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Abstract
Background The apoptosis-resistant pulmonary arterial endothelial cells (PAECs) are known to be major players in the 
pulmonary remodeling of pulmonary arterial hypertension (PAH) and exhibit an abnormal metabolic profile with mitochon-
drial dysfunction. Mitochondrial fission has been shown to regulate the apoptosis of several cell types, but this is largely 
unexplored in the PAECs.
Objective The roles of mitochondrial fission control by Dynamin related protein-1 (DRP1) in the development of PAECs 
apoptosis suppression were investigated in present study and the potential mechanisms behind this were furtherly explored.
Methods The mitochondrial morphology was investigated in PAECs from PAH rats with the pulmonary plexiform lesions, 
and the relations of it with DRP1 expression and apoptosis were furtherly identified in apoptosis-resistant PAECs induced 
by hypoxia. PAECs were isolated from rats with severe PAH and from normal subjects, the apoptotic-resistant PAECs were 
induced by hypoxia. DRP1 gene knockdown was achieved via DRP1-siRNA, DRP1 and STAT3 phosphorylation were 
blocked using its inhibitors, respectively. Apoptosis was analyzed by flow cytometry, and mitochondrial morphology was 
investigated by transmission electron microscope and confocal microscopy.
Results The PAECs isolated from PAH rats with the pulmonary plexiform-like lesions and displayed lower apoptotic 
rate with increased DRP1 expression and mitochondrial fragmentation. In addition, similar observations were achieved in 
apoptosis-resistant PAECs induced by hypoxia. Targeting DRP1 using siRNA and pharmacologic blockade prevented the 
mitochondrial fission and subsequent apoptotic resistance in PAECs under hypoxia. Mechanistically, STAT3 phosphorylation 
at Tyr705 was shown to be activated in both PAH and hypoxia-treated PAECs, leading to the regulation of DRP1 expression. 
Of importance, targeting STAT3Tyr705 phosphorylation prevented DRP1 disruption on apoptosis in PAECs under hypoxia.
Conclusions These data indicated that STAT3 phosphorylation at Tyr705 impacted DRP1-controlled mitochondrial fission 
during the development of apoptosis-resistance in PAECs, suggesting mitochondrial dynamics may represent a therapeutic 
target for PAH.
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Introduction

Pulmonary arterial hypertension (PAH) is an obstructive, 
arterial vasculopathy with dysfunctional pulmonary artery 
microvascular endothelial cells (PAECs), pulmonary artery 

smooth muscle cells, fibroblasts, and inflammatory cells, 
causing to the abnormal vasoconstriction and vascular 
remodeling and ultimately leading to fatal right ventricular 
failure (Archer et al. 2010). Among these abnormal cells, 
PAECs are central to the pulmonary vascular remodeling 
that increases pulmonary vascular resistance. Initial wide-
spread PAECs apoptosis caused by the cascade of events cul-
minated in the selection of apoptosis-resistant proliferating 
PAECs induces the release of mediators that cause vascular 
smooth muscle cells proliferation, resulting in complex pre-
capillary pulmonary arteriolar lesions including neointima 
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formation, plexiform and dilation lesions (Sakao et al. 2005; 
Xu and Erzurum 2011), which are the histopathologic hall-
marks of irreversible PAH. The mechanisms involved in the 
development of apoptosis-resistant PAECs from abnormal 
apoptotic PAECs were largely unknown yet.

The hyperproliferative and apoptosis-resistant PAECs 
exhibit a metabolic profile strikingly like that of cancer cells, 
which show reliance upon glycolysis and shift away from 
oxidative phosphorylation for cellular energy production 
that named as the Warburg effect (Yu and Chan 2017). The 
apoptosis resistant PAECs from PAH showed hyperpolar-
ized mitochondrial membrane potential (Δψm), observed 
from the Warburg effect as well (Pak 2013). It has been 
shown that intrinsic deficiencies in mitochondrial function 
in the metabolic shift to glycolysis in PAH and secondary 
abnormalities in mitochondrial function following endothe-
lial dysfunction (Sharma et al. 2008). PAECs from patients 
with idiopathic pulmonary hypertension showed decreased 
mitochondrial dehydrogenase activity, mitochondrial num-
ber, mitochondrial DNA content and higher glycolytic rate 
compared to normal cells (Xu et al. 2007). It is increasingly 
realizing that dysregulated endothelial mitochondrial func-
tion drives primary aspects of PAH from inception to the 
end-stage, but the molecular details of this activity are not 
fully understood.

Mitochondria exist as a dynamic network comprising 
individual organelles that continuously join (fusion) and 
fragment (fission), a phenomenon known as mitochondrial 
dynamics. Fusion is mediated by the GTPases mitofusin-1 
(MFN1), mitofusin-2 (MFN2), and optic atrophy-1, while 
fission is regulated by fission-1 and dynamin-related pro-
tein-1 (Drp1). The balance between them is very important 
for mitochondrial participation in crucial cellular patho-
physiological processes. For example, fission plays key 
roles in mitosis, apoptosis, and autophagy, while fusion is a 
necessary adaptation to nutrient deficiency and increase of 
metabolic demand allowing transmission of transmembrane 
potential along interconnected mitochondria.

Several lines of evidence have shown that mitochondria 
dynamics were involved in the pulmonary artery remodeling 
via targeting pulmonary smooth muscle cells. Marsboom 
Get al. (2012) showed that hypoxia-inducible factor-1α 
activation in pulmonary smooth muscle cells from human 
PAH leads to mitochondrial fission by phosphorylation of 
Drp1 at serine 616, and hypoxia-inducible factor-1α inhibi-
tion reduced Drp1 activation, prevented fission, and reduced 
pulmonary smooth muscle cells proliferation. Both the Drp1 
inhibitor Mdivi-1 and siDrp1 prevent mitotic fission and 
arrest PAH pulmonary artery muscle smooth cells at the 
G2/M interphase (Marsboom et al. 2012). Parra et al. (2017) 
reported that mitochondrial fusion triggered by the fatty acid 
oxidation inhibitor TMZ, the pharmacological Drp1 inhibi-
tor Mdivi-1, or transduction with a mutant Drp1 all prevent 

mitochondrial dysfunction induced by hypoxia in human 
pulmonary smooth muscle cells. However, the reports of 
mitochondrial dynamics affecting PAECs in pulmonary vas-
cular remodeling are rare.

