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The transmigration and extravasation of leukocytes across the endothelium that lines the vessel wall

occurs in distinct multisteps first comprising rolling of the leukocytes over the endothelial cells,

resulting in a tightly controlled and very complex system of leukocyte trafficking and transmigration.

Vascular endothelial cells are an important target of proinflammatory cytokines modulating many

genes involved in cell adhesion, thrombosis, and inflammatory responses. This study examined

whether enzogenol blunts transendothelial migration of monocytes through tumor necrosis factor

(TNF)-R-activated human umbilical vein endothelial cells (HUVEC). HUVECs were incubated with

10 ng/mL TNF-R for 6 h in the absence and presence of 5-50 μg/mL enzogenol. Expression of

protein and mRNA of adhesion molecules in HUVEC were measured with Western blot analysis and

reverse transcriptase polymerase chain reaction (RT-PCR) assay. Monocytic THP-1 cell adhesion

and transmigration were examined by calcein AM-staining and matrix metalloproteinase-9 (MMP-9)

activity measured by gelatin zymography. Intracellular localization of nuclear factor-kappa B (NF-κB)

p65 revealed involvement of NF-κB signaling. TNF-R markedly induced protein expression of cell

adhesion molecule and E-selectin with increasing mRNA levels in HUVEC. Nontoxic enzogenol at

5-25 μg/mL attenuated the expression of all adhesion molecules in a dose-dependent fashion.

Consistently, enzogenol suppressed the enhanced THP-1 cell adhesion onto TNF-R-activated
HUVEC through diminishing integrin β2 induction. In TNF-R-activated HUVEC were observed IκB

dissociation and NF-κB nuclear translocation, which was ameliorated by enzogenol. Furthermore,

enzogenol hampered the transendothelial migration of THP-1 cells by increasing MMP-9 secretion

and activity. Blunting induction of cell adhesion molecules by enzogenol was mediated by their

interference with the NF-κB-dependent transcription pathways. Thus, enzogenol may have thera-

peutic potential targeting inflammatory response-associated atherosclerosis.

KEYWORDS: Adhesion molecules; enzogenol; NF-κB; transendothelial migration

INTRODUCTION

Atherosclerosis is a chronic and progressive immune-
inflammatory disease leading to advanced cardiovascular dis-
eases such as coronary thrombosis, myocardial infarction, and
stroke. Leukocyte transmigration begins with a multistep adhe-
sion process that captures leukocytes from circulating blood and
adheres them to the vascular wall. Adhesive selectin molecules
initiate the rollingof leukocytesalong inflamedendothelium(1,2).
The vascular endothelial cells are an important target of pro-
inflammatory cytokine tumor necrosis factor (TNF)-R, in which
itmodulates endothelial expression ofmany genes involved in cell
adhesion, thrombosis, and inflammatory responses (3, 4). Adhe-
sion molecules such as vascular cell adhesion molecule-1
(VCAM-1) and intercellular cell adhesion molecule-1 (ICAM-1)
have been shown to play an important role in the induction of

inflammation (5). Extravasation of circulating leukocytes re-
quires the secretion ofmatrix-degrading enzymes,matrixmetallo-
proteinases (MMP), which allow leukocytes to penetrate the
vessel wall into the extracellular matrix. It has been suggested
thatMMP-9 is involved in the disruption of basement membrane
required for the process of monocytes transmigration (6, 7).

Flavonoids are found as flavonols, flavones, flavanols, flava-
nones, and proanthocyanidines in a large number of plants.
Flavonoids are known to have antioxidant, antitumor, anti-
angiogenic, anti-inflammatory, and antiallergic activities (8-10).
Flavonoids act as anti-inflammatory agents to inhibit expression
of cell adhesionmolecules andmatrixmetalloproteinases (11,12).
In our previous study (11), flavones inhibited TNF-R-induced
expression of VCAM-1, ICAM-1, and E-selectin at the transcrip-
tional levels. It was shown that grape seed proanthocyanidin
extract inhibited agonist-inducedVCAM-1 expressionnot through
a nuclear factor-kappa B (NF-κB)-dependent pathway (13). How-
ever, a polyphenol-rich pomegranate fruit extract suppressed
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expression of proinflammatory cytokines by inhibiting the activa-
tion of mitogen-activated protein kinase (MAPK) and NF-κB in
activated human mast cells and basophils (14). Cinnamon poly-
phenol extract affected immune responses by regulating anti- and
proinflammatory and glucose transporter gene expression in
mouse macrophages (15).

