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Abstract. Fluid shear stress has been revealed to differentially 
regulate endothelial nitric oxide synthase (eNOS) distribution 
in vessels. eNOS, a key enzyme in controlling nitric oxide (NO) 
release, has a crucial role in mediating oxidative stress, and 
resveratrol (RSV)‑mediated eNOS also attenuates oxidative 
damage and suppresses endothelial dysfunction. To observe 
the protective effect of RSV on low shear stress (LSS)‑induced 
oxidative damage and the potential mechanisms involved, a 
parallel‑plate flow chamber, which imposed a low level of 
stress of 2 dynes/cm2 to cells, was employed. Reactive oxygen 
species (ROS), NO and apoptotic cells were examined in 
LSS‑treated endothelial cells (ECs) with or without RSV. 
Western blot analysis was used to examine LSS‑regulated 
eNOS‑Ser1177, Thr495 and Ser633, which were tightly asso-
ciated with NO release. To further determine the underlying 
signaling pathways involved, extracellular signal‑regulated 
kinase (ERK), a possible upstream target of eNOS‑Thr495, 
was investigated, followed by examination of eNOS‑Thr495 
in ERK‑inhibited cells. Additionally, eNOS mRNA expres-
sion levels were analyzed in cells challenged with LSS. The 
results revealed that RSV markedly decreased LSS‑induced 
oxidative damage in ECs. Furthermore, eNOS‑Ser1177 and 
Thr495 as well as phospho‑ERK were time‑dependently acti-
vated by LSS. The ERK inhibitor deactivated eNOS‑Thr495, 
which was accompanied by increased intracellular superoxide 
dismutase (SOD) levels. Of note, the activation effect of LSS on 
ERK/eNOS was markedly eliminated by RSV. In conclusion, 
RSV exerts antioxidant effects by suppressing LSS‑activated 
ERK/eNOS and may provide a potential therapeutic target for 
atherosclerosis.

Introduction

Atherosclerosis, a state of excessive oxidative stress, is char-
acterized by endothelial dysfunction. Atherosclerotic plaques, 
which have a crucial role in the occurrence and progression 
of atherosclerosis, have been reported to preferentially settle 
at the branches, bifurcations or inner curvatures of the artery, 
where shear stress is low  (1,2). Shear stress, a dragging 
force generated by blood flow, exerts a variety of effects on 
endothelial function and contributes to the focal location of 
atherosclerotic lesions (3). Several studies have identified that 
the expression of endothelial nitric oxide synthase (eNOS) 
protein is markedly increased in high shear stress regions and 
decreased by low shear stress (LSS) (4‑6). eNOS, a critical 
enzyme that converts l‑arginine to l‑citrulline and nitric oxide 
(NO), is important in maintaining endothelial function (7), 
as the release of NO affects the formation, progression and 
heterogeneity of atherosclerotic plaques (8,9). The regulation 
of eNOS activity involves phosphorylation at multiple serine 
and threonine residues. The phosphorylation of eNOS‑Ser1177 
near the carboxy‑terminus is required for eNOS activation, 
and eNOS‑Ser633, located in the flavin mononucleotide 
binding domain, also activates eNOS and is pivotal for the 
maintenance of NO biosynthesis. eNOS activation is inhibited 
by eNOS‑Thr495, which interferes with the integration of 
calmodulin at the eNOS calmodulin‑binding domain (6,8,10).

Atherogenic events, including decreased NO bioactivity 
and enhanced formation of reactive oxygen species (ROS), 
are tightly associated with atherosclerosis formation. The 
accumulation of ROS promotes apoptosis, leading to high 
endothelial cell (EC) turnover, which promotes hotspots of 
increased endothelial permeability and results in a preferred 
cellular deposition to oxidized low density lipoproteins (11). 
Additionally, oxidative stress contributes to vascular injury 
and variously pathological processes, including atherosclerosis 
and thrombosis (12).

