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A B S T R A C T   

Endothelial dysfunction is critical in the pulmonary vasculature during pulmonary hypertension (PH). Moreover, 
in PH, increased inflammation and oxidative/nitrosative stress cause DNA damage, activating poly (ADP-ribose) 
polymerase-1 (PARP-1). Meloche et al. (2014) and our previous research have shown that inhibiting PARP-1 is 
protective in PH and associated RV hypertrophy. However, the role of PARP-1 in pulmonary arterial endothelial 
dysfunction has not been explored completely. Therefore, the current study aims to investigate the involvement 
of PARP-1 in endothelial dysfunction associated with PH. Hypoxia (1% O2) was used to induce a PH-like 
phenotype in human pulmonary artery endothelial cells (HPAECs), and PARP-1 inhibition was achieved via 
siRNA (60 nM). For the in vivo study, male Sprague Dawley rats were administered monocrotaline (MCT; 60 mg/ 
kg, SC, once) to induce PH, and 1, 5-isoquinolinediol (ISO; 3 mg/kg) was administered daily intraperitoneally to 
inhibit PARP-1. PARP-1 inhibition decreased proliferation and inflammation, as well as improved mitochondrial 
dysfunction in hypoxic HPAECs. Furthermore, PARP-1 inhibition also promoted apoptosis by increasing DNA 
damage in hypoxic HPAECs. In addition, inhibition of PARP-1 reduced cell migration, VEGF expression, and 
tubule formation in hypoxic HPAECs. In in vivo studies, PARP-1 inhibition by ISO significantly decreased the 
RVP and RVH as well as improved endothelial function by increasing the pulmonary vascular reactivity and 
expression of p-eNOS in MCT-treated rats.   

1. Introduction 

Pulmonary endothelial dysfunction plays a central role in the 
development and progression of pulmonary hypertension (PH), a severe 
cardio-pulmonary condition characterized by chronic vasoconstriction, 
endothelial dysfunction, and structural remodeling of pulmonary vessels 
[1]. Current PH treatments mostly provide symptomatic relief due to 
their vasodilatory nature and lack of antiproliferative and proapoptotic 
properties [2]. Therefore, research focusing on preventing or reversing 
pulmonary vascular remodeling and complicated lesion development by 
regulating underlying factors is essential. Pulmonary vascular remod
eling during PH is significantly determined by endothelial dysfunction 

apart from pulmonary artery smooth muscle cell disruption (PASMCs), 
as reported in our previous work [3]. 

PH is linked to severe inflammation and oxidative/nitrosative stress 
results in a toxic environment for cells, as well as the potential for DNA 
damage [4]. Endothelial dysfunction begins with endothelial damage 
caused by hypoxia and toxins, which initially increase apoptosis but 
later promote the development of apoptosis-resistant and endothelial 
cell hyperproliferation [3,5]. Endothelium in normal conditions is in a 
quiescent and stable state but various factors like endothelial injury, 
shear stress, hypoxia, inflammation, and genetic factors cause it to 
become hyperactive. This, in turn, triggers endothelium to secrete 
various growth factors like vascular endothelial growth factor (VEGF) 
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and fibroblast growth factor 2 (FGF 2), vasoconstrictive factors like 
thromboxane and endothelin-1 (ET-1), and reduce the secretion of va
sodilators, like nitric oxide (NO) and prostacyclin; all these contribute to 
the endothelial dysfunction and loss of homeostatic functions [6]. 
Moreover, excessive disrupted endothelial cell proliferation, apoptosis 
resistance, and concurrent neo-angiogenesis culminate in the formation 
of plexiform lesions, which are typical clinical characteristics of the 
pulmonary arteries in individuals with pulmonary arterial hypertension 
[7,8]. 

Emerging research indicates that DNA damage signaling underlies 
pulmonary vasculature changes in PH [4]. Studies have reported that 
inflammation as well as oxidative/nitrosative stress such as that occurs 
in pulmonary hypertension induce endothelial cell DNA damage by 
causing single and double-strand breaks and activating poly (ADP-ri
bose) polymerase-1 (PARP-1) [9,10]. PARP-1 is a nuclear DNA-repairing 
enzyme that participates actively in DNA repair by generating sub
stantial amounts of poly (ADP-ribose) along the break site using nico
tinamide adenine dinucleotide (NAD) [11]. However, hyper-activation 
of this enzyme by inflammation or oxidative/nitrosative stress causes 
severe depletion of NAD and subsequent adenosine triphosphate (ATP), 
resulting in cellular energy depletion, permanent cytotoxicity, and even 
cell death [12]. PARP-1 activity inhibition has been shown to limit pa
thologies associated with smooth muscle and endothelial dysfunction 
[9]. Moreover, PARP-1 is involved in many other aspects of PH like 
NF-κB mediated transcription of various genes including interleukine-6 
(IL-6), IL-1β and tumor necrosis factor-α (TNF-α) [13]. In addition, IL-6 
upregulation caused by the activation of PARP-1 activates signal trans
ducer and activator of transcription 3 (STAT3), which, in turn, can 
contribute to the nuclear factor of activated T cells (NFAT) and 
hypoxia-inducible factor-1α (HIF-1α) activation, promoting the 
apoptotic resistance that defines endothelial dysfunction in PH [10]. 
Pharmacological inhibition of PARP-1 in animal models of hyperten
sion, dyslipidemia, aging, and diabetes has been shown to improve 
endothelial dysfunction and is currently considered a new therapeutic 
approach [14]. 

An earlier study from our lab demonstrated that inhibiting PARP-1 
significantly reverses increases in right ventricular pressure and right 
ventricular hypertrophy in both preventive and curative treatment in 
monocrotaline (MCT)-injected rats by lowering oxidative and nitro
sative stress, inflammation, mitochondrial dysfunction, and restoring 
the balance of matrix metalloproteinases/tissue inhibitors of metal
loproteinases (MMPs/TIMP2) expression [15]. These findings were 
consistent with the findings of Meloche et al., who found that treatment 
with the PARP-1 inhibitor ABT-888 reversed right ventricle pressure 
(RVP) and right ventricle hypertrophy (RVH) in Sugen-hypoxia and 
MCT rat models of PH. Furthermore, they also reported that PARP-1 
inhibition improved pulmonary vascular remodeling associated with 
PH by reducing cytokine production as well as increasing miR-204 and, 
as a result, decreasing NFAT and HIF-1α activation in Pulmonary artery 
hypertension-pulmonary artery smooth muscle cells (PAH-PASMCs 
[10]. In addition to these, it has also been demonstrated that PARP-1 
modulates angiogenesis, since inhibiting PARP-1 reduced endothelial 
cell proliferation and neo-angiogenesis, implying an anti-angiogenic 
role in cancer [16]. 

