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Abstract. Physiological shear stress has been demonstrated to 
serve an atheroprotective function by stimulating endothelial 
nitric oxide synthase (eNOS) multi‑site phosphorylation. Low 
shear stress (LSS) serves an atheroprone role by increasing 
endothelial cell apoptosis and inflammation. The present 
study assessed whether LSS inhibited nitric oxide (NO) 
production in human umbilical vein endothelial cells by 
modulating eNOS phosphorylation and potential signaling 
pathways. A parallel flow chamber imposed with 2 dyn/cm2 
shear stress on endothelial cells was used. Western blotting 
and 4,5‑diaminofluorescein diacetate were used to analyze the 
protein expression levels and NO production. LSS activated 
eNOS‑Ser1177 and eNOS‑Thr495, but inhibited eNOS‑Ser633. 
NO production was decreased after a transient increase at 
5 min. LSS‑stimulated phosphorylation of eNOS‑Ser1177 and 
‑Thr495 were suppressed by the Akt inhibitor, perifosine, and 
extracellular signal regulated kinases1/2 (ERK1/2) inhibitor, 
PD98059, respectively. Additionally, the phosphorylation 
of eNOS‑Ser633 inhibited by LSS was restored by the 
protein kinase A activator, 8‑Bromo‑cAMP. PD98059 
completely inhibited the LSS‑induced downregulation of 
NO production. NO downregulation in response to LSS 
was intensified by perifosine and was partly inhibited by 
8‑Bromo‑cAMP. These results indicated that LSS‑induced 
activation of ERK1/2/eNOS‑Thr495 serves a major role in 
inhibiting endothelial NO synthase, which may explain the 
proinflammatory and proatherosclerotic properties of LSS.

Introduction

Shear stress is the frictional force of blood over the surface of 
the endothelium. Physiological shear stress has been suggested 
to serve atheroprotective roles by promoting the production of 
nitric oxide (NO) and inhibiting apoptosis (1,2). Physiological 
shear stress appears to serve essential roles in the production 
of NO by mediating the phosphorylation of endothelial nitric 
oxide synthase (eNOS). Low shear stress (LSS), an athero-
prone factor, upregulates the expression of proinflammatory 
factors, including adhesion molecules, chemoattractant chemo-
kines and cytokines (3), thereby enhancing injury‑induced 
inflammation. Previous studies have demonstrated that LSS 
(<5 dyn/cm2) in the vasculature, including the inner curva-
tures of coronary arteries and near bifurcations, promotes 
atherogenesis by inhibiting eNOS phosphorylation in such 
regions (4,5). Several potential phosphorylation sites exist on 
eNOS, among which Ser1177, Ser633 and Thr495 are most 
extensively investigated  (6). Phosphorylation of eNOS at 
different regulatory sites serves different roles in the regula-
tion of enzyme activation in response to several stimuli. eNOS 
can be activated by phosphorylation at Ser1177 or Ser633, and 
inhibited by phosphorylation at Thr495 in the calmodulin 
binding domain (7).

It has been generally accepted that exposure of endothelial 
cells to physiological shear stress stimulates the production of 
NO from eNOS. However, the molecular mechanisms by which 
shear stress regulates NO remain controversial. Shear stress 
activates not only protein kinase B (Akt), but also numerous 
other target kinases, including protein kinase A (PKA), protein 
kinase C (PKC), serum‑ and glucocorticoid‑ inducible kinase, 
and p70S6 kinase (8,9). Akt, PKA, PKC or AMP‑activated 
kinase, which were reported to phosphorylate eNOS at Ser1177, 
Ser633 and Thr495, modulate the specific activation of eNOS 
and NO synthase in endothelial cells subjected to physiolog-
ical shear stress (1,10,11). By contrast, another previous study 
demonstrated that shear stress phosphorylates eNOS‑Ser1179 
in a Phosphatidylinositol‑4,5‑bisphosphate 3‑kinase (PI3K)‑ 
and PKA‑dependent manner, without involving Akt (12).

