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Abstract
Enhanced proliferation of pulmonary arterial vascular smooth muscle cells (PASMCs) is a

key pathological component of vascular remodeling in hypoxia-induced pulmonary hyper-

tension (HPH). Mammalian targeting of rapamycin (mTOR) signaling has been shown to

play a role in protein translation and participate in the progression of pulmonary hyperten-

sion. Eukaryotic translation initiation factor-2α (eIF2α) is a key factor in regulation of cell

growth and cell cycle, but its role in mTOR signaling and PASMCs proliferation remains

unknown. Pulmonary hypertension (PH) rat model was established by hypoxia. Rapamycin

was used to treat rats as an mTOR inhibitor. Proliferation of primarily cultured rat PASMCs

was induced by hypoxia, rapamycin and siRNA of mTOR and eIF2α were used in loss-of-

function studies. The expression and activation of eIF2α, mTOR and c-myc were analyzed.

Results showed that mTOR/eIF2α signaling was significantly activated in pulmonary arter-

ies from hypoxia exposed rats and PASMCs cultured under hypoxia condition. Treatment

with mTOR inhibitor for 21 days attenuated vascular remodeling, suppressed mTOR and

eIF2α activation, inhibited c-myc expression in HPH rats. In hypoxia-induced PASMCs,

rapamycin and knockdown of mTOR and eIF2α by siRNA significantly abolished prolifera-

tion and increased c-myc expression. These results suggest a critical role of the mTOR/

eIF2αpathway in hypoxic vascular remodeling and PASMCs proliferation of HPH.

Introduction
Pulmonary hypertension (PH) is a multi-factorial disease with poor prognosis [1]. The disease
is progressive and characterized by obstructive remodeling of distal pulmonary arteries, caus-
ing an increase in pulmonary vascular resistance and subsequent right ventricular hyperplasia,
which ultimately leads to right heart failure and death [2]. Dysregulation in proliferation of
pulmonary arterial smooth muscle cells (PASMCs) due to aberrant expression of c-myc and
cyclin-dependent kinases (CDKs) are recognized as critical cellular event in pulmonary vascu-
lar remodeling [3, 4].
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Hypoxia–induced PH (HPH) is one of the most common classes of PH. A number of intra-
cellular signaling mechanisms are observed to be involved in PASMCs proliferation and vascu-
lar remodeling in HPH, among which hypoxia-inducible factor 1α (HIF-1α), transforming
growth factor (TGF), Wnt and mitogen-activated protein kinases (MAPKs) are widely studied
[5–8]. Unfortunately, effective treatment for HPH is still lacking and the identification of new
therapeutic targets remains a significant challenge.

Recent research has indicated that the mammalian target of rapamycin (mTOR) in PH is
potentially involved in pathogenesis of PAH [9, 10]. Evidence has shown that mTOR contrib-
utes to the proliferation and survival of PASMCs in idiopathic pulmonary arterial hypertension
(IPAH) in human and experimental PH as well. Chronic hypoxia can lead to mTOR activation
[11], while inhibition of mTOR by rapamycin is beneficial for hypoxia- and monocrotaline-
induced PH in animal models [11–13]. These results suggest an important role of mTOR in the
development of PH. However, the underlying mechanism remains unknown at large.

mTOR is a highly conserved member of the serine/threonine protein kinase family activated
by phosphorylation. There is also evidence shows that mTOR plays an important role in regu-
lation of translation initiation [14, 15]. S6K and eIF4E binding protein (4E-BP) are two major
substrates of mTOR and are key regulators of protein synthesis by targeting eIF4B, eIF4E, and
eukaryotic translation elongation factor 4 (eEF4) [16, 17]. The formation of Met-tRNA and
eIF2α complex is a critical step for translation initiation, and eIF2α plays an important role in
cell growth and cell cycle regulation through multiple pathways [18–20]. eIF2α is also reported
to be important in regulation of airway smooth muscle cell proliferation, hyperplasia and
migration [21]. Interestingly, rapamycin is able to prevent eIF2α phosphorylation in hepatic
cells [22]. Thus, we hypothesized that eIF2αmay play a role in regulation of PASMCs prolifera-
tion, and activation of eIF2αmight be modulated by mTOR.

In summary, the purpose of this study was to explore the contribution of mTOR and eIF2α
in vascular remodeling in HPH rat model, and the role of the mTOR/eIF2α pathway in hypoxia
induced PASMCs proliferation and vascular remodeling in PH.

