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Abstract
Background/Aim: Oxidative stress plays a critical role in pathogenesis of the neointimal 
arterial hyperplasia. The aim of the study was to evaluate effects of resveratrol (RSV) on 
the vascular hyperplasia stimulated by oxidative damage. Methods: Balloon vascular injury 
was induced in rats that were intraperitonealy exposed to resveratrol (1 mg/kg) on 7 or 14 
days after surgical procedure. Animals were euthanized on 7 or 14 days after operation. 
The blood level of 8-iso-prostaglandin F2α, arterial morphology as well as expression of 
monocyte chemotactic protein-1 and interleukin-6 in carotid wall were measured. Vascular 
smooth muscle cells (VSMCs) were isolated from the thoracic aorta. Cellular proliferation and 
migration assays, reactive oxygen species (ROS), superoxide dismutase (SOD) and NADPH 
oxidative activity, protein level of β-actin, histone H3, NF-κB p65, IκB, ERK1/2, phospho-ERK1/2, 
phospho-p38 as well as NF-κB transcription activity were evaluated in-vitro after angiotensin 
II stimulation and resveratrol (50-200 µmol/L) treatment. Results: Significant decreases in 
neointimal/medial area, serum prostaglandin level and genes expression were found in rats 
treated with resveratrol, when compared to the control group. Significant changes were also 
revealed for proliferation and migration rates, ROS level, as well as SOD, NADPH oxidase, 
ERK1/2 phosphorylation and NF-κB transcriptional activity in cell cultures exposed to highest 
dose of resveratrol. Insignificant changes were observed for NF-kappaB p65 translocation and 
IκB degradation, p38 phosphorylation in MAPK pathway. Conclusion: Resveratrol significantly 
suppressed the neointimal hyperplasia after balloon injury through inhibition of oxidative 
stress and inflammation by blocking the ERK1/2/NF-kappa B pathway.
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Introduction

Coronary heart disease is the major cause of death in developed countries [1]. 
Percutaneous coronary intervention (PCI) is an important means of clinical treatment for 
coronary heart disease, but the higher incidence of restenosis after surgery has a serious 
impact on the long-term benefits [2]. While the use of drug-eluting stents has lowered the in-
stent restenosis rates, the clinical restenosis incidence remains at 5% -10% [3]. In the United 
States alone, more than 20 million patients require repeated revascularization each year due 
to restenosis [4]. Thus, understanding the mechanisms that induce restenosis has important 
clinical significance and will enable the development of better therapeutic options.

The restenosis rate is regulated by multiple complex pathological processes, including 
the natural biological response, the effect of arterial contributions, the type of stent used, 
and implantation factors [5]. Implantation factors include incomplete stent expansion, 
geographic issues, and deployment of agents in the clot-laden arterial segment. Oxidative 
stress induced by excessive reactive oxygen species (ROS) generation after vascular injury 
plays an important role in the initiation and development of restenosis [6]. Excessive ROS 
generation accelerated vascular remodeling after artery injury related with promotion of 
migration and proliferation of medial VSMCs [7]. In a rabbit iliac artery injury model, ROS 
levels increased 20 times immediately after injury and remain more than 5 times increased 
at 7 days after injury [8]. Neointimal formation could be induced by an early injection with 
oxidative glutathione or cystine and could be inhibited with anti-oxidants [9-11]. A variety 
of anti-oxidant gene therapy strategies have shown success in lowering restenosis rates in 
the clinic [6]. These results suggest that excessive ROS production plays a critical role in 
vascular pathological changes. Antagonizing oxidative stress may be an optimal strategy 
to inhibit vascular post-angioplasty restenosis and improve the physiological functions 
after vessel injury. Resveratrol, as a non-flavonoid polyphenol compound, has anti-tumor, 
anti-inflammatory and anti-oxidant pharmacological effects [12]. Resveratrol significantly 
attenuates ROS generation induced by a variety of stimuli, inhibits inflammation processes 
and facilitates intracellular expression of several anti-oxidant enzymes [13, 14]. However, 
the possible roles and molecular mechanisms of resveratrol to inhibit oxidative stress after 
vascular injury have not yet been determined.

Angiotensin II (Ang II), a multifunctional hormone involved in cell growth, apoptosis, 
migration, inflammation, and fibrosis [15, 16], is robustly stimulated after vascular injury 
[17, 18]. In the current study, we hypothesized that resveratrol would antagonize vascular 
remodeling induced by excessive ROS after artery injury. This hypothesis was tested by using 
a carotid artery balloon injury model in rat and mechanisms of resveratrol actions were 
explored in Ang II-stimulated VSMCs.

Materials and Methods

Balloon injury model of rat carotid artery
All animals used in this study were provided and cared by Animal Center of Renmin Hospital of 

Wuhan University. The experimental procedures and animal care were approved by the Animal Care and 
Use Committee of Wuhan University. All animals were given the conventional diet until sacrificed. Sixty male 
Sprague-Dawley rats weighing 350-400 g were randomly divided into five groups (n=12 rats in each group). 
The groups were: 1) sham group; 2) 7 days saline group; 3) 7 days resveratrol group; 4) 14 days saline 
group; and 5) 14 days resveratrol group. 

