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Pine (Pinus pinaster) bark is a rich source of procyanidin oligomers. From a total polyphenolic extract,
we have generated fractions of different procyanidin composition. The mixtures, devoid of gallate
esters, were active as free radical scavengers against ABTS•+, DPPH, and HNTTM. Pine bark fractions
were tested for antioxidant activity in solution (hydrogen donation and electron transfer) and emulsion
(inhibition of lipid peroxidation) and compared with their galloylated counterparts from grape origin.
While galloylation clearly influenced the free radical scavenging efficiency in solution, it did not seem
to play a determinant role in protection against lipid peroxidation in emulsion. The fractions were
very mild inhibitors of cell proliferation. Because gallate esters appear to interfere with crucial cell
functions, gallate free pine procyanidins may be the innocuous chemopreventative agents of choice
for many applications in food and skin protection.
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INTRODUCTION

Polyphenols from plant origin, particularly flavonoids, are
widely appreciated for their putative health promoting properties
(1, 2). The antioxidant activity, taken in a broad sense, is
believed to be responsible for the preventative properties of
flavonoids. The main mechanisms behind this antioxidant
activity are direct free radical scavenging (3, 4), transition metal
chelation (5,6), and maintenance of endogenous antioxidants
such as the glutathione and superoxide dismutase systems (7-
9). Moreover, the efficiency of any antioxidant very much
depends on its distribution within the different biological and
physicochemical environments where oxidation of key mol-
ecules (e.g., lipids, proteins, DNA) takes place (10,11). Because
so many factors influence the oxidative degradation of biomol-
ecules, the antioxidant activity should be evaluated by more
than one experimental setup including methods in solution and
emulsion (12). This is particularly true for the protection of
colloidal systems such as food products and skin care formula-
tions.

Apart from their direct antioxidant properties, flavonoids exert
other activities that may or may not be related to their radical
scavenging capacity. These activities, mostly mediated by

receptor-ligand interactions, include antiproliferation, cell cycle
regulation, and induction of apoptosis (13-17). It is becoming
evident that the activity of plant flavonoids as preventive agents
must be evaluated from different angles to cover not only the
scavenging power but also the influence of the physicochemical
environment on the antioxidant effectiveness and the occurrence
of other biological activities.

Proanthocyanidins, which include both procyanidins and
prodelphinidins (Figure 1B), are a particularly interesting type
of flavonoids consisting of oligomers of flavan-3-ols (catechins).
They are potent free radical scavengers, efficient antioxidants,
and antiproliferative and antimflammatory agents (18, 19). The
size and composition of oligomeric proanthocyanidins appear
to be related to their antioxidant activity, through differences
in both the intrinsic scavenging capacity and the physicochem-
ical properties governing their partition behavior within biologi-
cal environments (20-22).

One of the main interests in our laboratories is to assess the
suitability of proanthocyanidins (Figure 1B) obtained from plant
byproducts as food antioxidants and preventative agents against
skin aging and cancer. Oligomeric proanthocyanidins of the
prodelphinidin type are present in grape skin and stems (23-
26), whereas grape seeds contain only procyanidins (27, 28).
The three components (skin, seeds, and stems) of the grape
pomace are galloylated (presence of gallate esters in C-3,Figure
1B) to some extent (23-28). Pine bark appears to contain only
procyanidins with no measurable galloylation (29-31). The fact
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that pine bark extracts are devoid of gallocatechins and gallates
makes them particularly interesting because there have been
reports of possible adverse effects of the pyrogallol group due
to a putative prooxidant action (32, 33). We have obtained a
mixture of pine (Pinus pinaster) bark polyphenols and generated
fractions with different content in monomeric catechins and
oligomeric procyanidins. To evaluate the potential application
of the fractions mainly in skin care formulations, and also as
functional ingredients of food products, we have measured their
efficiency as free radical scavengers, inhibitors of lipid peroxi-
dation in oil-in-water emulsion, and antiproliferative activity.
Because galloylation is an important parameter for defining the
suitability of procyanidins and for exploring the influence of
the galloyl moiety on the activity of the fractions, the results
have been compared with those obtained with homologous
fractions of grape origin.

MATERIALS AND METHODS

Materials and Chemicals.The starting material was pine (Pinus
pinaster) bark (byproduct of a saw-mill) provided by Manuel Bouzas
SA (Vedra, A Coruña, Spain). After air-drying, the solid was ground
(GR-250 mill with 3 mm pore size from Oliver Batlle SA, Badalona,
Spain) before extraction.