Materials and Methods

Animals
Male Sprague–Dawley rats (weighing 180–220 g) were obtained from the Laboratory Animal
Center, Xiangya School of Medicine, Central South University (Changsha, China). All surviv-
ing animals were handled in accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. The experimental protocol was approved by the medi-
cine animal welfare committee of Xiangya Medical School, Central South University (Chang-
sha, China).

Animal experiments
Rats were randomly divided into three groups (n = 10/group): (i) normoxia group; (ii) hypoxia
group, and (iii) hypoxia plus rapamycin group. Rats in the hypoxia or hypoxia plus rapamycin
groups were placed in a chamber and exposed to 10% O2 continuously for 21 days, and rats in
the hypoxia plus rapamycin group were administrated with rapamycin (1 mg/kg/d, oral
gavage) from the first day of their exposure to hypoxia for 21 days. On day 22, animals were
anesthetized with sodium pentobarbital (30 mg/kg, i.p.), right ventricle systolic pressure
(RVSP) and mean pulmonary artery pressure (mPAP) were monitored. After sacrificing the
animals, the right and left ventricle (RV, LV) and the interventricular septum (S) were dis-
sected. The tibia length was measured and weighed for calculating the ratio of RV to (LV+S)
and tibia length/RV, which are the key indexes used for evaluating RV hyperplasia. The
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pulmonary arterial samples were isolated for determination of mRNA expression. Portions of
excised lungs were fixed in 4% paraformaldehyde for hematoxylin–eosin and immunohisto-
chemical staining. The remainder of the excised lungs was frozen in liquid nitrogen for immu-
nofluorescent staining.

Histology, immunohistochemistry and immunofluorescent
Vascular remodeling of lung tissues was studied. Lung hematoxylin–eosin staining was per-
formed as previously described [23]. Slices of arteries at a thickness of 3 μmwere stained with
hematoxylin-eosin staining. Pulmonary arterial wall thickness (WT) was calculated by the fol-
lowing formula: WT (%) = areaext−areaint/ areaext×100, where areaext and areaint are the area
bounded by external and internal elastic lamina, respectively. For immunohistochemistry and
immunofluorescent staining, sections were stained with anti-eIF2α antibody (ab131495, 1:100;
abcam), anti-p-eIF2α antibody (#3398, 1:100; Cell Signaling Technology), anti-mTOR anti-
body (#2972, 1:100; Cell Signaling Technology), anti-p-mTOR antibody (#2974, 1:100; Cell
Signaling Technology), anti-c-myc antibody (#5605, 1:100; Cell Signaling Technology), anti-α-
SMA(ab7817; 1:200; abcam), developed with DAB, and counterstained with hematoxylin. The
immunohistochemistry samples were treated with horseradish peroxidase (HRP)-conjugated
goat anti-rabbit secondary antibodies (ZB-2301, 1:500) for 1 h at 37°C. Images were acquired
using a Nikon Olympus BX51. The immunofluorescence samples were treated with cy3-conju-
gated (BA1032, 1:50) and/or fluorescein isothiocyanate (FITC)-conjugated secondary antibod-
ies (BA1101, 1:50) for 1 h at 37°C. Analysis of the intensity in smooth muscle actin (SMA)-
positive areas of small muscular PAs was performed using an Olympus BX51.

Cell cultures
PASMCs were isolated from the pulmonary artery of 10-week-old male Sprague-Dawley rats
using the method described previously [24]. The cells were cultured at 37°C under 5% CO2 in
Dulbecco’s modified Eagle’s medium (DMEM) containing 20% fetal bovine serum (FBS).
PASMCs were identified by immunohistochemical staining using an antibody against smooth
muscle α-actin (ab7817, 1:50; Abcam, Hong Kong, China). PASMCs between passages 3 and 8
were used for the experiments.

Three series of experiments were designed. The first series of experiments investigated the
role of hypoxia on PASMCs proliferation. PASMCs were subjected to hypoxia for 12, 24, 48, 60
and 72 h to determine the optimal duration of exposure to hypoxia. The second series of exper-
iments were designed to explore the effect of eIF2α siRNA on PASMCs proliferation and the
involvement of c-myc pathway. PASMCs were treated with eIF2α siRNA (10, 25, 50 nmol/L)
under normal culture conditions for 4 h, then subjected to hypoxia (3%O2, 5%CO2 and 92%
N2) for 48 h. Cell proliferation assays were performed. eIF2α and c-myc expression were ana-
lyzed. The 48 h hypoxia duration was determined based on previous pilot study. The three
series of experiments were designed to explore the effect of rapamycin (RAPA) on PASMCs
proliferation and involvement of the eIF2α/c-myc pathway. PASMCs were treated with rapa-
mycin (10, 20, 40 and 80 nmol/L), then subjected to hypoxia (3%O2, 5%CO2 and 92%N2) for
48 h. Cell proliferation assays were performed and the expression of eIF2α, mTOR and c-myc
was analyzed.

