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Abstract: Exposure to an adverse intrauterine environment increases the risk of cardiovascular disease later in 
adult life. It has been shown that hypoxia plays a critical role in vascular remodeling and directly affects vascular 
smooth muscle cells functions. In the present study, we aimed to investigate the effect of hypoxia on neonatal rat 
aorta smooth muscle cells (NRSMCs). Our study demonstrated that hypoxia stimulation at 2% oxygen could sig-
nificantly enhance NRSMCs proliferation in a time dependent manner. Moreover, hypoxia treatment resulted in an 
increased percentage in the S + G2/M phase and decreased apoptosis rate in NRSMCs. On the molecular level, the 
protein levels of pro-apoptotic proteins BNIP3 and bax were obviously reduced, while the anti-apoptotic factor bcl-2 
was enhanced under hypoxia condition. Furthermore, we found that hypoxia activated hypoxia-inducible factor-1α 
(HIF-1α) expression and subsequently promoted NRSMCs proliferation. Specific down-regulation of HIF-1α partly 
abolished the proliferative effect of hypoxia on NRSMCs growth. Taken together, the present study demonstrated 
that hypoxia treatment promoted NRSMCs growth through activation of HIF-1α, which may contribute to the under-
standing of the pathogenesis of atherosclerosis.
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Introduction

Epidemiological studies suggest that adverse 
intrauterine environment during a critical peri-
od of fetal development will lead to the fetal 
adaptive changes that may result in an 
increased risk of cardiovascular disease in 
adult life [1, 2]. Fetal adaptations to the adverse 
environment in utero include altered cell differ-
entiation and tissue growth in order to guaran-
tee short-term survival but, on the other hand, 
may lead to impaired cardiovascular function in 
postnatal life [3-5].

Clinical and experimental evidences indicate 
exposure to chronic hypoxia during gestation is 
one of the most common intrauterine stresses 
and may predispose individuals to cardiac 
remodeling, hypertension and vascular dys-
function [6-9]. Accumulating evidences support 
the possible link between prenatal hypoxia and 
increased risk of cardiovascular dysfunction in 

offspring [10, 11]. Experimental investigation 
has demonstrated that maternal hypoxia leads 
to increased cardiac vulnerability to ischemia 
and reperfusion injury in adult offspring [12]. 
Recent studies in rats have shown that mater-
nal hypoxia alters postnatal vascular function 
and increases blood pressure response in adult 
offspring [13, 14]. 

To our knowledge, the impact of maternal 
hypoxia on the development of atherosclerosis 
still remains elusive. Pathogenic development 
of atherosclerosis involves a complex series of 
events, of which abnormal proliferation of vas-
cular smooth muscle cells (VSMCs) contribute 
significantly to the progression of atherosclero-
sis [15, 16]. Since dysfunction of VSMCs play 
critical roles in the development of atheroscle-
rosis, our current study aims to investigate the 
impact of hypoxia on neonatal rat aorta smooth 
muscle cells (NRSMCs), and further explore the 
underlying molecular mechanism.
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Materials and methods

Cell culture

Female Sprague-Dawley rats (Shanghai Experi- 
mental Animal Center, Shanghai, China) were 
mated at 3 months of age. A vaginal smear 
obtained the following morning was examined 
for the presence of sperm, which signaled day 
0 of pregnancy (term = 22 days). On day 20, the 
rat thoracic aorta was quickly removed under 
aseptic conditions following intraperitoneal 
injection of 10% chloral hydrate and immedi-
ately rinsed with aseptic phosphate-buffered 
saline (PBS). VSMCs were prepared from tho-
racic aorta of adult Wistar rats as previously 
described [13]. More than 98% of the cells 

were positive for smooth muscle-specific 
α-actin, and exhibited the typical hill-and-valley 
morphology of VSMCs. Cells at passages 3 to 5 
were used for experiments. Cells grown to 85%-
90% confluence were divided into control group 
and hypoxia group. The study was conducted 
according to the Declaration of Helsinki. The 
study was reviewed and approved by the medi-
cal ethics committee of The Second Affiliated 
Hospital of Fujian Medical University.

