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Polyphenols are widely distributed in leaves, seeds, bark, and flowers and considered to have
beneficial effects on cardiovascular health. We hypothesized that the potent antioxidant
properties of pine bark extract (PBE) are exerted by its ability to scavenge free radicals and
induce antioxidant enzymes. Therefore, we investigated the effects of PBE on low-density
lipoprotein (LDL) oxidation and the antioxidant defense system in monocytes. Oxidative
susceptibility of LDL was determined by lag time assay in vitro and by using a human umbilical
vein endothelial cell-mediated oxidation model. THP-1 monocytic cells were treated with PBE,
and the expression of antioxidant enzymes was measured by real-time polymerase chain
reaction and Western blot. Pine bark extract showed radical scavenging ability and
significantly inhibited free radical-induced and endothelial cell-mediated LDL oxidation in
vitro. Pine bark extract treatment resulted in increases in the expressions of antioxidant
enzymes, glutathione peroxidase-1, catalase, and heme oxygenase-1 in THP-1 cells. In
addition, PBE induced nuclear factor-erythroid-2-related factor 2 activation, which was
accompanied by the activation of extracellular signal-regulated kinase and Akt despite a
down-regulation of reactive oxygen species. After the monocyte investigations, we further
examined the antioxidant effect after the intake of PBE by 10 healthy male volunteers. Pine
bark extract significantly prolonged the lag time of LDL oxidation. Based on our findings, it
appears that PBE enhances the antioxidant defense capacity of LDL and monocytes and may
play a preventive role in atherosclerosis progression.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

The oxidation of low-density lipoprotein (LDL), which triggers
foam cell formation and local inflammation, is a well-known
key step in the initiation of atherosclerosis [14]. The pivotal
role of LDL oxidation in atherogenesis suggests that antioxi-
dants may contribute to the prevention of cardiovascular
diseases. Dietary antioxidants such as polyphenols are reported
to prevent LDL oxidation, both in vitro and in vivo [5-9], and
have protective effects against coronary heart disease, as
evidenced by epidemiologic findings [10,11].

In addition to their direct radical scavenging effects,
polyphenols are thought to be able to enhance endogenous
antioxidative capacity. Oxidative stress results from an
imbalance between antioxidants and reactive oxygen species
(ROS), such as superoxide anions, hydrogen peroxide (H,0,),
and hydroxyl radicals. The human body has the ability to
protect itself against oxidative damage with exogenous
antioxidants obtained through the diet as well as endogenous
antioxidant enzymes (eg, superoxide dismutase [SOD], gluta-
thione peroxidase [GPx|, catalase, and heme oxygenase-1
[HO-1]). We, in addition to others, recently found that the
level of LDL oxidation is associated with SOD activity in
metabolic syndrome and in hypercholesterolemic patients
[12,13]. The overexpression of catalase and HO-1 retarded
atherosclerosis progression in apolipoprotein E”~ mice [14,15].
These cytoprotective enzymes share common transcriptional
regulation through the Kelch-like ECH-associated protein
1 (Keapl)/nuclear factor-erythroid-2-related factor 2 (Nrf2)
pathway [16]. A number of studies indicated an association
between polyphenol and antioxidant enzyme expression via
Nrf2 activation in vivo and in various cultured cell lines [17-19].

Monocytes are key cells in the progression of atheroscle-
rosis because they play a regulatory role in the immune
system and can differentiate into macrophages. Moreover,
recent nutrigenomic studies suggested that peripheral blood
mononuclear cells (PBMCs) are a promising target, as they can
reflect the effects of dietary interventions at the level of gene
expression [20].

