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Abstract: Bone morphogenetic protein-4 (BMP4), a member of the transforming growth 

factor β (TGF-β) family of growth factors, is activated and increased under hypoxic 

conditions, which plays an important role in the progression of pulmonary arterial 

hypertension (PAH). Previous studies have shown that BMP4 is involved in the regulation 

of proliferation, differentiation, migration and apoptosis of various cell types. However,  

the precise mechanisms involved in the regulation of pulmonary artery smooth muscle cells 

(PASMCs) in PAH are still incompletely understood. It has been reported that AKT is a 

critical regulator of cell survival and vascular remodeling. Therefore, there may be 

crosstalk between BMP4 anti-apoptotic processes and PI3K/AKT survival effect in rat 

PASMCs. To test this hypothesis, we performed confocal, cell viability measurement, 

mitochondrial potential, real-time polymerase chain reaction (PCR), and Western blot 

analysis to determine the role of BMP4 on cell survival and apoptosis. We found that 

hypoxia up-regulated the expression of BMP4. BMP4 promoted cell survival, reduced 

mitochondrial depolarization, and increased the expression of Bcl-2 and procaspase-3 in 

PASMCs under serum-deprived condition. These effects were reversed by PI3K/AKT 

inhibitors (LY294002 and wortmannin). Thus, these findings indicate that BMP4 protects 

PASMCs from apoptosis at least in part, mediated via the PI3K/AKT pathway. 
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1. Introduction 

Vasoconstriction, remodeling of the pulmonary vessel wall, and thrombosis in situ are major causes 

for the elevated pulmonary vascular resistance and increased pulmonary arterial pressure (PAP) found 

in pulmonary arterial hypertension (PAH) [1,2]. The most important characteristic of pulmonary 

vascular remodeling in PAH is the change in pulmonary vascular structure associated with medial 

hypertrophy, which is generally thought to result from by imbalanced proliferation and apoptosis  

in pulmonary artery smooth muscle cells (PASMCs) [3–6]. Increased PASMCs proliferation and 

decreased PASMCs apoptosis can cause thickening of the pulmonary vasculature, which subsequently 

enhance pulmonary vascular resistance, reduce the inner-lumen diameter of pulmonary arteries,  

and increase PAP [7]. Bone morphogenetic protein (BMP) belongs to the TGF-β superfamily,  

playing many diverse functions during proliferation, differentiation, migration, and apoptosis [8].  

Bone morphogenetic protein-4 (BMP4) triggers numerous cellular responses through receptors and 

various intracellular signaling pathways [8–11]. Bone morphogenetic protein (BMP) family members  

comprise multifunctional cytokines that are important mediators of pulmonary fibrosis and vascular  

remodeling [12–14]. There is growing evidence that abnormalities of the BMP signaling pathway are 

linked to the pathogenesis of PAH [4,10,15], and BMP4 has been found to be up-regulated by hypoxia  

in murine lung tissue and to promote the growth and migration of PASMCs, and thus to promote 

pulmonary arterial remodeling during the development of chronic hypoxic pulmonary hypertension 

(CHPH) [12–14]. BMPs initiate signaling by binding to a receptor complex containing Type I and 

Type II receptor kinases and the subsequent activation of Smad-dependent and Smad-independent 

pathways [16]. It has been demonstrated that BMP4 up-regulated transient receptor potential cation 

channel (TRPC1), TRPC4, and TRPC6 expression, leading to enhanced store operated calcium entry 

(SOCE) and elevated basal [Ca2+]i in PASMCs [17,18]. However, whether BMP4 is involved in  

anti-apoptosis of PASMCs and the mechanisms underlying the anti-apoptotic effects of BMP4 are unclear. 

It has been demonstrated that the activation of AKT inhibits apoptosis of a variety of cell types  

in vitro [19]. PI3K/AKT has been reported to inhibit cellular apoptosis and to promote cell survival in 

response to growth factor induction [20]. The survival effects of AKT are involved in inhibition of 

several pro-apoptotic proteins, including FasL, Bad, and caspase-9 [21–23]. The involvement of the 

PI3K/AKT pathway in the pathogenesis of PAH has been widely studied [24]. Therefore, it is possible 

that the PI3K/AKT pathway plays a role in vascular smooth cell proliferation and apoptosis, and its 

abnormality leads to PAH. 

In the current study, we demonstrate that BMP4 protects apoptosis of PASMCs through the 

PI3K/AKT/Smad1/5/8 pathway. Our results show that BMP4 inhibits the apoptosis of PASMCs and 

attenuates a series of apoptotic events involving mitochondrial dysfunction and caspase-3 activation 

via PI3K/AKT pathway. 
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2. Results and Discussion 

2.1. The Expression of Bone Morphogenetic Protein (BMP) and Its Receptors (BMPR1A and BMPR2) 

in Pulmonary Artery 

BMP4 and its receptor (BMPR1A and BMPR2) mRNA and protein expression levels in normal and 

hypoxia pulmonary arteries were evaluated by real-time PCR and Western blotting. BMP4 mRNA and 

protein expression levels were significantly increased in hypoxia pulmonary arteries compared with 

controls (Figure 1A,D,E). Intracellular signaling of BMPs occurs via binding to Type I and Type II 

serine/threonine receptor kinases that then phosphorylate Smad (mainly Smad1, 5 and 8), resulting in the 

translocation of Smad into the nucleus. Hence, we further studied the expression of its receptors 

(BMPR1A and BMPR2). We found that BMPR2 mRNA and protein expression levels were significantly 

up-regulated in hypoxia pulmonary arteries compared with controls (Figure 1C,D,G). However, both 

mRNA and protein levels of BMPR1A did not change in the normal and hypoxia groups (Figure 1B,D,F). 

