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Abstract
To better understand the biochemical consequences when polymeric polyphenols serve as biological antioxidants, we studied
how reaction pH (pH 2.1–7.4) and protein affected the oxidation of pentagalloyl glucose (PGG) by NaIO4 in aqueous
solution. PGG oxidation produced an o-semiquinone radical intermediate, which tended to form polymeric products at pH
values below 5, and o-quinones at higher pH. The model protein bovine serum albumin promoted the formation of quinone
even at low pH. Two other polyphenols, procyanidin (epicatechin16-(4 ! 8)-catechin) and epigallocatechin gallate, had
similar pH-dependent oxidation patterns.

Keywords: Polyphenolic antioxidants, tannin, tannin oxidation, oxidized polyphenol–protein interactions, polyphenol oxidation

Abbreviations: ROS, reactive oxygen species; BSA, bovine serum albumin; PGG, b-pentagalloyl glucose; PC,
Sorghumprocyanidin (epicatechin16-(4( ! 8)-catechin); EGCG, epigallocatechin gallate; SDS, sodium dodecyl sulfate; TCA,
trichloroacetic acid; EPR, electron paramagnetic resonance

Introduction

Tannins are polymeric polyphenols that interact

with protein [1,2]. They are widespread in plant-

derived foods, beverages and medicines [3]. A

typical Western diet includes about 1 g of poly-

phenols per day, comprising about 50% tannins

such as the galloyl ester-derived hydrolyzable

tannins and the flavan-3-ol-based condensed

tannins (Figure 1). Epigallocatechin gallate

(EGCG), the main polyphenol in green tea, is the

smallest tannin[4] (Figure 1).

Reactive oxygen species (ROS) are involved in

human diseases and aging [5,6]. The digestive tract

is constantly exposed to ROS derived from

oxidized dietary lipids, transition metals and

pathogens [7–11]. Both nutritional (e.g. ascorbic

acid, a-tocopherol) and non-nutritional antioxidants

(e.g. polyphenols) may augment the endogenous

antioxidants such as glutathione [12–15].

Tannins are potent ROS scavengers, suggesting they

may be beneficial dietary antioxidants [16,17]. It has

been difficult to attribute effective antioxidant activity

to dietary tannins, in part because their fate after

ingestion is undefined [18,19]. Polyphenols may be

oxidized by ROS to form more reactive species, or may

be oxidized to harmless products. It is clear that

factors including solvent composition, pH, protein,

and metal ions affect the ROS-scavenging activity of

polyphenols [20–26]. However, factors that control

the oxidation products of polyphenols are unknown.

We hypothesized that it was particularly important to

explore how protein and pH, two prominent factors in

the digestive tract, affect oxidation pathways of dietary

constituents such as tannin. In the digestive tract,

dietary and endogenous proteins constantly interact

with dietary tannins. There are significant changes in

pH along the digestive tract, with the pH in the human

mouth, stomach and gastrointestinal (GI) tract

estimated to be 6, 2 and 7.4, respectively [27,28].
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We used b-pentagalloyl glucose (PGG), bovine

serum albumin (BSA) and NaIO4 as the model

tannin, protein and oxidant, and characterized how

biological pH and protein affected PGG oxidation

through in vitro chemical analysis. Furthermore, we

examined the interactions between PGG oxidation

products and protein.