In this study, we hypothesize that Drp1-mediated mito-
chondrial fission involved in the development of apopto-
sis-resistant PAECs from early apoptotic PAECs. The role 
of STAT3, a regulator of angiogenesis and cell survival, 
was investigated during this process to further explore the 
mechanism of Drp1-mediated mitochondrial fission, since it 
helps to promote an apoptosis-resistant environment through 
activation of survivin, NAFT, and Bcl-2, in addition to its 
directly regulation of mitochondrial function (Paulin et al. 
2012).

Materials and methods

Animal model

SPF grade male Sprague–Dawley rats, 200-220 g in weight, 
were obtained from Beijing Weitong Lihua Laboratory 
Animal Technology Ltd. Co. (Beijing, China). The PAH rat 
model was performed by monocrotaline treatment (40 mg/
kg, diluted in DMSO, i.p.) following left pneumonectomy 
as previously described (White et al. 2007). The control rats 
were received vehicle injection following sham procedure. 
The treated rats were housed in laboratory conditions with 
free access to food and tap water for three weeks. Hemody-
namics measurements and cardiopulmonary pathology were 
used for confirmation of pulmonary arterial hypertension 
and plexiform-like lesions in pulmonary arteries.

Cell culture and treatment

PAECs were isolated from PAH rats showing plexiform 
lesions in pulmonary arterioles and control rats. Pulmo-
nary arteries were dissected to the distal small arterioles, 
and then the PAECs were isolated from pulmonary arterial 
tree as previously described by Chen et al. (1995). Cells 
were passaged at 70–80% confluence by dissociation from 
plates with 0.25% trypsin–EDTA (Invitrogen, Carlsbad, 
CA). The PAECs were identified by inverted microscope 
for observation of the morphology and growth behavior of 
characteristics, and flow cytometry using specific labeled 
monoclonal antibody CD31 and CD309. All experiments 
were performed on cells between passages 3 and 8.

Based on the literature, the Drp1 inhibitor Mdivi-1 (Xie 
et al. 2015) (25 μM, Enzo Life Sciences) and inhibitor of 
STAT3 phosphorylation AG490 (Zhou et al. 2019) (1 μM, 
Sigma-Aldrich, St. Louis, USA) were used for prevention 
studies, respectively. DMSO and Saline were used as vehicle 
control for Mdivi-1 and AG490, respectively.
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Small interfering RNA silenced Drp1 expression

To reduce the expression of Drp1 protein, PAECs were 
transfected with the small interfering RNA (siRNA), which 
were purchased from Santa Cruz Biotechnology, Inc. (Santa 
Cruz, USA). When the PAECs were cultured approximately 
80% confluence, 1.5  μg Drp1-siRNA and 7.5  μl lipo-
fectamine siRNA transfection reagent that diluted in serum-
free medium were added. After 4 h, normal culture medium 
was added to the mixture and Drp1 protein expression was 
investigated after 48 h using western blot analysis. Nontar-
geted control siRNA (NTRNA) was used as the negative 
control for each experiment.

Apoptosis‑resistant induction and apoptosis assay

Apoptosis-resistant rat pulmonary vascular endothelial cells 
(AR group) were induced by the low oxygen (5%  O2) cul-
tivation for 24 h, as previously described (Cao et al. 2016). 
Apoptosis was quantified using an PE Annexin V/7-AAD 
apoptosis detection kit (BD, Franklin Lakes, NJ, USA) and 
Apo-ONE Homogeneous Caspase-3/7 Assay (Promega, 
Madison, Wisconsin, USA) in accordance with the manu-
facturer’s protocol.

Mitochondrial morphology analysis

To observe the morphologic changes of the mitochondria, 
live PAECs mitochondria were labeled with 100 mol/L 
Mitotracker Green FM (Invitrogen, USA) for 30 min. Con-
focal images were collected with a Carl Zeiss LSM-5 Pas-
cal 5 Axiovert 200 microscope, using a Plan-Apochromat 
63 × /1.4 Oil DIC objective, and the LSM 5 3.3 software. In 
addition, PAECs were fixed, stained, dehydration, and then 
visualized with a Tecnai G2 SpiritBT electron microscope 
operated at 60 kV. Mitochondrial length was measured using 
the Image J software (NIH, Bethesda, MD), and mitochon-
drial number was counted and averaged in 30 cells/ per sam-
ple. Mitochondrial length of less than 1 μm was defined as 
fragmented.

Western blotting analysis

Cell lines were processed for western blotting as previ-
ously described (Xie et al. 2015). Blotting was performed 
on 25  μg of protein from PAECs. Primary antibodies 
included Drp1 (Santa Cruz, USA), STAT3(Santa Cruz, 
USA),  STAT3Tyr705(Santa Cruz, USA) and were diluted 
at 1:1,000. β-actin (Cell Signaling Technology, USA) was 
used as an internal control. The band intensity was scanned 

and quantified using Gel-Pro software (Media Cybernetics, 
USA).

Immunofluorescence analysis

PAECs were fixed in 4% paraformaldehyde and immunola-
beled using the antibodies. PAECs were fixed in 4% para-
formaldehyde, permeabilized, blocked and incubated with a 
primary antibody Drp1 overnight at 4℃ and then a second-
ary antibody for 1 h. Images were obtained using a Leica 
digital microscope (DMI4000B).

Flow cytometry analysis

Confluent cells were trypsinized, washed, and stained with 
PE Annexin V/7-AAD Apoptosis Detection Kit (BD, bio-
sciences) according to the manufacturer’s instructions. 
Detection and quantification of apoptotic cells were taken 
by flow cytometry analysis (Beckman Coulter FC500).

Ethical statement

All experimental procedures were approved by the Ethics 
Committee of Beijing Anzhen Hospital.