The animals were anesthetized with 2% sodium pentobarbital (Sigma, USA) at a dose of 40 mg/kg 
(intraperitoneal injection). The superficial fascia and muscles were separated bluntly layer by layer, until 
the left common carotid artery, internal carotid, and external carotid artery were exposed. After intravenous 
injection of 100 U/kg of heparin sodium, a balloon catheter (balloon diameter 1.25 mm, balloon length 
15 mm; Medtronic, USA) was introduced into the common carotid through the external carotid artery 
cut under temporary occlusion of the internal and common carotid arterial blood flow. The balloon was 

http://dx.doi.org/10.1159%2F000343364


Cell Physiol Biochem 2013;31:230-241
DOI: 10.1159/000343364
Published online: February 14, 2013

© 2013 S. Karger AG, Basel
www.karger.com/cpb 232

Zhang/Chen/Yang/Xu/Pu/Ding/Jiang: Resveratrol Inhibits Neointimal Formation

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

inflated and dragged back and forth with rotation three times. The sham group was exposed to the surgery 
without artery injury. The resveratrol group was given resveratrol (Sigma, USA) at a dose of 1 mg/kg/d by 
intraperitoneal injection, beginning from one day after surgery. Rats in the saline group received an equal 
volume of phosphate buffered saline (saline) as the control. 

Histomorphological detection
After 7 or 14 days, rats were sacrificed and the injured and control common carotid arteries were 

collected. An approximately 2 cm long segment of the vessel was fixed in 4% paraformaldehyde and 
embedded in paraffin. Hematoxylin and eosin stained sections were observed by light microscopy. The 
blood vessel lumen and neointimal and medial area were analyzed using image analysis software (Image 
Pro Plus 6.0), and the intima/media (I/M) ratios were calculated.

Quantitative real-time RT-PCR assay 
Total RNA was extracted from common carotid arteries following 7 days after injury using the picopure 

RNA isolation kit (Applied Biosystems, USA). After purification, the isolated RNA was reverse transcribed 
into cDNA using first-strand synthesis system (Invitrogen, USA). The cDNA was added to the ABI Prism 
7500 sequence detection system (PE Applied Biosystems, USA) with primer sequences and Sybergreen 
supermix kit (Bio-Rad, USA) according to manufacturer’s instruction. The PCR cycling condition included 
pre-denaturing at 95°C for 5 min, 40 cycles of denaturation at 95°C, annealing at 60°C, and extension at 
72°C for 30s each. GAPDH was used for normalization and amplification results were analyzed by the 2-∆∆Ct 
method. The primer sequences in this study are shown in Table 1. 

ELISA assay 
Blood samples were collected when rats were sacrificed. After centrifugation at 3000 rpm for 10 min, 

the serum was isolated and used to determine the level of 8-iso-PGF2α using a competitive enzyme-linked 
immunoassay kit (Cell Biolabs, USA) according to manufacturer’s instruction. 

Cell culture 
Primary VSMCs were isolated from the thoracic aorta of male Sprague-Dawley rats (180-200g; n=3) 

as described previously [19]. When the cells reached 80-90% confluence, primary cells were passaged and 
grown in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 100 U/
ml penicillin, and 100 µg/ml streptomycin (Hycolon, USA). Cells were incubated at 37°C in a humidified 
atmosphere of 95% air and 5% CO2. Cells at passages 3-5 were used for these experiments.

Cell proliferation assay 
Cell proliferation was assessed using the CCK-8 kit (Dojindo Laboratories, Japan). In each well of a 96-

well plate, 8,000 VSMCs were seeded and cultured for 12 h in 10% FBS. After synchronization with DMEM 
containing 0.5% FBS for 24 h, VSMCs were pre-treated with resveratrol at three different concentrations 
(50, 100, 200 µmol/L) for 30 min and stimulated with 1 µmol/L Ang II (Sigma, USA) for 24 h. Following CCK-
8 treatment, OD values were determined at 450 nm using a microplate spectrophotometer (Bio-Rad, USA).

Cell migration assay
Cell migration was measured in a 24-well transwell chamber (Corning, USA). In brief, 1x105 cells were 

seeded into the upper chamber that contained 200 µL serum-free DMEM and 200 µmol/L resveratrol. The 
lower chamber was filled with 600 µL DMEM with 1 µmol/L Ang II. After 8 h, cotton swabs were used to 
remove cells remaining in the upper chamber. The lower surface was fixed in methanol for 15 min and 

Table 1. Primer Sequences
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stained with 0.1% crystal violet for 8 min. The filter was washed 3 times, and the number of cells on the 
upper surface of the filter was quantified by microscopic evaluation. The total number of cells was measured 
in 5 random fields at a magnification of x100.

Reactive oxygen species detection
The level of intracellular reactive oxygen species was evaluated with the fluorescent probe DCFH-DA 

(Beyotime, China). VSMCs were seeded onto a 24-well plate at a density of 1.5x105 cells per well. After 
synchronization for 24 h, the cells were pre-treated with 200 µmol/L resveratrol 30 min and stimulated 
with 1 µmol/L Ang II for 1 h. The fluorescent probe DCFH-DA was added to each well at a final concentration 
of 10 µmol/L and incubated at 37°C for 20 min. The plate was washed 3 times with saline and immediately 
photographed under fluorescent microscopy. Image pro plus 6.0 was used to measure mean density between 
the groups.

