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Abstract

Background Increasing research suggests that mitochondrial defect plays a major role in pulmonary hypertension (PH) pathogenesis.
Mitochondrial dynamics and quality control have a central role in the maintenance of the cell proliferation and apoptosis balance. However,
the molecular mechanism underlying of this balance is still unknown. Methods To clarify the biological effects of hypoxic air exposure
and hypoxia-inducible factor-1o (HIF-1e) on pulmonary arterial smooth muscle cell (PASMC) and pulmonary arterial hypertension rats, the
cells were cultured in a hypoxic chamber under oxygen concentrations. Cell viability, reactive oxygen species level, cell death, mitochondrial
morphology, mitochondrial membrane potential, mitochondrial function and mitochondrial biosynthesis, as well as fission-and fusion-related
proteins, were measured under hypoxic conditions. In addition, rats were maintained under hypoxic conditions, and the right ventricular sys-
tolic pressure, right ventricular hypertrophy index and right ventricular weight/body weight ratio were examined and recorded. Further, we
assessed the role of HIF-1a in the development and progression of PH using HIF-1a gene knockdown using small interfering RNA transfec-
tion. Mdivi-1 treatment was performed before hypoxia to inhibit dynamin-related protein 1 (Drpl). Results We found that HIF-1a expres-
sion was increased during hypoxia, which was crucial for hypoxia-induced mitochondrial dysfunction and hypoxia-stimulated PASMCs
proliferation and apoptosis. We also found that targeting mitochondrial fission Drpl by mitochondrial division inhibitor Mdivi-1 was effec-
tive in PH model rats. The results showed that mitochondrial dynamics were involved in the pulmonary vascular remodeling under hypoxia
in vivo and in vitro. Furthermore, HIF-1a also modulated mitochondrial dynamics in pulmonary vascular remodeling under hypoxia through
directly regulating the expression of Drpl. Conclusions In conclusion, our data suggests that abnormal mitochondrial dynamics could be a
marker for the early diagnosis of PH and monitoring disease progression. Further research is needed to study the signaling pathways that
govern mitochondrial fission/fusion in PH.
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1 Introduction

Pulmonary hypertension (PH) is a pulmonary vascular
remodeling disease that is characterized by a continuous and
notable elevation of pulmonary arterial pressure (PAP) and
pulmonary vascular resistance, which results in heart failure
and death.!"! Although the pathogenesis of PH is a complex,
multifactorial disease with largely unknown etiology, it has

“Correspondence to: Guang-Wei ZHONG, Department of Geriatrics,
Xiangya Hospital, Central South University, Changsha, China. E-mail:
zgw7512@sina.com
Received: June 5,2019
Accepted: September 24, 2019

Revised: August 25,2019
Published online: December 28, 2019

been abundantly documented that aberrant proliferation
and apoptosis of pulmonary arterial smooth muscle cells
(PASMCs) in the medial layer of pulmonary arteries are key
pathological processes in the development of PH. However,
the underlying mechanism remains a source of contro-
versy."”) Mitochondria are involved in a variety of cellular
functions, including adenosine triphosphate (ATP) produc-
tion, amino acid and lipid biogenesis, catabolism, signaling,
and apoptosis.”) Mitochondria are highly dynamic organ-
elles whose location, size, and distribution are controlled by
a family of proteins that modulate mitochondrial fusion and
fission.!”! Optic atrophy 1 (OPA1), mitofusin 1 (Mfnl), and
mitofusin 2 (Mfn2) are three fusion-related proteins. In ad-
dition, hypoxia to inhibit dynamin-related protein 1 (Drpl)
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and fission 1 (Fisl) are two molecules responsible for mi-
tochondrial fission."” In recent decades, many researchers
have found that mitochondria and PH not only share a simi-
larly poor prognosis, but also a major pathophysiologic
mechanism, including cell proliferation and abnormal meta-
bolic pathway that constitutes the mitochondria dynamic.**!
This suggests that the mitochondria dynamic may play an
essential role in cell proliferation related to the vascular
remodeling process of PH. However, it remains unclear
whether the mitochondria dynamic is involved in PASMCs
proliferation and apoptosis.

PH can be caused by chronic hypoxia-induced pulmo-
nary vasoconstriction and reconstruction; however, the ex-
act mechanism is unclear. The increased expression of hy-
poxia-inducible factor-lo. (HIF-1a)) was found in the lung
tissue of patients and animals with PH."”"'” HIF-1a is a
master transcriptional regulator that responds to a hypoxic
environment and induces the transcription of genes, includ-
ing vascular endothelial growth factor, glucose transporter
1, and pyruvate dehydrogenase kinase 1, which promote
PASMCs proliferation and migration.!"'¥ Under hypoxia,
the mitochondrial electron transport chain regulates the
production of mitochondrial-derived oxygen-free radicals
and reactive oxygen species (ROS).!"”! Of the ROS mole-
cules involved in this process, H,O, is a permeable biofactor
that can activate the transcription factor and lower oxy-
gen-induced factor HIF-10,!"" resulting in the opening and
activation of the mitochondrial ATP-sensitive potassium
channel of PASMCs."” This results in a positive feedback
on the ROS level and the expression of HIF-10,""® which
promotes the proliferation of PASMCs and inhibits their
apoptosis,''” and taking part in the remodeling process of
chronic hypoxic pulmonary blood vessels. Cyclin Bl/cyclin-
dependent kinase 1-dependent phosphorylation of Drpl at
serine 616-mediated mitochondrial fission leads to increased
proliferation in human PH PASMCs."¥ Studies have shown
that HIF-1a inhibitors and mitochondria dynamic inhibitors
attenuate hypoxia-induced PASMCs proliferation and apo-
ptosis."**” To date, many investigators have focused on
mitochondrial homeostasis, including fission/fusion changes
that occur in human diseases.”"” However, the full spectrum
of pathophysiological mechanisms of mitochondria that
result in chronic hypoxic PH have yet to be determined. In
addition, the relative importance and potential relationship
between hypoxia and mitochondrial dynamics have not
been completely explored.