Resveratrol (RSV), a natural polyphenol in grapes, pome-
granates and peanuts, first attracted the attention of investigators 
when it was correlated to the various biological activities of red 
wine. RSV possesses diverse antiatherogenic effects, including 
inhibiting low‑density lipoprotein oxidation, ameliorating cell 
apoptosis, disrupting platelet aggregation and suppressing 
inflammatory factor secretion (13‑15). Furthermore, studies 
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have reported that RSV has promising neuroprotective and 
mitochondrial‑improving functions, may attenuate aging and 
prevent the onset of numerous chronic diseases (16‑18). In 
addition, RSV has the ability to scavenge free oxygen radicals 
and has cytoprotective effects (18‑20). Several studies indi-
cated that RSV is able to enhance NO biosynthesis, which may 
be associated with the extracellular signal‑regulated kinase 
(ERK) signaling pathway (21‑23).

The regulatory mechanisms of RSV in the occurrence 
of endothelial dysfunction induced by LSS have largely 
remained elusive. In the present study, it was demonstrated 
that ERK/eNOS is activated by LSS and that RSV inhibits 
LSS‑induced oxidative stress by suppressing ERK/eNOS 
signaling. Therefore, RSV, as a potential regulator of eNOS, 
has a protective role in LSS‑induced development of athero-
sclerosis lesion.

Materials and methods

Cell culture. Human umbilical vein endothelial cells (HUVECs; 
Type Culture Collection of the Chinese Academy of Sciences, 
Shanghai, China) were cultured at 37˚C in a humidified incu-
bator with 5% CO2 and maintained in RPMI‑1640 culture 
medium supplemented with 10% fetal bovine serum (FBS; 
HyClone, Logan, UT, USA). When grown to 90% confluence, 
cells were trypsinized, harvested, resuspended and seeded onto 
a 0.1% gelatin‑coated glass. Following adherence, monolayer 
cells grown on the glass were used for the flow experiments.

Shear stress study. A parallel‑plate flow chamber (Shanghai 
Medical Instrumentation College, Shanghai, China) that 
exerts a continuous flow was established by sandwiching a 
silicon gasket between two stainless steel plates with a cover 
slip sink in the base plate. The chamber and all parts of the 
circuit tubes were sterilized prior to the placement of the glass 
(50x30 mm) with monolayer cells into the flow chamber. The 
parameter settings were as follows: Flow chamber height, 
0.56 mm and pump rate, 60 times/min. The value of shear 
stress was adjusted by modulating the flow of after‑loading 
and was automatically calculated using the information from 
the pressure transducers. The shear stress in our flow study 
was 2 dynes/cm2.

MTT assay. An MTT assay was employed to determine cell 
viability. Following exposure to LSS for different durations 
or treatment with different concentrations of RSV (Sigma, 
St. Louis, MO, USA) for 1 h, cells were incubated in MTT 
(0.5 mg/ml; Sigma) for 3 h. Following that, cells were washed 
twice with ice‑cold PBS and DMSO was added to solubilize 
the converted dye. Finally, DMSO with formazan was collected 
and the absorbance was measured at 490 nm by a spectropho-
tometer (NanoDrop 2000; Thermo Scientific, Waltham, MA, 
USA).

Detection of ROS and NO. MitoSOX™ is a live‑cell permeant 
prober and selectively detects superoxide in mitochondria. In 
the mitochondria, MitoSOX is oxidized by superoxide and 
acquires red fluorescent properties. 4,5‑diaminofluorescein 
diacetate (DAF‑2DA), a membrane‑permeable probe, enters 
cells and is converted into a product with green fluores-

cence in the presence of NO. In the present study, the glass 
with a monolayer of confluent cells was placed into the flow 
chamber and the cells were subjected to LSS of 2 dynes/cm2 
for 60 min with serum‑free RPMI‑1640 culture medium as 
the perfusate. For the RSV group, cells were pretreated with 
RSV for 30 min and subjected to a stress of 2 dynes/cm2 
with serum‑free RPMI‑1640 medium containing the same 
concentration of RSV as the cycle fluid. To measure ROS and 
NO, cells following the flow study were gently washed twice 
with ice‑cold phosphate‑buffered saline (PBS) and incubated 
with either MitoSOX (5 µmol/l; Invitrogen Life Technologies, 
Carlsbad, CA, USA) or DAF‑2DA (5 µmol/l; Beyotime Institute 
of Biotechnology, Jiangsu, China) at 37˚C for 20 min under the 
exclusion of light. Following this, the cells were washed twice 
with ice‑cold PBS and their nuclei were labeled with DAPI. 
The images were obtained using a fluorescence microscope 
(Olympus IX71; Olympus, Tokyo, Japan).