Small interference RNA transfection
The mTOR and eIF2α siRNA were purchased from Ribobio (Guangzhou, China). TurboFect
transfection reagent (#0531; Thermo scientific, USA) were used for cell transfection. PASMCs
grown to 60% to 70% confluence were starved with 2% fetal bovine serum in Dulbecco’s
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modified Eagle’s medium (DMEM) for 24 h and then transfected with Turbofect transfection
reagent for 4–6 h, and then fresh medium were replaced according to the manufacturer’s
instruction. Cells were harvested 4h after for the experiments as mentioned above. Transfection
efficiency was evaluated by eIF2αmRNA and protein expression using real-time PCR and
Western blot analysis, respectively. Each experiment was repeated using primarily cultured
cells (3–8 passage). The experiments were repeated three times.

DNA synthesis analysis
DNA synthesis analysis was performed using CellTiter 96 AQueous One Solution cell Prolifera-
tion Assay (MTS; Promega, USA) according to the manufacturer’s instruction. CellTiter 96
AQueousOne Solution Cell Proliferation Assay is a colorimetric method for determination of
cell viability in proliferation or cytotoxicity assays. PASMCs were plated at a dense of 6,000
cells/well in 96-well plates. After the cells were attached to the 96-well plates, the medium was
replaced with DMEM culture supplemented with 2% fetal bovine serum and incubated for 24
h. The first experiment was designed to determine the effect of hypoxia on the proliferation of
PASMCs. Cells were subjected to hypoxia for 12, 24, 48, 60, or 72 h, cultured, and then incu-
bated for 2 h with 20 μl/well MTS. Absorbance was measured at 490 nm (DTX880; Beckman,
Miami, FL). To determine the effect of eIF2α siRNA on proliferation of PASMCs, cells were
exposed to hypoxia for 48 h in the presence or absence of eIF2α siRNA (10, 25, 50, 100 nmol/l)
for 4 h, 20 μl/well MTS was added followed by incubation for 2 h. Absorbance was measured at
490 nm. All experiments were performed in triplicate and repeated at least three times.

RNA preparation and quantitative reverse transcription PCR analysis
Total RNA was extracted by TRIzol (Invitrogen, Carlsbad, CA). For detection of mRNAs and
miRNAs expression, RNA (0.2–0.5 μg) was subjected to reverse transcription reaction using the
PrimeScript reverse transcription reagent Kit (DRR037A; TaKaRa, Dalian, China) according to
the manufacturer’s instructions. Quantitative analysis of mRNAs and miRNA expression was
performed using SYBR Premix Ex Taq (DRR420A; TaKaRa) at ABI 7300 system. PCR cycling
conditions were as follows: an initial incubation at 95°C for 15 s, followed by 40 cycles of dena-
turation at 95°C for 5 s, and annealing at 60°C for 31 s. For detection of mature miRNAs, Bulge-
Loop miRNA Primers (Ribobio) were used. The sequences of oligonucleotides used were as fol-
lows: Primers for eIF2α were: 50- GGACAAATGGAAGTATGGGATG-30 (forward), 50-CAA-
GAGAGAGCCAGTGTAATGC-30 (reverse). Primers for mTOR were: 50- ATCCAGACCC
TGACCCAAAC-30(forward), 50- TCCACCCACTTCCTCATCTC -30(reverse). Primers for
c-myc were: 50- TGTCCGTTCAAGCAGATGAG -30(forward), 50- CGGTCAGTTTATGCACC
AGA -30(reverse). Primers for β-actin were: 50-TGTCACC-AACTGGGACGATA-30(forward),
50-ACCCTCATAGATGGGCACAG-30(reverse). Data analysis was performed by comparative
Ct method using the ABI software. U6 and β-actin were used to normalize the expression of
mRNA and miRNAs, respectively. The results were repeated at least three times independently
using three different pools of templates.