Although numerous previous reports have focused on the 
effect of a physiological shear stress of 12 and 15 dyn/cm2 on 
different eNOS serine/threonine phosphorylation sites and 

Modulation of low shear stress‑induced eNOS 
multi‑site phosphorylation and nitric oxide production 

via protein kinase and ERK1/2 signaling
XIANGQUAN KONG,  XINLIANG QU,  BING LI,  ZHIMEI WANG,  YUELIN CHAO,  

XIAOMIN JIANG,  WEN WU  and  SHAO‑LIANG CHEN

Department of Cardiology, Nanjing First Hospital, Nanjing Medical University, Nanjing, Jiangsu 210006, P.R. China

Received November 19, 2015;  Accepted November 10, 2016

DOI: 10.3892/mmr.2016.6060

Correspondence to: Professor Shao‑Liang Chen, Department of 
Cardiology, Nanjing First Hospital, Nanjing Medical University,  
68 Changle Road, Nanjing, Jiangsu 210006, P.R. China
E‑mail: chmengx@126.com

Key words: shear stress, eNOS, protein kinase, ERK1/2, nitric 
oxide



KONG et al:  MECHANISM OF LSS MODULATING eNOS PHOSPHORYLATION 909

signaling pathways, little information is available regarding 
their phosphorylation in response to LSS (1,7,10,11). Earlier 
in vitro studies from our laboratory indicated that the possible 
involvement of LSS‑induced human vascular endothelial cell 
apoptosis is via Akt signaling (13). Due to the differential 
effects of the phosphorylation at Ser1177, Thr495 and Ser633 on 
eNOS activation, the present study firstly aimed to determine 
how these three phosphorylation levels change in response to 
LSS by protein kinase or other signaling pathways. Secondly, 
the present study investigated whether LSS‑induced changes 
in eNOS phosphorylation altered endothelial NO release in the 
presence and absence of various signaling inhibitors or activa-
tors. The present study aimed to further clarify the mechanism 
of LSS‑induced endothelial injury. The results may assist 
when exploring novel markers to protect endothelial function 
under LSS.

Materials and methods

Cell culture. Human umbilical vein endothelial cells 
(HUVECs) were purchased from American Type Culture 
Collection (Manassas, VA, USA). The cells were maintained 
in Dulbecco's modified Eagle medium (Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) containing 1 g/l 
glucose and 10% fetal bovine serum (Gibco; Thermo Fisher 
Scientific, Inc.) without antibiotics at 37˚C in a 5% CO2 incu-
bator. HUVECs at passage 4‑9 were used for the following 
experiments.

LSS studies. The parallel f low chamber was produced 
by Shanghai Medical Instrument School, as previously 
described  (14). Briefly, by sandwiching a silicon gasket 
between two stainless steel plates, cells grown to confluence 
on coverslips were placed the lower plate and subjected to fluid 
flow powered by a reciprocal pump at 60 times/min. The value 
of shear stress was obtained by modulating the proportion of 
fluid volume passing the flow chamber. The shear stress used 
in the present experiments was 2 dyn/cm2.

Reagent and supplies. The ERK1/2 inhibitor, PD98059, 
and cAMP‑dependent PKA activator, 8‑Bromo‑cAMP, 
were purchased from Sigma‑Aldrich (St. Louis, MO, USA). 
Primary monoclonal rabbit antibodies against phosphory-
lated p‑eNOS ‑Thr495/Ser1177 (cat. no. 9574/ cat. no. 9571), 
eNOS (cat. no.  9586), p‑ERK1/2 (Thr202/Tyr204) (cat. 
no. 4377), ERK1/2 (cat. no. 4695), p‑Akt‑Thr308/ Ser473 (cat. 
no. 4058/ cat. no. 4056), Akt (cat. no. 4691) and GAPDH (cat. 
no. 2118), and the Akt inhibitor, perifosine (cat. no. 14240), 
were obtained from Cell Signaling Technology, Inc. (Beverly, 
MA, USA). The primary monoclonal mouse antibody against 
p‑eNOS‑Ser633 (cat. no. 612664) was purchased from BD 
Biosciences (Franklin Lakes, NJ, USA). All antibodies were 
used at a dilution of 1:1,000.

