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ABSTRACT
Pulmonary arterial hypertension (PAH) is a lethal disease characterized by pulmonary vascular obstruction due in part to excessive pulmonary
artery endothelial cells (PAECs) migration and proliferation. Themitochondrial fission protein dynamin-related protein-1 (DRP1) has important
influence on pulmonary vascular remodeling. However, whether DRP1 participates in the development and progression of pulmonary vascular
angiogenesis has not been reported previously. To test the hypothesis that DRP1 promotes the angiogenesis via promoting the proliferation,
stimulating migration, and inhibiting the apoptosis of PAECs in mitochondrial Ca2þ-dependent manner, we performed following studies. Using
hemodynamic analysis andmorphometric assay, we found that DRP1mediated the elevation of right ventricular systemic pressure (RVSP), right
heart hypertrophy, and increase of pulmonary microvessels induced by hypoxia. DRP1 inhibition reversed tube network formation in vitro
stimulated by hypoxia. The mitochondrial Ca2þ inhibited by hypoxia was recovered by DRP1 silencing. Moreover, pulmonary vascular
angiogenesis promoted by DRP1 was reversed by the specific mitochondrial Ca2þ uniporter inhibitor Ru360. In addition, DRP1 promoted the
proliferation and migration of PAECs in mitochondrial Ca2þ-dependent manner. Besides, DRP1 decreased mitochondrial membrane potential,
reduced theDNAfragmentation, and inhibited the caspase-3 activation,whichwere all aggravatedbyRu360.Therefore, these results indicate that
the mitochondrial fission machinery promotes migration, facilitates proliferation, and prevents from apoptosis via mitochondrial Ca2þ-
dependent pathway in endothelial cells leading to pulmonary angiogenesis. J. Cell. Biochem. 116: 1993–2007, 2015. © 2015Wiley Periodicals, Inc.
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Pulmonaryartery hypertension (PAH) is characterized by pulmo-
nary vasoconstriction, remodeling of small pulmonary arteries

that leads to increased mean pulmonary arterial pressure, and
ultimately to right heart failure and death [Galie et al., 2013]. Studies
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byMa et al. [2011] reveal that dysfunctional angiogenesis is associated
with this disastrous disease. Hypoxia induced vascular generation, a
common complication of chronic hypoxic lung diseases in the adult
pulmonary circulation, is regarded as a potential beneficial adaptation
[Howell et al., 2003]. Besides, the new growing arterioles or capillaries
increase the oxygen consume and blood perfusion, exacerbating the
progression of PAH [Ma et al., 2012]. However, the molecular
mechanism under the process of angiogenesis in PAH is rarely known.

Rigorous control over endothelial cells (ECs)migration is necessary
in adult angiogenesis [Graupera et al. 2008] and the progress of the
embryonic vascular system into a highly organized network [Birdsey
et al., 2012].Meanwhile, angiogenesiswas induced by proliferation of
pulmonary arterial endothelial cells (PAECs) [Ma et al., 2011].
Moreover, apoptosis-resistance phenotype was observed in the
process of angiogenesis in the human umbilical vein endothelial
cell [Yang et al., 2014] and mesenchymal stem cells [Legha and
Novins, 2012]. It is critical to find some molecules acting the
migration, proliferation, andapoptosis of PAECsduring angiogenesis.

Mitochondria exist in a dynamic interconnectingnetwork consisting
of individual organelles that continuously join (fusion) and fragment
(fission). The molecular machinery that mediates this mitochondria
fission and fusion is necessary to maintain mitochondrial integrity and
intersect apoptosis pathways [Suen et al., 2008]. Dynamin-related
protein-1 (DRP1) is amitochondrial outermembraneprotein,mediating
mitochondrial fission, and controlling mitochondrial morphology
[Otsuga et al., 1998; Westermann, 2010]. The inhibition of DRP1
activation prevents mitochondrial fission and reduces the proliferation
of pulmonary arterial smoothmuscle cells (PASMCs) during pulmonary
vascular remodeling [Marsboom et al., 2012]. However, whether DRP1
participates in the angiogenesis remains elusive.

The regulationofmitochondrial Ca2þ ([Ca2þ]m) has been confirmed
as one significant event and mitochondrial function might suit to
various conditions of the living cell [Pivovarova andAndrews, 2010].
Mitochondrial Ca2þ loading, originating from Ca2þ release from the
endoplasmic reticulum (ER) leads to mitochondrial permeability
transition (MPT), and depolarization, which is followed by the release
of proapoptotic factors activating the effector caspases and triggering
apoptotic cell death [Orrenius et al., 2003]. The spatiotemporal
properties of mitochondrial Ca2þ responses has been reported to be
controlled by mitochondrial fission in Hela cells [Szabadkai et al.,
2004], indicating that DRP1may participate in the [Ca2þ]m dependent
apoptosis, even migration, and proliferation in vascular cells.

To address these issues we performed the studies in which we
combined morphological dynamics and Ca2þ imaging to investigate
the effect of forced mitochondria to assess overall changes of
mitochondrial Ca2þ and apoptotic signaling. Our results showed that
DRP1 participated in pulmonary arterial angiogenesis through
promoting the migration, stimulating the proliferation, and inhibit-
ing the apoptosis of PAECs via mitochondrial Ca2þ.

MATERIALS AND METHODS

ANIMALS AND TREATMENTS
Adult male C57BL6/J wild type mice (average weight of 25 g) from
the Harbin Medical University Experimental Animal Center were

randomly assigned to control or hypoxia groups, as described
previously [Zhu et al., 2003]. Mice upon hypoxia were treated with
vehicle control and Mdivi-1 (Sigma, M0199, 50mg/kg, i.p.)
according to earlier reports [Chen et al., 2012; Brooks et al.,
2009]. All animal experiments complied with the guidelines of the
National Institutes of Health (NIH) for the Care and Use of Laboratory
Animals, and were approved by the Harbin Medical University
Ethical Committee of Laboratory Animals. All surgical procedures
were performed under sodium pentobarbital anesthesia.