Water and solvents were deionized water, analytical grade MeOH
(Panreac, Montcada i Reixac, Spain), and analytical grade acetone
(Carlo Erba, Milano, Italy) for semipreparative chromatography; milli-Q
water and HPLC grade CH3CN (E. Merck, Darmstadt, Germany) for
analytical RP-HPLC; analytical grade MeOH (Panreac) for the thio-
acidolysis and free radical scavenging assays; and analytical grade CH3-
Cl (Panreac) for the HNTTM assay. Trifluoroacetic acid (TFA,
Fluorochem, Derbyshire, UK) biotech grade was distilled in-house.
Cysteamine hydrochloride was from Sigma-Aldrich Chemical (Stein-
heim, Germany), and 37% HCl was from Merck. 1,1-Diphenyl-2-
picrylhydrazyl free radical (DPPH) (95%) was from Aldrich (Gillingham-
Dorset, UK), 6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic acid
(Trolox) (97%) was from Aldrich (Milwaukee, WI), and (-)-epicatechin
was from Sigma Chemical (Saint Louis, MO). 2,2′-Azinobis-(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) crystallized diammonium
salt and horseradish peroxidase type IV (RZA403/A275 < 3) were
obtained from Sigma Chemical. Hydrogen peroxide (3% v/v) was from
Sigma Chemical. Tris(2,4,6-trichloro-3,5-dinitrophenyl)methyl (HNTTM)
free radical was synthesized as described (34). Corn oil stripped of
tocopherols was from A¨ cros Organics (New Jersey, NJ), and soybean
lecithin (L-R-phosphatidylcholine) was from Sigma Chemical. Dulbecco
modified Eagle’s medium (DMEM) and Dulbecco’s phosphate buffer
saline were from Gibco-BRL (Eggenstein, Germany), fetal calf serum
(FCS) was from Invitrogen (Carlsbad, CA), and Trypsin EDTA solution
C (0.05% trypsin-0.02% EDTA) was from Biological Industries
(Kibbutz Beit Haemet, Israel). 3-[4,5-Dimethylthiazol-2yl]-2,5-diphe-
nyltetrazolium bromide (MTT) was from Sigma Chemical.

Extraction and Solvent Fractionation. The extraction and frac-
tionation with solvents were performed at a pilot plant (A+/LGAI,
Bellaterra, Spain). The polyphenolic fractionOWP was obtained
essentially as described before for grape pomace (35) except that water
at 90°C was used instead of 70% EtOH in the extraction step, which
was performed in an Autoclave Engineers Reactor (Dispermax, De
Dietrich Niederbronn, France). Briefly, ground pine bark (10 kg) was
suspended in deionized water (35 L) and kept at 90°C, 1 atm, under
stirring (80 rpm) and continuous nitrogen flow (8 L/min) for 2 h. The
solid was then filtered off (Centrifugal Filter Riera Nadeu, SA,
Montcada i Reixac, Catalonia, Spain), and the filtrates were extracted
with ethyl acetate (3× 20 L) after saturating the water phase with
NaCl. The organic phase was then dried under vacuum, the pellet was
dissolved in deionized water, and the solution was filtered through a
porous plate. The dry fractionOWP (8.96 g, fraction from pine bark
soluble in both ethyl acetate and water) was obtained by lyophilization.

Chromatography. OWP was fractionated as summarized inScheme
1. FractionsIP and IIP were obtained by preparative RP-HPLC
essentially as described before (36). The rest of the fractions were
obtained by semipreparative chromatography on Toyopearl TSK HW-
40F (TosoHass, Tokyo, Japan) following a protocol previously
described by us (22). TSK HW-40F 32-63 µm particle size stationary
phase was packed into a flash chromatography type 240× 25 mm i.d.
glass column and equilibrated with MeOH. FractionsOWP (total of 9
mL of MeOH solution, 900 mg in three runs× 3 mL), IP, and IIP
(total of 6 mL of MeOH solution each fraction, 600 mg, in two runs×
3 mL) were separately fractionated in two steps: MeOH (250 mL)
and water/acetone (2:3) (250 mL) following elution protocols described
in the literature (37,38). The flow rate was 10 mL/min (MeOH) and
2.5 mL/min (water/acetone). The solvent was then evaporated under
vacuum, and the residue was dissolved in milli-Q water (ca. 100 mL)
and lyophilized to give slightly colored fluffy solids (from fraction
OWP, 501 mg ofIIIP and 271 mg ofIVP; from fraction IP, 341 mg
of VP and 173 mg ofVIP; and from fractionIIP, 340 mg of VIIP
and 153 mg ofVIIIP). Alternatively, OWP (four runs× 300 mg) was
more extensively fractionated with MeOH and water/acetone 1:1 to
generate a fraction of monomers, essentially equal toIIIP , 54 mg

Figure 1.
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fraction IXP, 82 mg fraction XP, and 186 mg fractionXIP. The
fractions were analyzed by RP-HPLC on a Smart System (Amersham-
Pharmacia Biotech, Uppsala, Sweden) equipped with aµPeak Monitor
(Amersham-Pharmacia Biotech) and fitted with aµRPC C2/C18 SC
2.1/10 (100× 2.1 mm i.d.) column (Amersham-Pharmacia Biotech).
Elution: [A] 0.10% (v/v) aqueous TFA, [B] 0.08% (v/v) TFA in water/
CH3CN 1:4, gradient 8 to 23% [B] over 38 min. Flow rate 200µL/
min. Detection by triple wavelength 214, 280, 320 nm.

