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The ability of several polyphenolic fractions from grape (Vitis vinifera) pomace, pine (Pinus pinaster)

bark, and witch hazel (Hammamelis virginiana) bark to repair R-tocopherol (R-TOH) through

reduction of the R-tocopheroxyl radical was investigated in a homogeneous hexane system and a

phospholipid-like system based on SDS micelles. These natural polyphenols were compared with

pure related phenolics (epicatechin, gallic acid, epigallocatechin gallate, quercetin, and rutin) and

ascorbic acid, which is a substance with a well-recognized capacity for regenerating R-TOH. R-
Tocopheroxyl radicals were monitored and quantified by electron spin resonance (ESR) spectro-

scopy in the absence and presence of phenolics. Polyphenols from grape and pine bark were

essentially catechin monomers and proanthocyanidins differing in the content of galloyl residues;

those from pine bark had a negligible degree of galloylation. Polyphenolic fractions from witch hazel

bark were composed of approximately 80% hydrolyzable tannins rich in galloyl moieties, together

with a smaller amount of catechin monomers and proanthocyanidins. In the homogeneous hexane

system, polyphenols from grape and pine bark exhibited similar activities, reducing the R-tocopher-
oxyl radicals by over 27-40%, whereas phenols from witch hazel were more highly effective,

reducing 80% of R-TOH. In contrast, pine bark polyphenols were found to be significantly less active

than the grape fractions in SDS micelles, reducing 30 and 70% of R-tocopheroxyl radicals,

respectively. Polyphenolic fractions from witch hazel were also able to reduce the highest amount

of R-TOH in SDS-micelles. The reducing capacity on R-tocopheroxyl radical of polyphenolic fractions

was found to be pH-dependent and more effective at higher pH in the range of pH studied (5.8-7.8).

These results stress the potential role of polyphenols, in particular those rich in galloyl groups, to

maintain intact endogenous R-TOH in biological membranes through reduction of R-tocopheroxyl
radicals.
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INTRODUCTION

Polyphenols are ubiquitous compounds in fruits and vegeta-
bles and are associated with beneficial dietary effects, including
the prevention of cancer and cardiovascular diseases (1, 2). The
antioxidant activity, taken in a broad sense, is believed to be
responsible for both biological and food-preservative activities of
polyphenols. Polyphenolic compounds have been applied suc-
cessfully as food additives to preserve the quality ofmeat and fish
by inhibiting lipid peroxidation that is a crucial factor limiting the
shelf life of muscle-based foods during storage and

processing (3-5). The antioxidant activity of polyphenols in
biological tissues is currently being associated with their capacity
to scavenge free radicals (6 ), chelate active redox metals (7, 8),
and protect the endogenous antioxidant systems (9-11). The free
radical-scavenging and metal-chelating properties are the best
understood antioxidant mechanisms for polyphenolic com-
pounds. The phenolic structure provides the ability to scavenge
reactive free radicals by donating an electron or hydrogen atom
and to stabilize the phenoxyl radical formed by delocalizing the
unpaired electron. The deactivation of catalytic transition metal
ions bymetal chelation is mainly linked to the presence of at least
two o-hydroxyl groups at the phenolic ring (12 ).

Several investigations have suggested that R-tocopherol
(or vitamin E), a principal lipophilic component of cellular
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membranes, is an important antioxidant that stops the propaga-
tion of oxidative stress in muscle tissues, and its reduction below
critical levels leads to lipid oxidation (13, 14). It is well-documen-
ted that R-tocopherol (R-TOH) is preserved by ascorbic acid, a
hydrophilic component of the endogenous antioxidant system of
tissues, through the reduction of R-tocopheroxyl radical formed
during the antioxidant activity of R-TOH (15 ). Such cooperative
interaction seems to be responsible for the antioxidant synergism
observed when R-TOH and ascorbic acid are used in
combination (12 ). Earlier studies have also suggested a regen-
erative capacity of the phenolic caffeic acid on R-TOH during
low-density lipoprotein (LDL) peroxidation, whereas caffeic acid
appears to be regenerated by ascorbic acid (16, 17). Similar redox
interactions have been recently proposed in fish muscle because
the redox stability of endogenousR-TOHwas increased by caffeic
acid addition, and the resulting endogenous ascorbic acid was
rapidly consumed in the presence of caffeic acid (18 ). Other
investigations have demonstrated the potential of green
tea catechins to regenerate R-TOH in homogeneous
solutions (19, 20), sodium dodecyl sulfate (SDS) micelles (21 ),
and human LDL (22 ). Myricetin, quercetin, and gallic acid have
also exhibited certain abilities to regenerate R-TOH (23, 24).
Despite all of the recent progress, more research is required to
distinguish which structural factors of polyphenols are relevant
for their regenerative activity on R-TOH.

