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Abstract. Apoptosis has important pathophysiological 
consequences contributing to pulmonary arterial hyperten-
sion (PAH). However, the mechanism underlying apoptosis 
in PAH remains unknown. Apoptosis repressor with caspase 
recruitment domain (ARC) is an essential factor in cell apop-
tosis, and regulates intrinsic and extrinsic apoptosis signaling 
pathways. It is hypothesized that ARC may be involved in 
the apoptotic responses of pulmonary arterial smooth muscle 
cells (PASMCs) following mild chronic injury. In the present 
study, serum deprivation (SD) was used to induce apoptosis of 
PASMCs. It was demonstrated that the expression of ARC in 
PASMCs was significantly increased following SD stimulation 
within 24 h, and ARC downregulation using small interfering 
RNA significantly enhanced the apoptosis of PASMCs 
following SD stimulation. In addition, the results demonstrated 
that ARC downregulation significantly increased the expres-
sion of proapoptotic factors and the level of reactive oxygen 
species (ROS), and decreased the mitochondrial membrane 
potential following SD exposure, suggesting ARC regulates 
the apoptosis of PASMCs via modulating mitochondrial 
function and ROS accumulation. The results of the present 
study revealed that ARC inhibition promotes the apoptosis of 
PASMCs following SD stimulation, and that ARC expression 
increases in the early stages of SD injury.

Introduction

Apoptosis has important pathophysiological consequences 
contributing to pulmonary arterial remodeling (1,2), that 

apoptosis eliminates unnecessary cells. For example, cells 
migrated into the vascular lumen and hypertrophied cells 
accumulated in the pulmonary vasculature (3). Reversely 
inhibiting apoptosis of pulmonary arterial smooth muscle cells 
(PASMCs) can promote thickening of the pulmonary vascu-
lature and raise pulmonary arterial hypertension (PAH) (4). 
However, compared with PASMCs from normal subjects, 
PASMCs from PAH patients exhibited a significant resistance 
to apoptosis (5), whose mechanism is still unknown.

Apoptosis repressor with ARC, an anti-apototic protein, is 
expressed primarily in cardiac and skeletal myocytes as well 
as in brain tissue (6-8). ARC comprises the ARC region that 
is homologous to the CARDs of caspases and caspase adaptor 
proteins, which can modulate apoptosis signaled by interacting 
with caspases or adaptor proteins (6). ARC impairs the cellular 
apoptotic responsiveness to a wide range of stresses and insults, 
including extrinsic apoptosis initiation via death receptor ligands, 
dysregulation of cellular Ca2 homeostasis and endoplasmic retic-
ulum (ER) stress, genotoxic drugs, ionizing radiation, oxidative 
stress and hypoxia (9). These data give a clue that ARC might be 
involved in the apoptotic responses of PASMCs.

To test the hypothesis, serum deprivation (SD) is used to 
induce the apoptosis of PASMCs. Then, it is found that both 
ARC mRNA and protein levels were gradually increased after 
SD within 24 h. Later, ARC expression is downregulated using 
siRNA, which verified that ARC downregulation significantly 
increased the sensitivity to SD. Thus, the mechanism of ARC in 
regulation of the apoptosis of PASMCs after SD is revealed. To 
be specific, it is found that the downregulation of ARC signifi-
cantly increased the expression of pro-apoptotic factors and the 
level of reactive oxygen species (ROS), and decreased the mito-
chondrial membrane potential (MMP) after SD, which suggests 
that ARC regulates the cell death and the apoptosis of PASMC 
via controlling mitochondrial function and ROS accumulation. 
In conclusion, this study revealed that ARC inhibition promotes 
the apoptosis of PASMCs after SD in vitro, and ARC expression 
in PASMCs would increase after SD injury.