However, the involvement of PARP-1 in pulmonary artery endo
thelial cell proliferation, apoptosis-resistance as well as neo- 
angiogenesis, all of which are critical factors in endothelial dysfunc
tion, has not been investigated in PH. Using human pulmonary artery 
endothelial cells (HPAECs) and distal pulmonary arteries; we demon
strate for the first time that PARP-1 overexpression is associated with 
endothelial dysfunction in PH. In hypoxic HPAECs, siRNA-mediated 
PARP-1 inhibition reduced cellular proliferation, apoptosis resistance, 
and mitochondrial dysfunction as well as prevented the formation of 
neo-angiogenesis by inhibiting endothelial cell migration and tubule 
formation. Furthermore, in the MCT rat model of PH, pharmacological 
inhibition of PARP-1 by 1,5-Isoquniolinediol (ISO) preserved 

endothelial function by regulating eNOS. 

2. Materials and methods 

2.1. Chemicals and reagents 

Antibiotic/antimycotic solution (15240062), trypsin (25200056), 
and DAPI (D1306) were purchased from Invitrogen (Carlsbad, CA, USA). 
5,5′,6,6′- tetrachloro-1,1′,3,3′-tetraethyl benzimidazole carbocyanine 
Iodide (JC-1; 420,200). Primary antibodies to NF-kB (ab16502), Histone 
H3 antibody (ab201456), eNOS (ab300071), p-eNOS (ab76199), and 
COX4 (ab110272) were from Abcam (USA), β-actin (A5441) from Sigma 
(USA), PCNA (sc-25280), Bcl2 (sc- 7382), Bax (sc-7480), PARP-1 (sc- 
1561), AIF (sc-13116) Cytochrome c, (sc-13156) and VEGF (sc-7269), 
Cyclin D1 (sc-8396), p53 (sc-393031) from Santa Cruz (USA), HIF-1α 
(P1-16601) from Thermo Fisher Scientific (USA), γH2AX (AF6187), 
from Affinity Biosciences, Alexa Fluor 594 and Alexa Fluor 488 IgG 
conjugate (Invitrogen) and secondary HRP-conjugated antibodies were 
purchased from Santa Cruz Biotechnology (USA). ELISA kits for TNF-α 
(DY210-05), IL-6 (DY206-05), and IL-10 (DY217B-05) were procured 
from the R&D system, Minneapolis, Minnesota, USA. 

2.2. Cell culture 

Human pulmonary artery endothelial cells (HPAECs; catalog no. CC- 
2530) were purchased from Lonza and cultured in Endothelial Cell 
Growth Medium-2 BulletKit (EGM-2, catalog no. CC3162, Lonza, USA). 
In this study, HPAECs were used in passages 3–8. 

2.3. Hypoxia exposure 

The HPAECs were subjected to a hypoxic environment for 72 h in a 
chamber with (1% O2, 5% CO2, and balance N2) to induce proliferation, 
which was validated by measuring the expression of hypoxia-inducible 
factor-1α (HIF-1α). For PARP-1 inhibition, cells were treated for 24 h 
with 60 nM PARP-1 siRNA and Scrambled siRNA (catalog No. sc- 
29437and sc-37007 respectively), following the manufacturer’s proto
col. After 24 h of treatment, the media was changed, and the hypoxia 
exposure was continued for up to 72 h [3]. 

2.4. Assessment of cell proliferation 

The proliferation of HPAECs was determined by performing a cell 
counting assay. In brief, HPAECs were seeded at a density of 5000 cells/ 
well in a 6-well plate and incubated at 37 ◦C (5% CO2, 95% N2) with 
100% relative humidity. After 24 h, cells were exposed to hypoxia or 
normoxia (with or without PARP-1 siRNA treatment) for 72 h. Cells were 
harvested with trypsin and counted with a hemocytometer under a 
bright-field inverted microscope at the end of the experiments (DMi8, 
Leica Wetzlar, Germany) [17]. 

2.5. PARP-1 activity 

PARP-1 activity was estimated by using a commercially available 
Universal colorimetric PARP-1 assay kit (Trevigen, Gaithersburg, 
Maryland, USA), according to the manufacturer’s protocol [15]. 

2.6. Caspase 3 activity 

The extent of apoptosis in HPAECs was determined by using a 
commercially available caspase-3 assay kit (Biovision, Milpitas, CA, 
USA), according to the manufacturer’s instructions [3,15]. 

2.7. Endothelial cell migration assay 

The scratch assay was used to assess the migration ability of HPAECs, 
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as previously described [3]. In brief, cells were seeded in a 6-well plate 
and grown to 80–90% confluence. The cells were serum-starved over
night before being wounded by scratching lengthwise using a sterile tip 
(200 μl). The cells were photographed at time 0 h and then subjected to 
normoxia or hypoxia (1% O2) for 72 h. After 72 h, cell migration was 
determined by photographing the cells again. The ImageJ software was 
used to measure the change in distance between the cell fronts as 
compared with the time 0 h photograph. The data is presented as a fold 
change from normoxia [3]. 

2.8. Tubule formation 

The matrigel tube formation assay was used to determine the 
angiogenic property of HPAECs, as previously described [3]. In brief, 
cells were seeded in a 96-well plate and subjected to hypoxia for 72 h, 
either with or without PARP-1 siRNA treatment. The cells were then 
trypsinized and added 1 × 103 cells/well in a 96-well plate pre-coated 
with matrigel and incubated under normoxia or hypoxia for 6 h. The 
images were captured using a fluorescence microscope (Leica DM 6000, 
Wetzlar, Germany), and the total tube length was counted and analyzed 
using Leica Qwin software [3]. 

