presence of 50 µM aminoguanidine (AG). All 
samples were prepared in 0.1 M phosphate buffer, pH 7.4 and analyzed after 3 days 
incubation at 37 °C. The spectrum in each of the profiles indicates the doubly charged BSA 
(z = 2). 
 
Figure 3. Intrinsic fluorescence profiles of middle stage AGEs: A) Fluorescence time course 
profiles of reaction mixtures incubated up to 21 days, and B) Percent inhibition of PGG and 
AG on the formation of AGEs after 7 days incubation. Percentage inhibition was determined 
on the basis of intrinsic fluorescence readings of each sample relative to that of the control 
solution set at 100 %. All data points represent the average of triplicate measurements with 
the bars at each point representing the respective standard deviation (SD).   
 
Figure 4. HPLC-fluorescence profiles of 10 mg/mL BSA and 100 mM D-ribose after 7 days 
incubation at 37 °C with or without treatments. The excitation and emission wavelengths for 
detection were set at 360 nm and 430 nm, respectively. 
 
Figure 5. Inhibitory effects of PGG on the final stage of protein glycation in the G.K. peptide-
ribose assay. G.K. peptide (40 mg/mL) was co-incubated with ribose (800 mM) for 9 hours in 
the absence and presence of PGG at concentrations ranging from 1 to 300 µM. Intrinsic 
fluorescence of each sample was measured at an excitation wavelength of 340 nm and  an 
emission wavelength of 420 nm. Results are means ± SD for three independent tests. 
 
Figure 6. Far-UV circular dichroism (CD) spectra of native BSA (blue), glycated BSA (red), 
and PGG treated BSA (green). 
 
Figure 7. Far-UV spectrum of Congo red binding assay: native BSA (blue), glycated BSA 
without any treatment (red), PGG treated BSA (green), and AG treated BSA (purple). 
 
Figure 8. MOE-Docking studies of PGG binding to BSA. Ribbon model of two predicted 
binding sites (A) and (B). Close up view of binding site 1(C) in subdomain IIIa and binding 
site 2 (D) in subdomain IIa. Red dash represents hydrogen bonds between PGG and BSA. 
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Figure 1. Chemical structure of 1, 2, 3, 4, 6-penta-O-galloyl-β-D-glucose (PGG). 
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Figure 2. MALDI-TOF mass spectra of the +2 ion of: 1) Natural BSA alone, 2) BSA 
incubated with D-fructose, 3) BSA incubated with D-fructose in the presence of 50 µM PGG, 
and 4) BSA incubated with D-fructose in the presence of 50 µM aminoguanidine (AG). All 
samples were prepared in 0.1 M phosphate buffer, pH 7.4, and analyzed after 3 days 
incubation at 37 °C. The spectrum in each of the profiles indicates the doubly charged BSA 
(z = 2). 
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Figure 3. Intrinsic fluorescence profiles of middle stage AGEs: A) Fluorescence time course 
profiles of reaction mixtures incubated up to 21 days; B) Percentage inhibition of PGG and 
AG on the formation of AGEs after 7 days incubation. Percentage inhibition was determined 
on the basis of intrinsic fluorescence reading of each sample relative to that of the control 
solution set at 100%. All data points represent the average of triplicate measurements with 
the bars at each point representing the respective standard derivation.   
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BSA + D-fructose 

BSA + D-fructose + AG 

BSA + D-fructose + PGG 

 
Figure 4. HPLC-fluorescence profiles of 10 mg/mL BSA and 100 mM D-ribose after 7 days 
incubation at 37 °C with or without treatment. The excitation and emission wavelengths for 
detection were set at 360 and 430 nm, respectively. 
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Figure 5. Inhibitory effects of PGG on the final stage of protein glycation in the G.K. peptide-
ribose assay. G.K. peptide (40 mg/mL) was co-incubated with ribose (800 mM) for 9 hours in 
the absence and presence of PGG at concentrations ranging from 1 to 300 µM. Intrinsic 
fluorescence of each sample was measured at an excitation wavelength of 340 nm and an 
emission wavelength of 420 nm. Results are means ± SD for three independent tests. 
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Figure 6. Far-UV circular dichroism spectra of native BSA (blue), glycated BSA (red) and 
PGG treated BSA (green). 
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Figure 7. Far-UV spectrum of Congo red binding assay: native BSA (blue), glycated BSA 
without any treatment (red), PGG treated BSA (green), and AG treated BSA (purple). 
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Figure 8. MOE-Docking studies of PGG binding to BSA. Ribbon model of two predicted 
binding sites (A) and (B). Close up view of binding site 1(C) in subdomain IIIa and binding 
site 2 (D) in subdomain IIa. Red dash represents hydrogen bonds formed between PGG and 
BSA. 
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Table I. CD calculation of Secondary Structure Composition of BSA 

Secondary 
Structure % Helix % Strands 

Helix 
(Per 100 

Residues) 

Strands 
(Per 100 

Residues) 
Natural BSA 0.575 0.041 7.127 1.371 

Glycated BSA 0.172 0.242 2.263 4.404 
50 µM PGG 0.358 0.113 3.943 2.578 
50 µM AG* 0.295 0.179 3.52 2.938 

* 50 µM Aminoguanidine (AG) served as the positive control. 
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Table II. Zeta Potential and Electrophoretic Mobility Measurement 

 
Native BSA Glycated 

BSA PGG (100 µM) AG (1000 µM) 

Zeta Potential ζ (mV) -8.18 ± 0.35 -106.3 ± 2.82 -30.9 ± 1.27 -28.2 ± 1.06 

Electrophoretic 
Mobility μ (10-9m2s-1V-1) -0.64 ± 0.03 -8.31 ± 0.22 -2.202 ± 0.10 -2.42 ± 0.08 
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