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Piceatannol (3, 3, 4, 5'-tetrahydroxy-trans-stilbene) is a naturally occurring phytochemical found in pas-
sion fruit (Passiflora edulis) seeds. Previously, we demonstrated that piceatannol has acute vasorelaxant
effects in rat thoracic aorta. It was suggested that endothelial NO synthase (eNOS) might be involved
in piceatannol-induced acute vasorelaxation. Here, we investigated the expression of eNOS in EA.hy926
human umbilical vein cells after long-term treatment with piceatannol, and compared this effect with
that of resveratrol, an analog of piceatannol. Long-term treatment with piceatannol up-regulated eNOS
mRNA expression and increased eNOS protein expression in a dose-dependent manner. Moreover, picea-
tannol increased the levels of phosphorylated eNOS. Treatment with resveratrol also increased eNOS
expression, but to a lesser degree than piceatannol. These findings indicate that piceatannol may improve

vascular function by up-regulating eNOS expression.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Endothelial cells maintain vascular tone and structure by regu-
lating the balance between vasorelaxation and vasoconstriction
[1]. Some vascular risk factors, such as oxidative stress and inflam-
mation, induce vascular endothelial dysfunction [2]. Intake of
poorly balanced food is also a vascular risk factor; for example,
overconsumption of high-fat foods can lead to severe blood vessel
disease such as atherosclerosis and hypertension [3]. In contrast,
intake of polyphenols derived from foods and beverages such as
fruits, vegetables, red wine, cacao, and tea, can prevent blood ves-
sel disease [4]. Polyphenols show various anti-oxidant properties,
including radical-scavenging ability [5], xanthine oxidase- and
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase-
inhibiting activity [5,6], as well as the ability to activate endoge-
nous anti-oxidant enzymes [5] and protect blood vessels against
oxidative stress.

Nitric oxide (NO), a major vasorelaxant factor, regulates blood
flow by relaxing blood vessels [7]. NO is produced by the enzyme
endothelial nitric oxide synthase (eNOS) via the conversion of
L-arginine to L-citrulline [8]. It is reported that NO bioactivity is
reduced by aging [9,10], endogenous eNOS inhibitors [11], and
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reactive oxygen species (ROS) [12]. Decreased eNOS activity and
NO levels cause impaired endothelium-dependent vasorelaxation,
and lead to endothelial dysfunction [13,14]. However, dietary poly-
phenols have the potential to improve vascular function by pro-
moting eNOS activity and enhancing NO bioavailability [15-18].

Piceatannol (3, 3/, 4, 5'-tetrahydroxy-trans-stilbene) is a poly-
phenolic stilbene phytochemical. We previously reported that
piceatannol is present in large amounts in passion fruit (Passiflora
edulis) seeds [19]. Piceatannol is also found in grapes, wine, Polyg-
onum cuspidatum, Rheum rhaponticum, and Vitis amurensis [20].
Piceatannol displays a wide spectrum of biological activities such
as anti-oxidant activity [21], anti-mutagenic activity [22], anti-
parasitic activity [23], anti-bacterial activity [24], anti-inflammatory
activity [25], anti-tumor activity [26], melanogenesis-inhibiting,
and promotion of collagen synthesis [19]. Piceatannol also induces
endothelium-dependent acute vasorelaxation in rat thoracic aorta
[27]. Resveratrol, an analog of piceatannol, also exerts acute
vasorelaxant effects on thoracic aorta [28,29]. Furthermore, it has
been demonstrated that long-term treatment with resveratrol
up-regulates eNOS mRNA expression, as well as eNOS protein
expression, in cultured endothelial cells [17,18].