Enzogenol (New Directions, Sydney, Australia) is a commer-
cially available proanthocyanidins-rich bioflavonoid extract deri-
ved from the pine bark of New Zealand Pinus radiate trees (16).
Enzogenol is a polyphenolic mixture of natural constituents
extracted from the pine bark (Figure 1A). In addition, over 30
components have been positively identified as bioactive constitu-
ents present in enzogenol (17). Major components present in
enzogenol are known to be procyanidin dimers, trimers, oligomers,
and polymers formed from catechin and epicatechin (Figure 1B),
flavonoids such as catechin and taxifolin, and phenolic acids (17).
The superoxide scavenging activity of enzogenol was much more
effective as an antioxidant than ascorbic acid under aqueous
conditions (18 ). Dietary pine bark extract reduced develop-
ment of atherosclerotic lesions in male apolipoprotein E (apoE)-
deficient mice by lowering the serum cholesterol level, suggesting
antiatherogenic effects (19).Much research has been conducted on
pine bark extract pycnozenol derived European maritime pine
(Pinus maritime). French maritime pine bark extract pycnogenol
exhibited anti-inflammatory and platelet-inhibitory effects by
inhibiting activity of cyclooxygenaseCOX-1 andCOX-2 in human
plasma (20).

On the basis of the existing data on pine bark extract, the present
study assessed antiatherogenic properties of enzogenol with respect

to themonocyte traffickingon theactivated endothelium.This study
examined that enzogenol could attenuate expression of cell adhesion
molecules in the leukocyte-endothelium interaction system activated
by TNF-R. It tested the possibility that NF-κB-dependent mecha-
nism(s) are involved in enzogenol-mediated down-regulation of
expression of cell adhesion molecules in human umbilical vein
endothelial cells (HUVEC). Furthermore, the leukocyte extravasa-
tion was elucidated by measuring MMP activity and monocyte
transmigration of human monocytic THP-1 cells.

MATERIALS AND METHODS

Materials. M199, RPMI-1640, gelatin, and MTT were obtained
from Sigma-Aldrich Chemical (St. Louis,MO), as were all other reagents,
unless specifically stated elsewhere. Fetal bovine serum (FBS), penicillin-
streptomycin, trypsin-EDTA, human epidermal growth factor, and hydrocor-
tisone were purchased from Cambrex (East Rutherford, NJ). Human
monocytic leukemic cell line THP-1 was obtained from American Type
Culture Collection (Manassas, VA). Tumor necrosis factor (TNF)-R was
obtained from Roche Molecular Biochemicals (Mannheim, Germany).
Antibodies against human vascular cell adhesion molecule-1 (VCAM-1),
human intracellular cell adhesion molecule-1 (ICAM-1), human platelet
endothelial cell adhesion molecule-1 (PECAM-1), and human integrin
β2, human nuclear factor (NF)-κB were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Human IκBR and phospho-IκBR
(ser 32) were obtained from Cell signaling Technology (Beverly, MA).
Human β-actin antibody was purchased from Sigma Chemicals. Horse-
radish peroxidase-conjugated goat antirabbit IgG, donkey antigoat IgG
and goat antimouse IgG were obtained from Jackson ImmunoResearch
Laboratories (West Grove, PA). Reverse transcriptase and Taq DNA
polymerase were purchased from Promega (Madison, WI).

Figure 1. Major components of enzogenol (A) and structure of oligo- and poly- proanthocyanidins formed from catechin and epicatechin (B). Information for
major component profiles of enzogenol was provided from New Directions (Sydney, Australia), where it was shown that enzogenol contained 76-84%
proanthocyanidin oligomers/polymers (%mass). HUVEC viability wasmeasured using an 3-(4,5-dimetylthiazol-yl)-diphenyl tetrazolium bromide (MTT) assay
after 24 h-culture with 5-50 μg/mL enzogenol and 10 ng/mL TNF-R (C). Values aremeans( SEM, n = 3, expressed as percent cell survival relative to TNF-
R- and enzogenol-untreated controls (viability = 100%). Values not sharing a letter are different at P < 0.05.
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Preparation and Culture of HUVEC. HUVEC were isolated from
human umbilical cords using collagenase as described elsewhere (21).
Human umbilical cords were obtained from the Department of Obstetrics
andGynecology, Chuncheon SacredHeartHospital (Chuncheon,Korea).
Cells were cultured in 25 mM HEPES-buffered M199 containing 10%
FBS, 2 mM glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin
supplemented with 0.075 mg/mL human epidermal growth factor and
0.075 mg/mL hydrocortisone. Cultures were maintained at 37 �C humi-
dified atmospheres of 5%CO2 in air. Endothelial cells, confirmed by their
cobblestone morphology, were passaged at confluence and used within
10 passages.

HUVEC were plated at 90-95% confluence in all experiments. In
experiments for the TNF-R-induced expression of ICAM-1 andVCAM-1,
cells were incubated for 18 h with 0-25 μg/mL enzogenol prior to
an exposure to 10 ng/mL TNF-R for 6 h. It was previously shown that
TNF-R-activated HUVEC induced VCAM-1 and ICAM-1 with peak
expression at 6 h (22).

Cell Viability Assay. At the end of the incubation with enzogenol in
the absence and presence of TNF-R, an MTT assay was carried out to
quantify cellular viability. HUVEC were incubated in a fresh medium
containing 1 mg/mLMTT for 3 h at 37 �C. The purple formazan product
was dissolved in 0.5 mL of isopropanol with gentle shaking. Absorbance
of formazan was measured at λ = 570 nm using Bio-Rad model 550
microplate reader (Hercules, CA). Nontoxic concentrations of enzogenol
were e25 μg/mL in 24 h-culture experiments.