Statistical analysis

All numeric data were expressed as mean ± SD. All sta-
tistical analyses were performed with Students t-test for 
two independent samples or with a One Way or Two Way 
ANOVA followed by a Tukey’s post-hoc test using SPSS 23 
(IBM, USA). Statistics are separately described in the cor-
responding figure legends as well. Significant differences are 
depicted in the figures by graphical representation. p < 0.05 
was considered as significant.

Data availability

The datasets used or analysed during the current study are 
available from the corresponding author on reasonable 
request.

Results

Pulmonary microvascular endothelial cells 
from irreversible PAH showed apoptosis resistance

Three weeks after monocrotaline injection following left 
pneumectomy, the rats have developed irreversible PAH, 
characterizing -with significantly increased mean pulmo-
nary arterial pressure (mPAP) (Fig. 1A). In addition, the 
immunohistochemistry staining in small pulmonary arteries 
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showed the existence of the vWF-expressing endothelial 
cells lining vascular channels in PAH rats but not control 
ones (Fig. 1B, C), indicating that a severe pulmonary pro-
liferative lesion, plexiform-like lesions were formed in the 
PAH rats. Cultured cells obtained from PAH rats exhibited 
polygon or fusiform morphologies (Fig Suppl A) and were 
strongly positive for CD31 and CD 309 as detected by flow 
cytometry, respectively (Fig Suppl B, C). Decreased cell 

apoptosis was confirmed by the presence of lower caspase-3/
caspase-7 activity among irreversible PAH pulmonary arte-
rial endothelial cells (PAH) cultured for 1 to 3 days com-
pared with that from control rats (Con, Fig. 1H). Further-
more, apoptosis was quantitated by Annexin V-FITC/PI 
staining based on flow cytometry. Consistently, the rate of 
apoptosis in PAH group was significantly lower than that 
of Con group (Fig. 1D, E, G). PACEs treated by hypoxia 

Fig. 1  Endothelial cells isolated from pulmonary arteries developing 
plexiform lesions or treated by hypoxia showed apoptotic resistance. 
Figure  1A. The mean pulmonary arterial pressure increased sig-
nificantly higher in Pneu + MCT treated rats than that in Sham + veh 
treated rats (50.4 ± 8.8  mmHg vs.15 ± 2.4  mmHg, n = 10 in each 
group, unpaired two-tailed t-test, p < 0.0001) 21 days after treatment. 
Figure  1B-C, Immunostaining with von Willebrand factor (vWF) 
showed normal small artery in rats received sham procedure + vehi-
cle treatment (B) and abnormal channels formed by a diffuse popu-
lation of endothelial cells in rats received Pneu + MCT treatment(C). 
Figure 1D-G, The PAECs isolated from pulmonary arteries of PAH 
rats (PAH group) or received hypoxia treatment (AR group) were less 
apoptotic compared with control rats [Con group (41.00 ± 3.39)%, 

PAH group(11.00 ± 1.87)%, AR group (14.2 ± 2.39)%, n = 5 in each 
group, One-way ANOVA Tukey’s multiple comparisons test, PAH vs. 
Con, p < 0.0001, AR vs. Con, p = 0.0002]. Figure 1H, The caspase-3/
caspase-7 activity showed that the reduction in apoptosis occurred 
over days of culture in PAECs either isolated from PAH rats or 
caused by hypoxia treatment (n = 5 in each group, Two-way ANOVA 
Tukey’s multiple comparisons test, relative fluorescence light units: 
Day 1, PAH vs. Con, p = 0.0192, AR vs. Con, p = 0.0311; Day 2, 
PAH vs. Con, p = 0.0005, AR vs. Con, p = 0.0024; Day 3, PAH vs. 
Con, p = 0.0003, AR vs. Con, p = 0.0021). Veh: vehicle, Pneu: pneu-
mectomy, MCT: monocrotaline. #: p < 0.05, vs. sham + veh group, 
*p < 0.05, vs. con group
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(5%O2) for 24 h induced apoptosis-resistance (AR), with 
the feature of decreased caspase-3/caspase-7 activity and 
lower apoptosis rate (Fig. 1F, G, H). The surviving apoptosis 
resistant cells were harvested and cultured for further use in 
subsequent experiments.

Apoptotic‑resistance PAECs displayed fragmented 
mitochondrial morphology

As shown in Fig.  2B, the mitochondria in PAH group 
showed shorter, rounded structures in transmission electron 
microscopic images, while the ones in control group dis-
played elongated, tubular structures (Fig. 2B), and the length 
of mitochondria in PAECs were significantly longer than 
that in PAH group (Fig. 2D). In addition, the mitochondrial 
morphology was further analyzed using a mitochondrial 
marker (Mito Tracker Green) by confocal microscopy. Rep-
resentative images of the mitochondria are shown in Fig. 2F, 
and the marked mitochondrial fragmentation was observed 
in the PAH group compared to the Con group (Fig. 2E). The 
PAECs in PAH group have a significantly higher percent of 
fragmented mitochondria than that in Con group (Fig. 2H). 
In hypoxia induced apoptotic-resistance PAECs (AR group, 
Fig. 2C, G), mitochondria displayed short isolated dot-like 

spheres in both transmission electron microscopic and 
confocal microscopic images, with increased fragmented 
mitochondria indicating as shorter mitochondria and higher 
percent of fragmented mitochondria when compared to Con 
group (Fig. 2D, H).

Drp1 played a key role in the development 
of apoptotic‑resistance PAECs

The role of a key protein Drp1 in regulation of mitochon-
drial fission was investigated. Immunofluorescence showed 
that Drp1 was overexpressed in both PAH (Fig. 3B) and 
AR (Fig. 3C) group. The endogenous protein expression of 
Drp1 detected by western blotting analysis were significantly 
higher in both PAH and AR group than that in Con group 
as well (Fig. 3D).