Previous investigations in fish muscle have revealed the effec-
tiveness of grape proanthocyanidins to either delay the lipid
oxidation progress or protect endogenous R-TOH against oxida-
tive degradation (10, 25, 26). Moreover, polyphenols obtained
from grape pomace, pine bark, and witch hazel bark have been
suggested as active antioxidants in cell assays (27, 28). The present
investigation aimed to evaluate the potential impact of these
polyphenolic compounds to protect R-TOH from oxidation and,
also, to establish which of the structural factors of polyphenols
are the most important for R-TOH regeneration via reduction of
R-tocopheroxyl radicals. A collection of polyphenolic fractions
fromgrape (Vitis vinifera) pomace, pine (Pinus pinaster) bark, and
witch hazel (Hammamelis virginiana) bark, differing in the con-
tent of hydrolyzable tannins and galloylated oligomeric catechins
(Figure 1), was analyzed to characterize their ability to reduce R-
tocopheroxyl radicals. Electron spin resonance (ESR) spectro-
scopy was employed to quantify R-tocopheroxyl radicals. Poly-
phenolic fractions were also compared with pure related
phenolics (epicatechin, gallic acid, epigallocatechin gallate, quer-
cetin, and rutin) and ascorbic acid, a substance with a well-
recognized capacity for regenerating R-TOH. The experiments
have been conducted in both a homogeneous hexane systemand a
heterogeneous phospholipid-like system based on SDS micelles.

MATERIALS AND METHODS

Chemicals. DL-all-rac-R-Tocopherol, 1,1-diphenyl-2-picrylhydrazyl
radical (DPPH), SDS, gallic acid, epigallocatechin gallate (EGCG)
quercetin, rutin, and ascorbic acidwere purchased fromSigma (Steinheim,
Germany). 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) (98%) and
epicatechin were obtained from Fluka (Buchs, Swizerland). All chemicals
were of analytical grade, and the water was purified using aMilli-Q system
(Millipore, Billerica, MA).

Grape Fractions. The starting material was the byproduct from
pressing Parellada white grapes (V. vinifera) and consisted of skins, seeds,
and a small amount of stems. This byproduct was collected in themonth of
October during the 2004 harvest. A polyphenolic mixture of mainly
monomeric and oligomeric catechins (proanthocyanidins) soluble in both
ethyl acetate and water (OWG) was prepared by extraction with water/
ethanol (3, 7) following the procedure described byTorres andBobet (29 ).
Fractions IVG, VIIIG, and XIG were obtained by fractionation of OWG

as previously described by Torres et al. (30 ). Grape fractions containing
proanthocyanidins with different degrees of polymerization (mDP) and
percentages of galloylation (presence of esters with galloyl moieties) as
previously described (30 ) are summarized in Table 1. The degree of
polymerization and percentage of galloylation were evaluated chromato-
graphically after depolymerization with cysteamine according to the
method of Torres and Lozano (31 ). Structures of polyphenolic com-
pounds found in the fractions are shown in Figure 1.

Pine Bark Fractions. The polyphenolic fractions IP and IIP were
prepared by fractionation on preparative RP-HPLC of a total extract
OWP from pine (P. pinaster) bark, which was obtained essentially as
described for grape pomace (30 ), with somemodifications (32 ). Fractions
IP and IIP contained different combinations of catechin monomers,
mainly (+)-catechin, and other flavonoid monomers, mainly taxifolin,
and oligomeric catechins. Galloylated catechins were not detected in any
of the fractions of pine bark (Table 1).