Culture of THP-1 Monocytes and in Vitro Cell Adhesion Assay.

HUVECwere grown in 25mMHEPES-bufferedM199 at density of 7.0�
104 cells on 24-well glass chamber slides. THP-1 cells were labeled with
5μMcalcein-AM(Molecular Probes, Eugene,OR) inRPMI1640medium
containing 10% FBS. HUVEC were pretreated with 0-25 μg/mL enzo-
genol and exposed to 10 ng/mL TNF-R for 6 h. For the coculture experi-
ments, the calcein-AM-labeled THP-1 cells were seeded at a density of 5.0�
105 cells/mL on enzogenol-treated and TNF-R-activated HUVEC and
incubated for 1 h. After the cocultured cells were thoroughly washed with
phosphate buffered saline, photograph images were obtained at 485 nm
excitation and 538 nm emission using a SPOT II digital camera-attached
fluorescence microscope (Diagnostic Instrument, Livingston, Scotland).

Protein Isolation and Western Blot Analysis. After culture proto-
cols, whole HUVEC lysates were prepared in 1 M Tris-HCl (pH 6.8) lysis
buffer containing 10% SDS, 1% β-glycerophosphate, 0.1 M Na3VO4,
0.5 M NaF, and protease inhibitor cocktail. Cell lysates containing equal
protein amounts were electrophoresed on 8-10% SDS-PAGE and
transferred onto a nitrocellulose membrane. Nonspecific binding was
blocked by soaking the membrane in TBS-T buffer [0.5 M Tris-HCl (pH
7.5), 1.5 MNaCl, and 0.1%Tween 20] containing 5% nonfat dry milk for
3 h. The membrane was incubated for overnight with primary antibodies
of antihuman ICAM-1 and antihuman VCAM-1. After three washes with
TBS-T buffer, the membrane was then incubated for 1 h with goat
antirabbit IgG, donkey antigoat IgG, or goat antimouse IgG horseradish
peroxidase. The levels of ICAM-1 andVCAM-1 proteins were determined
by using Supersignal West Pico chemiluminescence detection reagents
(Pierce Biotechnology, Rockford, IL) and AGFA medical X-ray film
(Gevaert, Belgium). Incubationwith antihumanβ-actinwas performed for
the comparative control.

Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)
Analysis. Total RNA was isolated from HUVEC using a commercially
available Trizol reagent kit (Invitrogen, Carlsbad, CA). The RNA (5 μg)
was reversibly transcribed with 200 units of reverse transcriptase and
0.5μg/μLoligo-(dT)15 primer (BioneerCo.,Korea).The expressions of the
mRNA transcripts of ICAM-1 (forward primer: 50-GGTGACGCT-
GAATGGGGTTCC-30, reverse primer: 50- GTCCTCATGGTGGGGC-
TATGACTC-30), VCAM-1 (forward primer: 50-ATGCCTGGGAAGA-
TGGTCGTGA- 30, reverse primer: 50- TGGAGCTGGTAGACCC TC-
GCTG-30), E-selectin (forward primer: 50-ATCATCCTGCAACTTCA-
CC-30, reverse primer: 50-ACACCTCACCAAACCCTTC-30), and β-actin
(forward primer: 50-GACTACCTCATGAAG ATC-30, reverse primer:
50-GATCCACATCTGCTGGAA-30) were evaluated by RT-PCR as
previously described (11). The PCR was performed in 25 μL of 10 mM
Tris-HCl (pH 9.0), 25 mM MgCl2, 10 mM dNTP, 5 units of Taq DNA
polymerase, and 10 μMof each primer and terminated by heating at 94 �C
for 10 min. After thermocycling and electrophoresis of the PCR products

(25 μL) on 1% agarose gel, the bands were visualized using a TFX-20 M
model-UV transilluminator (Vilber-Lourmat, France), and gel photo-
graphswere obtained. The absence of contaminants was routinely checked
by the RT-PCR assay of negative control samples without a primer
addition.

Gelatin Zymography. Gelatin zymography of MMP-9 was per-
formed as previously described with minor modification (21). Briefly,
the culture supernatants were subject to electrophoresis on 10%
SDS-PAGE (0.3 M Tris-HCL, pH 6.8, 4% SDS, 20% glycerol, 0.03%
bromophenol blue) copolymerized with 1% gelatin as the substrate. After
electrophoresis was terminated, the gel was incubated for 1 h at 37 �C in a
2.5% Triton X-100 solution, washed in 50 mM Tris-HCl buffer (pH 7.5)
for 30min, and incubated for 20 h in incubation buffer containing 200mM
NaCl, 10 mM CaCl2 and 0.05% Brij-35. The gel were stained with 0.1%
Coomassie Brilliant Blue G-250, 2% acetic acid, and 45% methanol, and
then destained in a solution with 30% methanol and 10% acetic acid.