Thiolysis with Cysteamine and RP-HPLC.The size and composi-
tion of the procyanidins within the fractions were estimated from the
HPLC analysis of the depolymerized fractions as described (39). Briefly,
the terminal flavan-3-ols units were released as such by acid cleavage
in the presence of cysteamine, whereas the extension moieties were
released as the cysteamine derivatives on the fourth position of the
flavanoid system. The resulting mixtures were submitted to analytical
RP-HPLC (µRPC column, gradient 8-23% [B] over 45 min), and the
molar amount (nanomoles) of all of the released moieties was calculated
from the peak areas and calibration curves obtained with pure samples:

mean degree of polymerization (mDP)) total nmol/nmol terminal
units;

mean molecular weight (mMW)) total mass/nmol terminal units.
Free Radical Scavenging Activity.ABTS Radical Cation Decol-

orization Assay.The method is based on the capacity of a sample to
scavenge the ABTS radical cation (ABTS•+) as compared to a standard
antioxidant (Trolox). ABTS•+ was generated from ABTS as described
(40,41) with some modifications. To prepare the initial radical solution,
H2O2 3‰ (45 µL) was added to a reaction mixture containing ABTS
(54.9 mg, 1 mM) and horseradish peroxidase (HRP, 1.1 mg, 0.25µM)
in 50 mM gly-HCl buffer pH 4.5 (100 mL). The reaction mixture was
left to stand at room temperature for 15 min in the dark. Polyphenolic
solutions (50µL) at concentrations of 0.3, 0.2, 0.15, 0.10, and 0.05
mg/mL in MeOH were then added to the ABTS•+ solution (1950µL).
The total time needed to carry out each assay was 20 min, including
ABTS radical generation, addition of antioxidant, and acquisition of
final absorbance value. The decrease of absorbance at 734 nm with
respect to the 1 mM solution of ABTS•+ was recorded. The assay was

performed in triplicate. The dose-response curves obtained with the
antioxidant mixtures and Trolox were plotted as the percentage of
absorbance decrease against the amount of antioxidants expressed either
in micromolar units or asµg/mL. The molar concentrations were
calculated using the mean molecular weight values estimated by
thioacidolysis. The Trolox equivalent antioxidant capacity (TEAC) was
calculated as the ratio between the slopes of the dose-response curves
of the samples and Trolox, and also as mass concentration of fraction
equivalent to a 1µM solution of Trolox. The total antioxidant activity
(TAA) of the fractions was expressed in millimoles of Trolox
equivalents.

DPPH Assay.The antiradical activity of the fractions was also
evaluated by the DPPH stable radical method (42,43). The samples
(0.1 mL) were added to aliquots (3.9 mL) of a solution made up with
DPPH (4.8 mg) in MeOH (200 mL), and the mixture was incubated
for 1 h at room temperature in the dark. The initial concentration of
DPPH, approximately 60µM, was calculated for every experiment from
a calibration curve made by measuring the absorbance at 517 nm of
standard samples of DPPH at different concentrations. The equation
of the curve was Abs517nm ) 11 345× CDPPH as determined by linear
regression. The results were plotted as the percentage of absorbance
disappearance at 517 nm ((1- A/A0) × 100) against the amount of
sample divided by the initial concentration of DPPH. Each point was
acquired in triplicate. A dose-response curve was obtained for every
fraction. ED50 corresponds to either micrograms or micromoles of
product able to consume one-half the amount of free radical divided
by micromoles of initial DPPH. The molecular amounts (micromoles)
of procyanidin mixtures were calculated with the mean molecular
weights (mMW) estimated by thiolysis with cysteamine. The results
were expressed as antiradical power (ARP), which is the inverse of
ED50.

HNTTM Assay.EPR measurements were performed on a Varian
(Palo Alto, CA) E-109 spectrometer equipped with a dual cavity (V-
4532 mode). The fractions were dissolved in CH3Cl/MeOH (2:1) at
different concentrations. Aliquots (1 mL) were added to a solution (1
mL) of HNTTM (120µM in CH3Cl/MeOH (2:1)) (34), and the mixture

Scheme 1
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was incubated for 30 min. The exact initial concentration of radical,
around 60µM, was calculated for every experiment from calibration
curves made by measuring the intensity (I0) of the EPR signal (peak to
peak line distance) of standard samples of the radical at different
concentrations. The equations of the curves wereI ) 1980× Cradicalor
I ) 2262 × Cradical depending on the experiment. The results were
plotted as the percentage of signal intensity disappearance [(1- I/I 0)
× 100] against the amount of sample divided by the initial micromoles
of the radical. Each point was acquired in triplicate. A dose-response
curve was obtained for every fraction. The results were expressed as
the efficient dose ED50 given as micromoles of fraction able to consume
one-half the amount of free radical divided by micromoles of initial
HNTTM. As for the DPPH assay, the mean molecular weight was
estimated by thioacidolysis and RP-HPLC.