As AKT is a kinase known to promote cell survival and block apoptosis, we further evaluated the 

regulation of PI3K/AKT signaling during hypoxic PAH. We obtained pulmonary artery samples from 

rats after 4 weeks of exposure to hypoxia. The expression of p-AKT (Ser473) protein in rat pulmonary 

arterial homogenates was higher in the hypoxia groups (Figure 1H,I). Meanwhile, BMP4 up-regulated 

the expression of phosphorylation of AKT1 and AKT2 in a concentration-dependent manner in rat 

pulmonary arteries and PASMCs (Figure S1A–E). 

Figure 1. Bone morphogenetic protein 4 (BMP4) and its receptor (BMPR1A and BMPR2) 

mRNA and protein expression in pulmonary arteries. (A–C) Quantitative real-time 

polymerase chain reaction (qPCR) was performed to analyze the BMP4 and its receptor 

(BMPR1A and BMPR2) expression. Expression levels of target genes were normalized to 

the β-actin mRNA level using the 2−ΔΔCt method; (D–G) Western blot analysis of the 

BMP4 and its receptor (BMPR1A and BMPR2) protein expression; (H,I) AKT protein 

expression in rat pulmonary arteries homogenates from normoxic and hypoxic rats. All 

values are denoted as the mean ± SEM from at least three separate experiments. * p < 0.05. 
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Figure 1. Cont. 

 

2.2. Hypoxia Induces BMPR Receptors Protein Expression in Human Pulmonary Artery Smooth 

Muscle Cells (HPASMCs) for Different Time Course 

Hypoxia (3% O2 concentration) increases HPASMCs BMPR2 protein expression in a time-dependent 

manner. The maximal increase was observed after 48 h of hypoxia treatment. Protein levels of BMPR1A 

did not change in HPASMCs in different hypoxic time courses (Figure S2A,B). BMP4 secreted from 

pulmonary microvascular endothelial cells in response to hypoxia and promoted proliferation and 

migration of vascular smooth muscle cells, which plays a paracrine role in promoting smooth muscle 

proliferation and remodeling in hypoxic pulmonary hypertension. To examine whether hypoxia could 

increase the generation of endogenous BMP4 in human pulmonary artery endothelial cells (HPAECs),  

the human BMP-4 ELISA (Enzyme-Linked Immunosorbent Assay) kit was carried out for the detection of 

the amount of BMP4. HPAECs pellets were lyzed and supernatant concentrations were measured by 

Bradford protein assay. We found that the endogenous BMP4 was increased in a time-dependent manner  

(Figure S2C). 

2.3. BMP4 Improved PASMC Viability via the PI3K/AKT Survival Pathway, and Caspase-3 Was 

Involved in SD-Induced Apoptosis 

To investigate the effect of BMP4 on PASMCs viability, we examined the cell viability by 

measuring colorimetric conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) to formazan. Serum deprivation caused a marked decrease in PASMCs viability that was 

partially prevented by a treatment with BMP4 (20 and 100 ng/mL). However, the addition of BMP4  

(1 and 10 ng/mL) failed to rescue a significant portion of PASMCs committed to cell suicide  

(Figure 2A). Hypoxia increases AKT activity in human PASMCs [25]. Phosphoinositide 3-kinase/protein 

kinase B has been linked to cell survival, transcription factor activation, and multiple signaling 

pathways. To verify whether similar responses also happened in BMP4 treatment, we treated rat PASMCs 

with various concentrations of BMP4. As shown in Figure 2B, BMP4 induced AKT phosphorylation in 

a concentration-dependent manner. The maximal increase was observed with 100 ng/mL BMP4 treatment. 

Next, we examined the contribution of the PI3K/AKT pathway to the BMP4 effect on cell viability.  

We applied BMP4 and the PI3K/AKT inhibitors (LY294002 and wortmannin) to PASMCs. Our 

results showed that serum deprivation caused a marked decrease in cell viability. The protective  

effect of BMP4 on cell viability was significantly attenuated by pre-incubation PASMCs with 10 μmol/L 

LY294002 or 50 nmol/L wortmannin (Figure 2C). All these results indicate that the survival-promoting 
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effect of BMP4 is likely to be mediated by the PI3K/AKT pathway. To understand whether caspase-3 

plays a role in the process, we analyzed the cell viability and caspase-3 activity by using the caspase-3 

inhibitor Z-VAD–FMK to treat PASMCs. We found that the inhibitor Z-VAD–FMK enhanced the cell 

viability and suppressed the activity of caspase-3 in a concentration-dependent manner (Figure 2D,E). 

Figure 2. (A) Effect of BMP4 on the pulmonary artery smooth muscle cells (PASMCs) 

survival. Cells were growth-arrested for 24 h and then treated with BMP4 (1–100 ng/mL) 

subjected to serum withdrawal; (B) BMP4 induced activation of AKT in PASMCs. BMP4  

up-regulated the expression of phospho-AKT in a concentration-dependent manner; (C) BMP4 

promoted the survival of PASMCs in AKT-dependent manner. PASMCs were treated as the 

anticipated groups for 24 h and cell viability was determined by the 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay. LY294002 and wortmannin inhibited the 

protective effect of BMP4 on cell viability in serum deprived conditions; (D) Caspase-3 inhibitor 

Z-VAD–FMK was examined and the caspase-3 pathway contribution to the serum deprivation 

(SD)-induced apoptosis process was studied using the MTT assay; (E) Caspase-3 activity  

was measured by cleavage of the Ac-DEVD–pNA substrate to pNA. All values are denoted  

as means ± SEM from three or more independent batches of cells. “SD” means serum 

deprivation; “LY” means LY294002; “W” means wortmannin. * p < 0.05; ** p < 0.01. 
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2.4. The Inhibitory Effects of BMP4 on Caspase-3 Expression and Procaspase-3 Cleavage Were 

Blocked by PI3K/AKT Inhibitors 

Caspase-3 is cleaved from procaspase-3 whose expression has been used to indicate caspase-3 

activity [26]. We found that serum deprivation (SD) promoted the cleavage of procaspase-3 and 

induced the expression of caspase-3 as opposed to that in culture medium, and BMP4 significantly 

inhibited the cleavage of procaspase-3 (Figure 3A,B) and expression of caspase-3 (Figure 3C–F).  