MTT assay

Cell viability was measured by MTT methods. To 
be brief, VSMCs were seeded in 24-well plates 
at a density of 4 × 104 cells/ml per well. After 
24 h, cells were cultured for indicated time 

Figure 1. Effect of hypoxia on NRSMCs proliferation. A. NRSMCs were exposed to hypoxia at different degrees (10, 5 
and 2% oxygen) for 24 h. B. NRSMCs were cultured under the hypoxic condition with 2% O2 for 6, 12, 24 and 48 h. 
MTT assay was used to measure cell proliferation. *P < 0.05, **P < 0.01 vs control group.

Figure 2. Effect of hypoxia on cell cycle changes in NRSMCs. NRSMCs were cultured under the hypoxic condition 
with 2% oxygen for different time points. Then, the percentage of NRSMCs in the G0/G1 (A) and S + G2/M (B) phase 
were analyzed by flow cytometry. *P < 0.05, **P < 0.01 vs control group.
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points in a hypoxia incubator (Jouan, Saint-
Nazaire, France). Then, 0.5 mg/ml MTT was 
added and incubated for 4 h at 37°C. The opti-
cal density of each well was measured at 490 
nm using an automatic plate reader.

Cell cycle analysis

Cells were digested by trypsin, washed twice 
with phosphate buffered solution (PBS), and 
fixed in 70% ethanol at -20°C overnight. After 
washing with PBS, cells were suspended and 
incubated with propidium iodide for 1 h in the 
dark. Cell cycle analysis was performed with 
FACSCalibur flow cytometer (BD, USA).

Apoptosis assay

Cells were exposed to hypoxic condition for 
indicated time points. The cultured cells were 
washed with PBS twice and detached with tryp-
sin. Apoptosis cells were detected with annexin 
V-FITC/PI according to the protocol of Annexin 
V-FITC cell Apoptosis Detection Kit (BD, USA).

Real time PCR

Total RNAs were isolated from cells by TRIzol 
reagent, and reverse transcriptions were per-
formed by Takara RNA PCR kit (Takara, Japan) 
following the manufacturer’s instructions. In 
order to quantify the transcripts of the interest 
genes, real-time PCR was performed using a 
SYBR Green Premix Ex Taq (Takara, Tokyo, 
Japan) on ABI 7500 system (Applied Biosy- 
stems, Foster, CA, USA) according to the manu-
facturer’s construction.

Western blot analysis

After hypoxia stimulation, total cell lysates were 
collected and subjected to sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-
PAGE). For Western blotting analysis, primary 
antibodies including anti-BINP3, bax, bcl-2, HIF-
1α, and β-actin (Cell Signaling, Beverly, MA) 
were used. Anti-rabbit or anti-mouse secondary 
antibody conjugated with horseradish peroxi-
dase was also applied (Pierce Chromatography 

Figure 3. Anti-apoptotic ef-
fect of hypoxia on NRSMCs. 
NRSMCs were exposed to 
hypoxia (2% oxygen) and 
the apoptosis cells were 
determined by flow cytom-
etry (A). Western blot was 
performed to detect the ex-
pression of apoptosis-relat-
ed proteins such as BNIP3, 
bax and bcl-2 (B and C). *P 
< 0.05, **P < 0.01 vs con-
trol group.
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Cartridges, USA). Immunoreactive bands were 
detected by enhanced chemiluminescence 
(ECL) kit for Western blotting detection by using 
a ChemiGenius bioimaging system (SYNGENE, 
USA).

Statistical analysis

Each experiment was performed in triplicate, 
and repeated at least three times. All the data 
were presented as means ± SD and treated for 
statistics analysis by SPSS program. Com- 
parison between groups was made using 
ANOVA and statistically significant difference 
was defined as P < 0.05.