Pine bark extract (PBE), which was obtained from pine trees
that grow on the west coast of France (Pinus maritima), is used as
a folk medicine for various diseases and is gaining popularity as
a dietary supplement. In addition, its safety and tolerability for
long-term human consumption was already established in a
large study [21,22]. The main component of PBE is oligomeric
proanthocyanidins [23], and studies have already revealed the
antioxidative [24], anti-inflammatory [25], and antiplatelet
effects [26] of PBE. In a clinical study, Devaraj et al [27] reported
that supplementation of PBE (150 mg/d) for 6 weeks was
followed by increased plasma antioxidant capacity in healthy
subjects. Improvements in endothelial dysfunction and the
oxidative index were also observed after supplementation
with PBE (200 mg/d) for 8 weeks in coronary artery disease
patients [28]. Although there are a limited number of clinical
studies, the effects of PBE on the antioxidant defense
capacity of LDL and monocytes have not been properly
evaluated, especially in healthy subjects. We hypothesized that
PBE could have potent antioxidant properties in scavenging free
radicals and inducing antioxidant enzymes. To examine this

possibility, we investigated the effects of PBE on LDL oxidation
and monocytic antioxidant defense systems in vitro and in
healthy human subjects.

2. Methods and materials
2.1. Reagents

PBE, Flavangenol, was provided by Toyo Shinyaku Co, Ltd
(Saga, Japan). Total polyphenol content of PBE powder was
greater than 70%, which consisted of 3.7% proanthocyanidin B1,
1.6% proanthocyanidin B3, 3.0% catechin, 0.23% epicatechin,
and 40.7% unidentified trimer and tetramer-type oligomeric
proanthocyanidin. The powder was dissolved in deionized
water and used in the experiments. Micro BCA Protein Assay Kit
was obtained from Pierce Laboratories (Rockford, IL, USA). M-PER
Protein Extraction Reagent and NE-PER Nuclear and Cytoplasmic
Extraction Reagents were purchased from Thermo Scientific
(Rockford, IL, USA). RPMI 1640 medium, fetal bovine serum, and
penicillin/streptomycin were acquired from GIBCO (Paisley, UK).
Lonza Walkersville (Walkersville, MD, USA) supplied endothelial
cell growth medium-2 and Ham F10. Ammonium chloride
solution was purchased from Stem cell technologies (Vancouver,
Canada). TagMan Reverse Transcription Reagents and Power
SYBR green polymerase chain reaction (PCR) mix were obtained
from Applied Biosystems (Carlsbad, CA, USA). The Histopaque-
1077 and 2',7-dichlorofluorescein-diacetate (DCFH-DA) was
obtained from Sigma-Aldrich (St Louis, MO, USA). All other
chemicals were purchased from Wako Pure Chemicals (Osaka,
Japan), unless specified elsewhere.

2.2. Experimental design

To examine the antioxidant properties of PBE, we measured
total polyphenol content by Folin-Ciocalteu assay (as described
in Section 2.3) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical
scavenging activity (Section 2.4). Low-density lipoprotein
oxidizability (in vitro) was determined by lag time assay using
freshly prepared human LDL (2.6) and a human umbilical vein
endothelial cell (HUVEC)-mediated oxidation model, which was
followed by thiobarbituric acid reactive substance (TBARS)
assay and LDL mobility assay (Section 2.8). The effect of PBE
on monocytic expression of antioxidant enzyme was evaluated
by real-time PCR (Section 2.9) and Western blot analysis
(Section 2.10) in THP-1 cells. The upstream kinase activation
and ROS production were also examined (Section 2.11). In
addition, we conducted a human study to examine the effects
of PBE intake on LDL oxidizability and PBMC’s expression of
antioxidant enzymes (Section 2.12).

2.3.  Polyphenolics analysis

The total polyphenol content was determined by a Folin-
Ciocalteu assay using (+)-catechin as the standard, based on a
previous report [29]. In brief, Folin-Ciocalteu phenol reagent
(Nakaraitesuku Co, Kyoto, Japan) was added to the sample
and incubated in 1.5% NaCOs solution for 2 hours at 20°C, and
the absorbance was then measured at 750 nm.
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2.4. DPPH scavenging activity

We determined free radical-scavenging activity by using
DPPH [29]. An aqueous solution of PBE powder was mixed
with 1 mL of 0.2 mM DPPH in ethanol. After incubation for
20 minutes at 37°C, the absorbance of each solution was
measured at 516 nm using a DU800 spectrophotometer
(Beckman Coulter, Brea, CA, USA). The volume of PBE that
was required to cause a 50% decrease in the absorbance at
516 nm relative to the solvent control was then calculated.

