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Abstract

The composition and antiradical activity of procyanidins from the bark of two kinds of pine, Pinus pinaster and Pinus radiata, were
compared. Both the total bark extract and the fraction soluble in both water and ethyl acetate (OW) were evaluated, because of their
promising results in previous experiments.

Results showed that P. radiata bark was richer in total phenols and also in procyanidins, catechin always being the main unit, so
terminal as extensional. For P. pinaster, epicatechin was the predominant extension unit. The mean degree of polymerization (mDP)
was higher for the latter. Interestingly, opposite results were encountered for the corresponding OW fractions, where P. radiata showed
amDP of 2.9 vs. 2.3 of P. pinaster. It was also found that the higher the mDP the higher was the specific antiradical activity. The different
procyanidin composition and specific antiradical activity of the two kinds of barks, and particularly their OW fractions, may lead to the

design of efficient natural antioxidants with application in the food industry.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Pine bark was, until a few years ago, an inconvenient
residue for the wood industry, with a limited use. Nowa-
days, it is employed as vegetal substrate and combustible.
Interestingly pine bark is a rich source of natural polyphe-
nols, compounds which have attracted increasing atten-
tion in the fields of nutrition, health and medicine.
Flavonoids and other plant phenolics, such as phenolic
acids, stilbenes and tannins, are important in the plants
for normal growth development and defence against infec-
tion and injury (Ké&hkonen et al., 1999). The procyani-
dins, one subclass of proanthocyanidins, are mixtures of
oligomers and polymers, consisting of (+)-catechin and/
or (—)-epicatechin units linked mainly through C4 — C8
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and/or C4 — C6 bonds. These flavan-3-ols units can be
doubly linked by a C4 — C8 bond and an additional
ether bond between O7 — C2 (Gu et al., 2002). They
are the most widespread polyphenols in plants after lig-
nins, and can be found in leaves, fruits, barks or roots,
often in high concentrations.

Recently, procyanidins have received considerable
attention owing to their pharmacological effects, in partic-
ular on atherosclerosis, and their radical-scavenging ability
(Escribano-Bailén, Gutiérrez-Fernandez, Rivas-Gonzalo,
& Santos-Buelga, 1992). Pycnogenol is an extract of the
bark of P. pinaster composed of a mixture of flavonoids,
mainly procyanidins, phenolic acids and taxifolin (Wood,
Senthilmohan, & Peskin, 2002) and it is probably the most
studied phenolic tree extract. Pycnogenol is now utilized
throughout the world as a nutritional supplement and as
a phytochemical remedy for various diseases, having car-
diovascular benefits, such as a vein-relaxant activity and
the ability to enhance the microcirculation by increasing
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capillary permeability (Packer, Rimbach, & Virgili, 1999;
Rohdewald, 2002).

Polyphenolic extracts and fractions have also a potential
use in the food industries as alternative options to synthetic
BHT (butylated hydroxytoluene), BHA (butylated
hydroxyanisole) and TBHQ (zert-butyl hydroquinone).
For instance, it has been shown that procyanidin fractions
from grape pomace protect corn and fish oil in water emul-
sions as well as frozen fish muscle from oxidation of the
functional polyunsaturated fatty acids. The efficacy of this
protection varies with significant parameters, such as
degree of polymerisation and percentage of galloylation
(Torres et al., 2002). We have recently shown that Pine
(P. pinaster) bark is an alternative source of procyanidin
fractions with possible application as food antioxidants
(Tourino et al., 2005). Compared to grape pomace, pine
procyanidins are devoid of gallate esters; since the latter
are involved in the regulation of certain cellular functions
(cell cycle, apoptosis) (Liang, Lin-shiau, Chen, & Lin,
1997; Wang, Song, Guo, & Tian, 2003), pine procyanidins
might be more suitable for food applications from the
safety standpoint. More in favour of pine bark as an alter-
native source of procyanidins is the observation that gal-
lates do not appear to make much difference in lipid
protection in emulsion (Tourifio et al., 2005).