Measuring apoptotic cells. The terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) reaction 
preferentially labels DNA strand breaks which are produced 
during apoptosis. In the present study, the cells exposed to LSS 
with RSV treated or not, were fixed in 4% paraformaldehyde 
and permeabilized in 0.1% sodium citrate containing 0.1% 
Triton X‑100. Following blockade with 3% H2O2 for 10 min, 
the cells were incubated with TUNEL (Roche Diagnostics, 
Indianapolis, IN, USA) reaction mixture at room temperature 
for 1.5 h. TUNEL‑positive cells which glowed green fluores-
cence were captured by a fluorescence microscope.

Western blot analysis. Monolayer cells on a glass were 
exposed to LSS for different durations with serum free 
RPMI‑1640 medium as the cycle fluid. In the inhibition group, 
cells were incubated with PD98059 (50 µmol/ml; Sigma), an 
inhibitor of ERK, prior to flow exposure. Following the flow 
experiment, cells were lysed in a cocktail of radioimmunopre-
cipitation assay buffer (50 mM Tris-HCl pH 7.5, 75 mM NaCl, 
15 mM EGTA, 1 mM dithiothreitol, 0.1% Tween‑20, 60 mM 
glycerophosphate, 1 mM NaF, 0.2 mM sodium orthovanadate 
and 2  mM sodium pyrophosphate; Beyotime Institute of 
Biotechnology), proteinase inhibitor (Sigma) and phosphatase 
inhibitor (Roche Diagnostics), and lysates were clarified by 
centrifugation at 12,000 x g for 15 min at 4˚C. Protein concen-
trations were quantified by a bicinchoninic acid protein assay 
according to the manufacturer's instructions (KeyGen Biotech. 
Co. Ltd., Nanjing, China). In total, 60 µg protein was sepa-
rated by 10% SDS‑PAGE and transferred to a polyvinylidene 
fluoride membrane which was then incubated overnight at 4˚C 
with primary antibody. Following this, the membrane was 
washed and incubated with horseradish peroxidase‑conjugated 
secondary antibody for 1 h at room temperature. Following a 
second wash, the membranes were developed using enhanced 
chemiluminescence substrates and the band intensities were 
analyzed using Image  J software (National Institutes of 
Health, Bethesda, MD, USA). Goat anti‑rabbit IgG‑horseradish 
peroxidase‑coupled secondary antibody (1:2,000) and primary 
rabbit antibodies against phospho‑eNOS‑Thr495 (1:1,000), 
phospho‑eNOS‑Ser1177 (1:1,000), total eNOS (1:1,000), 
ERK 1/2 (1:1,000), phospho‑ERK 1/2 (1:2,000) and GAPDH 
(1:2,000) were purchased from Cell Signaling Technology, Inc. 
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(Beverly, MA, USA). Phospho‑eNOS‑Ser633 rabbit antibody 
(1:500) was obtained from Abcam (Cambridge, MA, USA).

Determination of superoxide dismutase (SOD) activity. The 
SOD assay is based on the formation of formazan from the 
reaction of 2‑(4‑iodophenyl)‑3‑(4‑nitrophenyl)‑5‑(2,4‑disulfo
phenyl)‑2H‑tetrazolium, monosodium salt and a superoxide 
radical produced intracellularly, which is assayed at 450 nm. 
Cells exposed to LSS for 60 min with or without ERK inhi-
bition were lysed, scraped and centrifuged at 12,000 x g for 
15 min at 4˚C. The supernatant was collected and the SOD 
activity was analyzed using a Total SOD assay kit with WST‑1 
according to the manufacturer's instructions (Beyotime 
Institute of Biotechnology).