2.5. Preparation of LDL

Fasting normolipidemic adult volunteers provided the blood
samples that were collected in sodium ethylenediamine-
tetraaceticacid (EDTA)-containing tubes. Plasma samples were
immediately prepared by centrifugation, and LDL was separated
by single-spin density gradient ultracentrifugation at 100000
rpm for 40 minutes at 4°C. The LDL protein concentration was
determined using a Micro BCA Protein Assay Kit. All volunteers
provided informed consent prior to sample collection.

2.6. LDL lag time assay

To evaluate the antioxidant effect of the PBE on free radical-
induced LDL lipid peroxidation, we measured LDL oxidizability,
as previously described [30]. The prepared LDL samples (final
concentration of protein: 70 ug/mL) were oxidized by 400 pM (for
the in vitro study) or 200 uM (for the human study) of 2,2-azobis-
4-methoxy-2,4-dimethylvaleronitrile (AMVN-CH;0). The kinetics
of LDL oxidation were determined by monitoring the absorbance
of conjugated dienes at 234 nm, using the DU800 spectropho-
tometer at 4-minute intervals at 37°C.

2.7. Cell cultures

Human umbilical vein endothelial cells were purchased from
Lonza Walkersville. They were cultured in endothelial cell
growth medium-2 and used for experiments at passage 4. The
human monocytic cell line THP-1 was obtained from RIKEN Cell
Bank (Ibaraki, Japan) and cultured in RPMI-1640, which was
supplemented with 10% fetal bovine serum, 100 U/mL penicillin,
and 100 pg/mL streptomycin at 37°C and under 5% CO..

2.8. HUVEC-mediated LDL oxidation assay

The LDL was dialyzed against phosphate-buffered saline (PBS)
at 4°C to remove EDTA. To initiate the endothelial cell-
mediated LDL oxidation, HUVECs were treated with dialyzed
LDL (at the final concentration of 100 pg protein/mlL), in the
absence or presence of 1 to 10 pg/mL PBE, for 24 hours in
Ham F10 medium. After incubation, the medium was collected.
Low-density lipoprotein oxidation was evaluated by measuring
malondialdehyde (MDA) and by examining the electrophoretic
mobility of LDL subjected to agarose gel electrophoresis.
Malondialdehyde was measured by using TBARS assay [31].
The TBARS reagent (15% [wt/vol] trichloroacetic acid, 0.375%
[wt/vol] thiobarbituric acid—0.25 N HCl) was added to the
sample and heated for 10 minutes at 90°C. The absorbance of
reactive products was measured at 535 nm. The results are

expressed in terms of relative MDA content (nmol/mg-LDL
protein), which was calculated using the extinction coefficient
for MDA. To evaluate the change in the surface charge of LDL,
electrophoresis was performed at 400 V for 25 minutes by using
a rapid electrophoresis system; the gels were stained with
CHO/Trig CONBO CH (Helena Laboratories, Saitama, Japan) [32].

2.9. Gene expression analysis in THP-1 cells

THP-1 cells were treated with 0 to 10 ng/mL PBE for 24 hours.
Total cellular RNA was extracted using RNAiso Plus (Takara
Bio, Shiga, Japan). First-strand complementary DNA was
synthesized from the total RNA (2 pg) by using TagMan High
Capacity complementary DNA Reverse Transcription Kit (Life
Technologies Japan, Tokyo). Real-time PCR was performed on
an ABI 7300 cycler (Applied Biosystems, Foster City, CA, USA)
using Power SYBR Green PCR mix (Life Technologies Japan).
The results are expressed as the copy number ratio of the
target messenger RNA (mRNA) to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) mRNA. The primer sequences used
for the analysis of GPx (GPX1), catalase (CAT), and HO-1
(HMOX1) are as described in Table.