As the up-regulated expression of Drp1 protein in both 
PAH and AR group, this suggests a potential function for 
Drp1 in the formation of apoptosis resistant PAECs. Drp1 
was silenced in PAECs using SiRNA method, and the 
expression in PAECs that detected by western blotting was 
reduced significantly after transfection of Drp1-SiRNA 
(Fig. 3E). Drp1 silence prevented mitochondrial fission in 
hypoxia induced apoptosis resistant PAECs which showing 

Fig. 2  Apoptosis resistant PAECs display fragmented mitochondrial 
morphology. A-C, Representative images from transmission electron 
microscopy showed shorter, rounded mitochondria in PAECs from 
PAH and AR group rats and elongated, tubular structures in PAECs 
from Con group rats. D, Mitochondria showed significantly shorter in 
structure in PAECs from both PAH (0.97 ± 0.29 μm, vs. Con group, 
n = 41 in each group, One-way ANOVA Tukey’s multiple compari-
sons test, p < 0.0001) and AR group (1.16 ± 0.24 μm, vs. Con group, 
n = 41 in each group, One-way ANOVA Tukey’s multiple compari-
sons test, p < 0.0001) rats than that in Con group (3.06 ± 0.56  μm) 
when analyzed at least 40 mitochondria per experiment. E–G, Rep-

resentative images of mitochondria with more fragmentation by 
MitoTracker Green-labeling were presented in PAECs from PAH 
and AR group, while more tubular mitochondria were displayed in 
Con group. H, The percentage of cells with fragmented mitochon-
dria in PAECs from PAH [(55.2 ± 7.3)%, vs. Con group, n = 45 in 
each group, Two-way ANOVA Tukey’s multiple comparisons test, 
p < 0.0001] and AR group[(44.4 ± 4.2)%, vs. Con group, Two-way 
ANOVA Tukey’s multiple comparisons test, p < 0.0001] were higher 
than from Con group [(7.3 ± 5.5)%] when assessed 150 mitochondria 
in each experimental group. *p < 0.05, vs. con group
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as less fragmented and more elongated mitochondria in Drp1 
silenced PAECs under hypoxia (5%  O2) circumstance for 
24 h (SiDrp1 + AR, Fig. 4). Consistently, quantitative analy-
sis by flow cytometry indicated that Drp1 silence signifi-
cantly increased the percentage of apoptosis cells in PAECs 
after hypoxia treatment (Fig. 3F-H). Similarly, Mdivi-1, a 
Drp1 inhibitor, rescued the mitochondrial fission and apop-
tosis resistance in PAECs isolated from PAH rats showing 
pulmonary plexiform-like lesions, which assessed via the 
quantification of the mean mitochondrial length (Fig. 5A-C), 
percent of fragmented mitochondria in cells (Fig. 5D-F) and 
apoptosis rate (Fig. 5G-I).

STAT3 activation mediated the expression of Drp1 
during the process of apoptotic‑resistance PAECs 
formation

Phosphorylation of STAT3 plays a major role in preserv-
ing mitochondrial function in endothelial cells (Banerjee 
et al. 2017), here, the effects of phosphorylated STAT3 
on mitochondrial fission were investigated in apoptotic-
resistance PAECs. The expression of STAT3 in Con group, 
PAH group and AR group were similar without significant 

difference among them (Fig.6A-B), while apoptosis resist-
ant PAECs (both PAH group and AR group) have signifi-
cantly higher phosphorylated STAT3 on Tyr 705 than Con 
group (Fig. 6A-C). An inhibitor of STAT3 phosphorylation, 
AG490, prevented the overexpression of Drp1 in PAECs 
received hypoxia treatment for 24 h (Fig. 6D-F), in addi-
tion, the apoptosis in AG-490 treated PAECs under hypoxia 
environment increased significantly when compared to AR 
group (Fig. 6G-I).

Discussion

Recently, mitochondrial dysfunction has become the focus 
of intensive investigation in PAH, and enhanced mitochon-
drial fragmentation has also been found in pulmonary arte-
rial smooth muscle cells and right ventricle from animal 
models of PAH (Culley and Chan 2018). However, there are 
needsto characterize mitochondria involving in progressive 
increase in pulmonary vascular resistance due to pathologic 
remodeling of the pulmonary vasculature, and the effects 
on endothelial cells remain one of uncharted territory for 
future discovery (Marshall et al. 2018). We reported that 
apoptosis-resistant PAECs either from PAH rats developing 

Fig. 3  DRP1 was involved in development of apoptosis resist-
ant PAECs. A-C, Immunofluorescence for Drp1 protein expres-
sion showed enhanced intensity in PAECs both from PAH and AR 
group. D, DRP1 protein expression analyzed by western blotting were 
increased significantly in PAH (vs. Con group, n = 4 in each group, 
One-way ANOVA Tukey’s multiple comparisons test, p = 0.0115) 
and AR group (vs. Con group, n = 4 in each group, One-way ANOVA 
Tukey’s multiple comparisons test, p = 0.0278) when compared to 
Con group. E, Immunoblot of DRP1 following knockdown via siR-

NAs compared to nontargeting control siRNA sequence (NTRNA). 
F–H, The transfection of Drp1-SiRNA blocked the development of 
apoptosis resistant induced by hypoxia (5% O2) in PAECs as assessed 
by flow cytometry with PE Annexin V/7-AAD Apoptosis Detection 
Kit (apoptosis rate: NTRNA + AR, 12.60 ± 1.52 vs. SiDrp1 + AR, 
33.20 ± 2.87, n = 5 in each group, unpaired two-tailed t-test, 
p < 0.0022). *p < 0.05, vs. con group, #p < 0.05, vs. NTRNA group, 
**p < 0.05, vs. NTRNA + AR group
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plexiform-like lesions or induced by hypoxia showed 
increased mitochondrial fragmentation. The fragmented 
phenotype in PAECs was associated with up-regulation of 
the mitochondrial fission regulator Drp1, and Drp1 silence 
using siRNA or pharmacological blocked by Mdivi-1 pre-
vented the development of mitochondrial fission. Furtherly, 
activation of STAT3 via phosphorylation at Tyr705 has been 
proved to play a crucial role in Drp1-mediated mitochondrial 
fission in the apoptosis-resistant PAECs, providing a basic 
but novel mechanism underlying the development of PAH.

