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Abstract: Damage and inflammation of endothelial cells are important factors in the pathogenesis of atheroscle-
rosis. Shear and NAD-dependent protein sirtuin-4 (SIRT4) might regulate atherosclerosis through endothelial cells. 
This study will investigate the mechanism of how shear and SIRT4 regulate human umbilical vein endothelial cells 
(HUVEC) to affect atherosclerosis. HUVEC were isolated, cultured, and treated with 100 ng/mL lipopolysaccharide 
(LPS) to mimic endothelial cells’ injury and inflammation. Shear stress is generated by using a parallel-plate fluid 
flow chamber. MTT assay was used to measure the growth of HUVEC. Flow cytometry was used to detect apoptosis of 
HUVEC. RT-PCR and western blot were used to detect the expression levels of SIRT4. Levels of SIRT4 was also over-
expressed or suppressed by liposome transfection, and LPS was administered to detect cell apoptosis. Compared 
to control group, LPS treatment significantly inhibited the growth of HUVEC (P < 0.05) but promoted the apoptosis 
of HUVEC (P < 0.05). Shear force (16 dyn/cm2) significantly reduced LPS-induced growth inhibition and apoptosis 
of HUVEC (P < 0.05). LPS reduced the expression of SIRT4 in a dose-dependent manner, whereas shear force (16 
dyn/cm2) increased the expression levels of SIRT4 in HUVEC. Overexpression of SIRT4 inhibited LPS-induced HUVEC 
apoptosis (P < 0.05), and silence of SIRT4 enhanced LPS-induced apoptosis (P < 0.05). LPS induced HUVEC apop-
tosis through reduction of SIRT4 and shear force inhibited LPS-induced apoptosis of HUVEC.
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Introduction

The morbidity and mortality of atherosclerosis 
showed an increasing trend in recent years [1]. 
Endothelial cell damage or inflammation is one 
of the important factors in the pathogenesis of 
atherosclerosis [2]. Lipopolysaccharide (LPS) 
induced endothelial cell injury is one of the  
recognized models of vascular endothelial cell 
injury and inflammation. However, the regula-
tion of LPS on endothelial cells and its possible 
role in the pathogenesis of atherosclerosis has 
yet to be further explored [3, 4].

There is no occurrence of atherosclerosis when 
endothelial cells have slight damage or inflam-
mation, suggesting that there may be self-regu-
lating mechanisms of the body against damage 
and inflammatory states [5]. Atherosclerosis 
will occur only when the body’s self-repair sys-
tem is not sufficient to repair the damage; the 
inflammation cannot be eliminated by the 
immune system and will be accumulated to a 

certain extent [6, 7]. Clinical practice showed 
that blood flow velocity slows down at vascular 
bifurcation or stenosis, which is the major site 
of occurrence of atherosclerosis [8-9]. There- 
fore, it is reasonable to speculate that shear 
stress may be related to the occurrence of ath-
erosclerosis [10].

Endothelial cells are under the influence of 
shear force because they locate between blood 
and blood vessels [11]. Different intensity, fre-
quency and direction of blood flow will have dif-
ferent effects on vascular endothelial cells. 
Arterial endothelial cells subject to much great-
er shear force than the endothelial cells of other 
tissues do [12, 13]. Based on the fact that ath-
erosclerosis often occurs in artery bifurcation, 
vessel bends, or narrow area [8, 9], we believe 
that shear stress plays a role in the pathogen-
esis of atherosclerosis a [8, 9], and inflamma-
tion and apoptosis in vascular endothelial cells 
may be the initial and key step of atherosclero-
sis [14-16]. Therefore, this study will explore the 
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regulation and molecular mechanism of shear 
stress on the vascular endothelial cell growth 
and apoptosis.

SIRT4 (Sirtuin-4), an NAD-dependent protein 
sirtuin-4, is a major regulator of pyruvate dehy-
drogenase activity [17]. Studies have shown 
that the expression levels of SIRT4 are regulat-
ed by shear force. SIRT4 also involves in wound 
healing, plays a key role in signal transmission 
in a variety of injuries, and responses rapidly to 
changes of external environment [18]. This 
study will explore the effect and possible mo- 
lecular mechanisms of shear stress on SIRT4 
expression levels in vascular endothelial cells.

In this study, HUVEC will be stimulated by LPS 
to mimic the damage and inflammation of 
endothelial cells, and the growth and apoptosis 
of HUVEC will be measured. And shear stress 
will also be introduced to this working model to 
study the effect of shear stress on HUVEC.