Determination of NADPH oxidase activity 
NADPH oxidase activity was estimated by the lucigenin chemiluminescent method as described 

previously [20, 21]. The cells were pre-treated with 200 µmol/L resveratrol for 30 min followed by 
stimulation with 1 µmol/L Ang II for 1 h. The VSMCs were collected and incubated on ice in 500 µL cell 
lysis buffer (1 mM EDTA, 10 mg/ml aprotinin, 0.5 mg/ml leupeptin, 0.7 mg/ml pepstatin, and 0.5 mM PMSF, 
pH=7.0). After centrifugation at 14000 rpm for 5 min, 200 µl of the supernatant is added to 800 µl buffer (1 
mM EDTA, 150 mM sucrose, 100 mM lucigenin, and 100 mM NADPH, pH=7.0; Sigma, USA). Luminescence 
was measured immediately, and the NADPH oxidase activity was expressed as each second luminous value 
per 1 mg of protein. 

Superoxide dismutase activity assay 
Superoxide dismutase (SOD) activity was assessed by the oxidase system (Cell Biolabs, USA). Cells 

were incubated with resveratrol and Ang II as described above and protein was extracted in lysis buffer (10 
mM Tris, pH 7.5, 150 mM NaCl, 0.1 mM EDTA, 0.5% Triton-100). After centrifugation at 12000 g for 10 min, 
70 µL supernatant of each sample was tested according to manufacturer’s instruction. 

Immunoblotting analysis 
Immunoblotting was performed as previously described [22]. The nuclear and cytoplasmic proteins 

were sequentially isolated according to instructions of the protein extraction kit (Beyotime, China). Protein 
concentration was detected by the bicinchoninic acid protein assay (Beyotime, China). Total protein was 
separated by electrophoresis on 10% SDS-polyacrylamide gels and transferred to PVDF membranes. 
Blots were probed with antibodies against β-actin (Santa Cruz, USA), histone H3, NF-κB p65, IκB, ERK1/2, 
phospho-ERK 1/2 or phospho-p38 (CST, USA). Protein expression was identified with horseradish 
peroxidase-conjugated secondary antibody (Santa Cruz, USA) and ECL plus detection kit (Pierce, USA). 
Histone H3 and β-actin served as the internal loading controls.

Luciferase reporter gene assay 
NF-κB transcription activity was determined by the luciferase reporter gene assay kit (Beyotime, 

China) as reported previously [23]. Cells at passages 3-5 were seeded in a 24-well plate at 2x105 cells 
per well. When the adherent cells reached 70% confluence, pGL6-NF-κB-Luc and pRL-TK plasmids were 
transfected into the VSMCs using Lipofectamine 2000 (Invitrogen, USA). After 6 h of transfection, cells were 
treated with resveratrol and Ang II as described above. Cells were collected and samples were processed. 
The luciferase activity was normalized to pRL-TK group and reported as a fold change compared to the 
control group. 

Statistical analysis
Data was represented as mean±SD. All statistical analysis was performed with Statistical Product and 

Service Solutions 13.0 software (SPSS 13.0). Statistical analysis was performed by one-way ANOVA, followed 
by Student-Newman-Keuls post-test. A P<0.05 was considered as a statistically significant. 
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Results

Resveratrol attenuated neointimal hyperplasia after balloon-injury 
Histomorphological results revealed that balloon injury induced significant intimal 

hyperplasia in the injured common carotid artery. VSMCs were disarrayed and the vessel 
lumen suffered a serious concentric or eccentric loss in the saline groups. Likewise, the 
neointimal hyperplasia was more severe at 14 days after surgery, compared to the 7 days 
time point. Compared to the saline groups, resveratrol dramatically suppressed neointimal 
formation and increased lumen area (Fig. 1A). In addition, the intimal/medial area ratio was 
reduced in resveratrol-treated arteries compared to the saline groups at both 7 and 14 days 
after injury (Fig. 1B). 

Resveratrol inhibited mRNA expression of MCP-1 and IL-6 in injured arteries 
In order to examine the effect of resveratrol on pro-inflammatory cytokine levels, 

monocyte chemotactic protein-1 (MCP-1) and interleukin-6 (IL-6) mRNA expression were 
measured in injured carotid arteries. After 7 days of injury, MCP-1 and IL-6 mRNA expression 
increased 3-fold and 1.59-fold in the saline group compared to the sham group, whereas 
resveratrol prevented this increase and actually decreased the MCP-1 and IL-6 mRNA 
expression by 0.70-fold and 0.52-fold compared to the sham group (Fig. 2).

Resveratrol reduced the serum levels of 8-iso-PGF2α after vessel injury
After 7 and 14 days of balloon injury, serum concentrations of 8-iso-PGF2α were 

markedly increased in saline groups, and resveratrol reduced these levels (Table 2). 