Witch Hazel Bark Fractions. Following a procedure modified from
the previously described for grape pomace, a polyphenolic extract soluble
in both ethyl acetate and water (OWH) was obtained from witch hazel
bark (28 ). Briefly, a sugar free mixture was obtained by extraction with
water/acetone (3, 7). After the acetone was evaporated, the lipid soluble
material was removed with hexane, and the resulting aqueous phase was

Figure 1. Structures of proanthocyanidins and hydrolyzable tannins found
in pine, grape, and witch hazel fractions.
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extracted with ethyl acetate. The fraction IVHwas isolated by purification
of OWH by size exclusion chromatography on Toyopearl HW-40, as the
analogous grape fraction IVG. Witch hazel fractions contained flavanol
(catechin) monomers, proanthocyanidins, hydrolyzable tannins such as
hamamelitannin, methyl gallate, and galloyl glucoses with 2-10 galloyl
moieties. The hydrolyzable tannins accounted for >80% of the poly-
phenolic content and had a much richer content of galloyl units than the
proanthocyanidin fraction. The proanthocyanidins in the OWH and IVH
fractions havemean degrees of polymerization (mDP) of 1.2 and 1.6 units,
respectively, and galloylation ratios of 0.11 and 0.23 galloyl unit per
proanthocyanidin unit (28 ). The degree of polymerization and percentage
of galloylation were characterized as above-described for grape fractions.

ESR Experiments To Evaluate the Capacity of Polyphenols To

Regenerate r-TOH via Reduction of r-Tocopheroxyl Radical. The
ability of polyphenols to restore R-TOH from the R-tocopheroxyl radical
was evaluated in two different environments, amicellar systemof SDS as a
model for phosphylipid membranes and in a homogeneous solution in
hexane. R-Tocopheroxyl radical was generated by the chemical reaction of
R-TOH in molar excess with DPPH and subsequently quantified by ESR
spectroscopy.

The conditions for the experiments carried out in the hexane medium
were described in a previous paper (24 ). Briefly, R-tocopheroxyl radicals
were produced directly in an ESR quartz capillary tube with an internal
diameter of 4.2 mm (Wilmad, Buena, NJ) by mixing R-TOH and DPPH
radical in a N2-saturated hexane solution. Polyphenolic fractions at
identical mass concentration were introduced in ethanolic solution 20 s
after mixing R-TOH and DPPH radical, when the reaction between R-
TOH and DPPH radical was completed as shown previously (24 ).
Polyphenolic solutions were substituted by absolute ethanol in control
samples. The final concentrations of R-TOH, DPPH radical, and poly-
phenols were on the order of 2.0 mM, 0.013 mM, and 0.033 mg/mL,
respectively. The reaction mixture was homogenized by bubbling N2 for
40 s. ESR spectra were recorded at room temperature after 1min ofDPPH
addition on a JEOL Jes-FR30 ESR spectrometer (JEOL Ltd., Tokyo,
Japan) with the following settings: microwave power, 4 mW; sweep width,
50G; sweep time, 2min;modulation amplitude, 3.2G; time constant, 0.3 s.

SDS micelles were essentially prepared as previously described (18 ).
Briefly, amicellar solution containing 200mMSDS and dispersedR-TOH
was prepared in 50 mM phosphate buffer, with pH 6.8. SDSmicelles were
also prepared in phosphate buffer, pH 7.8 and 5.8, in the experiments in
which the pH effect was studied.R-Tocopheroxyl radical was generated by
mixing 1.8 mL of N2-saturated SDS micellar solution with 0.1 mL of
DPPH radical in ethanol under magnetic stirring. After 20 s, polyphenolic
compoundswere incorporated inwater solution to themicellar systemand
substituted by water in controls. Final concentrations of R-TOH and
DPPH radical were 1.8 and 0.025 mM, respectively. Polyphenols were
employed in a concentration of 0.025 mg/mL, except for witch hazel
polyphenols in the pH-dependence experiments when the phenolic con-
centrationwas 10 times diluted. SDSmicellar solutionwas pumped into an
ESRquartz capillary tubewith an internal diameter of 0.75mm (Wilmad),
and ESR spectra were recorded at room temperature after 1 min ofDPPH
addition on a JEOL Jes-FR30ESR spectrometer. ESRparameterswere as
mentioned above for experiments in hexane.