The size of procyanidins, expressed as degree of poly-
merization (DP), is one of the most important property;
it appears that the degree of polymerization increases the
antioxidant capacity (Hagerman et al., 1998; Saint-Cricq
de Gaulejac, Provost, & Vivas, 1999). Classically, total
procyanidin content is determined by colorimetric meth-
ods, butanol/HCI assay and the vanillin assay but, at pres-
ent, methods based on acid-catalyzed degradation in the
presence of nucleophiles (phloroglucinol, toluene-a-thiol
or cysteamine hydrochloride) allow the estimation of the
constitutive units and degree of polymerization of procy-
anidin extracts. The degradation products can be analyzed
by reversed-phase HPLC, and the results will provide
information on the nature of extension and terminal units
and on the degree of polymerization (Guyot, Marnet, &
Drilleau, 2001; Torres & Selga, 2003). Acid depolymeriza-
tion in the presence of a nucleophile is useful for the anal-
ysis of plant samples such as pine bark rich in
proantocyanidins (PA) showing C4-C6 and C4-CS8 inter-
flavanic bonds. Apart from the quantitative analysis of
total PA, acid depolymerization gives information about
their structure. In contrast with colorimetric methods,
interferences with other plant constituents are avoided,
due to nonambiguous identification of the PA-derived
products. In comparison to butanol/HCl depolymeriza-
tion, the reaction largely preserves the stereochemistry at
the C2-C3 positions of the polymer units. Finally, the
use of a nucleophile limits the occurrence of side reactions
that could affect the recovery yields of the products.

We are interested in identifying byproducts from the
agricultural and forestry industries, and finding the right
application for every material. To explore the suitability

of different species of Pinus as sources of procyanidins we
have compared the barks from P. pinaster and P. radiata,
which may be collected and treated separately in sustain-
able forest exploitation. The specific goals of this work
were to estimate the procyanidin content and composition
of the bark from two varieties (P. pinaster and P. radiata)
of pine and of their fractions soluble in both ethyl acetate
and water (OW fractions) and to compare these results
with the antiradical activity of the mixtures.

2. Materials and methods
2.1. Materials

The raw plant materials provided by Manuel Bouzas,
S.A. (Vedra, A Coruna, Spain) were dried at room temper-
ature for a week. They were then ground in a analytical
mill MF 10 IKA-WERKE (Staufen, Germany) to less than
I mm. Ethanol, methanol and Folin—Ciocalteu reagent
were obtained from Panreac (Montcada i Reixac, Spain),
and 2,2-diphenyl-1-picrylhydrazyl was purchased from
Sigma—Aldrich Quimica, S.A. (Madrid, Spain).

Water, solvents and reagents for analytical RP-HPLC
were Milli-Q® water, HPLC grade CH;CN (E. Merck,
Darmstadt, Germany) and trifluoroacetic acid (TFA, Flu-
orochem, Derbyshire, UK), biotech grade distilled in-
house. Analytical grade MeOH, cysteamine hydrochloride
(Sigma-Aldrich, Steinheim, Germany) and fuming hydro-
chloric acid 37% (HCI, Merck, Darmstadt, Germany) were
used for bark and fraction depolymerisation. RP-HPLC
standards, (+)-catechin (Cat) and (—)-epicatechin (Ec),
were purchased from Sigma-Aldrich; 4p-(2-aminoecthyl-
thio)-catechin (Cya-Cat), and 4p-(2-aminoethylthio) epi-
catechin (Cya-Ec) were prepared as described (Torres &
Bobet, 2001).

2.2. Phenolics content and antiradical activity: continuous
extraction

Pine bark (13 g) were extracted in an immersion extrac-
tor of 4.5 cm i.d. and 10 cm height. The extractor was kept
at 37.5 °C by a thermostatted external water bath, ethanol
being the solvent. A condenser was fitted to avoid solvent
losses. Extraction was accomplished by continuously
upward pumping of fresh solvent (17 ml/min) through
the cake bed.