In this study, we investigated the effect of long-term piceatan-
nol treatment on eNOS levels in the human umbilical vein cell line
EA.hy926. Moreover, we also compared piceatannol to resveratrol
with regard to eNOS expression and phosphorylated eNOS
(p-eNOS) content.
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2. Materials and methods
2.1. Materials

Piceatannol and resveratrol were obtained from Tokyo Chemi-
cal Industry, Co., Ltd. (Tokyo, Japan). All other reagents were ob-
tained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

2.2. Cell culture and treatment

Human EA.hy926 endothelial cells (American Type Culture Col-
lection, Rockville, MD, USA) were grown at 37 °C in a humidified
atmosphere containing 5% CO, in low-glucose Dulbecco’s modified
Eagle medium (DMEM; Invitrogen, Carlsbad, CA, USA) containing
10% fetal bovine serum (HyClone, Logan, UT, USA), 100 units/mL
penicillin, 100 pg/mL streptomycin, and 2 mM glutamine. Cells
were seeded and grown in 6-well plates, and confluent cells were
further incubated for 2 to 48 h in cell culture media containing dif-
ferent concentrations of piceatannol or resveratrol. Cell culture
media containing piceatannol or resveratrol were replaced with
new media every 24 h. Control cells were incubated with the same
medium containing solvent (dimethyl sulfoxide [DMSO]).

2.3. Determination of eNOS mRNA expression

Total RNA was extracted from cells with the QIAshredder and
the RNeasy Mini kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. The concentration of RNA was deter-
mined by spectrophotometry at 260 nm. RNA samples (2 pig) were
reverse transcribed into complementary DNA using the High
Capacity complementary DNA Reverse transcription Kit (Applied
Biosystems, Forster City, CA, USA) according to the manufacturer’s
recommendations. Real-time PCR reactions were performed in
triplicate on a Light Cycler 480 Real-time PCR system II (Roche
Diagnostics, Mannheim, Germany) using the TagMan Gene Expres-
sion Master Mix (Applied Biosystems) and Universal ProbeLibrary
Probes (Roche Diagnostics). The assay was performed with probe
No. 5 for eNOS and probe No. 60 for glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), respectively. PCR primers used were for-
ward (5’-gaccctcaccgctacaacat-3’) and reverse (5'-ccgggtatccaggtc-
cat-3’) for eNOS and forward (5’-agccacatcgctcagacac-3’) and
reverse (5'-gcccaatacgaccaaatcc-3’) for GAPDH, respectively.
Amplification conditions were 50 °C for 2 min, 95 °C for 10 min,
followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. eNOS
mRNA expression was normalized to GAPDH mRNA expression
levels, after which relative eNOS mRNA expression was deter-
mined in comparison with the levels in the control cells.

2.4. Western blotting analysis of eNOS and p-eNOS expression

EA.hy926 cells were lysed in 20 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 10 mM sodium pyrophosphate, 20 mM NaF, 10 nM okadaic
acid, 2 mM orthovanadate, 1% Triton X-100, and Complete Protease
Inhibitor Cocktail (Roche, Indianapolis, IN, USA). The lysates were
sonicated and centrifuged at 15000 rpm for 20 min at 4 °C. The to-
tal protein content of the supernatant was analyzed by DC Protein
Assay (Bio-Rad Laboratories, Hercules, CA, USA). A total of 1.5 pg of
protein was separated by 7.5% SDS-PAGE and transferred to PVDF
membranes. The membranes were blocked using 3% BSA in Tris-
buffered saline containing 0.1% Tween 20 (TBST) for 1 h and incu-
bated with mouse anti-eNOS (1:1000, BD Transduction Laborato-
ries, San Diego, CA, USA), rabbit anti-p-eNOS (phospho-Ser!!”7)
(1:1000, Cell Signaling, Beverly, MA, USA), or mouse anti-B-tubulin
(1:20000, Sigma, St. Louis, MO, USA) overnight at 4 °C. Membranes
were washed with TBST and incubated with horseradish peroxi-

dase (HRP)-conjugated anti-mouse IgG (1:10000 for eNOS detec-
tion and 1:20000 for B-tubulin detection, Cell Signaling) or anti-
rabbit IgG (1:10000 for p-eNOS detection, Cell Signaling) for 1 h
at room temperature. All antibodies were diluted with 3% BSA in
TBST. Visualization of immunoreactive bands was performed using
the ECL Plus western blotting detection system (GE Healthcare, Lit-
tle Chalfont, UK). The intensity of each band was determined by
Image] software (National Institutes of Health, Bethesda, MD,
USA), and normalized to the intensity of the p-tubulin band.