Measurement of intracellular lactate dehydrogenase (LDH). 
LDH, an enzyme that leaks from membrane‑disturbed 
cells, was analyzed to confirm the protection of RSV on 
LSS‑treated cells. Cells subjected to LSS for 60 min with or 
without RSV treatment were lysed, scraped and centrifuged. 
Subsequently, the supernatant was collected and the concen-
tration was determined. Intracellular LDH was measured 
using an LDH assay kit according to the manufacturer's 
instructions (Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China).

Quantitative polymerase chain reaction (qPCR). Total RNA 
was reverse transcribed into cDNA using a PrimeScript® 
1st strand cDNA Synthesis kit (Takara, Dalian, China) 
and amplification was conducted by SYBR® Premix Ex 
Taq™ (Takara). eNOS mRNA expression levels were 
analyzed by qPCR (Applied Biosystems, Foster City, 
CA, USA) in three independent experiments. The condi-
tions were as follows: 38˚C for 2 min and amplification at 
95˚C for 10 min, followed by 40 cycles at 95˚C for 15 sec 
and annealed at 60˚C for 1  min. The primers targeting 
human eNOS were 5'‑TGTTTCTGTCTGCATGG‑3' 
(fo r wa rd)  a nd  5 ' ‑T G G C T G GTAG CG GA AG G ‑3 ' 
(reverse), and those targeting human GAPDH were 
5 '‑ GACCTGACCTG CCGTC TA‑3'  (fo r wa rd)  a nd 
5'‑AGGAGTGGGTGTCGCTGT‑3' (reverse) (Invitrogen Life 
Technologies). The relative expression levels of genes were 
calculated according to the 2‑ΔΔCT method and eNOS mRNA 
was normalized to the expression of GAPDH.

Statistical analysis. Values are expressed as the mean ± stan-
dard deviation. Student's t‑test was used to analyze data 
between two groups and analysis of variance was utilized to 
compare data from more than two groups. P<0.05 was consid-
ered to indicate a statistically significant difference. Statistical 
analyses were performed by SPSS, version 16.0 (SPSS, Inc. 
Chicago, IL, USA).

Results

RSV restores LSS‑mediated decreases in cell viability. Cell 
viability was evaluated by an MTT assay. In order to deter-
mine the proper concentration, RSV at concentrations of 
0‑100 µmol/l was used. RSV at 100 µmol/l exhibited a cyto-
toxic effect (Fig. 1A). Cell viability was markedly decreased in 

the presence of LSS (Fig. 1B), which was restored by 50 µmol/l 
RSV (Fig. 1C). Considering these data, RSV at a concentration 
of 50 µmol/l was used in the present study.

RSV attenuates LSS‑induced oxidative stress. First, the 
effects of LSS and RSV on ROS production in ECs were 
investigated. Following 60 min of exposure to LSS, the ROS 
levels exhibited a marked increase, which was attenuated by 
RSV treatment. However, RSV did not affect the levels of 
ROS in the static cultured cells (Fig. 2A). Due to the fact that 
excess ROS would impair eNOS function, intracellular NO 
levels were measured with DAF‑2DA. NO levels decreased 

Figure 1. Cell viability was determined by an MTT assay. (A) Endothelial 
cells were treated with different concentrations of RSV. At the concentration 
of 100 µmol/l, RSV exhibited cytotoxicity. (B) LSS decreased cell viability 
in a time‑dependent manner. (C) RSV at 50 µmol/l restored LSS‑induced cell 
damage. *P<0.05 vs. RSV 0 µmol/l; #P<0.05 vs. LSS 0 min; &P<0.05 vs. LSS 
60 min without RSV; n=3/group. RSV, resveratrol; LSS, low shear stress; NS, 
not significant.
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following 60 min of LSS compared with the LSS 0 min group 
and were significantly increased following RSV treatment. 
Similar to the ROS levels, the levels of NO were not affected 
by RSV under static conditions (Fig. 3A). Considering that 
oxidative stress‑induced apoptosis indicates endothelial 
dysfunction, TUNEL staining was used to detect apoptotic 
cells. Cellular apoptosis was markedly increased by LSS, 
which was attenuated with RSV treatment (Fig. 4A). These 
data suggested that RSV exhibited antioxidant effects against 
LSS‑induced oxidative damage.