HEMODYNAMIC ANALYSIS AND VENTRICULAR WEIGHT
MEASUREMENT
At the end of the treatment protocol, the animals were anesthetized
with intraperitoneally injected with pentobarbital. They were
artificially ventilated with 10ml/kg body weight and a frequency
of 60 s�1 (SAR830A/P, IITC) after tracheostomy. Inspiratory oxygen
(FIO2) was set at 0.5, and a positive end-expiratory pressure of 1.5 cm
H2O was used throughout. Anesthesia was maintained by inhalation
of isoflurane. The left carotid artery was cannulated for systemic
arterial pressure (SAP) monitoring, and a Millar (Millar Instruments
Inc, Houston, Tex) catheter was inserted through the right jugular
vein for measurement of right ventricular systolic pressure (RVSP)
with PowerLab (AD Instruments, Colorado Springs, Colo) monitoring
equipment. For ventricular weight measurement, hearts were
excised, and atria were removed. The RV free wall was dissected,
and each chamber was weighed. The ratio of RV weight to left
ventricular (LV) weight plus septum (RV/LVþS) was used as an index
of RV hypertrophy. After exsanguination, the lung was fixed for
histology in 4% paraformaldehyde.

MORPHOMETRIC ANALYSIS OF THE PA
The left lung tissues were sliced into tissue blocks, and immersed in
4% paraformaldehyde for overnight fixation [Shen et al., 2013]. The
right lung tissues were fixed in 4% paraformaldehyde for 6 h,
transferred to 10%, 20%, 30% sucrose in 0.1mol/L phosphate buffer
(pH 7.4) for 12 h respectively in order to cryoprotection, and stored at
4°C. Lung tissue was frozen in Tissue-Tek OCT compound (Sakura
Finetechnical Co) at �20°C. Then, 7mm sections were cut using a
cryostat. The cryosections were blocked with 10% normal goat
serum/PBS for 30min. CD31 (Santa Cruz, 1: 50) and DRP1 (Santa
Cruz, 1: 50) was incubated at 4°C overnight. After washing three
times with PBS, sections were incubated with Alexa Fluor 488
conjugatedmouse anti- goat antibody (Invitrogen, 1: 100) andAlexa
Fluor 546 conjugated goat anti-rabbit antibody (Invitrogen, 1: 100)
for 2 h at room temperature and DAPI away from light. Sections were
washed three times with PBS and then examined with a microscope
(Olympus, Japan), and images were recorded by digital photo-
micrography (Olympus, Japan).

CELL CULTURE
Calf lungs, from a local slaughter house, used in the study were
approved by the Harbin Medical University Ethical Committee of
Laboratory Animals. Primary cultured PAECs were prepared from
pulmonary arteries isolated from calf lungs. The arteries were slit
open and gently scratched along the intimal surface with a surgical
blade. The purity and identity of PAECs were confirmed by positive
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immunofluorescence staining using antibodies to CD31 (Santa Cruz).
Cells were cultured in 20% fetal bovine serum (FBS)-DMEM and in a
37°C, 5% CO2 humidified incubator. Before each experiment, the
cells were incubated in DMEM without serum for 24 h. Cells in
hypoxic culture were incubated in a Tri-Gas Incubator (Heal Force,
Shanghai, China) with a gasmixture containing 92%N2–5%CO2–3%
O2 for 24h.

SIRNA DESIGN AND TRANSFECTIONS
To silence the expression of DRP1 protein, PAECs were transfected
with small interfering RNA, which was designed, and synthesized by
GenePharma. Non-targeted control siRNA (siNC) was used as
negative control. The sense sequence of siRNA against DRP1 and
non-targeted control sequence were listed below with accession
numbers: DNM1 (NM_001076820.1): 50-GGGACAUGCUUAUGCA-
GUUTT-30; siNC control: 50-UUCUCCGAACGUGUCACGUTT-30.
Briefly, the PAECs at 50%–70% confluence were used, 1.5mg
siRNA, and 7.5ml X-treme Gene siRNA Transfection Reagent were
separately diluted in 100ml serum-free Opti-MEM-1 medium for
5min, after mixed together, and incubated at room temperature for
another 20min, the mixture (siRNA/ Transfection Reagent) was
added directly onto the cells. Cells were quiescenced for 24 h and
used as required.

IMAGE ANALYSIS OF MITOCHONDRIAL MORPHOLOGY AND
MITOCHONDRIAL CALCIUM DETECTION
To quantify mitochondrial fragmentation count (MFC), PAECs were
transfected with mitochondrial-targeted, photo activatable green
fluorescent protein (mito-PA-GFP). The extent of mitochondrial
networking is reflected in the diffusion of the photoactivated
mitochondrial GFP away from the site of photo activation, as
measured after 17.6 s using NA1.4 inverted Leica DMI6000 micro-
scope (Leica, Heidelberg, Germany), images were visualized by
Hamamatsu ORCA-R2 camera (Hamamatsu, Japan) and recorded by
LAS AF software (Leica, Heidelberg, Germany).

The [Ca2þ]m (mitochondrial Ca2þ concentration) was estimated by
loading the PAECs with 4mM Rhod-2 acetoxymethyl ester, which is
compartmentalized into the mitochondria [Hajnoczky et al., 1995].
The Rhod-2 fluorescence was measured using NA1.4 inverted Leica
DMI6000 microscope (Leica, Heidelberg, Germany).

TUBE FORMATION ASSAY
Ninety-six-well culture plates (Costar, Corning) were coated with
growth factor-reducedMatrigel (BD Biosciences) in a total volume of
30ml and allowed to solidify for 30min at 37°C. PAECs were
trypsnized and resuspended at 5� 104 cells/ml and 200ml of this cell
suspension were added into each well. PAECs were administrated
under 3% oxygen exposure for 24 h. Vehicle (deoxygenated water)
or Ru360 (Santa Cruz) in 10mM for 30min were added to the
appropriate well. Tube formation was observed under an inverted
microscope (Nikon, Japan). Tube length was measured using Image
Pro Plus 6.0.