2.10. Protein expression analysis in THP-1 cells

THP-1 cells were treated with 0 to 10 ng/mL PBE for the times
indicated below. After treatment, we washed the THP-1 cells
with ice-cold PBS. We then prepared total cell and nuclear
extracts lysates by using a protein extraction reagent and
NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermoscientific, Rockford, IL, USA), which contained 10 pg/mL
leupeptin, 10 pg/mL aprotinin, and 1 mM phenylmethylsulfonyl
fluoride. Aliquots of cellular proteins were electrophoresed on
10% sodium dodecyl sulfate-polyacrylamide gels and transferred
to an Immobilon-P membrane (Millipore, Bedford, MA, USA).
The membrane was probed with the corresponding primary
antibodies: anti-Nrf2 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), anti-catalase (AbFRONTIER, Seoul, Korea), anti-
extracellular signal-regulated kinase (ERK) and anti-Akt
(Cell Signaling Technology, Danvers, NA, USA), anti-HO-1 (Enzo
Life Science, New York, NY, USA), anti-GPx (Assay Biotech,
Sunnyvale, CA, USA), and anti-actin (Sigma-Aldrich); then
followed by incubation with peroxidase-conjugated antirabbit
or mouse IgG secondary antibodies. The detection of specific
proteins was performed by enhanced chemiluminescence. All

Table - List of primer sequence

Gene Sequence (5’ to 3’)

SOD1 Forward: CATCATCAATTTCGAGCAGA
Reverse: GCCACACCATCTTTGTCAGCAG

CAT Forward: TGACCAGGGCATCAAAAACC
Reverse: CGGATTGCCATAGTCAGGATCTT

GPX1 Forward: CTTCGAAAGTGCGAGGTG
Reverse: AAACTTCCAGGCAACATCGT

HMOX1 Forward: TCAACATCCAGCTCTTTGAGGA
Reverse: AGTGTAAGGACCCATCGGAGAA

GAPDH Forward: TGCACCACCAACTGCTTAGC

Reverse: GGCATGGACTGTGGTCATGAG
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signals were detected by the LAS-4000 system (Fujifilm, Tokyo,
Japan) and analyzed by Multi Gauge version 3.0 software.

2.11. Measurement of ROS production in THP-1 cells
THP-1 cells were treated with O to 10 pg/mL PBE for 2 hours.
We measured intracellular ROS production by using DCFH-DA
as the fluorescent probe [33]. THP-1 cells were incubated with
20 pM DCFH-DA for 30 minutes, then treated with fresh media
containing 1 to 10 ng/mL PBE for 2 hours. Fluorescent intensity
was measured by a microplate reader (BioTek Instruments,
Tokyo, Japan) at 485-nm excitation and 528-nm emission.
2.12.  Study design of PBE intake in human subjects

The study group consisted of 10 healthy male volunteers who
ranged in age from 32 to 52 years. The study was approved by the
Ethics Committee of Ochanomizu University and conformed to
the Declaration of Helsinki. All subjects gave their informed
consent to participate in the study. After the subjects fasted for
atleast 12 hours, blood samples were collected between 8:00 and
9:00 am. The subjects then ingested 1.0 g of PBE powder with a
glass of water, and plasma samples were taken at 0.5, 1, 2, and
4 hours after consumption. Low-density lipoprotein was isolated
and oxidized by adding AMVN-CH;0, and lag time, TBARS, and
LDL mobility were determined, as described in Sections 2.6 and
2.8. Peripheral blood mononuclear cells were isolated from the
buffy coat separated by the centrifugation of the blood samples
from the subjects [34]. The cells were carefully layered onto
Histopaque-1077 (Sigma-Aldrich) and centrifuged at 1600 rpm
for 30 minutes at 4°C. The PBMCs were then washed using 2 mM
EDTA-PBS and ammonium chloride solution. SOD1, GPX1, and
CAT mRNA expressions were measured by real-time PCR.

2.13.  Statistical analyses

All data are presented as means + SD. Comparisons between
treatment groups were performed using 1-way analysis of
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variance (ANOVA) with the post hoc test. The within-
subject change from baseline during postprandial period
was analyzed with Dunnett test, after repeated-measures
1-way ANOVA. Differences were considered significant when
P < .05. The statistical analyses were performed using the
GraphPad Prism 5 software package (GraphPad Software, La
Jolla, CA, USA).

