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Resveratrol and its dimers ε-viniferin and δ-viniferin in red
wine protect vascular endothelial cells by a similar mechanism
with different potency and efficacy
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Abstract

Red wine compounds have been reported to reduce the rate of atherosclerosis by

inducing nitric oxide (NO) production and antioxidant enzyme expression in vascular

endothelial cells (VECs). The present study compared the effects of the three red

wine compounds resveratrol and its dimers, ε-viniferin and δ-viniferin, on VECs func-

tion for the first time. Both 5 μM ε-viniferin and δ-viniferin, but not 5 μM resveratrol,

significantly stimulated wound repair of VECs. Increased levels of wound repair

induced by 10 and 20 μM ε-viniferin were significantly higher than those stimulated

by 10 and 20 μM resveratrol, respectively. These stimulatory effects of the three

compounds were suppressed by the NO synthase inhibitor L-NAME. When VECs

were exposed to each compound, endothelial NO synthase was activated and the

expression of sirtuin 1 (SIRT1) and HO-1 was induced. Addition of the SIRT1 and

HO-1 inhibitors EX527 and ZnPPiX, respectively, suppressed wound repair stimu-

lated by the three compounds, demonstrating that SIRT1 and HO-1 are involved in

these wound repair processes. Furthermore, each compound induced the suppres-

sion of H2O2-dependent reduction of cell viability as well as the expression of the

antioxidant enzyme catalase. These data suggest that not only resveratrol, but also

its dimers, ε-viniferin and δ-viniferin, may be effective in preventing atherosclerosis

by a similar molecular mechanism with different potency and efficacy.
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1 | INTRODUCTION

Atherosclerosis is a chronic inflammatory process associated with endo-

thelial dysfunction and oxidative stress.1 Nitric oxide (NO) production

and antioxidant enzyme expression are induced to protect against ath-

erosclerosis at an early stage.1, 2 Epidemiological studies have

demonstrated that red wine phenolic compounds protect the vascular

system and reduce the risk of cardiovascular disease (CVD).3–5

Resveratrol is a common red wine polyphenol. Many studies have

indicated that resveratrol increases lifespan in vivo by decreasing the

incidence of coronary heart disease and preventing cancers.6 The

best-known function of resveratrol is its protective role in the
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cardiovascular system, which is mediated by several mechanisms, such

as increased endothelial function through the induction of NO pro-

duction.7, 8 Resveratrol inhibits the aggregation of platelets via the

activation of guanylyl cyclase, followed by the production of cyclic

guanosine monophosphate, which suppresses reactive oxygen species

(ROS) by antioxidant enzymes and decreases vascular inflammation by

inhibiting NFκB activity.9

ɛ-Viniferin and δ-viniferin are dehydrodimers of resveratrol.10, 11

Both viniferins are polyphenols that occur naturally in grape skins,

grapevine leaves, grape canes, and are rich content in red wine. The

average content of δ-viniferin, ε-viniferin, and cis-resveratrol in the

commercially-available red wines are 6.4, 2, and 10 mg/L, respec-

tively.12, 13 Additionally, they can be produced from resveratrol by

horseradish peroxidase.14 ɛ-Viniferin and δ-viniferin are also known

antioxidants. ε-Viniferin has previously been shown to have many bio-

logical functions, such as inhibiting human cytochrome P450 activity

and inducing apoptosis in leukemia B-cells via inducible NO synthase

(iNOS).15, 16 In addition, it has been demonstrated to prevent carbon

tetrachloride-induced hepatic injury in mice and act as an antidepres-

sant by inhibiting noradrenaline and 5-hydroxytryptamine uptake in

the rat brain.17, 18 δ-viniferin has been reported to suppress apoptosis

induced by the high glucose-induced generation of ROS in human

umbilical vein endothelial cells (HUVECs) by increasing sirtuin

1 (SIRT1) expression.19 However, comparative study of the effects of

resveratrol, ɛ-viniferin, and δ-viniferin on the functions of the vascular

system has not yet been performed.