MIGRATION ASSAYS
For scratch-wounding cell migration assay, the confluent PAECs
cultured in six-well plates were wounded by pipette tips, given rise to

one acellular 1mmwide lane per well, and the ablate cells were
washed out by PBS. PAECs were administrated under 3% oxygen
exposure for 24 h. After that, cells were treated with vehicle
(deoxygenated water) or Ru360 in 10mM for 30min with 5% FBS
DMEM. Wounded areas were photographed at zero time. After 6 h,
24 h of incubation, photos were taken from the same areas as those
recorded at zero time.

For modified Boyden chamber migration assays, cells were
subcultured once, before seeding into the apical (upper) chamber of
the transwells. The lower chamber contained the experimental
reagents in 10% FBS-DMEM, migration was measured using a
modified Boyden chamber with 8mm-pore polycarbonate filter.
Briefly, 8� 104 PAECs were suspended in DMEM without FBS in the
upper chamber of a 24-well Boyden chamber apparatus with serum
stimuli in the lower chamber for 24 h, after which the inserts were
removed. The non-migrating cells in the upper chamber were then
removed with a cotton swab. To stain the cells embedded in the
bottom membrane, the inserts were submerged in 4% formaldehyde
solution for 10min followed 0.4% crystal violet in 10% ethanol for
5min. The number of migrated cells was measured by counting
the number of stained nuclei per high-power field in a microscope
(Olympus, Japan). Each sample was counted randomly in nine
separate locations in the center of the membrane and the endothelial
cell migration activity reported as number of cells migrated per field
of view. Experiments were performed at least three times in
quadruplicate.

MTT ASSAY
PAECs were cultured at a density of 5,000 cells/well in a 96-well
culture plate and then treated with Ru360 in DMEMwith 5% FBS. At
the end of incubation at 37°C, the cells were incubated for 4 h in a
medium containing 0.5% 3-[4, 5-dimethylthiazol-2-yl]-2, 5-
diphenyl-tetrazolium bromide (MTT), the yellow mitochondrial
dye. The amount of blue formazan dye formed from MTT is
proportional to the number of survival cells. The reaction was
terminated after adding 150ml DMSO and incubating the cells for
10min. Absorbance at 540 nm was recorded by an ELISA plate
reader.

BROMODEOXYURIDINE INCORPORATION
PAECswere plated in 96-well plates at the density of 5,000 cells/well,
and then subject to growth arrest for 24 h before treatments with
different agents in 5% FBS DMEM. The cells were administrated
under 3% oxygen exposure for 24 h. Vehicle (deoxygenated water)
or Ru360 (Santa Cruz) in 10mM for 30min were added to the
appropriate well. We measured BrdU incorporation according to the
Millipore BrdU proliferation assay kit (Catalog No. 2750, Billerica,
MA) instructions. Briefly, after treatment, the cells were incubated
with 15mMBrdU labeling solution per well for 24 h at 37°C, and then
incubated for 30min in FixDenat solution at room temperature.
Flicking off the FixDenat solution thoroughly, we added anti-BrdU-
monoclonal solution 200ml /well for 1 h at room temperature. Each
well was rinsed three times with 200ml washing solution and
incubated for 30min in 100ml substrate solution. After adding
100ml stop solution, the absorbance at 450 nm of the samples was
recorded in an ELISA reader.
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WESTERN BLOT ANALYSIS
Pulmonary arteries from rats (normoxia, hypoxia, and hypoxia with
NDGA) were homogenized in a hand-held micro-tissue grinder in
ice-cold storage buffer (Tris 50mM, pH 7.4, NaCl 150mM, Triton X-
100 1%, EDTA 1mM, and PMSF 2mM). The homogenates were
sonicated on ice and then centrifuged at 16,099 g for 10min at 4°C.
The supernatants were collected and stored at �80°C until used in
Western blot analysis.

PAECs were administrated under 3% oxygen exposure for 24 h.
Vehicle (deoxygenated water) or Ru360 (Santa Cruz) in 10mM for
30minwere added to the appropriate well. After treatments in 6-well
culture clusters above, the cells were lysed in a lysis buffer (Tris
50mM, pH 7.4, NaCl 150mM, Triton X-100 1%, EDTA 1mM, and
PMSF 2mM) containing phosphatase inhibitor and incubated for
30min on ice. The lysates were then sonicated and centrifuged at
16,099 g for 10min, and the insoluble fraction was discarded. The
supernatants were collected and stored at �80°C until used in
Western blot analysis.

Protein concentrations were determined by the Bradford assay
using bovine serum albumin (BSA) as standard. Pulmonary artery
homogenates containing 50mg of protein and cells protein samples
containing 20mg of protein were separated by SDS–PAGE as
previously described. After electrophoresis, proteins were trans-
ferred to nitrocellulose sheets. These membranes were blocked in 5%
milk and incubated with DRP1 (Santa Cruz, sc-32898, 1:400), PCNA
(Santa Cruz, sc-25280, 1:1000), cyclin A (Santa Cruz, sc-596, 1:500),
cyclin B1 (Cell Signal, Catalog No. 4138, 1:400), b-actin (Santa Cruz,
sc-47778, 1:2000), and secondary antibodies as described. These
proteins were visualizedwith enhanced chemiluminescence reagents
(SuperSignal, Pierce).

RELATIVE MRNA QUANTIFICATION BY REAL-TIME POLYMERASE
CHAIN REACTION
Total RNA was extracted from cultured PAECs using the Trizol
reagent according to themanufacturer0s instructions and detected by
ultraviolet spectrophotometry. Extracted total RNAs were reverse-
transcribed according to the Superscript first-strand cDNA synthesis
kit (Invitrogen). cDNA samples were amplified in a DNA thermal
cycler (Thermo Scientific, Waltham, MD). The gene-specific primers
were designed from coding regions and the nucleotide sequences of
primers were as follows: DRP1 (GenBank accession no
NM_001076820.1), sense: 50 -AGTACCTGTTCTGGCTAATGG-30,
anti-sense: 50 -TCACTTTCGTGCGCTCGTAG-30, 109 bp) were de-
signed from sequences of the coding regions to that from Gen-
BankTM database. Real-time polymerase chain reaction (PCR) was
used for relative quantification of the DRP1 mRNA. The reactions
were performed in an ABI 7700 Sequence Detection System (Applied
Biosystems, Foster City, Calif).