SDS‑PAGE and immunoblotting. The cells were lysed on ice 
in a cocktail of radioimmunoprecipitation assay buffer [50 mM 
Tris‑HCl (pH 7.5), 75 mM NaCl, 15 mM EGTA, 1 mM dithio-
threitol, 0.1% Tween‑20, 60 mM glycerophosphate, 1 mM NaF, 
0.2 mM sodium orthovanadate and 2 mM sodium pyrophos-
phate; Beyotime Institute of Biotechnology, Shanghai, China], 

containing proteinase inhibitor (Sigma‑Aldrich) and phos-
phatase inhibitor (Roche Diagnostics, Basel, Switzerland). 
Homogenates were centrifuged at 12,000 x g for 20 min at 4˚C. 
The protein concentrations were quantified using a bicincho-
ninic acid protein assay kit, according to the manufacturer's 
protocol (KeyGen Biotech. Co., Ltd., Nanjing, China).

Aliquots of cell lysates were resolved on a 10% SDS‑PAGE 
gels and transferred onto a polyvinylidene dif luoride 
membrane (Millipore, Bedford, MA, USA). The membranes 
were blocked with 5% FBS in TBST for 2 h prior to incubation 
with a 1:1,000 dilutions of primary antibody overnight at 4˚C 
and then with a 1:2,000 dilutions of secondary antibody conju-
gated with alkaline phosphatase (cat. no. 7074; Cell Signaling 
Technology, Beverly, MA, USA) for 1 h at room temperature. 
The protein bands were detected using the Immobilon Western 
HRP Substrate Peroxide Solution (cat. no. WBKLS0500; EMD 
Millipore, Billerica MA, USA). The intensities of immunore-
active bands were analyzed using Image J software version 
1.43 (National Institutes of Health, Bethesda, MD, USA).

Detection of NO. 4,5‑diaminof luorescein diacetate  
(DAF‑2DA), a membrane‑permeable probe, enters cells and is 
converted into a product with green fluorescence in the pres-
ence of NO. Ice‑cold phosphate‑buffered saline (PBS) was 
incubated with DAF‑2DA (Life Technologies; Thermo Fisher 
Scientific, Inc.) at 37˚C for 30 min in the dark. Following incu-
bation, the cells were washed twice with ice‑cold PBS and their 
nuclei were labeled with DAPI. Images were captured using 
a fluorescence microscope (Olympus IX71; Olympus, Tokyo, 
Japan) and analyzed using Image J software version 1.43. A 
total of five fields of view were used per sample. DAPI was 
used for the total cell count in each field of view. Background 
fluorescence, which was subtracted from the fluorescent inten-
sity values, was determine by imaging unstained cells. The 
fluorescent intensity values in other groups were normalized to 
that of the control group, where the value was set to 1.0.

Statistical analysis. Statistical analysis was performed using 
SPSS 16.0 (SPSS, Inc. Chicago, IL, USA) with one‑way 
analysis of variance followed by the least significant differ-
ence test. The data are presented as the mean ± standard 
error of the mean of at least three independent experiments 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

LSS alters the phosphorylation of eNOS at Ser1177, Thr495 
and Ser633. The present study first set out to investigate the 
effect of LSS on the phosphorylation of eNOS at various amino 
acid residues in HUVECs. A parallel plate flow chamber was 
used to mimic shear stress at 2 dyn/cm2, and the cells were 
treated for 5, 15, 30 and 60 min. Cells without LSS treatment 
served as the control. Western blot analyses were performed 
using antibodies specific to eNOS phosphorylation at Ser1177, 
Thr495 and Ser633. As shown in Fig. 1, LSS stimulated the 
phosphorylation of eNOS‑Ser1177, which was similar to the 
effect of physiological shear stress on Ser1177. Phosphorylation 
of eNOS‑Ser1177 was apparent as early as 5 min after LSS 
onset and reached maximum by 30 min.
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When HUVECs were exposed to LSS, a significant 
increase in the phosphorylation at Thr495 was observed in a 
time‑dependent manner. LSS‑stimulated phosphorylation of 
Thr495 was later than that of Ser1177. Any significant increase 
of phosphorylation of eNOS‑Thr495 was observed at 15 min 
LSS exposure and remained elevated for the 60 min (Fig. 1).