Immunocytochemistry. After HUVEC challenged with 10 ng/mL
TNF-R were thoroughly washed with TBS and fixed with 4% formalde-
hyde for 15min, cells were incubated for 1 h with 4%FBS in TBS to block
any nonspecific binding. After washing with TBS, polyclonal rabbit
antihuman NF-κB p65 was added to cells and incubated overnight at
4 �C. Cells were washed with TBS and incubated with a cyanine
3-conjugated goat antirabbit IgG as a secondary antibody. Fluorescent
images were obtained by a fluorescence microscope.

Measurement of THP-1 Monocyte Transmigration. The experi-
mental models for the monocyte transmigration employed 24-transwell
inserts with pore sizes of 8 μm(Corning Incorporation,Corning,NY). The
lower surface of the insert filter was coated with 10 μL of 1 mg/mL gelatin
solution and dried for 1 h. The calcein AM-labeled THP-1 cells (1 � 106

cells/mL) in serum-freeRPMI 1640were loaded in the upper compartment
of the transwell inserts. These cells were treated with 25 μg/mL enzogenol
and exposed to 10 ng/mL TNF-R for 24 h. Microscopic images were
obtained using fluorescence microscopy (three independent experiments).
Original magnification, 200�. For the quantification of transendothelial
migration, the calcein-AM fluorescent intensity was measured at 485 nm
excitation and 538 nm emission by using a FluoroskanELISA plate reader
(Labsystem Oy, Helsinki, Finland).

Data Analysis. The results are presented as mean ( SEM for
each treatment group in each experiment. Statistical analyses were con-
ducted using the Statistical Analysis Systems statistical software package
(SAS Institute, Cary, NC). Significance was determined by one-way
ANOVA followed by Duncan multiple range test for multiple comparis-
ons. P values < 0.05 were considered statistically significant.

RESULTS

Effects of Enzogenol on Endothelial Cytotoxicity. To examine
HUVEC toxicity of enzogenol, theMTT analysis was performed.
When enzogenol in concentrations between 1 and 50 μg/mL was
added to TNF-R-activated HUVEC, the viability was not sig-
nificantly influenced at e25 μg/mL (Figure 1C). Accordingly,
nontoxic enzogenol at 5-25 μg/mLwas employed in experiments
for the transendothelial migration of monocytes.

Inhibitory Effects of Enzogenol on Expression of Adhesion

Molecules.Westernblot analysiswasperformed toaddresswhether
enzogenol inhibited the induction of ICAM-1, VCAM-1, and
E-selectin triggered by TNF-R. There was no or relatively weak
expression of all three adhesion molecules in quiescent cells
(Figure 2A). Expression of these adhesion molecule proteins was
greatly elevated in TNF-R-stimulatedHUVEC.When 5-25 μg/mL
enzogenol was added, the enhanced expression of ICAM-1,
VCAM-1, and E-selectin was inhibited substantially but yet not
fully in a dose-dependent manner. These results imply that
enzogenol may block leukocyte trafficking in response to inflam-
matorymediators by inhibiting induction of endothelial adhesion
molecules.

This study attempted to elucidate that enzogenol treatment
might inhibit mononuclear leukocyte recruitment on the TNF-
R-induced vascular endothelium. The in vitro adhesion assay of
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monocytes to HUVEC using a calcein-AM staining technique
supported this hypothesis. A small number ofmonocytes adhered
to quiescent HUVEC free of TNF-R (Figure 2B). There was
heavy staining on the HUVEC exposed to TNF-R alone for 6 h,
indicative of a marked increase in THP-1 adherence to the
activatedHUVEC.However, adding enzogenol at nontoxic doses
of 5-25 μg/mL to TNF-R-exposed cells attenuated themonocyte
adherence markedly in a dose-dependent manner (Figure 2B). It
should be noted that g10 μg/mL enzogenol was effective in
inhibiting leukocyte adhesion to TNF-R-activated endothelium.
Accordingly, the Western blot data (Figure 2A) supported the in
vitro adhesion results (Figure 2B).

PECAM-1, concentrated in the junctions between endothelial
cells, mediates adhesive interactions required during trans-
migration (23). This study investigated whether TNF-R can
induce another adhesion molecule PECAM-1 and the induction
can be inhibited by treating enzogenol. The PECAM-1 expression
was enhanced in TNF-R-stimulated HUVEC, which was con-
siderably retarded by 25 μg/mL enzogenol (Figure 3A). It was
deemed that enzogenol may block monocyte transmigration
following the tight adhesion.

PECAM-1 is also expressed on the surfaces of monocytes and
neutrophils (23). This study showed that enzogenol at 25 μg/mL
reduced the PECAM-1 induction of THP-1 cells exposed to
TNF-R (Figure 3A), indicating that theTHP-1 cell transmigration
was inhibited over the intercellular junction. The tight adhesion is
known to be mediated by the leukocyte integrins and their
endothelial cell counter-receptors (24). In this study, enzogenol
repressed the integrin β2 induction of THP-1 cells upregulated by
TNF-R (Figure 3B).