Irreversible PAH is characterized by plexiform vascular 
lesions in pulmonary arterioles, which are hypothesized to 
arise from apoptosis-resistant PAECs (Masri et al. 2007). 
The young rats received left pneumectomy and monocro-
taline injection, following White RJ et al.’s method (White 
et al. 2007) developed plexiform lesions as identified by 
immunohistochemical staining with vWF. Primary cul-
tures of PAECs from the animal model showed decreased 
apoptosis, which confirmed again that apoptosis-resistant 
PAECs were the pathological hallmark of irreversible PAH. 

To explore the mechanisms, apoptosis-resistant PAECs were 
also induced by hypoxia treatment according to Yongmei 
Cao et al.’s method (Cao et al. 2016).

Although there are several molecules involved in the 
process of mitochondrial fission, Drp1 is indispensable 
during mammalian mitochondrial fission. Drp1-mediated 
mitochondrial fission is intricately related to many distinct 
pathological conditions, such as cancer (Altieri 2019), neu-
rodegenerative diseases (Alexiou et al. 2019) and cardio-
vascular diseases. It is believed that Drp1 contributes to 
the process of apoptosis suppression of pulmonary arterial 
smooth muscle cells (Zhang et al. 2016) and angiogenesis 
of PAECs (Shen et al. 2015) and plays multiple roles in pul-
monary vascular remodeling. Here we found that impaired 
mitochondrial dynamics and excessive mitochondrial fis-
sion induced by Drp1 overexpression could be an impor-
tant mechanism in apoptosis-resistant PAECs. First, the 
percent of fragmented mitochondria increased in PAECs 
either from irreversible PAH rats or after hypoxia treat-
ment, meanwhile, the length of mitochondria in these two 

Fig. 4  Drp1 knockdown affected the mitochondrial morphology. 
A-C Transmission electron microscopy images of mitochondria 
showed that the elongated, tubular mitochondria increased instead 
of shorter, rounded mitochondria after siDrp1 transfection, indicat-
ing as increased length of mitochondria in siDrp1 + AR group than 
in NTRNA + AR (1.94 ± 0.45 vs. 1.27 ± 0.29, n = 45 in each group, 
unpaired two-tailed t-test, p < 0.0001). D-F, In hypoxia environ-

ment (5% O2), decreased fragmented mitochondria were presented 
in PAECs with siRNA transfection for Drp1 when compared that 
received nontargeting control siRNA transfection [Percent of Frag-
ment mitochondria: (50 ± 5)% vs. (38 ± 8.3)%, n = 150 in each group, 
unpaired two-tailed t-test, p < 0.0001]. *p < 0.05, vs. NTRNA + AR 
group
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types of apoptosis-resistant PAECs decreased obviously. 
Second, the increased mitochondrial fission was associated 
with overexpression of Drp1 by western blotting analy-
sis, and targeting Drp1 using siRNA and pharmacological 

blocker Midivi-1 inhibited the mitochondrial fission and 
following apoptosis-resistance.

As a key fission protein in mitochondrial dynamics, Drp1 
was involved in pathological injury of endothelial cells in 

Fig. 5  Pharmacologic blockade of DRP1 improved mitochondria 
fission and apoptosis in PAH PAECs. A-C, Mdivi-1 treatment on 
PAECs from PAH rats increased the length of mitochondria signifi-
cantly compared to vehicle treatment as analyzing by Transmission 
electron microscopy (0.99 ± 0.26 vs. 1.8 ± 0.34, n = 45 in each group, 
unpaired two-tailed t-test, p < 0.0001). D-F. Reduced mitochondrial 
fragmentation were displayed in mdivi-1treated-PAH PAECs labeled 

by MitoTracker Green compared to vehicle treated [percent of frag-
mentation mitochondria: (52.5 ± 5.86)% vs. (42.8 ± 4.36)%, n = 150 in 
each group, unpaired two-tailed t-test, p < 0.0001]. G-I, The apoptosis 
rate were elevated in PAECs from PAH rats after midivi-1 treatment 
when analyzed using flow cytometry for apoptosis [apoptosis rate: 
(12.00 ± 2.60)% vs.(33.00 ± 5.10)%, n = 5 in each group, unpaired 
two-tailed t-test, p = 0.0004].* p < 0.05, vs. DMSO + PAH group
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Fig. 6  STAT3 phosphorylation at Tyr 705 affected Drp1 protein 
expression and apoptosis in PAECs under hypoxia. A, Immunoblot 
of STAT3 and STAT3Tyr705 phosphorylation in PAECs from Con, 
PAH and AR group. B. The protein expression of STAT3 among the 
three groups were similar with statistical difference (n = 3 in each 
group, One-way ANOVA, p = 0.729), while the levels of STAT3 
Tyr705 phosphorylation were higher in both PAH and AR group than 
that in Con group (n = 3 in each group, One-way ANOVA Tukey’s 
multiple comparisons test, PAH vs. Con, p = 0.0004, and AR vs. Con, 
p = 0.0008). C. PAECs from both PAH and AR group had increased 
percent of phosphorylated STAT3 Tyr705 compared with controls 
(n = 3 in each group, One-way ANOVA Tukey’s multiple compari-