Materials and methods

Cell culture. Experiments were in full compliance with regu-
lations that were enacted by the Animal Ethics Committee of 
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Nanjing Medical University (Nanjing, China). Primary cultures 
of PASMCs were from Sprague-Dawley rats (125-250 g) 
according to the method reported by Golovina and Blaustein (10). 
Briefly, pulmonary arteries were isolated from lung tissues, 
and incubated for 20 min in Hank's Balanced Salt Solution 
containing 1.5 mg/ml collagenase (Worthington Biochemical 
Co., Lakewood, NJ, USA). In addition, the endothelium was 
removed by scratching the luminal surface. The remaining 
pulmonary artery smooth muscle was then digested with 
1.5 mg/ml collagenase and 0.5 mg/ml elastase (Sigma-Aldrich, 
St. Louis, MO, USA) at 37˚C. Then, the cells were plated on 
10-cm dishes, and maintained in DMEM medium supplemented 
with 10% FBS and 100 IU/ml penicillin (Sigma‑Aldrich) at 37˚C 
with 5% CO2. By adopting immunofluorescence, we verified 
the purity and identity of PASMCs with α-smooth muscle actin 
(α‑actin) (Sigma‑Aldrich), which is the specific antibody against 
PASMCs. The cells with typical hill-and-valley morphology at 
80% confluence were used for next experiments. SD caused a 
marked decrease in cell viability (11-13). Then, SD is used to 
induce PASMC to apoptosis. Briefly, PASMCs were grown to 
about 80% confluency in complete medium (DMEM with 10% 
FBS), and then were switched to SD medium for the next 6-72 h 
to induce cell apoptosis.

Design and transfection of siRNA. ARC-siRNA was designed 
by GenePharma (Shanghai, China) to inhibit the expression of 
ARC in PASMCs, and a nonsense sequence was adopted as a 
negative-siRNA. ARC-siRNA and negative siRNA sequences 
are listed in Table I. Cells were transfected with these siRNA 
using Lipofectamine 2000 (Invitrogen Life Technologies, 
Waltham, MA, USA) by following the manufacturer's instruc-
tions. Generally speaking, cells were plated in medium without 
antibiotics the day before transfection so that 40 to 50% 
confluence was obtained at the time of transfection. Cells were 
also transfected with 200 nM ARC-siRNA or negative-siRNA 
for 12 h, exposed to SD for 48 h and collected for western blot 
analysis, RT‑qPCR, immunofluorescence and flow cytometry 
assays.

Immunofluorescence. Primary antibodies used were anti-ARC 
rabbit polyclonal antibody (1:500; Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA), anti-active caspase-3 rabbit mono-
clonal antibody (1:400; Cell Signaling Technology, Inc., 
Danvers, MA, USA), and α-actin (1:200; Sigma-Aldrich). 
Briefly, cells were fixed in 4% paraformaldehyde. Nonspecific 
binding sites were blocked for 1 h in 0.3% Triton X-100 and 
10% (v/v) heat-inactivated normal serum in PBS (PBT1). 
Samples were then incubated overnight at 4˚C in PBT1 with 
primary antibodies. After unbound antibodies were removed, 
samples were incubated with the corresponding secondary 
antibodies conjugated with tetramethylrhodamine (TRITC), 
fluorescein isothiocyanate or Cy5 (Abcam, Cambridge, UK). 
Counterstaining with DAPI (Sigma-Aldrich) caused the 
visualization of the cell nucleus. Specimens were observed 
with confocal fluorescence microscopy (Leica SP5; Leica, 
Heidelberg, Germany). Negative control experiments were 
performed as above by omitting primary antibodies.

TUNEL kit (Roche, Indianapolis, IN, USA) was adopted 
to detect apoptotic cells, according to the instructions of the 
manufacturer. Tetramethylrhodamine ethyl ester (TMRE) and 

Mitochondrial Membrane Potential Assay kit (Sigma-Aldrich) 
were used to determine the MMP. Besides, Mito-SOX Red 
(Life Technologies, Waltham, MA, USA) was used to detect 
ROS. PASMCs were cultured in SD medium for 48 h, then 
washed with PBS and incubated with TMRE or MitoSOX 
Red for 10 min at 37˚C. Cells were washed with prewarmed 
PBS and observed under confocal microscopy (LSM700; Carl 
Zeiss, Heidenheim, Germany).

