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Oligomeric proanthocyanidins constitute a group of water-soluble polyphenolic tannins that are present
in the female inflorescences (up to 5% dry wt) of the hop plant (Humulus lupulus). Humans are exposed
to hop proanthocyanidins through consumption of beer. Proanthocyanidins from hops were character-
ized for their chemical structure and their in vitro biological activities. Chemically, they consist mainly
of oligomeric catechins ranging from dimers to octamers, with minor amounts of catechin oligomers
containing one or two gallocatechin units. The chemical structures of four procyanidin dimers (B1,
B2, B3, and B4) and one trimer, epicatechin-(4âf8)-catechin-(4Rf8)-catechin (TR), were elucidated
using mass spectrometry, NMR spectroscopy, and chemical degradation. When tested as a mixture,
the hop oligomeric proanthocyanidins (PC) were found to be potent inhibitors of neuronal nitric oxide
synthase (nNOS) activity. Among the oligomers tested, procyanidin B2 was most inhibitory against
nNOS activity. Procyanidin B3, catechin, and epicatechin were noninhibitory against nNOS activity.
PC and the individual oligomers were all strong inhibitors of 3-morpholinosydnonimine (SIN-1)-induced
oxidation of LDL, with procyanidin B3 showing the highest antioxidant activity at 0.1 µg/mL. The
catechin trimer (TR) exhibited antioxidant activity more than 1 order of magnitude greater than that
of R-tocopherol or ascorbic acid on a molar basis.
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INTRODUCTION

The proanthocyanidins (condensed tannins) are defined
comprehensively as oligomers and polymers built up from
polyhydroxy flavan-3-ol units such as catechin, gallocatechin,
and their epimers (1, 2). They form one of the two major
categories of vegetable tannins that are widely distributed in
the plant kingdom. Proanthocyanidins are also known to occur
in the female inflorescences (“hops” or “hop cones”) of the hop
plant,Humulus lupulusL. (3). The estimated amounts of total
proanthocyanidins reported for hops range from 0.5 to 5% on
dry weight basis, depending on the variety and on the analysis
method used (cf.3 and references cited). Human intake of hop
proanthocyanidins is mainly through beer. It is estimated that

about 70-80% of the beer proanthocyanidins are derived from
barley while only 20-30% originate from the hops. The
proanthocyanidins from hops are structurally very similar to
those found in barley, the main difference being the higher
proportion of gallocatechin units in the barley oligomers.

Proanthocyanidins from various natural sources exhibit a wide
range of biological activities. They are effective antioxidants
and offer protection against cardiovascular disease, immune
disorders, and neurodegenerative diseases (4-8). The potential
beneficial effects of proanthocyanidins on human health have
been attributed mostly to their strong free radical scavenging
and strong antioxidant activities. Proanthocyanidins are believed
to be superior antioxidants as compared to flavones and
flavonols, whose quinones are more likely to redox-cycle and
act as prooxidants (9). Pycnogenol, a commerical extract
composed mainly of oligomeric proanthocyanidins from the bark
of French maritime pine,Pinus maritima, has strong free radical
scavenging activity against reactive oxygen and nitrogen species
(6, 10). Pycnogenol also protected human endothelial cells from
oxidative stress (glutathione depletion) induced by reactive
nitrogen species derived from 3-morpholinosydnonimine-N-
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ethylcarbamide or SIN-1 (11). Oligomeric procyanidins from
Vitis Vinifera seeds (CAS 85594-37-2) showed a dose-dependent
antioxidant activity in the iron-promoted model of lipid per-
oxidation in phosphatidylcholine liposomes, with an IC50 of
2.5 µmol/L (12). The oligomeric procyanidin had antioxidant
activity more than 1 order of magnitude greater than that of the
monomeric unit, catechin (IC50) 50 µM).

Other studies have focused on the relation between chain
length and antioxidant activity of proanthocyanidins (5, 8, 13).
When concentrations of the various compounds are compared
by weight, the monomers, epicatechin and epigallocatechin,
provided greater protection than the oligomers against perox-
ynitrite-dependent oxidation of dihydrorhodamine 123 (13).
However, the higher molecular weight procyanidins (proantho-
cyanidins consisting exclusively of catechin and epicatechin
units) were more effective than the shorter-chain procyanidins
against liposome oxidation initiated in the lipid domain by 2,2′-
azobis-2,4-dimethylvaleronitrile (8). In contrast, oligomeric
chain length had no effect on the antioxidant protection against
copper-mediated LDL oxidation (8). In another study, the
antioxidant activity of procyanidins in the lipid phase decreased
with polymerization, whereas the antioxidant action in the
aqueous phase increased from monomer to trimer and then
decreased from trimer to tetramer (5). Using the mouse liver
homogenate lipid peroxidation assay, Wang et al. (14) showed
that procyanidin dimers isolated from the seeds ofVitis
amurensiswere found to be more potent than (+)-catechin. The
antioxidant activity of the 4f6 linked dimer seemed higher than
that of the 4f8 linked dimer. Procyanidin oligomers of different
sizes isolated from the seeds ofTheobroma cacaowere reported
to be highly effective in inhibiting oxidation and nitration
reactions mediated by peroxynitrite (13). The cocoa procyanidins
were also effective in preventing liposome oxidation initiated
by peroxyl radical generators, copper, and iron/ascorbate (8).
However, the specific structures of the dimers and trimers used
in these antioxidant studies were not established.

The increasing interest in the search for therapeutic agents
for nitric oxide (NO)-related disorders has led other research
groups to evaluate the potential of proanthocyanidins as
scavengers of reactive nitrogen species and as inhibitors of NO
synthase (see below). Nitric oxide (NO), a gaseous free radical,
has been associated with a wide range of physiological processes
(15). NO is a neurotransmitter in the nervous system and it
modulates theâ-adrenergic signaling pathway and other signal-
ing pathways. However, excess production of NO may be
involved in glutamate- and oxygen-induced toxicity in the brain
(16, 17). NO may react with superoxide anion to form the
powerful prooxidant, peroxynitrite (ONOO-). Peroxynitrous
acid (ONOOH, pKa 6.8) and/or its primary decomposition
products, ONO• and •OH radicals, can induce the oxidation of
low-density lipoprotein (LDL) and may also react with other
biological molecules resulting in the nitration of protein-bound
tyrosine and deamination of DNA (13, 18, 19). Excess amounts
of NO and peroxynitrite may be involved in the pathophysiology
of neurological disorders such as stroke, Parkinson’s disease,
Huntington’s disease, and amylotrophic lateral sclerosis (15,20).
Endogenously derived NO is synthesized fromL-arginine by
nitric oxide synthases (NOS) present in different cell types (15).
Three different NOS isoforms have been identified, namely NOS
I (NOS1, ncNOS, nNOS); NOS II (NOS2, iNOS); and NOS
III (NOS3, ecNOS, eNOS). NO derived from nNOS has been
implicated in neurotoxicity (21, 22). Thus, the selective inhibi-

tion of nNOS activity has been suggested as one of the
therapeutic strategies in neurological diseases and brain injury
(21, 23).

Proanthocyanidins from various natural sources were shown
to inhibit nitric oxide synthase (NOS) activity and/or nitric oxide
(NO) production in cultured cells (10, 24-26). For example,
Pycnogenol inhibits inducible NOS (iNOS) activity of cytokine-
activated macrophage (RAW 264.7) cells at concentrations of
50 µg/mL or greater (25). Gallotannins (esters of gallic acid
and D-glucose), which belong to a different class of tannins
known as hydrolyzable tannins, have been shown to inhibit the
nNOS, with an IC50 of 30µM (27). It is possible that the
protein-binding action of procyanidins may explain the inhibi-
tory effect of these compounds on NOS activity as in the case
of the inhibition of xanthine oxidase activity by Pycnogenol
(28, 29).