Inhibition of Lipid Peroxidation in an Oil-in-Water Emulsion.
Lipid peroxidation in corn oil emulsion was monitored by measuring
UV absorbance at 234 nm, corresponding to the formation of conjugated
dienes upon air oxidation (10,44-46). The emulsion was formed
essentially as described (47, 48). A mixture of corn oil stripped of
natural antioxidants (10% w/w) and soybean lecithin (1% w/w) in 25
mM potassium phosphate pH 5 buffer was mixed with an Ultra-turrax
T25 (Ika-Labortechnik, Staufen, Germany) at 8500 rpm for 5 min until
the complete emulsification. The emulsion was then homogenized with
a Microfluidics Corp. (Newton, MA) 110 L high-pressure homogenizer
in six cycles at 600-630 bar. The average particle size of the fresh
emulsions was 0.35-0.40µm determined with an optical microscopy
Reichert Polyvar (Leica Microsystems AG, Wetzlar, Germany) equipped
with a video camera and a PC with a Leica IM500 software for image
capture. Polyphenolic fractions dissolved in buffer (100µL) were added
to the emulsion (9.9 mL) to obtain initial concentrations ranging from
2 to 50 µg/mL. The samples (2.5 mL) were placed into 10-mL screw-
capped test tubes and air oxidized at 60°C in a shaker bath for 4 days.
Every day, aliquots (50µL) were taken, dissolved in MeOH (10 mL),
to obtain absorbance values in the linear range, and the UV absorbance
at 234 nm was recorded. The lipid peroxidation was calculated as
millimoles of hydroperoxydes per kilogram of oil using an absorptivity
of 26 000 for linoleate hydroperoxydes (49) and plotted against time.
The experiments were done in triplicate. The antioxidant activity was
expressed as percentage inhibition of hydroperoxide formation 100×
[(C - S)/C], whereC is the amount of hydroperoxides in the control
andS is the amount of hydroperoxides in each sample with antioxidants
(48).

Proliferation Assay on SK-Mel-28 Human Melanoma Cell Line.
SK-MEL-28 adherent cells (ATCC #HTB-72) were grown in Dulbecco
modified Eagle’s medium (DMEM) supplemented with 10% (v/v) heat-
inactivated fetal calf serum (FCS), in the presence of 0.1% (v/v)
antibiotics (10 000 U/mL penicillin, 10 000µg/mL streptomycin), at
37 °C in a humidified environment with 5% CO2. The cells were split
(ratio 1:2 to 1:5) by mild trypsinization every 4-5 days, and the medium
was changed every 2-3 days. Cell culture used in this study was free
of mycoplasm infection as shown by the EZ-PCR Mycoplasm test kit
(Biological Industries) prior to the treatment with the samples.

Cell growth was determined using the Mosmann assay (50) with
some modifications. Cells were seeded into 96-well plates at 1× 104

cells/mL density, 200µL/well, and incubated for 24 h in the culture
medium prior to the addition of the samples dissolved in DMEM.
Control wells were treated with equal volume of DMEM as the test
cultures. After 72 h of culture, the supernatant was aspirated and 100
µL of sterile filtered MTT (0.5 mg/mL in DMEM) was added to each
well. The plates were incubated at 37°C-5% CO2 during 1 h. The
supernatant was removed, the blue MTT formazan precipitated was
dissolved in DMSO (100µL), and the optical density (OD) was
measured at 550 nm on a multi-well reader (Merck ELISA System
MIOS).

The inhibitory effect of the fractions at each concentration was
expressed as a percentage [(mean OD treated cells after 72 h of
incubation with the product/mean OD of control cells after 72 h of
incubation with extra-medium instead of product)× 100]. The IC50 or
sample concentration causing a 50% reduction in the mean OD value
relative to the control at 72 h of incubation was estimated using GraFit
3.00 (Data Analysis and Graphics Program, Erithacus Software Ltd.
Microsoft Corp., Surrey, UK) curve option: IC50 curve - start at 0.