Western blot analysis
Protein was extracted from PASMCs with RIPA buffer (contain 0.1% PMSF), and equal
amounts of protein from each sample (20 or 40 μg) were separated by 12% sodium dodecyl sul-
fate polyacrylamide gel electrophoresis and transferred to polyvinylidine fluoride membranes.
The membranes were then incubated with primary antibodies overnight at 4°C and horserad-
ish peroxidase-coupled goat anti-rat secondary antibody (ZB-2301, 1:5,000; Beijing, China).
The chemiluminescence signals were detected with the EasySee Western Blot Kit (Beijing
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TransGen Biotech, Beijing, China). The densitometric analysis was conducted with Image J
1.43 (National Institutes of Health). Primary antibodies against eIF2α (ab131495, 1:500) were
purchased from abcam (Hong Kong, China). Primary antibodies against p-eIF2α (#3398,
1:1000), c-myc (#5605, 1:1000), mTOR (#2972, 1:1000), and p-mTOR (#2974, 1:1000) were
obtained from Cell Signaling Technology. Primary antibody against β-actin (BM0627, 1:250)
was purchased from Boster.

Data analysis
Data were presented as the mean ± S.E.M (standard errors). Statistical analysis was performed
by unpaired Student’s t-test for two groups or analysis of variance followed by Newman–Stu-
dent–Keuls test for multiple groups. Statistical significance was defined as P<0.05.

Results

mTOR was activated in hypoxia-induced PH rats and primary PASMCs
Immunofluorescence analysis of lung tissues from hypoxia-induced PH rats showed a signifi-
cant increase in p-S2481-mTOR expression level, a marker for mTOR catalytic activity. The
expression of mTOR was located in SMA-positive areas in small remodeled pulmonary arteries
in lungs of hypoxia-induced PH rats, suggesting a role of mTOR in medial hyperplasia of pul-
monary arteries (Fig 1A and 1B). PASMCs cultured under hypoxia condition demonstrated a
significant increase in phosphorylation of mTOR and mTOR mRNA expression (Fig 1C and
1D). These data indicated that hypoxia can induce mTOR activation in primarily cultured
PASMCs, which may contribute to pulmonary vascular medial hyperplasia.

Activation of eIF2α in hypoxia-induced PH rats and primarily cultured
PASMCs accompanied by up-regulation of c-myc expression
eIF2α is a critical protein for cell growth and cell cycle regulation. A recent study demonstrated
that eIF2α is involved in the regulation of airway smooth muscle cell proliferation, hyperplasia

Fig 1. Expression and activity of mTOR in pulmonary arteries from HPH rats and PASMCs under
hypoxia. (A-B) Dual immunofluorescence analysis with anti-p-mTOR (red), anti-mTOR (red) and anti-SMA
antibodies (green) in lung tissue specimens in rats. Images were acquired with an Olympus BX51
microscope, scale bars = 100um. (C) The mRNA expression of mTORwas determined by real-time PCR in
primary PASMCs. (D) The expression and phosphorylation of mTOR proteins was determined by western
blot in PASMCs. Control: cells were treated with 21%O2 for 48 h. Hypoxia: cells were treated with 3%O2 for
48 h. Data represent fold changes in p-mTOR/β-actin protein ratios. Data are means ±S.E.M. **P<0.01 vs.
control; ***P<0.001 vs. control.

doi:10.1371/journal.pone.0130806.g001
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and migration [21]. Thus, we hypothesized that eIF2αmay be involved in the regulation of
PASMCs proliferation. Immunofluoresence analysis of lung tissue from hypoxia-induced PH
rats showed a marked increase in eIF2α phosphorylation. The expression of eIF2α was located
in SMA-positive areas in small remodeled pulmonary arteries in hypoxia-induced PH lungs
(Fig 2A and 2B) as observed for mTOR, suggesting a possible link between eIF2α and PASMCs
proliferation and medial hyperplasia. And also, primarily cultured PASMCs from SD rats dem-
onstrated a significant elevation of p-eIF2α under hypoxic conditions, which persisted for up
to 48 h (Fig 2C and 2D).

c-myc is an important member of the myc family and is involved in the regulation of cell
proliferation and differentiation [25]. Our previous study had shown that c-myc is involved in
hypoxia-induced PASMCs proliferation [24]. Results from both immunohistochemical