Thus, we hypothesized that hypoxia promotes pulmonary
vascular remodeling via HIF-1a to regulate mitochondrial
dynamics through Drpl and promote PASMC proliferation
and apoptosis. In this study, we investigated the effect of

HIF-1a in the mitochondrial dynamics and PASMCs prolif-
eration and apoptosis in vitro and in vivo. Our data indicated
that HIF-1a resulted in an increase of mitochondrial fission
in the proliferation and apoptosis state of PASMCs, and the
mechanism involved the activation of downstream HIF-1o/
Drpl signaling pathways.

2 Materials and methods

2.1 Reagents and antibodies

Antibody against OPA1 was obtained from BD Biosci-
ences (Bedford, MA) (catalog number 612606). Antibodies
against a-smooth muscle actin (a-SMA), Mfnl, Mfn2, Drpl,
and Fisl were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, USA). Antibodies against HIF-lo. and
B-actin were purchased from Cell Signaling Technology,
Inc. (CST, Boston, USA). Antibodies against Caspase 3 and
proliferating cell nuclear antigen (PCNA) were obtained
from Boster (Wuhan, China). The construction of recombi-
nant adenovirus expressing the HIF-1a and the Ad-HIF-1a
was done by Shanghai Genechem Co., LTD, China. The
drug mitochondrial division inhibitor, Mdivi-1 (6338967-
87-6), was purchased from Sigma-Aldrich Inc. (CST, Bos-
ton, USA). Mitochondrial respiratory chain complex V
(ATP synthase) quantitative detection kit was purchased
from Suzhou Keming Biotechnology Co., Ltd., China. Cy-
tochrome C Oxidase Activity Assay Kit was purchased
from Nanjing Construction Biology Co., Ltd., China.

2.2 Preparation of AAV2-HIF-10-shRNA

A U6 promoter-driven short hairpin RNA (shRNA) ex-
pression system was established in an AAV2 vector. Green
fluorescent protein (GFP) expression was separately con-
trolled by a CMV promoter as a marker for transduction
efficiency. HIF-1a shRNA was designed based on the small
interfering RNA (siRNA) sequence (GenBank Acc. NM
001530.3) using an siRNA design tool (Biomiao, Beijing,
China) and was screened according to the guidelines re-
ported by Fang X, et al.”?! Four selected siRNA target se-
quences were inserted between the Kpnl and EcoRI sites in
a U6-CMV-EGFP/AAV vector, and an optimal HIF-1la
target (sequence: 5-GCTGGAGACACAATCATAT-3') was
selected. A recombinant adenovirus carrying a siRNA se-
quence targeting the EGFP reporter gene (sequence: 5'-
CACCGTTCTCGACGTGTCACGTCAGAGATTACTGA
CACGTTCGAGAATTTTG-3") was included as a control.
Both the adenovirus- HIF-1a-shRNA and negative control
vectors contained the sequence encoding GFP. All con-
structs were verified by DNA sequencing, all viral vectors
were generated by tripleplasmid cotransfection of human
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293 cells, and recombinant virions were column purified as
previously described.”*! Next, viral titers were determined
using quantitative polymerase chain reaction (PCR). The
resulting AAV2-HIF-1a-shRNA titer was determined to be
7.43 x 10" pfu/mL, and the AAV2-GFP titer was 5.96 x
10" pfu/mL.

2.3 Animal

Male Sprague-Dawley (SD) rats (weighing: 150-200 g)
obtained from the Laboratory Animal Center at the Central
South university (Changsha, China) were used for the hy-
poxia-induced PH model as previously described.** Briefly,
the animals were randomly and equally divided into two
groups: normoxic control group (21% O,) and a hypoxic
group (10% = 0.5% O,). All live animals were handled in
accordance with National Institutes of Health Guide for the
Care and Use of laboratory Animal and approved by the
Ethics Committee of the Xiangya hospital, Central South
University.

HIF-1a knockdown experiment was performed to evalu-
ate the prevention and reversal effect of HIF-1a inhibition,
the rats were randomly assigned to the following groups: the
normal group (n = 6), model group (n = 6), control group
(n = 6), shRNA group (n = 6) and Mdivi-1 group (n = 6).
The control group received tail vein injection of AAV-GFP-
shRNA, while the shRNA group received tail vein injection
of AAV-shRNA-HIF-1a (100 pl, 1 x 10" pfu) at two weeks
prior or two weeks after hypoxia. The Mdivi-1 group received
intraperitoneal injection of Mdivi-1 solution (50 mg/kg,
dissolved by dimethyl sulfoxide) for half an hour before
hypoxia. All animals were sacrificed at four weeks after
hypoxia. Hemodynamic, morphologic, and biochemical
assessments were performed.

2.4 Cell culture and transfection

PASMCs were isolated from the pulmonary arteries of
15-week-old male SD rats using our laboratory’s previously
described method."”! The cells were cultured at 37 °C under
5% CO, in Dulbecco’s modified Eagle’s medium contain-
ing 20% fetal bovine serum. PASMCs were identified by
immunohistochemical staining and immunofluorescence
staining using an antibody against smooth muscle a-SMA.
For hypoxia (3% O,) experiments, cells were put into gas-
tight modular incubator chambers (Thermo, Carlsbad, CA,
USA), which were infused with a gas mixture containing
5% CO, and 92% N, for 24 hours. Normal incubators with
21% O, were used for the normoxic cultures.

PASMC:s (80% confluent) were treated according to the
manufacturer’s instructions with HIF-1a siRNAs (mouse,
Santa Cruz Biotechnology, USA) for 72 hours to inhibit

HIF-la expression. Transfection of PASMCs by siRNA
was achieved using Lipofectamine 2000 (Invitrogen). In
brief, HIF-1a siRNA and control siRNA with the transfec-
tion reagent were incubated for 20 minutes, to form com-
plexes, which then were added to plates containing cells and
medium. The cells were incubated at 37 °C in a CO, incu-
bator for further analysis.