Material and methods

Reagents

High glucose DMEM cell culture medium and 
fetal bovine serum were purchased from BD 
Biosciences. MTT (3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2-H-tetrazolium bromide) was pur-
chased from Santa Cruz Biotechnology. Anti-
SIRT4 polyclonal antibody protein, anti-β-Actin 
monoclonal antibody, and horseradish peroxi-
dase-conjugated goat anti-mouse IgG were pur-
chased from Sigma. SIRT4 over-expression 
plasmid is stocked by the laboratory [17]. SIRT4 
silencing siRNA and control siRNA were synthe-
sized by Jima Biotechnology. The sequences 
are as follows:

5’-AGGCATATCCAGGCACCAAGGCAGGC3-‘; 5’-G- 
GCAGCACCTGCTCCAGGAAAAGGCA-3’; 5’-CACC- 
AAGAGCAGCATGGAGTCCAGGC3-‘; 5’-GCACTGA- 
GCTCCAGGAGCACAAGGCA-3’. Caspase-3 activ-
ity kits and FITC-Annexin-V were purchased 
from Biyuntian Biotechnology.

Isolation and culture of HUVEC

HUVEC were isolated and cultured according to 
the reported method [19]. Briefly, 10 cm to 15 
cm of fresh umbilical cord was taken 5 h post-
partum, washed with PBS at 37°C until no 
blood or other fluids. Two ends of the umbilical 
cord were ligated with 10 ml of 0.1% trypsin 
inside, and digested in 37°C water bath for 30 

min. Digestive juice was mixed with 5 ml of fet- 
al bovine serum and the umbilical cord was 
washed with PBS for 3 times. The liquid was 
mixed, centrifuged at 8000 r/min for 8 min. 
Supernatant was removed, and cell pellet was 
resuspended in DMEM medium and inoculated 
in cell culture dishes with 1.5% agar, cultured in 
37°C incubator with 5% CO2. Culture medium 
was replaced every 24 h.

HUVEC identification: HUVEC were seeded into 
Petri dishes coated with poly-lysine to grow 
until they reached 90% of confluence. Cells 
were fixed with acetone for 6 min, treated with 
1% H2O2 for 20 min, blocked with bovine serum 
albumin, incubated with mouse anti-human VIII 
factor antibody for 12 h, color developed with 
DAB, and observed under a microscope. Cells 
with brown granules were designated positive.

The cells were passaged when they got conflu-
ent. The cells were washed with PBS to remove 
serum, and then trypsinized with 0.1% trypsin 
at 37°C for 2 min. The cell suspension was col-
lected, centrifuged at 8000 r/min for 8 min to 
remove supernatant. The cell pellets were re- 
suspended in DMEM medium and passaged at 
1:4. Cells were cultured 2 d and the 2nd gen-
eration of cells was used in this study.

Establishment of parallel-plate fluid flow cham-
ber and treatment of HUVEC

Shear stress was generated with a parallel-
plate fluid flow chamber according to a pub-
lished literature [20]. The upper and lower 
plates were made of plexiglass. There were two 
buffer chambers at the lower ends of the lower 
plate for inflows and outflows. The intermediate 
layer is a slide for culturing cells which can be 
freely withdrawn or added.

The flow chamber consisted of a tank, a flow-
controlling valve, computers, medical silicone 
hoses, and a constant flow pump. It works as 
follows: perfusion fluid started from the con-
stant flow pump, went into the flow chamber 
through silicone hoses, generated shear force 
to affect the cells of the middle layer of the  
flow chamber, and finally went back to the per-
fusate reservoir, forming a closed flow circula-
tion system.

Shear force treatment of HUVEC

Isolated HUVEC were seeded in the middle 
layer of the flow chamber and stimulated by 
shear force (16 dyn/cm2) for 24 h [21]. The 
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HUVEC were tripsinized and collected for analy-
sis of cell viability and apoptosis.

The formula for calculating shear force S = 
6aQ/wh2. Wherein, S, a, Q, w, and h represents 
cut power, the circulating fluid viscosity, the cir-
culating fluid volume, flow chamber width, and 
flow chamber height, respectively.