The effects of BMP4 were reversed by PI3K/AKT inhibitors LY294002 and wortmannin. The results 

suggest that BMP4 decreases the caspase-3 mRNA and protein levels by PI3K/AKT signaling. 

Figure 3. BMP4 suppresses the cleavage of procaspase-3 and the expression of caspase-3 

through the PI3K/AKT pathway. (A,B) BMP4 up-regulated the expression of procaspase-3 in 

rat PASMCs, and densitometric analysis of the Western blot assays; (C,D) Quantitative  

real-time PCR was performed to quantify caspase-3 expression. Expression levels of target 

genes were normalized to the β-actin mRNA level using the 2−ΔΔCt method; (E,F) Cleaved 

caspase-3 expression in rat PASMCs after applying BMP4 and PI3K/AKT inhibitors.  

All values are denoted as means ± SEM from three or more independent batches of cells.  

“SD” means serum deprivation; “LY” means LY294002; “W” means wortmannin. * p < 0.05. 
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2.5. BMP4 Relieved Mitochondrial Depolarization and Induced Bcl-2 Expression in PASMCs after 

Serum Deprivation through PI3K/AKT Pathway 

An important indication of apoptosis is the mitochondrial membrane potential (MOMP), the disruption 

of which is an early event of apoptosis. 5,5',6,6'-Tetrachloro-1,10,3,30-tetraethylbenzimidazolocarbocyanine 

iodide (JC-1) was used to assess the changes in MOMP. Normal PASMCs stained with JC-1 emitted 

mitochondrial orange-red fluorescence with a little green flwith a lit, while in apoptotic PASMCs JC-1 

was dispersed to the monomeric form (green fluorescence). The quantitative analysis of JC-1-stained 

cells showed a significant decrease in the red (high ΔΨm) to green (low ΔΨm) ratio in SD-treated cells 

when compared with control cells, which were cultured in the presence of 20% fetal bovine serum (FBS). 

A treatment of SD cells with BMP4 significantly increased the red fluorescence. However, exposure of the 

LY294002 or wortmannin-treated cells to BMP4 suppressed the effect of BMP4 and did not induce marked 

changes in ΔΨm in comparison to SD cells (Figure 4A,B). The result showed that BMP4 protected against 

SD-induced loss of ΔΨm and maintained mitochondrial integrity via PI3K/AKT pathway. 

Figure 4. BMP4 relieved mitochondrial potential reduction and induced Bcl-2 expression in 

PASMCs through the PI3K/AKT pathway. (A) The cells were stained with JC-1 probe and 

imaged by a fluorescentmicroscope. The individual red and green average fluorescence 

intensities are expressed as the ratio of green to red flintensitie. The increase of fluorescence 

ratio, which is represented in the bars, correlates with an increase in mitochondrial 

depolarization. Representative photographs of JC-1 staining in different groups.  

Scale bar = 10 µm; (B) Quantitative analysis of the shift of mitochondrial green fluorescence 

to red fluorescence among groups; (C,D) Quantitative real-time PCR was performed to 

quantify Bcl-2 expression. BMP4 increased the Bcl-2 mRNA expression induced by serum 

deprivation through PI3K/AKT pathway. Data were collected from three independent 

experiments with three to four samples in each; (E,F) The expression of Bcl-2 increased by 

BMP4 was partly inhibited by LY294002 and wortmannin (PI3K/AKT inhibitors). All values 

are denoted as means ± SEM from three or more independent batches of cells. “SD” means 

serum deprivation; “LY” means LY294002; “W” means wortmannin. * p < 0.05. 
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Figure 4. Cont. 

 

Bcl-2 is one of the important anti-apoptotic Bcl-2 family members participating in the regulation of 

MOMP [27]. Therefore, we next examined the expression of Bcl-2, which is associated with mitochondrial 

function. Our data showed that BMP4 up-regulated the Bcl-2 expression both mRNA and protein levels, 

and that the PI3K/AKT signal transduction pathway participated in this process (Figure 4C–F). These 

results provide evidence that up-regulated Bcl-2 expression may serve as a critical mechanism involved in 

BMP4-inhibited apoptosis in PASMCs, and that the PI3K/AKT pathway plays a key role. 

2.6. BMP4 Activates Smad1/5/8 Phosphorylation by the PI3K/AKT Signaling Pathways in Pulmonary 

Arterial Smooth Muscle Cells 

BMP4 signal transduction is dependent on Smad1/5/8 phosphorylation. To determine the effect of 

BMP4 on Smad1/5/8 signaling, we performed immunofluorescence and Western blotting analysis on 

PASMCs. As shown by immunofluorescence and Western blotting (Figure 5A–C), the phosphorylation of 

Smad1/5/8 was activated by BMP4 treatment in rat PASMCs, but the effect was eliminated by PI3K/AKT 

inhibitors, LY294002 and wortmannin. The effect of BMP-4 may be BMPR-independent. Hence we 
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examined the downstream effect of BMP-4 with knocking down of BMPR-2. The results showed that 

both BMP4 and BMP4 + si-BMPR-2 could activate the phosphorylation of Smad1/5/8, but when 

BMP4 + si-BMPR-2 was treated with PI3K/AKT inhibitors LY294002 and wortmannin, the effect 

disappeared (Figure S3). These results demonstrate that BMP4 stimulation of the PASMCs results  

in the activation of the PI3K/AKT signaling that stimulates the phosphorylation of transcription  

factors Smad1/5/8. 