Resveratrol inhibited VSMCs proliferation and migration induced by Ang II
Proliferation was markedly induced in VSMCs treated with 1 µmol/L Ang II for 24h, 

compared to the unstimulated control group (Fig. 3). Pre-treatment with resveratrol at three 

Fig. 1. Effects of resveratrol 
on neointimal hyperplasia 
after balloon injury. (A) 
Representative hematoxylin-
eosin stained carotid artery 
sections 7 and 14 days after 
injury from each experimental 
group. Magnification is 100x. 
(B) The intimal to medial area 
ratio. Values are expressed as 
mean±SD; n=12 per group.  
* P<0.05 vs. the sham group,  
* * P<0.05 vs. the saline group.

Fig. 2. Effect of resveratrol on mRNA expression 
levels of MCP-1 and IL-6 in injured arteries. Values 
are expressed as mean±SD; n=12 per group. * P<0.05 
vs. the sham group, * * P<0.05 vs. the saline group.
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different concentrations for 30 min all showed decreased proliferation rates compared to 
the Ang II stimulated group, with the maximal effect seen at a dose of 200 µmol/L. Consisted 
with the results of the CCK-8 kit, the total cell numbers counted in five random sections 
increased after stimulation with 1 µmol/L Ang II for 8h (Fig. 4). Resveratrol at the dose of 
200 µmol/L significantly suppressed the migratory effects induced by Ang II.

Table 2. Resveratrol reduced 8-iso-PGF2α levels in serum induced by arterial injury. Values are expressed 
as mean±SD; n=12 per group. * P<0.05 vs. the sham group, * * P<0.05 vs. the saline group.

Fig. 3. Effect of resveratrol on VSMC proliferation 
induced by Ang II. (R1): 50 µmol/L resveratrol 
pre-treatment, (R2):100 µmol/L resveratrol pre-
treatment, and (R3): 200 µmol/L resveratrol pre-
treatment. Three independent experiments were 
done and the data are expressed as mean±SD.  
* * P<0.05 vs. the Ang II stimulated group, * P<0.05 vs. 
the control unstimulated group.

Fig. 4. Effect of resveratrol on VSMC migration 
induced by Ang II. Total cell number was calculated 
at a magnification of x100 in 5 random fields. All 
values are expressed as mean±SD of three separate 
experiments. * P<0.05 vs. the control unstimulated 
group, * * P<0.05 vs. the Ang II group. 

Fig. 5. Effect of resveratrol on intracellular 
reactive oxygen species induced by Ang II. (A) 
Representative fluorescent images in each group (x 
100 magnifications). (B) Fluorescent mean density 
measured with Image pro plus 6.0. Values are 
expressed as mean±SD; n=3 per group. * P<0.05 vs. 
the control unstimulated group, * * P<0.05 vs. the Ang 
II group. 
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Resveratrol suppressed generation of intracellular reactive oxygen species induced by Ang 
II
Intracellular ROS production in VSMCs was remarkably increased in the presence of 

Ang II for 1 h (Fig. 5A). However, resveratrol pre-treatment showed a significant decrease in 
ROS generation. In VSMCs treated with 200 µmol/L resveratrol, the fluorescence intensity 
decreased approximately 70% of the Ang II group levels (Fig. 5B). In accordance with the 
ROS results, NAPDH oxidase activity was down-regulated and SOD activity was markedly 
elevated by resveratrol (Fig. 6).

Resveratrol inhibited ERK1/2 phosphorylation induced by Ang II
Compared to the control group, the relative protein expression of phospho-ERK 

increased by 3.3-fold in the Ang II-treated group. Resveratrol exerted a distinct inhibitory 
influence on ERK1/2 phosphorylation. In cells pre-treated with 200 µmol/L resveratrol, 

Fig. 6. Resveratrol reduced NADPH oxidase activity and enhanced SOD activity induced by Ang II. (A) 
NAPDH oxidase activity (fold change compared to control group). (B) Levels of SOD activity. All values are 
expressed as mean±SD of three separate experiments. * P<0.05 vs. the control unstimulated group, * * P<0.05 
vs. the Ang II group. 

Fig. 7. Role of resveratrol in ERK1/2 phosphorylation and phospho-p38 protein expression induced by Ang 
II. (A) Upper panel: Representative Immunoblots for phospho-ERK1/2, ERK1/2, and β-actin expression. 
Lower panel: Relative expression of phospho-ERK1/2 and ERK1/2 protein. (B) Upper panel: Representative 
Immunoblots for phospho-p38 and β-actin expression. Lower panel: Relative expression of phospho-p38 
protein. Values are expressed as mean±SD; n=3 per group. * P<0.05 vs. the control unstimulated group, * * 

P<0.05 vs. the Ang II group. 
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the phospho-ERK relative expression decreased by 61%. No changes in total ERK1/2 
or phospho-p38 protein expression were observed among the three groups (all p= not 
significant; Fig. 7).

Resveratrol suppressed Ang II-induced NF-κB transcriptional activity 
Ang II strongly promoted NF-κB luciferase activity, showing a 4.4-fold increase versus 

the basal activity of unstimulated cells. Resveratrol attenuated this increase, increasing only 
2.2-fold compared to unstimulated cells (Fig. 8). Resveratrol had no effect on Ang II-induced 
NF-κB translocation or IκB degradation (Fig. 9).