LSS activates eNOS‑The495 and ‑Ser1177 in a time‑dependent 
manner. To determine whether LSS activates eNOS at Thr495, 
Ser1177 and Ser633, which are closely associated with eNOS 
activity, multi‑phosphorylation sites of eNOS were examined 
after the cells were subjected to LSS for different durations (0, 5, 
15, 30 and 60 min). LSS significantly activated eNOS at Thr495 
and Ser1177 sites in a time‑dependent manner, while it had 
no effect eNOS‑Ser633 (Fig. 5A). However, acute nutritional 
deprivation may affect protein phosphorylation. For instance, 
the substitution of culture medium supplemented with 10% 

Figure 2. Effects of LSS and RSV on oxidative stress. ROS were visualized using MitoSOX™. (A) Representative images of ROS‑positive cells in red and total 
nuclei were stained with DAPI (magnification, x200). (B) Bar chart quantifying ROS‑positive cells. *P<0.05 vs. LSS 0 min and **P<0.05 vs. LSS 60 min; n=5/group. 
Scale bar, 100 µm. LSS, low shear stress; RSV, resveratrol; ROS, reactive oxygen species; NS, not significant.

Figure 3. Effects of LSS and RSV on NO release. The NO levels were evaluated by DAF‑2DA. (A) Representative images of green NO‑positive cells and 
total nuclei were stainied with DAPI (magnification, x200). (B) Bar chart quantifying NO‑positive cells. *P<0.05 vs. LSS 0 min and **P<0.05 vs. LSS 60 min; 
n=5/group. Scale bar, 100 µm. LSS, low shear stress; RSV, resveratrol; NO, nitric oxide; NS, not significant; DAF‑2DA, 4,5‑diaminofluorescein diacetate.

Figure 4. Effects of LSS and RSV on cell apoptosis. (A) Representative images of TUNEL‑positive cells and total nuclei stained with DAPI (magnification, 
x200). (B) Bar chart revealing quantitative data of TUNEL‑positive cells. *P<0.05 vs. LSS 0 min and **P<0.05 vs. LSS 60 min, n=5/group. Scale bar, 100 µm. 
LSS, low shear stress; RSV, resveratrol; NS, not significant; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
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FBS with serum‑free medium may induce stress. To examine 
this possibility, eNOS‑Thr495 activation in cells starved for 
30 min and cells treated with LSS for 30 min were compared 
(Fig. 5C). As expected, the activation of eNOS‑Thr495 was due 
to the effect of LSS and was not a result of serum‑free stimulus.

ERK inhibition suppresses LSS‑mediated phosphorylation 
of eNOS‑Thr‑495. With LSS, the activation of ERK reached 
a maximum level at 15  min (Fig.  6A). To investigate the 
hypothesis that ERK may serve as an upstream modulator 
of LSS‑mediated eNOS, PD98059, an inhibitor of ERK, was 
used to treat the cells prior to the initiation of LSS for 30 min. 
To ensure that an effective ERK inhibition was achieved, 
phospho‑ERK expression was analyzed, which was 78% 
reduced in cells pre‑incubated with PD98059 (50 µmol/l) 
compared with the control. Subsequently, the effect of LSS 
on eNOS‑Thr495 was examined and the results demonstrated 
that ERK inhibition suppressed LSS‑mediated activation 
of eNOS‑Thr495 (Fig. 6E). Additionally, SOD activity was 
measured to analyze the antioxidant cellular defenses of ERK 
inhibition and the result revealed that PD98059 induced an 
increase in SOD activity, as compared with the control condi-
tions (Fig. 6G). In conclusion, LSS‑induced oxidative stress is 
regulated by the ERK/eNOS‑Thr495 signaling pathway.