2.5 Hemodynamic measurements

On the end of fourth week, all rats were narcotized with
3% sodium pentobarbital (40 mg/kg). The data of right ven-
tricular systolic pressure (RVSP) and mean PAP (mPAP)
were kept as records under the same factors, as previously
described.” Hemodynamic indexes were surveyed by a
pressure pickup and a polygraph system (RM6000, Nihon
Kohden, Tokyo, Japan) for recording. The Fulton index [the
ratio of RV weight to left ventricle p septum weight,
RV/(LV + S)] or RV weight relative to the animal’s body
weight (RV/BW) was determined as a measurement for RV
hypertrophy.

2.6 Pulmonary arterial morphometry

We performed histopathological observations as previ-
ously described.” We used 4% paraform and sterile phy-
siological saline to exsanguinate the rats. We then detached
the right inferior lobe of the lungs and fixed them with 4%
paraform. After embedding in paraffin, the lungs were sec-
tioned to produce 5-pm-thick sections which were stained
with hematoxylin and eosin (H & E) and Masson. Twelve
pulmonary arteries per rat were investigated using a BX51
(Olympus, Tokyo, Japan) system in six rats/group. Percent-
age medial muscle thickness was measured to reflect pul-
monary remodeling, which was calculated as follows: pul-
monary wall thickness (%) = (external diameter-internal
diameter)/external diameter x 100%, as previously de-
scribed.

2.7 Transmission electron microscopy

According to the conventional transmission electron mi-
croscopy sample preparation method.” The slices were
then postfixed in a 1% osmium-tetroxide phosphate-bu-
ffered saline (PBS) for two hours, and subsequently rinsed,
dehydrated, saturated, and embedded in EPON812 resin.
Then, ultrathin slices were cut on an ultramicrotome after
semithin sections positioning. They were then rinsed and
post stained with lead citrate and uranyl acetate and imaged
under a JEM-1200 EX electron microscope (JEOL Ltd.,
Tokyo, Japan). Overall, 15-20 randomly selected micro-
graphs per group were obtained at 15000 magnification and
analyzed by a blinded investigator. Images of mitochondria
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in cell bodies of pulmonary arterial tissue of cells were ob-
tained. Mitochondrial length in cells was measured using
Image J software (NIH Image for the Macintosh, Cupertino,
California, USA).

2.8 Immunohistochemistry

We used the ultrasensitive systolic pressure and diami-
nobenzidine staining kits (both from Maixin-Bio, Fuzhou,
China) to stain the paraffin-embedded lung tissues and arterial
sections. Primary polyclonal antibody was diluted 1:100—
200. We incubated the samples with 0.1 M PBS in place of
the primary antibody as a negative control. We then used a
BX51 microscope (Olympus) to analyze the digital images.
In each group, we observed 15 pulmonary arteries from six
rats, the external diameter being 60—80 um. We used aver-
age optical density to calculate the protein levels.

2.9 Quantitative real-time reverse transcription-PCR
(qRT-PCR) analysis

Total RNA were extracted from pulmonary arterial tis-
sues or cultured cells using Trizol reagent (Invitrogen,
Carlsbad, CA, USA) in accordance with the manufacturer's
instructions. Quality of isolated RNA was assessed by spec-

trophotometric analysis (Nanodrop, Wilmington, DE, USA).

cDNA was synthesized using the MMLV Reverse Tran-
scriptase kit (Takara Biotechnology, Dalian, China). Real-
time PCR was performed with an ABI Prism 7300 system
(Applied Bio-systems) using SYBR Premix Ex Taq (Takara
Bio, Otsu, Japan).

2.10 Western blot analysis

Protein was extracted from PASMCs and pulmonary ar-
terial tissues with lysis buffer (RIPA buffer: PMSF = 6:1),
and equal amounts of protein from each sample (30 pg)
were separated by 12% or 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred to poly-
vinylidene fluoride membranes. The membranes were then
incubated with primary antibodies overnight at 4 °C and
horseradish peroxidase-coupled goat anti-rat or anti-rabbit
secondary antibody. The chemiluminescence signals were
detected with a chemiluminescent HPR substrate (Millipore
Corporation, Billerica, USA). The densitometric analysis
was conducted with Alpha Imager 2000 (Alpha Innotech
Corporation, San Leandro, USA).

2.11 Proliferation assay-Ki-67

The proliferation of PASMCs was determined by Ki-67
staining, and cell number counting. For Ki-67 staining, after
fixation, permeabilization, and blocking, PASMCs were
incubated with Ki-67 antibody (1:500 dilution, Abcam,

Cambridge, MA, USA) and then stained with goat anti-
rabbit IgG antibody. For cell number counting, at least 200
cells or 10 images were quantified in each well to get accu-
rate numbers for each group. Finally, cells were detected
with a fluorescence microscope.

2.12 Flow cytometric determination of cell cycles

PASMCs were seeded into six-well plates and treated as
described above (n = 3 wells/group). Forty-eight hours later,
harvested cells were stained with propidium iodide and
were subjected to flow cytometric analysis (BD FACS
Canto II).

2.13 Immunofluorescence

To determine subcellular distribution of mitochondria,
cells were loaded with 50 nM MitoTracker green (Life
Technologies, Carlsbad, CA, USA) for 30 minutes to stain
the mitochondria. Nuclei were counterstained with 4,6-dia-
mond-2-phenyl insole (DAPI). Images were taken using
Olympus FV1000 confocal microscope (Olympus, Tokyo,
Japan).

2.14 Terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) staining

Frozen mice ventricular tissues embedded in optical co-
herence tomography compound were cut into 4 pm-thick
sections and fixed in 4% paraformaldehyde at room tem-
perature. The TUNEL assay was performed followed in-
structions of the in situ apoptosis detection kit (Roche Di-
agnostics Ltd., Shanghai, China) and examined using fluo-
rescence microscope. Images were recorded by Olympus
BX-51 light microscope at x 400 magnification. Only nuclei
that were clearly located in cardiac myocytes were consid-
ered. The apoptotic index was presented as the percentage
of the number of TUNEL-positively stained nuclei to the
number of DAPI-stained nuclei from eight random fields.