In the present study, proanthocyanidins were isolated from
hops and their in vitro capacity as inhibitors of rat neuronal
NOS activity was evaluated. In addition, their ability to scavenge
reactive nitrogen/oxygen species was investigated by observing
the decrease of artificial LDL oxidation in the presence of hop
proanthocyanidins. This study shows that some representatives
of proanthocyanidins from hops inhibit nNOS activity in the
low micromolar range while others inhibit LDL oxidation even
stronger than well-known antioxidants such asR-tocopherol or
ascorbic acid. The observedin Vitro effects suggest a health-
promoting impact of dietary proanthocyanidins on NO-related
disorders.

MATERIALS AND METHODS

General Experimental Procedures.1H NMR experiments (1D and
2D long-range1H-1H COSY) were performed on a Bruker DRX 600
spectrometer. Electrospray and atmospheric pressure chemical ionization
(ESI and APCI, respectively) mass spectra were recorded on a PE Sciex
API III triple-quadrupole mass spectrometer in the positive ion mode.
MS-MS experiments were carried out with argon-10% nitrogen as
the target gas at a thickness of ca. 1.9× 1014 atoms per cm2 using a
collision energy of 10 V. The APCI source was equipped with a heated
nebulizer interface kept at 500°C. Samples were introduced into the
mass spectrometer by loop injection (ESI) or by HPLC (APCI).
Analytical HPLC separations of proanthocyanidin dimers were achieved
on a 5-µm LiChrospher RP-18 (4× 250 mm) with a linear gradient
from 5% to 55% MeOH in 1% aqueous HCOOH over 50 min at 1.0
mL/min. Acid-catalyzed degradation reactions were monitored by HPLC
on a 5-µm Spherex RP-8 column (4.6× 250 mm) with a linear gradient
from 0 to 40% MeOH in 1% aqueous HCOOH over 50 min at 1.0
mL/min. Preparative HPLC was run on a 10-µm Econosil C18 column
(250 × 10 mm).

Preparation of Proanthocyanidins from Hops.Air-dried hop cones
(H. lupuluscv. Saazer, 438 g) were briefly immersed in CHCl3 to extract
the resins. The CHCl3 extract was decanted, and the hop cones were
dried in a stream of air in a fume hood and then ground using a Wiley
mill (sieve no. 40). The ground plant material (408 g) was extracted
with 2.5 L of Me2CO/H2O (3:1) for 24 h at room temperature with
occasional stirring. This extraction step was repeated twice with 1.5 L
of Me2CO/H2O (3:1). The combined Me2CO/H2O extracts were
separated from the plant material by filtration and then concentrated
on a rotary evaporator. The resulting aqueous extract (1.1 L) was washed
with an equal volume of hexane (discarded) and subsequently passed
through a column of Sephadex LH-20 pre-swollen in H2O. The
Sephadex LH-20 column was successively eluted with H2O (500 mL),
H2O/MeOH (3:1, 500 mL), H2O/MeOH (1:1, 500 mL), H2O/MeOH
(1:3, 500 mL), MeOH (500 mL), MeOH/Me2CO (1:1, 500 mL), and
finally with Me2CO (500 mL) at a flow rate of 150 mL/hr. Fractions
(500 mL) were collected and monitored by HPLC-UV and TLC. The
MeOH, MeOH/Me2CO, and Me2CO fractions, which contained mainly
oligomeric proanthocyanidins (seeFigure 1 for general structure), were
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combined and concentrated by rotary evaporation and lyophilization
(yield 1.4 g). The H2O/MeOH (1:3) fraction was further chromato-
graphed on Toyopearl TSK HW-40 S gel using MeOH as the eluent at
a flow rate of 1 mL/min. Fractions of 12 mL were collected and
examined by HPLC-UV (280 nm). Catechin (24 mg) and epicatechin
(4 mg) were isolated from fractions 6-10 by preparative HPLC using
a gradient from 5% B (MeCN) to 55% B in A (1% aqueous HCOOH)
over 50 min at 5 mL/min. Toyopearl fractions 11-16 yielded
procyanidins B3 (4.4 mg), B1 (8.5 mg), B4 (1.6 mg), and B2 (1.0 mg)
by preparative HPLC using a linear solvent gradient from 0% B (10%
aqueous HOAc) to 100% B in A (2.5% aqueous HCOOH) over 60
min at a flow rate of 5 mL/min. The UV trace was recorded at 280
nm. Peak fractions were collected manually and taken to dryness by
lyophilization.

Acetylation of Procyanidins for 1H NMR Analysis. Procyanidin
samples (1-4 mg) were dissolved in a mixture of 0.2 mL of pyridine
and 0.2 mL of acetic anhydride. After the mixture was stirred for 48 h
at room temperature, the peracetate derivatives were purified by
preparative HPLC using isocratic elution with 65% MeCN in 1%
aqueous HCOOH at 5 mL/min. The UV trace was recorded at 280
nm. Peak fractions were collected manually and evaporated by
lyophilization.

Acid-Catalyzed Degradation of Proanthocyanidins in the Pres-
ence of Toluene-r-thiol. The sequence of the monomer units in
proanthocyanidin dimers and trimers cannot be determined by MS
methods, and therefore acid-catalyzed degradation was also carried out.
This method takes advantage of the ready cleavage of the interflavanoid
C-C linkage in mild acid solution, which yields a flavanol (terminal
unit) and a quinone methide (upper unit). The quinonoid intermediate
can be captured with a nucleophile such as phenylmethanethiol (PhCH2-
SH, toluene-R-thiol) or phloroglucinol (see below). Because catechin,
epicatechin, and their adducts (thiobenzyl ethers) can be separated by

HPLC (34), LC-MS offers a convenient method for identification of
the degradation products and thus a method for determination of the
monomer sequence in proanthocyanidin dimers and trimers. The
procedure was as follows. In a 100-µL reaction vial, 25µL of an
aqueous proanthocyanidin solution (1 mg/mL) was mixed with 25µL
of a 5% solution of PhCH2SH in EtOH. After addition of 1.0µL of
HOAc, the vial was flushed with N2, closed, and kept at 96°C for 24
h. The degradation products were analyzed by LC-APCI-MS.

Partial Acid-Catalyzed Degradation of Proanthocyanidins in the
Presence of Phloroglucinol.Because of the obnoxious odor of toluene-
R-thiol, phloroglucinol was used as the trapping nucleophile in a later
stage of the phytochemical investigations. In a 100-µL reaction vial,
50 µL of an aqueous proanthocyanidin solution (1 mg/mL) was mixed
with 50 µL of a phloroglucinol solution (80 mg dissolved in 2 mL of
EtOH/H2O, 1:3). After addition of 2µL of HOAc, the vial was flushed
with N2, closed, and heated to 100°C for 6 h. Aliquots of the reaction
mixture were taken (t ) 0, 0.5, 1, 3, and 6 h) and directly analyzed by
LC-APCI-MS.