sons test, PAH vs. Con, p = 0.0014, and AR vs. Con, p = 0.0043). 
D-E, Representative immunofluorescence images showed weakened 
Drp1 protein expression in PAECs with AG-490 (an inhibitor of 
STAT3Tyr705 phosphorylation) treatment under hypoxia (5% O2). 
F, The decreased Drp1 expression in PAECs received AG-490 treat-
ment under hypoxia compared to receive vehicle treatment under 
hypoxia (n = 4 in each group, unpaired two-tailed t-test, p = 0.0401). 
G-I, The AG-490 treated-PAECs under hypoxia showed increased 
apoptosis than vehicle-treated PAECs as assessing by flow cytome-
try [(13.60 ± 3.85)% vs.(36.0 ± 4.47)%, n = 4 in each group, unpaired 
two-tailed t-test, p = 0.0406]. *p < 0.05, vs. Con group, #p < 0.05, vs. 
saline + AR group
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many cardiovascular diseases through influencing cellular 
energy, ROS generation, intracellular calcium levels, apop-
togenic protein production, and so on. In Kawasaki disease 
murine model, mitochondrial dysregulated fission caused by 
Drp-1 overexpression precipitated the arterial endothelial cells 
injury, which could be reversed by Masitinib targeting Drp1(An 
et al. 2023). Similarly, Drp1 was vital in mediating the over-
expression of miR-199b-5p regulated oxidized low-density 
lipoprotein–induced mitochondrial dysfunction and apoptotic 
effects in human umbilical vein endothelial cells by targeting 
AKAP1-mediated mitochondrial fission (Cui et al. 2022). The 
endothelial cell apoptosis associated with the pathophysiology 
of atherosclerosis could be alleviated by Mdivi-1, an inhibitor 
of Drp1, through inhibiting mitochondrial fission. Interestingly, 
a classical anti-atherosclerotic drug, atorvastatin, prominently 
alleviated the mitochondrial dynamics disorder and vascular 
endothelial cell injury both in vitro and in vivo via inhibiting 
the expression of Drp1 (Liu et al. 2023). The role of Drp1 both 
in endothelial cell-related pathological process and in pulmo-
nary artery muscle smooth cells hyperproliferation in PAH 
were reported in previous studies, whereas this work advances 
the mechanisms of Drp1-mediated mitochondrial fission in the 
development of apoptotic resistance in PAECs in PAH.

STAT3 plays a critical role in the development of apoptosis 
abnormality in tumor cell lines, which promotes an apoptosis-
resistant environment via the activation of survivin, NFAF and 
Bcl-2 (Marshall et al. 2018). Increased and sustained STAT3 
phosphorylation has been reported in endothelial cells local-
izing in plexiform lesions of idiopathic human lungs as well 
as in PAECs from idiopathic PAH human lungs. We reported 
that apoptosis-resistant PAECs isolated from monocrotaline 
injection following left pneumonectomy-induced PAH rats or 
induced by hypoxia treatment demonstrated increased phospho-
rylation of STAT3 at Tyr 705, and when STAT3 phosphorylation 
inhibited by AG-490, the apoptosis increased in PAECs cultured 
in a 5% O2 environment. These findings confirmed the role of 
Tyr 705 STAT3 phosphorylation in the regulation of apoptosis 
in a hypoxia-induced apoptosis resistant PAECs.

Recently, several studies have demonstrated that STAT3 is 
involved in regulating mitochondrial function, either via its tran-
scriptional activity or independent of its transcriptional activity, 
but the report of its regulation in mitochondrial dynamics is 
rare. This year, Zhou K et al. firstly showed that JAK2/STAT3 
pathway played a key role in regulating mitochondrial dynam-
ics in microglia through regulation of Drp1 (Zhou et al. 2019). 
Consistently, we found that, in the development of apoptosis 
resistant PAECs, Tyr 705 STAT3 phosphorylation played a 
crucial role in mediating mitochondrial fission through affect-
ing Drp1 expression. STAT3 activation was associated with 
overexpression of Drp1 in both PAECs isolated from PAH rat 
lung and apoptosis resistant PAECs induced by hypoxia treat-
ment, while AG490 prevented the phosphorylation of STAT3 
at tyr705 in hypoxia-induced apoptosis resistant PAECs, and 

those were associated with the decreased expression of Drp1 
protein. Furtherly, Drp1 silencing or blocked by Midivi-1 in 
hypoxia-treated PAECs showed similar results of apoptosis as 
AG490 treatment, validating Drp1 regulation by the STAT3 
phosphorylation.

Limitations

Most studies indicated that phosphorylation is the major modi-
fication for enhancing the effects of Drp1, but in present study, 
we showed that the overexpression of Drp1 is one of the mech-
anisms in the regulation of mitochondrial fission after activa-
tion of STAT3 during the development of apoptosis resistance 
in PAECs, therefore, the phosphorylation or other type of post-
translation modifications for Drp1 may need to further inves-
tigate. Similar result has been reported by Marsboom et al., in 
which the upregulation of total Drp1 was involved in driving 
mitochondrial fission (Marsboom et al. 2012).

Conclusion

Current therapies do not cure the disease, and the study of 
the underlying pathogenesis from the pathological features 
of the constructive cells will advance the therapeutic target 
for management of PAH. Here we showed that STAT3 acti-
vation involved in the Drp1-mediated mitochondrial fission 
during the development of apoptosis resistant in PAECs which 
played a central role in the pathogenesis of pulmonary remod-
eling, and inhibition of STAT3 phosphorylation or Drp1 can 
induce apoptosis in PAECs under hypoxia environment. Simi-
lar results have not been reported in PAECs, and the current 
study enriches the cellular mechanisms of Drp1-mediating 
mitochondrial fission in pulmonary remodeling and provides 
more evidence for the feasibility of targeting STAT3 or Drp1-
mediate mitochondrial fission as a therapeutic option for PAH.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13258- 024- 01522-w.

Funding This work was supported by the Beijing Natural Science 
Foundation under Grant 7222044; Regional Joint Fund Project of the 
National Natural Science Foundation of China under Grant U20A2018.

Declarations 

Conflicts of interest The authors report no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 

https://doi.org/10.1007/s13258-024-01522-w


Genes & Genomics 

included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Alexiou A, Soursou G, Chatzichronis S, Gasparatos E, Kamal MA, 
Yarla NS, Perveen A, Barreto GE, Ashraf GM (2019) Role of 
GTPases in the regulation of mitochondrial dynamics in Alz-
heimer’s Disease and CNS-Related Disorders. Mol Neurobiol 
56(6):4530–4538. https:// doi. org/ 10. 1007/ s12035- 018- 1397-x

Altieri DC (2019) Mitochondrial dynamics and metastasis. 
Cell Mol Life Sci 76(5):827–835. https:// doi. org/ 10. 1007/ 
s00018- 018- 2961-2

An X, Ma X, Liu H, Song J, Wei T, Zhang R, Zhan X, Li H, Zhou J 
(2023) Inhibition of PDGFRβ alleviates endothelial cell apop-
totic injury caused by DRP-1 overexpression and mitochon-
dria fusion failure after mitophagy. Cell Death Dis 14(11):756. 
https:// doi. org/ 10. 1038/ s41419- 023- 06272-3

