Available online at www.sciencedirect.com

science (@hoineer

Biochemical Pharmacology 66 (2003) 947-954

ELSEVIER

www.elsevier.com/locate/biochempharm

Antioxidant protection of low density lipoprotein by procyanidins:
structure/activity relationships

Patricia Andréia Leite da Silva Porto?, Jodo Antonio Nave Laranjinhab,
Victor Armando Pereira de Freitas™
“Departamento de Quimica, Centro de Investiga¢do em Quimica, Faculdade de Ciéncias da Universidade do Porto,

Rua do Campo Alegre 687, 4169-007 Porto, Portugal
bLaboratério de Bioquimica, Faculdade de Farmdcia e Centro de Neurociéncias, Universidade de Coimbra, Coimbra, Portugal

Received 31 March 2003; accepted 6 June 2003

Abstract

The antioxidant activity of catechins and oligomeric procyanidins against low density lipoproteins peroxidation was studied by means
of three distinct methods: cis-parinaric acid fluorescence decay, conjugated-dienes detection, and oxygen consumption. A relationship
between the radical trapping efficiency of procyanidins and their structure was investigated. The results indicated that: (i) interflavan
linkage type (C4—C6 or C4—C8) exerts a significant effect upon radical-trapping antioxidant activity of procyanidins. It is suggested that
the conformation adopted by each procyanidin in aqueous solution influence their hydrophilic character, hence affecting their interaction
with the peroxyl radicals present in aqueous phase and those in LDL particle (lipidic nature); (ii) antioxidant activity increase with the
degree of polymerization for the compounds with (—)-epicatechin (epi) as structural unit (epi, dimer B2 (epi—epi) and trimer C1 (epi—epi—
epi)); (iii) galloylation increases antioxidant activity of procyanidins, specially in the case of B2-3"-O-gallate dimer, which revealed the

maximal trapping efficiency.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

A high consumption of dietary phenolic compounds has
been consistently correlated with reduction of coronary
heart disease [19]. These phenolic compounds were shown
to exhibit a powerful antioxidant activity in several lipid
systems and in particular against oxidation of low density
lipoproteins (LDL), an event that is thought to play a
crucial role in the development of atherosclerotic lesion
[7,12,21,34,35].

Procyanidins, or condensed tannins, are a complex
family of polyphenol polymers widespread in nature
that occur in processed products such as red wine,
green and black tea, and fruit juices. These polyphenols
are made of monomeric flavan-3-ol units ((+)-catechin
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and/or (—)-epicatechin) and have a 3,4-dihydroxy substi-
tution on the B-ring (catechol unit). In the condensed forms
(dimers, trimers), monomeric units are linked by an inter-
flavan linkage established between the carbon C4 of the
upper unit and the carbon C8 or C6 of the lower unit
(Fig. 1). Procyanidins are powerful antioxidant agents
since the correspondent oxidized forms acquire additional
stabilization due to the extensive electron delocalization
induced by the catechol unit on the aromatic B-ring [31].
Beside, the several o-dihydroxy phenolic groups in such
high molecular weight structure give to the procyanidins a
high capacity to complex metal ions (Fe(Ill), Cu(Il),
AIl(III)) and proteins. These are the major features respon-
sible for the nutritional and biological interest of procya-
nidins [7,26,30,32,33]. Several biological effects are
attributed to procyanidins: antibacterial, antiviral, antic-
arcinogenic, antiinflammation, antiallergic, and also a
vasodilating action in the organism [20,24,32]. However,
a special interest has been devoted to its antioxidant activity
since procyanidins can exert a protective action in the
organism, against protein and lipid oxidation, reducing
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Fig. 1. Structure of catechins and oligomeric procyanidins.

the risk of chronic diseases such as coronary heart disease
[2,6,11-14,16,19,20] and certain types of cancer [2,3],
which are major causes of mortality in the world.

The mechanisms proposed to explain the potential
antioxidant effect of polyphenols relies on thermody-
namic and kinetic parameters and structural features in
polyphenol structure that maximize antioxidant activity
have been identified [5]. However, the potential for poly-
phenols to behave as effective antioxidants in lipid sys-
tems, such as the LDL, appears to be also dictated by
location of the phenol at the lipid—water interface. This has

been critically suggested for caffeic acid, against LDL
oxidation [11,24]. At the LDL/water interface, the anti-
oxidant activities of caffeic acid may include the mod-
ification of binding sites for transition metals in LDL and,
also, the regeneration of a-tocopherol in the lipoprotein
particles [23,29].