2.15 Mitochondrial function study

Pulmonary arterial mitochondria were isolated using the
method described previously.”” Briefly, the minced pul-
monary arterial tissue was homogenized in ice cold mito-
chondrial isolation buffer. The homogenates were used to
isolate mitochondria by differential centrifugation. Finally,
assessment of mitochondrial reactive oxygen species pro-
duction, mitochondrial membrane potential change and mi-
tochondrial swelling was performed according to the ex-
perimental protocols.

The pulmonary arterial mitochondrial reactive oxygen
species production was determined by using fluorescent dye
dichlorohydrofluorescein diacetate (DCFDA). The pulmo-
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nary arterial mitochondria were incubated at 25 °C with
DCFDA for 20 minutes. The reactive oxygen species level was
assessed at an excitation/emission wavelength at 485/530 nm
using a fluorescent microplate reader (Bio Tek Instruments,
Inc., Winooski, Vermont, USA). The increased fluorescent
intensity indicates increased mitochondrial reactive oxygen
species production.

The pulmonary arterial mitochondrial membrane poten-
tial was determined by using the dye 5, 5', 6, 6"-tetrachloro-1,
1', 3, 3'-tetracthylbenzimidazolcarbocyanine iodide (JC-1).
The mitochondrial proteins were stained with JC-1 at 37 °C
for 30 minutes and then mitochondrial membrane potential
was determined as fluorescence intensity by using a fluo-
rescent microplate reader. JC-1 monomer (green fluores-
cence) and aggregate (red fluorescence) form was ex-
cited/emitted at a wavelength of 485/530 nm and 485/590
nm, respectively. A decrease in the red/green fluorescence
intensity ratio indicated mitochondrial depolarization.

2.16 Mitochondrial biosynthesis study

The mitochondrial respiratory chain complex V activity
was detected by using spectrophotometer. In brief, 100 puL
of the sample (containing 10 pg of total mitochondrial pro-
tein) was added into the mixture (GENMED buffer, GEN-
MED reagent and GENMED substrate). The total sample
activity and sample non-specific activity were immediately
detected by spectrophotometer at 340 wavelength from 0
minute to 5 minutes. Calculate sample specific activity:
Sample specific activity = Total sample activity - Sample
non-specific activity.

The mitochondrial ATPs activity was detected by using
spectrophotometer. In brief, 20 pL of the sample (containing
2 pg of total mitochondrial protein) was added into the
GENMED buffer (880 pL) at room temperature for 3 minutes
and added the GENMED reaction working fluid (100 pL)
for three second. The sample reading and background read-
ing were immediately detected by spectrophotometer at 340
wavelength from 0 minute to 1 minute. Calculate the activ-
ity of the sample [(sample reading - background reading) x
1 (system capacity: mL) X sample dilution] / [0.02 (sample
capacity: mL) x 21.84 (mmoL absorbance) x 1 (reaction
time: minute)] = Unit/mg

2.17 Promoter analysis

Rats Drpl promoter was analyzed for predicted hypoxia
response element (HRE) binding sites using MatInspector
software (Genomatix Tools). Promoter analysis produced
two predicted HRE binding site on Drpl promoter, which
was located 2008 bp and 896 bp upstream the promoter with
a score probability of 0.78 and 0.82 (1-highest probability).

2.18 Luciferase assays

After 24 hours, the cells were cotransfected with Drpl
promoter mutation in the absence of HRE, firefly luciferase
reporter plasmid, and Renilla luciferase plasmid according
to the manufacturer’s instructions. Cells were incubated for
24 hours under hypoxia condition, and using normoxia con-
dition as a control group. Then, cell lysates were prepared
and luciferase activities were measured using the dual-lu-
ciferase reporter assay system (Promega, Madison, WI).
Firefly luciferase activity was normalized to the activity
of Renilla luciferase.

2.19 Chromatin immunoprecipitation (ChIP)

ChIP assay was performed using chromatin from fixed
PASMCs in 1% formaldehyde and was sonicated in a
Bioruptor System (Diagenode, USA) which let us to obtain
DNA fragments between 200 bp and 1000 bp in size. After
sonication, the protein-DNA complexes were immunopre-
cipitated using anti-ICAM (as negative control), anti-RNA
poll 2 (as positive control) and anti-HIF-1a antibodies. After
cross-linking reversal at 65 °C for 4 hours, DNA was puri-
fied using the phenol-chloroform method. Primers (5' to 3')
for end-point PCR or quantitative real-time PCR were as
follows: HIF-10-Fw-GTGCTGGACCGCTTTTACAATGC,
Rv-CAGTTCAAGTCG ATCGCATGGAC. Input (diluted
1/300) was used as a normalizing control.

2.20 Statistical analyses

Statistical analysis was performed using SPSS18.0 soft-
ware. The data were presented as mean + SD. For compari-
son of two groups, t-tests (two-tailed) were performed; for
multiple groups (three or more groups), one-way analysis of
variance and post hoc statistical comparisons with the Bon-
ferroni adjustment were conducted. A P-value of < 0.05 was
considered statistically significant.