Fig 2. Expression and activity of eIF2α and c-myc expression in pulmonary arteries from HPH rats
and PASMCs under hypoxic conditions. (A-B) Dual immunofluorescence analysis with anti-p-eIF2α (red),
anti-eIF2α (red) and anti-SMA antibodies (green) in lung tissue specimens in rats. Images were acquired with
an Olympus BX51 microscope, scale bars = 100um. (C) The mRNA expression of eIF2α was determined by
real-time PCR in PASMCs. (D) The phosphorylation of eIF2α proteins was determined by western blot in
PASMCs. Data represent fold changes in p-eIF2α/total eIF2αprotein ratios. (E-G) The expression of c-myc
protein was determined by immunohistochemistry staining (brown precipitate indicates c-myc positive
staining). Images (E, F) were taken under ×20 magnification. G is an enlarged portion of the red box in E. (H)
The expression of c-myc mRNAwas determined by real-time PCR in pulmonary arteries. (I) The expression
of c-myc mRNA was determined by real-time PCR in PASMCs. (J) The expression of c-myc protein was
determined by western blot in PASMCs. Control: cells were treated with 21%O2 for 48 h. Hypoxia: cells were
treated with 3%O2 for 48 h. Data are means ±S.E.M. n = 3. *P<0.05 vs. control; **P<0.01 vs. control.

doi:10.1371/journal.pone.0130806.g002
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analysis and western blot showed elevated c-myc expression in pulmonary arteries from HPH
rats and in PASMCs cultured under hypoxia condition (Fig 2E–2H, Fig 2I and 2J).

mTOR inhibition attenuated vascular remodeling in HPH rats and
inhibited hypoxia-induced PASMCs proliferation
In keeping with a previous study [26], three weeks of exposure to hypoxia induced pulmonary
hypertension in rats, as demonstrated by a significant elevation in RVSP and mPAP compared
with the control rats (Fig 3A and 3B). Hypoxia also significantly induced hyperplasia of pulmo-
nary arteries, compared with controls (Fig 3C and 3D). The elevation in RVSP and mPAP were
decreased by mTOR inhibitor rapamycin (Fig 3A and 3B). Rapamycin treatment also attenu-
ated hyperplasia in the vascular media of small pulmonary arteries (Fig 3C and 3D). Treatment
with rapamycin also reversed hypoxia-induced PASMCs proliferation (Fig 5G and 5H). Taken
together, these results showed that the mTOR inhibitor rapamycin attenuates vascular remod-
eling of HPH, most likely through inhibition of PASMCs proliferation.

mTOR inhibition prevents eIF2α expression and activity
As observed in our study, mTOR and eIF2α were up-regulated both in the media of pulmonary
arteries and in hypoxia-induced cultured PASMCs. We next determined whether mTOR con-
tributes to PASMCs proliferation and pulmonary vascular remolding via eIF2α. We performed
immunofluorescence staining and immunohistochemical analysis of lung tissues from rats
with chronic hypoxia-induced pulmonary vascular remodeling. Rapamycin markedly
decreased mTOR, p-eIF2α and eIF2α levels (Fig 4A, 4D, 4F and 4G). At the same time, rapa-
mycin decreased p-mTOR, p-eIF2α and eIF2α levels, and reduced cell proliferation in
PASMCs under hypoxia (Fig 5A and 5B, 5D and 5E, 5G). In addition, p-eIF2α and total eIF2x
expression was decreased and PASMCs proliferation by hypoxia-induced was inhibited after
mTOR knockdown by siRNA (Fig 6A and 6B, 6D and 6E). These results were consistent with
those obtained from the use of the mTOR pharmacologic blocker rapamycin, which strongly
suggested that mTOR may act as an upstream positive regulator of eIF2α.

c-myc expression and proliferation of PASMCs is regulated by mTOR
and eIF2α
We next determined whether mTOR and eIF2α can control c-myc expression and cell prolifer-
ation. Our results showed that rapamycin markedly decreased c-myc expression in vivo and in

Fig 3. Effect of rapamycin on hemodynamic changes and vascular remodeling in HPH rats. (A) Right
ventricle systolic pressure (RVSP). (B) Mean pulmonary artery pressure (mPAP). (C) Statistical graph
analysis of pulmonary arterial media wall thickness (WT). (D) Hematoxylin-eosin staining in small PAs. Data
are means ± S.E.M. n = 8. RAPA: rapamycin. **P<0.01 vs. control; ***P<0.001 vs. control; ##P<0.05 vs.
hypoxia.

doi:10.1371/journal.pone.0130806.g003
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vitro (Figs 4E, 4H, 5C and 5F), and mTOR knockdown by siRNA obviously decreased c-myc
expression in cultured PASMCs (Fig 6C). Furthermore knockdown of eIF2α by siRNA was
conducted in PASMCs. Firstly, we confirmed the efficiency of siRNA knockdown by western
blot (Fig 7A and 7C). Secondly, we found that eIF2α siRNA treatment suppressed hypoxia-
induced increase in c-myc expression and PASMCs proliferation markedly (Fig 7B, 7D and
7E). Taken together, these data demonstrated that activation of eIF2α and upregulation in c-
myc expression are critical downstream events to mTOR that contribute to PASMCs prolifera-
tion and vascular remodeling in HPH.