The ratio between peak-to-peak amplitude of R-tocopheroxyl radical
signal and Mn(II) marker attached to the cavity of the spectrometer was
used as a relative signal intensity of R-tocopheroxyl radical, as previously
described (24 ). The number of moles of R-tocopheroxyl radical reduced
per mole of polyphenolic compound was estimated by the slopes of the

linear regressions between the amount of reduced R-tocopheroxyl radical
and the polyphenolic concentration. The concentration of R-tocopheroxyl
radical was calculated by relating the total double-integrated area of theR-
tocopheroxyl radical signal to the total signal area found for a known
concentration of TEMPO radical. The area of signals was integrated by
using Bruker WinEPR software, whereas the simulation and fitting of the
ESR spectra were performed using the PEST WinSIM program.

Statistical Analysis. The experiments were performed at least twice,
and data are reported as mean ( standard deviation of three or more
replicates. The data were analyzed by one-way analysis of variance
(ANOVA) and the least-squares difference method. Statistical analyses
were performed with the software Statistica 6.0.

RESULTS AND DISCUSSION

Capacity of Polyphenolic Fractions To Reduce r-Tocopheroxyl
Radicals in Homogenous Hexane Medium. The R-tocopheroxyl
radical is produced during the antioxidant action of R-TOH by
one-electron oxidation (12 ). In our experiments, R-tocopheroxyl
radical was first generated in hexane solvent by chemical reaction
between DPPH and R-TOH. Polyphenols were supplemented to
the samples at the same mass concentration once DPPH radical
had been fully consumed, and their effect on R-tocopheroxyl
radical was monitored using ESR spectroscopy. The results
showed the effectiveness of the polyphenolic fractions to decrease
the levels of R-tocopheroxyl radicals in comparison with control
samples without polyphenols (Figure 2A). The reduction of R-
tocopheroxyl radicals in the presence of polyphenols is attributed
to the capacity of some phenolic compounds to donate electrons/
hydrogen atoms to the R-tocopheroxyl radical and, therefore, to
regain the antioxidant activity ofR-TOH. Previous investigations
have reported a reducing effect on R-tocopheroxyl radicals for
phenolic compounds, such as epicatechin, epigallocatechin gal-
late, quercetin, and caffeic acid, in homogeneous systems of
ethanol, 2-propanol/water, and hexane (18, 20, 24).

The polyphenols obtained from grape and pine bark did not
show significant differences in their capacity to regenerate R-
TOH (p < 0.05), and they were able to reduce the levels of R-
tocopheroxyl radicals by over 27-40%, in comparison with
control samples without polyphenols (Figure 2A). The polyphe-
nolic fractions fromwitch hazel reduced the levels of R-tocopher-
oxyl radicals approximately 80% and, therefore, witch hazel
polyphenols showed the strongest recycling of R-TOH among
the phenolic compounds studied. The proanthocyanidins in the
witch hazel fractions represent <20% of the total polyphenolic
content and are characterized by a similar medium degree of
polymerization (1.2-1.6 units of monomer) and galloylation
(0.11-0.23 mol of galloyl group/mol of polyphenol) compared
with those found in OW from grape. Consequently, the high
capacity of witch hazel fractions to reduce R-tocopheroxyl
radicals should be attributed to the important proportion of
hydrolyzable tannins with elevated content of galloyl groups
(galloylation range = 1-10 galloyl units per polyphenolic unit)
that constituted >80% of total polyphenolic content. Nongal-
loylated proanthocyanidins from pine bark exhibited a similar
capacity to reduce R-tocopheroxyl radicals as the grape
proanthocyanidins with a galloylation ratio ranging from 0.15
to 0.34 galloyl unit per proanthocyanidin unit. It is well-estab-
lished that the presence of a galloyl moiety will reduce the bond
dissociation enthalpy (BDE) of the O-H bond, in effect facil-
itating H-atom transfer to reactive free radicals (33 ). In fact, we
have previously found a positive correlation between the reduc-
tion of R-tocopheroxyl radical and the BDEs of the OH bond for
phenolics in homogeneous hexane medium (24 ). Our results
appear to indicate that the differences in galloylation ratio
between pine bark and grape fractions, which were as much as