2.5. Statistical analysis

Data are presented as mean and standard deviation (S.D.). Sta-
tistical analyses were performed with a Tukey’s HSD for multiple
comparisons using SPSS software, version 13.0] for windows (SPSS
Inc.). A value of p < 0.05 was considered significant.

3. Results

3.1. Comparison of the effects of piceatannol and resveratrol on eNOS
mRNA expression in endothelial cells

To evaluate the effect of piceatannol on eNOS mRNA expression,
we performed real-time PCR. Treatment with 50 ptM piceatannol
for 6 or 9h significantly up-regulated eNOS mRNA expression
1.9- and 2.4-fold, respectively (p < 0.01) (Fig. 1). On the other hand,
resveratrol treatment tended to increase eNOS mRNA expression,
but the effect was not statistically significant. In addition, treat-
ment with piceatannol (50 UM for 6 or 9 h) significantly up-regu-
lated eNOS mRNA levels compared to resveratrol treatment
(p<0.05).

3.2. Effect of piceatannol and resveratrol on eNOS protein expression in
endothelial cells

To investigate the effects of piceatannol and resveratrol on
eNOS regulation, we examined the expression of eNOS protein in
EA.hy926 cells by using western blot analysis. After 24 h stimula-
tion with piceatannol, eNOS protein expression increased in a
dose-dependent manner (Fig. 2). Piceatannol-induced eNOS pro-
tein expression significantly increased by 1.5-fold at 50 uM
(p<0.01). Resveratrol increased eNOS protein expression, and
50 uM treatment significantly increased eNOS protein expression

by 1.4-fold (p < 0.05).
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Fig. 1. Treatment with piceatannol induced eNOS mRNA expression in EA.hy926
cells.EA.hy926 cells were treated with 0.1% DMSO (control), 50 uM resveratrol, or
50 puM piceatannol for 2-9 h. Induction of eNOS mRNA expression was examined by
quantitative PCR. The ratio of eNOS to GAPDH was determined and expressed as
fold of control. Data are shown as the mean+S.D. (n=4). *p<0.01, *p <0.05
(Tukey’s HSD test).
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Fig. 2. Treatment with piceatannol dose-dependently increased eNOS protein
expression. EA.hy926 cells were treated with 0.1% DMSO (control), 10-50 uM
resveratrol, or 10-50 uM piceatannol for 24 h. Induction of eNOS protein was
examined by western blot analysis. The ratio of the eNOS band to the B-tubulin
band was determined and expressed as fold of control. Data are shown
as mean+S.D. (n=4). The upper panel depicts a representative blot, treated
with 0.1% DMSO (control), 50 uM resveratrol, or 50 uM piceatannol for
24 h.**p <0.01,"p < 0.05 (Tukey’s HSD test). Cont: control; Resv: resveratrol; Pice:
piceatannol.
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To investigate the effects of extending piceatannol and resvera-
trol treatment time on eNOS protein expression, the treatment
time was extended from 24 h to 48 h and eNOS protein expression
was measured. A preliminary experiment showed that cell viability
was inhibited by stimulation with 50 uM resveratrol for 48 h (data
not shown), so the cells were treated with 20 uM piceatannol or
resveratrol. Treatment with 20 pM piceatannol for 48 h signifi-
cantly enhanced eNOS protein expression by 1.3-fold (p <0.01)
(Fig. 3). Treatment with resveratrol for the extended period of time
also appeared to enhance eNOS protein expression, but the in-
crease was not statistically significant. Treatment of cells with
20 uM piceatannol for 48 h resulted in a significant increase in
eNOS protein expression compared to that observed after treat-
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Fig. 3. Treatment with piceatannol increased eNOS protein expression as a function
of time. EA.hy926 cells were treated with 0.1% DMSO (control), 20 pM resveratrol,
or 20 UM piceatannol. After 24 or 48 h, eNOS protein induction was examined by
western blot analysis. The ratio of the eNOS band to the B-tubulin band was
determined and then expressed as fold of control. Data are shown as mean + S.D.
(n=4). The upper panel depicts a representative blot, treated with control, 20 uM
resveratrol, or 20 pM piceatannol for 48 h. **p <0.01 (Tukey’s HSD test). Cont:
control; Resv: resveratrol; Pice: piceatannol.
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Fig. 4. Treatment with piceatannol increased p-eNOS protein.EA.hy926 cells were
treated with 0.1% DMSO (control), 20 uM resveratrol, or 20 M piceatannol for 48 h.
Induction of p-eNOS protein expression was then examined by western blot
analysis. The ratio of the p-eNOS band to the B-tubulin band was determined and
expressed as fold of control. Data are shown as mean + S.D. (n = 4). The upper panel
depicts a representative blot, treated with control, 20 uM resveratrol, or 20 pM
piceatannol for 48 h. **p <0.01, *p < 0.05 (Tukey’s HSD test). Cont: control; Resv:
resveratrol; Pice: piceatannol.