3. Results
3.1. Total polyphenol content and radical scavenging
activity of PBE

The total polyphenol content of the PBE powder was 75.7%
(wt/wt). Pine bark extract displayed DPPH radical scavenging
ability (ECsp value was 4.0 pg/mL).

3.2 PBE prevents LDL oxidation in vitro

Fig. 1A shows that the PBE significantly prolonged the LDL
oxidation lag time compared with the solvent control (0.5 pg/mL:
39 + 4 minutes; 1.25 pg/mL: 63 + 4 minutes; 2.5 pg/mL; 103 +
5 minutes; and control: 18 + 2 minutes), indicating an increased
resistance to oxidation of the LDL.

We also examined the inhibitory effect of PBE on LDL
oxidation mediated by endothelial cells. Low-density lipoprotein
was incubated with HUVEC in Ham F10 medium (which contains
Fe?* and Cu?"), in the presence or absence of PBE. The interaction
of LDL with the HUVEC significantly increased TBARS production
(data not shown), whereas PBE significantly inhibited TBARS
production (P <.001; Fig. 1B). We also evaluated the change in the
surface charge of LDL by agarose gel electrophoresis. The
oxidation of LDL could be monitored by comparing the relative
electrophoresis mobility of unmodified and modified LDL. Pine
bark extract suppressed the negative charge of the LDL particles
that resulted from HUVEC incubation, indicating the inhibition of
apolipoprotein B100 modification (P < .001; Fig. 1C).
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Fig. 1 - Effects of PBE on LDL oxidation in vitro LDL (70 pg/mL protein) was incubated with 400 phM AMVN-CH;O in the absence
or presence of PBE at 37°C. A, The lag time for starting LDL oxidation was defined as the time interval between the initiation
and intercept of the 2 tangents drawn to the lag and propagation phase of the absorbance curve at 234 nm. Low-density
lipoprotein was incubated with HUVECs in Ham F10 medium in the presence or absence of PBE for 24 hours. The lipid
oxidation product was assessed by a TBARS assay (B), and the LDL mobility was measured by agarose gel electrophoresis (C).
Values are means * SD (n = 4). **P < .001, compared with untreated control by Tukey test after 1-way ANOVA.
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3.3. PBE induces antioxidant enzyme expression in
THP-1 cells

To clarify the effect on antioxidant enzyme expression in
monocytic cells, we treated THP-1 cells with PBE. As shown in
Fig. 2A, PBE significantly increased the mRNA expressions of
GPX1, CAT, and HMOX1 at 10 ug/mL (by 1.3 + 0.2-fold, 1.5 + 0.3-
fold, and 1.4 + 0.3-fold, respectively). These data correlated
with the increases in the protein expression (Fig. 2B).

3.4. Regulatory effects of PBE on Nrf2, MAPK, and Akt in
THP-1 cells

Nrf2 plays a key role in the regulation of antioxidant enzymes.
To examine whether PBE induced Nrf2 translocation, the
expression levels of Nrf2 in both the cytosolic and nuclear
proteins were analyzed by Western blotting. Pine bark extract
induced the accumulation of Nrf2 in the nuclear protein at
2 hours (Fig. 3A). To examine whether the Nrf2 activation by
PBE is associated with upstream kinase action, we examined
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the activation of Akt and MAPK. Pine bark extract rapidly
stimulated the phosphorylation of Akt and ERK, with peak
induction detected at 30 minutes (Fig. 3B).

3.5 PBE decreases ROS production in THP-1 cells

To examine the oxidative stress condition, we measured the
intracellular ROS production levels. Levels of ROS were signifi-
cantly decreased by PBE in a dose-dependent manner (Fig. 4).