2.7. Discussion 

Apoptosis is important in development, tissue homeostasis, and remodeling. Apoptosis also plays a 

fundamental role in the genesis of various diseases. It has been shown that pulmonary vascular medial 

hypertrophy is caused by imbalanced PASMCs proliferation and/or apoptosis [3,5,6]. However, the 

precise mechanisms participated in the regulation of PASMCs proliferation and apoptosis in PAH are 

still not completely clear. The present study provides a new piece of evidence that BMP4, activated 

and increased by hypoxia, inhibits the apoptosis of PASMCs through the PI3K/AKT pathway.  

BMP4-protected apoptosis of PASMCs is characterized by marked activation of AKT phosphorylation 

and enhanced p-Smad1/5/8 protein expression, by stimulation of an extrinsic cell death signaling 

pathway via down-regulation of effector caspases-3 expression and by mitochondria-dependent 

intrinsic pathway attenuating mitochondrial depolarization and up-regulation of the expression  

of Bcl-2. 

A growing body of recent evidence suggests that BMP4 plays an important role in the pulmonary 

fibrosis and vascular remodeling process, including proliferation, cell migration, and apoptosis [8,12–14]. 

BMPR1A and BMPR2 are involved in the signaling transduction of BMP4. The binding of BMP4 to 

BMPR2 triggers the recruitment and phosphorylation of BMPR1A. BMPR1A subsequently causes 

downstream Smad-dependent and Smad-independent signaling transduction [16]. BMP4 is thought to 

play a key role in the pathogenesis of PAH. Although previous studies have demonstrated that the 

expression of BMPR2 decreases in lung tissue and distal small arteries in heritable PAH patients [13], 

there are many kinds of hypoxic pulmonary hypertension animal models, but so far no one has been 

able to imitate the pathophysiologic process found in humans. In our study, we used an animal model 

during a four-week period in a hypoxic environment and chose the peripheral arteries to examine the 

expression of BMPR2, as studies have shown that site-specific responses to BMPs are involved in 

PASMCs. BMP4 inhibited the proliferation of PASMCs isolated from proximal pulmonary arteries, 

but stimulated proliferation of PASMCs from peripheral arteries [9,13]. Although, both peripheral and 

proximal pulmonary arteries mediated the pulmonary vascular remodeling induced by hypoxia, the 

underlying cellular and molecular mechanisms appear to be different. The expression of BMPR2 

depends on the species, sex, and the developmental stage at which the exposure to hypoxia occurred. 

In our study, we focus on the proliferation effect of PASMCs from peripheral arteries. Maybe there is 

an important reason that the expression of BMPR2 is not consistent with previous studies. In the present 

study, we found that BMP4 and BMPR2 mRNA and protein expression levels were significantly 

increased in hypoxia pulmonary arteries compared with controls. BMP4 protects rat PASMCs from 

apoptosis in a concentration-dependent manner. 
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Figure 5. Effects of BMP4 on activation of Smad1/5/8. (A) Cells were fixed and stained 

with anti-p-Smad1/5/8 and the nucleus was staining with 4',6-diamidino-2-phenylindole 

(DAPI). The phosphorylation of Smad1/5/8 was activated by BMP4 treatment in rat 

PASMCs, but the effect was eliminated by PI3K/AKT inhibitors, LY294002 and wortmannin. 

Scale bar = 10 µm; (B,C) Incubation of PASMCs with BMP4 led to phosphorylation of 

Smad1/5/8. The phosphorylation of Smad1/5/8 activated by BMP4 was partly inhibited  

by LY294002 and wortmannin (PI3K/AKT inhibitors). All values are denoted as  

means ± SEM from three or more independent batches of cells. “LY” means LY294002;  

“W” means wortmannin. * p < 0.05. 
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It is well known that AKT is a serine/threonine protein kinase, which is activated by a number of 

growth factors and cytokines in a PI3K-dependent manner [28]. Activation of the PI3K/AKT pathway 

has a major impact on cell survival and apoptosis [20,29]. In mammalians, three isoforms of AKT  

have been proven: AKT1, AKT2, AKT3. The three isoforms have an 80% amino acid sequence 

homology [30,31]. It has been found that AKT1 is expressed in endothelial cells, which is the major 

isoform of endothelial cell AKT [32]. AKT2 is important to regulate heterotypic cell–cell interactions 

during vascular inflammation [33] AKT3 plays a pivotal role in atherosclerosis [34]. Therefore, the 

AKT signaling pathway regulates multiple cellular functions in cardiovascular disease. Here, we 

explored the role of AKT during PAH. In the present study, we have found that BMP4 induces 

phosphorylation of AKT and that the protective effect of BMP4 on cell viability is significantly 

blocked by PI3K/AKT inhibitors (LY294002 and wortmannin), indicating that the PI3K/AKT pathway 

is required for the anti-apoptotic effects of BMP4 in rat PASMCs. In addition, caspases are key 

mediators of programmed cell death (apoptosis). Among them, caspase-3, a frequently activated death 

protease, catalyzes the specific cleavage of many key cellular proteins [35]. In our studies, changes in 

the expression of procaspase-3 and cleaved caspase-3 indicate that BMP4, through the PI3K/AKT signal 

pathway, inhibits the SD-induced apoptosis by mitochondria-dependent ways in PASMCs. 

BMP receptors are members of the TGF-β family receptors. BMP4 binds to its Type I and Type II 

receptors and subsequently phosphorylates Smad1 as well as Smad5 and Smad8 at their corresponding 

sites [36]. In this study, we found that BMP4 induced phosphorylation and hence activation of 

Smad1/5/8 with translocation of the activated Smad1/5/8 into the nucleus. Activation Smad1/5/8 

promoted cell survival by PI3K/AKT signaling. 