Results

Effect of hypoxia on NRSMCs proliferation

The effect of hypoxia on NRSMCs proliferation 
was measured by MTT assay. Cells were 
exposed to different degrees of hypoxia (10, 5 
and 2% oxygen) at different time points (6, 12, 
24, 48 h) in DMEM medium. As shown in Figure 

1A, exposure to hypoxia at 2% oxygen for 24 h 
obviously promoted NRSMCs proliferation, 
whereas hypoxia at 5 and 10% oxygen had no 
obvious effect on cells growth. We then used 
2% oxygen treatment as hypoxia stimulation in 
the following experiments. In addition, NRSMCs 
were incubated in a hypoxic condition with 2% 
O2 for 6, 12, 24, 48 h, the OD values were 
remarkably increased in hypoxia-treated cells 
when compared to controls (Figure 1B). These 
data demonstrated that hypoxia at 2% oxygen 
could stimulate NRSMCs proliferation in a time 
dependent manner.

Effect of hypoxia on cell cycle changes in 
NRSMCs

Flow cytometry was performed to analyze cell 
cycle distribution in NRSMCs under hypoxia 
and normoxia condition. We found that the per-
centage of NRSMCs in the G0/G1 phase after 
hypoxia treatment (12, 24, 48 h) was signifi-
cantly reduced compared to control cells under 
normoxia (Figure 2A). Moreover, the percent-
age of NRSMCs in the S + G2/M phase follow-

Figure 4. Hypoxia stimulation induces HIF-1α 
activation in NRSMCs. NRSMCs were exposed 
to hypoxia (2% oxygen) for different durations. 
Real time PCR and western blot were performed 
to measure the mRNA (A) and protein (B and C) 
levels of HIF-1α in NRSMCs. *P < 0.05, **P < 
0.01 vs control group.
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ing hypoxia stimulation (12, 24, 48 h) was 
markedly increased compared to the control 
group (Figure 2B). Taken together, these data 
suggested that active cellular reactions had 
occurred and a significant proliferation was 
induced by hypoxia treatment.

Effect of hypoxia on NRSMCs apoptosis

We then examined the impact of hypoxia on 
NRSMCs apoptosis using flow cytometry analy-
sis. As shown in Figure 3A, we found that 
hypoxia stimulation significantly inhibited cell 
apoptosis. On the molecular level, western blot 

analysis indicated that the protein levels of pro-
apoptotic proteins BNIP3 and bax were obvi-
ously reduced, while the anti-apoptotic factor 
bcl-2 was enhanced under hypoxia condition 
compared to the control cells under normoxia 
(Figure 3B, 3C). These data suggested that 
hypoxia treatment reduced NRSMCs apoptosis 
in a time dependent manner.

Hypoxia stimulation induces HIF-1α activation 
in NRSMCs

HIF-1α is the key master regulator to hypoxic 
response [3], so we observed the possible role 

Figure 5. Role of HIF-1α in the hypoxia-in-
duced proliferation of NRSMCs. NRSMCs 
were transfected with HIF-1α-siRNA or con-
trol siRNA for 24 h. Western blot analysis 
confirmed the down-regulation of HIF-1α 
expression both under normoxia (A) and 
hypoxia (B) conditions. (C) MTT assay was 
performed to measure the proliferation 
of NRSMCs or HIF-1α-siRNA transfected 
NRSMCs under hypoxia condition. **P < 
0.01 vs. control group.
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of HIF-1α in our experimental model. Real time 
PCR indicated that the HIF-1α mRNA expres-
sion was significantly increased in NRSMCs 
exposed to hypoxia (Figure 4A). Consistently, 
the protein level of HIF-1α was highly induced in 
NRSMCs exposed to hypoxic condition (Figure 
4B, 4C). These results showed that hypoxia 
treatment promoted the activation of HIF-1α in 
NRSMCs.

Role of HIF-1α in the hypoxia-induced prolif-
eration of NRSMCs

In order to determine if HIF-1α plays a role in 
hypoxia-induced cell proliferation, we analyzed 
NRSMCs proliferation followed by co-treatment 
with specific HIF-1α-siRNA and hypoxia (2% O2) 
for 24 h. Western blot analysis confirmed that 
the specific HIF-1α-siRNA significantly sup-
pressed HIF-1α expression in NRSMCs under 
both normoxia and hypoxia conditions (Figure 
5A, 5B). Similar with the result in Figure 1 in 
which hypoxia treatment enhanced NRSMCs 
proliferation, exposure to hypoxia stimulated 
cells proliferation compared to the normoxia 
condition. However, down-regulation of HIF-1α 
in NRSMCs partly prevented the increase in cell 
proliferation under hypoxia condition (Figure 
5C). 