2.9. Comet assay 

Comet assay was performed in dark to analyze DNA damage, ac
cording to the previously described method, with some modifications 
[18]. In brief, low melting point (LMP, 0.8%) agarose was prepared in 
saline and kept at 39 ◦C to avoid solidification. Cells were subjected to 
hypoxia and treated with either scrambled siRNA or PARP-1 siRNA. At 
the end of the treatment, cells were trypsinized, rinsed with PBS, and 
then gently mixed with 250 μl of 0.8% LMP agarose. The resulting cell 
suspension was then layered onto the frosted surface of the slides and 
placed on ice for 5 min for agarose solidification. Following that, the 
slides were immersed in the pre-chilled lysis buffer for 1 h before being 
immersed in an alkaline buffer (pH, 13) for 20 min. Subsequently, 
electrophoresis was conducted at the rate of 0.6 V/cm for 30 min uti
lizing a compact power supply. To remove the alkali and detergents, the 
slides were gently washed with 0.4 M Tris (pH 7.5). The cells were 
stained with PI (20 μg/ml) and the images were captured using a fluo
rescence microscope. About 60–80 cells were evaluated in each sample 
and the % tail DNA parameter was analyzed by CASP software. 

2.10. Estimation of cytokine level 

Following hypoxia exposure, the levels of cytokines (TNF-, IL-6, and 
IL-10) in the culture supernatant of HPAECs were determined by ELISA 
using specific kits (R & D system, Minneapolis, Minnesota, USA), ac
cording to the manufacturer’s protocol [17,19]. 

2.11. Isolation of mitochondrial/cytoplasmic fraction 

Mitochondrial proteins were isolated from the cytosolic fraction 
using a commercially available kit from Abcam (catalog number- 
ab65321, USA), as specified by the manufacturer. 

2.12. Isolation of nuclear/cytoplasmic fraction 

The nuclear and cytoplasmic fractions were separated according to 
the manufacturer’s protocol using a commercially available kit from 
Biovision (catalog number- K266-25, USA). 

2.13. Assessment of mitochondrial membrane potential (Δψm) 

The difference in mitochondrial membrane potential (Δψm) was 
measured by flow cytometry using the JC-1 dye, as previously described 
[3]. During physiological conditions, the dye accumulates in the 

mitochondrial matrix due to the mitochondrial membrane potential, 
forming J-aggregates with characteristic absorption and emission 
spectra that can be measured by FACS. At the end of the experiment, 
HPAECs were incubated with JC-1 dye (2.5 μM) in a culture medium at 
37 ◦C for 30 min. The cells were harvested using trypsin and washed 
twice with PBS before being assessed for mitochondrial membrane po
tential using the FACS Calibur (FACS Calibur, BD Bioscience). 

2.14. Estimation of mitochondrial reactive oxygen species (mROS) 

Mitosox was used to determine mROS in hypoxic HPAECs, as pre
viously described [19]. The HPAECs were treated with scrambled siRNA 
or PARP-1 siRNA after being exposed to hypoxia. At the end of the 
treatment, cells were incubated with 2.5 μMMitosoxfor 30 min at 37 ◦C 
in a culture medium. Trypsin was used to harvest the cells, which were 
then washed twice with PBS. Mitochondrial ROS was assessed using 
FACS Calibur (FACS Calibur, BD Bioscience). 

2.15. Estimation of cellular ATP and NAD 

The ENLITEN ATP Assay System Bioluminescence Detection Kit and 
NAD/NADH Cell-Based Assay Kit (Cayman Chemical, Ann Arbor, MI, 
USA) were used to estimating cellular ATP and NAD levels, following the 
manufacturer’s protocol [17]. 

2.16. RNA preparation and RT-PCR 

As described previously, quantitative gene expression analysis was 
performed using SYBR Green technology [17]. In brief, for cDNA syn
thesis, 1 μg of total RNA was processed as per the manufacturer’s pro
tocol (cDNA synthesis kit catalog no. 4368814, Thermo Fisher 
Scientific). Using cDNA as a template, several genes like BRD2 (For
ward-TGCTCGTGGAGGGGAATACA and Reverse- TTTGGGATTGGA
CACCTCCG), BRD4 (Forward-GTTGATGTGATTGCCGGCTC and Re 
verse-TGCACGTGACTGTGATACGG) and Chk1 (Forward-CGTTCGCC 
GGAAAGCATTTG and Reverse-GAGCACCTCGGCATTTTG) (Integrated 
DNA Technologies, IDT) were amplified using Light Cycler 480 (Roche, 
USA) and SYBR green chemistry (Thermo Scientific, USA). Expression of 
each target gene was normalized to β-actin and the data were expressed 
as fold changes. 

2.17. Animal studies 

Male Sprague-Dawley (SD) rats 8–10 weeks of age, weighing 
270–300 g, were procured from the National Laboratory Animal Center 
of the CSIR-Central Drug Research Institute, Lucknow, India. Rats were 
handled in accordance with the guidelines approved by the Institutional 
Animal Ethics Committee (IAEC), CSIR–Central Drug Research Institute, 
Lucknow (IAEC/2017/281). Rats were divided into four groups (con
trol, MCT, MCT + Dimethylsulfoxide (DMSO) and MCT+1, 5-Isoquino
linediol (ISO), 6 rats in each group). As previously described [17], MCT 
(60 mg/kg, s.c., once) was used to induce pulmonary hypertension in 
rats. PARP-1 inhibition was achieved with daily i.p. administration of 
ISO (3 mg/kg) for 35 days. The rats were euthanized by urethane (1.5 
g/kg) at the end of the experiment. 

2.18. Measurement of systemic hemodynamic parameter and right 
ventricle pressure (RVP) 

RVP was determined 35 days after MCT treatment. In brief, the rats 
were anesthetized with urethane (1.5 g/kg; i.p.), placed on an 
isothermal pad, and artificially ventilated during surgical operations to 
preserve normal body temperature and physiology. The RVP was 
measured by opening the abdomen and introducing a fluid-filled cath
eter into the RV, which was then connected to a pressure transducer 
coupled to a data acquisition system via a 25-gauge blunted needle. All 
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animals were allowed to stabilize before final readings were taken. After 
measuring right ventricular blood pressure, the rats were sacrificed 
through transcardiac perfusion [15,17]. 