Real‑time quantitative PCR. For real-time quantitative 
PCR, total RNA was extracted with TRIzol reagent (Protein 
Biotechnology, Beijing, China) and the integrity of all RNA 
samples was evaluated by OD260/280. In addition, cDNA was 
obtained by using RevertAid First Strand cDNA Synthesis 
kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
according to the manufacturer's instructions. Real-time PCR 
with SYBR-Green (Roche, Basel, Switzerland) was carried out 
by Biosystems CFX96 Real-Time PCR (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA). The primer sequences are shown 
in Table II. The specificity of the PCR amplification was 
confirmed by agarose gel electrophoresis. The thermal cycling 
condition was 20 sec at 95˚C followed by 40 cycles of 15 sec 
at 95˚C, 1 min at 62˚C, and 20 sec at 72˚C. Melting curves 
were directly drawn after amplification. Gene expression was 
measured by semi-quantitative analysis and GAPDH was used 
as a normalization control. Besides, it should be noticed that 
each analysis was performed in triplicate.

Western blot analysis. PASMCs were harvested and lysed with 
RIPA buffer (Protein Biotechnology) that contains the protease 
inhibitor cocktail (Sigma, St Louis, MO, USA) for 30 min at 
4˚C. The lysates were centrifuged at 12,000 g for 10 min at 4˚C. 
Protein concentrations were calculated by using the BCA Protein 
Assay kit (Protein Biotechnology). An equal amount of protein 
was loaded onto 12% Tris-glycine SDS-PAGE gel and separated 
at 120 V for 1.5 to 2 h. The protein was then transferred to nitro-
cellulose membrane and blocked with 5% milk in TBST buffer. 
Immunoblotting was performed with anti-ARC rabbit polyclonal 
antibody (1:1,000) and anti-active caspase-3 rabbit monoclonal 
antibody (1:500). Anti-β-actin Mouse Monoclonal Antibody 
(1:5,000; Abcam) was used as a control for the equal loading of 
samples. Peroxidase-conjugated goat anti-rabbit (or anti-mouse) 
immunoglobulin G (Abcam) was employed as the secondary 
antibody, while proteins were detected with SuperSignal West 
Dura Chemiluminescent Substrate (Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions.

Flow cytometry. Annexin V-FITC and propidium iodide (PI) 
(BD Biosciences, San Jose, CA, USA) was used for apoptosis 
analysis according to the manufacturer's instructions. To be 
specific, the cells were collected, washed twice with cold PBS 
and then resuspended in 1X binding buffer at a concentration 
of 1x106 cells/ml. Annexin V-FITC (5 µl) and 5 µl PI were 
added, gently mixed with 100 µl cells and incubated for 15 min 
at room temperature in the dark. Then, 400 µl 1X binding 
buffer was added to tubes. The samples were analyzed by flow 
cytometry (FACSCanto; BD Biosciences) as soon as possible. 
The number of acquired events was over 100,000 and the flow 
cytometry threshold was set to exclude cell debris. All tests 
were repeated at least three times.
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Statistical analysis. Results were presented as mean ± stan-
dard deviation. A two-tailed unpaired Student's t-test was 
performed when two groups were compared. In addition, 
one-way ANOVA was used followed by Dunnett's test when 
more than two groups were compared. P<0.05 was considered 
statistically significant.

Results

ARC was expressed in PASMCs. The immunoflurescence 
results demonstrated that ARC was expressed in PASMCs, 
which was further proved by western blot analysis data (Fig. 1).

The ARC mRNA and protein levels in PASMCs were upregu‑
lated in PASMCs after SD. SD was used to induce PASMC to 
apoptosis. PASMCs were cultured to about 80% confluency 
in complete medium (DMEM with 10% FBS), and then were 
switched to SD medium for the next 6-72 h. The RT-qPCR and 
western blot results demonstrated that both ARC mRNA and 
protein levels increased after SD when compared with control 
cells. Thus, both ARC mRNA and protein levels increased to 
the maximum at 24 h (Fig. 2).