Procyanidin B1 (epicatechin-(4âf8)-catechin). ESI-MS (positive
ion mode) m/z 579 [MH]+ (100),1H NMR (CDCl3, 600 MHz) of
peracetate derivative,δ 5.99 (d,J ) 2.3 Hz, H-6 ring A), 6.29 (d,J )
2.3 Hz, H-8 ring A), 7.29 (d,J ) 1.9 Hz, H-2 ring B), 7.16 (d,J ) 8.4
Hz, H-5 ring B), 7.24 (dd,J ) 8.4, 1.9 Hz, H-6 ring B), 5.44 (brs, H-2
ring C), 5.15 (t,J ) 1.8 Hz, H-3 ring C), 4.42 (d,J ) 2.0 Hz, H-4 ring
C), 6.68 (s, H-6 ring D), 6.88 (d,J ) 2.0 Hz, H-2 ring E), 7.08 (d,J
) 8.4 Hz, H-5 ring E), 6.94 (dd,J ) 8.4, 2.0 Hz, H-6 ring E), 4.33 (d,
J ) 9.7 Hz, H-2 ring F), 5.05 (m, H-3 ring F), 2.56 (dd,J ) 16.7, 9.2
Hz, H-4ax ring F), 3.21 (dd,J ) 16.7, 6.6 Hz, H-4eq ring F).

Procyanidin B3 (catechin-(4Rf8)-catechin). ESI-MS (positive ion
mode)m/z579 [MH]+ (100),1H NMR (CDCl3, 600 MHz) of peracetate
derivative,δ 6.48 (d,J ) 2.3 Hz, H-6 ring A), 6.51 (d,J ) 2.3 Hz,
H-8 ring A), 7.02 (d,J ) 2.0 Hz, H-2 ring B), 7.14 (d,J ) 8.4 Hz,
H-5 ring B), 6.99 (dd,J ) 8.4, 2.0 Hz, H-6 ring B), 4.76 (d,J ) 9.9
Hz, H-2 ring C), 5.63 (t,J ) 9.8 Hz, H-3 ring C), 4.48 (d,J ) 9.3 Hz,
H-4 ring C), 6.64 (s, H-6 ring D), 6.93 (d,J ) 2.0 Hz, H-2 ring E),
7.13 (d,J ) 8.4 Hz, H-5 ring E), 6.73 (dd,J ) 8.4, 2.0 Hz, H-6 ring
E), 4.95 (d,J ) 8.0 Hz, H-2 ring F), 5.03 (m, H-3 ring F), 2.66
(dd,J ) 16.7, 7.9 Hz, H-4ax ring F), 2.93 (dd,J ) 16.7, 5.7 Hz, H-4eq

ring F).
Expression and Purification of Rat Neuronal NOS.cDNA was

kindly provided by Dr. T. M. Dawson, Johns Hopkins University) (30).
The pCWori vector was a gift of Dr. F. W. Dalhquist, University of
Oregon (31). The rat nNOS was expressed in BL21(DE3) (Novagen)
E. coli cells. All cells were grown in Terrific Broth media at 37°C to
an OD600 ) 1.2 at which time 0.1 mM of IPTG and 4µg/mL of hemin
chloride were added to the cultures. The cells were then grown for an
additional 16-20 h at 23°C at 250 rpm before harvesting. Cells were
washed in a solution of 50 mM TRIS (pH 7.8), 10% sucrose, and 150
mM NaCl, and then pelleted by centrifugation and frozen at-70 °C.
The enzyme was purified according to the protocol published by Gerber
et al. (32) with slight modification. Cells were thawed and resuspended
in Buffer A which contained the following: 50 mM Hepes (pH 7.5),
10% glycerol, 100µM DTT, 10 µM tetrahydrobiopterin, and the
protease inhibitors (1 mM EDTA, 1µg/mL of trypsin inhibitor, 1µg/
mL pepstatin A, 17µg/mL of PMSF, 1µg/mL benzamidine, 10µg/
mL bacitracin, 2.5µg/mL leupeptin, 2.5µg/mL aprotinin, and 1.0µg/
mL E-64). The cells were incubated on ice after the addition of 20 mg
of lysozyme and brief sonication. The cells were centrifuged, and the
lysate was poured over a 10-mL column of 2′,5′-ADP-Sepharose
(Amersham Pharmacia Biotech, Piscataway, NJ) preequilibrated with
buffer A. The column was washed with 100 mL of buffer A followed
by 50 mL of buffer A with 0.5 M NaCl. The protein was eluted with
50 mL of buffer A plus 0.5 M NaCl and 20 mM mixture of 2′ and 3′
AMP. Both 2 mM MgCl2 and 1 mM CaCl2 were added to the ADP-
eluate, and then the solution was poured over a 10-mL calmodulin-
Sepharose column (a generous gift of Dr. S. Anderson, Oregon State
University) preequilibrated with buffer A with 2 mM MgCl2 and 1
mM CaCl2. The column was washed with 50 mL of buffer A plus 2
mM MgCl2, 1 mM CaCl2, and 0.3 M NaCl. Finally, the protein was
eluted with buffer A plus 0.3 M NaCl and 3 mM EDTA. Protein
concentration was determined with the Lowry assay using bovine serum

Figure 1. Chemical structures of catechin (CT), epicatechin (EC),
procyanidin B1 (B1), procyanidin B2 (B2), procyanidin B3 (B3), procyanidin
B4 (B4), a trimer, epicatechin-(4âf8)-catechin-(4Rf8)-catechin (TR),
and the general structure of oligomeric procyanidins (PC) from hops,
Humulus lupulus.

Hop Proanthocyanidins J. Agric. Food Chem., Vol. 50, No. 12, 2002 3437



albumin as a standard (33). A given batch of recombinant purified
protein had a specific activity of 150 nmol NO min-1 mg-1 at 25°C
and was more than 85% pure as judged by SDS-polyacrylamide gel
electrophoresis.

Measurement of Enzyme Activity of cDNA-Expressed nNOS.The
initial rate of NO production was determined from the NO-mediated
conversion of oxyhemoglobin to methemoglobin, monitored at 401 nm
using a methemoglobin minus oxyhemoglobin extinction coefficient
of 49 mM-1 cm-1. This hemoglobin assay was employed in our study
instead of the Kobuchi method using radiolabeled arginine (25) because
of its simplicity and high sensitivity, and it avoided the use of the
expensive radioactive substrate and the costly disposal of radioactive
wastes. The reaction mixture contained 10µM oxyhemoglobin, 20µM
L-arginine, 10µM CaCl2, 100 nM calmodulin, 10µM tetrahydrobiop-
terin (Cayman Chemical, Ann Arbor, MI), 100µM dithiothreitol, 10
µM NADPH, and 50 mM Hepes (pH 7.5), in a final volume of 1 mL.
The test chemicals [proanthocyanidin mixture, PC, or as monomers,
dimers, and trimer) were dissolved in methanol and added to the
incubation mixture in 2-µL volumes. All assays were initiated with
1-2 µg of nNOS and performed at 25°C.

Antioxidant Activity of Hop Proanthocyanidins. The antioxidant
activity of hop procyanidins was evaluated by their ability to inhibit
LDL oxidation induced by the peroxynitrite generator, SIN-1, as
described by Thomas et al. (34). LDL (0.1 mg/mL) was incubated with
proanthocyanidins and SIN-1 (100µM) in 50 mM phosphate buffer,
pH 7.4, in a total volume of 200µL. The proanthocyanidins were added
in methanol (0.5%). Vehicle controls contained methanol only. After
a 20-hr incubation at room temperature, the amount of thiobarbituric
acid-reactive substances (TBARS) formed was measured as described
by Miranda et al. (35). A 20-µL aliquot of 20% of ice-cold 50%
trichloroacetic acid was added to each reaction mixture. The tubes were
vortexed, and then 100µL of 1% thiobarbituric acid in 0.28% NaOH
was added to each tube. The samples were acidified by the addition of
20 µL of 1 N HCl. The tubes were heated at 90°C for 20 min and
centrifuged at 16 000g for 10 min. An aliquot (200µL) of the
supernatant was transferred to a 96-well plate and the absorbance at
535 nm was measured using a microplate reader (SpectraMax 250).