2.19. Measurement of organ weight 

Following the measurement of hemodynamic parameters, rats were 
sacrificed and the RV wall, left ventricular (LV) wall and ventricular 
septum (S) were separated from the hearts. The Fulton index (RV/LV +
S) and the RV/heart weight (HW) ratio were determined as markers of 
hypertrophy. 

2.20. Study of pulmonary endothelial function 

The lungs of the rats were quickly removed and the two segments of 
the extra lobar pulmonary artery were dissected. The 4 mm wide 
(transverse) pulmonary artery rings were hung between two hooks in 
organ baths containing Kreb’s solution for 90 min at 37 ◦C and 
oxygenated continuously. The pulmonary arterial rings were held under 
constant tension of 1 g throughout the experiment. The response was 
measured before and after the experimental protocol in each pulmonary 
ring. Force transducers (FSG-01; Experimetria, Budapest, Hungary) and 
a S.P.E.L. solution pack from Experimental Laboratories ADVANCE 
ISOSYS data acquisition and analysis software (Charles-River Labora
tories, Hungary/Germany, Experimetria Ltd., Budapest, Hungary) were 
used to obtain isometric measurements. To assess the maximum tissue 
contractility and viability, the pulmonary artery rings were subjected to 
an 80 mM KCl solution. After that, 5-hydroxytryptamine (5-HT; 3 nM–3 
mM) was used to constrict the pulmonary artery rings to generate a 
concentration-response curve. The functioning of the pulmonary artery 
endothelium was studied by measuring the relaxation response to 
acetylcholine (3 nM–3 mM) in 5-HT pre-constricted pulmonary artery 
rings. Acetylcholine relaxant responses were then plotted as a percent
age of relaxation [19]. 

2.21. Western blot studies 

Cells after the treatment were lysed and sonicated in cell lysis buffer 
for subcellular fractions (whole cell lysate and mitochondrial fraction) 
as reported previously [17]. Protein (40–60 μg) was separated on a 10% 
polyacrylamide gel with an equal amount of protein loaded for each of 
the experiments and transferred to the PVDF membrane. Subsequently, 
the PVDF membrane was blocked using 5% BSA in TBST (10 mM Tris, 
pH 7.5, 100 mM NaCl, and 0.1% Tween-20) for 2 h and then incubated 
with respective primary antibodies- PARP-1 (1:1000), ϒH2AX (1:1000), 
PCNA (1:1000), VEGF (1:2000), Bcl2 (1:1000), BAX (1:1000), NF-κB 
(1:2000), β-actin (1:2000), p-eNOS (1:2000), eNOS (1:2000), at 4 ◦C 
overnight. Following washing, the membrane was incubated with 
HRP-conjugated secondary antibodies (1:4000). The immunoreactive 
bands were detected using enhanced chemiluminescence (ECL) (Milli
pore, USA). My image analysis software (Thermo Scientific, USA) was 
used to determine band intensity using spot densitometry analysis. 

2.22. Statistical analysis 

For statistical analysis, Prism software version 8.0 (Graph Pad Soft
ware, San Diego, CA, USA) was used. The data were presented as mean 
± SEM. One-way analysis of variance (ANOVA) was used to determine 
statistical significance, followed by Tukey’s multiple comparison test. A 
value of p < 0.05 was considered to be statistically significant. 

3. Results 

3.1. Hypoxia induces PARP-1 expression and cellular proliferation in 
hypoxic HPAECs 

Hypoxia-Inducible Factor-1(HIF-1α) is regarded as the main tran
scriptional regulator of cellular and developmental response to hypoxia 
[20]. We previously found that 72 h of hypoxia was optimal for inducing 
HIF-1α expression in human pulmonary artery endothelial cells 
(HPAECs), a characteristic of the hypoxic environment inside cells [3]. 
Herein, we observed the same and found an increased expression of 
HIF-1α (Fig. 1A) in hypoxic HPAECs which was significantly reduced by 
the treatment with PARP-1 siRNA. Moreover, hypoxia also elevated the 
expression (Fig. 1A) and activity (Fig. S1) of PARP-1 in HPAECs which 
were brought down by silencing PARP-1 using siRNA. 

In addition, scores of studies have demonstrated that hypoxia pro
motes cellular proliferation and causes a functional imbalance in the 
pulmonary endothelium [3,21,22]. Previously, PARP-1 inhibition has 
been shown to decrease proliferation in PAH-PASMCs [10]. Therefore, 
we studied the implication of PARP-1 on cellular proliferation in hyp
oxic HPAECs and found increased cell count (Fig. 1B) and PCNA 
(Fig. 1C) expression in hypoxic HPAECs which were significantly 
diminished by PARP-1 inhibition. In addition, expressions of cell cycle 
regulatory proteins were also studied and found that hypoxia increased 
the expression of Cyclin D1 and decreased that of p53 (Fig. 1D). How
ever, PARP-1 inhibition significantly attenuated the expressions of both 
regulatory proteins. Furthermore, we also found the increased mRNA 
level of checkpoint kinase1 (Chk1) (Fig. 1E), a cellular proliferation 
marker, in hypoxic HPAECs which was significantly decreased by the 
treatment with PARP-1 siRNA. Altogether, these results revealed that 
PARP-1 is involved in the proliferation of HPAECs. 

3.2. siRNA mediated PARP-1 inhibition decreases inflammation in 
hypoxic HPAECs 

Inflammation plays a critical role in the onset and development of 
endothelial dysfunction in PH [6]. The hypoxia-exposed HPAECs 
showed elevated mRNA levels of BRD2 (bromodomain-containing pro
tein 2) and BRD4 (Fig. 2A), as well as the expression of NF-κB (Fig. 2B) 
which were significantly reduced by PARP-1 inhibition. Furthermore, 
we also examined the levels of inflammatory cytokines in hypoxic 
HPAECs and found increased levels of pro-inflammatory cytokines, 
TNF-α (Fig. 2C), and IL-6 (Fig. 2D) as well as decreased levels of the 
anti-inflammatory cytokine, IL-10 (Fig. 2E). PARP-1 inhibition by siRNA 
significantly reduced pro-inflammatory cytokine levels while increasing 
the level of anti-inflammatory cytokine. All these findings indicate that 
PARP-1 modulates inflammation in hypoxic HPAECs. 