The ARC level downregulation with siRNA caused the 
decrease of PASMCs viability after SD. To verify the role of 

Table II. PCR sequences used in the experiments.

Gene Forward sequence Reverse sequence

Caspase-3 AATCATGCCATTTGCCCAGC CTCAAGTGTGTAGGGGGAGG
Caspase-9 CTGTCCCGTGAAGCAAGGAT CAGGGCACACATGACAATGC
Fadd ACAATGTGGGGAGAGACTGG CCCTTACCCGATCACTCAGG
Bax GTCCTCACTGCCTCACTCAC TTCCCCGTTCCCCATTCATC
Bad AGGCTTGAGGAAGTCCGATCC TTGTCGCATCTGTGTTGCAG
Bcl-2 GGTGAACTGGGGGAGGATTG AGAGCGATGTTGTCCACCAG
Lpo GTTCCAGCCAACTCACACCA CTCCCACCAGAACTTGCCTGT
Sod1 GGAGCAAGGTCGCTTACAGA AGTGACAGCGTCCAAGCAAT
Glrx AGTCTGGAAAGGTGGTCGTG CCATTAGCATGGCTGGACGA
ARC CAGTGTAGGGGAACGCAAAT CCGGTCAATGGTCTCCGATG
GAPDH GCAAGAGAGAGGCCCTCAG TGTGAGGGAGATGCTCAGTG

ARC, apoptosis repressor with caspase recruitment domain.

Table I. siRNA sequences used in the experiments.

siRNA Forward sequence Reverse sequence

ARC-siRNA 1 CGGAAACGGCUGGUAGAAATT UUUCUACCAGCCGUUUCCGTT
ARC-siRNA 2 GAGUAUGAAGCCUUGGAUGTT CAUCCAAGGCUUCAUACUCTT
ARC-siRNA 3 CCCAGCAAACUGUGAGCAUTT AUGCUCACAGUUUGCUGGGTT
Negative siRNA UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT

ARC, apoptosis repressor with caspase recruitment domain.

Figure 1. ARC was expressed in the PASMCs. (A) Immunofluoresence staining showed ARC was expressed in the PASMCs. α-actin was used as PASMCs 
markers. Scale bars, 20 µm. (B) Western blot analysis showed that ARC was expressed in the PASMCs. β-actin served as a loading control in each lane. Brain 
samples were used as positive controls. ARC, apoptosis repressor with caspase recruitment domain; PASMCs, pulmonary arterial smooth muscle cells; α-actin, 
α-smooth muscle actin.
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ARC on PASMCs apoptosis after SD, ARC was downregu-
lated with siRNA, and flow cytometric analysis and TUNEL 

assay were used to determine cell apoptosis. The results of flow 
cytometric analysis showed that the apoptosis and death of 

Figure 3. The ratio of both cell death and apoptosis of PASMCs were increased after SD injury when ARC was downregulated by siRNA. (A-C) Flow 
cytometry analysis revealed the ratio of both death and apoptotic cells were significantly increased when cultured with SD medium for 48 h compared to 
normal medium control. And the ARC‑siRNA transfected groups had significantly higher death and apoptotic cells ratio than the negative‑siRNA transfected 
groups when cultured with SD medium for 48 h. (D and E) The percentage of TUNEL positive apoptotic cells increased in the ARC-siRNA transfected groups 
compared with the negative siRNA transfected controls. Data is shown as mean ± standard deviation, *P<0.05. Scale bars, 20 µm. PASMCs, pulmonary arterial 
smooth muscle cells; SD, serum deprivation; ARC, apoptosis repressor with caspase recruitment domain; α-actin, α‑smooth muscle actin; ns, not significant.