Suppression of Transcription of Adhesion Molecules by Enzo-

genol. There were no signals for the basal mRNA expression of

ICAM-1, VCAM-1, and E-selectin in untreated HUVEC
(Figure 4). In contrast, RT-PCR data showed that the mRNA
levels of VCAM-1, ICAM-1, and E-selectin were greatly en-
hanced in TNF-R-stimulated cells. The mRNA levels of in
enzogenol treated cells were remarkably diminished, suggesting
amarked inhibition of these cell adhesionmolecules by enzogenol
at the transcriptional levels (Figure 4). These observations were
consistent with a substantial attenuation of protein expression of
adhesion molecules by enzogenol (Figure 2A).

Blockade of Cellular Localization and Transactivation of NF-KB
by Enzogenol. We tested whether enzogenol inhibits TNF-R-
induced stimulation of expression of adhesion molecules by
interfering with the transactivation of NF-κB. Following expo-
sure to 10μg/mLTNF-R, IκBRphosphorylation and nuclearNF-
κB p65 increased (Figure 5A). When TNF-R-exposed cells were
treated with 50 μg/mL enzogenol, the IκBR phosphorylation
decreased. Enzogenol mitigated the nuclear level of NF-κB p65
protein, whereas the NF-κB p65 protein in the cytosolic extract
modestly increased. In addition, intracellular localization of
NF-κB p65 in HUVEC was evaluated by fluorescent micro-
scopy using specific NF-κB p65 antibody (Figure 5B). Cytoplas-
mic immunofluorescence staining was observed in untreated
HUVEC, while heavy nuclear staining in cells exposed to TNF-
R alone occurred, indicative of nuclear localization of activated
NF-κBp65 at the single cell level.However, enzogenol- andTNF-
R-treated cells demonstrated the diminished staining level of
nuclear p65.

Inhibition of MMP-9 Activity by Enzogenol in TNF-r-Exposed
THP-1Monocytes.This study examined theMMP-9 activity in
TNF-R-exposed THP-1 monocytes treated with 5-25 μg/mL
enzogenol. In the process of inflammation, MMP-9 plays a
crucial role for migration, extravasation, and infiltration of

Figure 2. Inhibitory effects of enzogenol on cell adhesion molecules expression on (A) and THP-1 monocyte adhesion to TNF-R-activated HUVEC (B).
Western blot data showing effects of enzogenol on expression levels of ICAM-1, VCAM-1, and E-selectin in TNF-R-stimulated HUVEC. After HUVEC culture
protocols, cell lysates were subjected to 8%SDS-PAGE andWestern blot analysis with a primary antibody ICAM-1, VCAM-1, and E-selectin (A). Theβ-actin
protein was used as an internal control. The bar graphs (means( SEM, n = 3) in the right panel represent quantitative results obtained from a densitometer.
Respective values not sharing a letter are different at P < 0.05. Monocyte staining showing inhibition of THP-1 monocyte adhesion to the TNF-R-activation
HUVEC by enzogenol (B). HUVEC were pretreated with and without enzogenol at 5-25 μg/mL for 18 h and then activated with 10 ng/mL TNF-R for 6 h.
HUVEC were cocultured with calcein AM-labeled THP-1 monocytes for 1 h. Microphotographs (three independent experiments) were obtained using a
fluorescence microscopy with fluorecein blue filter. Magnification: 200�.
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immune cells including monocytes (25 ). In THP-1 monocytes
treated with 10 ng/mL TNF-R under serum-free conditions,
the MMP-9 secretion and its gelatinolytic activity in culture
media within 24 h were augmented, as evidenced by Western
blot analysis and gelatin zymography (Figure 6A,B). In con-
trast, enzogenol dose-dependently attenuated MMP-9 secre-
tion and activity up-regulated in TNF-R-exposed THP-1
cells. Additionally, enzogenol at g5 μg/mL abrogated the
elevated gelatinolytic activity of MMP-9 (Figure 6B).

Targeting TNF-r-Activated Transmigration of THP-1 Mono-

cytes by Enzogenol. As MMP facilitate the passage of leukocytes
across matrix barriers, this study tested the hypothesis that
targeting MMP-9 by enzogenol could attenuate transendothelial
migration of THP-1 cells. Labeled monocytes that transmigrated
across the gelatin layer mimicking basement membranes were
collected for 24 h. These monocytes are assumed to have under-
gone the process of diapedesis in addition to being exposed
to MMP-9 and contacting stimulated EC directly. The TNF-
R-activated transmigration of THP-1 monocytes was markedly
augmented by 2.5-fold (Figure 6C). On the contrary, the elevated
transmigration was attenuated in 25 μg/mL enzogenol-treated
THP-1 cells, indicating that enzogenol reduced cytokine-stimulated
monocyte extravasation by suppressing MMP-9 secretion.