However, the effect of LSS on eNOS‑Ser633 was 
completely different compared with that of eNOS‑Ser1177 
and ‑Thr495. Fig. 1 suggested that 15 min LSS exposure was 
required to observe a significant decrease of the phosphoryla-
tion of eNOS‑Ser633. This decrease in expression remained 
for at least 60 min.

LSS regulates the phosphorylation of Akt‑Thr308/Ser473, 
ERK1/2 and PKA. The effects of LSS on the phosphorylation 
of Akt, ERK1/2 and PKA were determined by western blot-
ting using antibodies specific for each phosphorylated site at 
various time points. As shown in Fig. 2, the LSS‑dependent 

phosphorylation of Akt‑Thr308, as well as Akt‑Ser473, began 
to increase at 5 min LSS and the phosphorylation of ERK1/2 
occurred later than 5  min LSS. The phosphorylation of 
Akt‑Ser473/Thr308 and ERK1/2 peaked at 30 min; however, 
PKA demonstrated an adverse tendency with Akt and ERK1/2 
in the same time course. The phosphorylation of PKA was 
reduced after 5 min LSS. The lowest value may actually be 
observed outside the 60 min time course.

LSS induces the phosphorylation of eNOS‑Ser1177 and 
eNOS‑Ser633 in a protein kinase‑dependent manner. The 
present study next aimed to determine whether phosphoryla-
tion of eNOS at Ser1177 and dephosphorylation at Ser633 
by LSS are regulated in a protein kinase‑dependent manner. 
Perifosine, an inhibitor of Akt‑Ser473 and ‑Thr308, was used 
to treat the cells prior to the initiation of LSS for 30 min. 
Western blot analysis revealed that treatment of HUVECs 
with perifosine was effective in depressing LSS‑dependent 

Figure 1. LSS modulates the phosphorylation of eNOS at Ser1177, Thr495 and Ser633. Phosphorylation of eNOS were analyzed by western blotting with 
antibodies specific for the phosphorylated forms of eNOS at Ser1177, Thr495 and Ser633. The data shown are representative of at least three independent 
experiments. The phosphorylation of eNOS‑Ser1177 and ‑Thr495 was increased after 5 and 15 min LSS treatment, respectively. The phosphorylation of 
eNOS‑Ser633 was notably reduced after 15 min LSS treatment. The intensity of each band of phosphorylated eNOS was quantified and the levels were normal-
ized to that of the total eNOS. The data are presented as the mean ± standard error of the mean of 3‑4 independent experiments (**P<0.05, compared with the 
0 min time point). p‑, phosphorylated‑; LSS, low shear stress; eNOS, endothelial nitric oxide synthase.

Figure 2. Phosphorylation of Akt, ERK1/2 and PKA in response to LSS. The phosphorylation of Akt‑Thr308/Ser473, ERK1/2 and PKA were analyzed by 
western blotting with antibodies specific for the total and phosphorylated forms of the proteins. The expression levels were normalized to that of the total 
levels. The data shown are representative of at least three independent experiments. The phosphorylation of Akt‑Thr308 and Akt‑Ser473 were increased from 
5 min LSS exposure, and the phosphorylation of ERK1/2 was elevated from 15 min LSS exposure. By contrast, the phosphorylation of PKA was reduced 
after 5 min LSS exposure. The intensity of each band was quantified and the expression levels of the proteins were normalized to that of the total levels. The 
data are presented as the mean ± standard error of the mean of 3‑4 independent experiments. p‑, phosphorylated‑; LSS, low shear stress; ERK, extracellular 
signal‑regulated kinase; PKA, protein kinase A; Akt, protein kinase B.
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phosphorylation of not only Akt‑Ser473 (Fig. 3A), but also 
Akt‑Thr308 (Fig. 3B). Perifosine also significantly inhib-
ited the LSS‑dependent phosphorylation of eNOS‑Ser1177 
(Fig. 3C); however, did not suppress LSS‑induced attenuation 

of phosphorylation of eNOS‑Ser633 (data not shown). As 
shown in Fig. 3D, treatment of the cells with 8‑Br‑cAMP for 
30 min significantly recovered the phosphorylation level of 
eNOS‑Ser633. In addition, 8‑Br‑cAMP significantly elevated 
static phosphorylation of eNOS‑Ser633 and ‑Ser1179; however, 
not eNOS‑Thr495 (data not shown).