Statistical Analysis. Using a computerized statistical software
(StatView), the data obtained from the nNOS and antioxidant studies
were analyzed by either a Student’st-test (for comparison between
control and treated groups) or a one-way analysis of variance followed
by LSD for multiple comparison test. The level of significance was
set atp < 0.05.

RESULTS

Identification of Procyanidins. Catechin, epicatechin, pro-
cyanidins B1-B4, and the procyanidin trimer, epicatechin-
(4âf8)-catechin-(4Rf8)-catechin, were isolated from the
Me2CO/H2O (3:1) extract of the female inflorescences of the
hop plant by successive column chromatography on Sephadex
LH-20, Toyopearl TSK HW-40 gel, and octadecyl silica. The
chemical structures of these compounds are shown inFigure
1. Catechin (CT) and epicatechin (EC) were identified by MS
and HPLC comparison with authentic markers. CompoundsB1
and B3 (cf. Figure 1) both showed molecular ions withm/z
579 [MH]+ in their ESI mass spectra, indicating they represented
procyanidin dimers. Their monomer sequence and the linkage
positions were established by comparison of1H NMR data of
their peracetates with literature data published for peracetylated
procyanidins of the B-series (36). Thus, the structures of
compoundsB1 and B3 were assigned as procyandins B1
[epicatechin-(4âf8)-catechin] and B3 [catechin-(4Rf8)-cat-
echin], respectively. Both compounds were subjected to acid-
catalyzed degradation in the presence of phenylmethanethiol
(PhCH2SH), and the products were analyzed by LC-MS.
CompoundB1 yielded catechin ([MH]+ at m/z 291, Rt 16.3
min) and epicatechin-4-thiobenzyl ether ([MH]+ at m/z413,Rt

32.8 min), which identifies epicatechin as the upper unit and

catechin as the terminal unit. CompoundB3 released catechin
([MH] + atm/z291,Rt 16.3 min) and two catechin-4-thiobenzyl
ethers (both [MH]+ at m/z 413, minor and major derivative
eluted atRt 30.0 and 31.4 min, respectively), thus confirming
the sequence being catechinfcatechin inB3. It was previously
shown that procyanidin dimers with catechin as the upper unit
give two catechin thiobenzyl ethers (3,4-transand 3,4-cis),
whereas dimers with epicatechin as the upper unit produce only
one epicatechin thiobenzyl derivative (3,4-trans) upon thiolytic
cleavage of the interflavanoid linkage (37). The thiolysis data
obtained with compoundsB1 andB3 were used to determine
the monomer sequence in the procyanidin dimersB2 andB4
([MH] + atm/z579). CompoundB2 released epicatechin ([MH]+

atm/z291,Rt 20.0 min) and epicatechin-4-thiobenzyl ether, and
B2 was thus characterized as an epicatechinfepicatechin dimer.
Likewise, the monomer sequence in compoundB4 was deter-
mined to be catechinfepicatechin. Plotting of the HPLC
retention times of compoundsB3, B1, B4, andB2 (21.6, 23.0,
26.0, and 29.6 min, respectively) against those reported for
procyanidins B3, B1, B4, and B2 (18.5, 20.4, 23.8, and 26.6
min, respectively, see34, similar gradient) resulted in a
correlation coefficient ofr2 ) 0.9861. When the retention time
reported for procyanidin B2 [epicatechin-(4f8)-epicatechin]
was substituted with the retention time reported for procyanidin
B5 (38.3 min.) [epicatechin-(4f6)-epicatechin], ther2 value
dropped to 0.9139, indicating that the retention time of
compoundB2 was much more in line with that of procyanidin
B2 than with its 4f6 analogue. Likewise, substitution of the
retention time reported for procyanidin B4 [catechin- (4f8)-
epicatechin] with that reported for its 4f6 analogue, procyanidin
B8 (22.2 min.), resulted also in a decrease of ther2 value
(0.9805). Thus, comparison of the HPLC retention times on
reversed-phase C-18 suggested that the interflavanoid linkages
in compoundsB2 and B4 are both 4f8. CompoundB2 was
therefore identified as procyanidin B2, and compoundB4 was
identified as procyanidin B4. The amounts ofB2 andB4 isolated
were not sufficient for peracetylation and1H NMR analysis.
Only four procyanidin dimers were detected in the Toyopearl
fraction containing the proanthocyanidin dimers by LC-MS,
indicating that 4f6 linked procyanidin dimers (B5-B8) were
absent in the hop extract.

A procyanidin trimer (TR, [MH] + at m/z867) was obtained
from a later fraction eluting from the Toyopearl TSK HW-40
column. The monomer sequence was established by acid-
catalyzed degradation in the presence of phloroglucinol as the
nucleophile (37). The reaction was first performed with
compoundsB1 and B3 with the aim to generate epicatechin-
(4f2)-phloroglucinol and catechin-(4f2)-phloroglucinol for
LC-MS comparison. Sampling of the reaction with the trimer
TR at various stages (0, 1, 3, and 6 h) revealed the early release
of catechin and epicatechin-(4f2)-phloroglucinol. After 3 h,
the reaction yielded significant amounts of catechin-(4f2)-
phloroglucinol and a trace of catechin-(4Rf8)-catechin (B3).
A fifth product with a molecular ion [MH]+ at m/z 703 was
assigned to epicatechin-(4âf8)-catechin-(4f2)-phloroglucinol.
From the pattern of the reaction products it was concluded that
trimer TR contained catechin as the terminal unit, while the
early release of epicatechin-(4f2)-phloroglucinol indicated that
epicatechin is the upper unit. The appearance of catechin-(4f2)-
phloroglucinol during the later stages was attributed to release
of catechin-(4f2)-phloroglucinol from the intermediate dimer,
catechin-(4Rf8)-catechin. Catechin was thus identified as the
middle unit, connected to the terminal catechin unit through a
4Rf8 linkage. The linkage type between the upper epicatechin
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and the middle catechin unit could not be established, but was
assumed to be 4f8 because none of the procyanidin dimers
detected in the hop extract contained 4f6 linkages. TrimerTR
was therefore tentatively identified as epicatechin-(4âf8)-
catechin-(4Rf8)-catechin (38).

Characterization of Oligomeric Proanthocyandins by
Electrospray Mass Spectrometry.The Me2CO/H2O extract
of the hop cones was fractionated on Sephadex LH-20 by eluting
with H2O/MeOH/Me2CO mixtures. The MeOH/Me2CO frac-
tions contained a complex mixture of oligomeric proanthocya-
nidins (designated as PC) which was examined by ESI-MS using
continuous flow injection of a sample solution. The ESI mass
spectrum (Figure 2) showed the presence of procyanidin dimers
(m/z579, 24%), trimers (m/z867, 27%), tetramers (m/z1155,
15%), pentamers (m/z1443, 14%), hexamers (m/z1731, 10%),
heptamers (m/z2019, 6.5%), and octamers (m/z 2307, 3.5%)
(percentages indicate the approximate composition of the
procyanidin fraction). Oligomers containing one or two gallo-
catechin units (with 3′,4′,5′-trihydroxy substitution on the B-ring)
appeared as minor peaks at 16 and 32 mass units higher relative

to the [MH]+ peaks representing the all-catechin proanthocya-
nidins; collectively their abundance was estimated at 23-31%
of the total of proanthocyanidins. Although ESI-MS analysis
provides a convenient way to describe the qualitative and
semiquantitative composition of the oligomeric fraction, an
accurate quantitative analysis of the data is not possible because
of in-source fragmentation and the lower apparent MS response
of the higher oligomers. For instance, the abundance of in-source
fragment ions, notably quinone methide fragments (m/z 289,
577, and 865) and retro Diels-Alder fragments (m/z409, 715,
and 1003) (39), indicates that a significant proportion of
molecular ions suffer in-source dissociation.