Discussion

In the cardiovascular system, hypoxia plays a 
crucial role in the development of atherosclero-
sis [17]. Hypoxia modulates key events for 
VSMCs functionality, including proliferation, 
migration and lipid accumulation [18, 19]. The 
present study aimed to investigate the effect of 
hypoxia on neonatal rats-derived VSMCs, and 
we found that hypoxia treatment stimulated 
NRSMCs proliferation via HIF-1α dependent 
pathway.

It is well known that abnormal proliferation of 
vascular smooth muscle cells is closely associ-
ated with the pathogenesis of atherosclerosis. 
Such change in the proliferative phenotype is 
considered as an early event in atherogenesis 
and a distinctive feature in atherosclerosis-
prone sites [15]. In our study, exposure to 
hypoxia at 2%, not 5 or 10% oxygen, stimulated 
NRSMCs proliferation. In addition, NRSMCs 
were incubated for different time points under 
hypoxic condition and showed remarkable 
enhanced proliferation, indicating that hypoxia 

at 2% O2 could promote NRSMCs growth in a 
time dependent manner.

Cell proliferation is involved in cell cycle pro-
gression and apoptosis [20], thus we assumed 
that abnormal proliferation of NRSMCs is due 
to the changed cell cycle distribution and apop-
tosis under hypoxia condition. Not surprisingly, 
data revealed that the percentage of NRSMCs 
in the S + G2/M phase was significantly 
increased following hypoxia treatment, sug-
gesting that hypoxic stimulation resulted in 
more active cellular reactions in NRSMCs. 
Apoptosis, or programmed cell death, of VSMCs 
play a key role in the development and progres-
sion of the atherosclerosis and restenosis after 
percutaneous coronary intervention [15]. 
BNIP3 is a pro-death protein and a member of 
the BH3-only Bcl-2 family. BNIP3 overexpres-
sion induces various types of cell death via 
mitochondrial or non-mitochondrial death cas-
cades [21]. In our study, we demonstrated that 
hypoxia inhibited NRSMCs apoptosis and, 
molecularly, suppressed the expression of 
BNIP3. Moreover, hypoxic stimulation also 
decreased the expression of pro-apoptotic pro-
tein bax and increased the protein level anti-
apoptotic factor bcl-2. Collectively, these data 
demonstrated that hypoxia treatment changed 
cell cycle distribution and inhibited apoptosis in 
low oxygen-treated NRSMCs.

The cellular effects of hypoxia are primarily 
mediated by the hypoxia-inducible factor-1 
complex which composed of α and β subunits 
[22]. HIF-1α is undetectable under normoxia 
due to the rapid proteasomal degradation. But 
it is stabilized under low oxygen tensions [23]. 
Increasing evidences indicate that the HIF-1 
pathway is associated with the progression and 
angiogenesis of human atherosclerosis [24-
26]. In experimental models of hypertension 
and hypercholesterolemia, HIF-1α is associat-
ed with dysfunction of VSMCs [27, 28]. It is also 
reported that HIF-1α accumulation in macro-
phages promotes foam cell formation and ath-
erosclerosis [29]. The current study demon-
strated that hypoxia stimulation led to the acti-
vation of HIF-1α in NRSMCs and promoted cells 
proliferation. However, down-regulation of HIF-
1α could partly abolish the proliferative effect 
of hypoxia on NRSMCs growth. Altogether, our 
data demonstrated that HIF-1α was an impor-
tant mediator of vascular cell proliferation. 
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In summary, our study showed that hypoxia, 
and specifically HIF-1α, promoted the prolifera-
tion of NRSMCs. Specific down-regulation of 
HIF-1α could suppress the hypoxia-induced 
proliferation of vascular cells. Given the impor-
tance of hypoxia to atherosclerosis, our find-
ings may contribute to the understanding of the 
development of atherosclerosis.
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