RESULTS AND DISCUSSION

Characterization of the Fractions and Free Radical
Scavenging Activity.The pine bark polyphenolic extractOWP,
soluble in both ethyl acetate and water, contained catechins,
both monomeric and oligomeric (Figure 1A,B), and other
monomeric flavonoids, mainly taxifolin (Figure 1C), hydroxy-
cinnamic acids, andp-hydroxybenzoic acid (Figure 1D). From
this mixture, a set of fractions differing in composition and
procyanidin structure were generated using a combination of
two chromatographic techniques (Scheme 1). RP-HPLC dis-
criminates among solutes by hydrophobicity, while Toyopearl
HW-40 has been shown to separate monomeric flavonoids and
oligomeric catechins in order of increasing size (37,51) by the
combined action of gel permeation and adsorption phenomena.
From the total extractOWP, we generated fractions homologous
to those obtained from grape (22). The fractions of pine bark
origin contained catechin monomers, mainly (+)-catechin, and
other flavonoid monomers, mainly taxifolin (VPand VIIP,
respectively), procyanidin dimers (IXP ), procyanidin oligomers
(IVP, VIP, VIIIP, XP, XIP), and different combinations of
monomers and oligomers (IP, IIP, IIIP). Procyanidin size was
estimated by thiolysis with cysteamine. The results are sum-
marized in the second and third columns ofTable 1. While
grape procyanidins were galloylated to some extent, galloylated
catechin monomers or oligomers were not detected in any of
the fractions from pine bark. This was the main difference
between homologous procyanidin containing fractions from
grape and pine. Moreover, the pine extract was richer than the
grape extract in monomeric species (flavonoids and catechins
in pine bark, flavonols and catechins in grape pomace) as shown
by comparing the amounts of monomeric fractions obtained:
VP (341 mg),IIIP (501 mg), and particularlyVIIP (340 mg)
versus homologous grape fractionsV (218 mg),III (293 mg),
andVII (85 mg) in ref22. The yield in procyanidins with mDP
from 2.0 to 2.9 (IVP, VIP, IXP, XP and the homologousIV,
VI, IX, X) was similar for both origins, while pine bark
contained less oligomers with a mean degree of polymerization
of 3 and higher:VIIIP (153 mg) andXIP (186 mg) versus
VIII (305 mg) andXI (243 mg) in ref22). The total antioxidant
activity of the polyphenolic mixtureOWP and its fractions was
measured by the ABTS cation radical method, which is a widely
used assay for the evaluation of natural antioxidant mixtures as
well as their pure components (52-55). The results are arranged
and summarized inFigure 2, which gives a comparative idea
of the activity that can be recovered in each fraction from the
total mixtureOWP. To compare the antioxidant efficiency of
the fractions, the results were also expressed in terms of relative
potency as compared to Trolox, as summarized in the fourth
and fifth columns ofTable 1, using either mass or molar
concentration. The former provides an idea of the weighed
amount of fraction needed to exert a given antiradical effect,
and the latter carries information on the mean efficiency of the
procyanidin components of that fraction, using the mean
molecular weight (mMW) estimated by thioacidolysis followed
by RP-HPLC. All of the fractions exceptVIIP were more
efficient scavengers than Trolox.VIIP contained part of the
taxifolin from OWP and other material not of polyphenolic
nature.

The free radical scavenging power was also measured against
two stable radicals, DPPH and HNTTM. These two radicals,
which can be stored indefinitely and determined accurately
before every experiment, can be used to calculate the stoichi-
ometry of the redox reaction and to discriminate between
hydrogen donation and electron-transfer mechanisms of radical
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scavenging. Whereas the DPPH assay measures the combined
hydrogen donation and electron-transfer capacity of the polyphe-
nols (the hydrogenated species are the end products, and no
electron-transfer intermediates have been detected) (43,56,57),
the HNTTM stable radical (34) exerts its action exclusively by
electron transfer and the end product is the anion, as detected
by UV spectrophotometry (58). The differential capacity of
electron transfer and hydrogen donation is a relevant parameter
to be measured because electron transfer is regarded sometimes
as an undesired effect (59). Under certain conditions, flavonoids
such as the pyrogallol containing (-)-epigallocatechin (EGC)
and (-)-epigallocatechin-gallate (EGCG) may participate in
redox cycling with the production of active superoxide radical
anion (O2

•-) (32, 33, 60). Although this is less likely to occur
with (-)-epicatechin or (+)-catechin or their polymers (pro-
cyanidins), redox cycling has been described also for catechols
(33). For both DPPH and HNTTM assays, the antiradical power
was expressed as the inverse of ED50 (micrograms or micro-
moles of fraction able to consume one-half the amount of free
radical divided by micromoles of initial DPPH or HNTTM).
By multiplying the ED50 by 2, the stoichiometric value
(theoretical concentration of antioxidant able to reduce 100%
of the radical) is obtained. The inverse of this value represents
the moles of radical reduced by one mole of antioxidant and
gives an estimate of the number of hydrogen atoms donated
(DPPH assay) or electrons transferred (HNTTM assay) per
molecule of antioxidant.Table 1, columns 6-9, summarizes