Inhibition of nNOS activity. Experiments were performed
to assess the influence of PC isolated from hops on the catalytic
activity of cDNA-expressed rat nNOS (Figure 3). At 1 and 10
µg/mL, PC inhibited nNOS activity (in the presence of 0.01
mM CaCl2) to 23% and 67%, respectively. Complete inhibition
of nNOS activity was observed at 25µg/mL of PC. PC became
a stronger inhibitor of NOS when excess calcium (1.0 mM
CaCl2) was used in the incubation. The approximate IC50 values
of PC in NOS assays containing 0.01 and 1.0 mM CaCl2 were
7.15µg/mL and 2.4µg/mL, respectively. Thus, the inhibitory
effect of PC is not apparently related to the binding of calcium
to hop procyanidins.

To help understand the mechanisms of inhibitory action of
PC on rat nNOS activity, it is important to examine the role of
the individual monomeric and oligomeric components of hops
on nNOS activity. The effect of monomeric and oligomeric
procyanidins on rat nNOS activity is shown inFigure 4. Among
the procyanidin dimers tested, B1, B2, and B4 were found to
inhibit nNOS activity. Procyanidin B2 was the most active
inhibitor, causing more than 50% inhibition of nNOS activity
at 20µg/mL (equivalent to 34.5µM). The trimer, epicatechin-
(4âf8)-catechin-(4Rf8)-catechin (TR) slightly inhibited nNOS
activity. However, procyanidin B3 and the monomers, catechin
and epicatechin, did not inhibit rat nNOS activity. The positive
control, EG, was a strong inhibitor of nNOS, reducing the
activity more than 50% at 20µg/mL. EG was used as a positive
control in view of recent findings that this compound (at 50 to

Figure 2. Electrospray mass spectrum of a mixture of proanthocyanidin
oligomers from hops. The sample (0.2 mg/mL MeCN/1% aq. HCOOH,
1:1) was introduced into a Finnigan LCQ ion-trap mass spectrometer by
injection through a 50-µm fused silica capillary at a flow rate of 5 µL/
min: PCy ) procyanidin, QM ) quinone methide, RDA ) retro Diels−
Alder (for structures of fragment ions, see ref. 39).

Figure 3. Effect of oligomeric proanthocyanidins (PC) from hops, Humulus
lupulus, on the enzyme activity of cDNA-expressed neuronal nitric oxide
synthase derived from rat. The NOS assays were done in the presence
of 10 µM CaCl2 (sOs) or 1 mM CaCl2 (−9−). Each data point represents
the mean ± SE of three determinations. Asterisks indicate p < 0.05 versus
control values.
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750 µM) directly inhibits the activity of nNOS (56% to 93%
inhibition) (24). PC was more potent than EG or the individual
oligomers as an inhibitor of rat nNOS activity.

Antioxidant Activity. To further assess the biological activity
of the hop procyanidins, as a mixture or as individual oligomeric
units, in terms of their potential benefits in the prevention of
NO-related disorders, experiments were performed to evaluate
their antioxidant activity against artificial oxidation of LDL,
induced by exposure of LDL to 3-morpholinosydnonimine (SIN-
1) which liberates NO• radicals and superoxide anions (O2

-•)
in oxygenated solutions. Both radical species may combine to
form peroxynitrite (ONOO-) which, in turn, may give rise to
ONO• and •OH radicals. Since peroxynitrite itself does not
induce LDL oxidation measured by the formation of TBARS
after 3 h of incubation (40), it was necessary to first establish
the effectiveness of SIN-1 in causing LDL oxidation in our test
system using TBARS as an endpoint (Figure 5A). Thomas et
al. (34) have demonstrated that both peroxynitrite and SIN-1
can induce LDL oxidation as measured by lipid hydroperoxide
formation but TBARS formation was not determined in their
study. In the present study, SIN-1 was found to induce oxidation
of LDL (at a final concentration of 0.1 mg/mL) as shown by
the dose-dependent increase in TBARS formation after a 20-hr
incubation. Increasing the amount of SIN-1 from 100µM to
200µM did not produce a further increase in TBARS. Thus, in
all succeeding experiments, the concentration of SIN-1 in the
reaction mixtures was set at 100µM. An LDL concentration of
0.1 mg/mL was also used in all of our experiments, because
this concentration fell within the ascending portion of the dose-
response curve (Figure 5B). A time-response study showed
that a 20-hr incubation of LDL and SIN-1 at room temperature
was optimal for the formation of TBARS (data not shown).

To determine whether PC or the individual oligomeric
procyanidins are capable of inhibiting SIN-1-induced oxidation
of LDL, experiments were performed to determine TBARS in
LDL exposed to SIN-1 (100µM) and test compounds for 20 h
(Figure 6). At a concentration of 1µg/mL, catechin and
epicatechin were as potent as the procyanidin dimers (B1, B2,
B3, and B4), trimer (TR), and PC in inhibiting LDL oxidation

induced by SIN-1. However, the positive control, EG, showed
much lower inhibitory activity against SIN-1-induced oxidation
of LDL. At 0.1 µg/mL, all the test compounds significantly
inhibited TBARS formation, with procyanidin B3 causing the
greatest inhibition. EG was noninhibitory at 0.1µg/mL.

The antioxidant activity of both PC and TR was further
evaluated by determining their ability to inhibit TBARS
formation in LDL subjected to oxidation by SIN-1 using a wide
range of concentrations of the test compounds (Figure 7). Both
substances significantly inhibited TBARS formation at concen-
trations as low as 0.05µg/mL, with similar IC50 values of 0.33
µg/mL. The antioxidant activities of both PC and TR were much
greater than that ofR-tocopherol (TOC, IC50) 3.23 µg/mL)
or ascorbic acid (AA, IC50) 0.99 µg/mL) (Figure 7). On a
molar basis, the IC50 of TR is 0.38µM which is more than 1
order of magnitude smaller than the IC50 ofR-tocopherol (TOC,
7.5 µM) or ascorbic acid (AA, 5.6µM).

DISCUSSION

Identification and Characterization of Hop Proanthocya-
nidins. The discovery of phytochemicals that are potentially
useful in the prevention of NO-related diseases has led us to
investigate the composition, chemistry, and biological activity
of proanthocyanidins present in hops. Hops are known to contain
condensed tannins (3) but the detailed chemical structures and
biological activity of the individual flavanol oligomers have not
been completely elucidated. Our present study has revealed that

Figure 4. Effect of procyanidin monomers, (CT, catechin; EC, epicatechin),
dimers (B1, B2, B3, and B4), trimer [TR, epicatechin-(4âf8)-catechin-
(4Rf8)-catechin], EG (epigallocatechin gallate), and oligomeric proan-
thocyanidins (PC) on the enzyme activity of cDNA-expressed rat neuronal
nitric oxide synthase (nNOS). The nNOS assays were done in the
presence of 10 µM CaCl2. The compounds were tested at a final
concentration of 20 µg/mL. Results represent the mean ± SE of three
determinations. Asterisk indicates p < 0.05 versus control (vehicle control).