2.3. Fractionation of extracts

The obtained bark extracts, pBark (ethanolic extract
from P. pinaster) and rBark (ethanolic extract from P. rad-
iata) were fractionated as described by Torres and Bobet
(2001), for obtaining fractions pOW (P. pinaster fraction)
and rOW (P. radiata fraction), soluble in both water and
ethyl acetate. To render fOW, the total extract, after add-
ing ethanol to bark, was solvent-evaporated, resuspended
in water, acidified with acetic acid, and extracted with ethyl
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acetate. Two fractions were obtained; one of them, the
aqueous fraction, (FA), was discarded for this work. The
organic fraction was solvent-evaporated, resuspended in
water and filtered. The lyophilized filtrate was the fraction
OW. It contained procyanidins of low polymerization
degree (basically oligomers).

2.4. Determination of total phenolic content

The total polyphenol content was determined by the
Folin—Ciocalteu method, as modified by Singleton and
Rossi (1965). The Folin—Ciocalteu reagent was diluted
1:10 before use. All the polyphenolic samples were dis-
solved in distilled water before being assayed. Diluted
Folin—Ciocalteu reagent (2.5 ml) was added to 0.5 ml of
aqueous phenolic-containing samples. After an interval of
3min, 2ml of 7.5% sodium carbonate was added. The
absorbance was measured at 765 nm after 1 h of incubation
at room temperature. A mixture of water and reagents was
used as a blank. The content of phenolics was expressed as
gallic acid equivalents.

2.5. Antiradical activity

The antiradical activities of the extracts and fractions
were evaluated by using the method described by Brand-
Williams, Cuvelier, and Berset (1995). A 6.1 x 10> M solu-
tion of DPPH" in methanol was prepared daily and 980 pl
of this solution was mixed with 20 pl of each sample. The
initial concentration of DPPH was calculated for every
experiment from a calibration curve made by measuring
the absorbance at 515 nm of standard samples of DPPH
at different concentrations. The equation of the curve was
ADbSs150m = 11,223 Cpppy, as determined by linear regres-
sion. The results were plotted as the inhibition percentage

oH R

R1=H, R2=OH, R1=OH, R2=H

procyanidins

at 515nm, defined as ((4y— A/Ay) % 100), against the
amount of sample divided by the initial amount (pmol)
of DPPH. Each point was repeated in triplicate. A dose-
response curve was obtained for every extract and fraction.
EDsy corresponds to microlitres of extract or micro-
grammes of fraction able to consume half the amount of
free radical divided by micromoles of initial DPPH. The
antiradical activity unit was defined as the amount, either
weight or volume, of sample able to consume half the
amount of free radical. The results are also expressed as
specific antiradical activity (units divided by milligrammes
of polyphenols).

2.6. Sample preparation for analytical RP-HPLC and
estimation of mean procyanidin composition

2.6.1. Fractions

The fraction lyophilisates (10 mg) were dissolved in
MeOH (1 ml). An aliquot (200 pl) was added to the thiol-
ysis mixture (200 pl), which consisted of cysteamine hydro-
chloride (50mg) and 37% hydrochloric acid (20 pl)
dissolved in MeOH (930 pl). The mixture (400 pl) was kept
at 65 °C for 15 min. Then the reaction was quenched with
0.1% (v/v) aqueous TFA (1.6 ml) and the mixture analyzed
by RP-HPLC. The depolymerization reaction is illustrated
in Fig. 1. Extension units are released as the 2-aminoethyl-
thio-derivatives while the terminal units are released as
underivatized catechin monomers. The same method was
applied directly to samples already in solution.