Table 1. Mean Degree of Polymerization (mDP) and Galloylation of the
Oligomeric Catechins (Proanthocyanidins) That Compose Grape and Pine
Bark Fractions

fraction mDP galloylation (mol of gallate/mol of polyphenol)

OWG 1.7 0.15

IVG 2.7 0.25

VIIIG 3.4 0.34

XIG 3.7 0.31

IP 1.9 0

IIP 2.9 0
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0.34 galloyl unit/proanthocyanidin unit, are not sufficient to alter
significantly the BDE of the O-H bond. This observation is in
concordance with previous investigations that reported similar
antioxidant properties for pine bark and grape polyphenolic
fractions (27 ), whereas witch hazel polyphenols exhibited more
elevated antioxidant activity (28 ). The content of galloyl residues
has also demonstrated a positive correlation with the antioxidant
capacity determined with either the TEAC (34 ) or DPPH
assay (35 ) and the reaction rate constants with hydroxyl (36 )
and superoxide radicals (37 ). Additionally, the radical-scaven-
ging activity in galloylated polyphenols appears to be favored
considering their capacity to undergo oxidative degradations
through coupling reactions (or nucleophilic addition) that retain
the number of hydroxyl groups responsible for their antioxidant
capacity (38 ).

Representative polyphenolic fractions from pine bark, grape,
and witch hazel bark were also compared with other related pure
phenolic compounds such as epicatechin (EC), gallic acid,
EGCG, quercetin, and rutin. EC, themonomer of nongalloylated
proanthocyanidins, was found to be as effective as quercetin in
reducing R-tocopheroxyl radicals, whereas the glycoside of quer-
cetin, rutin, did not show significant activity (Figure 2B). The

lower activity of rutin should be explained by the high contribu-
tion of the sugar fraction to the weight of rutin (approximately
half of its weight is due to the sugar) and the poor radical-
scavenging ability assigned to sugars. The polyphenolic fractions
from pine, IP, and grape, IVG, exhibited more elevated regen-
erative activities than EC and lower activity than gallic acid on a
weight basis. EGCG was found to be more efficient in repairing
R-TOH than fraction IV from witch hazel (Figure 2B). In
summary, the relative capacity to reduce R-tocopheroxyl radicals
in a homogeneous system in hexanewas found to beEGCG>IV
witch hazel>gallic acid>Ipine≈ IV grape>EC≈quercetin>
rutin (no effect). Previous investigations in hexane medium have
reported that EGCG is approximately 150 times more effective
than EC; however, the former was approximately 14 times
less active than ascorbyl palmitate, a lipophilic analogous of
ascorbic acid (24 ).

Capacity of Polyphenolic Fractions To Reduce r-Tocopheroxyl
Radicals in SDS Micelles. Polyphenolic fractions were evaluated
in a SDS micellar system with the aim of understanding their
ability to repair endogenousR-TOH in the biologicalmembranes,
where R-TOH is localized in muscle tissues. SDS micelles can to
some extent mimic membranes considering the structural simila-
rities of SDS micelles and phospholipids. Both systems possess a
negatively charged polar head (a sulfate group in SDS) oriented
to the external part and a lipophilic tail (a dodecyl group in SDS)
situated near the internal part.

The experiments revealed an equivalent activity for the two
polyphenolic fractions obtained frompine bark (IP and IIP), with
both fractions reducing >30% of the R-tocopheroxyl radical
(Figure 3A). All grape polyphenolic fractions (OWG, IVG,
VIIIG, and XIG) were found to regenerate R-TOH more effec-
tively, as these fractions were capable of repairing >70% of R-
tocopheroxyl radical. As found in the homogeneous hexane
system, the fractions fromwitch hazel (OWHand IVH) exhibited
the best capacity to repair R-TOH, regenerating approximately
90%ofR-tocopheroxyl radical (Figure 3A). Therefore, significant
differences have not been detected between polyphenolic extracts
from the same natural source, and the relative capacity of each
polyphenolic source was found to be positively correlated with
the content in galloyl moiety: witch hazel bark > grape > pine
bark. Previous investigations have revealed that galloylated
catechins possess higher phospholipid/water partition coefficients
than their homologous nongalloylated forms, probably due to the
establishment of strong physical interactions between the galloyl
moieties and phospholipids (39 ). He et al. (40 ) suggested that
hydrophobic association of galloyl groups of polyphenols and the
hydrocarbon chains of phospholipids is responsible for the
stronger affinity between galloylated polyphenols and phospho-
lipids. Such physical association should facilitate a neighboring
contact between polyphenols and R-TOH, taking the R-TOH
location in the phospholipidic bilayers of cell membranes into
consideration. Consequently, the regenerative behavior of poly-
phenolic fractions on R-TOH in the SDS micelles seems to be
closely correlated with the galloylation degree and the more
elevated affinity of galloylated polyphenols by phospholipids.