Materials and methods

Fraction V fatty acid free BSA, trichloroacetic acid

(TCA) solution (100%, w/v), b-mercaptoethanol, and

electrophoresis grade sodium dodecyl sulfate (SDS)

were purchased from Sigma–Aldrich Co. (St. Louis,

MO, USA). PGG was purified from tannic acid (The

Coleman & Bell Co., Norwood, OH) [2]. [14C]PGG

with a specific radioactivity of 2 mCi/mmol was

synthesized [29]. [125I]BSA was prepared using

chloramine T [30]. Sorghum procyanidin (PC,

epicatechin16-(4 ! 8)-catechin) was purified from Sor-

ghum bicolor grain [24,31]. EGCG was a gift from Doug

Balentine (Lipton Tea, NJ). All other chemicals were

reagent grade or the best available. Solutions were

prepared in buffers (5 mM containing 4.25 mM NaCl,

comprised of phosphate, pH 2.1, 6.0, 7.4; phosphate/

citrate, pH 3.0; phosphate/citrate/acetate, pH 4.0;

acetate, pH 4.9) prepared in Barnstead nanopure

water (Dubuque, IA). PGG is quite water insoluble

but can be dissolved by incubating the sample at

1008C for 1 min. The concentrations of PGG

ð1280 ¼ 5:4 £ 104 M21 cm21Þ or BSA ð1280 ¼ 4:37 £

104 M21 cm21Þ solutions were spectrophotometrically

determined. Centrifugation was performed at 11,000g

at 48C for 10 min. To radiochemically measure PGG,

samples were mixed with 5 ml of ScintiVerse BD (Fisher

Chemicals, Fair Lawn, NJ) and counted on a Wallac

1409 liquid scintillation analyzer (Turku, Finland).

Radiochemical measurements of BSA were performed

on a gamma counter (Cobra-Auto-Gamma, Packard

Instrument Company, Downers Grove, IL). UV–vis

experiments were performed with an Agilent 8453 UV–

visible spectrophotometer (Waldbronn, Germany).

Electron paramagnetic resonance (EPR) experiments

were performed with a Bruker EMX EPR spectrometer

equipped with an AquaX sample cell (Bruker Instru-

ments, Inc., Billerica, MA).

PGG oxidation products

To examine the effects of pH on the formation of

oxidation products, PGG (10.6 nmol, 200ml) was

oxidized with NaIO4 (159 nmol, 75ml) at various pH

values. Chromophore production was measured at

520 nm. To quantitate precipitable oxidation pro-

ducts, [14C]PGG was reacted with NaIO4 at room

temperature for 2 min, the mixture was vortexed with

SDS (1%, w/v, 100ml) and was centrifuged. The

amount of PGG in the precipitate was indirectly

measured by counting 150ml of the supernatant.

To examine the effects of protein on PGG oxidation,

Figure 1. b-Pentagalloyl glucose (1) is a typical hydrolyzable tannin; Sorghum procyanidin (epicatechin16-(4 ! 8)-catechin) (2) is a

representative condensed tannin; ECGC (3) is a flavan-3-ol gallate ester.
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the mixture of PGG (10.6 nmol, 100ml) and BSA

(10.6 nmol, 100ml) was incubated at room tempera-

ture for 15 min before treating with NaIO4 and

analyzing as described above.

Radical intermediates were detected using con-

ditions described above, and transferring the

samples to the EPR cell immediately after mixing.

Typical instrument settings were center field

3490 G, sweep width 25 G, frequency 9.80 GHz,

power 25 mW, receiver gain 1 £ 106, modulation

amplitude 0.4 G, conversion time 82 ms, sweep time

84 s, three scans. To assess Zn2þ-stabilized radicals,

pH 2.5 acetate buffers were prepared with sodium

and zinc acetate to achieve 2 M acetate and zinc

concentrations ranging from 0 to 0.5 M. Spectra

were taken as described above, but with modulation

amplitude (1.2 G), conversion time (41 ms), sweep

time (42 s), thirty scans. The amounts of radical

intermediate at different Zn2þ concentrations were

compared using the double integrations of the EPR

signals. In the same zinc acetate buffers, [14C]PGG

(10.6 nmol, 100ml) was reacted for 60 s with NaIO4

(159 nmol, 75ml) in the filtration chamber of a

Spin-X tube (0.45mm nylon membrane) (Corning

Inc., Corning, NY) before centrifuging and deter-

mining precipitable PGG product by counting

100ml of the filtrate.