CELL CYCLE AND DNA ANALYSIS
The Cycle TEST

TM

PLUS DNA Reagent Kit obtained from BD
Biosciences (Bedford, MA) was used for examining whether the
cell cycle was regulated by DRP1. PAECs were treated in groups as
indicated and then harvested with trypsin and fixed using 70%
ethanol. The ethanol was removed, and the cells were incubated in
200ml PBS. The cells were stained according to manufacturer0s

protocol. DNA fluorescence was measured and flow cytometry was
performed using BD FACS Calibur Flow Cytometer (Bedford, MA).
For each sample, 2� 105 events were accumulated in a histogram.
The proportions of cells in the different phases of the cell cycle were
calculated from each histogram.

MEASUREMENT OF CASPASE ACTIVITY
PAECs were administrated under 3% oxygen exposure for 24 h.
Vehicle or Ru360 (Santa Cruz) in 10mM for 30min were added to the
appropriate well. Caspase-3 activity was determined using a
caspase-3 activity assay kit (Sigma). The cells were lysed in
caspase-3 sample lysis buffer provided in the kit. The homogenates
were centrifuged at 10,000 g, and the supernatant was collected for
protein estimation (BCAmethod) and for caspase-3 assay. Cleavages
of Ac-DEVD-pNA (acetyl-Asp-Glu-Val-Aspp-nitroanilide), cas-
pase-3 substrate were examined for caspase-3 activity as the
protocols provided in the kit. Lysates were incubated at 37°C for 2 h.
Thereafter, the sample was measured in an automatic microplate
reader (SpectraMax M5) at excitation 400 nm and emission 505 nm.
The specific caspase-3 activity was normalized to the total protein
and then expressed as fold of caspase-3 activity.

FLOW CYTOMETRY
Annexin V-PE, 7-AAD kit was used to measure the percentage of
apoptosis in accordance with the manufacturer0s protocols (BD
Biosciences). PAECs were administrated under 3% oxygen
exposure for 24 h. Vehicle or Ru360 (Santa Cruz) in 10mM for
30min were added to the appropriate well. Briefly, after
treatments, cells (1� 105) were collected and resuspended in
100ml of binding buffer containing 5ml annexin V-PE and 5ml
7-AAD, then incubated for 15min in the dark at room temperature,
and the percentage of apoptotic cells was immediately assessed
using a flow cytometer.

MITOCHONDRIAL DEPOLARIZATION ASSAY
PAECs were administrated under 3% oxygen exposure for 24 h.
Vehicle or Ru360 in 10mM for 30min were added to the appropriate
well. We monitored the mitochondrial membrane potential by
determining the relative amounts or dual emissions from both
monomers (green) and aggregates (red) of mitochondrial 5,50,6,60-
tetrachloro-1,10,3,30-tetraethyl benzimidazol carbocyanine iodide
(JC-1) using an Olympus fluorescent microscope under Argon-ion
488 nm laser excitation. Images obtained by a fluorescent micro-
scope were analyzed for green and red fluorescence. Mitochondrial
depolarization was expressed by an increase in the intensity ratio of
green/red fluorescence.

TUNEL
Labeling 30-end of fragmented DNA of apoptotic cells by TdTUTP
nick end labeling (TUNEL)methodwas performed in PAECs. The cells
cultured in a 6-well plate were treated as mentioned above,
administrated under 3% oxygen exposure for 24 h. Vehicle or Ru360
in 10mM for 30min were added to the appropriate well then fixed
with 4% paraformaldehyde phosphate buffer saline, rinsedwith PBS,
and then permeabilized by 0.1% TritonX-100 for 2min on ice
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followed by TUNEL for 1 h at 37°C. The FITC-labeled TUNEL-positive
cells were imaged under a fluorescent microscopy at 488 nm
excitation and 530 nm emission. The cells with green fluorescence
were defined as apoptotic cells.

STATISTICAL ANALYSIS
The composite data are expressed as means� SEM. Statistical
analysis was performed with Student0s t-test or one-way ANOVA
followed by Dunnett0s test where appropriate. P< 0.05 was
considered statistically significant.

RESULTS

DRP1 INHIBITION PREVENTED INCREASE OF MICROVESSELS
INDUCED BY HYPOXIA IN VIVO
To determine whether DRP1 is involved in the pathogenesis of
PAH, we tested DRP1 inhibitor Mdivi-1 in experimental mouse
model of PAH. Hypoxia significantly elevated right ventricular
systemic pressure (RVSP) compared with sham-control group (Fig.
1A and B). Consistently, the RV/LVþS ratio was significantly
increased in the hypoxia group compared with the sham-control
mice (Fig. 1C). However, DRP1 inhibitor Mdivi-1 significantly
reversed the augmentation of RVSP and RV/LVþS ratio induced
by hypoxia. We found that Mdivi-1 inhibited the proportion of
DRP1 positive cells induced by hypoxia in the pulmonary vessels
(Fig. 1D and E).

To demonstrate the role of DRP1 in the arterioles increase, we
detected the density of microvessels in hypoxia mouse model.
Hypoxic exposure increased the percentage of CD31þ cells compared
to control subjects in vessels of which the diameters were 50–150mm
(Fig. 1D and F, the data of vessels of which the diameters were 20–
50mm, and <20mm were not shown here). After treatment with
mdivi-1 these hypoxia-induced increases were significantly re-
duced. These results implicate a role of DRP1 in hypoxia-induced
angiogenesis associated with the development of experimental
pulmonary hypertension.

DRP1 COULD BE INDUCED BY HYPOXIA AND MEDIATED TUBE
FORMATION IN VITRO
To test whether hypoxia affected the expression of DRP1, we
administrated the PAECs under 3% oxygen exposure. We found that
hypoxia induced a time dependent increase of the DRP1 expression
in both transcriptional levels and posttranscriptional levels, with
peaks 12–24 h after hypoxia exposure (Fig. 2A and B).