The in vitro antioxidant activity of many polyphenols
has been largely studied using a great deal of different
techniques such as EPR [24], fluorescence [20,22,23], and
absorption spectroscopy [1,4,17,29,35]. Nevertheless, the
influence of the procyanidin structure in determining the
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antioxidant activity as well as the mechanistic details of
their action require further studies.

The purpose of this work was to investigate the influence
of different structural factors of 3-flavanols, such as cate-
chin structure units ((4)-catechin and (—)-epicatechin),
interflavan linkage, gallic acid esterification and degree of
polymerization, in their relative antioxidant activity upon
in vitro LDL oxidation.

2. Material and methods
2.1. Isolation of flavanols

(+)-Catechin and (—)-epicatechin were purchased from
Aldrich®. Procyanidin dimers B1, B2, B5, and B7 were
synthesized as previously described [18,27]. The remain-
ing procyanidins B3, B4, B6, B8, trimer C1, and esters epi-
3-O-gallate and B2-3"-O-gallate were extracted from
grape seeds from Vitis vinifera species. Grape seeds
(V. vinifera) were extracted with 80% aqueous methanol
by contact under stirring during 24 hr, in the dark at room
temperature, and in the presence of sodium metabisulfite
(0.5 g/L) to avoid oxidation. The resulting solution con-
taining the flavanol compounds was filtered and the metha-
nol was removed by a rotatory evaporator under reduced
pressure at 30°. Flavanols were extracted from the resulting
aqueous solution with ethyl acetate. The oligomeric frac-
tion of procyanidins was isolated by selective precipitation
with hexane according to the procedure described in the
literature [28].

Flavanol extracts (from synthesis and grape seeds) were
applied on a 250 mm X 16 mm i.d. TSK Toyopearl HW-
40(s) gel column (Tosoh™®) using methanol as eluant at
0.8 mL/min to give different fractions containing catechin
monomers and procyanidin dimers, according to a proce-
dure described before [9]. Afterwards, individual flavanol
compounds were isolated by HPLC semipreparative
(Merck-Hitachi® L-7100) on a 250mm x 4.6 mm i.d.
reversed-phase C18 column (Merck™). The elution system
consisted of two solvents, A: 2.5% HOAc in H,O, B: 80%
CH;CN in A and the following gradients; elution starting
with 7% B in A isocratic for 5 min; 7-20% B in A, 5—
90 min; 20-100% B in A, 90-95 min; 100% B, 95-
100 min (isocratic); followed by washing (100% B over
10 min) and reconditioning of the column (100-7% B in A
over 5 min). The analysis was carried out at room tem-
perature at 1 mL/min. Detection was conducted with a
diode-array detector (Merck-Hitachi® L-7450A) at
280 nm.

The purity of the obtained compounds was assessed by
HPLC-DAD analysis by comparison with standards pre-
viously determined on basis of NMR and mass spectro-
metry studies [9,10]. The retention times (R, min) of the
studied flavanols were the following: (+)-catechin, 29.5;
(—)-epicatechin, 48.6; (—)-epicatechin-3-O-gallate, 74.7;

dimers B1, 21.8; B2, 37.7; B3, 23.4; B4, 32.2; BS, 83.7;
B6, 39.9; B7, 59.3; B8, 47.0; B2-3""-0-gallate, 52.5; trimer
Cl1, 50.8.

Individual procyanidins were kept at —20° under argon
atmosphere until further analysis.