BSA-precipitating capacity

To evaluate the ability of PGG oxidation products to

precipitate protein, PGG (10.6 nmol, 100ml) was

reacted with NaIO4 (159 nmol, 75ml) for 2 min at

various pH values. This fifteen-fold molar excess of

periodate ensured that the reaction went to com-

pletion [32]. The reactions were stopped by the

addition of 2ml of b-mercaptoethanol and the

mixtures were treated with [125I]BSA (10.6 nmol,

100ml) in 0.2 M acetate buffer (pH 4.9), incubated at

room temperature for 15 min, and centrifuged.

The supernatants were removed by aspiration and

the precipitates were counted.

Quantitation of SDS-resistant PGG-BSA complexes

To determine the SDS-dissociability of the complexes

of oxidized PGG and protein, PGG was oxidized at

various pH values before reacting with BSA [32].

Briefly, [14C]PGG (10.6 nmol, 100ml) was mixed

with NaIO4 (159 nmol, 75ml) and reacted with BSA

(10.6 nmol, 100ml) for 2 min. Successive additions of

SDS (1%, w/v, 100ml) and TCA (100%, w/v, 100ml)

were accompanied by vortexing and were followed

by a 10-min incubation on ice, centrifugation

and removal of 100ml of the supernatant for counting.

In complementary reactions, [14C]PGG was

incubated with BSA for 15 min before the addition

of NaIO4 or buffer and treating as described above.

Oxidation of PC or EGCG

PC (16.3 nmol, 100ml) or EGCG (100 nmol, 100ml)

was reacted with NaIO4 (1272 nmol, 75ml or

600 nmol, 100ml, respectively). Chromophore was

detected at the lmax, 390 nm for PC or 520 nm for

EGCG. To quantitate the precipitable oxidation

products, reagents were mixed in the filtration

chambers of Spin-X tubes. After 2 min, the reaction

solutions were removed by vacuum filtration, and the

amounts of precipitable products were photodensito-

metrically quantitated using an Alpha Imager 2000,

Version 3.3b Documentation and Analysis System

(Alpha Innotech Corp., USA).

Results

Reaction pH affects PGG oxidation

We tested NaIO4, 2,20-azinobis(3-ethylbenzothiazo-

line-6-sulfonic acid) radical cation (ABTSzþ), 2,20-

azobis(isobutyramidine) dihydrochloride (AAPH)

and S2O22
8 =SO

22
3 as oxidants. NaIO4 was selected

for additional experiments because it has no absor-

bance above 260 nm, allowing direct spectrophoto-

metric studies of polyphenol oxidation [33,34]. When

PGG was reacted with NaIO4 at pH 7.4, a pink

chromophore formed ðlmax ¼ 520 nmÞ (Figure 2A).

We attributed the chromophore to o-quinone for-

mation, based on spectral similarity to the quinones

produced by substituted catechols [35]. Reactivity of

the product with nitroblue tetrazolium and sodium

glycinate provided further evidence for quinone

formation [36]. Oxidation of PGG at pH 2.1

produced precipitate that could be isolated by

centrifugation or filtration, suggesting it was a

polymer. The amount of chromophore that formed

increased and the amount of polymer that formed

decreased as reaction pH was increased from 2.1 to

7.4 (Figure 2B).

Radical intermediate in PGG oxidation

We speculated that PGG oxidation might involve

radical intermediates that could be detected by EPR

spectrometry. A radical intermediate was readily

detected when PGG was oxidized in the pH range

of 6.0–7.4, but none could be detected when PGG

was oxidized at lower pH values (Figure 3). In our

EPR experiments, it took about 30 s to transfer

reagents into the EPR cell. The polymer formed

immediately upon mixing PGG and NaIO4 at pH

2.1 (data not shown), suggesting that the

short lifetime of the intermediate formed at low

pH might prevent its detection. At low pH Zn2þ

can be used to trap radical intermediates [37–39].