SIRT1, a member of the sirtuin family of proteins, has been

reported to be regulated by resveratrol. SIRT1 mediates a large variety

of physiological events. In mammals, SIRT1 protects the function of

the circulatory system, decreases coronary heart disease risk, and pre-

vents endothelial dysfunction at early stages of the pathogenesis of

atherosclerosis.20–22 SIRT1 exerts atheroprotective effects by activat-

ing endothelial NOS (eNOS) production in endothelial cells and dimin-

ishes NFκB activity in macrophages.23, 24 SIRT1 also suppresses ROS

by inducing catalase and superoxide dismutase activity in astrocytes

and endothelial cells.25, 26

Our previous study has demonstrated that resveratrol and

ε-viniferin induce wound repair, increase NO production in vascular

endothelial cells (VECs) and that ε-viniferin, but not resveratrol,

reduces blood pressure and suppresses cardiac hypertrophy in a spon-

taneously hypertensive rat model.8 We have also shown that resvera-

trol and ε-viniferin raise the activity of the potent antioxidant

enzymes catalase and glutathione peroxidase, reduce intracellular

ROS levels,8 and suppress platelet-derived growth factor-induced cell

proliferation in vascular smooth muscle cells.27

In contrast to the large number of reports regarding the biological

functions of resveratrol, relatively few reports have described the func-

tions of resveratrol dimers, ε-viniferin, and δ-viniferin even they are rich

content in commercially available red wine.13 Especially, there has been

only one report describing the effect of δ-viniferin on VECs.19 There-

fore, the present study compared the biological functions of resveratrol,

δ-viniferin, and ε-viniferin, focusing on their effects on VECs.

2 | MATERIALS AND METHODS

2.1 | Materials

Trans-resveratrol was purchased from Cayman Chemical Co. (Tokyo,

Japan) for cell experiments and from Tokyo Chemical Industry

Co. (Tokyo, Japan) for the preparation of δ-viniferin, respectively.

ε-Viniferin and L-NAME were purchased from Wako Pure Chemical

Industries, Ltd. (Osaka, Japan). Dulbecco's modified Eagle's medium

(DMEM), fetal bovine serum (FBS), penicillin-streptomycin, Hanks'

balanced salt solution (HBSS), SIRT1 inhibitor III (EX527), and

peroxidase (type VII-A), and anti-heme oxygenase-1, anti-catalase,

and anti-β-actin antibodies were from Sigma Chemical Co. (Saint

Louis, Missouri, USA). Diaminofluorescein-2 diacetate (DAF-2DA)

was obtained from Sekisui Medical Co. (Tokyo, Japan). Anti-SIRT1,

anti-mouse IgG, and anti-rabbit IgG antibodies were purchased from

Santa Cruz Biotechnology (Santa Cruz, California). Anti-α-tubulin

and zinc protoporphyrin-9 (ZnPPIX) were obtained from

Calbiochem.

2.2 | Preparation of δ-viniferin

δ-viniferin was prepared from resveratrol by biotransformation with

horseradish peroxidase.28 Reaction mixture composed of resveratrol

(500 mg) in 125 mL of acetone, 950 mL of 0.1 M sodium acetate

buffer (pH 5), peroxidase (3 units/mL) in 100 mL of 20 mM sodium

acetate buffer (pH 5), and 75 mL of 0.3% hydrogen peroxide, was

incubated at 27�C for 30 minutes, and then 1250 mL of 5% trichlor-

oacetic acid was added to inactivate enzyme activity. Reaction prod-

uct, δ-viniferin, in the mixture was extracted with 500 mL of ethyl

acetate, concentrated, and applied to a column (φ5.6 × 20 cm) of

Wakogel N60 (Wako Pure Chemicals) pre-equilibrated with a solvent

system of chloroform-ethyl acetate (6:4, vol./vol.). Elution was carried

out with the same solvent system and desired fractions were com-

bined. The resultant δ-viniferin fraction was further purified by pre-

parative HPLC equipped with InertSustain C18 (14 mm

I.D. × 250 mm, GL Science). Mobil phase and flow rate were 55%

methanol and 7.41 mL/min, respectively. The structure of purified

δ-viniferin was confirmed by 1H and 13C nuclear magnetic resonance

(NMR) spectroscopy (in DMSO-d6 containing 0.03% tetra-

methylsilane).11, 14

2.3 | Cell culture

VECs were derived from porcine aortas obtained from Tsuchiura,

Japan. VECs were cultured in DMEM containing 10% FBS, 100 units/

mL penicillin, and 100 μg/mL streptomycin at 37�C in a humidified 5%

CO2 incubator and analyzed between passages 8 and 10. The cells

were serum-starved by incubation for 16 hours in DMEM containing

1% FBS before starting the experiments.
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2.4 | Wound repair assay