DISCUSSION

Polyphenols are shown to delay LDL oxidationmainly through
their antioxidant capacity (26, 27), suggesting that administration
of polyphenols may suppress the progression of atherosclerosis.
Grape powder polyphenols attenuate atherosclerosis development

in apolipoprotein E deficient mice and reduce macrophage ather-
ogenicity by reducing macrophage-mediated oxidation of LDL
and cellular uptake of oxidized LDL (28). Polyphenolsmay inhibit
early events in the atherosclerotic process bymodulatingmonocyte
adhesion and transmigration. The transmigration and extravasa-
tion of leukocytes across the endothelium that lines the vessel wall
occur in distinct multisteps first comprising rolling of the leuko-
cytes over the endothelial cells, resulting in a tightly controlled and
very complex system of cell trafficking. Although definite mecha-
nisms underlying polyphenol protection against early atherogenic
process are not fully understood, they may involve down-regula-
tion of inflammatory cytokines, matrix proteases, and cell adhe-
sion molecules (29-31). In this report employing the leukocyte-
endothelium interaction system activated by proinflammatory
cytokines, the pine bark extract enzogeneol at 10-25 μg/mL
attenuated THP-1 monocyte adhesion to TNF-R-activated endo-
thelial cells, at least in part by an inhibition of expression of
cell adhesion molecules of ICAM-1, VCAM-1, E-selectin, and
PECAM-1, each involved in different successive stages of the
process of leukocyte transmigration (23).

Dietary pine bark extract rich in oligomeric proanthocyanidins
(OPC) exhibited antiatherogenic effects by reducing development
of atherosclerotic lesions in male apoE-deficient mice with low-
ering the serum cholesterol level (19). OPC belonging to a special
family of flavonoids are found in many common foods including
grape seed extract and red wine. Pine bark extracts contain
various flavonoids beside the ubiquitous proanthocyanidins (17).
Pine bark extract enzogenol has been shown to contain a power-
ful antioxidant that helps protect cells from free radical damage

Figure 3. Western blot analysis showing suppression of PECAM-1 expression (A) and integrinβ2 induction (B) by enzogenol inHUVECor THP-1monocytes
exposed to TNF-R. HUVEC and THP-1 cells were pretreated with and without 5-25 μg/mL enzogenol for 18 h and activated with 10 ng/mL TNF-R for 6 h.
After cell culture protocols, Western blot analysis was performed with cell lysates using a primary antibody PECAM-1 and integrin β2 (three independent
experiments). The β-actin protein was used as an internal control. The bar graphs (means ( SEM, n = 3) represent quantitative results obtained from a
densitometer. Respective values not sharing a letter are different at P < 0.05.
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and increases the effectiveness of vitamin C (32). Much research
has been conducted on pine bark extract pycnozenol with anti-
inflammatory actions. Pycnogenol exerted viral myocarditis by
decreasing myocardial infiltration and by suppressing expression
of proinflammatory cytokines and cardiac remodeling genes in
mouse hearts (33). In addition, pycnogenol supplementation
inhibited COX-2 and 5-lipoxygenase gene expression and
alleviated leukotriene biosynthesis in human polymorpho-
nuclear leukocytes upon proinflammatory stimulation ex vivo
(34 ). Similarly, grape seed extract rich in proanthocyanidins
inhibited agonist-induced VCAM-1 expression, suggesting
therapeutic potential in inflammatory conditions (13 ). Red
wine rich in bioflavonoids with OPC has been shown
to protect against atherosclerosis by inhibition of the accu-
mulation of oxidized LDL in atherosclerotic lesions, para-
oxonase elevation, and removal of atherogenic lesions of
apoE-deficient mice (35 ).

The TNF-R-elevated integrin β2 induction, gelatinolytic
MMP-9 activity, and monocyte transmigration of THP-1 were
attenuated by the supplementation of enzogenol, which may
contribute to its atheroprotective actions with respect to pro-
inflammatory cytokine-triggered monocyte extravasation. The
MMP-9 release from human monocytes and NF-κB activation
were significantly inhibited in human plasma after oral intake of
pycnogenol, indicating that itmay exert anti-inflammatory effects
by inhibition of proinflammatory gene expression (36). However,
there have been little anti-inflammatory actions of dietary en-
zogenol reported in terms of interrupting monocyte extravasa-
tion. The findings of this study were consistent with other studies
that have reported potential atheroprotective effects following
supplementation with proanthocyanidins and bioflavonoids.
Treatment of grape seed proanthocyanidin extract down-
regulated the expression of urokinase plasminogen activator and
type 1 plasminogen activator that play vital roles in various
biological processes involving extracellular proteolysis and cell
migration (37). It was reported that green tea catechin extracts
prevent vascular inflammation most likely due to their suppres-
sion of leukocyte adhesion to endothelium and subsequent
transmigration of inflammatory cells (38).