Grouping

To measure cell growth and apoptosis, untreat-
ed group (control) and LPS-treated group were 
included. To study the effect of shear stress on 
LPS-induced cell growth and apoptosis, static 
culture group, static culture with LPS group, 
shear stress (16 dyn/cm2) group, and shear 
stress (16 dyn/cm2) with LPS group were in- 
cluded.

MTT assay

MTT assay was carried out according to previ-
ous publication [22]. Specifically, HUVEC were 
counted and 1000 cells, 500 cells, 250 cells, 
100 cells and 0 cells were seeded into soft 
agar medium and cultured at 37°C for 8 days. 
HUVEC cells were fixed using 100% methanol 
for 10 min at room temperature when HUVEC 
clones appeared in the most diluted group. 
Cells were then stained with Giemsa for 10 min 
at room temperature and cell clones were then 
counted and recorded.

Transfection

SIRT4 silencing siRNA and control siRNA were 
synthesized by Jima Biotechnology. The sequ- 
ences are as follows:

5’-AGGCATATCCAGGCACCAAGGCAGGC3-’; 5’-G- 
GCAGCACCTGCTCCAGGAAAAGGCA-3’; 5’-CACC- 
AAGAGCAGCATGGAGTCCAGGC3-’; 5’-GCACTG- 
AGCTCCAGGAGCACAAGGCA-3’. HUVEC were tr- 
ansfected with those siRNAs using liposome 
transfection technique.

Flow cytometry measurement of apoptosis

HUVEC phosphatidylserine valgus was mea-
sured according to kit’s protocol [23]. Spe- 
cifically, methods are as follows: cell suspen-
sion, FITC-Annexin V binding buffer, and FITC-
Annexin V reagents were mixed at ratio of 
250:50:1. The mixture was incubated for 30 
min in dark. The emission wavelength and ab- 
sorption wavelength used in this study were 
488 nm and 624 nm.

Detection of caspase-3 activity

Caspase-3 activity was measured using a com-
mercial kit from Biyuntian Biotech to indicate 
the apoptosis of HUVEC cells [24]. Cells were 
collected, resuspended in lysis buffer, and ly- 
sed on ice for 30 min. Ac-DEVD-pNA (5 mM) 
was added to cell lysates, then incubated at 
37°C for 30 min. The absorbance at 492 nm 
was recorded with a microplate reader. OD492 
of control group was used as the standard 
value. The caspase-3 relative activity was. This 
standard value was subtracted from each 
OD492 values to get the caspase-3 relative 
activity of each group.

RT-PCR

RNA was extracted from cells each group [25]. 
RT-PCR was performed to detect the levels of 
SIRT4 using a kit from Biyuntian Biotech. The 
PCR product was resolved in agarose gel. Im- 
age J software was used to analyze the band 
density. Actin was used as the internal control.

Western blot

The protein levels of SIRT4 were measured by 
western blot analysis [26]. HUVEC from each 
group were lysed. The lysates were used for 
SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blot. Membranes were 
incubated with anti-SIRT4 antibody (1:1000) 
and anti-Actin antibody (1:1000) for 2 hour at 
room temperature. Membranes were then wa- 
shed and incubated with anti-mouse secondary 
antibody for 2 hours at room temperature, fol-

Figure 1. LPS inhibited the growth of HUVEC. *repre-
sents significant difference compared with the con-
trol group.
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lowed by developing and fixing. Image J soft-
ware was used to analyze the band density. 
Actin was used as the loading control.

Statistical analysis

SPSS 13.0 was used for data analysis and sta-
tistics. The data were expressed as mean ± SD. 
Multiple groups were compared using ANOVA. 
Paired t-test was used for analysis between 
groups. P < 0.05 was considered significant.

Caspase-3 activity assay showed that com-
pared with the control group, 100 ng/mL LPS 
treatment significantly enhanced caspase-3 
activity (P = 0.0052) (Figure 3). Taken together, 
these results indicated that LPS induced apop-
tosis of HUVEC.

Shear stress (16 dyn/cm2) significantly re-
duced LPS-induced growth arrest and apopto-
sis in HUVEC

As shown in Figures 4 and 5, shear stress (16 
dyn/cm2) did not affect the growth and apopto-
sis of HUVEC. However, shear stress (16 dyn/
cm2) significantly reduced LPS-induced growth 
arrest and apoptosis of HUVEC, suggesting that 
shear stress could resist the toxic effect of LPS 
and maintain the normal function of HUVEC.