3.3. PARP-1 inhibition modulates DNA damage and promotes apoptosis 
in hypoxic HPAECs 

Oxidative stress and inflammation are the potent triggers of DNA 
damage during pulmonary hypertension which favors the pro- 
proliferative and apoptosis resistance phenotype in pulmonary 
vascular cells [4]. In the present study, a comet assay was performed to 
check the effect of siRNA-mediated inhibition of PARP-1 on DNA dam
age. There was a significant increase in DNA damage as evidenced by the 
increased percentage of tail DNA in hypoxic HPAECs as compared to 
normoxia. PARP-1siRNA treatment further significantly aggravated the 
DNA damage (Fig. 3A), thereby pushing the hypoxic HPAECs toward 
apoptosis. Moreover, we also observed the increased expression of the 
DNA damage marker, ϒ-H2AX, in hypoxic HPAECs which was further 
increased by PARP-1 inhibition (Fig. 3B). 

In addition, we investigated the fate of apoptosis in hypoxic HPAECs 
and found a significant apoptosis-resistance phenotype in comparison to 
normoxic cells. Hypoxia-induced HPAECs led to a reduced expression of 
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the pro-apoptotic protein, Bax, and increased expression of the anti- 
apoptotic protein, Bcl2 (Fig. 3C). Moreover, in hypoxic HPAECs, there 
was also a reduction in caspase 3 activity (Fig. 3D). PARP-1 inhibition 
with siRNA weakened the apoptosis resistance phenotype by promoting 
apoptosis as can be seen from the increased expression and activity of 
Bax and caspase-3, respectively while at the same time reducing the 
expression of Bcl2. 

3.4. PARP-1 inhibition reduces cell migration and tubule formation in 
hypoxic HPAECs 

Hypoxia promotes angiogenesis by regulating VEGF expression 
which is a direct transcriptional target of HIF-1α [23]. Also, PARP-1 

inhibition or deletion has been shown to suppress angiogenesis in 
different types of cancers [16]. Therefore, to understand the involve
ment of PARP-1 in angiogenesis we performed a wound-healing assay 
(Fig. 4A) to evaluate the hypoxia-induced cell migration of HPAECs. 
There was increased endothelial cell migration in hypoxic HPAECs 
which was significantly reduced by PARP-1 siRNA treatment. Further
more, endothelial cell migration is a critical step towards 
neo-vascularization; we, therefore, measured the percentage tubule 
formation (Fig. 4B) for the in vitro determination of neo-angiogenesis 
and found it to be significantly increased as compared to normoxic 
cells. Moreover, we also observed the increased expression of VEGF, 
another marker for angiogenesis, in hypoxic HPAECs as compared to 
normoxia ((Fig. 4C). However, silencing of PARP-1 by siRNA 

Fig. 1. PARP-1 inhibition reduced proliferation in hypoxic HPAECs. (A) Expression of HIF-1α and PARP-1, (B) Cell count (Scale bar 100 μm), (C) expression of PCNA, 
(D) expression of Cyclin D1 and p53, and (E) mRNA expression of Chk1 in hypoxic HPAECs. Data are shown as Mean ± SEM (n = 3), *Normoxia vs. Hypoxia, 
#Hypoxia vs. PARP-1 siRNA. **P < 0.01, and #p < 0.05. 
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significantly decreased the percentage of tubule formation as well as 
VEGF expression, thereby suggesting the improvement of endothelial 
functions by preventing angiogenesis. 

3.5. Inhibition of PARP-1 improves mitochondrial function and apoptosis 
in hypoxic HPAECs 

Hypoxia is known to cause mitochondrial dysfunction in PAECs by 
promoting hyperpolarization of the mitochondrial membrane and 
increasing mitochondrial reactive oxygen species (mROS) [3]. In 
corroboration with this, we also observed the increased levels of mROS 
(Fig. 5A) and mitochondrial membrane potential (Fig. 5B) in HPAECs 
exposed to hypoxia, as evidenced by increased MitoSOX positive cells 
and decreased JC-1 monomers, respectively. PARP-1 inhibition by 
siRNA improved the anomalies, thus indicating better preservation of 
mitochondrial functions. 

Furthermore, mitochondrial membrane hyperpolarization sup
presses apoptosis by blocking the voltage-dependent transition pores 
that release pro-apoptotic proteins [19]. We observed the same in our 
study that hypoxia inhibited the release of cytochrome c (cyt c) from 
mitochondria to cytosol, as evident from the increased expression of cyt 

c in mitochondrial fraction and decreased expression in the cytosolic 
fraction of hypoxic HPAECS, thus promoting apoptosis resistance. 
Moreover, we also found increased expression of apoptosis-inducing 
factor (AIF) in mitochondrial fraction and decreased expression in the 
cytosolic fraction of hypoxic HPAECs which is needed for 
caspase-independent apoptosis. Inhibition of PARP-1 by siRNA signifi
cantly ameliorated the above effects and increased the translocation of 
cyt c and AIF from mitochondria to cytosol and nucleus respectively 
(Fig. 5C). 

Furthermore, mitochondrial dysfunction and increased PARP-1 ac
tivity are also associated with the exhaustion of ATP and NAD levels, 
indicating a reduction in energy production [19]. Herein, we found 
reduced levels of ATP (Fig. 5D) and NAD (Fig. 5E)in HPAECs exposed to 
hypoxia, which were significantly increased by PARP-1 inhibition. 
Altogether, these studies suggest that PARP-1 inhibition preserved 
mitochondrial functions and improved energy production in hypoxic 
HPAECs. 