Discussion
Dysregulation in proliferation and migration of PASMCs in small pulmonary arteries are criti-
cal components of pulmonary vascular remodeling and lead to medial hyperplasia in PH [27,
28, 9, 11]. Activation in mTOR signaling has been recognized as a hallmark of vascular remod-
eling in PH. Our present work further confirms the beneficial effect of mTOR/eIF2α inhibition
by rapamycin in HPH rats and provides a novel mechanistic link between mTOR/eIF2α path-
way and PASMCs proliferation and vascular remodeling in HPH.

Vasoconstriction and vascular remodeling are two major pathological characteristics of PH.
Current medicines for the treatment of PH such as nitric oxide (NO), endothelin 1 receptor

Fig 4. Effect of rapamycin onmTOR, eIF2α and c-myc expression and activity in HPH rats. (A-D) Dual
immunofluorescence analysis with anti-p-mTOR (red), anti-mTOR (red), anti-p-eIF2α (red), anti-eIF2α (red),
and anti-SMA antibodies (green) in lung tissue specimens in rats. Images were acquired with an Olympus
BX51 microscope, scale bars = 100um. (E) The expression of c-myc protein was determined by
immunohistochemistry staining (brown precipitate indicates c-myc positive staining) scale bars = 200um.
(F-H) The expression of mTOR, eIF2α and c-myc mRNAwas determined by real-time PCR in pulmonary
arteries. Data are means ± S.E.M. n = 8. RAPA: rapamycin. *P<0.05 vs. control; **P<0.01 vs. control;
#P<0.05 vs. hypoxia.

doi:10.1371/journal.pone.0130806.g004
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(ET1R) antagonist, prostacyclin and sildenafil are focused on improving vasodilatation. How-
ever, preventing vascular remodeling is supposed to have a greater impact on improving prog-
nosis [1]. Several intracellular signaling proteins including mammalian target of rapamycin
(mTOR), hypoxia- inducible factor 1α (HIF-1α), transforming growth factor (TGF) have been
linked to PASMCs proliferation and vascular remodeling in PH [29, 13, 5, 7]. Research on the
efficiency and safety of treatments targeting these signaling pathways has already been carried
out in experimental PH models.

A critical role of mTOR signaling in cellular function has been reported mainly in cancer
cells [30]. Emerging evidence has shown that mTOR is also involved in the regulation of
PASMCs proliferation and survival in human IPAH and experimental PH [31, 11]. Increased
expression and activity of mTOR has been observed in pulmonary arteries from monocrotaline
and hypoxia-induced PH models [32–34]. Our results showed that three weeks exposure to
hypoxia up-regulated mTOR expression and phosphorylation in pulmonary vessels. Further,
immunofluorescence histochemistry showed co-expression of mTOR and α-SMA, a marker of
smooth muscle cells. In vitro experiments showed that chronic hypoxia induced mTOR activa-
tion in primarily cultured rat PASMCs. These results suggest that mTOR is activated in
PASMCs proliferation and pulmonary vascular remodeling in HPH. To further investigate
whether activated mTOR is involved in the progression of PH, the mTOR inhibitor rapamycin
was used in vivo and in vitro. Our findings showed that rats treated with rapamycin were

Fig 5. Rapamycin prevented mTOR, eIF2α and c-myc expression and PASMCs proliferation induced
by hypoxia. The mRNA expression of mTOR (A), eIF2α (C) and c-myc (E) was determined by real-time
PCR. The protein expression of p-mTOR and mTOR (B), p-eIF2α and eIF2α (D), c-myc (F) was determined
by western blot. (G) Proliferation of PASMCs was measured by MTS assay after incubation with hypoxia for
12, 24, 36, 48, 60, 72h. (H) Cell proliferation was measured by MTS assay. control: cells were treated with
21%O2 for 48 h. hypoxia: cells were treated with 3%O2 for 48 h; +RAPA 10–80 nM: cells were treated with
RAPA 10–80 nM and then subjected to 3%O2 for 48 h. Data are means ± S.E.M. n = 3. RAPA: rapamycin.
*P<0.05 vs. con; **P<0.01 vs. con; #P<0.05 vs. hypo; ##P<0.01 vs. hypo; ###P<0.001 vs. hypo.