the results of the DPPH assay. In general, the results are similar
to those obtained with the ABTS cation radical. Pine bark
fractions followed the general trend that the higher is the degree
of polymerization, the higher is the number of hydroxyls and
the higher is the free radical scavenging power per molecule.
As compared to the homologous fractions from white Parellada
grape pomace (22), pine polyphenols were less potent scaven-
gers. This must be due to the absence of galloyl esters, which
confer the extra scavenging capacity of their three hydroxyl
groups. The electron-transfer capacity (HNTTM assay) of
selected fractions from pine bark and grape pomace was
measured and compared with the results of the DPPH assay.
Table 2summarizes the results with the HNTTM stable radical.
The fractions selected for the study contained only procyanidins
of different mean degrees of polymerization (mDP). For the
sake of simplicity, only the number of hydrogen atoms or
electrons per molecule is shown. Homologous fractions pre-
sented essentially the same mDP. The number of hydrogen
atoms per molecule increased with size (i.e., number of
hydroxyls) in both cases with a plateau between 2.2 and 2.9
mDP. This was also the case for the electron-transfer capacity
of grape procyanidins. Interestingly, the electron-transfer capac-
ity of pine fractions did not completely follow this trend.
FractionXIP (mDP, 3.4) showed a high hydrogen donation
capacity (10.5 hydrogen atoms per molecule), while keeping
the electron-transfer capacity low (5.8 electrons per molecule).
Because low electron transfer may imply reducing the odds for
pro-oxidant effects, this result may have important implications
for the use of procyanidin fractions from pine bark as safe
chemopreventive agents. Alternatively, the low number of
electrons transferred to HNTTM may be due to other causes
such as low accessibility of the reagent in the reaction medium.

Antioxidant Activity in an Oil-in-Water Emulsion. The
three methods described above provide information about the
intrinsic scavenging power of the fractions in solution with
solvents of different polarity going from CHCl3 (HNTTM) and
protic organic (MeOH, DPPH) to water (ABTS•+). The results
indicate that the order of antiradical power was essentially the
same for the three assays, meaning that the experimental
conditions (type of radical and polarity of the solvent) did not
influence the behavior of the polyphenolic fractions with the

Table 1. Mean Size of the Components and Antiradical Power of Polyphenolic Fractions from Pine Bark

thioacidolysis ABTS•+ assay DPPH assay

fractions mDPa mMWa TEACb
molar
TEACc

ARPd

(1/ED50) × 103
molar ARPe

(1/ED50)
stoichiometric

value
H atoms

per molecule

OWP 2.1 601 0.23 2.3 12.5 7.5 0.27 3.8
IP 1.9 546 0.23 2.2 11.6 6.3 0.31 3.2
IIP 2.9 835 0.26 3.0 9.6 8.0 0.25 4.0
VP 1.0 290f 0.43 6.5 1.9 1.05 0.9
IIIP 1.0 0.30 9.5
VIIP 1.0 1.80 4.5
IXP 1.9 559 0.18 3.2 16.8 9.4 0.21 4.7
XP 2.2 639 0.14 4.1 22.2 14.2 0.14 7.1
VIP 2.7 777 0.17 4.5 20.9 17.8 0.12 8.6
IVP 2.9 833 0.15 4.5 16.8 14.1 0.14 7.1
VIIIP 3.0 876 0.22 4.2 11.9 10.4 0.19 5.2
XIP 3.4 999 0.13 6.6 21.0 21.0 0.09 10.5
controls
Trolox 1.0 250 0.53 1.0 15.8 3.95 0.51 2.0
EC 1.0 290 21.0 6.0 0.33 3.0

a Mean of three independent thioacidolysis experiments with three RP-HPLC replicate injections, ABTS•+ assay, mean of three experiments. b Micrograms/microliter of
fraction equivalents to 1 µM (0.53 µg/mL) Trolox (the lower the more efficient). c Micromolar concentration of Trolox equivalent to a 1 µM solution of fraction (the higher
the more efficient). d ED50 in micrograms of fraction/micromoles DPPH mean of three experiments. e ED50 in estimated micromoles of fraction/micromoles DPPH only for
procyanidin fractions devoid of other flavonoids. f Not calculated mass corresponding to catechin monomer. Standard deviation (n ) 3): e0.4 (molar ARP), 0.03 (stoichiometric
value), 0.2 (H atoms per molecule).

Figure 2. Total antioxidant activity (TAA) of the fractions by the ABTS
cation radical method. TAA expressed as millimoles of Trolox equivalents
obtained per gram of OWP.
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possible exception of fractionXIP (mDP) 3.4). Because most
food and living systems are colloids rather than solutions in
solvents of a given polarity, and because lipids deteriorate fast
at interfaces with air or water, assays in models of interfacial
(e.g., lipid-water) oxidation must be part of the evaluation of
antioxidants (12). The antioxidant activity of the fractions and
Trolox against lipid peroxidation was tested in an oil-in-water
emulsion made up with corn oil stripped of natural antioxidants
under the conditions described in Materials and Methods. In
this model, protection against lipid peroxidation is believed to
depend mainly on the tendency of an antioxidant molecule to
be located at water-oil interfaces (11,12, 45, 61). One of the
goals of this paper was to establish the influence of galloylation
on the antioxidant efficacy of plant procyanidins in emulsion
as a model of biologically significant systems. Because the
gallate moiety has been shown to be behind the influence of
catechins on the cell replicating and survival machinery (cell
cycle, apoptosis) (13, 62), it may be preferable, in some cases,
to use nongalloylated catechins for applications pertaining to
food and skin protection. Our previous study with procyanidin
fractions from white grape pomace recorded a relation between
activity in emulsion and both size and galloylation indistin-
guishably (22). Because procyanidins from pine origin were not
galloylated, they provided an excellent tool to test the influence
of galloylation in lipid protection in emulsion by comparing
them with grape procyanidins.