Figure 5. LDL oxidation measured as thiobarbituric acid-reactive
substances (TBARS) with absorbance at 535 nm as a function of LDL
and SIN-1 concentrations. Results represent the mean ± SE (indicated
by error bars in each point) of four determinations.
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hop proanthocyanidins contain mainly subunits of catechin and
epicatechin. By using HPLC, MS, NMR, and chemical degrada-
tion methods, four procyanidin dimers with 4f8 linkages were
identified as B1, B2, B3, and B4. Procyanidin dimers with 4f6
linkages, as those found in grape seed extracts (37) and
blueberries (41), were not detected in the hop extract. The hop
extract also contained procyanidin trimers, one of which (TR)
was obtained as a homogeneous substance and characterized
by chemical degradation. The oligomeric fraction (PC) was
examined by electrospray MS which showed the presence of
trimers, tetramers, pentamers, hexamers, heptamers, and oc-
tamers composed of “catechin” units only or with one or two
“gallocatechin” units. The chemical structures of many of the

components of the oligomeric proanthocyanidin fraction remain
to be established.

Inhibitory Effects on nNOS Activity. Catechin, epicatechin,
procyanidins B1-B4, TR, and PC were isolated from the hop
extract in quantities that allowed us to perform limited char-
acterization of their biological activities. These compounds,
particularly the monomers and dimers, which are found also in
edible fruits and many food products and supplements, may have
possible beneficial implications in human health. Specifically,
the oligomeric procyanidins, individually or as a mixture, may
be useful in preventing NO-related neurological disorders by
suppressing the overproduction of NO through inhibition of
NOS activity. The proanthocyanidin mixture, PC, was a potent
inhibitor of nNOS activity, with an IC50 of 2.4µg/mL (in the
presence of 1 mM CaCl2) or 7.15µg/mL (in the presence of
0.01 mM CaCl2). On a weight basis (at 20µg/mL), PC was a
more effective inhibitor of rat nNOS than the individual
monomers (catechin and epicatechin), dimers (B1, B2, B3, and
B4), or the procyanidin trimer, TR. Procyanidins B2 and B4
were significantly more active than the other two dimers, B1
and B3. Procyanidin B3, and the monomers, catechin and
epicatechin, were noninhibitory. The positive control, EG, was
less inhibitory than PC but more inhibitory than the oligomers.
These findings indicate that dimeric proanthocyanidins having
epicatechin as the terminal flavanol unit (as in B2 and B4) are
stronger inhibitors of nNOS activity than dimers in which
catechin represents the terminal unit (B1 and B3, and also TR).
Although the differences in nNOS inhibition by the individual
procyanidin dimers suggest a specific mode of interaction, the
stronger inhibition observed for the mixture of oligomers (PC)
is most likely due to nonspecific binding to the enzyme. These
observations are in line with an interaction study by Moini et
al. (28) who demonstrated that procyanidins up to trimers did
not change the electrophoretic mobility of milk xanthine oxidase
(XO) on a PAGE gel using nondenaturing conditions, whereas
interaction between procyanidins with a higher degree of
polymerization and XO gave rise to a band with low electro-
phoretic mobility on the gel. These authors also showed that
the electrophoretic mobility of XO could be restored by addition
of Triton X-100, but not by urea or NaCl, indicating that the
procyanidin oligomer-XO interaction is primarily of a hydro-
phobic nature. Alternatively, the potent activity of PC could be
due to synergy among the various oligomeric units that constitute
the mixture. Further studies, using bioassay-guided systematic
fractionation, are needed to identify the most active inhibitory
component of PC and to test the hypothesis that synergy occurs
among different oligomeric units in the inhibition of nNOS.

A limited number of studies have been reported on the effect
of proanthocyanidins on NO production in intact cells (42,43).
Therefore, we have measured NO production in lipopolysac-
charide (LPS)-activated mouse macrophage RAW 264.7 cells
using the method of Kim et al. (44). RAW 264.7 cells were
grown in 96-well plates and exposed to LPS (0.5µg/mL; Sigma
L3139) in the presence and absence of PC and the dimers, B1,
B2, B3, and B4 (all at concentrations of 10, 20, or 50µg/mL).
The cells were incubated for 16 h at 37°C before the culture
media was analyzed for nitrite (the stable conversion product
of NO) using the Griess reagent. Our results showed that PC
and the dimers did not inhibit NO production in LPS-activated
RAW cells (data not shown), suggesting that these compounds
were not inhibitors of iNOS activity or iNOS expression in these
cells. Unlike iNOS, nNOS has unique structural features such
as the PDZ domain, an autoinhibitory element in the FMN
domain (also in eNOS), and has a higher requirement for Ca2+

(45) that may help explain the inhibitory effect of the oligomeric

Figure 6. Effect of oligomeric proanthocyanidins (PC), catechin (CT),
epicatechin (EC), procyanidin dimers (B1, B2, B3, and B4), procyanidin
trimer, TR [epicatechin-(4âf8)-catechin-(4Rf8)-catechin], and EG (epi-
gallocatechin gallate) on SIN-1-induced oxidation of LDL measured as
TBARS. Results (as percent of control) represent the mean ± SE of four
determinations. Bars topped with asterisks are significantly different from
control values (vehicle control), p < 0.05.

Figure 7. Comparison of the antioxidant activities of oligomeric proan-
thocyanidins (PC) and procyanidin trimer, TR [epicatechin-(4âf8)-
catechin-(4Rf8)-catechin], R-tocopherol (TOC), and ascorbic acid (AA)
against SIN-1-induced oxidation of LDL. Results (as percent of vehicle
control) are expressed as the mean ± SE of four determinations.
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proanthocyanidins on nNOS. The effect of PC and the individual
procyanidins from hops on eNOS activity has not been
determined.

Scavenging of Reactive Nitrogen/Oxygen Species.There
have been a number of studies on the antioxidant and free radical
scavenging activities of oligomeric proanthocyanidins (4-6,8,
10, 12). The majority of these studies report the activities of
oligomers from dimers to nonamers, without identifying the
individual chemical structures that make up these oligomeric
components. In the present study, the antioxidant activity of
four different dimers and one trimer with known structures was
compared with the monomers catechin and epicatechin. At a
concentration of 1.0µg/mL, all the test compounds were
extremely inhibitory and no marked differences were noted in
their individual antioxidant activities against SIN-1-induced
oxidation of LDL. However, at 0.1µg/mL, procyanidin B3
appeared to exhibit the greatest antioxidant activity in this
system. The trimer, TR, and the oligomeric proanthocyanidin
mixture, PC, had comparable antioxidant activities with the same
IC50 value of 0.33µg/mL. These results suggest that the potent
antioxidant activity of PC may be attributed, in part, to residual
dimers and trimers present in the oligomeric fraction that were
not removed by chromatographic fractionation.

On a molar basis, TR was 1-2 orders of magnitude more
active thanR-tocopherol or ascorbic acid as an antioxidant
against SIN-1-induced oxidation of LDL. Both TOC (46) and
AA (34) have been reported to be potent inhibitors of LDL lipid
peroxidation induced by SIN-1 using cholesteryl ester hydro-
peroxide formation as an endpoint. The monomeric and oligo-
meric procyanidins were also more potent antioxidants than EG
in LDL exposed to SIN-1 (Figure 6). The latter finding is not
in agreement with previous studies which showed that EG is a
more effective antioxidant than catechin or epicatechin in an
aqueous-based system of oxidation (47).