Fig. 2. Inhibition of PARP-1 by siRNA decreased inflammation in hypoxic HPAECs. (A) Relative fold change of BRD2 and BRD4 mRNA expression (B) expression of 
NF-κB (p65 subunit), (C) TNF-α level (ELISA) (D) IL-6 level (ELISA), and (E) IL-10 level (ELISA). Data are shown as Mean ± SEM (n = 3), *Normoxia vs. Hypoxia, 
#Hypoxia vs. PARP-1 siRNA. **P < 0.01, *p < 0.05, ##p < 0.01, #p < 0.05. 
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3.6. PARP-1 inhibition decreases right ventricular pressure (RVP) and RV 
hypertrophy (RVH) in MCT-treated rats 

To determine the role of PARP-1 on RVP and RVH, we studied the 
expression of PARP-1 by immunostaining in the lung vasculature of 
MCT-treated rats. Results revealed a significantly increased expression 
of PARP-1 in the endothelial cells of pulmonary vessels as compared to 
control which was markedly reduced by the treatment with PARP-1 
inhibitor, 1,5-Isoquinolinediol (ISO) (Fig. 6B). Furthermore, we also 

observed the increased expression (Fig. 6C)and activity (Fig. 6D) of 
PARP-1in distal pulmonary arteries of MCT-treated rats which were also 
reduced by the inhibition of PARP-1. Furthermore, induction of PH and 
RVH were evident in rats treated with MCT, as indicated by increased 
RVP and Fulton index (Figs. S2A–B). PARP-1 inhibition by ISO showed a 
robust decrease in RVP and RVH which is in agreement with our pre
vious study where we observed decreased RVP, RVH, and improved RV 
functions in MCT-induced PH rats treated with ISO [15]. 

Fig. 3. siRNA mediated PARP-1 inhibition promoted apoptosis in hypoxic HPAEC. (A) Representative images and analysis of DNA damage using comet assay (B) 
expression of ϒ-H2AX, (C) expression of Bax and Bcl2, and (D) caspase 3 activity. Data are shown as Mean ± SEM (n = 3), *Normoxia vs. Hypoxia, #Hypoxia vs. 
PARP-1 siRNA. **P < 0.01, *p < 0.05, ##p < 0.01. 
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3.7. Inhibition of PARP-1 improves endothelial function in MCT-treated 
rats 

Endothelial dysfunction and vascular tone abnormality are crucial 
factors in the pathogenesis of PH [3]. Previously; various studies have 
reported reduced pulmonary vascular reactivity in MCT-treated rats 
[17]. In our study, a significantly decreased vasorelaxation was 
observed in pulmonary vessels of MCT-treated rats, pre-constricted with 
phenylephrine. However, pharmacological inhibition of PARP-1 by ISO 
significantly increased vasorelaxation of pulmonary vessels, hence 
showing improvement in endothelial functions (Fig. 7A). Moreover, 
expression of p-eNOS was reduced in the distal pulmonary arteries of 
MCT-treated rats and was significantly increased by the inhibition of 
PARP-1, suggesting the involvement of PARP-1 in maintaining endo
thelial functions in pulmonary vasculature (Fig. 7B). 

4. Discussion 

DNA-damage response (DDR) dysregulation has been identified as a 
potential risk factor in the pathogenesis of PH [4]. Earlier reports sug
gest that DNA damage acts as a disease driver and there is increased DNA 
damage in PAECs and blood cells of PAH patients [24,25]. However, no 
study as of now has linked the DNA damage and involvement of PARP-1 

in endothelial dysfunction associated with PH. Therefore, the present 
study was designed to understand the involvement of PARP-1 in pul
monary endothelial dysfunction. In our study, we observed increased 
expression and activity of PARP-1 in hypoxic HPAECs and MCT-treated 
rats which were significantly decreased by the inhibition of PARP-1. 
Furthermore, our study also demonstrated that siRNA-mediated 
PARP-1 silencing attenuated pro-proliferative, pro-inflammatory, and 
apoptosis resistance phenotypes as well as improved mitochondrial 
functions and energy balance in hypoxic HPAECs. Moreover, in rats 
treated with MCT, a PARP-1 inhibitor, ISO, improved pulmonary 
endothelial function by enhancing vascular reactivity as well as eNOS 
expression. 

DNA damage is elevated in the lungs, distal pulmonary arteries, and 
PASMCs of PH patients, as well as in rat models of PH [4]. Furthermore, 
mild to moderate DNA damage, as it occurs in the pulmonary vascula
ture, activates PARP-1, which causes the recruitment of repair factors at 
the DNA damage site, allowing PASMCs to survive and potentially 
proliferate [10]. In corroboration with this, we observed that hypoxia 
increased PARP-1 expression and activity in HPAECs, which was 
significantly decreased upon inhibition of PARP-1. Furthermore, our 
study also demonstrated the increased proliferation of hypoxic HPAECs 
as evidenced by an increase in cell count as well as protein and mRNA 
expressions of PCNA and Chk1, respectively. In HPAECs, we also 

Fig. 4. PARP-1 siRNA treatment decreases tubule formation by lowering cell migration and VEGF expression. (A) Representative image of cell migration (Scale bar 
= 100 μm) and analysis of cell migration (% of normoxic control), (B) Representative image of tubule formation (Scale bar = 50 μm) and Tubule length (% of 
normoxic control), and (C) Expression of VEGF in HPAEC after hypoxia exposure. Data are shown as Mean ± SEM (n = 3), *Normoxia vs. Hypoxia, #Hypoxia vs. 
PARP-1 siRNA. **P < 0.01, ##P < 0.01, and #p < 0.05. 
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evaluated the expression of cell cycle regulatory proteins and found that 
hypoxia enhanced the expression of cyclin D1 while decreasing p53 
expression. However, upon inhibition of PARP-1 by siRNA, hypoxic 
HPAECs showed a reduction in proliferation by mitigating all the ab
normalities and substantially decreased the expression of cyclin D1 and 
increased that of p53. These findings are consistent with previous 
research indicating that PARP-1 inhibition reduces proliferation in 
PAH-PASMCs by down-regulating miR-204 dependent activation of 
nuclear factor of activated T cells and hypoxia-inducible factor 1-α [10] 
and also affects cell cycle and proliferation in various cancers by 
modulating various signaling pathways such as cellular energetics, 
death signaling, improper cell cycle regulation, and binding to the 
inhibitory element of COX-2, which is responsible for mediating 

inflammation and activation of VEGF-mediated pro-angiogenesis path
ways in cancer cells [26,27]. 