VECs (3 × 105 cells/well) were seeded in 3.5-cm dishes and

pretreated with resveratrol, ɛ-viniferin, or δ-viniferin at various con-

centrations. Then, the VEC monolayer was wounded by scratching

using a sterile 200-μL pipette tip to make an open area with a consis-

tent diameter. The wounds were photographed with a microscope

attached to a digital camera at 0 and 24 hours after scratching. Cells

that had migrated into the wound area were counted.

2.5 | NOS activity assay

Intracellular NO was detected using the fluorescence reagent DAF-

2DA. VECs (3 × 103 cells/dish) were plated in a 96-well plate, starved

for 16 hours, washed three times with HBSS and incubated with 10 μM

DAF-2 DA for 45 minutes. Following this incubation period, the cells

were washed three times with HBSS and incubated with 100 μM L-

arginine and resveratrol or ε-viniferin for 24 hours. Finally, the fluores-

cence of the cells was measured using a spectrofluorophotometer

(Powerscan HT; Dainippon Pharmaceutical, Osaka, Japan) with excita-

tion and emission wavelengths of 488 and 530 nm, respectively.

2.6 | Western blotting

For western blotting, the cells were resuspended in lysis buffer com-

prised of 50% glycerol, 100 mM NaF, 10 mM sodium pyrophosphate,

1% Triton X-100, 1 mM Na3VO4, 1 mM PMSF, 10 μg/mL antipain,

10 μg/mL leupeptin, and 10 μg/mL aprotinin. Afterwards, the sample

lysates were centrifuged at 14 000 rpm at 4�C for 15 minutes, and the

resultant supernatant was used for subsequent experiments. For western

blotting, the protein concentrations of the cell supernatants were

assayed by a Pierce BCA protein assay kit, and proteins were separated

by 10% SDS-PAGE and transferred to PVDF membranes. The mem-

branes were blocked in 5% BSA at room temperature for 1 hour and then

incubated overnight with anti-SIRT1, anti-HO-1, anti-phos-eNOS, anti-

catalase, and anti-α-tubulin antibodies (diluted 1:1000 in 5% BSA) at 4�C.

The membranes were then incubated with an HRP-conjugated second-

ary antibody for 2 hours at room temperature. The bands were detected

by a chemiluminescence kit (Nacalai Tesque), and band intensity was

quantified by an LAS-4000 mini imaging system (Fujifilm, Tokyo, Japan).

2.7 | Cell viability assay

VECs (1 × 105 cells/well) were seeded in 24-well plates, starved for

16 hours, and incubated with or without 10 μM resveratrol, 10 μM ɛ-

viniferin, and 5 μM δ-viniferin for 24 hours. After washing with PBS,

the cells were further incubated with 800 μM H2O2 for 24 hours. The

cells were then washed three times with PBS and harvested in

DMEM. Collected VECs were stained with 1 × trypsin-EDTA and 3%

trypan blue inhibitor mixed 1:1 with a 5% trypan blue staining solution

F IGURE 1 Chemical structures of resveratrol, ε-viniferin, and
δ-viniferin

F IGURE 2 Effect of resveratrol, ε-viniferin, and δ-viniferin on
wound repair in VECs. Serum-starved VECs were wounded with a
200-μL pipette tip and then incubated with 5, 10, and 20 μM
resveratrol, ɛ-viniferin, and δ-viniferin, respectively, for 24 hours.
Wound repair was assessed by counting cells that had proliferated
and migrated in the cell-free area. The data are presented as the
mean ± SD of three independent experiments. *P < .05 and **P < .01
compared to the control group. #P < .05 and ##P < .01 between two
groups

F IGURE 3 Effect of resveratrol, ε-viniferin, and δ-viniferin on

NOS activity by VECs. Serum-starved VECs were pretreated with
10 μM DAF2-DA for 45 minutes and then treated with or without
10 μM resveratrol, 10 μM ɛ-viniferin, or 5 μM δ-viniferin for 24 hours.
Thereafter, the fluorescence of the cells was measured. The data are
presented as the mean ± SD of three independent experiments.
*P < .05 and **P < .01 compared to the control group. #P < .05
between two groups
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(Nacalai Tesque). Cell viability was determined with a Countess II FL

cell counter.