LSS phosphorylates eNOS‑Thr495 via the ERK1/2 pathway. 
To examine whether the LSS‑evoked ERK1/2 is upstream of 
eNOS‑Thr495, HUVECs were pretreated with the ERK1/2 
inhibitor, PD98059, for 30 min. As shown in Fig. 4, PD98059 
was able to reduce the phosphorylation of eNOS‑Thr495 
(Fig.  4A) by inhibiting the phosphorylation of ERK1/2 
(Fig. 4B); however, did not reduce the phosphorylation of 
eNOS‑Ser1177 in response to LSS (data not shown). The basic 
phosphorylation levels of eNOS‑Ser1177 and eNOS‑Thr495 
remained unchanged by PD98059 (data not shown).

ERK1/2/eNOS‑Thr495 is a critical signaling pathway for 
LSS‑mediated NO synthase decrease. NO production under 
LSS was measured using the NO‑specific fluorescent dye 
DAF‑2 DA. The results demonstrated that LSS rapidly stimu-
lated NO release in a transient manner with a maximum at 
5 min; however, after 5 min, NO production was observed a 
time‑dependent attenuation (Fig. 5A and B). A total of 30 min 
pretreatment with PD98059 completely inhibited LSS‑induced 
suppression of NO production (Fig. 5C). In order to clarify the 
signaling mechanisms of eNOS‑Ser1177 and eNOS‑Ser633 
on NO production mediated by LSS, the HUVECs were 
pretreated with perifosine or 8‑Br‑cAMP for 30 min prior 
to a 30 min exposure to LSS. The results demonstrated that 
8‑Br‑cAMP significantly abolished negative effect of LSS on 
NO production to a certain degree, although NO production 
was not restored to the control levels (Fig. 5D). Perifosine 
modestly aggravated LSS‑induced NO drop (Fig. 5E).

Discussion

Our previous findings demonstrated that LSS induces human 
vascular endothelial cell apoptosis via Akt signaling  (13). 
The present study investigated the phosphorylation of eNOS 
at Ser1177, Thr495 and Ser633, and the possible mechanisms 
in HUVECs in response to LSS. The results revealed that 
activation of Akt/eNOS‑Ser1177 can completely reverse 
LSS‑induced NO synthase decrease via the PKA/eNOS‑Ser633 
pathway. Downregulation of endothelial NO predominantly 
depended on phosphorylation of eNOS‑Thr495 via an ERK1/2 
mechanism, since PD98059 completely inhibited the NO 
downregulation induced by LSS.

It is well known that phosphorylation of eNOS‑Ser1177 
stimulates eNOS activation in response to various physi-
ological stimuli, including bradykinin, shear stress and 
vascular endothelial growth factor, which activate eNOS in 
a Ca2+‑dependent or Ca2+‑independent manner (10,11). It has 
been previously demonstrated that physiological shear stress, 
as an atheroprotective factor, increases the phosphorylation 
of eNOS‑Ser1177 and NO production (12). The present data 
suggested LSS, as a atheroprone factor, also stimulated the 
phosphorylation of eNOS‑Ser1177, while NO level decreased 
after a transient increase at 5 min LSS. The present study 

Figure 3. Phosphorylation of eNOS‑Ser1177 and ‑Ser633 in response to 
LSS via the protein kinase pathway. HUVECs were pretreated with vehicle 
(DMSO) or 40 µmol/l Akt inhibitor (perifosine) for 30 min prior to exposure 
to LSS for 30 min. Perifosine significantly inhibited not only the phosphory-
lation of (A) Akt‑Ser473 and (B) Akt‑Thr308, but also the phosphorylation 
of (C) eNOS‑Ser1177 following exposure to LSS. (D) 8‑Br‑cAMP (1 mmol/l) 
significantly elevated the expression of phosphorylation of eNOS‑Ser633, 
which was decreased by LSS treatment in HUVECs. The intensity of each 
band was quantified and the protein expression levels were normalized to 
that of the total levels. The data are presented as the mean ± standard error of 
the mean of 3‑4 independent experiments (*P<0.01 and **P<0.05). HUVECs, 
human umbilical vein endothelial cells; p‑, phosphorylated‑; LSS, low shear 
stress; eNOS, endothelial nitric oxide synthase.