Inflammation has a key role in the genesis and progression of 
endothelial dysfunction in PH [3]. Moreover, hypoxia and inflammation 
are inexorably connected at the cellular, molecular, and clinical levels 
[28]. In addition, the role of BET proteins BRD2 and BRD4 in the 
regulation of inflammation has been thoroughly investigated, and their 
higher levels in HPASMCs and HPAECs subjected to hypoxia were also 
observed in our previous work [3,17]. As a result, understanding the role 
of PARP-1 in the regulation of BET proteins was crucial for under
standing the PH phenotype. The present study demonstrated that 
inhibiting PARP-1 lowered the mRNA levels of BRD2 and BRD4 in 
HPAECs exposed to hypoxia. Furthermore, we also observed higher 

Fig. 5. Inhibition of PARP-1 prevents mitochondrial dysfunction by decreasing mROS, preserving MMP as well as improving ATP and NAD levels in hypoxic HPAECs. 
(A) Determination of mROS and its quantification using Mitosox by FACS (B) MMP and its quantification was determined using JC-1 (MMP probe) by FACS, (C) 
expressions of Nuclear AIF, cytolytic c, Mito AIF and Mito cyt c in hypoxic HPAECs (D) ATP levels and (E) NAD levels in hypoxic HPAECs. Data are shown as Mean ±
SEM (n = 3), *Normoxia vs. Hypoxia, #Hypoxia vs. PARP-1 siRNA. **P < 0.01, *p < 0.05, ##P < 0.01 and #p < 0.05. 
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Fig. 6. Increased expression and activity of PARP-1 in MCT-treated rats. (A) treatments schedule, (B) PARP-1 expression (Immunofluorescence), (C) PARP-1 
expression and quantification (immunoblotting), and (D) PARP-1 activity. Data are shown as Mean ± SEM (n = 6), *Control vs. MCT, #MCT vs. ISO. **P < 0.01 
and #p < 0.05. 

Fig. 7. Effect of PARP-1 inhibition preserves endothelial function and increased the expression of p-eNOS in hypoxic HPAECs. (A) Endothelial function in MCT- 
treated rats and (B) p-eNOS/eNOS expression and quantification. Data are shown as Mean ± S.E.M (n = 6), *Control vs. MCT, #MCT vs. ISO, ***p < 0.001, 
**P < 0.01, *p < 0.05, ###P < 0.01, ##P < 0.01 and #p < 0.05. 
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levels of the inflammatory cytokines IL-1β and IL-6, as well as a reduc
tion in the anti-inflammatory cytokine IL-10 in hypoxic HPAECs, which 
were significantly reversed by PARP-1 inhibition. Additionally, the 
NF-κB expression was also found to be increased in hypoxic HPAECs 
which was markedly decreased by the inhibition of PARP-1. Previous 
studies have discussed the role of PARP-1 in various pathophysiological 
processes such as heart failure, myocardial infarction, atherosclerosis, 
and neurodegeneration, as well as their contribution to inflammation, 
which occurs primarily through PARP-1-dependent co-activation in the 
NF-κB mediated transcription of various inflammatory proteins [29,30]. 
Furthermore, PARP-1 inhibition or deletion has also been demonstrated 
to reduce the expression of a host of pro-inflammatory mediators, 
including cytokines, chemokines, and inducible nitric oxide synthase 
[31]. 

In addition, mitochondria govern a range of cellular processes such 
as ROS generation, proliferation, as well as apoptosis [17]. Alterations in 
endothelial mitochondrial functions in the pulmonary vasculature are 
considered to be key regulators of endothelial dysfunction in PH [32]. 
Furthermore, in PAECs, an increase in mitochondrial membrane po
tential has been reported in response to hypoxia, which inhibits ATP 
synthesis and increases mROS production [3]. In accordance with these 
studies, we observed that mitochondrial membrane potential was 
hyperpolarized in hypoxic HPAECs, as demonstrated by the decrease in 
JC-1 monomers relative to normoxia which was effectively reversed by 
PARP-1 inhibition. Furthermore, we also observed an increased level of 
mROS in hypoxic HPAECs, which was significantly reduced by PARP-1 
siRNA treatment. In addition, PH is associated with altered energy 
production in the pulmonary vasculature, characterized by the depletion 
of NAD as well as ATP levels [19] which are similar to the findings 
obtained in hypoxic HPAECs in this study. However, inhibition of 
PARP-1 significantly increased the levels of both NAD and ATP, thereby 
depicting improvement in mitochondrial bioenergetics and conse
quently mitochondrial functioning. These results are in line with the 
previous study which demonstrated PARP-1 inhibition preserved mito
chondrial structure and mitochondrial genome integrity as well as pre
vented mitochondrial fragmentation in hypertension-induced 
myocardial remodeling and stressed cardiomyocytes [33]. Moreover, 
inhibition of PARP-1 by 3-amino benzamide prevented a reduction in 
ATP generation in HaCaT cells exposed to the alkylating agent, sulfur 
mustard, while also influencing the manner of cell death from increasing 
apoptosis to reducing necrosis [34]. 

Chronic hypoxia is responsible for the induction of inflammation and 
the production of ROS and reactive nitrogen species (RNS). These entire 
variables come together in PH and create a toxic environment for the 
cells, resulting in DNA damage and, as result PARP-1 activation [15]. 
Therefore, we aimed to study the effect of PARP-1 inhibition on the 
regulation of DNA damage in hypoxic HPAECs, using the marker 
ϒ-H2AX which was found to significantly increase in hypoxia than in 
normoxia. Furthermore, an alkaline comet assay designed to detect DNA 
single-strand and double-strand breaks was performed to measure the 
extent of DNA damage in hypoxic HPAECs, which revealed considerably 
enhanced DNA damage as shown by the increased percentage of tail 
DNA as compared to normoxia. Inhibiting PARP-1 using siRNA, on the 
other hand, slowed the DNA repair process and increased DNA damage. 
Accordingly, there are evidences that inhibiting PARP-1 in cells exposed 
to DNA-damaging agents decreases DNA repair and induces apoptosis 
while at the same time decreasing necrotic cell death [35]. More 
importantly, it is interesting to note that PARP-1 inhibitors are more 
effective against proliferating cells (cancer cells) than against normal 
cells [35]. Therefore, it can be concluded from the discussion that 
PARP-1 inhibition may induce apoptotic cell death in hypoxic HPAECs 
without damaging the normal cells. 