2.8 | Statistical analysis

Statistical analysis was performed using GraphPad Prism 6. All data

are expressed as the mean ± SD (S.D.) of at least three different

experiments. The differences between groups were analyzed by using

one-way ANOVA followed by Tukey's test for multiple comparisons.

Values with P < .05 were considered statistically significant.

3 | RESULTS

3.1 | Resveratrol, ε-viniferin, and δ-viniferin
stimulate wound repair in VECs

We compared the effect of resveratrol, ε-viniferin, and δ-viniferin

(Figure 1) on wound repair of VECs at different concentrations because

VEC wound repair prevents arteriosclerosis in the early stages of devel-

opment. After incubation for 24 hours, 10 and 20 μM resveratrol,

5-20 μM ε-viniferin, and 5 μM δ-viniferin significantly stimulated wound

repair (Figure 2 and S2). Unlike resveratrol, ε-viniferin and δ-viniferin

were significantly effective at a low concentration (5 μM). The reason

why δ-viniferin loses function in higher concentration is supposed to be

resistance or induced toxicity of the compound. Moreover, 10 and

20 μM ε-viniferin elicited a significant greater increase in wound repair

ability than resveratrol at the same concentrations. These results indi-

cate that all three compounds can protect VECs via wound repair

although they have different potency and efficacy with each other.

3.2 | Resveratrol, ε-viniferin, and δ-viniferin
promote wound repair by producing NOS activity
in VECs

Because wound repair is dependent on NO. NO induced cell prolifera-

tion to promoted wound repair in VECs.8, 29 we investigated NOS

activity by resveratrol, ε-viniferin, and δ-viniferin in VECs. We have

previous tested two red wine compounds (resveratrol and ε-viniferin)

on NO production at concentrations of 10, 20, and 30 μM, and we

find that the effect is in a dose-dependent manner.8 Here, we test

three compounds on NOS activity at single dose. All three compounds

significantly stimulated NO production (Figure 3). Resveratrol at

10 μM and δ-viniferin 5 μM increased the level of NO to approxi-

mately 150% of that of the control. ε-Viniferin at 10 μM increased the

NO level to approximately 200% of that of the control, which is signif-

icantly stronger than the effect of the other compounds. These data

are consistent with the data on the wound repair in Figure 2.

To confirm the involvement of NO in the wound repair induced

by these compounds, we cultured VECs with or without L-NAME, an

F IGURE 4 Suppressive effect of
eNOS inhibitor L-NAME on wound
repair induced by resveratrol,
ε-viniferin, or δ-viniferin in VECs.
Serum-starved VECs were pretreated
with 1 mM L-NAME for 1 hour,
wounded with a 200-μL pipette tip,
and then treated with, A, 10 μM
resveratrol; B, 10 μM ɛ-viniferin; or C,
5 μM δ-viniferin for 24 hours. The
data are presented as the mean ± SD
of three independent experiments.
*P < .05 compared to the control
group. #P < .05 compared to the
resveratrol-, ɛ-viniferin-, or
δ-viniferin-treated groups
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F IGURE 6 Suppressive effect of
SIRT1 and HO-1 inhibitors EX527
and ZnPPIX, respectively, on
resveratrol-, ε-viniferin-, and
δ-viniferin-stimulated wound repair in
VECs. Serum-starved VECs were
pretreated with 10 μM EX527 for
1 hour, wounded with a 200-μL
pipette tip, and then treated with, A,
10 μM resveratrol; B, 10 μM ɛ-
viniferin; or C, 5 μM δ-viniferin.
Similarly, serum-starved VECs were
pretreated with 1 μM ZnPPIX for
1 hour, wounded with a 200-μL
pipette tip, and then treated with; D
10 μM resveratrol; E, 10 μM ɛ-
viniferin; or (F) 5 μM δ-viniferin. The
data are presented as the mean ± SD
of three independent experiments.
*P < .05 compared to the control
group. #P < .05 compared to the
resveratrol-, ɛ-viniferin-, or
δ-viniferin-treated groups