Proanthocyanidins have been reported to scavenge peroxyni-
trite (13), nitric oxide (48), superoxide (49), or other reactive
oxygen species (10). In our LDL system, SIN-1 was used as
the oxidizing system. As LDL oxidation by SIN-1 seems to be
mediated by peroxynitrite (50), it is suggested that the antioxi-
dant activity of the monomeric and oligomeric procyanidins may
be due to scavenging of peroxynitrite. However, the antioxidant
activity of the procyanidins can also be explained by the
scavenging of the initial products released by SIN-1, such as
NO and superoxide anion. Another mechanism may involve the
scavenging of lipid peroxyl radicals formed during the process
of LDL lipid peroxidation initiated by SIN-1. In the case of
ascorbic acid, the repair function rather than the scavenging of
peroxynitrite was demonstrated to be the decisive antioxidant
mechanism (51). Therefore, further experiments are needed to
explain the actual antioxidative activity of the oligomeric
procyanidins.

CONCLUSION

The procyanidin dimers B1-B4, the procyanidin trimer, and
the mixture of oligomers investigated in this study are potent
inhibitors of nNOS activity and SIN-induced oxidation of LDL,
suggesting a potential for dietary procyanidins in preventing
diseases associated with reactive nitrogen or oxygen species.
Procyanidin dimers and (epi)catechin are of interest because
they represent the end-products of acid-catalyzed cleavage of
oligomers in the gastric milieu (52). However, before the
oligomeric proanthocyanidins can be considered important for
the prevention of NO-related disorders such as Alzheimer’s
disease, Parkinson’s disease, stroke, and atherosclerosis, their
bioavailability in the intact animal or in humans has to be

demonstrated. Further studies are also needed to show that
dimers and trimers, once absorbed, can cross the blood-brain
barrier to protect the central nervous system from nitrogen-
reactive species.

ABBREVIATIONS USED

CT, catechin; EC, epicatechin; EG, epigallocatechin gallate;
LDL, low-density lipoprotein; nNOS, neuronal nitric oxide
synthase; PC, a mixture of oligomeric procyanidins; SIN, 1,3-
morpholinosydnonimine; TR, epicatechin-(4âf8)-catechin-
(4Rf8)-catechin; TBARS, thiobarbituric acid-reactive sub-
stances.

ACKNOWLEDGMENT

We are grateful to Marilyn C. Henderson and Chelsea Johnston
for their technical assistance in carrying out the antioxidant
assays. Human LDL was kindly provided by the Linus Pauling
Institute, Oregon State University.

LITERATURE CITED

(1) Bravo, L. Polyphenols: chemistry, dietary sources, metabolism,
and nutritional significance.Nutr. ReV.1998,56, 317-333.

(2) Fine, A. M. Oligomeric proanthocyanidin complexes: history,
structure, and phytopharmaceutical applications.Altern. Med.
ReV.2000,5, 144-151.

(3) Neve, R. A.Hops; Chapman and Hall: London, 1991.
(4) Bagchi, D.; Bagchi, M.; Stohs, S. J.; Das, D. K.; Ray, S. D.;

Kuszynski, C. A.; Joshi, S. S.; Pruess, H. G. Free radicals and
grape seed proanthocyanidin extract: importance in human health
and disease prevention.Toxicology2000,148, 187-197.

(5) Plumb, G. W.; De Pascual-Teresa, S.; Santos-Buelga, C.;
Cheynier, V.; Williamson, G. Antioxidant properties of catechins
and proanthocyanidins: effect of polymerisation, galloylation
and glycosylation.Free Radical Res.1998,29, 351-358.

(6) Packer, L.; Rimbach, G.; Virgili, F. Antioxidant activity and
biologic properties of a procyanidin-rich extract from pine (Pinus
maritima) bark, pycnogenol.Free Radical Biol. Med.1999,27,
704-724.

(7) Sanbongi, C.; Suzuki, N.; Sakane, T. Polyphenols in chocolate,
which have antioxidant activity, modulate immune functions in
humans in vitro.Cell Immunol.1997,177, 129-136.

(8) Lotito, S. B.; Actis-Goretta, L.; Renart, M. L.; Caligiuri, M.;
Rein, D.; Schmitz, H. H.; Steinberg F. M.; Keen, C. L.; Fraga,
C. G. Influence of oligomer chain length on the antioxidant
activity of procyanidins.Biochem. Biophys. Res. Commun.2000,
276, 945-951.

(9) Bors, W.; Michel, C.; Stettmaier, K. Electron paramagnetic
resonance studies of radical species of proanthocyanidins and
gallate esters.Arch. Biochem. Biophys.2000,374, 347-355.

(10) Virgili, F.; Kobuchi, H.; Packer, L. Procyanidins extracted from
Pinus maritima(Pycnogenol): scavengers of free radical species
and modulators of nitrogen monoxide metabolism in activated
murine RAW 264.7 macrophages.Free Radical Biol. Med.1998,
24, 1120-1129.

(11) Rimbach, G.; Virgili, F.; Park, Y. C.; Packer, L. Effect of
procyanidins fromPinus maritima on glutathione levels in
endothelial cells challenged by 3-morpholinosydnonimine or
activated macrophages.Redox Rep.1999,4, 171-177.

(12) Maffei Facino, R.; Carini, M.; Aldini, G.; Bombardelli, E.;
Morazzoni, P.; Morelli, R. Free radicals scavenging action and
anti-enzyme activities of procyanidines fromVitis Vinifera. A
mechanism for their capillary protective action.Arzneimittelfor-
schung1994,44, 592-601.

(13) Arteel, G. E.; Sies, H. Protection against peroxynitrite by cocoa
polyphenol oligomers.FEBS Lett.1999,462, 167-170.

(14) Wang, J. N.; Chen, Y. J.; Hano, Y.; Nomura, T.; Tan, R. X.
Antioxidant activity of polyphenols from seeds ofVitis amurensis
in vitro. Acta Pharmacol. Sin.200021, 633-636.

3442 J. Agric. Food Chem., Vol. 50, No. 12, 2002 Stevens et al.



(15) Bredt, D. S. Endogenous nitric oxide synthesis: biological
functions and pathophysiology.Free Radical Res. 1999, 31,
577-596.

(16) Gu, H. M.; Zeng, J. X.; Zhao, X. N.; Zhang, Z. X. The role of
NO and B-50 in neurotoxicity of excitatory amino acids.J. Basic
Clin. Physiol. Pharmacol.1999,10, 327-336.

(17) Nowicki, J. P.; Duval, D.; Poignet, H.; Scatton, B. Nitric oxide
mediates neuronal death after focal cerebral ischemia in the
mouse.Eur. J. Pharmacol.1991,204, 339-340.

(18) Ducrocq, C.; Blanchard, B.; Pignatelli, B.; Ohshima, H. Perox-
ynitrite: an endogenous oxidizing and nitrating agent.Cell Mol.
Life Sci.1999,55, 1068-1077.

(19) Keefer, L. K.; Wink, D. DNA damage and nitric oxide (NO) in
the carcinogenic process.AdV. Exp. Med. Biol.1996,387, 177-
185.

(20) Torreilles, F.; Salman-Tabcheh, S.; Guerin, M.; Torreilles, J.
Neurodegenerative disorders: the role of peroxynitrite.Brain
Res. ReV.1999,30, 153-163.

(21) Chabrier, P. E.; Demerle-Pallardy, C.; August, M. Nitric oxide
synthases: targets for therapeutic strategies in neurological
diseases.Cell. Mol. Life Sci.1999,55, 1029-1035.

(22) Floyd, R. A. Antioxidants, oxidative stress, and degenerative
neurological disorders.Proc. Soc. Exp. Biol. Med. 1999,222,
236-245.

(23) Hobbs, A. J.; Higgs, A.; Moncada, S. Inhibition of nitric oxide
synthase as a potential therapeutic target.Annu. ReV. Pharmacol.
Toxicol.1999,39, 191-220.