3.6. Antioxidant effects of PBE intake in human subjects

Ten healthy adult subjects consumed 1.0 g of PBE. As shown in
Fig. 5A, the LDL oxidation lag time was prolonged at 0.5, 1, 2, and
4 hours after the ingestion of PBE compared with that before
intake (P < .05, P < .05, P < .05, and P < .01, respectively). The
TBARS production and LDL mobility were not significantly
changed (Fig. 5B, C). These results show that PBE could reduce
LDL oxidizability in human subjects as well as in vitro. Fig. 5D
shows the changes in antioxidant enzyme mRNA expression
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Fig. 2 - Effects of PBE on antioxidant enzyme expressions. THP-1 cells were incubated with 0 to 10 pg/mL PBE for 24 hours. GPX1,
CAT, and HMOX1 mRNA expressions were measured by real-time reverse transcriptase PCR. A, Values are means = SD (n = 4).
*P < .05, compared with untreated control by Tukey test after 1-way ANOVA. Protein expressions were measured by Western
blot assay. Equal loading of proteins was confirmed with total actin antibody. B, Representative blot experiments are shown.
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Fig. 3 - Effects of PBE on Nrf2 and upstream kinase activations. A, THP-1 cells were incubated with 0 to 10 pg/mL PBE for 2 hours,
and the nuclear and cytoplasmic Nrf2 proteins were detected by Westemn blot analysis. B, After incubation with 10 pg/mL PBE for
the indicated times, Akt and ERK activation was determined by Western blot with phospho-specific antibodies. Representative

blot experiments are shown.

in PBMC between the before and after intakes of PBE. The
PBE slightly increased the SOD1 mRNA expression at 4 hours
by 2.1 + 24-fold, but the difference was not statistically
significant (P = .17). The GPX1 and CAT expressions were
not significantly changed (GPX1: 1.0 + 0.4 vs 1.5 + 1.2 and CAT:
1.0+1.3vs0.8+0.7).

4, Discussion

The oxidative modification of LDL is known to play a critical
role in the initiation and development of atherosclerosis. In
the present study, we observed that PBE enhanced the
antioxidant defense capacity of LDL and monocytes.

We first evaluated the antioxidant activity of this extract.
The PBE contained polyphenols and showed DPPH radical
scavenging ability. The major components of PBE are known
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Fig. 4 - Effects of PBE on ROS production. THP-1 cells were
incubated with 0 to 10 pg/mL PBE for 2 hours, and then
intracellular ROS levels were measured by using DCFH-DA
(excitation 500 nm/emission 536 nm). Values are means = SD
(n = 4). ™ P < .01, compared with untreated control by Tukey
test after 1-way ANOVA.

to be monomers (eg, (+)-catechin, (-)-epicatechin), dimers
(eg, proanthocyanidin B1), and oligomers [35,36]. Catechins
and proanthocyanidins are reported to have free radical
scavenging ability [37,38]. The oxidation of LDL is induced by
various mechanisms, such as active metal ions, free radicals,
and some pro-oxidant enzymes [39]. In the present study, PBE
significantly prolonged the LDL lag time, reflecting the
resistance of free radical-induced LDL lipid peroxidation.
Pine bark extract also inhibited endothelial cell-induced LDL
oxidation. Some polyphenols (eg, epicatechin and oligomeric
procyanidin) have been reported to inhibit 15-lipoxygenase-
mediated LDL lipid peroxidation [40,41]. These data suggest
that PBE could prevent endothelial-induced LDL oxidation due
to a radical scavenging and/or inhibitory effect against pro-
oxidant enzymes actions.