ment with 20 uM resveratrol (p < 0.01), suggesting that piceatan-
nol is more effective than resveratrol in promoting eNOS protein
expression.

3.3. Effect of piceatannol and resveratrol on p-eNOS content in
endothelial cells

Phosphorylation of eNOS-Ser!'”” is important for eNOS activa-
tion [30]. Therefore, the phosphorylation state of the eNOS protein
was determined. After a 48 h stimulation with piceatannol, p-eNOS
content significantly increased by 1.3-fold (Fig. 4). Stimulation
with resveratrol also appeared to increase p-eNOS content, but a
significant increase was observed only in cells treated with
20 uM piceatannol.

4. Discussion

In this study, we investigated the effect of piceatannol on eNOS
expression in endothelial cells. We found that treatment with
piceatannol increased eNOS mRNA expression, eNOS protein
expression, as well as the levels of p-eNOS.

Previously, we demonstrated that piceatannol induces acute
vasorelaxation in rat thoracic aorta [27]. This acute vasorelaxation
was significantly inhibited by treatment with an NO synthase
inhibitor, and the vasorelaxant effect was also not observed in
endothelium-denuded aortas, suggesting that piceatannol induces
vasorelaxation via endothelium-derived NO. In the present study,
long-term treatment with piceatannol increased eNOS production
in endothelial cells. These results suggest that piceatannol has
multimodal vasorelaxant effects on endothelial cells, including
both acute and long-term effects. It is thus predicted that both sin-
gle and continuous consumption of piceatannol may have a vasore-
laxant effect, and therefore piceatannol would provide protection
against vascular dysfunction.

NO, an important factor for vasorelaxation, is produced by eNOS
in endothelial cells and contributes to the control of blood flow [7].
Endothelial function declines with age, and a major reason for this
age-related decline is a decrease in eNOS protein levels [31]. Oxi-
dized LDL, a factor in the development of atheromatosis, is known
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to diminish eNOS activity, and asymmetric dimethylarginine
(ADMA), a natural inhibitor of eNOS, has also been reported to in-
hibit eNOS activity [13]. Conversely, many studies have reported
that some polyphenols, especially resveratrol, increase eNOS activ-
ity in endothelial cells [15,17,18]. Long-term treatment with picea-
tannol increased eNOS levels in our study, suggesting that
increased eNOS activity induced by piceatannol will increase NO
bioactivity in endothelial cells, resulting in improvement of endo-
thelial dysfunction.