F IGURE 5 Effect of resveratrol, ε-viniferin, and δ-viniferin on phosphorylation of eNOS and expression of SIRT1 and HO-1 in VECs. Serum-
starved VECs were treated with, A, 10 μM resveratrol; B, 10 μM ɛ-viniferin; or C, 5 μM δ-viniferin for 6, 12, and 24 hours, respectively.
Thereafter, the cells were lysed and analyzed by western blotting using anti-phos-eNOS, anti-SIRT1, ant-HO-1, and β-Actin antibodies. The data
are representative of three independent experiments
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NOS inhibitor (Figure 4 and S3). The inhibition of NO production

nearly completely blocked the wound repair induced by each com-

pound, which supports our notion that these three compounds

enhance wound repair primarily by producing NO, thereby preventing

arteriosclerosis.

3.3 | Resveratrol, ε-viniferin, and δ-viniferin induce
eNOS phosphorylation and expression of SIRT1 and
HO-1 in VECs

In VECs, NOS activity is regulated by eNOS, which is activated by

phosphorylation site Ser 1177 and inhibited by Thr 495,24, 29, 30 we

investigated eNOS Ser 1777 in this study. As shown in Figure 5, each

compound phosphorylated eNOS. Furthermore, the expression of

SIRT1 and HO-1 was also increased by these compounds. It is known

that SIRT1 and HO-1 are involved in promoting NO production and

wound repair. Taken together, these results suggest that the three

compounds increase NO production via the phosphorylation of eNOS

and that SIRT1 and HO-1 may contribute to this NO production.

3.4 | SIRT1 and HO-1 inhibitors EX527 and
ZnPPIX, respectively, suppress resveratrol-,
ε-viniferin-, and δ-viniferin-stimulated wound repair
in VECs

Because SIRT1 and HO-1 are known regulators of NO generation and

wound repair, we investigated the effect of the SIRT1 inhibitor EX527

and the HO-1 inhibitor ZnPPIX on wound repair promoted by the

three compounds. Each inhibitor nearly completely blocked the

wound repair induced by these compounds (Figure 6, Figure S4, and

Figure S5). These data indicate that both SIRT1 and HO-1 are critically

implicated in wound repair stimulated by resveratrol, δ-viniferin, and

ε-viniferin, respectively, in VECs.

3.5 | Resveratrol, ε-viniferin, and δ-viniferin
protect VECs from oxidative stress

Antioxidants play an important role in protecting cardiovascular func-

tion; therefore, we examined whether the three compounds protect

VECs from oxidative stress. VECs were incubated with each com-

pound for 24 hours, respectively, and washed with PBS to remove the

added compounds. Thereafter, H2O2 was added to the cells. As

shown in Figure 7, H2O2 treatment without the compounds for

24 hours reduced the cell viability. However, pretreatment of the cells

with 10 μM resveratrol, 10 μM ε-viniferin, and 5 μM δ-viniferin,

respectively, significantly reversed the decreased cell viability. These

results strongly demonstrate that the three compounds make VECs

resistant to oxidative stress.

3.6 | Resveratrol, ε-viniferin, and δ-viniferin raise
catalase expression in VECs

Catalase contributes to cellular defense against H2O2-induced oxidative

stress. We investigated the effects of 5 μM δ-viniferin and 10 μM

ε-viniferin and resveratrol on catalase expression in VECs. Figure 8

shows that catalase protein level was significantly increased by all three

compounds in a time-dependent manner. It should be noted that

δ-viniferin-dependent induction response of catalase expression was a

little slower compared to that of the other two compounds. This data is

in agreement with the data on the HO-1 expression in Figure 5.

4 | DISCUSSION

We investigated the effect of resveratrol and its dimers, ε-viniferin

and δ-viniferin, on NO production and wound repair in VECs. All three

compounds increased wound repair of VECs by producing NO and

increasing the expression of SIRT1 and HO-1. Moreover, the three

compounds raised the expression of catalase, leading to the protec-

tion of cell viability from oxidative stress.