2.2. Preparation of LDL

Blood was collected by venepuncture into heparinized
tubes from a human volunteer. Plasma was recovered by
centrifugation at 3000 g for 15 min at 15°. LDL were
isolated from fresh plasma by differential density ultra-
centrifugation, at 4°/65,000 rpm, in a Beckman L8-70
ultracentrifuge equipped with a 50.2 Ti rotor, as described
elsewhere [36]. LDL were concentrated and dialyzed by
vacuum filtration through a collodium bag (sartorius cel-
lulose nitrate ultra filter of 12,000) for 3 hr at 4° in the dark
against phosphate buffer (110 mM NaCl, 20 mM phos-
phate, pH 7.4). LDL solution obtained was filtered through
a 0.22 pm pore size filter and stored at —70°, under argon
atmosphere until its use. The LDL protein content was
determined by Lowry method using bovine serum albumin
as standard [25]. This rapid isolation and concentration
procedure allows to obtain the LDL fraction containing
high amounts of endogenous Vitamin E and very low level
of oxidation, thereby suitable for oxidation/antioxidation
studies [23].

2.3. Measurement of parinaric acid fluorescence

cis-Parinaric acid (PnA) fluorescence was monitored in a
Perkin-Elmer LS 50 spectrofluorometer provided with a
thermostated cuvette containing a magnetic stirring device.
The excitation and emission wavelengths were 324 and
413 nm, respectively (slit widths: 3.5 nm).

Preliminary studies were performed in order to deter-
mine the concentration of LDL and PnA that insure totally
incorporation of the probe into LDL and a linear fluor-
escent response with PnA concentration.

The assays were performed at 37° in 2 mL of phosphate
buffer (110 mM NaCl, 20 mM phosphate, pH 7.4) contain-
ing 45 ng of LDL protein and an aliquot of ethanolic
solution of PnA (1.5 uM final concentration). The incor-
poration of the probe was made by gentle stirring for 1 min.
The polyphenol was added to the mixture and the oxidation
reaction was initiated by addition of AAPH (15 mM final
concentration). Three different concentrations were tested
for each polyphenol. The inhibition period (#;) was deter-
mined from the chart recorded as the intersection of
tangents to the inhibited and uninhibited rates of oxidation
(Fig. 2). The capacity of procyanidins to protect LDL from
oxidation was determined by the increase in the inhibition
period caused by compounds added relatively to the con-
trol assay [22,25]. The inhibition periods induced by each
procyanidin were graphically expressed as a function of
concentrations, and molar inhibition periods (7;) were
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Fig. 2. PnA oxidation rates in LDL particles (45 pg) induced by AAPH
(5 mM), in the absence of antioxidants (control assay) and presence of C4—
C6 and C4—C8 procyanidin dimers.

calculated as the slope of oxidation curve tangent. Oxida-
tion rate (k,x) was also calculated as the slope of tangent to
oxidation phase for assays that did not revealed induction
period, and then expressed this parameter as a function of
concentration tested, obtaining the molar oxidation rate
(Kox) as the slope of this graphic.

2.4. Conjugated-diene measurements

The conjugated-diene hydroperoxides measurements
were carried out at 37° in a Shimadzu UV-265 spectro-
photometer at 234 nm. Preliminary studies were performed
to determine the concentrations of LDL, radical, and
phenol that induced a significant inhibition period but
not an assay too long. A solution of 5 mM of AAPH in
phosphate buffer (110 mM NaCl, 20 mM phosphate, pH
7.4) was prepared and an aliquot of 2 mL was immediately
transferred to reference and sample cuvettes. After running
a background correction, polyphenol (1.5 uM final con-
centration) and 23 pg of LDL were rapidly added to the
sample cuvette. The increase of the absorbance at 234 nm
corresponding to the conjugated-diene hydroperoxides
formation resulting from LDL oxidation was recorded in
time. During assays, reference and sample cuvettes were
maintained closed, in the dark at 37° without stirring [23].
The inhibition period was graphically determined as
described for the fluorescence assays and the results were
expressed in terms of ratio between procyanidins and
trolox inhibition periods. Assays were performed in tripli-
cate.

2.5. Oxygen consumption

Measurements of oxygen consumption were made using
a Clark-type electrode (Hansatech™) in a closed glass
vessel, protected from light, thermostated at 37° and
provided with a stirrer. LDL solution containing 36 pg

of LDL protein was incubated with 1 mL of phosphate
buffer (110 mM NaCl, 20 mM phosphate, pH 7.4). Reac-
tion was started by addition of AAPH (10 mM final con-
centration). After a convenient period of oxidation, phenol
was added (1.5 pM final concentration) and the oxygen
consumption recorded in time [22,23]. The resulting inhi-
bition period was estimated as previously described for
PnA fluorescence and conjugated-dienes assays. All solu-
tions of AAPH were freshly prepared in phosphate buffer,
and stored under an argon atmosphere until the use. Assays
were made in triplicate.