RSV blocks LSS‑induced activation of ERK/eNOS. The prelim-
inary results suggested the presence of a signaling pathway via 
LSS/ERK/eNOS. With the aim of investigating the role of RSV, 
phospho‑ERK expression in the presence or absence of RSV in 
LSS‑treated cells was evaluated. Compared with the control, 
RSV decreased ERK activation at LSS 15 min (Fig. 7A). As the 
maximum LSS‑mediated stimulation of the phosphorylation 
of eNOS‑Thr495 occurred at 30 min (Fig. 5A), this time‑point 
was selected to examine the effect of RSV on eNOS and a 
decrease in eNOS‑Thr495 levels was identified. In RSV‑treated 
cells, eNOS Ser‑633 was increased, while it was not altered 
following a short exposure to LSS. Unexpectedly, RSV deac-
tivated LSS‑phosphorylated eNOS‑Ser1177 (Fig. 7C). LSS has 
been reported to increase cell permeability (26), which allows 
simple access for RSV to the cell, thus resulting in an altered 
activation of eNOS. Therefore, LDH, which was released from 
the permeability‑increased cells, was tested. The intracellular 
LDH assay demonstrated that RSV restored LSS‑mediated 
increases in cell permeability (Fig. 7G). These results suggested 
that the antioxidant effect of RSV may partly be due to the 
suppression of ERK/eNOS‑Thr495.

Acute exposure to LSS does not alter the expression of eNOS 
mRNA. qPCR was performed to investigate whether LSS 

Figure 5. LSS modulates the phosphorylation of eNOS. (A) Representative immunoblots for phosphorylation of eNOS‑Ser1177, eNOS‑Ser633, eNOS‑Thr495 and 
total eNOS in LSS‑treated cells. The levels of proteins were normalized to GAPDH. (B) Densitometry analysis of immunoblots for phosphorylated eNOS‑Ser1177, 
eNOS‑Thr495 and eNOS‑Ser633. *P<0.05 vs. LSS 0 min; **P<0.05 vs. LSS 5 min; ***P<0.05 vs. LSS 15 min; #P<0.05 vs. LSS 0 min; ##P<0.05 vs. LSS 5 min; 
###P<0.05 vs. LSS 15 min; n=3/group. (C) Representative eNOS‑Thr495, total eNOS and GAPDH in cells with either serum‑free medium or LSS‑treated for 
30 min. (D) Densitometry analysis of eNOS‑Thr495/eNOS. *P<0.05 vs. LSS 0 min; n=3/group. LSS, low shear stress; eNOS, endothelial nitric oxide synthase; NS, 
not significant.
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contributed to the change in eNOS mRNA expression. No 
significant difference in eNOS mRNA levels was observed 
following LSS exposure for 0 and 60 min in the presence or 
absence of RSV (Fig. 8). This result suggested that LSS modu-
lated eNOS in a post‑transcriptional manner. Additionally, 
activated protein phosphorylation independent from altered 
gene expression is likely to have contributed to the modulation 
of eNOS in the short time flow experiment.

Discussion

In the present study, the antioxidant effect of RSV on 
LSS‑treated cells was investigated and the possible mechanism 
that may be involved in the modulation of eNOS was exam-
ined. The results demonstrated that ⅰ) LSS evokes increased 
oxidative stress in ECs which may be due to the activation 
of ERK/eNOS‑Thr495 and ⅱ) RSV alleviates LSS‑induced 
oxidative damage via suppressing the ERK/eNOS‑Thr495 
signaling pathway.

Increases in ROS levels have been well‑defined as a 
mechanism for NO scavenging, leading to endothelial dysfunc-
tion (24). Multiple factors have been identified to enhance ROS 
formation in ECs, including mitochondrial dysfunction and 
eNOS uncoupling (25). By specific detection of mitochondrial 
superoxide by MitoSOX, the present study demonstrated that 
LSS augmented ROS generation. Oxidative stress causes 
cellular injury, and initiates apoptosis, which disrupts the integ-
rity of the endothelium, increases endothelial permeability, and 
therefore leads to a preferred cellular deposition to lipids (26). 
Using TUNEL staining, apoptosis caused by LSS was identi-
fied, which indicated that LSS caused oxidative damage.