One of the major cellular antioxidant responses is the
induction of antioxidant enzymes through the Nrf2-Keapl
pathway. Nrf2 plays a crucial role in inducing the genes of
antioxidant/phase 2 enzymes [42,43]. Nrf2 is bound to the
cytosolic repressor protein Keapl, which leads to Nrf2
ubiquitination and proteasome degradation under basal condi-
tions. Once the Nrf2-Keapl pathway is activated by inducers,
Nrf2 is separated from Keap1, thus leading to stabilization and
accumulation in the nucleus and, subsequently, to an increase
in the expressions of antioxidant response element-containing
genes, such as GPx, catalase, and HO-1 [16,19,43]. The Nrf2-
Keapl pathway can be regulated by various endogenous
stresses (eg, oxidative stress and shear stress) and endogenous
chemopreventive agents (eg, nitric oxide and phytochemicals)
[16,19]. We demonstrated that PBE activated Nrf2 and increased
the expressions of GPX1, CAT, and HMOX1 in human monocytic
THP-1 cells. The important role that Nrf2 plays in the chemical
induction of antioxidant enzymes, including GPx and catalase,
is reported in a study using cardiac fibroblasts from Nrf2~~ mice
[44]. Another group stated that epigallocatechin increased
the HO-1 expression, which was significantly canceled by
Nrf2 silencing, in THP-1 cells [45]. Several kinases (eg, MAPK
and Akt/PI3K pathway) are also implicated in the activation
of Nrf2 [19,46,47]. Procyanidins are also noted to induce Nrf2
accumulation with the activation of all 3 MAPKs (ERK, JNK,
and p38), as well as Akt, which was attenuated by a PI3K
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Fig. 5 - Pine bark extract up-regulated antioxidant defense capacity in human subjects. After overnight fasting, 10 healthy volunteers
consumed 1.0 g of PBE. Blood samples were collected before and at 0.5, 1, 2, and 4 hours after intake. The LDL oxidizability was
measured by a lag time assay (A), TBARS assay (B), and agarose gel electrophoresis (C). D, Total RNA was extracted from isolated
PBMCs, and SOD1, GPX1, and CAT mRNA expressions were measured by real-time reverse transcriptase PCR. Values are means + SD
(n = 8-10). **P < .01, *P < .05, compared with 0 hours by Dunnett test after repeated-measures 1-way ANOVA.

inhibitor and a p38 inhibitor but not an ERK inhibitor in
human hepatic cells [48]. Using human colonic cells,
Rodriguez-Ramiro et al [49] reported that procyanidin B2
increased Nrf2 translocation via ERK and p38 activation.
Because Nrf2 is a transcriptional activator that plays a critical
role in the response to oxidative stress, we examined the
effect of PBE on intracellular ROS status. Pine bark extract
decreased the ROS level in THP-1 cells, suggesting that
the induction of antioxidant enzymes by PBE might not be
mediated by ROS generation. Our results suggest a unique
pathway by which PBE might induce antioxidant enzyme
expression through Nrf2 activation mediated by ERK and Akt,
but not accompanied by ROS generation.

The present study also revealed that consumption of PBE
could decrease the susceptibility of LDL to oxidation in
human subjects. Plasmas are suggested to be potential
carriers of polyphenols [50]. Grimm et al [S1] demonstrated
that catechin, ferulic acid, and caffeic acid were detectable in
human plasma from 0.5 to 14 hours after the administration
of 300 mg of PBE as a single dose; the maximum plasma
concentration of catechin was approx. 100 ng/mL at 4 hours
after administration. We previously reported that the intake
of red perillas or sweet potato leaves, both of which are
polyphenol-rich leaf vegetables, showed an inhibitory effect
on LDL oxidation at 1 hour after intake [52,53]. Although not
directly investigated in our experiments, a previous study
reported that plasma total phenol levels were significantly

increased to 5.67 mg phenol equivalent/L after 3 weeks of PBE
supplementation [27]. Thus, PBE intake may be associated
with an increase in plasma polyphenol levels, and the
polyphenols in plasma may exert an inhibitory effect against
LDL oxidation.

Peripheral blood mononuclear cells are populations of
immune cells (such as monocytes and lymphocytes) that are
known to play important roles in oxidative stress and
inflammation. These cells are often used to investigate the
biological effects of dietary intervention [20]. The SOD1 mRNA
expression tended to be higher at 4 hours after PBE intake, as
compared with baseline. Oral phenolic acid administration
increased the cardiac SOD1, GPX1, and CAT mRNA expres-
sions and activities in rats [54], a finding that may support our
hypothesis in that PBE might exert antioxidant activities due
partly to an induction of antioxidant enzyme expressions.

Although this study is limited in that the human experi-
ments were performed as a self-controlled design and its sample
size was rather small to detect treatment differences in the
mMRNA expressions in PBMC, the overall results are promising.

The study results indicate that PBE enhanced the antiox-
idant defense capacity of LDL and monocytes, thus suggesting
that PBE could be effective in the reduction of atherosclerosis
risk factors associated with oxidative stress. However, mea-
surements of the plasma polyphenol level or antioxidant
enzymes activity following intake of PBE are be needed to
determine the direct effect of PBE.
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