3. Results and discussion

The relative antioxidant activity of the following flava-
nol compounds upon in vitro LDL oxidation was tested: (i)
monomers: (+)-catechin (cat) and (—)-epicatechin (epi);
(ii) dimers B1 to B4 (C4—C8 interflavan linkage) and B5 to
B8 (C4-C6 interflavan linkage); (iii) trimer C1 (epi—epi—
epi); (iv) esters-gallate: epi-3-O-gallate and B2-3"-0-gal-
late.

The LDL oxidation was initiated using AAPH (2,2'-
azobis(2-amidinopropane hydrochloride)). Despite the fact
that AAPH is not a biological relevant molecule, several
authors have been using this compound as a peroxidation
initiator since it undergoes thermal decomposition at 37°
and generates peroxyl radicals at a known and constant
rate, thus making possible a reproducible and quantitative
analysis of procyanidin antioxidant activity. For instance,
accepted methods for determination of total antioxidant
activity of human plasma use AAPH-derived peroxyl
radicals as radical initiators. Antioxidant activities were
evaluated by three distinct methods: PnA fluorescence
decay, conjugated-dienes detection and oxygen consump-
tion (Table 1).

4. Parinaric acid fluorescence

The PnA (9,11,13,15-octadecatetraenoic acid) is a fluor-
escent polyunsaturated fatty acid that was used as a probe
to evaluate lipid peroxidation. This acid contains four
double bonds making it a preferential substrate for oxida-
tion. Due to its hydrophobic chain, this molecule can be
inserted in LDL. membrane, and its degradation (fluores-
cence decay) is indicative of LDL fatty acids oxidation. It
is fast, reliable, and high sensitive method [22,23].

Dimer B2-3"-0O-gallate presented the higher molar inhi-
bition period (7;, 5.52), followed by trimer C1 (2.35) and
monomers (1.77 and 1.33 for cat and epi, respectively).
Dimers C4-C6 were less effective in preventing the PnA
degradation, especially dimers B5 and B6.

The parinaric acid fluorescence decay observed for all
procyanidin dimers of C4-C8 series (Bl to B4) was
different from that observed for the analogue C4-C6
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Compound PnA t; (plasma)/t; (trolox) t; (plasma)/t; (trolox)
T, x 1078 (M s) Kox M~1s™h) Dienes O, consumption

Catechin monomers

(+)-Catechin 1.77 - 221 £ 0.10 3.0+£05

(—)-Epicatecbin 1.33 - 2.08 =+ 0.13 29+03
Dimers C4-C8

B1 (epi—cat) 0.00 0.0057 2.14 £+ 0.31 59 + 0.6

B2 (epi—epi) 0.00 0.0059 2.55 £ 0.15 6.6 £ 0.5

B3 (cat—cat) 0.00 0.0071 2.99 £+ 0.15 107 £ 1.4

B4 (cat—epi) 0.54 0.0063 2.75 £ 0.41 69 £+ 1.0
Dimers C4-C6

BS5 (epi—epi) 0.71 - 1.35 £ 0.12 20+ 04

B6 (cat—cat) 0.01 - 0.97 + 0.08 0.0 £ 0.0

B7 (epi—cat) 1.29 - 1.12 £ 0.06 6.2 + 0.6

B8 (cat—epi) 1.26 - 2.88 £+ 0.51 6.9 £+ 0.6
Trimers

EEC (epi—epi—cat) 0.01 - 1.95 £ 0.15 48 + 04

C1 (epi—epi—epi) 2.35 - 347 £ 0.18 139+ 19
Esters-gallate

B2-3"-0-gallate 5.52 - 6.10 £+ 0.42 26.0 + 2.3
(—)-Epicatechin-3-O-gallate 1.70 - 1.91 £ 0.07 4.0+09
Standards

Trolox - - 1.00 £ 0.03 1.0 £ 0.1

Ascorbic acid - - 1.26 £ 0.18 04 + 0.1

Caffeic acid - - 1.58 £ 0.05 24+ 02

(B5 to B8) dimers, since the former group did not induce an
inhibition period but simply slowed down the oxidation
rate (Fig. 2). This behavior was not observed with the other
two methods probably due to the higher sensitivity of
parinaric acid methodology over oxygen and conju-
gated-dienes measurements in discriminating different
reactivities of the phenols against the peroxyl radicals.
Also distinct locations of the dimers, i.e. LDL surface vs.
water phase, may influence its behavior towards PnA
protection from oxidation (see below).