2.7. Analytical RP-HPLC and procyanidin composition
The size and composition of the procyanidins were esti-

mated from the RP-HPLC analysis of the depolymerized
mixtures by thiolysis with cysteamine as described (Torres

NH,*
H+
—_— R4=H, R2=0H, Cya-Ec, xEc
OH Hs/\/NH3+ R;=0OH, R,=H, Cya-Cat, xCat
\(I
OH 5
'R, terminal unit --------- >

R,=H, R,=OH, Ec, tEc
R1=OH, R2=H, Cat, tCat

Fig. 1. Depolymerization of procyanidins in the presence of cysteamine. Structure of the starting polymers and the resulting cleaved terminal and

extension units.
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& Selga, 2003). Briefly, the terminal flavan-3-ols units were
released, as such, by acid cleavage in the presence of cyste-
amine whereas the extension moieties were released as the
C-4 cysteamine derivatives. The cleaved mixtures were ana-
lyzed by RP-HPLC on a Smart System (Amersham-Phar-
macia Biotech, Uppsala, Sweden) equipped with a pu Peak
Monitor (Amersham-Pharmacia Biotech) and fitted with
a 100 x 2.1 mm i.d. uRPC C2/C18 SC 2.1/10 column. Elu-
tion: [A]0.10% (v/v) aqueous TFA, [B]0.08% (v/v) TFA in
water/CH3;CN (1:4), gradient 8-23% [B] over 45 min. The
flow rate was 200 pl/min. The detection was done at
214 nm. The parameters calculated were: mean degree of
polymerization (mDP) = total nmoles/nmoles terminal
units, and conversion (CON). For whole pine bark, bCON
was the ratio (mg/g) between the total amount of depoly-
merized moieties (or amount of procyanidins) estimated
by RP-HPLC and the amount of pine bark. For OW frac-
tions, f{CON was the ratio (png/mg) between the total
amount of procyanidins estimated by RP-HPLC and the
amount of fraction injected.

3. Results and discussion

In the present work, we have compared the phenol con-
tent, antiradical activity and procyanidin content, as well
as the composition of both bark extracts from Galician
P. pinaster and P. radiata and their fractions soluble in
both ethyl acetate and water. Polyphenolic fractions, such
as those described here, usually contain monomeric poly-
phenols and oligomeric procyanidins (Packer et al.,
1999), while the whole bark includes procyanidins of higher
molecular weight.

Table 1 shows that the bark from radiata, after 12 min
of extraction, contained more polyphenols than the bark
from pinaster (12% vs. 7% referred to initial extracted
weight). Once analyzed, the bark extracts were fractionated
to obtain the OW fraction containing flavan-3-ols and olig-
omeric procyanidins. It can be seen that the yields were
also higher for rOW (204 vs. 90 mg), the polyphenolic con-
tent being 3 times higher. In the two last rows of Table 1,
the total AR units (both overall as specific) are shown. The
extracts with more antiradical activity were those from P.
radiata, both bark and OW fraction. However, specific
AR values appears to be similar in all cases. The highest
value corresponds to pBark, followed by rOW.

Our results (bCON) indicate that the bark from P. rad-
iata contained higher amounts of procyanidins than the
bark of P. pinaster (Table 2). The mean size of these poly-
mers, expressed as mDP, was higher for P. pinaster. The

Table 1
Total phenolics and antiradical activities of the extracts and fractions

Table 2

Procyanidin composition and content of whole bark

Sample mDP bCON
pBark 7.6 £0.3 38+6
rBark 53+0.1 60 + 10

Results are expressed as the mean value + SEM (standard error of the
mean).

mDP of the OW fractions followed an opposite trend. P.
radiata rfOW gave higher mDP than P. pinaster pOW
(Table 3). During the preparation of OW fractions, the
bulkier more water-soluble polymers were left behind and
the ethyl acetate-soluble medium sized (mDP around 3)
oligomers were obtained. The results indicate that P. radi-
ata bark contained more hydrophobic oligomers (rOW,
soluble in ethyl acetate) bulkier (mDP 2.9) than those from
P. pinaster (pOW, mDP 2.2). In any case, a higher mDP
appears to be related to higher specific AR values indepen-
dently of the procyanidin source. Accordingly, pBark, with
a mDP higher than rBark, showed higher specific AR, and
rOW, with higher mDP than pOW, showed higher specific
AR.