In previous studies, it has been shown that serum deprivation triggers apoptotic responses through 

mitochondrial pathways leading to mitochondrial dysfunction. Detection of mitochondrial permeability 

events provides early indication of the initiation of cellular apoptosis [37]. The inhibitory effect of BMP4 

on the SD-induced loss of membrane potential is blocked in the presence of LY294002 or wortmannin. 

Geraci et al. [38] showed that the mRNA expression of Bcl-2 was up-regulated in lung tissues from 

sporadic and familial primary pulmonary hypertension (PPH) patients, Our results also show that 

BMP4 enhances the expression of Bcl-2 not only at mRNA level but also at the protein level. 

3. Experimental Section 

3.1. Materials 

Recombinant human BMP4 was obtained from PeproTech (Rocky Hill, NJ, USA). Antibodies 

against procaspase-3, Bcl-2, caspase-3 were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, 

CA, USA). BMPR2 siRNA (h) was obtained from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, 

USA). Rabbit polyclonal antibodies to Smad1/5/8, phospho-Smad1/5/8, AKT, phosphor-AKT, BMP4, 

BMPR1A, BMPR2 were from Cell Signaling Technology, Inc. (Beverly, MA, USA). JC-1 probe and 

caspase-3 activity kit were obtained from Beyotime Institute of Biotechnology (Haimen, China). AKT1, 

phosphor-AKT1, AK2, phosphor-AKT2 were kindly provided by the department of pharmacology, 

Dalian Medical University. The Human BMP-4 ELISA (Enzyme-Linked Immunosorbent Assay) kit was 
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purchased from Sigma-Aldrich. Enhanced chemiluminesence (ECL) reagents were from Amersham 

International (Amersham, UK). All other reagents were from common commercial sources. 

3.2. Animals and Lung Tissues Preparation 

Adult female/male Wistar rats with a mean weight of 200 g were from the Experimental Animal 

Center of Dalian Medical University (Grade II), Dalian, China. The animal protocols were approved 

by the Ethical Committee of Laboratory Animals at Dalian Medical University in January 2014.  

The animals were conditioned at a controlled ambient temperature of 22 ± 2 °C with 50% ± 10% 

relative humidity and at a 12-h light–dark cycle (lights on at 8:00 a.m.). Standard rat chow and water 

ad libitum were provided to all rats. Adult Wistar rats were randomized to four weeks of normal and 

hypoxic environments with fractional inspired oxygen (FiO2) 0.21 and 0.12, respectively, as previously 

described [39]. Normoxic rats were kept in the same room adjacent to the hypoxic chamber. At the end 

of the hypoxia exposure period, we anesthetized each rat with pentobarbital injection (120 mg/kg, i.p.), 

opened the thorax and removed the heart and lungs to the flat plate. 

3.3. Cell Culture 

The peripheral arteries were recovered from the lungs of adult rats. Segments of the PAs were cut 

open and mechanically stripped of adventitia and endothelium. PASMCs were dispersed according to 

our previously published protocol [39]. Cells were cultured in 20% fetal bovine serum (FBS)–Dulbecco’s 

modified eagle medium (DMEM) and in a 37 °C, 5% CO2 humidified incubator. The purity of PASMCs 

in the primary cultures was determined by specific monoclonal antibodies raised against smooth 

muscle β-actin (Boehringer Mannheim GmbH, Mannheim, Germany). Passages two to three were used 

for further experimentations. Before each experiment, the apoptosis in PASMCs was induced by serum 

deprivation, and the cells were incubated in DMEM without serum for 24 h. Then some cells were 

treated with the different experiment group. The HPASMCs and HPAECs were purchased from Lonza 

(Basel, Switzerland). HPASMCs and HPAECs were cultured according to the supplier’s instructions. 

3.4. Real-Time Quantitative RT-PCR (qPCR) 

RNAs were extracted from PASMCs using Trizol reagent and then determined by ultraviolet 

spectrophotometry (absorbance at 260 nm/280 nm; Invitrogen, Carlsbad, CA, USA). Total RNAs  

were reverse-transcribed using Superscript First-Strand Synthesis System for RT-PCR according to the 

manufacturer’s protocol. cDNA was reverse-transcribed from 0.5 μg of total RNA in a 10 μL reaction 

containing 5× PrimerScript® Buffer 2 μL (Invitrogen), PrimerScript® RT Enzyme Mix Ι 0.5 μL 

(Invitrogen), Oligo dT Primer (50 μΜ) × 10.5 μL (Invitrogen), Random six mers (100 μΜ) × 12 μL 

(Invitrogen). The cycling conditions were 95 °C for 5 min followed by 30 cycles of 45 s at 95 °C, 45 s at 

52 °C, 75 s at 72 °C, and a final elongation for 10 min at 72 °C. qPCR was performed with an Applied 

Biosystems 7300 Fast Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). Primers 

were specifically designed using Applied Biosystems Primer Express 3.0 (Applied Biosystems) and 

are listed in Table 1. The specificity of the primers was confirmed with a BLAST program (BLAST 

means the basic local alignment search tool which finds regions of local similarity between sequences. 
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The program compares nucleotide or protein sequences to sequence databases and calculates the 

statistical significance of matches). Each 20 μL reaction contained 1× SYBR® Premix Ex Taq™ II,  

10 μM forward and reverse primers, 0.4 μL ROX reference dye, and 2 μL of cDNA. ABI 7300 

Sequence Detector (Applied Biosystems) was programmed for the PCR conditions: 95 °C for 30 s,  

40 cycles of 95 °C for 5 s, and 60 °C for 31 s, followed by routine melting curve analysis. Relative 

quantitation (RQ) of target gene expression was calculated by the 2−ΔΔCt method [40]. The first step in 

the RQ analysis is to normalize target gene expression level to β-actin (ΔCt). The second step is to 

compare the difference between normalized target gene expression in BMP4-treated and untreated 

samples (ΔΔCt). Each experiment was repeated two to three times for three to four samples. 