doi:10.1371/journal.pone.0130806.g005
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resistant to chronic hypoxia, as evidenced by lower right ventricle systolic pressure (RVSP) and
mean pulmonary arterial pressure (mPAP) and thinner pulmonary vessel walls. Pretreatment
with rapamacin or knockdown of mTOR by siRNA also abolished hypoxia-induced prolifera-
tion of PASMCs. Collectively, our results demonstrate that mTOR plays an important role in
PASMCs proliferation and vascular remodeling in HPH.

Results from our lab and other scientists [35–38] provide conclusive evidence that mTOR
inhibition is beneficial for PH and that mTOR signaling could represent a new therapeutic tar-
get for PH treatment. However the exact underlying mechanism is still not very clear. Two
forms of the mTOR complex, mTORC1 (mTOR-raptor) and mTORC2 (mTOR-rictor), are
identified. mTORC1 is sensitive to rapamycin and is thought to mainly function in cell growth
and the regulation of proliferation, while mTORC2 usually play a role in cell structure and can
also be affected by long-term rapamycin treatment [31, 39]. Recently, Goncharov DA [11] et al
found that mTORC2 plays a coordinating role in the metabolism, proliferation and survival of
PASMCs in PAH. Krymskaya VP et al have shown that both mTORC1 and mTORC2 are
required for PASMCs proliferation induced by chronic hypoxia in vitro and in vivo. Previous
studies have revealed that S6K and eIF4E binding protein (4E-BP1) are major downstream

Fig 6. mTOR siRNA inhibitedmTOR, eIF2α and c-myc expression and PASMCs proliferation induced
by hypoxia. The protein expression of mTOR (A), p-eIF2α and eIF2α (B), c-myc (C) was determined by
western blot, statistical result of total gray value was estimated by the image analysis software. (D)
Proliferation of PASMCs was measured by MTS assay. con: cells were treated with 21%O2 for 48 h; hypo:
cells were treated with 3%O2 for 48 h; +Nc: cells were transfected with negative control 50nM for 4 h before
stimulation with hypoxia for 48 h; +Veh: cells were transfected with transfection reagent (30uL/6 well) for 4 h
before stimulation with hypoxia for 48 h; +mTOR siRNA 50 nM: cells were transfected with mTOR siRNA 50
nM for 4 h before stimulation with hypoxia for 48 h. Data represent the means ±S.E.M. n = 3. *P<0.05 vs. con;
**P<0.01 vs. con; #P<0.05 vs. hypo; ##P<0.01 vs. hypo.

doi:10.1371/journal.pone.0130806.g006
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effectors of mTOR. But more details on mechanism of mTOR activation requires further
investigation.

The present study suggested that eIF2α acts as a new mediator of mTOR and an important
regulator of PASMCs proliferation in HPH. Firstly, under hypoxic conditions, mTOR activa-
tion was accompanied by up-regulation of eIF2α expression and activity (as determined by
phosphorylation) in pulmonary arteries and PASMCs. Secondly, rapamycin treatment signifi-
cantly reversed the activation of eIF2α in vitro and in vivo. Thirdly, knockdown of mTOR with
siRNA reversed the increase in eIF2α expression and phosphorylation in hypoxia-induced
PASMCs. In addition to eIF2α, other translation initiation factors are also involved in mTOR
signaling. For example, mTOR can bind to eIF3 and lead to release and activation of S6K.
4E-BP1 is one of the main downstream proteins of mTOR [40, 17]. All these results confirmed
a critical role of mTOR signaling in protein translation process. Notably, although the present
results give a clue that the effects of mTOR inhibitor might be mediated at least in part by
eIF2α down-regulation, studies on the causal relationship of eIF2α and mTOR is still lacking.