(24) Chan, M. M.; Fong, D.; Ho, C. T.; Huang, H. I. Inhibition of
inducible nitric oxide synthase gene expression and enzyme
activity by epigallocatechin gallate, a natural product from green
tea.Biochem. Pharmacol.1997,54, 1281-1286.

(25) Kobuchi, H.; Virgili, F.; Packer, L. Assay of inducible form of
nitric oxide synthase activity: effect of flavonoids and plant
extracts.Methods Enzymol.1999,301, 504-513.

(26) Krol, W.; Czuba, Z. P.; Threadgill, M. D.; Cunningham, B. D.;
Pietsz, G. Inhibition of nitric oxide (NO) production in murine
macrophages by flavones.Biochem. Pharmacol. 1995, 50, 1031-
1035.

(27) Chiesi, M.; Schwaller, R. Inhibition of constitutive endothelial
NO-synthase activity by tannin and quercetin.Biochem. Phar-
macol.1995,49, 495-501.

(28) Moini, H.; Guo, Q.; Packer, L. Protein binding of procyanidins:
studies using polyacrylamide gel electrophoresis and French
maritime pine bark extract.Methods Enzymol.2001335, 333-
337.

(29) Moini, H.; Guo, Q.; Packer, L. Enzyme inhibition and protein-
binding action of the procyanidin-rich french maritime pine bark
extract, pycnogenol: effect on xanthine oxidase.J. Agric. Food
Chem.2000,48, 5630-5639.

(30) Dawson, T. M.; Dawson, V. L. Generation of isoform-specific
antibodies to nitric oxide synthases.Methods Enzymol.1996,
268, 349-358.

(31) Muchmore, D. C.; McIntosh, L. P.; Russell, C. B.; Anderson,
D. E.; Dahlquist, F. W. Expression and nitrogen-15 labeling of
proteins for proton and nitrogen-15 nuclear magnetic resonance.
Methods Enzymol.1989,177, 44-73.

(32) Gerber, N. C.; Ortiz de Montellano, P. R. Neuronal nitric oxide
synthase. Expression inEscherichia coli, irreversible inhibition
by phenyldiazene, and active site topology.J. Biol. Chem. 1995,
270, 17791-17796.

(33) Peterson, G. L. Determination of total protein.Methods Enzymol.
1983,91, 95-119.

(34) Thomas, S. R.; Davies, M. J.; Stocker, R. Oxidation and
antioxidation of human low-density lipoprotein and plasma
exposed to 3-morpholinosydnonimine and reagent peroxynitrite.
Chem. Res. Toxicol.1998,11, 484-494.

(35) Miranda, C. L.; Stevens, J. F.; Ivanov, V.; McCall, M.; Frei, B.;
Deinzer, M. L.; Buhler, D. R. Antioxidant and prooxidant actions
of prenylated and nonprenylated chalcones and flavanones in
vitro. J. Agric. Food Chem.2000,48, 3876-3884.

(36) Kolodziej, H. Synthesis and characterization of procyanidin
dimers as their peracetates and octamethyl ether diacetates.
Phytochemistry1986,25, 1209-1215.

(37) Ricardo da Silva, J. M.; Rigaud, J.; Cheynier, V.; Cheminat,
A.; Moutounet, M. Procyanidin dimers and trimers from grape
seeds.Phytochemistry1991,30, 1259-1264.

(38) Stevens, J. F.; Deinzer, M. L. Application of ESI-MS and HPLC-
APCI-MS(-MS) in the structure elucidation of condensed tannins.
Proceedings of the 45th American Society of Mass Spectrometry
Conference on Mass Spectrometry and Allied Topics. Palm
Springs, California, June 1-5, 1997.

(39) Barofsky, D. F. InChemistry and Significance of Condensed
Tannins; Hemmingway, R. W., Karchesy, J. J., Eds.; Plenum
Press: New York, 1989; p 175 ff.

(40) Pannala, A. S.; Rice-Evans, C.; Sampson, J.; Singh, S. Interaction
of peroxynitrite with carotenoids and tocopherols within low-
density lipoprotein.FEBS Lett.1998,423, 297-301.

(41) Prior, R. L.; Lazarus, S. A.; Cao, G.; Muccitelli, H.; Hammer-
stone, J. F. Identification of procyanidins and anthocyanins in
blueberries and cranberries (Vacciniumspp.) using high-
performance liquid chromatography/mass spectrometry.J. Agric.
Food Chem.2001,49, 1270-1276.

(42) Roychowdhury, S.; Wolf, G.; Keilhoff, G.; Bagchi, D.; Horn,
T. Protection of primary glial cells by grape seed proanthocya-
nidin extract against nitrosative/oxidative stress.Nitric Oxide
2001,5, 137-149.

(43) Fitzpatrick, D. F.; Fleming, R. C.; Bing, B.; Maggi, D. A.;
O’Malley, R. M. Isolation and characterization of endothelium-
dependent vasorelaxing compounds from grape seeds.J. Agric.
Food Chem.2000,48, 6384-6390.

(44) Kim, H. K.; Cheon, B. S.; Kim, Y. H.; Kim, S. Y.; Kim, H. P.
Effects of naturally occurring flavonoids on nitric oxide produc-
tion in the macrophage cell line RAW 264.7 and their structure-
activity relationships.Biochem. Pharmacol.1999,58, 759-765.

(45) Alderton, W. K.; Cooper, C. E.; Knowles, R. G. Nitric oxide
synthases: structure, function and inhibition.Biochem. J.2001,
357, 593-615.

(46) Christen, S.; Woodall, A. A.; Shigenaga, M. K.; Southwell-Keely,
P. T. Duncan, M. W.; Ames, B. N.γ-Tocopherol traps mutagenic
electrophiles such as NOx and complementsR-tocopherol:
physiological implications.Proc. Natl. Acad. Sci. U. S. A. 1997,
94, 3217-3222.

(47) Salah, N.; Miller, N. J.; Paganga, G.; Tijburg, L.; Bolwell, G.
P.; Rice-Evans, C. Polyphenolic flavanols as scavengers of
aqueous phase radicals and as chain-breaking antioxidants.Arch.
Biochem. Biophys.1995,322, 339-346.

(48) Yokozawa, T.; Chen, C. P.; Tanaka, T. Direct scavenging of
nitric oxide by traditional crude drugs.Phytomedicine2000,6,
453-463.

(49) Saint-Cricq De Gaulejac, N.; Provost, C.; Vivas, N. Comparative
study of polyphenol scavenging activities assessed by different
methods.J. Agric. Food Chem.1999,47, 425-431.

(50) Hogg, N.; Darley-Usmar, V. M.; Wilson, M. T.; Moncada, S.
The oxidation ofR-tocopherol in human low-density lipoprotein
by the simultaneous generation of superoxide and nitric oxide.
FEBS Lett.1993,326, 199-203.

(51) Kirsch, M.; de Groot, H. Ascorbate is a potent antioxidant against
peroxynitrite-induced oxidation reactions. Evidence that ascorbate
acts by rereducing substrate radicals produced by peroxynitrite.
J. Biol. Chem.2000,275, 16702-16708.

(52) Spencer, J. P. E.; Chaudry, F.; Pannala, A. S.; Srai, K.; Debnam,
E.; Rice-Evans, C. Decomposition of cocoa procyanidins in the
gastric milieu.Biochem. Biophys. Res. Commun.2000, 272,
236-241.

Received for review December 10, 2001. Revised manuscript received
April 8, 2002. Accepted April 10, 2002. This work was supported by
the Hop Research Council, the Anheuser-Busch Companies, and by
NIH grant ES00210.

JF0116202

Hop Proanthocyanidins J. Agric. Food Chem., Vol. 50, No. 12, 2002 3443