Discussion 

In the present study, we have shown that resveratrol could attenuate oxidative damage 
and inflammation induced by vascular endothelial injury. The major findings of this study 
were that resveratrol 1) attenuated the oxidative damage stimulated by vessel injury and 
inhibit neointimal hyperplasia; 2) inhibited Ang II-induced VSMCs proliferation, migration, 

Fig. 8. Effects of resveratrol on NF-κB transcriptional 
activity induced by Ang II. Luciferase activity for 
NF-κB was normalized to pRL-TK plasmid and 
performed as fold change compared to control 
group. Values are expressed as mean±SD; n=3 per 
group. * P<0.05 vs. the control unstimulated group,  
* * P<0.05 vs. the Ang II group.

Fig. 9. Effects of resveratrol on NF-κB translocation and IκB degradation induced by Ang II. (A) Upper panel: 
Representative nuclear expression of NF-κB p65 and Histone H3. Lower panel: Relative expression of NF-
κB p65. Ratio of NF-κB p65 to Histone H3 was evaluated. (B) Upper panel: Representative immunoblots for 
cytoplasmic expression of IκB and β-actin. Lower panel: Relative expression of IκB. Ratio of IκB to β-actin 
was expressed. Values are presented as mean±SD; n=3 per group. * P<0.05 vs. the control unstimulated 
group. 
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and excessive ROS generation; and 3) inhibited ERK1/2 phosphorylation and NF-κB 
transcriptional activity in VSMCs stimulated by Ang II. These results indicate that resveratrol 
may be a therapeutic option for vessel hyperplasia therapy.

Medial VSMCs produce a large amount of ROS under various stimuli, including 
inflammatory factors, cytokines, and hemodynamic alterations, all of which are induced 
following vessel injury [24]. Excessive ROS activates quiescent VSMCs to proliferate and 
migrate from the medial to intimal. VSMCs also release matrix metalloproteinases and 
inflammatory factors, which initiate neointimal formation [25-27]. The results in our study 
agree with previous research that showed 8-iso-PGF2α, a biological indicator of oxidative 
damage in vivo [28], significantly increased after balloon injury, which is accompanied by 
increases in MCP-1 and IL-6.

Resveratrol suppresses the inflammatory response, attenuates excessive ROS generation 
and blocks the cross-talk between inflammation and oxidative stress in several diseases and 
individual cell types [29-31]. It is, however, still unclear whether resveratrol has similar 
inhibitory capacity on VSMCs. In VSMCs, NADPH oxidase (NOX) is the major contributor 
of ROS generation [6]. NOX oxidizes NADPH to NADP+ with the concomitant generation of 
peroxides, including H2O2 [32]. In contrast, SOD serves as a crucial anti-oxidant enzyme 
that plays an important role in scavenging oxygen free radicals and protecting tissue from 
ROS-induced oxidative stress injury [33]. Under normal circumstances, NOX and SOD are 
maintained in dynamic balance, as the excessive activation of NOX and consumption of SOD 
synergistically stimulate ROS generation. In this study, we found that resveratrol inhibited 
the excessive activation of NOX and enhanced the SOD activity. Thus, the increase of ROS 
production induced by Ang II was dually antagonized by resveratrol.

Endogenous ROS serves as a second messenger involved in the cascading effect of 
multiple signaling pathways [34]. Similar to protein tyrosine kinase, JNK, p38/MAPK, ERK5 
and ERK1/2 MAPK kinase are all ROS-sensitive regulators [35, 36]. We found that resveratrol 
treatment reduced ERK1/2 phosphorylation without affecting total ERK expression. Likely, 
the downstream transcription factors c-fos and Elk-1 were suppressed, and the cell cycle 
was maintained in the quiescent stage. 

Interestingly, there were no statistical differences in p38/MAPK phosphorylation 
detected among the experimental groups. It has not been clear whether Ang II can activate 
p38 and resveratrol can regulate the p38/MAPK pathway. Haider et al. [37] demonstrated 
that resveratrol did not decrease the phospho-p38 expression stimulated by Ang II. However, 
Kim et al. [38] has proposed that resveratrol can attenuate p38/MAPK phosphorylation to 
disturb high-glucose stimulatory effects on human vein endothelial cells. These investigations 
imply that the ability of resveratrol to regulate MAPK kinase is dependent on cell type, drug 
dose, and stimulus type, to name a few.