Table 1. Primer sequences used in real-time reverse transcription-polymerase chain 

reaction (RT-PCR). 

Gene Primer Sequences (5' to 3') PCR Product Size Accession Number

Bcl-2 
Forward: 5'-CGGGAGAACAGGGTATGA-3' 

149 bp NM: 016993 
Reverse: 5'-CAGGCTGGAAGGAGAAGAT-3' 

Caspas3 
Forward: 5'-CTACCGCACCCGGTTACTAT-3' 

133 bp NM: 012922.2 
Reverse: 5'-TTCCGGTTAACACGAGTGAG-3' 

β-Actin 
Forward: 5'-AGGCCCCTCTGAACCCTAAG-3' 

118 bp EF: 156276.1 
Reverse: 5'-CCAGAGGCATACAGGGACAAC-3'

3.5. Western Blot Analysis 

The cells in six well culture plates were growth-arrested for 24 h before adding vehicle, BMP4  

(100 ng/mL), LY294002 (10 μM), wortmannin (50 nmol) or BMP4 plus LY294002, BMP4 plus 

wortmannin in serum deprivation conditions. The cells cultured in complete medium were considered 

as control. After the treatment for 24 h, the cells were washed three times with ice-cold PBS, and then 

treated in 400 μL lysis buffer (Tris 50 mM, pH 7.4, NaCl 150 mM, TritonX-100 1%, EDTA 1 mM and 

PMSF 2 mM) and incubated for 30 min on ice. The lysates were sonicated for 1 min and then 

centrifuged at 14,000 r.p.m. for 15 min at 4 °C. The protein concentrations in the supernatant were 

confirmed using the Bio-Rad protein assay kit (Bio-Rad Laboratories, Inc., Berkeley, CA, USA).  

The protocol for Western blot was similar to previously described [39]. 

3.6. MTT Assay 

The protocol of MTT assay was carried out according to the method published by Zhang et al. [39]. 

PASMCs were cultured in 96-well plates (about 1 × 104 per well), and then the cells were subjected to 

growth arrest for 24 h before being placed in either complete medium (DMEM with 20% FBS) or 

switched to DMEM without serum for the next 24 h. The cells of each experimental group are treated 

with different drugs respectively. After 24 h of the incubation in 37 °C, the cells were incubated for 4 h 

in a medium containing 0.5% 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT). 

Thereafter, the supernatant was removed, and dimethyl sulfoxide (150 μL/well) was added. The plates 

were then agitated on a plate shaker for 10 min at room temperature. The absorbance was read at  

490 nm in a spectrophotometer. 
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3.7. Measurement of Caspase-3 Activity 

Ac-DEVD–pNA (acetyl-Asp–Glu–Val–Asp p-nitroanilide), a caspase-3 substrate, was examined 

for caspase-3 activity, and the 405 nm absorbance was applied as directed by the kit. The protein 

samples were prepared as indicated in Western blot analysis. Then a reaction buffer containing  

Ac-DEVD–pNA (2 mM) were added to supernatants containing 50 μg of total protein, and the mixture 

was incubated for 4 h at 37 °C. The absorbance of yellow pNA was measured at 405 nm. The specific 

caspase-3 activity was normalized for total protein and then expressed as fold of the baseline caspase-3 

activity of control cells cultured in DMEM with 10% FBS. 

3.8. Mitochondrial Depolarization Assay 

Mitochondrial function was indirectly assessed with the mitochondrial transmembrane potential 

measured with JC-1 red flpotential . Relative mitochondrial mass was measured by a fl Relative 

microscope (Nikon, Tokyo, Japan) using JC-1, analyzed for green fluorescence. Briefly, cells were 

cultured in six-well plates. After indicated treatments, they were incubated with an equal volume of  

a JC-1 staining solution (5 μg/mL) at 37 °C for 20 min and rinsed twice with PBS. Mitochondrial 

membrane potentials were monitored by determining the relative amounts of dual emissions from 

mitochondrial JC-1 monomers or aggregates using a flC for 20 microscope at 488 nm excitation. 

Mitochondrial depolarization was indicated by an increase in the green/red flat 488 nm  intensity ratio. 

3.9. Immunofluorescence 

For immunofluorescence, PASMCs were grown on coverslips up to 80% confluence followed by 

serum starvation. Cells were fixed with 4% paraformaldehyde for 30 min and washed with cold PBS, 

then permeabilized in 0.01% Triton-X 100 for 5 min, and blocked with 5% normal bovine serum for  

30 min. Cells were then incubated with p-Smad1/5/8 antibody at a dilution with 1:500 overnight at 4 °C. 

After PBS washing, cells were incubated with the secondary antibody IgG conjugated with rhodamine at 

a 1:500 dilution for 1 h at room temperature. DAPI (4,6-diamidino-2-phenylindole) was added to label 

nuclei, and the cells were then examined under a fluorescence microscope (Nikon). 

3.10. Statistical Analysis 

Results are shown as the mean ± SEM. One-way ANOVA and t test analysis (two-tailed) were used 

to determine the significance of differences between the means of different groups. A p value less than 

0.05 was considered statistically significant. 

4. Conclusions 

In conclusion, our results have shown that BMP4 inhibits apoptosis of PASMCs via the PI3K/AKT 

pathway. This study establishes the signal transduction pathway and the mechanism of BMP4-inhibited 

PASMCs apoptosis. Furthermore, the regulation of the PI3K/AKT pathway by BMP4 may be an important 

mechanism underlying the treatment of pulmonary artery hypertension and provide a novel therapeutic 

insight for the future. 