Nongalloylated proanthocyanidins from pine bark displayed
an activity similar to that of its monomer EC in reducing R-
tocopheroxyl radicals (Figure 3B). Quercetin showed effective-
ness comparable to that of these polyphenols, whereas the
glycoside rutin was barely able to regenerate R-TOH at the same
weight concentration. EGCG and ascorbic acid exhibited the
most effective activity in reducing R-tocopheroxyl radical, fol-
lowed in decreasing order of efficiency by IVhazel, gallic acid,and
IV grape. The high efficiency of EGCG, and in general of
galloylated polyphenols, to reduce R-tocopheroxyl radical in

Figure 2. Effect of polyphenolic fractions extracted from pine bark, grape,
and witch hazel bark (A) on R-tocopheroxyl radical in a homogeneous
hexanemedium. The activities of representative pine (IP), grape (IVG), and
witch hazel (IVH) fractions were also compared with pure phenolic
compounds, epicatechin (EC), gallic acid, epigallocatechin gallate (EGCG),
quercetin, and rutin (B). Polyphenolic fractions and pure phenolics were
tested at the same concentration based on weight (0.033 mg/mL).
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SDS micelles is in accordance with the synergism observed
between EGCG and R-TOH when present together either in
SDS micelles (21 ) or with linoleic acid in SDS micelles (41 ).

Grape proanthocyanidins have previously shown effectiveness
in preserving endogenous R-TOH from oxidation in both
LDL (11 ) and fish muscle (25, 26). Such protective action of
proanthocyanidins on R-TOH consumption could simply be
attributed to a reduction of the reactive free radicals levels as a
consequence of the ability of proanthocyanidins as free radical
scavenger and transition metal chelator. However, the present
investigation has demonstrated a high efficiency of grape
proanthocyanidins to reduce R-tocopheroxyl radicals in SDS
micelles and, therefore, the regeneration of intact R-TOH seems
to be a realistic mechanism for the protection of the endogenous
R-TOH in muscle tissues by grape proanthocyanidins.

EGCG versus Ascorbic Acid Regeneration of r-TOH in SDS

Micelles. The capacity of EGCG and ascorbic acid to regenerate
R-TOH in SDS micelles was evaluated in more detail to estimate
the number of moles of R-tocopheroxyl radicals regenerated for
each molecule. For the concentration ranges studied, the amount
of reduced R-tocopheroxyl radical exhibited a positive linear

relationship (R2 > 0.983) with the concentration of EGCG or
ascorbic acid present in the medium (Figure 4). The slopes of the
linear regression lines were used to estimate the number of R-
tocopheroxyl radicals regenerated for each EGCG or ascorbic
acidmolecule (Table 2). The results showed that eachmolecule of
EGCG and ascorbic acid was able to repair 0.73 and 1.22
molecules of R-TOH, respectively. Therefore, ascorbic acid was
found to be approximately 1.7-fold more effective than EGCG in
reducing R-tocopheroxyl radical in SDS micelles at pH 6.8. In a
previous investigation in a homogeneous hexane system, it was
reported that each molecule of EGCG and ascorbyl palmitate (a
lipophilic analogous to the ascorbic acid) was capable of reducing
0.066 and 0.93 molecules of R-tocopheroxyl radical,
respectively (24 ). This superior performance of EGCG to reduce
R-tocopheroxyl radical in SDS micelles could be partially attrib-
uted to the presence of a galloyl group in the EGCGstructure and
a more active incorporation of galloylated catechins into mem-
branes as discussed previously. The higher incorporation of