Three decades ago, Furchgott and Zawadzki (27) provided 
the first evidence that ECs produced a factor which caused 
vascular smooth muscle relaxation. Considering the observa-
tion was associated with NO, eNOS had since been intensely 
studied (28). Cheng et al (4) reported an association between 
the distribution of shear stress and differential activation 
of eNOS, which prompted us to investigate the effects of 

Figure 6. Inhibition of ERK blocks the LSS‑induced activation of eNOS‑Thr‑495. (A) Representative immunoblots of phospho‑ERK, ERK and GAPDH in 
cells with LSS treated for different duration. (B) Densitometric analysis of the expressed phospho‑ERK. *P<0.05 vs. LSS 0 min and **P<0.05 vs. LSS 5 min. 
(C) The effect of ERK inhibition on the expression of eNOS‑Thr495, total eNOS and GAPDH in cells pretreated with PD98059 (50 µmol/l), an ERK inhibitor, 
following the initiation of LSS for 30 min. (D) Analysis of the inhibitory efficiency of PD98059; (E) quantitative analysis of Thr‑495 eNOS and (F) densitom-
etry analysis of eNOS‑Thr495. *P<0.05 vs. LSS 0 min; **P<0.05 vs. LSS 30 min +PD98059. (G) Effect of ERK inhibition on intracellular SOD activity. *P<0.05 
vs. LSS 0 min; ##P<0.05 vs. LSS 60 min; n=3/group. pi‑ERK, phosphorylated extracellular signal‑regulated kinase; LSS, low shear stress; eNOS, endothelial 
nitric oxide synthase; SOD, superoxide dismutase; DMSO, dimethyl sulfoxide.
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LSS on eNOS multi‑phosphorylation sites (4). Activation of 
Ser1177 or Ser633 promoted eNOS, while phosphorylation 
at Thr‑495 had an inhibitory effect (7). Based on the above 
results and the evidence from the present study that LSS 
promoted ROS formation and decreased NO production, the 
phosphorylation at eNOS‑Ser1177, Ser633 and Thr495 in ECs 
exposed to LSS was examined. The results demonstrated 
that the activation of eNOS‑Ser633 remained unchanged 
and that Thr495 was elevated at 5 min and peaked at 30 min 
following the onset of flow. Unexpectedly, a short exposure to 
LSS evoked eNOS‑Ser1177, which contradicted the original 
hypothesis that LSS inhibited eNOS‑Ser1177 due to promoting 
the release of NO (6,10). Greif et al (29) identified phospha-
tase protein phosphatase 2A (PP2A) as a key determinant 
of eNOS dephosphorylation at Ser1177 and Thr495 sites. 
Furthermore, an inhibitor of PP2A augmented overall levels of 
eNOS phosphorylation and a mutation at Thr495 deactivated 
Ser1177. In conclusion, it was proposed that PP2A is involved 
in LSS‑activated eNOS and that short‑term LSS activates 
Ser1177 in a Thr495‑dependent manner; however, further 
study is required to fully elucidate this.

MAPK signaling is important in a wide range of cellular 
processes. ERK, one of the major factors in the MAPK family, 
responds to a variety of extracellular stresses (30). First, the 
effect of LSS on ERK was examined and it was observed 
that ERK was activated and peaked at 15 min. To identify 
the upstream regulator of eNOS, PD98059 (50 µmol/ml) was 
used to pre‑incubate cells for 30 min prior to the flow study. 

The results suggested that PD98059 suppressed LSS‑induced 
activation of eNOS‑Thr495 and restored SOD activity. These 
results corresponded with those obtained in other studies, 
including that by Huang et al (30), who identified that ERK 
affects eNOS under shear stress in a mouse model, and a 
study by Ford and Rush (25) also reported that activation of 
VEGF/ERK affects NO synthesis.