3 Results

3.1 HIF-1a regulates the pathogenesis of hypoxic PH

Previous studies have shown that hypoxia is the critical
common mediator in the development of PH. Hypoxia also
can promote the transcription factor HIF-1a. Therefore, we
examined whether HIF-1a was activated in hypoxia-in-
duced pulmonary vascular remodeling and PH development.
Hemodynamic and vascular remodeling parameters were
measured in male rats exposed to hypoxia or normoxia for
four weeks. Hypoxia significantly increased mPAP, RVSP,
medial wall thickness, and RV/(LV + S) in rats following
four weeks of exposure (Figure 1A—F). In hypoxia-induced
rats, we observed that HIF-1o expression in the lung tissue
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Figure 1. HIF-1a regulates the pathogenesis of hypoxic pulmonary hypertension. (A): Representative images of hematoxylin-eosin
staining (H & E) in lung tissues lesions, magnification 400 x (n = 6). Ten pulmonary arterioles were randomly examined for the structural
integrity from hematoxylin-eosin staining images of lung tissues lesions by Image J software; (B): representative images of Masson staining
in lung tissues lesions, magnification 400 x; (C-D): right heart catheterization analysis of mPAP and RVSP on the surviving rats; (E): the
degree of right ventricular hypertrophy expressed as RV/(LV + S); (F): the measurement of medial wall thickness of distal pulmonary vessels;
(G—H): lung tissue sections were stained for HIF-1a (magnification, 200 x); and (J-L): immunoblots of HIF-1o using pulmonary arteries
isolated from the rats exposed to either normoxia or hypoxia. siHIF-10, lentiviral vector-mediated short-hairpin RNA targeting HIF-1a; Con-
trol, lentiviral vector containing scramble siRNA. HIF-1a: hypoxia-inducible factor-1a; LV: left ventricle; mPAP: mean pulmonary arterial
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siRNA: small interfering RNA.
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was increased during the PH development phase (Figure
1G-J). The silencing of HIF-1a attenuated hypoxia-induced
vascular remodeling which significantly decreased mPAP,
medial wall thickness, RVSP and RV/(LV + S) in the rats
(Figure 1A-F). However, this hypoxia-induced HIF-1a ex-
pression was abolished in small interfering HIF-la (si-
HIF-1a) rats (Figure 1G-J). These results demonstrated that
the suppression of HIF-1a expression by siRNA attenuated
the symptoms of hypoxia- induced PH and pulmonary
vascular remodeling.

3.2 HIF-1a is involved in hypoxia-induced proliferation
and apoptosis of PASMCs

PASMC proliferation and apoptosis are essential steps of

vascular remodeling in PH. Therefore, we addressed whe-
ther transfection with HIF-1a siRNA affected PASMC pro-
liferation and apoptosis as assessed by Ki-67 staining, cell
number counting, and flow cytometry assays. As shown in
Figure 2, PASMC proliferation was significantly enhanced
in cells exposed to hypoxia; however, the apoptosis index of
PASMCs under hypoxic conditions was significantly de-
creased. Application of siHIF-1a significantly blocked the
hypoxia-induced enhancement of PASMCs proliferation
and abrogated PASMCs apoptosis, and this hypoxia-in-
duced HIF-lo expression was abolished in siHIF-lo rats
(Figure 2A-D). These data suggested that the proliferation
and apoptosis of PASMCs were directly regulated by
HIF-1a in response to hypoxia.
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Figure 2. HIF-1a is involved in hypoxia-induced proliferation and apoptosis of PASMCs. PASMCs were infected with lentiviruses
harboring HIF-1a siRNA or scramble siRNA, and exposed to hypoxia (3% O,) for 24 hours. (A & B): The number of proliferation cells was
determined by Ki-67 assay in cell number counting and expression of Ki-67 mRNA in the qRT-PCR; and (C-D): the cells were fixed and
stained with propidium iodide, and cell cycle was analyzed by flow cytometry. A set of representative flow cytometry results (C), and statistical
analysis of three independent experiments (D). HIF-1a: hypoxia-inducible factor-1o; PASMCs: pulmonary arterial smooth muscle cells; gRT-
PCR: quantitative real-time polymerase chain reaction; siHIF-1a: small interfering hypoxia-inducible factor-10; siRNA: small interfering RNA.
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3.3 Morphology and function of mitochondria under
hypoxia is dependent on HIF-1a

Mitochondrial morphologic changes were detected by
electron microscopy. Smaller and fatter mitochondria were
seen in the PH group, while these pathological changes
were significantly attenuated in the siHIF-1a group (Figure
3A). The number of mitochondrial and the acreage of mito-
chondrial were significantly increased, while the ratio of
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The aspect ratio of mitochondria  The number of mitochond

mitochondrial length/width was significantly reduced in PH
lung vascular tissue compared to the normoxic group. Con-
versely, siHIF-1a significantly increased the ratio of mito-
chondrial length/width, and reduced the number of mito-
chondrial and the acreage of mitochondrial (Figure 3B). We
further observed the mitochondrial morphologic changes in
PASMCs. Most of the mitochondria were fragments or scat-
tered points under hypoxic conditions, while siHIF-1a could
significantly recover the pip network structure (Figure 3C).
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Figure 3. The morphology of mitochondria under hypoxia is dependent on HIF-1a in vivo and in vitro. (A): Representative electron
micrograph of lung tissues lesions in different groups (magnification, 10000 x); (B): graphs indicate the mitochondria number, per area and
average mitochondrial size; and (C): electron micrographs of mitochondria in PASMCs (magnification, 1000 x). The normal group displayed
elongated mitochondria, whereas the hypoxia model group displayed short or spherical shaped mitochondria. The administration of siHIF-1a
markedly attenuated mitochondrial fragmentation in the PASMCs of hypoxia. HIF-1a: hypoxia-inducible factor-1a; PASMCs: pulmonary
arterial smooth muscle cells; siHIF-1a: small interfering hypoxia-inducible factor-1a.

Since mitochondrial shape changes might lead to im-
paired respiratory enzyme activity and energy production in
tissues, we next evaluated mitochondrial function by meas-
ured key enzyme activity associated with respiratory chain
and ATP levels. We found that the ratio of mitochondrial
DNA/nuclear DNA, Complex IV activity, and ATPs activ-
ity levels were significantly reduced in mitochondria of PH
rats compared with normal rats; observations that were sig-
nificantly increased by siHIF-la treatment (Figure 4A—C).
Our results thus demonstrated that mitochondrial shape

changes were correlated with decreases of mitochondrial
respiratory enzyme activity and ATP abundance in hypoxic
pulmonary arterial hypertension.