In addition, chronic hypoxia exposure promotes apoptosis-resistance 
phenotype in HPAECs [3]. Studies have reported that mitochondrial 
hyperpolarization decreases the releases of cyt c from mitochondria to 
cytosol, thus causing apoptosis resistance [17,36].In line with this, we 

found that hypoxia enhanced the mitochondrial membrane potential in 
HPAECs while lowering the release of cyt c from mitochondria to the 
cytosol. Inhibiting PARP-1, on the other hand, restored mitochondrial 
membrane potential and enhanced cyt c release from mitochondria to 
cytosol, required for caspase-dependent apoptosis. Furthermore, 
PARP-1 inhibition increased AIF release from mitochondria to the nu
cleus, initiating caspase-independent apoptosis. These findings showed 
that inhibiting PARP-1 caused apoptotic cell death via both 
caspase-dependent and caspase-independent mechanisms. Moreover, 
these results were also supported by the decreased expression and ac
tivity of pro-apoptotic markers, Bax and caspase 3, respectively, and 
increased expression of anti-apoptotic protein, Bcl2 in HPAECS exposed 
to hypoxia which was ameliorated by siRNA mediated PARP-1 inhibi
tion. These findings are in sync with earlier studies which show PARP-1 
inhibition induces apoptosis in PAH-PASMCs as well as cancer cells, 
such as HeLa cells [10,37]. Furthermore, when coupled with cisplatin or 
temozolomide, the PARP-1 inhibitor PJ34 has been shown to protect 
mitochondria and induce DNA damage-mediated apoptosis in B16F10 
melanoma cells [38]. 

In addition, angiogenesis is the hallmark of endothelial dysfunction 
in various diseases including PH. Studies have revealed that PARP-1 
regulates cell migration and tubule formation in a number of cells, 
including endothelial cells, both of which are implicated in neoangio
genesis [16,39]. Similarly in our study, we observed increased cell 
migration in hypoxic HPAECs which was significantly reduced by the 
inhibition of PARP-1. Furthermore, since endothelial cell migration is 
required for neovascularization, we assessed the percentage of tubule 
formation for in vitro determination of neoangiogenesis and found that it 
was much greater in hypoxic HPAECs compared to normoxic cells. 
Moreover, we also observed the increased expression of VEGF, a key 
mediator of angiogenesis, in hypoxic HPAECs. Inhibition of PARP-1 by 
siRNA significantly decreased the percentage of tubule formation as well 
as expression of VEGF, demonstrating the improvement of endothelial 
functions by reducing neoangiogenesis. These studies are in accordance 
with previous observations which reported that PARP-1 inhibition re
duces cell migration, and proliferation and promotes apoptosis of he
patocellular carcinoma cells [39]. Another study revealed that the 
PARP-1 inhibitor GPI 15427 inhibits VEGF-induced endothelial cell 
migration, decreases tubule formation, and hence lowers neoangio
genesis, which was also verified in PARP-1 knockout mice that displayed 
a deficit in growth factor-induced angiogenesis [16]. 

Furthermore, we employed a rat model of PH induced by a single 
subcutaneous administration of monocrotaline (MCT) for 35 days to 
confirm the results obtained in vitro. The severity of the condition and 
survival in PH are strongly related to RVP and hypertrophy and RV 
dysfunction leading to RHF, a major cause of death in PH[40,41].As 
observed in our previous study [15], we found a significant increase in 
RVP and RVH in rats treated with MCT compared to the control, thus 
indicating the development of PH. ISO, a PARP-1 inhibitor, significantly 
reduced both the RVP and the RVH. Furthermore, we also studied the 
expression and activity of PARP-1 in the pulmonary vascular endothe
lium of MCT-treated rats and found it increased, which was significantly 
reduced by the inhibition of PARP-1. 

The endothelium plays a vital role in maintaining the vascular tone. 
Endothelial dysfunction is another important feature of PH that has been 
reported in various previous studies[3,42,43].Moreover, the endothe
lium regulates eNOS, which helps to maintain vascular tone. However, 
according to several studies including ours, MCT-treated rats exhibit 
lower pulmonary vascular reactivity [17,44]. In keeping with previous 
findings, we observed a decrease in acetylcholine-induced vaso
relaxation in isolated pulmonary arteries of MCT-treated rats. PARP-1 
inhibition restored relaxation and enhanced endothelial functioning. 
More importantly, PARP-1 inhibition not only improved vascular tone in 
isolated pulmonary arteries but also increased p-eNOS expression. Thus, 
it can be argued that PARP-1 inhibition avoided endothelial dysfunction 
by increasing endothelial vascular tone due to an increase in eNOS 
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expression. Improvement of endothelial functions following PARP-1 
inhibition is supported by previous studies also, PARP-1 inhibition 
was shown to protect age-dependent endothelial dysfunction by regu
lating nitric oxide bioavailability via inducible nitric oxide synthase 
[12]. Furthermore, PARP-1 inhibition, both in in vitro and in vivo 
studies, has also been found to markedly reduce the 
oxidized-LDL-induced increase in endogenous Arginase II production 
resulting in enhanced eNOS and nitric oxide generation [45]. 

In conclusion, the present study demonstrated that PARP-1, in 
addition to DNA repair, regulates pulmonary arterial endothelial 
dysfunction associated with PH. As has been previously observed in 
PASMCs, overexpression of PARP-1 has been demonstrated to promote 
proliferation, apoptosis resistance, and inflammation in HPAECs. 
Furthermore, hypoxia-induced PARP-1 overexpression has been shown 
to promote cell migration and tubulogenesis, which together contribute 
to neoangiogenesis. Inhibiting PARP-1 using siRNA, on the other hand, 
prevented all abnormalities, thus preserving the functioning of HPAECs. 
More notably, the current work established the role of PARP-1 in 
impaired vascular reactivity and eNOS regulation in MCT-treated rats, 
which was significantly reversed by the treatment with PARP-1 inhibi
tion. PARP-1 inhibition has already been shown to prevent or reverse the 
pulmonary smooth muscle cell remodeling and RVH associated with PH 
as shown in previous studies from Meloche et al. and our group, there
fore, the current study presented the missing link by describing the 
protective role of PARP-1 inhibition in preventing pulmonary artery 
endothelial dysfunction associated with PH. 
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