Fig 7. Effect of eIF2α siRNA on c-myc expression and PASMCs proliferation induced by hypoxia. (A)
The expression of eIF2αmRNA was determined by real-time PCR. (B) The expression of c-myc mRNA was
determined by real-time PCR. Data represent the means ±S.E.M. n = 3. *P<0.05 vs. control; #P<0.05 vs.
hypoxia; ###P<0.001 vs. hypoxia. (C) The expression of eIF2α protein was determined by western blot.
Statistical result of total gray value was estimated by the image analysis software. (D)The expression of c-
myc protein was determined by western blot. Statistical result of total gray value was estimated by the image
analysis software. PASMCs were transfected with the siRNA of eIF2α or negative control (Nc) 4 h before
stimulation with hypoxia for 48 h. (E) Proliferation of PASMCs was measured by MTS assay. con: cells were
treated with 21%O2 for 48 h. hypo: cells were treated with 3%O2 for 48 h; +eIF2α siRNA 10–50 nM: cells
were transfected with eIF2α siRNA 10–50 nM for 4 h before stimulation with hypoxia for 48 h. Data represent
the means ±S.E.M. n = 3. *P<0.05 vs. con; #P<0.05 vs. hypo; ##P<0.01 vs. hypo; ###P<0.001 vs. hypo.

doi:10.1371/journal.pone.0130806.g007
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The mechanism by which mTOR was activated and which complex of mTOR activates eIF2α
in PASMCs should be fully revealed in future study.

Anyway, a critical role of eIF2α in PASMCs proliferation and vascular remodeling in HPH
enlarged our understanding on the role of eIFs in PH. In this study, we observed a marked
increase in p-eIF2α, a marker for eIF2α catalytic activity, in SMA-positive areas in small mus-
cular remodeled vessels of lungs of HPH rats. Importantly, we found that eIF2α siRNA pre-
vented hypoxia-induced PASMCs proliferation. It suggested that eIF2αmight be crucial for
the media hyperplasia in HPH rat through stimulation of PASMCs proliferation. We think it is
only the first step to reveal the role of eIFs in PH, investigating the effect of other eIFs including
eIF3, eIF4 on PASMCs proliferation and vascular remodeling would be helpful to decipher the
role of eIFs in PH and provide more evidence for potential therapeutical strategy targeting
eIFs.

In this study, we found that eIF2α siRNA can reverse hypoxia-induced PASMCs prolifera-
tion and c-myc expression. However, much work remains to be done to elucidate the mecha-
nism underlying eIF2α regulation of PASMCs proliferation. Previous studies showed that
activation of c-myc is considered to be one of the initiating steps in vascular smooth muscle
cell proliferation. An aberrant expression of c-myc is observed in injured vessels after angio-
plasty [41]. Consistent with previous research, c-myc expression was up-regulated in pulmo-
nary arteries and PASMCs exposed to hypoxia and was inhibited by either mTOR or eIF2α
inhibition. Proteins that regulate cell proliferation and differentiation such as c-myc may be
important downstream targets of eIF2α in HPH. However, further studies with eIF2α knock-
down in vivo and c-myc siRNA treatment or overexpression would help decipher the role of
eIF2α in PH.

Conclusions
Our findings suggest a critical role of the mTOR/eIF2α pathway in hypoxic vascular remodel-
ing and PASMCs proliferation in HPH. Inhibition of mTOR/eIF2α pathway could serve as a
new solution for the treatment of PH.

Supporting Information
S1 Fig. Cellular proliferation stimulated by 20% FBS. Cellular proliferation stimulated by
20% FBS (48 hours) was assayed in PASMCs treated with siRNA against mTOR or eIF2α, or in
the presence of rapamycin. As shown in MTS experiments, cell proliferation was inhibited by
either rapamycin (10, 20, 40, 80 nmol/L) (A), eIF2α siRNA (25, 50, 100 nmol/L) (B), or mTOR
siRNA (25, 50, 100 nmol/L) (C). These results are in agreement with cell proliferation data
acquired with hypoxia. Data represent the means ±S.E.M. n = 3. �P<0.05 vs. con; ��P<0.01 vs.
con; ���P<0.001 vs. con; #P<0.05 vs. hypoxia; ##P<0.01 vs. hypoxia. The above experiments
were repeated three times with similar results.
(TIF)

S2 Fig. mRNA expression of Ki-67 and PCNA in pulmonary arteries. (A) The expression of
Ki-67 mRNA was determined by real-time PCR. (B) The expression of PCNA mRNA was
determined by real-time PCR. Data represent the means ±S.E.M. n = 3. �P<0.05 vs. control;
��P<0.01 vs. control; #P<0.05 vs. hypoxia; ##P<0.01 vs. hypoxia. The above experiments were
repeated three times with similar results.
(TIF)
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S3 Fig. Schematic representation of proposed function of mTOR/eIF2α pathway in
PASMCs in HPH.
(TIF)
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