Figure 4. LSS induces the phosphorylation of eNOS‑Thr495 via the ERK1/2 
pathway. HUVECs were pretreated with vehicle (DMSO) or 30 µmol l‑1 
ERK1/2 inhibitor, PD98059, for 30 min prior to exposure to LSS for 30 min. 
The phosphorylation of (A) eNOS‑Thr495 and (B) ERK1/2 were notably 
downregulated by PD98059. The intensity of each band was quantified and 
the expression levels of the proteins were normalized to that of GAPDH. The 
data are presented as the mean ± standard error of the mean of 3‑4 indepen-
dent experiments (**P<0.05). HUVECs, human umbilical vein endothelial 
cells; p‑, phosphorylated‑; LSS, low shear stress; eNOS, endothelial nitric 
oxide synthase; ERK, extracellular signal‑regulated kinase.
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accounted the alternation of NO level for the differential 
change of eNOS multi‑site phosphorylation. Transient increase 
of NO is likely to be a protective effect of endothelial cells at 
the beginning of harmful stimuli.

Physiological shear stress was reported to phosphory-
late eNOS‑Ser1179 by a PI3K mechanism in bovine aortic 
endothelial cells  (15). However, other experiments have 
demonstrated that eNOS‑Ser1179 was not directly phosphory-
lated by PI3K. It was concluded that PI3K caused activation 
of phosphoinositide‑dependent kinase‑1 (PDK1), which in 
turn stimulated downstream PKA, which directly or indirectly 
phosphorylated eNOS‑Ser1179 in bovine aortic endothelial 
cells (12). Whether the PI3K/PDK1 pathway regulates PKA 
and other protein kinases, in response to LSS, remains to 
be determined. In the present study, LSS stimulated the 

phosphorylation of PI3K within 5  min. Inhibiting PI3K 
with wortmannin or LY294002 suggested that PI3K was not 
involved in regulating eNOS phosphorylation at Ser1177, 
Ser633 or Thr495 (data not shown).

Another significant finding of the present study was 
that LSS promoted the dephosphorylation of eNOS‑Ser633 
and PKA in a time‑dependent manner. The PKA acti-
vator, 8‑br‑cAMP, restored the level of phosphorylation of 
eNOS‑Ser633 inhibited by LSS. This result illustrated that 
eNOS‑Ser633 as a protective amino acid residue is dephos-
phorylated via the dephosphorylation of PKA by LSS. 
Numerous experiments under physiological stimuli, including 
shear stress, have suggested that PKA increased the level of 
phosphorylation at the site of eNOS‑Ser633 or other sites, and 
NO production (16‑19). These results suggested that the effects 

Figure 5. Effect of LSS on NO production and signaling mechanisms in HUVECs. (A and B) HUVECs were exposed to LSS for 0, 5, 15, 30 and 60 min. NO 
were stained using the NO‑specific fluorescent dye DAF‑2 DA (scale bar, 25 µm). Although LSS caused a transient NO output growth at 5 min, NO production 
demonstrated a notable time‑depended decrease from 15 min in response to LSS. The HUVECs were pretreated with vehicle (DMSO) or 30 µmol/l ERK1/2 
inhibitor, PD98059, and the NO production was assessed. (C) NO output, which was inhibited by LSS treatment, was completely recovered to the control levels 
following treatment with PD98059. (D) The PKA activator, 8‑Br‑cAMP (1 mmol/l), not only partially inhibited LSS‑induced NO production decline, but also 
stimulated static HUVECs NO production, which was not observed following PD98059 and perifosine treatment. (E) The reduction in NO production was 
intensified following treatment with 40 µmol/l Akt inhibitor, perifosine. The data are presented as the mean ± standard error of the mean of 3‑4 independent 
experiments (*P<0.01). HUVECs, human umbilical vein endothelial cells; LSS, low shear stress; NO, nitric oxide; PKA, protein kinase A; Akt, protein 
kinase B.
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of shear stress on the phosphorylation of eNOS‑Ser633 and 
PKA depend on shear stress value. In other words, phosphory-
lation of eNOS‑Ser633 begins to reduce with the decline of the 
value of shear stress.