DRP1 mediated mitochondrial fission and controlled mitochon-
drial morphology [Otsuga et al., 1998; Westermann, 2010]. Hypoxia
exposure induced the mitochondria more fragmented, while after we
knocked down the gene of DRP1 (the efficiency of transfection was
shown in Fig. 2C), the morphology of mitochondria became
continuously joined (Fig. 2D).

To determine whether DRP1 mediated angiogenesis ex vivo, we
performed PAEC tube formation assay. Our results showed that
hypoxia stimulated PAEC tube formation compared with control in
normoxia, while silencing the DRP1 gene significantly reduced the
tube formation induced by hypoxia (Fig. 2E).

PAEC MIGRATION WAS REGULATED BY DRP1
To elucidate whether DRP1 was involved in PAEC migration, we
knocked down DRP1 with siRNA. In the scratch-wound assay,
hypoxia induced migration was significantly inhibited in DRP1
depleted PAECs (Fig. 2F). In addition, we examined the effects of
DRP1 during PAEC migration in a modified Boyden chamber.
Accordingly, PAEC migration was abolished by silencing DRP1 (Fig.
2G). These results indicate that DRP1 regulates the migration of
PAECs under hypoxic conditions.

THE PROLIFERATION AND CELL CYCLE DISTRIBUTION OF PAECS
WERE MEDIATED BY DRP1
To determine the effect of DRP1 on PAEC proliferation, cell viability
was examined by the MTT assay. Silencing the gene of DRP1, cell
viability induced by hypoxia was decreased (Fig. 3A). We observed
similar phenotypes in cell proliferation by using BrdU incorporation
assay (Fig. 3B) and detecting the expression of the proliferating cell
nuclear antigen (PCNA) in PAECs (Fig. 3C). These results indicate
that the DRP1 regulates the proliferation of PAECs under hypoxia.

Since cyclin A and cyclin B1 play important roles in both the S
and G2/M phases [Paterlini et al., 1993], we analyzed the
posttranslational levels of cyclin A and cyclin B1 in PAECs. A
significant reduction in the expression of cyclin A and cyclin B1 was
observed after knocking down the gene of DRP1 (Fig. 3C). Hypoxia
induced cell proliferation was demonstrated by an increased
percentage of cells entering S-phase. The amount of S-phase cells
was significantly decreased and the percentage of G0/G1-phase cells
was increased in DRP1 siRNA-treated hypoxic PAECs. Compared
with cells treated with the control siRNA, the percentage of cells in S
phase was decreased by 5.02%, accompanied with a concomitant
increase of cells in the G0/G1 phase from 64.46% to 71.87% (Fig. 3D).
These data show that the DRP1 is involved in the cell cycle control of
PAECs.

THE INHIBITION OF DRP1 CAUSED MITOCHONDRIAL-DEPENDENT
APOPTOSIS
The cell fluorescence changed from red (high 4cm) to green (low
4cm) when the mitochondrial membrane potential decreased [Ma
et al., 2010]. We used the JC-1 probe to detect the change of
mitochondrial membrane potentials and to determine whether the
DRP1 pathway was crucial for PAECs survival. Our results revealed
that treatment with DRP1 siRNA resulted in an increased ratio of
green to red in JC-1-stained PAECs (Fig. 4A).

THE INHIBITION OF DRP1 RESULTED IN DNA FRAGMENTATION AND
INDUCED APOPTOSIS
The TUNEL assay refers to terminal transferase (TdT)-based
procedures that can detect free DNA ends accompanying chromatin
fragmentation, which is a hallmark of apoptotic cells [Gavrieli et al.,
1992]. Our results revealed that hypoxia led to a reduction in the
number of TUNEL-positive PAECs, and the effect was greatly
reversed by knocking down the gene of DRP1 (Fig. 4B).

We then undertook flow cytometer analysis with Annexin V and
propidium iodide (PI) staining as another assay for apoptosis. In PAECs,
thepopulationofAnnexinV-positivecells (apoptotic cells)wasdecreased
under hypoxia exposure. However, siDRP1 treatment increased the
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proportion of apoptotic cells compared with normoxic or hypoxic cells
with siNC treatment (Fig. 4C). Similar results were acquired that the
stimulatory roles of DRP1 in caspase-3 activation (Fig. 4D).

MITOCHONDRIAL CA2þ LEVEL WAS INDUCED BY DRP1 INHIBITION
Previous reports from Ziviani et al. [2010] suggest that sample
fixation alters the mitochondrial morphology. Thus cells were

imaged live using the selective mitochondrial dye mitotracker green
(Fig. 5A). As expected, we found that knockdown the gene of DRP1
resulted in elongated mitochondria of PAECs (Fig. 2B, 7A), while
hypoxia exposure increased mitochondria fragment counts, which
was inhibited by siDRP1 (Fig. 5A–B). Oxygen-bridged dinuclear
ruthenium amine complex (Ru360), a highly selective inhibitor of
mitochondria Ca2þ uptake by blocking the mitochondrial Ca2þ