How the cell adhesionmolecule genes are selectivelymodulated
in response to proinflammatory cytokines and which signaling
pathways are involved in the selective regulation of these genes
remain unknown. Clearly, the activation of endothelial expres-
sionof ICAM-1,VCAM-1, andE-selectin byTNF-Rwas blunted
possibly by a novel mechanism(s) responsive to enzogenol.
Transcriptional expression of cell adhesion molecules involved
NF-κB-responsive pathway in the leukocyte-endothelium inter-
action system and such expression was mitigated by enzogenol.
Pomegranate fruit extract rich in polyphenols dampened expres-
sion of proinflammatory cytokines via inhibiting the activation of
MAPK and NF-κB in human mast cells and basophils (14). In
contrast, grape seed proanthocyanidin extract inhibited agonist-
induced VCAM-1 expression not through NF-κB-dependent
pathway (13). In a recent study (39), grape seed proanthocyani-
dins protect cardiomyocytes from ischemia and reperfusion
injury by enhancing nitric oxide (NO) production and increas-
ing Akt-endothelial NO synthase signaling. However, definite
mechanisms underlying the atheroprotection of enzogenol were
not yet fully understood in this study.

In summary, our study demonstrated that the pine bark extract
enzogenol block the early atherogenic process involving endothe-
lial expression of inducible cell adhesionmolecules andmonocyte
secretion ofMMP-9.Consequently, enzogenolmay be effective in
reducing trafficking and extravasation of circulating leukocytes.
Although definite mechanisms underlying the atheroprotection

Figure 5. Effects of enzogenol on phosphorylation of IκB and transloca-
tion of NF-κB p65 in TNF-R-treated HUVEC. HUVEC extracts pretreated
with 5-25 μg/mL enzogenol and exposed to 10 ng/mLTNF-R were
electrophoresed on 8% SDS-PAGE gel, followed by Western blot
analysis with a primary antibody against human IκBR, phospho-IκBR,
and NF-κB p65 (four independent experiments) (A). NF-κB localization
was visualized by binding with a cyanine 3-conjugated secondary antibody
(B). Microscopic images were obtained using fluorescence microscopy
(three independent experiments). Original magnification, 200�.

Figure 4. Reverse transcription polymerase chain reaction data showing
the steady-state mRNA transcriptional levels of ICAM-1, VCAM-1, and
E-selectin in enzogenol-treated and TNF-R-stimulated HUVEC. Confluent
HUVEC were incubated with 25 μg/mL enzogenol for 18 h and exposed to
10 ng/mL TNF-R for 6 h. β-Actin mRNA level was used as an internal
control for coamplification with ICAM-1, VCAM-1, and E-selectin (three
separate experiments).
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of enzogenol against the early atherogenic process are not fully
understood, the expression of cell adhesion molecules in the
leukocyte-endothelium interaction system entailed a NF-κB-
dependent pathway, which may be a pivotal target of the
antiatherogenic actions of enzogenol. Accordingly, these obser-
vations might have clinical implications for therapeutic strategies
preventing and attenuating inflammatory diseases including
atherosclerosis.

ABBREVIATIONS USED

FBS, fetal bovine serum; HUVEC, human umbilical vein
endothelial cells; ICAM-1, intercellular cell adhesion molecule-
1; IκB, inhibitory kappa B; MMP, matrix metalloproteinases;
MTT, 3-(4,5-dimetylthiazol-yl)-diphenyl tetrazolium bromide;
NF-κB, nuclear factor-kappa B; RT-PCR, reverse transcrip-
tase-polymerase chain reaction; TNF, tumor necrosis factor;
VCAM-1, vascular cell adhesion molecule-1

ACKNOWLEDGMENT

This study was supported by a grant from the Ministry
of Knowledge Economy through Technological Development
Project for Regional Strategic Planning, and by the Korea
Research Foundation Grant funded by the Korean Government
(MEST), theRegionalResearchUniversities Program/Medical&
Bio-Materials Research Center.

LITERATURE CITED

(1) Mestas, J.; Ley, K. Monocyte-endothelial cell interactions in the
development of atherosclerosis. Trends Cardiovasc. Med. 2008, 18,
228–232.

(2) Kaplan, M. J. Management of cardiovascular disease risk in chronic
inflammatory disorders. Nat. Rev. Rheum. 2009, 5, 208–217.

(3) Libby, P.; Ridker, P. M.; Maseri, A. Inflammation and athero-
sclerosis. Circulation 2002, 105, 1135–1143.

(4) Ross, R. Atherosclerosis is an inflammatory disease. Am. Heart J.
1999, 138, S419–S420.

(5) Nakashima, Y.; Raines, E.W.; Plump, A. S.; Breslow, J. L.; Ross, R.
Upregulation of VCAM-1 and ICAM-1 at atherosclerosis-prone
sites on the endothelium in the Apo-E-deficient mouse. Arterioscler.
Thromb. Vasc. Biol. 1998, 18, 842–851.

(6) Galis, Z. S.; Sukhova, G. K.; Lark, M. W.; Libby, P. Increased
expression of matrix metalloproteinases and matrix degrading
activity in vulnerable regions of human atherosclerotic plaques.
J. Clin. Invest. 1994, 94, 2493–2503.

(7) Nagaoka, I.; Hirota, S. Increased expression of matrix metallopro-
teinase-9 in neutrophils in glycogen-induced peritoneal inflamma-
tion of guinea pigs. Inflammation Res. 2000, 49, 55–62.