Figure 7. RSV suppresses the LSS/ERK/eNOS signaling pathway. (A) Representative immunoblots for phospho‑ERK and ERK in cells exposed to LSS with 
or without RSV treatment and (B) analysis of phospho‑ERK. (C) Representative blots for Ser1177, Thr‑495, Ser‑633 and total eNOS in RSV‑treated cells. 
Densitometry analysis of immunoblots for the levels of (D) eNOS‑Ser1177, (E) eNOS‑Thr495 and (F) eNOS‑Ser633. *P<0.05 vs. LSS 0 min without RSV; 
n=3/group. Cells subjected to LSS for different time periods were lysed to determine intracellular LDH. (G) LSS caused a decrease in intracellular LDH, which 
was restored by RSV treatment. **P<0.05 vs. LSS 60 min with no RSV treated; n=3/group. RSV, resveratrol; LSS, low shear stress; eNOS, endothelial nitric 
oxide synthase; ERK, extracellular signal‑regulated kinase; LDH, lactate dehydrogenase.

Figure 8. LSS modulates eNOS mRNA expression in a post‑transcriptional 
manner. The levels of eNOS mRNA relative to GAPDH following exposure 
to LSS for 0 and 30 min did not exhibit any significant differences among the 
four groups; n=4/group. LSS, low shear stress; eNOS, endothelial nitric oxide 
synthase; RSV, resveratrol; NS, not significant.
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RSV is a natural polyphenol that has been demonstrated 
to attenuate oxidative stress (17,20,31). Substantial evidence 
suggested that the antioxidant effect of RSV is attributed to the 
activation of sirtuins, which are mainly located in the mito-
chondria (17). Several other studies have demonstrated that 
RSV may increase NO availability through the attenuation of 
ROS production (32). However, the mechanism by which RSV 
affects eNOS in LSS‑treated cells is elusive. The present findings 
suggested that RSV attenuated oxidative stress and cell apop-
tosis, and affected ERK/eNOS signaling, suggesting that RSV 
improved the release of NO by blocking ERK/eNOS‑Thr495. 
Furthermore, RSV was identified to regulate MAPK in several 
other studies (30,33). Skrobuk et al (34) reported that an acute 
exposure to RSV inhibited AMPK activity, which may explain 
why RSV deactivated eNOS‑Ser1177 in the present study (34). 
Additionally, the manner of RSV‑regulated eNOS deactivation 
was in accordance with that mediated by PP2A (29). To elimi-
nate the possibility that the antioxidant effect of RSV may be 
a result of increased cell permeability generated by LSS (11), 
intracellular LDH was measured. The results revealed that 
RSV restored the integrity of the cell membrane. Under 
static conditions, RSV affected the signaling of ERK/eNOS. 
However, the ROS and NO levels, as well the apoptotic rate 
of the cells, were independent of RSV under static conditions. 
RSV failed to affect oxidative damage in static cultured cells, 
suggesting that mechanisms other than eNOS may be associ-
ated with the modulation of oxidative stress.

In conclusion, it is proposed that ⅰ) LSS causes oxida-
tive stress via ERK/eNOS‑Thr495 and ⅱ)  RSV restores 
oxidative damage through suppressing ERK/eNOS‑Thr495. 
Furthermore, PP2A may be a key regulator in LSS‑affected 
eNOS and that LSS activates Ser1177 in a Thr495‑dependent 
way, which are hypotheses that require further study.

There were certain limitations to the present study. 
Atherosclerosis is considered to be a chronic and complex 
process, and therefore, an extended exposure time in vivo should 
be applied. The present study suggested that LSS‑induced 
oxidative damage was associated with ERK/eNOS‑Thr495. 
PI3K/PKD/eNOS‑Ser1177 and PKA/eNOS‑Ser633 have been 
reported to be involved in long‑term high shear stress (35,36). 
High shear stress was also identified to stimulate nuclear 
export of histone deacetylase  5 and activate eNOS  (37). 
However, these signaling pathways are characterized by large 
and complicated networks, and other key factors cannot be 
excluded, which requires further investigation.
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