Archer SL, Weir EK, Wilkins MR (2010) Basic science of pulmonary 
arterial hypertension for clinicians: new concepts and experi-
mental therapies. Circulation 121(18):2045–2066. https:// doi. 
org/ 10. 1161/ CIRCU LATIO NAHA. 108. 847707

Banerjee K, Keasey MP, Razskazovskiy V, Visavadiya NP, Jia C, 
Hagg T (2017) Reduced FAK-STAT3 signaling contributes 
to ER stress-induced mitochondrial dysfunction and death in 
endothelial cells. Cell Signal 36:154–162. https:// doi. org/ 10. 
1016/j. cells ig. 2017. 05. 007

Cao Y, Jiang Z, Zeng Z, Liu Y, Gu Y, Ji Y, Zhao Y, Li Y (2016) 
Bcl-2 silencing attenuates hypoxia-induced apoptosis resist-
ance in pulmonary microvascular endothelial cells. Apoptosis 
21(1):69–84. https:// doi. org/ 10. 1007/ s10495- 015- 1184-3

Chen SF, Fei X, Li SH (1995) A new simple method for isolation 
of microvascular endothelial cells avoiding both chemical and 
mechanical injuries. Microvasc Res 50(1):119–128. https:// doi. 
org/ 10. 1006/ mvre. 1995. 1044

Cui X, Tian Y, Zhao Y, Gao H, Yao D, Liu L, Li Y (2022) miR-199b-
5p-AKAP1-DRP1 pathway plays a key role in ox-LDL-induced 
mitochondrial fission and endothelial apoptosis. Curr Pharm 
Biotechnol 23(13):1612–1622. https:// doi. org/ 10. 2174/ 13892 
01023 66622 03241 23224

Culley MK, Chan SY (2018) Mitochondrial metabolism in pulmonary 
hypertension: beyond mountains there are mountains. J Clin Invest 
128(9):3704–3715. https:// doi. org/ 10. 1172/ JCI12 0847

Liu S, Zhao Y, Yao H, Zhang L, Chen C, Zheng Z, Jin S (2023) 
DRP1 knockdown and atorvastatin alleviate ox-LDL-induced 
vascular endothelial cells injury: DRP1 is a potential target for 
preventing atherosclerosis. Exp Cell Res 429(2):113688. https:// 
doi. org/ 10. 1016/j. yexcr. 2023. 113688

Marsboom G, Toth PT, Ryan JJ, Hong Z, Wu X, Fang YH, Thenap-
pan T, Piao L, Zhang HJ, Pogoriler J, Chen Y, Morrow E, Weir 
EK, Rehman J, Archer SL (2012) Dynamin-related protein 
1-mediated mitochondrial mitotic fission permits hyperprolif-
eration of vascular smooth muscle cells and offers a novel thera-
peutic target in pulmonary hypertension. Circ Res 10(11):484–
497. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 111. 263848

Marshall JD, Bazan I, Zhang Y, Fares WH, Lee PJ (2018) Mitochon-
drial dysfunction and pulmonary hypertension: cause, effect, or 
both. Am J Physiol Lung Cell Mol Physiol 314(5):L782–L796. 
https:// doi. org/ 10. 1152/ ajplu ng. 00331. 2017

Masri FA, Xu W, Comhair SA, Asosingh K, Koo M, Vasanji A, 
Drazba J, Anand-Apte B, Erzurum SC (2007) Hyperprolifera-
tive apoptosis-resistant endothelial cells in idiopathic pulmo-
nary arterial hypertension. Am J Physiol Lung Cell Mol Physiol 
293(3):L548–L554. https:// doi. org/ 10. 1152/ ajplu ng. 00428. 2006

Pak O, Sommer N, Hoeres T, Bakr A, Waisbrod S, Sydykov A, Haag 
D, Esfandiary A, Kojonazarov B, Veit F, Fuchs B, Weisel FC, 
Hecker M, Schermuly RT, Grimminger F, Ghofrani HA, Seeger 
W, Weissmann N (2013) Mitochondrial hyperpolarization in 
pulmonary vascular remodeling. Mitochondrial uncoupling pro-
tein deficiency as disease model. Am J Respir Cell Mol Biol 
49(3):358–67. https:// doi. org/ 10. 1165/ rcmb. 2012- 0361OC

Parra V, Bravo-Sagua R, Norambuena-Soto I, Hernández-Fuentes 
CP, Gómez-Contreras AG, Verdejo HE, Mellado R, Chiong M, 
Lavandero S, Castro PF (2017) Inhibition of mitochondrial fis-
sion prevents hypoxia-induced metabolic shift and cellular pro-
liferation of pulmonary arterial smooth muscle cells. Biochim 
Biophys Acta Mol Basis Dis 863(11):891–2903. https:// doi. org/ 
10. 1016/j. bbadis. 2017. 07. 018

Paulin R, Meloche J, Bonnet S (2012) STAT3 signaling in pulmo-
nary arterial hypertension. JAKSTAT 4:23–33. https:// doi. org/ 
10. 4161/ jkst. 22366

Sakao S, Taraseviciene-Stewart L, Lee JD, Wood K, Cool CD, 
Voelkel NF (2005) Initial apoptosis is followed by increased 
proliferation of apoptosis-resistant endothelial cells. FASEB J 
19(9):1178–1180. https:// doi. org/ 10. 1096/ fj. 04- 3261fj e

Sharma S, Sud N, Wiseman DA, Carter AL, Kumar S, Hou Y, Rau 
T, Wilham J, Harmon C, Oishi P, Fineman JR, Black SM (2008) 
Altered carnitine homeostasis is associated with decreased mito-
chondrial function and altered nitric oxide signaling in lambs with 
pulmonary hypertension. Am J Physiol Lung Cell Mol Physiol 
294(1):L46-56. https:// doi. org/ 10. 1152/ ajplu ng. 00247. 2007