The molar oxidation rate (K,x) of the procyanidin
dimers B3 and B4 containing the interflavan bond
C4-C8 are greater than those of the procyanidin dimers
B1 and B2.

4.1. Conjugated-dienes detection and oxygen
consumption

The detection of conjugated-dienes hydroperoxides,
primary products of lipid peroxidation, was made by
monitoring the characteristic absorbance of these com-
pounds at 234 nm. This method constitutes a real index of
oxidative state of LDL fatty acids in opposition to parinaric
acid that is a molecular probe, and hence an indirect
method of evaluation. Catechins and procyanidins trap
AAPH-derived peroxyl radicals inhibiting the initiation
of lipid peroxidation, but, if located at the LDL surface,
may also quench LDL-derived peroxyl radicals, inhibiting

the chain propagation. Consequently, formation of lipid
hydroperoxides and appearance of conjugated dienes were
inhibited until exhaustion of polyphenol.

In addition to procyanidins, we evaluated the antioxidant
activity of antioxidants usually used as standards, such as
trolox (water-soluble analogue of Vitamin E), ascorbic acid
and caffeic acid. Results were expressed in terms of ratio
between procyanidins and trolox inhibition periods
(Table 1).

Under the experimental conditions described, the phe-
nolic compounds showed the following order of relative
inhibition periods compared with trolox: B2-3"-0O-gallate,
6.10; trimer CI1, 3.47; average of dimers C4-C8, 2.61;
average of monomers, 2.15; epi-3-0-gallate, 1.91; average
of dimers C4—-C6, 1.58. Dimers C4—C6 were shown to be
less effective upon LDL oxidation as compared with the
corresponding C4—C8 dimers. The only exception was
dimer B8 which was shown to have a similar or slightly
higher antioxidant activity against LDL oxidation com-
paratively to dimers C4-C8 (B1, B2, B3, and B4). The
higher antioxidant activity of dimer B8, as compared to
dimers B2, B3, and B4 upon LDL oxidation induced by
Cu(Il), was already reported in literature by Teissedre et al.
[35]. Additionally, these authors have observed that trimer
C1 presented the higher antioxidant activity, and dimer B6
was the less effective antioxidant, which is in agreement
with the results presented herein for peroxyl radicals-
dependent LDL oxidation.
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O, measurements suggest that procyanidins act also by
quenching LDL-derived peroxyl radicals since they were
added during the propagation phase of LDL oxidation.
They revealed a relative antioxidant activity similar to the
one obtained by the conjugated-dienes detection assay, but
shorter inhibition periods were noticed. The main differ-
ence is that, in this assay, the procyanidin dimer B7 of C4—
C6 series showed an antioxidant activity comparable to the
one of dimers C4-C8.

It is also interesting to note that the polyphenols studied,
with the exception of dimers B6 and B7, exhibited an
antioxidant activity higher than that of caffeic acid and
ascorbic acid.

5. Conclusions

This study was focused on the influence of the flavanol
structure on the antioxidant activity in connection with the
inhibition of LDL oxidation induced by AAPH. The
following major conclusions can be withdrawn:

(i) Monomers (+)-catechin and (—)-epicatechin have an
identical antioxidant activity suggesting that the
stereochemistry of the pyranic ring C does not
influence importantly the monomers antioxidant
activity upon LDL oxidation.