Int. J. Mol. Sci. 2014, 15 13752 

 

 

Acknowledgments 

We thank the department of pharmacology, Dalian Medical University, for providing the laboratory 

instruments to us to finish the study. 

Author Contributions 

D.S. was involved in the conception and hypothesis delineation; J.W. and Z.Y. designed the experiments, 

conducted the Western blotting and quantitative real-time PCR et al. experiments, and wrote the article. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Chan, S.Y.; Loscalzo, J. Pathogenic mechanisms of pulmonary arterial hypertension. J. Mol.  

Cell. Cardiol. 2008, 44, 14–30. 

2. Humbert, M.; Sitbon, O.; Simonneau, G. Treatment of pulmonary arterial hypertension. N. Engl.  

J. Med. 2004, 351, 1425–1436. 

3. Archer, S.; Rich, S. Primary pulmonary hypertension: A vascular biology and translational 

research “Work in progress”. Circulation 2000, 102, 2781–2791. 

4. De Caestecker, M.; Meyrick, B. Bone morphogenetic proteins, genetics and the pathophysiology 

of primary pulmonary hypertension. Respir. Res. 2001, 2, 193–197. 

5. Stenmark, K.R.; Mecham, R.P. Cellular and molecular mechanisms of pulmonary vascular 

remodeling. Annu. Rev. Physiol. 1997, 59, 89–144. 

6. Voelkel, N.F.; Tuder, R.M. Cellular and molecular biology of vascular smooth muscle cells in 

pulmonary hypertension. Pulm. Pharmacol. Ther. 1997, 10, 231–241. 

7. McMurtry, M.S.; Bonnet, S.; Wu, X.; Dyck, J.R.; Haromy, A.; Hashimoto, K.; Michelakis, E.D. 

Dichloroacetate prevents and reverses pulmonary hypertension by inducing pulmonary artery 

smooth muscle cell apoptosis. Circ. Res. 2004, 95, 830–840. 

8. Rider, C.C.; Mulloy, B. Bone morphogenetic protein and growth differentiation factor cytokine 

families and their protein antagonists. Biochem. J. 2010, 429, 1–12. 

9. Yang, X.; Long, L.; Southwood, M.; Rudarakanchana, N.; Upton, P.D.; Jeffery, T.K.; Atkinson, C.; 

Chen, H.; Trembath, R.C.; Morrell, N.W. Dysfunctional Smad signaling contributes to abnormal smooth 

muscle cell proliferation in familial pulmonary arterial hypertension. Circ. Res. 2005, 96, 1053–1063. 

10. Morty, R.E.; Nejman, B.; Kwapiszewska, G.; Hecker, M.; Zakrzewicz, A.; Kouri, F.M.; Peters, D.M.; 

Dumitrascu, R.; Seeger, W.; Knaus, P.; et al. Dysregulated bone morphogenetic protein signaling in 

monocrotaline-induced pulmonary arterial hypertension. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 

1072–1078. 

11. Yu, P.B.; Deng, D.Y.; Beppu, H.; Hong, C.C.; Lai, C.; Hoyng, S.A.; Kawai, N.; Bloch, K.D.  

Bone morphogenetic protein (BMP) type II receptor is required for BMP-mediated growth arrest 

and differentiation in pulmonary artery smooth muscle cells. J. Biol. Chem. 2008, 283, 3877–3888. 



Int. J. Mol. Sci. 2014, 15 13753 

 

 

12. Weaver, M.; Yingling, J.M.; Dunn, N.R.; Bellusci, S.; Hogan, B.L. BMP signaling regulates 

proximal–distal differentiation of endoderm in mouse lung development. Development 1999, 126, 

4005–4015. 

13. Frank, D.B.; Abtahi, A.; Yamaguchi, D.J.; Manning, S.; Shyr, Y.; Pozzi, A.; Baldwin, H.S.; 

Johnson, J.E.; de Caestecker, M.P. Bone morphogenetic protein 4 promotes pulmonary vascular 

remodeling in hypoxic pulmonary hypertension. Circ. Res. 2005, 97, 496–504. 

14. Weaver, M.; Dunn, N.R.; Hogan, B.L. BMP4 and FGF10 play opposing roles during lung bud 

morphogenesis. Development 2000, 127, 2695–2704. 

15. Morrell, N.W.; Yang, X.; Upton, P.D.; Jourdan, K.B.; Morgan, N.; Sheares, K.K.; Trembath, R.C. 

Altered growth responses of pulmonary artery smooth muscle cells from patients with primary 

pulmonary hypertension to transforming growth factor-β (1) and bone morphogenetic proteins. 

Circulation 2001, 104, 790–795. 

16. Derynck, R.; Zhang, Y.E. Smad-dependent and Smad-independent pathways in TGF-β family 

signalling. Nature 2003, 425, 577–584. 

17. Li, X.; Lu, W.; Fu, X.; Zhang, Y.; Yang, K.; Zhong, N.; Ran, P.; Wang, J. BMP4 increases canonical 

transient receptor potential protein expression by activating p38 MAPK and ERK1/2 signaling 

pathways in pulmonary arterial smooth muscle cells. Am. J. Respir. Cell Mol. Biol. 2013, 49, 212–220. 

18. Lu, W.; Ran, P.; Zhang, D.; Lai, N.; Zhong, N.; Wang, J. Bone morphogenetic protein 4 enhances 

canonical transient receptor potential expression, store-operated Ca2+ entry, and basal [Ca2+]i in rat 

distal pulmonary arterial smooth muscle cells. Cell Physiol. 2010, 299, C1370–C1378. 

19. Datta, S.R.; Brunet, A.; Greenberg, M.E. Cellular survival: A play in three Akts. Genes Dev. 

1999, 13, 2905–2927. 

20. Downward, J. Mechanisms and consequences of activation of protein kinase B/Akt. Curr. Opin. 

Cell Biol. 1998, 10, 262–267. 