Previous studies have recognized that NF-κB is another important ROS-sensitive 
transcription factor, and it plays a critical role in cross-talk between oxidative stress and 
inflammation [39, 40]. NF-κB binds to a wide variety of gene promoter and enhancer 
sequences to stimulate transcription. The inactive form of NF-κB is composed of a 
p65-p50 heterodimer attached to IκBα in the cytoplasm. In the presence of stimuli, IκBα 
is dissociated from the polymer after phosphorylation and the p65-p50 subunit is released 
to become the bioactive form. Subsequently, the active dimer translocates into nucleus and 
binds to cognate DNA regulatory element to adjust transcriptional activity of target gene 
[41]. Unexpectedly, resveratrol demonstrated no effect on NF-κB p65 nuclear translocation 
and IκBα degradation. Nevertheless, the inhibitory effects on ROS generation and pro-
inflammatory factor expression indicate that NF-κB transcriptional activity is regulated by 
resveratrol. NF-κB transcriptional activity is associated with numerous factors, including 
DNA binding activity, RelA phosphorylation, and transcriptional coactivation and repression 
[42-47]. In fact, our own results in the transient luciferase reporter assay revealed that 
resveratrol dramatically decreased NF-κB transcriptional activity despite having no effect 
on nuclear translocation. Certainly, the specific regulation mechanism cannot be ignored and 
still needs further study.
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Taken together, our present study suggests that resveratrol could inhibit neointimal 
hyperplasia after balloon injury by down-regulating excessive ROS generation and 
inflammation. Furthermore, there is a possible molecular mechanism linked to the inhibition 
of ERK1/2 phosphorylation and NF-κB transcriptional activity. As such, we believe that 
resveratrol might be a novel therapeutic strategy for occlusive vascular diseases. Auxiliary 
application of resveratrol consisted with PCI treatment, would alleviate vascular local and 
even systemic inflammatory response and inhibit restenosis, which significantly reduce 
patient’s pain and the risk of repeated revascularization.

At last, we would like to stress this study was conducted on animal model and for 
such reason, the obtained data cannot be directly transferred to human. Moreover, other 
non-rodent studies are recommended to support the final conclusion and usefulness of 
resveratrol in prevention of the neointimal arterial hyperplasia.

Acknowledgements

This project was supported by National Natural Science Foundation of China 
(NO.81170195) and Fundamental Research Funds for the Central Universities 
(20103020201000203, 201130202020014; 302274023).

References

1	 Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M, Dai S, De Simone G, Ferguson TB, Ford E, Furie K, 
Gillespie C, Go A, Greenlund K, Haase N, Hailpern S, Ho PM, Howard V, Kissela B, Kittner S, Lackland D, 
Lisabeth L, Marelli A, McDermott MM, Meigs J, Mozaffarian D, Mussolino M, Nichol G, Roger VL, Rosamond 
W, Sacco R, Sorlie P, Stafford R, Thom T, Wasserthiel-Smoller S, Wong ND, Wylie-Rosett J: Executive 
summary: heart disease and stroke statistics--2010 update: a report from the american heart association. 
Circulation 2010;121:948-954.

2	 Clark MA, Bakhai A, Lacey MJ, Pelletier EM, Cohen DJ: Clinical and economic outcomes of percutaneous 
coronary interventions in the elderly: an analysis of medicare claims data. Circulation 2004;110:259-264.

3	 Sousa JE, Serruys PW, Costa MA: New frontiers in cardiology: drug-eluting stents: part i. Circulation 
2003;107:2274-2279.

4	 Garg S, Serruys PW: Coronary stents: current status. J Am Coll Cardiol 2010;56:S1-S42.
5	 Farooq V, Gogas BD, Serruys PW: Restenosis: delineating the numerous causes of drug-eluting stent 

restenosis. Circ Cardiovasc Interv 2011;4:195-205.
6	 Levonen AL, Vahakangas E, Koponen JK, Yla-Herttuala S: Antioxidant gene therapy for cardiovascular 

disease: current status and future perspectives. Circulation 2008;117:2142-2150.
7	 Griendling KK, FitzGerald GA: Oxidative stress and cardiovascular injury: part ii: animal and human 

studies. Circulation 2003;108:2034-2040.
8	 Souza HP, Souza LC, Anastacio VM, Pereira AC, Junqueira ML, Krieger JE, Da LP, Augusto O, Laurindo FR: 

Vascular oxidant stress early after balloon injury: evidence for increased NAD(P)H oxidoreductase activity. 
Free Radic Biol Med 2000;28:1232-1242.

9	 Janiszewski M, Pasqualucci CA, Souza LC, Pileggi F, Da LP, Laurindo FR: Oxidized thiols markedly amplify 
the vascular response to balloon injury in rabbits through a redox active metal-dependent pathway. 
Cardiovasc Res 1998;39:327-338.

10	 Nunes GL, Robinson K, Kalynych A, King SR, Sgoutas DS, Berk BC: Vitamins C and E inhibit O2- production in 
the pig coronary artery. Circulation 1997;96:3593-3601.

11	 Freyschuss A, Stiko-Rahm A, Swedenborg J, Henriksson P, Bjorkhem I, Berglund L, Nilsson J: Antioxidant 
treatment inhibits the development of intimal thickening after balloon injury of the aorta in 
hypercholesterolemic rabbits. J Clin Invest 1993;91:1282-1288.