Figure 2. The (A) RT-qPCR and (B) western blot analysis results demonstrated that both ARC mRNA level and protein level increased after SD treatment 
compared to control cells, and both ARC mRNA level and protein level increased to maximum at 24 h point. The PASMCs were cultured in medium without 
serum from 6 to 72 h, then harvested for RT-qPCR and western blot analysos. Data is shown as mean ± standard deviation, *P<0.05. ARC, apoptosis repressor 
with caspase recruitment domain; SD, serum deprivation; PASMCs, pulmonary arterial smooth muscle cells.
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PASMCs increased significantly after 48 h SD compared with 
no damage control (Fig. 3A-C). More notably, PASMCs with 
ARC-siRNA transfection had a more apoptosis and death ratio 
than PASMCs with Negative-siRNA transfection (Fig. 3A-C). 
Besides, the number of TUNEL‑positive cells significantly 
increased in the SD group, and the effect was enhanced by 
treating with ARC-siRNA transfection (Fig. 3D and E).

The ARC level downregulation with siRNA increases apop‑
totic factor expression in PASMCs after SD. To investigate 
the mechanism of ARC on the role of PASMCs apoptosis, the 
expression of pro-apoptotic factors and anti-apoptic factors 
in PASMCs were measured by using immunoflurescence 
and RT‑qPCR methods. The results of immunoflurescence 
and RT-qPCR demonstrated that pro-apoptotic factors like 
caspase-3 increased significantly after 48 h SD compared 
with control cells (Fig. 4A-C). Moreover, the ARC-siRNA 
transfection group had more caspase-3 expression than the 
Negative-siRNA transfection group (Fig. 4A, B and D). 
RT-qPCR data also showed that pro-and anti-apoptic 
factors such as caspase-9, Fadd, Bax and Bad increased 
after 48 h SD (Fig. 4C). Furthermore, ARC downregulation 

with ARC‑siRNA significantly increased the expression of 
caspase-9 and Fadd (Fig. 4D). In addition, both SD and ARC 
downregulation decreased anti-apoptotic factors like Bcl-2 
expression (Fig. 4C and D).

ARC downregulation with siRNA reduced MMP of PASMCs 
after SD. TMRE kit was used to assess the changes in MMP. 
The quantitative analysis of TMRE intensity showed a 
significant decrease in SD‑treated cells when compared with 
normal control cells which were cultured in the presence of 
10% fetal bovine serum (FBS) (Fig. 5). Moreover, the quan-
titative analysis of TMRE intensity also showed a significant 
decrease in ARC-siRNA-transfected cells when compared 
with negative-siRNA transfected cells (Fig. 5). The result 
showed that ARC protected against the SD-induced loss of 
MMP and maintained mitochondrial integrity.

ARC downregulation with siRNA disrupted the balance 
of oxidative stress and induced the accumulation of ROS 
in PASMCs after SD. MitoSOX Red, a redox fluorophore 
detecting selectively mitochondrial superoxide, was used 
to evaluate mitochondrial ROS generation. The intensity of 

Figure 4. ARC downregulation increased the expression of proapoptotic factors in PASMCs after SD injury. (A and B) The immunofluoscence showed 
caspase-3 positive cells increased insulted by SD treatment for 48 h compared with control cells. And caspase-3 positive cells increased in the groups trans-
fected with ARC-siRNA compared to the negative siRNA transfected controls. (C) RT-qPCR results showed that the expression of caspase-3, Fadd, Bax and 
Bad were significantly increased and the anti‑apoptotic factor like Bcl‑2 was significantly decreased, while the expression of caspase‑9 was not significantly 
changed in SD treated groups compared with control cells. (D) RT‑qPCR results showed ARC‑siRNA transfected groups had significantly higher expression 
of caspase‑3, caspase‑9 and Fadd, while anti‑apoptotic factor like Bcl‑2 was significantly lower compared to the negative siRNA transfected controls. Data is 
shown as mean ± standard deviation, *P<0.05. Scale bars, 20 µm. ARC, apoptosis repressor with caspase recruitment domain; PASMCs, pulmonary arterial 
smooth muscle cells; SD, serum deprivation; α-actin, α‑smooth muscle actin; ns, not significant.
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MitoSOX demonstrated a significant decrease in SD‑treated 
cells when compared with normal control cells, and the inten-
sity of MitoSOX decreased significantly in the ARC‑siRNA 
groups than the negative-siRNA groups (Fig. 6A). The result 
demonstrated that ARC downregulation could promote ROS 
accumulation in PASMCs after SD.