Table 3 summarizes the results obtained with pairs of
significant homologous fractions of both origins.Figure 3
depicts the percentage inhibition of lipid peroxidation exerted
by the polyphenolic fractions at a concentration of 50µg/mL
after 4 days of air oxidation. The general trend was again that
the galloylated fractions were the most effective. Interestingly
though, nongalloylatedXP (mDP) 2.2) andXIP (mDP) 3.4)
were as effective as the homologousX (mDP ) 2.2) andXI
(mDP ) 3.7), which were relatively highly galloylated (30%
and 31%, respectively). This suggests that galloylation has little
influence on the capacity of oligomeric procyanidins with degree
of polymerization between two and four to protect lipids from
peroxidation in emulsion and corroborates the hypothesis that
interfacial phenomena are more important that intrinsic scaveng-
ing activity in complex multiphasic systems. This result, together
with the result on low electron-transfer capacity of the same

procyanidins (fractionXIP), may have important implications
in the definition of the possible applications of pine procyani-
dins. Pine bark procyanidins appear to protect lipids from
peroxidation as effectively as other preparations, which include
putatively less innocuous gallate containing components. In-
terestingly, fractionXIP contains a relatively high portion (ca.
one-third) of the antioxidant activity ofOWP (Figure 2) while
being devoid of monomers, which, due to reports of side effects
attributed to high doses of catechin (63, 64), are sometimes
regarded as undesirable components.

Proliferation of SK-Mel 28 Human Melanoma Cells.
Selected fractions (OWP, IIIP, IVP, VP, VIP, VIIIP) showing
different mean procyanidin degrees of polymerization were
assayed for their influence on the proliferation of melanoma
cells. Their homologous counterparts form grape origin had been
assayed before on the same assay (22). The fractions exerted a
weak antiproliferative effect on this tumoral cell line. The IC50

values obtained were 122µg/mL (OWP), 137µg/mL (IVP),
213 µg/mL (VP), 146µg/mL (VIP), and 134µg/mL (VIIIP).
In overall agreement with the results obtained for grape pomace
procyanidins, the monomers (VP) were the least efficient agents.
Our results are also in agreement with those obtained with SK-
MEL-1 and/or SK-MEL-28 cells after treatment with flavonoids
of the flavonol and flavone type (65, 66).

Table 2. Hydrogen Donation versus Electron-Transfer Capacity of Pine Bark and Grape Pomace Procyanidin Fractions

pine bark fractions grape pomace fractionsc

mDP H/mola e/molb mDP H/mola e/molb

IXP 1.9 4.7 4.3 IX 2.0 7.1 4.7
XP 2.2 7.1 5.8 X 2.2 12.5 6.8
IVP 2.9 7.1 5.8 IV 2.7 12.5 8.1
XIP 3.4 10.5 5.8 XI 3.7 16.7 13.7

a Hydrogen atoms per molecule or moles of reduced DPPH per mole antioxidant. b Electrons per molecule or moles of reduced HNTTM per mole antioxidant. Standard
deviation (n ) 3): e0.2. c Grape pomace fractions and their mDP values were those obtained in ref 22.

Table 3. Hydroxyperoxide (Hx) Formationa in an Oil-in-Water Emulsion after 4 days of Oxidation at 60 °C

fraction concentration fraction concentration

blank 2 µg/mL 10 µg/mL 50 µg/mL 2 µg/mL 10 µg/mL 50 µg/mL

OWP 63.5 ± 18.5 nd 25.9 ± 4.2 39.7 ± 9.1 OW nd 38.5 ± 5.3 21.4 ± 4.9
IVP 66.1 ± 14.6 50.3 ± 2.8 83.6 ± 14.1 42.6 ± 1.6 IV 49.6 ± 2.4 43.2 ± 10.4 22.7 ± 4.1
VIIIP 78.2 ± 8.3 83.8 ± 3.4 71.3 ± 1.5 70.5 ± 12.3 VIII 60.2 ± 3.3 54.8 ± 3.9 28.4 ± 0.7
IXP 84.2 ± 10.3 77.4 ± 5.9 54.7 ± 14.6 58.3 ± 8.9 IX 76.8 ± 5.9 60.9 ± 10.4 44.6 ± 4.8
XP 64.0 ± 7.2 76.5 ± 6.9 64.9 ± 3.3 46.3 ± 0.3 X 61.9 ± 7.6 59.6 ± 3.0 48.3 ± 3.5
XIP 69.6 ± 28.4 70.8 ± 3.0 63.5 ± 5.2 36.4 ± 1.1 XI 54.5 ± 2.7 45.9 ± 2.3 31.5 ± 2.3

a Results expressed in mmoles Hx/kg oil ±SD, n ) 3; nd, not determined.