12	 Fraczek M, Szumilo J, Podlodowska J, Burdan F: [resveratrol--phytophenol with wide activity]. Pol Merkur 
Lekarski 2012;32:143-146.

http://dx.doi.org/10.1159%2F000343364


Cell Physiol Biochem 2013;31:230-241
DOI: 10.1159/000343364
Published online: February 14, 2013

© 2013 S. Karger AG, Basel
www.karger.com/cpb 240

Zhang/Chen/Yang/Xu/Pu/Ding/Jiang: Resveratrol Inhibits Neointimal Formation

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

13	 Pearson KJ, Baur JA, Lewis KN, Peshkin L, Price NL, Labinskyy N, Swindell WR, Kamara D, Minor RK, Perez 
E, Jamieson HA, Zhang Y, Dunn SR, Sharma K, Pleshko N, Woollett LA, Csiszar A, Ikeno Y, Le Couteur D, 
Elliott PJ, Becker KG, Navas P, Ingram DK, Wolf NS, Ungvari Z, Sinclair DA, de Cabo R: Resveratrol delays 
age-related deterioration and mimics transcriptional aspects of dietary restriction without extending life 
span. Cell Metab 2008;8:157-168.

14	 Cernadas MR, Sanchez DML, Garcia-Duran M, Gonzalez-Fernandez F, Millas I, Monton M, Rodrigo J, Rico 
L, Fernandez P, de Frutos T, Rodriguez-Feo JA, Guerra J, Caramelo C, Casado S, Lopez-Farre: Expression 
of constitutive and inducible nitric oxide synthases in the vascular wall of young and aging rats. Circ Res 
1998;83:279-286.

15	 Wolf G, Wenzel UO: Angiotensin ii and cell cycle regulation. Hypertension 2004;43:693-698.
16	 Touyz RM, Schiffrin EL: Signal transduction mechanisms mediating the physiological and 

pathophysiological actions of angiotensin ii in vascular smooth muscle cells. Pharmacol Rev 2000;52:639-
672.

17	 Touyz RM: Oxidative stress and vascular damage in hypertension. Curr Hypertens Rep 2000;2:98-105.
18	 Griendling KK, Sorescu D, Ushio-Fukai M: Nad(p)h oxidase: role in cardiovascular biology and disease. Circ 

Res 2000;86:494-501.
19	 Tokunou T, Shibata R, Kai H, Ichiki T, Morisaki T, Fukuyama K, Ono H, Iino N, Masuda S, Shimokawa H, 

Egashira K, Imaizumi T, Takeshita A: Apoptosis induced by inhibition of cyclic amp response element-
binding protein in vascular smooth muscle cells. Circulation 2003;108:1246-1252.

20	 Sorescu D, Somers MJ, Lassegue B, Grant S, Harrison DG, Griendling KK: Electron spin resonance 
characterization of the NAD(P)H oxidase in vascular smooth muscle cells. Free Radic Biol Med 
2001;30:603-612.

21	 Yang CS, Lee HM, Lee JY, Kim JA, Lee SJ, Shin DM, Lee YH, Lee DS, El-Benna J, Jo EK: Reactive oxygen species 
and p47phox activation are essential for the mycobacterium tuberculosis-induced pro-inflammatory 
response in murine microglia. J Neuroinflammation 2007;4:27.

22	 Chen J, Jiang H, Xu L, Zhu LH, Wang L, Wen HZ, Hu XR: Dysregulation of creb binding protein triggers 
thrombin-induced proliferation of vascular smooth muscle cells. Mol Cell Biochem 2008;315:123-130.

23	 Chen J, Jiang H, Yang J, Chen SS, Xu L: Down-regulation of creb-binding protein expression blocks thrombin-
mediated endothelial activation by inhibiting acetylation of NF-kappaB. Int J Cardiol 2012;154:147-152.

24	 Taniyama Y, Griendling KK: Reactive oxygen species in the vasculature: molecular and cellular mechanisms. 
Hypertension 2003;42:1075-1081.

25	 Rao GN, Berk BC: Active oxygen species stimulate vascular smooth muscle cell growth and proto-oncogene 
expression. Circ Res 1992;70:593-599.

26	 Sundaresan M, Yu ZX, Ferrans VJ, Irani K, Finkel T: Requirement for generation of H2O2 for platelet-derived 
growth factor signal transduction. Science 1995;270:296-299.

27	 Rajagopalan S, Meng XP, Ramasamy S, Harrison DG, Galis ZS: Reactive oxygen species produced by 
macrophage-derived foam cells regulate the activity of vascular matrix metalloproteinases in vitro. 
Implications for atherosclerotic plaque stability. J Clin Invest 1996;98:2572-2579.

28	 Basu S: Bioactive eicosanoids: role of prostaglandin f (2alpha) and f(2)-isoprostanes in inflammation and 
oxidative stress related pathology. Mol Cells 2010;30:383-391.

29	 Csiszar A, Labinskyy N, Olson S, Pinto JT, Gupte S, Wu JM, Hu F, Ballabh P, Podlutsky A, Losonczy G, de Cabo 
R, Mathew R, Wolin MS, Ungvari Z: Resveratrol prevents monocrotaline-induced pulmonary hypertension 
in rats. Hypertension 2009;54:668-675.

30	 Zhang H, Morgan B, Potter BJ, Ma L, Dellsperger KC, Ungvari Z, Zhang C: Resveratrol improves left 
ventricular diastolic relaxation in type 2 diabetes by inhibiting oxidative/nitrative stress: in vivo 
demonstration with magnetic resonance imaging. Am J Physiol Heart Circ Physiol 2010;299:H985-H994.