The present data provided certain insights how LSS 
has an effect on the phosphorylation of eNOS‑Thr495. The 
ERK1/2 inhibitor, PD98059, completely prevented the phos-
phorylation of eNOS‑Thr495 caused by LSS. It demonstrated 
LSS‑stimulated phosphorylation of eNOS‑Thr495 is via 
ERK1/2 pathway. However phosphorylation of eNOS‑Ser1177 
promoted NO output and dephosphorylation of eNOS‑Ser633 
downregulated NO output under LSS. In addition, NO output 
recovered to almost control degree with PD98059 inhib-
iting the phosphorylation of eNOS‑Thr495. These findings 
suggested that LSS‑induced function of eNOS‑Ser1177 and 
‑Ser633 is cancelled out by each other. NO synthase decrease 
following LSS predominantly depends on the phosphorylation 
of eNOS‑Thr495 modulated by ERK1/2. The effect of physi-
ological shear stress on the phosphorylation of eNOS‑Thr495 
indicated certain contradictory results in certain previous 
studies (16,20). Barauna et al (20) revealed that inhibition 
of shear stress‑induced ERK activation leads to increasing 
eNOS activation by eNOS‑Thr495 dephosphorylation in 
human saphenous vein endothelial cells. However, other 
findings suggest no changes on the phosphorylation status 
of eNOS‑Thr497 by shear stress in bovine aortic endothelial 
cells (16). It is possible that the different species of cells are one 
of underlying reasons for such differences, and also different 
stimuli appear to elicit distinct changes of phosphorylation 
of eNOS‑Thr495 and ‑Ser1177. Although, phosphorylation 
of eNOS‑Thr495 and ‑Ser1177 were increased by LSS in the 
present study, NO release was abolished in a time‑dependent 
manner after 5 min LSS. A simple interpretation of this result 
is that phosphorylation of eNOS‑Thr495 is a predominant 
factor that promotes endothelial injury induced by LSS.

Certain previous experiments have demonstrated that phos-
phorylation of eNOS at Thr495 is PKC‑dependent (21‑24). In 
order to elucidate a potential upstream signaling molecule of 
ERK1/2, PKC, another member of the protein kinase familiar, 
was investigated with phospho‑specific anti‑PKC antibodies 
(data not shown); however no stimulus‑related changes in the 
association of classical PKC and eNOS‑Thr495 were observed. 
One reason is that PKC has nothing to do with the phosphory-
lation of eNOS‑Thr495 promoted by LSS. The other reason 
is that other subtypes of PKC that are excluded in the present 
study are involved in phosphorylating eNOS‑Thr495.

In conclusion, the present study found that LSS changes 
the phosphorylation of eNOS at Ser1177, Thr495 and Ser633. 
Phosphorylation of eNOS‑Ser1177 and dephosphoryla-
tion of eNOS‑Ser63 under LSS are regulated in a protein 
kinase‑dependent manner. The activation of Akt is responsible 
for the phosphorylation of eNOS‑Ser1177 and elevation of NO 
in 5 min. LSS‑stimulated NO release via Akt/eNOS‑Ser1177 
is neutralized by dephosphorylation of eNOS‑Ser633, derived 
from deactivated PKA. Changes in the phosphorylation at 
eNOS‑Thr495 resulted in a decrease in NO and endothelial 
injury. This may explain why LSS is an atheroprone factor. 
The present results provided important insights and suggested 
that ERK1/2 inhibition can restore endothelial NO production 
under LSS.
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