Either decreased antioxidant levels or increased prooxidant 
levels might lead to the increment of ROS levels. Therefore, 
the antioxidant-prooxidant balance is important to the cell 
redox homeostasis (8). Here, the mRNA expression of three 
redox related genes was analyzed by qPCR. The result 
showed the expression of oxidant factors was disrupted after 
SD-treatment compared with no damage controls (Fig. 6B); 
while ARC downregulation with ARC-siRNA transfection 
significantly decreased the expression of antioxidant factors 
like Sod1 and Glrx, and increased the expression of prooxidant 
factors like LPO (Fig. 6C). Meanwhile, the data demonstrated 
that the downregulation of ARC inhibited the expression of 
antioxidant genes and increased the intracellular ROS levels 
in PASMC cells after SD, which would further lead to cell 
apoptosis.

Discussion

Compared with PASMCs from normal subjects, PASMCs 
from PAH patients exhibited a significant resistance to 

apoptosis (4), and the mechanism of it is still unknown. 
ARC is unique since it suppresses the activation of both 
the intrinsic apoptosis pathway and the extrinsic apoptosis 
pathway (6,14). It is assumed that ARC may be implicated in 
PASMCs' resistance to apoptosis from mild chronic injury. 
In this study, PASMSCs isolated from rats were used to 
explore the role of ARC in PASMCs with SD exposure. The 
result showed that ARC was expressed in PASMCs (Fig. 1), 
and both ARC mRNA and protein levels increased gradu-
ally in PASMCs when being cultured in SD medium within 
24 h (Fig. 2). Then, it is found that ARC downregulation 
dramatically increased the cell death and the apoptosis of 
PASMCs after SD (Fig. 3). All of the results suggested that 
ARC inhibition promotes the apoptosis of PASMCs after SD 
in vitro.

Apoptosis is primarily regulated activating caspases 
through either the intrinsic pathway or the extrinsic 
pathway (15). Then, the study revealed that ARC is involved 
in both intrinsic and extrinsic apoptotic pathways. When 
ARC was inhibited, it is observed that the expression of both 
intrinsic and extrinsic pro-apoptotic genes including caspase-3, 
caspase‑9 and Fadd was significantly increased and expression 
of the anti-apoptotic gene Bcl-2 was decreased after SD injury, 
which suggests that ARC inhibits the apoptosis of PASMCs 
by both intrinsic and extrinsic apoptotic pathways after SD 
injury (Fig. 4).

Figure 5. ARC downregulation decreased the MMP of PASMCs after SD injury. The immunofluoscence intensity of TMRE was decreased after SD treatment 
for 48 h compared with the controls; particularly, TMRE intensity in ARC‑siRNA transfected groups was significantly reduced compared with the controls 
transfected with negative siRNA. Scale bars, 20 µm. ARC, apoptosis repressor with caspase recruitment domain; MMP, mitochondrial membrane potential; 
PASMCs, pulmonary arterial smooth muscle cells; SD, serum deprivation; TMRE, tetramethylrhodamine ethyl ester.
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Apoptosis is closely related to mitochondrial dysfunction, 
including increased ROS and decreased MMP (16,17). Previous 
studies have shown that the accumulation of ROS triggers 
mitochondrial depolarization, leads to the loss of MMP, and 
further results in the opening of mitochondrial permeability 
transition pores that enables the release of pro-apoptotic factors 
from the mitochondria into the cytosol (18-21). Then, it was 
demonstrated that ARC inhibition caused the dramatic increase 
of the mitochondrial ROS level and decrease of MMP after SD 
(Figs. 5 and 6), suggesting ARC downregulation exacerbated 
the mitochondrial dysfunction in PASMCs after SD.