(i) Antioxidant activity increases with degree of poly-
merization for compounds constituted by (—)-epica-
techin as the monomer unit, namely epi, dimer B2
(epi—epi) and trimer C1 (epi—epi—epi). This can be
explained by: (a) the augmentation of the number of
free hydroxyls, potential donors of hydrogen atoms,
increasing the antioxidant effectiveness in aqueous
phase; (b) the increase of the partition coefficient of
these compounds to lipid phase with the degree of
polymerization [31]. Data reported in literature
allowed to establish a relationship between the degree
of polyphenol polymerization and antioxidant effi-
ciency suggesting an increase of the antioxidant
activity with the polymerization degree in aqueous
systems and an inverse relationship in lipid phase
[36]. Other works demonstrated an increase of
aqueous phase scavenging activity with the degree
of polymerization of procyanidins up to trimers [29]
and an opposite trend for compounds containing more
than three monomeric units [17].

(iii) Under these experimental conditions, the antioxidant
activity of procyanidin dimers containing the inter-
flavan bond C4-C8 and C4-C6 were distinct,
suggesting that interflavan linkage contributes im-
portantly to the antioxidant activity of procyanidin
dimers. This fact can be explained by the distinct
conformation that these procyanidins adopt in
aqueous solution. Indeed, molecular studies showed
that C4-C8 dimers adopt a more closed conforma-

tion, whereas C4-C6 dimers a more elongated one
[8-10,15] (Fig. 3). On the other hand, C4-C8 dimers
seems to have a slightly higher hydrophobic
character than dimers C4-C6 [8], thereby having a
higher affinity to LDL surface and interacting more
strongly with LDL-derived peroxyl radicals (LOO®)
than dimers C4—C6. Therefore, C4-C8 dimers exert
a more pronounced antioxidant effect in the stages
involving LDL lipid radicals (propagation stage as
evaluated by UV absorbance and oxygen consump-
tion) and C4-C6 dimers a more powerful action
against aqueous radicals. This aspect could explain
the different behavior between these two series of
procyanidin dimers relatively to PnA fluorescence
assay since PnA aligned with the phospholipid acyl
chains at the LDL monolayer is readily oxidized by
AAPH-derived peroxyl radicals, i.e. it does not
require an ongoing oxidation chain for complete
oxidation as unsaturated acyl chains do [23].

(iv) Antioxidant activity is increased by esterification of
the C3 hydroxyl group with gallic acid, probably due
to the increase of free hydroxyl groups (Fig. 4).
However, galloylation caused an exceptional increase
of antioxidant activity for dimer B2-3"'-O-gallate in
comparison to (—)-epicatechin-3-O-gallate. Never-
theless, in the conjugated-dienes assay (—)-epicate-
chin did not suffer an increase in its antioxidant
activity by esterification. It is important to refer that
B2-3"-0-gallate was shown to be the more powerful
antioxidant in the three methods used. Previous
molecular studies concerning the estimation of the
flavan-3-ol conformation in solution using molecular
mechanisms and NMR techniques showed a possible
“m—n” stacking arrangement between the aromatic
gallate and the catechol B-ring of dimer B2-3"-O-
gallate yielding a compact structure (Fig. 3). Similar
interaction is absent in the analogues dimer B2 and
(—)-epicatechin-3-O-gallate [10]. The extraordinary
enhancement of antioxidant activity of dimer B2 by
addition of a galloyl group could be explained through
the stabilization of the respective phenoxyl radical by
the additional deslocalization of the unpaired electron
between the 7 orbitals of galloyl and catechol B-rings.

Procyanidins represent a significant percentage of poly-
phenol intakes in our diet and have revealed, under the
conditions described using a biologically relevant target
(the LDL particles), an antioxidant activity greater than
standard antioxidants like trolox and ascorbic acid. Never-
theless, these conclusions cannot be extrapolated to in vivo
conditions due to the limited knowledge regarding the
bioavailability of these polyphenols, especially dimers
and trimers in the organism. However, they provide a
rationale for the biomedical use of these compounds in
the optimization of nutrition or as pharmacological agents
in the prevention or decrease of the risk of atherosclerosis.
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Dimer B6 (C4-C6)
OH

Dimer B2 (C4-C8)

Dimer B2-3"’-O-gallate

Fig. 3. Preferred conformation of dimer B6, dimer B2, and dimer B2-3"-0O-gallate, determined using Allinger’s MM2" force field parameters [8,10].
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Fig. 4. Oxygen consumption during LDL particles (45 pg) oxidation induced by AAPH (5 mM), in the absence of antioxidants (control assay) and presence
of dimer B2 and B2-3"-O-gallate.
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