The distribution of terminal and extension subunits pro-
vided additional information (Table 4) on the differences
between procyanidins from the two different origins. While
the main terminal unit was always catechin (Cat), epicate-
chin was the predominant extension unit in P. pinaster
whereas catechin was predominant in P. radiata, from

Table 3

Procyanidin composition and content of OW fractions

Sample mDP fCON
pOW 23+0.1 17+2
rOw 29+0.1 36+6

Results are expressed as the mean value = SEM (standard error of the
mean).

Table 4
Distribution of procyanidin terminal and extension units of whole bark
and fractions

Sample % tCat % xCat % tEc % xEc
pBark 13£1 16 +£3 n.o. 71+3
poOwW 40+2 13+2 5+1 42+2
rBark 19+1 59+1 n.o. 22+1
rOW 34+1 49+1 5+1 12+1

Results are expressed as the mean value + SEM (standard error of the
mean).

tCat, terminal catechin; xCat, extension catechin (Cya-Cat, Fig. 1); tEc,
terminal epicatechin; xEc, extension epicatechin (Cya-Ec, Fig. 1); n.o., not
observed.

Sample Total (wt/vol) Total phenols (mg) Total AR activity units (x10™%) AR activity units/mg polyphenols
pBark 200 ml 890 3.05 34.31

rBark 200 ml 1610 5.00 31

pOW 90 mg 423 0.12 29.39

rOw 203.8 mg 130.4 0.43 33.15
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either whole bark or OW fractions. The presence of
catechin moieties as extension units must have had some
influence on the physicochemical properties of the procy-
anidins, resulting in differences in composition of OW frac-
tions upon solvent extraction. It might be suggested that
catechin-rich procyanidin oligomers from P. radiata are
more hydrophobic than those from P. pinaster and are
more efficiently extracted with ethyl acetate. Alternatively,
our results might just be denoting that rBark contains olig-
omeric procyanidins with mDP around 3 that are absent in
pBark. Whatever the explanation is, the fact that rOW con-
tains bulkier hydrophobic oligomers may have important
implications for the possible antioxidant activity of the
fractions in oils, emulsions and other food and biological
systems. In fact, the capacity of different antioxidants to
be located at the oil-water interfaces appears to play a role
in oil protection even which is greater than their raw free
radical-scavenging power (Frankel, 2001; Frankel &
Meyer, 2000). We have postulated that small (2-4 catechin
units) procyanidin oligomers may be flexible enough to
show an amphipathic (hydrophobic-hydrophilic) behav-
iour at the interfaces (Torres et al., 2002). This does not
appear to be the case for bulkier polymers, which are highly
water-soluble and insoluble in organic solvents and oils.
The results presented here, showing that P. radiata contains
more hydrophobic oligomers than P. pinaster may open the
way to the preparation of fractions active in emulsion-like
environments in good yields. According to Potter’s polar
paradox (Porter, 1993; Porter, Black, & Drolet, 1989), apo-
lar (hydrophobic) antioxidants are particularly effective in
water environments (e.g. oil-in-water emulsions), probably
because they tend to be located at the interface. Thus, rad-
iata would be more suitable than pinaster as a source of
amphipathic antioxidants. We are currently addressing this
point in our laboratories. Considering that certain fractions
from pine bark present the additional advantage of being
highly efficient with no content of gallate moieties, which
have been proved to influence the cell cycle, P. radiata bark
appears to be a promising source of procyanidins with
application as antioxidants in the food industry.

In conclusion, P. radiata is a richer source of procyani-
dins than is P. pinaster. The procyanidin composition of
the fraction (OW, mainly catechin monomers and procy-
anidin oligomers), soluble in ethyl acetate and water, pre-
sents significant differences: the mean degree of
polymerisation is higher for radiata (2.9 vs. 2.3) and this
source is richer in catechin moieties. Moreover, procyani-
dins from radiata appear to be more hydrophobic than
those from pinaster. This may lead to the design of antiox-
idant products active in emulsion.
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