In PH, PASMCs have dysmorphic mitochondria with
reduced respiratory chain coupling, inefficient use of oxygen,
and increased glycolysis. To determine whether PASMCs
have similar alterations, we used MitoTracker to capture
mitochondrial morphologic features and measure production
of mitochondrial-derived ROS and JC-1 staining method to
detect mitochondrial membrane potential. Compared with
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Figure 4. The mitochondrial biogenesis and function under hypoxia is dependent on HIF-1a in vivo and in vitro. (A): The relative
mitochondrial DNA copy number was determined by comparison to nuclear DNA (rRNA 188S); (B): ATPs activity relative was measured by
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conditions; (D): the ROS was detected by using fluorescent dye dichlorohydrofluorescein diacetate assay (magnification, 400 x); (E): meas-
urement of ROS generation in different conditions; (F): MMP as determined using the JC-1 assay (magnification, 400 X); and (G): MMP as
determined using the JC-1 assay kit in different conditions. ATPs: adenosine triphosphates; DAPI: 4,6-diamond-2-phenyl insole; HIF-1a:
hypoxia-inducible factor-la; MMP: mitochondrial membrane potential; ROS: reactive oxygen species; siHIF-la: small interfering hy-

poxia-inducible factor-1a.

the normoxic group, PASMCs under hypoxia significantly
reduced ROS production in the cytoplasm (Figure 4D-E),
and significantly increased mitochondrial membrane poten-
tial, as indicated by the red/green fluorescent intensity ratio
(Figure 4F—G). In addition, ROS production significantly
increased, while the mitochondrial membrane potential was
significantly reduced by knockdown of HIF-1a. These re-

sults indicated that mitochondrial dynamics were involved
in hypoxia-induced pulmonary vascular remodeling by
HIF-1a regulation.

3.4 Expression of mitochondrial dynamics proteins is
regulated in pulmonary vascular remodeling by HIF-1a.

Mitochondrial morphology is regulated by a family of
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mitochondrial fusion and fission proteins. We therefore
investigated expression of fusion proteins (Mfnl, Mfn2 and
OPA1) and fission proteins (Drpl and Fisl) in PH rats and
PASMCs by Western blotting and qRT-PCR analysis (Fig-
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Figure 5. Expression of mitochondrial dynamics proteins is regulated in pulmonary vascular remodeling by HIF-1a. (A): The ex-
pression of mitochondrial fission and fusion mRNA in lung tissue were measured by the qRT-PCR; (B): the expression of mitochondrial
fission and fusion mRNA in PASMCs were measured by the qRT-PCR; (C): the expression of mitochondrial fission and fusion protein in
lung tissue were measured by the Western Blot analysis; (D): the expression of mitochondrial fission and fusion protein in PASMCs were
measured by the Western Blot analysis; (E): the changes of mitochondrial fission and fusion protein in lung tissue were significantly different
from the normoxia group; and (F): the changes of mitochondrial fission and fusion protein in PASMCs were significantly different from the
normoxia group. Drpl: dynamin-related protein 1; Fisl: fission 1; HIF-1a: hypoxia-inducible factor-1a; Mfnl: mitofusin 1; Mfn2: mitofusin
2; OPAL: optic atrophy 1; PASMCs: pulmonary arterial smooth muscle cells; qRT-PCR: quantitative real-time polymerase chain reaction;

siHIF-1a: small interfering hypoxia-inducible factor-1a.
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levels between normoxia and hypoxia in vivo and in vitro.
This suggested that mitochondrial fission protein Drpl was
involved in pulmonary vascular remodeling. We also found
that the expression of fusion proteins Mfn2, Mfnl, and
OPAL1 were significantly reduced compared with normoxia
groups in PH rat pulmonary arterial tissue and PASMCs.
We analyzed mRNA expression of Mfnl, Mfn2, and OPA1,
and found no detectable changes in fusion protein OPAI
mRNA levels between normoxia and hypoxia in PASMCs.
However, we found that levels of Mfnl and Mfn2 mRNA
decreased significantly upon hypoxia exposure compared
with the normoxia exposure in PASMCs. These results
suggested that mitochondrial fusion protein Mfnland Mfn2
were involved in pulmonary vascular remodeling.

To demonstrate the effects of downregulation of HIF-1a
in hypoxic conditions, siRNA was used to study the effects
of HIF-1a knockdown on PH rats and PASMCs. The
mRNA and protein expression levels of fission protein Drpl
was significantly downregulated in the HIF-la group, as
compared with the scramble and hypoxia groups (Figure
5A-F). In addition, no difference was observed between the
scrambled and hypoxia groups. As presented in Figure 5,
the mRNA and protein expression levels of Mfn2 was also
upregulated in the HIF-la group, as compared with the
scramble and hypoxia groups. These results indicated that
knockdown of HIF-1la resulted in a marked decrease Drpl
and increase Mfn2 in the mRNA and protein expression
levels.

3.5 HIF-1a regulates mitochondrial function via Drpl
in PASMCs

Our data thus far had suggested that postnatal HIF-de-
pendent mitochondrial dynamics could be mediated by in-
creases in Drpl and decrease in Mfn2 expression. We
therefore analyzed the expression of Drpl in the pulmonary
vascular tissue of rats with hypoxic PH via immunohisto-
chemistry, and the results were consistent with the protein
analysis from Western blotting (Figure 6A—-B). We further
confirmed that the co-localization expression of HIF-1o and
Drpl in lung tissue and PASMCs by immunofluorescence
(Figure 6C-D). The results suggested that a direct interac-
tion between HIF-1a and Drpl might exist, but the specific
mechanism requires further investigation.

We further examined whether HIF-1a bound to the &'
promoters of Drpl. To achieve this, we analyzed published
5' promoter sequences for the Drpl gene, and found several
canonical (A/G) CGTG HIF-1a binding sites in each case
(Figure 6E). We assayed whether HIFla directly bound
these promoters using anti-HIF-1a serum to perform chro-
matin immunoprecipitation and luciferase reporter gene

assay. We found that in each case, chromatin containing at
least one HIF-lo-binding site promoter fragment was en-
riched over non-amplified sequences in chromatin from
PASMCs (Figure 6F-1), implying that HIF-lo. bound to
these sites in vivo. These results suggested that HIF-1a di-
rectly interacted with target gene Drpl under hypoxic con-
ditions and might be involved in transcriptional regulation
by modulating the Drp1 promoter hypoxic reaction element.