(8) Choi, Y. J.; Kang, J. S.; Park, J. H.; Lee, Y. J.; Choi, J. S.; Kang,
Y.H. Polyphenolic flavonoids differ in their antiapoptotic efficacy in
hydrogen peroxide-treated human vascular endothelial cells. J. Nutr.
2003, 133, 985–991.

(9) Crozier, A.; Jaganath, I. B.; Clifford, M. N. Dietary phenolics:
chemistry, bioavailability and effects on health. Nat. Prod. Rep.
2009, 26, 1001–1043.

Figure 6. Secretion (A) and gelatinolytic activity of MMP-9 (B) and transendothelial migration (C) in TNF-R-exposed THP-1 monocytes. THP-1 monocytes
were treated with 5-25 μg/mL enzogenol overnight prior to an addition of 10 ng/mL TNF-R under serum-free conditions, and continuously incubated for 24 h.
For the secretion of MMP-9 (A), the collected culture media were subject to Western blot analysis with a primary antibody against human MMP-9 (three
independent experiments). For the measurement of MMP-9 activity (B), the collected culture media were subject to electrophoresis on 10% SDS-PAGE
copolymerized by 1% gelatin as the substrate. Gelatinolytic activities were detected as unstained bands against the background of Coomassie blue-stained
gelatin. Gel photographs (three separate experiments) were obtained, and the bar graphs (means( SEM, n = 3) in the bottom panel represent quantitative
results were obtained from a densitometer. Inhibition of TNF-R-induced transendothelial migration of THP-1 monocytes by enzogenol (C). The calcein AM-
labeled THP-1 monocytes were incubated in serum free-RPMI 1640 on a transwell insert with 1 mg/mL gelatin (10 μL)-coated lower surface. Cells were
incubated for 24 h in the presence of 25 μg/mL enzogenol and 10 ng/mL TNF-R. Microphotographs (three independent experiments) were obtained using a
fluorescence microscopy with fluorecein blue filter. Magnification: 100�. The bar graphs were obtained by using a Fluoroscan ELISA plate reader at 485 nm
excitation and 538 nm emission. Values not sharing a letter are different at p < 0.05.

http://pubs.acs.org/action/showImage?doi=10.1021/jf1005287&iName=master.img-005.jpg&w=502&h=282


Article J. Agric. Food Chem., Vol. 58, No. 11, 2010 7095

(10) Bito, T.; Roy, S.; Sen, C. K.; Shirakawa, T; Gotoh, A; Ueda,
M; Ichihashi, M; Packer, L. Flavonoids differentially regulate
IFN gamma-induced ICAM-1 expression in human keratinocytes:
molecular mechanisms of action. FEBS Lett. 2002, 520, 145–152.

(11) Choi, J. S.; Choi, Y. J.; Park, S. H.; Kang, J. S.; Kang, Y. H.
Flavones mitigate tumor necrosis R-induced adhesion molecule
upregulation in cultured human endothelial cells: role of nuclear
factor-κB. J. Nutr. 2004, 134, 1013–1019.

(12) Sartor, L.; Pezzato, E.; Dell’Aica, I.; Caniato, R.; Biggin, S.;
Garbisa, S. Inhibition of matrix-proteases by flavonoids: chemical
insights for anti-inflammatory and anti-invasion drug design. Bio-
chem. Pharmacol. 2002, 64, 229–237.

(13) Sen, C. K.; Bagchi, D. Regulation of inducible adhesion molecule
expression in human endothelial cells by grape seed proanthocyani-
din extract. Mol. Cell. Biochem. 2001, 216, 1–7.

(14) Rasheed, Z.; Akhtar, N.; Anbazhagan, A. N.; Ramamurthy, S.;
Shukla, M.; Haqqi, T.M. Polyphenol-rich pomegranate fruit extract
(POMx) suppresses PMACI-induced expression of pro-inflamma-
tory cytokines by inhibiting the activation of MAP Kinases and
NF-κB in human KU812 cells. J. Inflammation (Lond) 2009, 6, 1–11.

(15) Cao, H.; Urban, J. F., Jr.; Anderson, R. A. Cinnamon polyphenol
extract affects immune responses by regulating anti- and proinflam-
matory and glucose transporter gene expression in mouse macro-
phages. J. Nutr. 2008, 138, 833–840.

(16) Gilmour, I. Fighting free radicals. In The Enzogenol Story; Duncan,
K., Ed.; Auckland New Zealand: The Pacific Scientific Press, 1998;
pp 55-60.

(17) Porter, L. J. Extractives of Pinus radiata bark.N. Z. J. Sci. 1974, 17,
213–218.

(18) Wood, J. E.; Senthilmohan, S. T.; Peskin, A. V. Antioxidant activity
of procyanidin-containing plant extracts at different pHs. Food
Chem. 2002, 77, 155–161.

(19) Sato, M.; Yamada, Y.; Matsuoka, H.; Nakashima, S.; Kamiya, T.;
Ikeguchi, M.; Imaizumi, K. Dietary pine bark extract reduces
atherosclerotic lesion development in male ApoE-deficient mice by
lowering the serum cholesterol level. Biosci. Biotechnol. Biochem.
2009, 73, 1314–1317.
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