Phosphorylation of eNOS has been associated with eNOS activa-
tion, and NO production increases when eNOS Ser!!”? is phosphor-
ylated [30]. eNOS Ser''”” is phosphorylated by stimulation with
various factors, such as shearing stress [32], estrogen [33], vascular
endothelial growth factor (VEGF) [32], insulin, and some polyphe-
nols [34]. In our study, long-term stimulation with piceatannol in-
creased p-eNOS levels, which will ultimately lead to increase NO
production. The ratio of p-eNOS content to total eNOS content ap-
peared to be increased by treatment with piceatannol (data not
shown); however, additional studies are needed to further eluci-
date the effects of piceatannol on eNOS activation.

Treatment with 50 uM piceatannol for 24 h significantly in-
creased eNOS protein levels. However, when the duration was ex-
tended to 48 h, even 20 puM piceatannol was sufficient to
significantly increase eNOS protein levels. These results indicate
that even low concentrations of piceatannol can increase eNOS
expression when the duration of piceatannol exposure is extended.
Although the pharmacokinetics of piceatannol is yet to be eluci-
dated, the initial serum piceatannol level after intravenous admin-
istration at 10 mg/kg was reported to be 8.5 pg/mL (35 uM) [35].
Thus, we suspect that the concentration of the treatment used in
this study is within a reasonable range.

Here, we showed that long-term treatment with piceatannol
significantly increases eNOS mRNA and protein levels, and also ob-
served that the effect of piceatannol on eNOS production is higher
than that of resveratrol. Although the mechanism of polyphenol-
induced eNOS up-regulation is not fully understood, it is thought
that transcriptional regulators are associated with the increase in
eNOS levels. SIRT1, a histone deacetylase, is thought to contribute
to increased eNOS expression in endothelial cells. For example,
overexpression of SIRT1 was shown to increase eNOS protein levels
in mouse aorta [36]. In endothelial cells, up-regulation of eNOS
mRNA by treatment with resveratrol is prevented by knockdown
of SIRT1 [37]. Piceatannol and resveratrol activate the deacetylase
activity of SIRT1, and the effect of piceatannol is reported to be
higher than that of resveratrol [38]. Strong up-regulation of eNOS
mRNA by piceatannol is considered to be partly due to the activa-
tion of SIRT1. It has also been reported that activation of estrogen
receptors is associated with the up-regulation of eNOS expression
by resveratrol. Both piceatannol and resveratrol act as estrogen
receptor agonists [39,40], and estrogen receptor activation is asso-
ciated with the up-regulation of eNOS protein levels [41]. Even in
the present study, piceatannol activation of estrogen receptors
may be associated with the up-regulation of eNOS expression.

Anti-oxidative activity is one factor underlying the effect of
polyphenol-mediated protection against vascular dysfunction.
Piceatannol has strong anti-oxidative activity, and the radical-
scavenging activity of piceatannol is thought to be higher than that
of resveratrol [20]. Superoxide immediately reacts with NO to gen-
erate peroxynitrite, which leads to eNOS uncoupling and enzyme
dysfunction [4]. It has been reported that some polyphenols
prevent superoxide from breaking down NO, and reduce athero-
sclerosis via inhibition of LDL oxidation [4]. In addition to the
up-regulation of eNOS by piceatannol, the strong anti-oxidative
activity of piceatannol is expected to contribute to the improve-
ment of vascular function.

In summary, we demonstrated that long-term treatment with
piceatannol increases eNOS and p-eNOS levels in endothelial cells.
The data suggest that piceatannol is more effective than resveratrol
in inducing eNOS mRNA expression, eNOS protein expression, and
p-eNOS content. The increased eNOS protein and p-eNOS content
induced by piceatannol will enhance NO bioactivity in endothelial
cells, resulting in the improvement of vascular function.
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