Figure 1. DRP1 inhibition reversed pulmonary vascular angiogenesis. (A), Representative tracing of RVSP. (B), The statistics of RVSP. (C), Ratio of right ventricle to left ventricle
plus septum. Hypoxia significantly increased RVSP and aggravated the ratio of right ventricle compared with normoxic mice, which was partially reversed by administration of
Mdivi-1 (DRP1 inhibitor, 20mg/kg body weight). (D) Immunofluorescence of PAs from control, hypoxia, and hypoxia with Mdivi-1 administration mice. Lung sections were
stained with (49,69-diamidino-2-phenylindole (DAPI), blue), CD31 (green), DRP1 (red), and Merged (yellow). Quantitative analysis of the intensity of DRP1 (E) and CD31 (F) in
vessels of different diameters were shown. Ctr, control; Hyp, hypoxia; M, Mdivi-1. *P< 0.05, **P< 0.01. n¼ 5. All values are denoted as mean� SEM.
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Figure 2. DRP1-mediated tube formation andPAECsmigration in vitro. (A) Realtime-PCRofDRP1exposed tohypoxia. (B)Westernblot ofDRP1administratedwithhypoxia. (C) The
transfection efficiency ofDRP1. (D)Mitochondria are less fragmented after silencing thegene of DRP1. Quantification (mitochondrial fragmentation count) reveals a doubling of the
number of individual mitochondria in siDRP1 versus control PAECs. Scale bar¼ 20mm. (E) Knocking down the gene of DRP1 inhibited cell tube formation induced by hypoxia. Scale
bars¼ 50mm. (F), Scratch-wounding cell migration assay. The migration induced by hypoxia was blocked by silencing DRP1. (G), Transwell assays coincident with the results from
scratch test. Cellswere plated in theupper chamber of thefilters. At 24h after plating, cells that hadmigrated to theunderside of thefilterswerefixed, and stainedwith crystal violet.
Relative cell migration was determined by the number of migrated cells. Blank, only treating cells with DMEM;Mock, only treating cells with transfection reagent; NC, the negative
control sequence. Nor, normoxia; Hyp, hypoxia; NC, negative control. *P< 0.05; **P< 0.01, n¼ 5. All of the values are denoted as mean� SEM.
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Figure 3. PAECs proliferation and cell cycle distribution induced by hypoxia was inhibited by DRP1 depletion. (A) MTT assay showed that the cell viability in hypoxia-induced
PAECs growth. (B) 5-Bromodeoxyuridine (BrdU) incorporation study demonstrated that hypoxia-induced DNA synthesis was blocked by silencing DRP1. *P< 0.05, **P< 0.01,
n¼ 6. (C) The protein expression of PCNA, Cyclin A, and Cyclin B1 were determined after knocking down DRP1. **P< 0.01 compared with Normoxia and NC, ## P< 0.01
compared with Hypoxia and NC, n¼ 3. (D) The number of cells in each phase of the cell cycle was examined by FACS analysis (n¼ 2). The results showed that inhibiting DRP1
reduced the percentage of cells in S phase accompanied with a concomitant increase of cells at G0/G1 phase. Hyp, Hypoxia; si, siDRP1; NC, negative control sequence. All of the
values are denoted as mean� SEM.
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uniporter (MCU) was reported to result in the decrease of
mitochondrial Ca2þ [Kannurpatti and Biswal, 2008]. Our results
showed that Ru360 induced PAEC mitochondrial fragmented, which
was reversed by silencing DRP1 (Fig. 5A–B). These results
demonstrate that DRP1 regulates the mitochondrial fission of PAECs
via MCU.

The [Ca2þ]m (mitochondrial Ca2þ concentration) was estimated by
loading the PAECs with 4mM Rhod-2 acetoxymethyl ester, which is
compartmentalized into the mitochondria [Hajnoczky et al., 1995].
Silencing the gene of DRP1 significantly enhanced the intensity of
Rhod-2 fluorescence, suggesting DRP1 inhibited the mitochondrial
Ca2þ. However, over a period of 30min,4F/F0 decreased robustly by
hypoxia, which was reversed by siDRP1. Hypoxia reduced
mitochondrial Ca2þ was aggravated by Ru360, which was recovered
by siDRP1 (Fig. 5C). These results show that the mitochondrial Ca2þ

inhibited by hypoxia is mediated by DRP1 in a MCU-dependent
manner.

MCU MEDIATED IN THE DRP1 INDUCED FORMATION OF TUBE
NETWORKS AND PAEC MIGRATION
Our results showed that Ru360 stimulated PAEC tube formation
compared with control under hypoxic condition, while silencing the
DRP1 gene significantly reduced the tube formation induced by
Ru360 (Fig. 6A). These results demonstrate that DRP1 regulate the
migration of PAECs is mitochondrial Ca2þ-dependent.

As shown in the scratch-wound assay, the Ru360 induced
migration was significantly inhibited in DRP1 depleted PAECs (Fig.
6B). In addition, we examined the effects of DRP1 during PAEC
migration induced by serum. Accordingly, PAECs serum response
observed in a modified Boyden chamber was significantly induced
by ruthenium red, which was recovered by silencing DRP1 (Fig. 6C).
These results demonstrate that DRP1 regulates the migration of
PAECs via MCU.

The proliferation and cell cycle distribution of PAECs were
mediated by DRP1 in a mitochondrial Ca2þ-dependent manner

Our results demonstrated that Ru360 promoted cell viability
induced by hypoxia, while silencing the DRP1 gene significantly
reduced the cell viability induced by Ru360 (Fig. 7A). We observed
similar phenotypes in cell proliferation by using BrdU incorporation
assay (Fig. 7B) and detecting the expression of the proliferating cell
nuclear antigen (PCNA) in PAECs (Fig. 7C). These results indicate
that the proliferation of PAECsmediated by DRP1wasmitochondrial
Ca2þ-dependent.

As detected by flow cytometry, the amount of S-phase cells was
significantly increased in Ru360 -treated hypoxic PAECs, which was
decreased after treating with the siDRP1 (Fig. 7D). A significant
augment in the expression of cyclin A and cyclin B1 induced by
hypoxia and Ru360 treatment was observed after knocking down
DRP1 (Fig. 7C). These data show that the DRP1 involves in the cell
cycle control of PAECs in a mitochondrial Ca2þ-dependent manner.