LPS dose-dependently reduced SIRT4 level in 
HUVEC

RT-PCR and Western blot results showed that 
compared with control cells with no LPS treat-
ment, LPS treatment significantly decreased 
the expression of SIRT4 in both mRNA and  
protein levels in a dose-dependent manner 
(Figures 6 and 7).

Figure 2. LPS induced the ex-
ternalization of phosphatidyl-
serine of HUVEC. *represen- 
ts significant difference com-
pared with the control group.

Figure 3. LPS activated caspase-3 in HUVEC. *repre-
sents significant difference compared with the con-
trol group.

Results

LPS inhibited the growth of 
HUVEC

MTT assay data showed that 
compared with the control gr- 
oup, did not join LPS HUVEC 
cells, 100 ng/mL LPS treatment 
significantly inhibited the growth 
of HUVEC (P = 0.0086) (Figure 
1).

LPS induced apoptosis of 
HUVEC

Phosphatidylserine externaliza-
tion data showed that compared 
with the control group, did not 
join LPS HUVEC cells, 100 ng/
mL LPS treatment significantly 
induced the externalization of 
phosphatidylserine of HUVEC (P 
= 0.012) (Figure 2).
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Shear stress (16 dyn/cm2) treatment in-
creased SIRT4 mRNA

RT-PCR and western blot results showed that 
compared to control group, shear stress (16 

dyn/cm2) treatment of HUVEC significantly 
increased SIRT4 at both mRNA level and pro-
tein level (P = 0.0083) (Figures 8 and 9).

Overexpression of SIRT4 suppressed LPS-
induced apoptosis

Caspase-3 activity assay showed that LPS-
induced apoptosis was significantly inhibited by 
overexpression of SIRT4 (P = 0.0064) (Figure 
10).

Silencing of SIRT4 enhanced LPS-induced 
apoptosis

SIRT4 was successfully silenced by transfec-
tion of siRNA. Data showed that silencing of 
SIRT4 significantly enhanced LPS-induced 
apoptosis (P = 0.0064) (Figure 11).

Shear stress suppressed LPS-induced apopto-
sis through increasing levels of SIRT4

Both shearing stress treatment and overex-
pression of SIRT4 significantly inhibited LPS-
induced apoptosis (Figure 12). As contrast, 
silence of SIRT4 by siRNA enhanced LPS-
induced apoptosis (Figure 13).

Discussion

The incidence of cardiovascular and cerebro-
vascular diseases, especially atherosclerosis, 

Figure 4. Shear stress (16 dyn/cm2) significantly re-
duced LPS-induced growth arrest in HUVEC. *repre-
sents significant difference compared with the con-
trol group.

Figure 5. Shear stress (16 dyn/cm2) significantly 
reduced LPS-induced apoptosis in HUVEC. *repre-
sents significant difference compared with the con-
trol group.

Figure 6. LPS dose-dependently reduced SIRT4 at 
mRNA level. *represents significant difference com-
pared with the control group. #represents that there 
are significant difference between 50 ng/mL group 
and 100 ng/mL group.

Figure 7. LPS dose-dependently reduced SIRT4 at 
protein level. *represents significant difference com-
pared with the control group. #represents that there 
are significant difference between 50 ng/mL group 
and 100 ng/mL group.
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showed a trend of increase along with the 
improvement of people’s living standards and 
lifestyles. Endothelial cell damage and inflam-

mation are important factors in the pathogen-
esis of atherosclerosis [27]. However, the mo- 

Figure 8. Shear stress (16 dyn/cm2) treatment in-
creased SIRT4 mRNA. *represents significant differ-
ence compared with the control group.

Figure 9. Shear stress (16 dyn/cm2) treatment in-
creased SIRT4 at protein level. *represents signifi-
cant difference compared with the control group.

Figure 10. Overexpression of SIRT4 suppressed LPS-
induced apoptosis. *represents significant differ-
ence compared with the control group.

Figure 11. Silencing of SIRT4 enhanced LPS-induced 
apoptosis. *represents significant difference com-
pared with the control group.
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lecular mechanism of atherosclerosis occur-
rence remains to be elucidated [28]. This study 

the top of that, we explored the molecular 
mechanism of regulation of HUVEC by the com-

Figure 12. Shear stress or overexpression of SIRT4 suppressed LPS-in-
duced apoptosis.

Figure 13. Silence of SIRT4 enhanced LPS-induced apoptosis.

investigated the effect and 
molecular mechanism of shear 
stress on HUVEC.