Figure 3. Inhibition of corn oil oxidation in an oil-in-water emulsion.
Comparison between fractions from grape pomace and pine bark. Air
oxidation for 4 days at 60 °C in the presence of procyanidin fractions at
a concentration of 50 µg/mL.
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In conclusion, oligomeric procyanidin fractions from pine
bark appear to be efficient and safe antioxidant agents. Because
they do not include gallate esters, they are less potent free radical
scavengers in solution than the corresponding galloylated
fractions of grape origin. Interestingly, the galloyl moiety is
not necessary for lipid protection in emulsion. This has important
implications for the application of mixtures of this kind in food
manufacturing and the formulation of skin care products.
Because the galloyl moiety influences crucial biochemical
pathways in cell replication and survival, efficient gallate free
mixtures such as our fractionXIP may be the best option for
products designed to offer antioxidant protection by exclusively
scavenging an excess of radicals without altering the normal
cell functions.

ABBREVIATIONS USED

ABTS, 2,2′-azinobis(3-ethylbenzothiazoline-6-sulphonic acid);
EC, (-)-epicatechin; DMEM, Dulbecco modified Eagle’s
medium; DPPH, 1,1-diphenyl-2-picrylhydrazyl free radical;
FCS, fetal calf serum; HNTTM, tris(2,3,6-trichloro-3,5-dinitro-
phenyl)methyl; MTT, 3-[4,5-dimethylthiazol-2yl]-2,5-diphe-
nyltetrazolium bromide; RP-HPLC, reversed-phase high-
performance liquid chromatography; TAA, total antioxidant
activity; TEAC, Trolox equivalent antioxidant capacity; TFA,
trifluoroacetic acid; Trolox, 2,5,7,8-tetramethyl-chroman-2-
carboxylic acid.
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(47) Huang, S.-W.; Satué-Gracia, M. T.; Frankel, E. N.; German, J.
B. Effect of lactoferrin on oxidative stability of corn oil emulsions
and liposomes.J. Agric. Food Chem.1999,47, 1356-1361.

(48) Schwarz, K.; Huang, S. W.; German, J. B.; Tiersch, B.;
Hartmann, J. Activities of antioxidants are affected by colloidal
properties of oil-in-water and water-in-oil emulsions and bulk
oils. J. Agric. Food Chem.2000,48, 4874-4882.

(49) Chan, H. W.-S.; Lewet, G. Autoxidation of methyl linoleate.
Separation and analysis of isomeric mixtures of methyl linoleate
hydroperoxides and methyl hydroxylinoleates.Lipids 1977,12,
99-104.

(50) Mosmann, T. Rapid colorimetric assay for cellular growth and
survival: Application to proliferation and cytotoxicity assays.
J. Immunol. Methods1983, 55-63.

(51) Derdelinckx, G.; Jerumanis, J. Separation of malt and hop
proanthocyanidins on Fractogel TSK HW-40S.J. Chromatogr.
1984,285, 231-234.

(52) Miller, N. J.; Rice Evans, C. The relative contributions of ascorbic
acid and phenolic antioxidants to the total antioxidant activity
of orange and apple fruit juices and blackcurrant drink.Food
Chem.1997,60, 331-337.

(53) Pietta, P.; Simonetti, P.; Mauri, P. Antioxidant activity of selected
medicinal plants.J. Agric. Food Chem.1998,46, 4487-4490.

(54) Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.;
Rice-Evans, C. Antioxidant activity applying an improved ABTS
radical cation decolorization assay.Free Radical Biol. Med.1999,
26, 1231-1237.

(55) Luximon-Ramma, A.; Bahorun, T.; Soobrattee, M. A.; Aruoma,
O. I. Antioxidant activities of phenolic, proanthocyanidin, and
flavonoid components in extracts of Cassia fistula.J. Agric. Food
Chem.2002,50, 5042-5047.

(56) Dangles, O.; Fargeix, G.; Dufour, C. Antioxidant properties of
anthocyanins and tannins: a mechanistic investigation with
catechin and the 3′,4′,7-trihydroxyflavylium ion.J. Chem. Soc.,
Perkin Trans. 22000, 1653-1666.

(57) Goupy, P.; Dufour, C.; Loonis, M.; Dangles, O. Quantitative
kinetic analysis of hydrogen transfer reactions from dietary
polyphenols to the DPPH radical.J. Agric. Food Chem.2003,
51, 615-622.
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