Figure 4. The inhibition of DRP1 caused apoptosis of PAECs. (A) PAECs were stained with JC-1 probe and imaged by the fluorescent microscope and quantitative analysis of the
shift of mitochondrial greenfluorescence to redfluorescence from six randomly selectedfields obtained from each group.We found the loss ofmitochondrial membrane potential
caused by hypoxia was prevented by siDRP1 (n¼ 6, *P< 0.05). Scale bars¼ 20mm. (B) Cells undergoing apoptosis were positively stained with TUNEL reagent and are shown in
green. Here are the representative photographs of TUNEL staining in different groups, and quantitative analysis of TUNEL positive cells content among groups (n¼ 3, *P< 0.05).
Scale bars¼ 10mm. (C) Apoptosis analysis by flow cytometer showed that the reduction of apoptotic cells caused by hypoxia was reversed by DRP1 inhibition (n¼ 3, *P< 0.05).
(D) Hypoxia inhibited caspase-3 activation via DRP1 (n¼ 6, *P< 0.05). All values are denoted as mean� SEM.
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THE INHIBITION OF DRP1 CAUSED APOPTOSIS WAS
MITOCHONDRIAL CA2þ-DEPENDENT
We found that the cell viability of PAECs was significantly induced
by Ru360 in 10mM for 30min (Fig. 8A). According to Figure 8B, the
caspase-3 activation inhibited by Ru360 was reversed by knocking
down the gene of DRP1. Besides, the population of Annexin V-
positive cells (apoptotic cells) was decreased after Ru360 admin-
istration; the decreased effect was reversed by siDRP1 treatment (Fig.
8C). Similar results were acquired in TUNEL staining, which showed
that the number of TUNEL-positive cells restrained by Ru360 was
reversed by silencing the gene of DRP1 (Fig. 8D).

DISCUSSION

In this paper, we provide the first evidence that DRP1 involved in
pulmonary vascular angiogenesis. The novel finding of this study is

threefold. Firstly, the present study highlights a pivotal role of DRP1
in the pulmonary angiogenesis, simultaneously increased right
ventricular systemic pressure, and right ventricular hypertrophy
induced by hypoxia. Secondly, we prove that DRP1 mediated tube
formation in vitro and decreased the mitochondrial Ca2þ accumu-
lation. Thirdly, we find that DRP1 promoted the migration,
stimulated the proliferation and inhibited the apoptosis of PAECs
in a mitochondrial Ca2þ-dependent manner.

It has been reported [Marsboom et al., 2012] that the unbalance of
mitochondrial fission and fusion contributes to pulmonary vascular
remodeling associated with PAH, and DRP1 is a key regulator in the
proliferation of PASMCs. However, our results showed that DRP1
participated in the process of pro-migration, pro-proliferation, and
anti-apoptosis of PAECs. The results indicate the novel role of
mitochondrial dynamics regulated by DRP1 in pulmonary vascular
remodeling. More importantly, alveolar low oxygen results into
hypoxic blood contact with the endothelium primarily and then the

Figure 5. Mitochondrial Ca2þ level was induced by DRP1 inhibition. (A) Representative images of PAECs (upper panels) showing hypoxia induced fragmentation of the
mitochondrial network was inhibited by siDRP1. Representation of images by mitochondrial specific dye Rhod-2 staining (middle panels) showing Ca2þwaves propagating in the
whole mitochondrial network. The merged of Mitotracker and Rhod-2 was shown in the lower panels. Quantification of mitochondrial fragmentation count (B) and calculated
relative intensity changes (4F/F) of mitochondrial Ca2þ (C) were shown. The cells cultured in a petri dish were treated as mentioned above, administrated under 3% oxygen
exposure for 24 hours. Vehicle (deoxygenated water) or Ru360 in 10mM for 30min were added to the appropriate well. Nor, normoxia; Hyp, hypoxia; NC, negative control; si,
siDRP1; Ru, Ru360. n¼ 6, *P< 0.05. All values are denoted as mean� SEM.
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Figure 6. DRP1 advanced tube formation and PAEC migration via MCU. (A) The tube formation of PAECs induced the MCU blocker Ru360 is significantly restrained by siDRP1.
(B) The MCU blocker Ru360 induced migration is significantly inhibited in DRP1 depleted PAECs. (C) Transwell assays coincident with the results from scratch test. Cells were
plated in the upper chamber of the filters. At 6, 12, 24 h after plating, cells that had migrated to the underside of the filters were fixed and stained with crystal violet. The cells
cultured in a 6-well plate were treated as mentioned above, administrated under 3% oxygen exposure for 24 h. Vehicle (deoxygenated water) or Ru360 in 10mM for 30min were
added to the appropriate well. Relative cell migration was determined by the number of migrated cells. Nor, normoxia; Hyp, hypoxia; NC, negative control; si, siDRP1; Ru, Ru360.
*P< 0.05; **P< 0.01, n¼ 3. Scale bars are 50mm. All of the values are denoted as mean� SEM.
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Figure 7. DRP1 mediated PAECs proliferation and cell cycle distribution in a mitochondrial Ca2þ-dependent manner. (A) The cell viability measured by MTT assay induced by
Ru360was inhibited by knocking down the gene of DRP1. (B) 5-Bromodeoxyuridine (BrdU) incorporation study demonstrated that hypoxia-induced DNA synthesis was promoted
by Ru360, which was restrained by silencing DRP1. (C) The protein expression of PCNA, Cyclin A and Cyclin B1 were determined after knocking down DRP1. *P< 0.05, n¼ 6. (D)
The number of cells in each phase of the cell cycle was examined by FACS analysis (n¼ 2). The results showed that inhibiting Ru360 increased the percentage of cells in S phase
accompanied with a concomitant reduce of cells at G0/G1 phase, which was reversed by siRNA of DRP1. PAECs cultured in a 6-well plate were treated as mentioned above,
administrated under 3% oxygen exposure for 24 h. Vehicle (deoxygenated water) or Ru360 in 10mM for 30min were added to the appropriate well. Hyp, Hypoxia; si, siDRP1; NC,
negative control sequence; Ru, Ru360. All of the values are denoted as mean� SEM.
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media of vessel, leading to the development of pathological progress
[Pak et al., 2007]. Thus the effect of DRP1 on PAEC migration,
proliferation and apoptosismay act as an onset of the proliferation of
PASMCs, further demonstrating the role of mitochondrial dynamics
in the fetal disease.