3.6 Mitochondrial dynamics is involved in the hypoxia-
induced promotion of pulmonary vascular remodeling
via Drp1l

The role of Drpl on mitochondrial dynamics was further
explored in hypoxia-induced promotion of pulmonary vas-
cular remodeling. We used the Drpl specific inhibitor,
Mdivi-1, to inhibit the Drpl expression in vivo and in vitro.
We treated hypoxia-induced PH rats with Mdivi-1 by in-
traperitoneal injection. Hemodynamic and vascular remod-
eling parameters analysis showed that Mdivi-1 treatment
reduced the mPAP, RVSP, medial wall thickness and RV/
(LV + S), as demonstrated by hematoxylin-eosin and Mas-
son staining (Figure 7A-D). Analyses of PCNA and Cas-
pase-3 expression, and TUNEL assay were conducted on
paraffin-embedded rat lung tissues. The results showed a
decreased number of PCNA-positive cells in the pulmonary
artery media, whereas TUNEL-positive cells and Caspase-3
were dramatically increased following Mdivi-1 injection
(Figure 7E-I). Taken together, the results indicated that
mitochondrial dynamics exerted pro-proliferative and anti-
apoptotic effects on vascular smooth muscle under hypoxia
via Drpl.

We next investigated whether the mitochondrial dynam-
ics were involved in the proliferation and apoptosis of
PASMCs via Ki-67 and flow cytometry assays. As shown
in Figure 8A-D, PASMC proliferation was significantly
reduced in cells treated with Drpl specific inhibitor, Mdivi-1;
however, the apoptosis index of PASMCs treated with
Mdivi-1 was obviously enhanced. The results suggested that
expression of PCNA was decreased in PASMCs, whereas
the expression of Caspase-3 was dramatically increased fo-
llowing Mdivi-1 (Figure 8E-J). Taken together, the results
indicated that mitochondrial dynamics exerted pathogenic-
promoting effects during hypoxia-induced pulmonary vas-
cular remodeling via Drp1.

4 Discussion

The major finding of our study was that HIF-1a upregu-
lation correlated with advanced hypoxia-induced pulmonary
vascular remodeling in rats. We demonstrated that HIF-1a
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the expression of Caspase 3 in lung tissue (magnification, 200 x); and (I): Caspase 3 expression was decreased in pulmonary vessels with

hypoxia, and PCNA expression was increased in pulmonary vessels with hypoxia. Drpl: dynamin-related protein 1; LV: left ventricle;

mPAP: mean pulmonary arterial pressure; PCNA: proliferating cell nuclear antigen; RV: right ventricle; RVSP: right ventricular systolic

pressure; S: septum.

facilitated PASMCs proliferation and inhibited apoptosis
under hypoxia. We also showed that mitochondrial dynam-
ics were involved in the pulmonary vascular remodeling
under hypoxia in vivo and in vitro. Furthermore, HIF-1a
also modulated mitochondrial dynamics in pulmonary vas-
cular remodeling under hypoxia by directly regulating the
expression of Drpl.

HIF-1a has been demonstrated to play an essential role in
the pathophysiology of chronic hypoxia-induced PH in mice
with the heterozygous deletion of HIF-10,** and in mice
with the smooth muscle-specific disruption of HIF-1a.*”
Recently, HIF-1a was implicated in several molecular me-
chanisms accounting for the pathogenesis of PH.****! In
addition, the increased expression of HIF-1a has been found
in the pulmonary arteries of many patients with idiopathic

PH.P**! Although HIF-1a is recognized as a key player in
PH, surprisingly, the potential of HIF-1a as a therapeutic
target in the treatment of PH has seldom been illuminated in
previous studies.*® In our study, we applied a lentivirus-
mediated gene delivery approach to introduce HIF-la
shRNA to the pulmonary vessels in rats, and showed that
the inhibition of the expression of HIF-1a in the pulmonary
arteries effectively alleviated chronic hypoxia-induced PH
and pulmonary vascular remodeling. In addition, the suppres-
sion of HIF-1a expression in primary PASMCs by siRNA
significantly reduced the hypoxia-induced acceleration of
the proliferation and depressed apoptosis of PASMCs, illus-
trating that the HIF-1o-regulated proliferation and apoptosis
of PASMCs under hypoxic conditions may play an impor-
tant role in the development of hypoxic PH.
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Figure 8. Mitochondrial dynamics are involved in hypoxia-induced proliferation and apoptosis of PASMCs via Drpl. (A): The
number of proliferation cells was determined by Ki-67 assay; (B): the expression of Ki-67 mRNA in PASMCs were measured by the
qRT-PCR; (C-D): the cells were fixed and stained with propidium iodide, and cell cycle was analyzed by flow cytometry. A set of represen-
tative flow cytometry results (C), and statistical analysis of three independent experiments (D); (E): the expression of PCNA mRNA in
PASMCs was measured by gqRT-PCR; (F): the expression of Caspase 3 mRNA in PASMCs was measured by qRT-PCR; (G): the expression
of PCNA protein in PASMCs was measured by Western Blot; (I): the expression of Caspase 3 protein in PASMCs was measured by Western
Blot; and (J): the relative expression of protein was determined by comparison to B-actin as the loading control. Drpl: dynamin-related pro-
tein 1; PASMCs: pulmonary arterial smooth muscle cells; PCNA: proliferating cell nuclear antigen; qRT-PCR: quantitative real-time poly-

merase chain reaction.

Mitochondrial dysfunction has long been linked to the
pathogenesis of neurodegenerative diseases, diabetes,
myopathies, and other human diseases.”’”*) The dysfunc-
tion is largely dependent on mitochondrial fission and fu-
sion relative proteins expression, which is critical for mito-
chondrial homeostasis and cell survival.®*” The balance
between mitochondrial energy production and physiological

functions required for cell survival is regulated by mito-
chondrial dynamics.”” The processes of mitochondrial bio-
genesis, fission, fusion, and mitophagy regulate the mainte-
nance of mitochondrial mass and the numbers of mitochon-
dria in cells.