When we oxidized PGG with NaIO4 at pH 2.5, as

Zn2þ concentrations were increased from 0 to

0.5 M, the intensities of EPR signals increased while
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the amount of polymeric oxidation product

decreased (Figure 4). When we mixed PGG and

NaIO4 in zinc acetate buffers, we readily detected

the stabilized radical at all pH values between 2.1

and 4.9 (data not shown).

Protein affects PGG oxidation

To reveal how protein affected PGG oxidation, we

monitored the oxidation of PGG (10.6 nmol, 100ml)

in the presence or absence of BSA (10.6 nmol,

100ml). Protein promoted the formation of quinone

(Figure 5A), but inhibited the formation of polymer

(Figure 5B). As little as 1.33 nmol of BSA

completely inhibited polymerization of 10.6 nmol of

PGG at pH 2.1. In the absence of BSA under the

same conditions over 90% of the PGG was oxidized

to polymer. These results suggested that protein was

more important than pH in determining the nature

of the PGG oxidation products.

Figure 2. PGG oxidation products. (A) When PGG (10.6 nmol,

200ml) was reacted with NaIO4 (159 nmol, 75ml) at pH 7.4, a

chromophore (solid line) was formed. The spectrum of unoxidized

PGG (dotted line) was taken at a 1mM to show all its spectroscopic

features. (B) [14C]PGG (10.6 nmol, 200ml) was reacted with

NaIO4 (159 nmol, 75ml). After 2 min, the mixture was treated with

SDS (1%, w/v, 100ml), vortexed and centrifuged. The amount of

PGG in the precipitate (B) was radiochemically determined. The

amount of chromophore (A) was monitored at 520 nm. Values are

the mean of three determinations; error bars indicate the standard

deviations.

Figure 3. EPR detection of a radical intermediate in PGG

oxidation. PGG (53 nmol, 1000ml) was mixed with NaIO4

(795 nmol, 375ml). The mixture was transferred into EPR cell

immediately for data collection. Three scans were taken for each

spectrum.

Figure 4. Zn2þ inhibits formation of the precipitable product

during PGG oxidation. Reagents were prepared in 2 M acetate

buffers (pH 2.5) with increasing concentrations of Zn2þ (0–0.5 M).

PGG (106 nmol, 1000ml) and NaIO4 (1590 nmol, 750ml) were

mixed and transferred into EPR cell. Thirty scans were taken for

each spectrum. The intensity (B) was the double integration of EPR

signal. For precipitable oxidation product formation, [14C]PGG

(10.6 nmol, 100ml) and NaIO4 (159 nmol, 75ml) were mixed in the

filter chamber of a microspin filtration device. After 60 s, the

mixtures were centrifuged. The amount of precipitable oxidation

product isolated by filtration was radiochemically determined.

Values for polymeric oxidation products (A) are the mean of three

determinations. Standard deviations are smaller than the markers.
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Interactions between PGG oxidation products and protein

We monitored protein precipitation by oxidized PGG

to evaluate the effects of oxidation on PGG–protein

interactions. Because precipitation of BSA by PGG

has a sharp pH-dependence with maximal precipi-

tation at pH 4.9 [40], we adjusted the pH of each

sample to 4.9 after oxidation [1]. When PGG was

oxidized at pH values lower than 6, the product

precipitated more BSA than unoxidized PGG

(Figure 6). In contrast, oxidation of PGG at pH

values greater than 6 yielded a product that

precipitated less BSA than unoxidized PGG

(Figure 6).

We also examined how oxidation affected the

stability of PGG-BSA complexes. The complexes

between oxidized PGG and BSA could not

be dissociated by treatment with SDS, although

unoxidized PGG-BSA complexes were completely

dissociated by SDS (Table I). Treatment of native

PGG-BSA complexes with oxidizing agent yielded

some SDS-resistant complexes, but less than when

oxidation preceded the reaction with protein (Table I).