31	 Csiszar A: Anti-inflammatory effects of resveratrol: possible role in prevention of age-related 
cardiovascular disease. Ann N Y Acad Sci 2011;1215:117-122.

32	 Schomer B, Epel D: Redox changes during fertilization and maturation of marine invertebrate eggs. Dev 
Biol 1998;203:1-11.

33	 Liu DH, Chen YM, Liu Y, Hao BS, Zhou B, Wu L, Wang M, Chen L, Wu WK, Qian XX: Rb1 protects endothelial 
cells from hydrogen peroxide-induced cell senescence by modulating redox status. Biol Pharm Bull 
2011;34:1072-1077.

http://dx.doi.org/10.1159%2F000343364


Cell Physiol Biochem 2013;31:230-241
DOI: 10.1159/000343364
Published online: February 14, 2013

© 2013 S. Karger AG, Basel
www.karger.com/cpb 241

Zhang/Chen/Yang/Xu/Pu/Ding/Jiang: Resveratrol Inhibits Neointimal Formation

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

34	 Forman HJ, Torres M, Fukuto J: Redox signaling. Mol Cell Biochem 2002;234-235:49-62.
35	 Droge W: Free radicals in the physiological control of cell function. Physiol Rev 2002;82:47-95.	
36	 Touyz RM: Reactive oxygen species and angiotensin ii signaling in vascular cells -- implications in 

cardiovascular disease. Braz J Med Biol Res 2004;37:1263-1273.
37	 Haider UG, Sorescu D, Griendling KK, Vollmar AM, Dirsch VM: Resveratrol suppresses angiotensin ii-

induced akt/protein kinase b and p70 s6 kinase phosphorylation and subsequent hypertrophy in rat aortic 
smooth muscle cells. Mol Pharmacol 2002;62:772-777.

38	 Kim SW, Kim CE, Kim MH: Flavonoids inhibit high glucose-induced up-regulation of icam-1 via the p38 
mapk pathway in human vein endothelial cells. Biochem Biophys Res Commun 2011;415:602-607.

39	 Anrather J, Racchumi G, Iadecola C: Nf-kappab regulates phagocytic nadph oxidase by inducing the 
expression of gp91phox. J Biol Chem 2006;281:5657-5667.

40	 Li Q, Verma IM: Nf-kappab regulation in the immune system. Nat Rev Immunol 2002;2:725-734.
41	 Baldwin AJ: The nf-kappa b and i kappa b proteins: new discoveries and insights. Annu Rev Immunol 

1996;14:649-683.
42	 Naumann M, Scheidereit C: Activation of nf-kappa b in vivo is regulated by multiple phosphorylations. 

Embo J 1994;13:4597-4607.
43	 Zhong H, SuYang H, Erdjument-Bromage H, Tempst P, Ghosh S: The transcriptional activity of nf-kappab 

is regulated by the ikappab-associated pkac subunit through a cyclic amp-independent mechanism. Cell 
1997;89:413-424.

44	 Anrather J, Csizmadia V, Soares MP, Winkler H: Regulation of nf-kappab rela phosphorylation and 
transcriptional activity by p21 (ras) and protein kinase czeta in primary endothelial cells. J Biol Chem 
1999;274:13594-13603.

45	 Gerritsen ME, Williams AJ, Neish AS, Moore S, Shi Y, Collins T: Creb-binding protein/p300 are 
transcriptional coactivators of p65. Proc Natl Acad Sci U S A 1997;94:2927-2932.

46	 Kannabiran C, Zeng X, Vales LD: The mammalian transcriptional repressor rbp (cbf1) regulates 
interleukin-6 gene expression. Mol Cell Biol 1997;17:1-9.

47	 Schmitz ML, Mattioli I, Buss H, Kracht M: Nf-kappab: a multifaceted transcription factor regulated at 
several levels. Chembiochem 2004;5:1348-1358.

http://dx.doi.org/10.1159%2F000343364

	CitRef_1: 
	CitRef_2: 
	CitRef_3: 
	CitRef_4: 
	CitRef_5: 
	CitRef_6: 
	CitRef_7: 
	CitRef_8: 
	CitRef_9: 
	CitRef_10: 
	CitRef_11: 
	CitRef_12: 
	CitRef_13: 
	CitRef_14: 
	CitRef_15: 
	CitRef_16: 
	CitRef_17: 
	CitRef_22: 
	CitRef_18: 
	CitRef_19: 
	CitRef_20: 
	CitRef_21: 
	CitRef_23: 
	CitRef_24: 
	CitRef_25: 
	CitRef_26: 
	CitRef_27: 
	CitRef_28: 
	CitRef_29: 
	CitRef_30: 
	CitRef_31: 
	CitRef_32: 
	CitRef_33: 
	CitRef_34: 
	CitRef_35: 
	CitRef_36: 
	CitRef_37: 
	CitRef_38: 
	CitRef_39: 
	CitRef_40: 
	CitRef_41: 
	CitRef_42: 
	CitRef_43: 
	CitRef_44: 
	CitRef_45: 
	CitRef_46: 
	CitRef_47: 