Here, we found that mitochondrial fragmentations or
smaller mitochondria increased in hypoxia, as observed via
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transmission electron microscopy, which indicated that mi-
tochondrial fission was upregulated and this alteration was
improved by hypoxia. To better define the change of
mitochondria function, we examined mitochondrial DNA
(mtDNA) content, complex IV activity, ATPs activity levels,
ROS, and mitochondrial membrane potential in vivo and in
vitro. Measurement of lung tissue and PASMCs mitochon-
drial functional capacity indicated significantly reduced
activity of mitochondrial respiration complex IV and ATP,
lowered ROS content, and downregulated mtDNA content
post hypoxia stimulation, indicating hypoxia-induced im-
pairments in energy metabolism and respiratory complex
enzyme activity. Those results can lead to a downstream
cascade of mitochondrial depolarization, aberrant calcium
handling, impaired ATP synthesis, and activation of prolif-
eration and apoptosis in PASMCs, finally resulting in pul-
monary vascular remodeling.

HIF family members play important roles in response to
hypoxia, among which HIF-1a is the key factor modulating
various downstream genes transcription during the progres-
sion of hypoxia pulmonary hypertension (HPH).*!! Here,
we found that HIF-1a was involved in the regulation of mi-
tochondrial morphology and function. This conclusion was
supported by the findings that HIF-1a inhibition induced
mitochondrial swelling and led to mitochondrial dysfunc-
tion and apoptosis. Mitochondrial dynamics and morphol-
ogy are finely tuned by the mitochondrial fusion and fission
proteins Mfnl, Mfn2, Fisl, Drpl, and OPAL.**%! we
found that HIF-1a inhibition affected the expression levels
of all of these proteins. In particular, HIF-1a inhibition sig-
nificantly decreased the expression of Drpl and increased
the expression of Mfn2, which led to changes in mitochon-
drial morphology and mitochondrial dysfunction. Taken
together, these results indicate that hypoxia facilitates mito-
chondria dysfunction and disruption in pulmonary vascular
remodeling through HIF-la regulated the expression of
Drpl and Mfn2.

The underlying mechanisms may be related to Drpl-
mediated mitochondrial fission that is involved in pulmo-
nary vascular remodeling. Previous studies showed that
targeting mitochondrial fission Drpl by mitochondrial divi-
sion inhibitor Mdivi-1 was effective in PH model rats.!'**"
It is also known that hypoxia-induced mitochondrial frag-
mentation contributes to the alterations of both PASMC
death and proliferation, which could be significantly re-
duced by Mdivi-1."" The above findings thus help explain
the Drpl-related working mechanism of hypoxia, in that
HIF-1a inhibition might be effective for treating pulmonary
vascular remodeling from hypoxia etiologies.

Drpl is a GTPase that binds to the mitochondrial outer

membrane and regulates mitochondrial division.*®! Genetic
silencing of Drpl and the expression of a dominant-negative
version of Drpl each significantly increases mitochondrial
length in both neurons and non-neuronal cells."””? However,
it is unlikely that the loss of Drpl function always leads to
increased mitochondrial length. Here, we found that the
inhibition of HIF-la inhibition induced mitochondrial
swelling instead of mitochondrial elongation. The mito-
chondrial swelling in HIF-la inhibition cells was likely
induced by the inhibition of Drpl, since the expression of
Drpl was inhibited in HIF-la inhibition cells, and the
overexpression of Drpl decreased the mitochondrial swell-
ing in HIF-1a inhibition cells. Consistent with our results,
the inhibition expression of Drpl by mitochondrial division
inhibitor Mdivi-1 has been shown to induce mitochondrial
swelling, providing further evidence that the loss of Drpl
function can cause mitochondrial swelling, leading to pul-
monary vascular remodeling.

In our study, we report that HIF-1a can upregulate Drpl
expression. Our results suggested that HIF-1a was involved
in the regulation of Drp1 expression in response to hypoxia.
We further verified one functional HRE in the positive
regulatory region and two HREs possessing HIF-1a binding
activity in the minimal promoter region of the Drpl gene.
We also demonstrated that Drpl can alleviate hypoxia-in-
duced PASMCs proliferation and apoptosis by mitochon-
drial fission, whose levels increase with hypoxia in pulmo-
nary vascular remodeling. Collectively, the data suggested
that HIF-1a mediated the activation of Drpl under hypoxic
conditions that resulted in the induction of the mitochondrial
pathway of proliferation and apoptosis in PASMCs, via the
modulation of the expression of PCNA and Caspase-3.

4.1 Limitations

We acknowledge that this study have some limitations.
Firstly, in our experiment, Mdivi-1, a mitochondrial division
inhibitor, was used for intervention the mitochondrial dy-
namics, however there was no intervention study on inhibi-
tion or overexpression of Drpl protein. It is suggested that
small RNA interference technology should be used for fur-
ther study of Drpl in subsequent experiments. Secondly, in
this study, mitochondrial dynamics disorder has an impor-
tant effect on the development of pulmonary hypertension,
but the mechanism of mitochondrial fission related protein
Drpl affects the proliferation and apoptosis of pulmonary
vascular smooth muscle cells has not been clarified. There-
fore, further studies are required to examine the mechanism.

4.2 Conclusions

In conclusion, HIF-1a is overexpressed in hypoxia-in-
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duced pulmonary vascular remodeling in vivo and in vitro.
HIF-1a promoted PASMC cell proliferation and inhibited
hypoxia-induced apoptosis, possibly through the regulation
of mitochondrial dynamics via Drpl. Based on these find-
ings, HIF-1a might serve as a useful biomarker and thera-
peutic target in PH. Moreover, this study provides the pre-
liminary evidence for the therapeutic potential of the HIF-
lo/Drpl signaling pathway in the treatment of hypoxic
pulmonary vascular remodeling.
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