Dysfunction of ECs is the major cause of atherosclerosis. NO pro-

duction induced cell proliferation and promoted wound repair, fur-

thermore protect of ECs functions and prevent atherosclerosis.8 NO

production dependently by eNOS activity, it regulated by two impor-

tant phosphorylation multiple sites, activation site Ser1177 and the

inhibitory site Thr495.30 Zhao et al19 demonstrated that high glucose

generated ROS, leading to the reduced cell viability, and δ-viniferin

efficiently suppressed this reduced cell viability in HUVECs. However,

Zhao et al19 did not show the wound repair of the cells by δ-viniferin.

The present study indicated that δ-viniferin showed wound repair as

F IGURE 7 Suppressive effect of resveratrol, ε-viniferin, and
δ-viniferin on oxidative stress-induced reduction of cell viability in
VECs. Serum-starved VECs were incubated with 5 or 10 μM
resveratrol, ɛ-viniferin, or δ-viniferin for 24 hours, washed with PBS,
and then incubated with 800 μM H2O2 for 24 hours. Cell viability was
assayed with a trypan blue dye exclusion test as described in
Section 2. The data are presented as the mean ± SD of three
independent experiments. *P < .05 compared to the control group.
#P < .05 compared to resveratrol-, ɛ-viniferin-, or δ-viniferin-treated
groups
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well as suppression of oxidative stress-induced cell death. Moreover,

not only δ-viniferin, but also resveratrol and ε-viniferin exhibited the

same functions, suggesting that resveratrol and its dimers have the

common beneficial effects on VECs.

We found that HO-1 and SIRT1 are critically involved in the

wound repair induced by the three compounds. Mattagajasingh et al31

demonstrated that SIRT1 deacetylated eNOS, stimulating eNOS activ-

ity and increasing NO in VECs. Actually, inhibition of SIRT1 in the

endothelium of arteries inhibited endothelium-dependent vasodilation

with decreased NO levels. Similarly, Araujo et al32 described that HO-

1 also plays an important role in the protection against atherosclerosis

by acting as an antioxidant, antiinflammatory, antiapoptotic, antip-

roliferative, and immunomodulatory factor. They also indicated that

HO-1 catalyzes heme degradation, leading to the generation of bili-

verdin, free iron, and carbon monoxide (CO), and CO induces the gen-

eration of NO in VECs. These reports suggest that both SIRT1 and

HO-1 are important for the production of NO in VECs. In the report

by Sodhi et al,33 fructose-induced decrease in SIRT1 protein levels

was reversed by the HO-1 inducer Co protoporphyrin (CoPP), which

was suppressed by Sn-mesoporphyrin (SnMP), an inhibitor of HO-1

activity in hepatocytes. Fructose-dependent increases in triglycerides

and FAS were suppressed by CoPP, which was reversed by SIRT1

siRNA in hepatocytes. Moreover, administration of CoPP to mice fed

a high fructose diet increased SIRT1 expression and ameliorated lipid

accumulation and fibrosis in liver along with decreasing vascular dys-

function. These data indicate that HO-1 activity is an upstream of

SIRT1 in hepatocytes, hepatic tissue, and an artery. HO-1 may also be

an upstream of SIRT1 in the presses of wound repair induced by res-

veratrol, ε-viniferin, and δ-viniferin in our study.

Three limitations of this study, first we did not test combination

of these three active compounds and calculate the combination index.

Whether the combination of these three compounds have synergetic

effect on VECs and wound healing needs to be investigated in future.

The second is whether the three compounds affect antioxidant

enzyme SOD in VECs remains unclear. Although one study indicated

red wine compound ε-viniferin induced expression of MnSOD, the

effect three compounds on antioxidant enzyme SOD in VECs remain

further investigated.34 The third is although we find that three com-

pounds affect the functions of VECs by a similar molecular mechanism

with different potency and efficacy. The detailed difference among

three compounds remains need to be further studied.

In conclusion, resveratrol and its dimers, ε-viniferin, and

δ-viniferin, in red wine may be effective in preventing atherosclerosis

by a similar molecular mechanism with different potency and efficacy.
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