Figure 3. Effect of polyphenolic fractions extracted from pine bark, grape,
and witch hazel bark (A) on R-tocopheroxyl radical in SDS micelles. The
activities of representative pine (IP), grape (IVG), and witch hazel (IVH)
fractions were also compared with ascorbic acid and pure phenolic
compounds, epicatechin (EC), gallic acid, epigallocatechin gallate (EGCG),
quercetin, and rutin (B). Polyphenolic fractions and pure phenolics were
tested at the same concentration based on weight (0.025 mg/mL).

Figure 4. Linear relationship between the amount of R-tocopheroxyl
radical regenerated and the molar concentrations of EGCG (A) and
ascorbic acid (B).

Table 2. Moles of R-Tocopheroxyl Radical Reduced per Mole of EGCG or
Ascorbic Acid, Determined as the Slope of the Linear Regressions between
the Amount of Reduced R-Tocopheroxyl Radical and the Respective Con-
centrations of EGCG or Ascorbic Acid

slope (mol of tocopheroxyl

radical reduced/mol of compound) R2
relative regenerative

capacity

EGCG 0.73 0.984 1.00

ascorbic acid 1.22 0.983 1.67
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EGCG into themembranes should facilitate the redox interaction
with R-TOH. Previous investigations have also reported a posi-
tive correlation between the phospolipid/water partitions of
phenolic compounds and their antioxidant activity (7, 39). Re-
generation of>1mol/mol for ascorbic acidmay indicate a partial
two-electron oxidation of ascorbic acid to dehydroascorbic acid
during the regeneration.

Influence of pH on the r-TOH-Regeneration Reaction by Poly-

phenolic Fractions in SDS Micelles. The reducing capacity of
polyphenols is linked to their ability to either donate hydrogen
atoms or undergo an equivalent two-step reaction consisting of a
deprotonation followed by a one-electron transfer (42 ). The two-
step reaction is attributed to the existence of dissociable hydroxyl
groups, and a pH dependence for the antiradical activity of
polyphenols is therefore expected. The behavior of two grape
polyphenolic fractions (OWG and IVG) and a witch hazel
fraction (OWH) to reduce R-tocopheroxyl radicals in SDS
micelles was evaluated at three different pH values (5.8, 6.8,
and 7.8). Witch hazel polyphenols were tested at a concentration
10-fold lower due to the higher efficiency. The same tendency was
observed for all polyphenolic fractions, and the increment of pH
from 5.8 to 7.8 enhanced the activity of polyphenols to reduce R-
tocopheroxyl radical (Figure 5). This observation is in accordance
with previous investigations that found higher reaction rates
betweenpure catechins andR-tocopheroxyl radicals by increasing
the anionic character of catechins (20 ). This pH-dependent
behavior of polyphenols can be explained considering that
catechins are more partially dissociated in neutral-basic media
to form the corresponding phenoxide [e.g., the pKa1 values of
EGCG, EC, and gallic acid are 7.75, 8.64, and 8.73,
respectively (43 )], which more easily undergoes electron transfer
oxidation to produce relatively stable phenoxyl radical in alkaline
solutions. Therefore, the greater reducing capacity on R-toco-
pheroxyl radicals observed at increasing pH value for grape and
witch hazel fractions appears to be caused by the superior
efficiency of the electron transfer processes in neutral-basic
media.

In summary, this work draws attention to the potential of
natural polyphenols to restore endogenous R-TOH in biological
membranes, especially for those rich in galloyl groups. Polyphe-
nols fromwitch hazel, and to a lesser extent fractions from grape,
were found to be more effective in reducing R-tocopheroxyl
radicals in a phospholipid-like system composed of SDSmicelles,
according to their relative galloylation. It is hypothesized that the
stronger R-TOH-regenerative capacity assigned to galloylated
polyphenols is attributable to the elevated capacity of those to
transfer electrons/hydrogen atoms to R-tocopheroxyl radicals,

together with the superior incorporation of polyphenols with
galloyl groups into phospholipid membranes, where R-TOH is
naturally localized.
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