Reaction pH affects the oxidation of PC or EGCG

Oxidation of PC or EGCG at pH 7.4 produced

chromophores (PC, lmax ¼ 390 nm; EGCG,

lmax ¼ 520 nm) that are spectrally similar to catechol

quinones [33,35]. Oxidation of PC and EGCG at low

Table I. Formation of SDS-resistant PGG-BSA complexes.

SDS-resistant PGG-BSA complexes (nmol)*

Sample pH 4.9 pH 6.0 pH 7.4

Oxidized

PGG þ BSA†

10.4 ^ 0.1 9.8 ^ 0.1 7.4 ^ 0.2

PGG þ BSA with

subsequent oxidation‡

6.4 ^ 0.1 6.1 ^ 0.2 6.7 ^ 0.1

PGG þ BSA

without oxidation

20.2 ^ 0.4 ND ND

*Values are the mean ^ standard deviation of three determinations.

ND stands for not determined.†[14C]PGG (10.6 nmol, 100ml) was

mixed with NaIO4 (159 nmol, 75ml) before reacting with BSA

(10.6 nmol, 100ml) for 2 min, followed by SDS (1%, w/v, 100ml)

and TCA (100%, w/v, 100ml). After 10 min incubation on ice the

samples were centrifuged and 100ml of the supernatant was

counted.‡In complementary reactions, [14C]PGG was incubated

with BSA for 15 min before the addition of NaIO4 or buffer and

treating as described above.

Figure 5. BSA affects PGG oxidation. (A) BSA promoted quinone

formation. PGG (10.6 nmol, 100ml) was incubated with BSA

(10.6 nmol, 100ml) (A) or the sample buffer (B) for 15 min at room

temperature. UV spectra were taken after the addition of NaIO4

(159 nmol, 75ml). Absorbance at 520 nm is a single determination.

(B) BSA inhibited formation of precipitable PGG oxidation

products. Reactions were set up as above using [14C]PGG. Two

minutes after the addition of NaIO4, the mixture was treated with

SDS (1%, w/v, 100ml), vortexed and centrifuged. The amount of

PGG in the precipitate was radiochemically determined. Values are

the mean of three determinations; error bars indicate the standard

deviations.

Figure 6. BSA precipitation at pH 4.9 by PGG oxidation products.

At various pH values, PGG (10.6 nmol, 100ml) was reacted with

NaIO4 (159 nmol, 75ml). After 2 min, the reaction was stopped by

the addition of 2ml of b-mercaptoethanol, and [125I]BSA

(10.6 nmol, 100ml) in 0.2 M acetate buffer (pH 4.9) was added.

The mixtures were incubated at room temperature for 15 min, and

centrifuged. The amount of BSA in the precipitates was

radiochemically determined (A). For the control experiment at

pH 4.9, NaIO4 was substituted with the sample buffer (B); all other

treatments remained the same. Values are the mean of three

determinations; error bars indicate the standard deviations.

Oxidation of polyphenols 121

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



pH produced precipitates that we collected on nylon

membranes (0.45mm) and photodensitometrically

determined. The amount of quinone increased while

the amount of precipitate decreased as reaction pH

was increased from 2.1 to 7.4 (Figure 7).

Discussion

Reaction pH and protein determined PGG oxidation

products

A radical intermediate formed when PGG (Figure 1)

was oxidized at pH values ranging from pH 2.1 to 7.4

(Figures 3 and 4). The radical was identified as an

o-semiquinone radical based on its stabilization by

Zn2þ [37–39]. The pKa value for the o-semiquinone

radical of methyl gallate is 4.4 [41], and our data

suggest a similar pKa for PGG o-semiquinone radical.