In this paper, we found that: First, 
LPS inhibited growth of HUVEC 
promoted HUVEC apoptosis. Se- 
cond, results showed that shear 
stress (16 dyn/cm2) significan- 
tly reduced LPS-induced growth 
arrest and apoptosis of HUVEC. 
Third, LPS decreased SIRT4 level, 
whereas shear stress (16 dyn/
cm2) increased SIRT4 level. La- 
stly, overexpression of SIRT4 in- 
hibited LPS-induced apoptosis, 
and silencing of SIRT4 enhanc- 
ed LPS-induced apoptosis. These 
results indicated that shear st- 
ress suppressed LPS-induced ap- 
optosis by induction of SIRT4, 
which might be one of the rea-
sons of atherosclerosis occu- 
rrence.

The latest research suggested 
that endothelial cell damage is a 
key factor in the pathogenesis 
and development of cardiovascu-
lar disease, cancer, infection, sh- 
ock, acute lung injury and trauma 
[1]. LPS could cause most of the 
pathological processes menti- 
oned above and it is a commonly 
used reagent to induce injury. In 
this study, LPS was used to treat 
HUVEC to mimic endothelial inju-
ry. LPS is one of the key sub-
stances that cause shock and 
inflammation in mammals. Under 
normal circumstances, LPS in- 
duces inflammation in leuko-
cytes and vascular smooth mus-
cle cells, which can cause will 
apoptosis and necrosis and lead 
to endothelial cell injury if not 
eliminated very well. HUVEC was 
used as in vitro cell culture mo- 
del, which is consistent with pre-
vious studies [18]. The results 
showed that LPS significantly 
induced apoptosis of HUVEC. On 
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bination of shear force and LPS. We have sur-
prisingly found that shear force inhibited LPS-
induced growth arrest and apoptosis of HUVEC, 
which triggered our interest to further investi-
gate the molecular mechanism of regulation of 
HUVEC by shear stress.

Studies have shown that the expression level of 
SIRT4 was regulated by shearing force [4]. In 
addition, SIRT4 is a NAD-dependent protein sir-
tuin-4 whose main function is to regulate the 
activity of pyruvate dehydrogenase [17]. Other 
research suggested SIRT4 may also participate 
in wound healing, because SIRT4 knockout 
mice showed defects in the repair of damaged 
blood vessels, but the accurate mechanism 
was unclear [17]. We first explored the effect of 
shear stress on the expression of SIRT4 in vas-
cular endothelial cells and showed that shear 
stress (16 dyn/cm2) increased SIRT4 levels in 
HUVEC. SIRT4 overexpression inhibited LPS-
induced apoptosis, whereas silence of SIRT4 
enhanced LPS-induced apoptosis, indicating 
that shear stress regulates endothelial cells, 
which is consistent with previous study. Our 
data also suggest that shear stress inhibited 
LPS-induced cytotoxicity and inflammation by 
controlling directly or indirectly the level of 
SIRT4, providing a theoretical basis for further 
exploration of how shear force regulates vascu-
lar endothelial cell inflammation.

By reducing the levels of SIRT4, LPS induced 
HUVEC apoptosis which was inhibited by shear 
force. Since shear stress inhibits apoptosis, no 
AS occurred. Shear stress also inhibited LPS-
induced injury. This might explain why AS is 
rarely occurred in the presence of consistent 
shear forces in human blood. LPS caused dam-
age and inflammation, caused by the effect if 
LPS is not cut, then which can cause AS if not 
eliminated in time.

There are three shortcomings in this paper. 
First, the paper did not specify the manner by 
which shear force regulates SIRT4 in vascul- 
ar endothelial cells, e.g., SIRT4 might directly 
involve in endothelial cell proliferation and dif-
ferentiation. Second, only in vitro experiments 
were included in this study, it would be better to 
use atherosclerotic rat model to investigate 
whether suppression of SIRT4 promotes apop-
tosis of vascular endothelial cells leading to 
atherosclerosis. Third, the study did not collect 
clinical atherosclerotic specimens to further 

validate that there were down-regulation of 
SIRT4 level and up-regulation of apoptosis in 
clinical atherosclerotic specimens.

In conclusion, this study showed that shear 
stress suppressed LPS-induced apoptosis th- 
rough increasing the levels of SIRT4, which 
might be one of the reasons that cause at- 
herosclerosis.
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