The migration of PAECs is necessary in adult angiogenesis and
early stage of vascular development [Jones et al., 2006; Graupera
et al., 2008; Birdsey et al., 2012]. Our resultsfirstly report that hypoxia

inducedmigration is significantly restrained in DRP1 depleted PAECs
by scratch-wound assay and transwell test (Fig. 3A–B). There are
similar results that inhibitor of mitochondrial uncoupling agent or
mitochondrial fission protein decreased migration and invasion of
breast cancer cell [Zhao et al., 2013] or glioblastoma U251 cells [Wan
et al., 2014]. Therefore, our results prove the solid evidences thatDRP1
mediated in hypoxia-induced migration of PAECs, resulting to the
dysfunctional pulmonary angiogenesis.

Figure 8. The inhibition of DRP1 caused apoptosis was mitochondrial Ca2þ-dependent. (A) MTT assay showed that the cell viability in Ru360 addition (1, 5, 10, 20mM) for
5min, 15min, 30min, 0.5 h, 1 h, 3 h, and 6 h respectively. (B) Ru360 inhibited caspase-3 activation restrained by hypoxia was reversed by DRP1 inhibition. (C) The DRP1
mediating Ru360-inhibited apoptosis as determined by flow cytometer. (D) Silencing the gene of DRP1 decreased the number of TUNEL-positive cells via the MCU inhibitor in
PAECs. PAECs cultured in a 6-well plate were treated as mentioned above, administrated under 3% oxygen exposure for 24 h. Vehicle (deoxygenated water) or Ru360 in 10mM
for 30minwere added to the appropriate well. Hyp, Hypoxia; si, siDRP1; NC, negative control sequence; Ru, Ru360. *P< 0.05, n¼ 6. Scale bars¼ 20mm. All values are denoted as
mean� SEM.
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Meanwhile, the proliferation of PAECs plays a key role of
excessive pulmonary angiogenesis and endothelial dysfunction
[Ma et al., 2013]. We prove that DRP1 mediated in the hypoxia
induced the cell viability and proliferation in a mitochondrial Ca2þ

-dependent manner in PAECs. Morphodynamic changes of
mitochondria are closely linked to the cell cycle regulators
governing the S phase and G2/M phase, including cyclin A and
cyclin B1 [Lee et al., 2014]. We find that DRP1 promotes the cell
transition from G0/G1 phase to S phase and increases the hypoxia
induced expression of cyclin A and cyclin B1. Our results indicate
that the DRP1 plays a key role of cell cycle regulation in the PAECs
via mitochondrial Ca2þ.

In addition, the pathologically elevated pulmonary vascular
pressure is strongly linked with apoptosis-resistance phenotype of
endothelial cells [Courboulin et al., 2011; White et al., 2014], and
mitochondrial dynamics especially mitochondrial fission plays a key
role in cell apoptosis [Suen et al., 2008]. We find that firstly, the
mitochondrial membrane potential augments when administrating
the siDRP1 (Fig. 4A). Secondly, the DNA chromatin fragmentation
increases after silencing the gene of DRP1 (Fig. 4B). Thirdly, the
Annexin V-positive cells indicating apoptotic cells was upregulated
after knocking down the gene of DRP1 (Fig. 4C). These evidences
suggest that DRP1 inhibits mitochondrial-dependent apoptosis in
PAECs. Furthermore, the results on caspase-3 activation which is the
early event of mitochondrial apoptosis pathway [Correa et al., 2007]
reinforces the previous conclusion. Interestingly, mitochondrial
fission stimulated by ceramides is associated with early activation of
apoptosis in the cardiomyocyte [Parra et al., 2008] while our results
showed that DRP1 inhibition caused mitochondrial-dependent
apoptosis of PAECs. The difference of DRP1 in the cell apoptosis
between cardiomyocytes and pulmonary vascular cells could be
caused by the discrepancy between systemic and pulmonary
circulation or the cell specificity.

Our results reveal that mitochondrial Ca2þ is involved in the
process of cell migration promoted by this mitochondrial fission
protein. The Ru360 induced migration is significantly restrained in
DRP1 depleted PAECs (Fig. 6B–C). We further demonstrate the
relationship betweenmitochondria and calcium signaling and to our
knowledge this is the first report that DRP1 regulates migration
integral to mitochondrial calcium. As we show in the paper, the close
relationship between dynamics of mitochondrial fission and the
mitochondrial Ca2þ regulation in the pathological process of
pulmonary vasculature may provide us combined therapeutic
targets of lung disease.

The regulation of mitochodrial Ca2þ is closely related with
mitochondrial fission and fusion dynamics. Our results prove that
DRP1 inhibited intramitochondrial Ca2þ concentration under hy-
poxic condition in the pulmonary endothelial cells (Figure 5A, 5C).
More importantly, the MCU specific blocker Ru360 decreased
caspase-3 activation, reduced DNA chromatin fragmentation, and
downregulated Annexin V-positive cell apoptosis which are all
markedly reversed by siDRP1 (Figure 8B-D). This means that
mitochondrial Ca2þ mediates in the apoptosis inhibited by DRP1, in
accordance with the report that mitochondrial Ca2þ loading is
followed by apoptotic cell death [Orrenius et al., 2003] and controlled
by mitochondrial fission in Hela cells [Szabadkai et al., 2004].

We explored the DRP1 regulated mitochondrial Ca2þ in PAECs,
subsequently leaded to multiple biological effects correlated with
hypoxia pulmonary hypertension. Couples of questions still need to
be clarified in the future studies. We only find that Mdivi-1 reduced
the angiogenesis in chronic hypoxic pulmonary hypertension and it
is possible that Mdivi-1 could influence other PAH models. Besides,
recent studies focus on the fission protein effect in the proliferation
of PASMCs [Marsboom et al., 2012] and in the migration,
proliferation, and apoptosis of PAECs by our team. Future research
is necessary to elucidate the role of fusion protein in the pathological
process and molecular mechanism of PAH.

In this paper, we found that inhibitor of MCU could participate in
the mitochondrial fission protein DRP1 mediating in the migration,
proliferation, and apoptosis of PAECs, leading to pulmonary
angiogenesis. Targeting at the DRP1 signaling system may be a
potential strategy for treatment of PAH. Thus, these findings may
have important implications for the understanding and treatment of
this devastating disease.
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