At pH values below about 4, the PGG oxidation

products are predominantly polymers, but at pH

values above about 5 the products are predominantly

quinones. We propose that at pH values below the

apparent pKa of the o-semiquinone radical, coupling

of unionized PGG o-semiquinone radicals forms

polymers (Scheme 1). At pH values above the

apparent pKa, ionization of PGG o-semiquinone

radicals produces radical anions that do not poly-

merize due to electrostatic repulsion, but oxidize

further to produce quinones (Scheme 1). At pH 2.5

stabilization of PGG o-semiquinone radical by Zn2þ

inhibited polymer formation (Figure 4), supporting

the idea that the unionized o-semiquinone radical was

the precursor for the polymer.

We also examined PC and EGCG, flavanol-based

polyphenols that form o-semiquinone radicals with

pKa values of about 4.6 [39,41]. In the oxidation of

PC or EGCG, low pH favored polymer formation, but

high pH favored quinone formation (Figure 7). The

similarity of oxidation pathways for three polyphenols,

PGG, PC and EGCG, indicated that the same

oxidation mechanism (Scheme 1) might apply to

many polyphenols that have catechol or pyrogallol

substitution patterns.

A representative protein, BSA, promoted the

formation of o-quinone and inhibited the formation

of polymer (Figure 5). Protein seemed be more

important than pH in determining the products of

PGG oxidation.

Changed biochemical activities of PGG after oxidation

Under non-oxidizing conditions, an important bioac-

tivity of polymeric polyphenols is protein precipitation

[1,42], which may reduce protein digestibility and

thus diminish the consumption of tannin-containing

plants by herbivores [43]. Polymeric PGG oxidation

products that were formed at pH values lower than 6

had higher protein precipitating capacity than PGG

(Figure 6), indicating they might be more effective in

reducing proteindigestibility than unoxidized PGG.

In contrast, oxidation of PGG to quinones appears to

suppress its ability to precipitate protein. Further

study is required to determine whether oxidation of

polyphenols in the GI tract has deleterious or

beneficial effects on protein nutrition.

PGG oxidation products reacted with proteins to

form SDS-resistant complexes that might be cova-

lently stabilized (Table I) [44]. SDS-resistant com-

plexes were obtained when pre-oxidized PGG was

mixed with protein, or when PGG-protein complexes

were treated with oxidant (Table I). Likely reactions

involve either attack by the semiquinone radical on

susceptible amino acid residues[45] or attack of the

quinone on nucleophilic residues such as lysine,

Figure 7. Reaction pH affects the oxidation of PC or EGCG. PC

(16.3 nmol, 100ml) was reacted with NaIO4 (1272 nmol, 75ml;

NaIO4/catechin unit ¼ 4.6) (A), and EGCG (100 nmol, 100ml)

was reacted with NaIO4 (600 nmol, 100ml; NaIO4/EGCG ¼ 6) (B).

The formation of chromophore (A) was detected at 390 nm for PC

or at 520 nm for EGCG. To quantitate the precipitable oxidation

products, reagents were mixed in filter chambers in microspin

filtration devices. After 2 min, the reaction solutions were removed

by vacuum filtration. The amounts of precipitable oxidation

products were photodensitomerically quantitated (B). Each data

point is one measurement.
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cysteine, methionine and tryptophan [46,47].

Covalent modification of proteins by small polyphe-

nols such as chlorogenic acid reduces the digestibility

of the modified protein [46], and covalent modifi-

cation by tannins may have the same effect. We are

characterizing the oxidized polyphenol-protein con-

jugates using electrophoresis, HPLC and MALDI-

TOF MS [2].

We have demonstrated that pH and protein affect

the oxidation of polyphenols through use of model

compounds and in vitro chemical analysis. Polyphe-

nols interact with metal ions[23] and lipids [48,49],

and the effects of these factors on polyphenol

oxidation could be explored in our system. Our

approach could also be employed to examine other

dietary polyphenolic antioxidants and model oxidants,

ultimately achieving an understanding of the fates of

polyphenols in the GI tract.
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