Under physiological conditions, the ROS level is kept 
within a certain range because of the balance between 
production and scavenging, which is the result of many 
mutually-coordinated genes. Once this balance is altered, an 
increase in intracellular ROS will occur (17). In this study, 
it is found that ARC inhibition resulted in the significant 
decrease in the expression of several crucial antioxidant 

genes, including Sod1and Glrx, while it increased the expres-
sion of LPO, a prooxidative factor (Fig. 6). In addition, this 
balance disruption between prooxidant and antioxidant genes 
might contribute to the increased ROS levels in response to 
ARC inhibition.

In conclusion, the result showed that ARC mRNA and 
protein levels increased gradually in PASMCs after SD within 
24 h. It also demonstrated that ARC downregulation disrupts 
the balance between prooxidant and antioxidant genes, and 
leads to the increased ROS level, which further contributes 
to mitochondrial dysfunction and the release of apoptotic 
factors from the mitochondria, at last promotes the apoptosis 
of PASMCs after SD exposure.

Acknowledgements

The present study was supported by the National Science 
Foundation of China (81370277) and Jiangsu Province's 

Figure 6. Downregulation of ARC with siRNA elevated the ROS and prooxidant factors level, while decreased antioxidant facts level. (A) The immunofluo-
scence showed Mito-SOX intensity was increased after SD treatment for 48 h compared with controls; while Mito-SOX intensity in ARC-siRNA transfected 
groups was more significantly increased compared with the negative siRNA controls. (B) RT‑qPCR results showed the expression of prooxidant factors 
like Lpo and antioxidant factors such as Sod1, Glrx were changed after SD treatment for 48 h compared with controls. (C) RT-qPCR results demonstrated 
the expression of antioxidant factors such as Sod1, Glrx were significantly decreased; while the expression of prooxidant factor like Lpo was significantly 
increased in ARC-siRNA transfected groups compared with the negative siRNA controls. Data is shown as mean ± standard deviation, *P<0.05. Scale bars, 
20 µm. ARC, apoptosis repressor with caspase recruitment domain; ROS, reactive oxygen species; SD, serum deprivation.



ZHANG et al:  ARC INHIBITION PROMOTING PASMCs APOPTOSIS3876

Scientif ic and Technological Suppor ting Program 
(BL2012058).

References

 1. Gulbins E, Jekle A, Ferlinz K, Grassmé H and Lang F: Physiology 
of apoptosis. Am J Physiol Renal Physiol 279: F605-F615, 2000.

 2. Gurbanov E and Shiliang X: The key role of apoptosis in the 
pathogenesis and treatment of pulmonary hypertension. Eur J 
Cardiothorac Surg 30: 499-507, 2006.

 3. Uhal BD: Apoptosis in lung fibrosis and repair. Chest 122 
(6 Suppl): 293S-298S, 2002.

 4. Zhang S, Fantozzi I, Tigno DD, Yi ES, Platoshyn O, 
Thistlethwaite PA, Kriett JM, Yung G, Rubin LJ and Yuan JX: 
Bone morphogenetic proteins induce apoptosis in human pulmo-
nary vascular smooth muscle cells. Am J Physiol Lung Cell Mol 
Physiol 285: L740-L754, 2003.

 5. McMurtry MS, Archer SL, Altieri DC, Bonnet S, Haromy A, 
Harry G, Bonnet S, Puttagunta L and Michelakis ED: Gene 
therapy targeting survivin selectively induces pulmonary 
vascular apoptosis and reverses pulmonary arterial hypertension. 
J Clin Invest 115: 1479-1491, 2005.

 6. Ludwig-Galezowska AH, Flanagan L and Rehm M: Apoptosis 
repressor with caspase recruitment domain, a multifunctional 
modulator of cell death. J Cell Mol Med 15: 1044-1053, 2011.