Shen T, Wang N, Yu X, Shi J, Li Q, Zhang C, Fu L, Wang S, Xing Y, 
Zheng X, Yu L, Zhu D (2015) The critical role of dynamin-related 
protein 1 in hypoxia-induced pulmonary vascular angiogenesis. J 
Cell Biochem 116(9):1993–2007. https:// doi. org/ 10. 1002/ jcb. 25154

White RJ, Meoli DF, Swarthout RF, Kallop DY, Galaria II, Har-
vey JL, Miller CM, Blaxall BC, Hall CM, Pierce RA, Cool 
CD, Taubman MB (2007) Plexiform-like lesions and increased 
tissue factor expression in a rat model of severe pulmonary 
arterial hypertension. Am J Physiol Lung Cell Mol Physiol 
293(3):L583–L590. https:// doi. org/ 10. 1152/ ajplu ng. 00321. 2006

Xie Q, Wu Q, Horbinski CM, Flavahan WA, Yang K, Zhou W, Dom-
browski SM, Huang Z, Fang X, Shi Y, Ferguson AN, Kashatus 
DF, Bao S, Rich JN (2015) Mitochondrial control by DRP1 
in brain tumor initiating cells. Nat Neurosci 18(4):501–510. 
https:// doi. org/ 10. 1038/ nn. 3960

Xu W, Erzurum SC (2011) Endothelial cell energy metabolism, 
proliferation, and apoptosis in pulmonary hypertension. Compr 
Physiol 1(1):357–372. https:// doi. org/ 10. 1002/ cphy. c0900 05

Xu W, Koeck T, Lara AR, Neumann D, DiFilippo FP, Koo M, Janocha 
AJ, Masri FA, Arroliga AC, Jennings C, Dweik RA, Tuder RM, 
Stuehr DJ, Erzurum SC (2007) Alterations of cellular bioenerget-
ics in pulmonary artery endothelial cells. Proc Natl Acad Sci U S 
A 04(4):342–347. https:// doi. org/ 10. 1073/ pnas. 06050 80104

Yu Q, Chan SY (2017) Mitochondrial and metabolic drivers of pul-
monary vascular endothelial dysfunction in pulmonary hyper-
tension. Adv Exp Med Biol 967:373–383. https:// doi. org/ 10. 
1007/ 978-3- 319- 63245-2_ 24

Zhang L, Ma C, Zhang C, Ma M, Zhang F, Zhang L, Chen Y, Cao 
F, Li S, Zhu D (2016) Reactive oxygen species effect PASMCs 
apoptosis via regulation of dynamin-related protein 1 in hypoxic 
pulmonary hypertension. Histochem Cell Biol 146(1):71–84. 
https:// doi. org/ 10. 1007/ s00418- 016- 1424-9

Zhou K, Chen J, Wu J, Wu Q, Jia C, Xu YXZ, Chen L, Tu W, Yang 
G, Kong J, Kou J, Jiang S (2019) Atractylenolide III ameliorates 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s12035-018-1397-x
https://doi.org/10.1007/s00018-018-2961-2
https://doi.org/10.1007/s00018-018-2961-2
https://doi.org/10.1038/s41419-023-06272-3
https://doi.org/10.1161/CIRCULATIONAHA.108.847707
https://doi.org/10.1161/CIRCULATIONAHA.108.847707
https://doi.org/10.1016/j.cellsig.2017.05.007
https://doi.org/10.1016/j.cellsig.2017.05.007
https://doi.org/10.1007/s10495-015-1184-3
https://doi.org/10.1006/mvre.1995.1044
https://doi.org/10.1006/mvre.1995.1044
https://doi.org/10.2174/1389201023666220324123224
https://doi.org/10.2174/1389201023666220324123224
https://doi.org/10.1172/JCI120847
https://doi.org/10.1016/j.yexcr.2023.113688
https://doi.org/10.1016/j.yexcr.2023.113688
https://doi.org/10.1161/CIRCRESAHA.111.263848
https://doi.org/10.1152/ajplung.00331.2017
https://doi.org/10.1152/ajplung.00428.2006
https://doi.org/10.1165/rcmb.2012-0361OC
https://doi.org/10.1016/j.bbadis.2017.07.018
https://doi.org/10.1016/j.bbadis.2017.07.018
https://doi.org/10.4161/jkst.22366
https://doi.org/10.4161/jkst.22366
https://doi.org/10.1096/fj.04-3261fje
https://doi.org/10.1152/ajplung.00247.2007
https://doi.org/10.1002/jcb.25154
https://doi.org/10.1152/ajplung.00321.2006
https://doi.org/10.1038/nn.3960
https://doi.org/10.1002/cphy.c090005
https://doi.org/10.1073/pnas.0605080104
https://doi.org/10.1007/978-3-319-63245-2_24
https://doi.org/10.1007/978-3-319-63245-2_24
https://doi.org/10.1007/s00418-016-1424-9


 Genes & Genomics

cerebral ischemic injury and neuroinflammation associated with 
inhibiting JAK2/STAT3/Drp1-dependent mitochondrial fission 
in microglia. Phytomedicine 59:152922. https:// doi. org/ 10. 
1016/j. phymed. 2019. 152922

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.phymed.2019.152922
https://doi.org/10.1016/j.phymed.2019.152922

	STAT3 phosphorylation at Tyr705 affects DRP1 (dynamin-related protein 1) controlled-mitochondrial fission during the development of apoptotic-resistance in pulmonary arterial endothelial cells
	Abstract
	Background 
	Objective 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Animal model
	Cell culture and treatment
	Small interfering RNA silenced Drp1 expression
	Apoptosis-resistant induction and apoptosis assay
	Mitochondrial morphology analysis
	Western blotting analysis
	Immunofluorescence analysis
	Flow cytometry analysis
	Ethical statement
	Statistical analysis
	Data availability

	Results
	Pulmonary microvascular endothelial cells from irreversible PAH showed apoptosis resistance
	Apoptotic-resistance PAECs displayed fragmented mitochondrial morphology
	Drp1 played a key role in the development of apoptotic-resistance PAECs
	STAT3 activation mediated the expression of Drp1 during the process of apoptotic-resistance PAECs formation
	Discussion
	Limitations

	Conclusion
	References