21. Brunet, A.; Bonni, A.; Zigmond, M.J.; Lin, M.Z.; Juo, P.; Hu, L.S.; Anderson, M.J.; Arden, K.C.; 

Blenis, J.; Greenberg, M.E. Akt promotes cell survival by phosphorylating and inhibiting a 

Forkhead transcription factor. Cell 1999, 96, 857–868. 

22. Li, Y.; Song, Y.H.; Mohler, J.; Delafontaine, P. ANG II induces apoptosis of human vascular 

smooth muscle via extrinsic pathway involving inhibition of Akt phosphorylation and increased 

FasL expression. Heart Circ. Physiol. 2006, 290, H2116–H2123. 

23. Wang, X.Q.; Sun, P.; Paller, A.S. Inhibition of integrin-linked kinase/protein kinase B/Akt 

signaling: Mechanism for ganglioside-induced apoptosis. J. Biol. Chem. 2001, 276, 44504–44511. 

24. Garat, C.V.; Fankell, D.; Erickson, P.F.; Reusch, J.E.; Bauer, N.N.; McMurtry, I.F.; Klemm, D.J. 

Platelet-derived growth factor BB induces nuclear export and proteasomal degradation of CREB 

via phosphatidylinositol 3-kinase/Akt signaling in pulmonary artery smooth muscle cells.  

Mol. Cell. Biol. 2006, 26, 4934–4948. 

25. Sheares, K.K.; Jeffery, T.K.; Long, L.; Yang, X.; Morrell, N.W. Differential effects of TGF-β1 

and BMP-4 on the hypoxic induction of cyclooxygenase-2 in human pulmonary artery smooth 

muscle cells. Lung Cell. Mol. Physiol. 2004, 287, L919–L927. 

26. Kobayashi, T.; Masumoto, J.; Tada, T.; Nomiyama, T.; Hongo, K.; Nakayama, J. Prognostic 

significance of the immunohistochemical staining of cleaved caspase-3, an activated form of 

caspase-3, in gliomas. Clin. Cancer Res. 2007, 13, 3868–3874. 



Int. J. Mol. Sci. 2014, 15 13754 

 

 

27. Cook, S.A.; Sugden, P.H.; Clerk, A. Regulation of Bcl-2 family proteins during development and 

in response to oxidative stress in cardiac myocytes: Association with changes in mitochondrial 

membrane potential. Circ. Res. 1999, 85, 940–949. 

28. Shiojima, I.; Walsh, K. Role of Akt signaling in vascular homeostasis and angiogenesis. Circ. Res. 

2002, 90, 1243–1250. 

29. Gerasimovskaya, E.V.; Tucker, D.A.; Stenmark, K.R. Activation of phosphatidylinositol 3-kinase, 

Akt, and mammalian target of rapamycin is necessary for hypoxia-induced pulmonary artery 

adventitial fibroblast proliferation. J. Appl. Physiol. 2005, 98, 722–731. 

30. Yang, Z.Z.; Tschopp, O.; Hemmings-Mieszczak, M.; Feng, J.; Brodbeck, D.; Perentes, E.; 

Hemmings, B.A. Protein kinase B α/Akt1 regulates placental development and fetal growth.  

J. Biol. Chem. 2003, 278, 32124–32131. 

31. Manning, B.D.; Cantley, L.C. AKT/PKB signaling: Navigating downstream. Cell 2007, 129, 

1261–1274. 

32. Di Lorenzo, A.; Fernandez-Hernando, C.; Cirino, G.; Sessa, W.C. Akt1 is critical for acute 

inflammation and histamine-mediated vascular leakage. Proc. Natl. Acad. Sci. USA 2009, 106, 

14552–14557. 

33. Li, J.; Kim, K.; Hahm, E.; Molokie, R.; Hay, N.; Gordeuk, V.R.; Du, X.; Cho, J. Neutrophil 

AKT2 regulates heterotypic cell-cell interactions during vascular inflammation. J. Clin. Investig. 

2014, 124, 1483–1496. 

34. Ding, L.; Biswas, S.; Morton, R.E.; Smith, J.D.; Hay, N.; Byzova, T.V.; Febbraio, M.;  

Podrez, E.A. Akt3 deficiency in macrophages promotes foam cell formation and atherosclerosis in 

mice. Cell Metab. 2012, 15, 861–872. 

35. Porter, A.G.; Janicke, R.U. Emerging roles of caspase-3 in apoptosis. Cell Death Differ. 1999, 6, 

99–104. 

36. Whitman, M. Smads and early developmental signaling by the TGFβ superfamily. Genes Dev. 

1998, 12, 2445–2462. 

37. Salido, M.; Gonzalez, J.L.; Vilches, J. Loss of mitochondrial membrane potential is inhibited by 

bombesin in etoposide-induced apoptosis in PC-3 prostate carcinoma cells. Mol. Cancer Ther. 

2007, 6, 1292–1299. 

38. Geraci, M.W.; Moore, M.; Gesell, T.; Yeager, M.E.; Alger, L.; Golpon, H.; Gao, B.; Loyd, J.E.; 

Tuder, R.M.; Voelkel, N.F. Gene expression patterns in the lungs of patients with primary 

pulmonary hypertension: a gene microarray analysis. Circ. Res. 2001, 88, 555–562. 

39. Zhang, L.; Pu, Z.; Wang, J.; Zhang, Z.; Hu, D.; Wang, J. Baicalin inhibits hypoxia-induced 

pulmonary artery smooth muscle cell proliferation via the AKT/HIF-1α/p27-associated pathway. 

Int. J. Mol. Sci. 2014, 15, 8153–8168. 

40. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time 

quantitative PCR and the 2−∆∆Ct Method. Methods 2001, 25, 402–408. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