 7. Dowds TA and Sabban EL: Endogenous and exogenous ARC 
in serum withdrawal mediated PC12 cell apoptosis: A new 
pro-apoptotic role for ARC. Cell Death Differ 8: 640-648, 2001.

 8. Neuss M, Monticone R, Lundberg MS, Chesley AT, Fleck E and 
Crow MT: The apoptotic regulatory protein ARC (apoptosis 
repressor with caspase recruitment domain) prevents oxidant 
stress-mediated cell death by preserving mitochondrial function. 
J Biol Chem 276: 33915-33922, 2001.

 9. Nam YJ, Mani K, Ashton AW, Peng CF, Krishnamurthy B, 
Hayakawa Y, Lee P, Korsmeyer SJ and Kitsis RN: Inhibition of 
both the extrinsic and intrinsic death pathways through nonho-
motypic death-fold interactions. Mol Cell 15: 901-912, 2004.

10. Golovina VA and Blaustein MP: Preparation of primary cultured 
mesenteric artery smooth muscle cells for fluorescent imaging 
and physiological studies. Nat Protoc 1: 2681-2687, 2006.

11. Wang Z, Tang X, Li Y, Leu C, Guo L, Zheng X and Zhu D: 
20-Hydroxyeicosatetraenoic acid inhibits the apoptotic responses 
in pulmonary artery smooth muscle cells. Eur J Pharmacol 588: 
9-17, 2008.

12. Wang S, Wang Y, Jiang J, Wang R, Li L, Qiu Z, Wu H and Zhu D: 
15-HETE protects rat pulmonary arterial smooth muscle cells 
from apoptosis via the PI3K/Akt pathway. Prostaglandins Other 
Lipid Mediat 91: 51-60, 2010.

13. Li Y, Li Q, Wang Z, Liang D, Liang S, Tang X, Guo L, Zhang R 
and Zhu D: 15‑HETE suppresses K(+) channel activity and 
inhibits apoptosis in pulmonary artery smooth muscle cells. 
Apoptosis 14: 42-51, 2009.

14. Koseki T, Inohara N, Chen S and Núñez G: ARC, an inhibitor of 
apoptosis expressed in skeletal muscle and heart that interacts 
selectively with caspases. Proc Natl Acad Sci USA 95: 5156-5160, 
1998.

15. Elmore S: Apoptosis: A review of programmed cell death. 
Toxicol Pathol 35: 495-516, 2007.

16. Yan C, Kong D, Ge D, Zhang Y, Zhang X, Su C and Cao X: 
Mitomycin C induces apoptosis in rheumatoid arthritis fibro-
blast-like synoviocytes via a mitochondrial-mediated pathway. 
Cell Physiol Biochem 35: 1125-1136, 2015.

17. Mei H, Sun S, Bai Y, Chen Y, Chai R and Li H: Reduced mtDNA 
copy number increases the sensitivity of tumor cells to chemo-
therapeutic drugs. Cell Death Dis 6: e1710, 2015.

18. Saelens X, Festjens N, Vande Walle L, van Gurp M, van Loo G 
and Vandenabeele P: Toxic proteins released from mitochondria 
in cell death. Oncogene 23: 2861-2874, 2004.

19. Nemec KN and Khaled AR: Therapeutic modulation of apoptosis: 
Targeting the BCL-2 family at the interface of the mitochondrial 
membrane. Yonsei Med J 49: 689-697, 2008.

20. De Giorgi F, Lartigue L, Bauer MK, Schubert A, Grimm S, 
Hanson GT, Remington SJ, Youle RJ and Ichas F: The perme-
ability transition pore signals apoptosis by directing Bax 
translocation and multimerization. FASEB J 16: 607-609, 2002.

21. Garofalo T, Giammarioli AM, Misasi R, Tinari A, Manganelli V, 
Gambardella L, Pavan A, Malorni W and Sorice M: Lipid micro-
domains contribute to apoptosis-associated modifications of 
mitochondria in T cells. Cell Death Differ 12: 1378-1389, 2005.


