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ARTICLE INFO ABSTRACT

Keywords: Mitochondrial injury of pulmonary artery smooth muscle cells (PASMCs) is an important stage in the devel-
Pulmonary artery smooth muscle cells opment of pulmonary arterial hypertension (PAH). Recent studies revealed that Paeonol exerts anti-proliferative
Mitochondria effects on vascular smooth muscle cells. However, whether Paeonol is directly involved in mitochondrial injury
Paeonol

related to PAH remains unknown. Here, we found that hypoxia-induced mitochondrial injury in vivo was al-
leviated in the presence of Paeonol. Hypoxia mediated the mitochondrial injuries in PASMCs in vitro, including
decreased ATP generation, morphological alterations, mitochondrial polarization and increased reactive oxygen
species production, which were suppressed by Paeonol. Our results also indicated that the expression of per-
oxisome proliferator-activated receptor-gamma coactivator 1o (PGC-1a) was regulated by Paeonol. Paeonol
caused significant alterations in mitochondrion-dependent apoptosis through PGC-1a in PASMCs. Taken to-
gether, these results provide the first evidence confirming the protective effect of Paeonol in mediating mi-
tochondrial injury under hypoxia and elucidating the necessary role of PGC-1a in the effects of Paeonol in
inducing PASMC apoptosis.

Peroxisome proliferator-activated receptor-
gamma co-activator la
Apoptosis

1. Introduction

Pulmonary arterial hypertension (PAH) involves a group of severe
functional and structural changes in the pulmonary vasculature, in-
cluding the accumulation of extracellular matrix and excessive pro-
liferation and resistance to the apoptosis of pulmonary artery smooth
muscle cells (PASMCs), pulmonary artery endothelial cells (PAECs) and
adventitial fibroblasts leading to thickening of pulmonary arterioles
(Boucherat et al., 2018; Humbert et al., 2019; Kovacs et al., 2019).
PASMCs from animal models of pulmonary hypertension and human
tissues with PAH are more hyperproliferative and resistant to apoptosis
than normal PASMCs which are likely the major factors leading to
pulmonary arterial medial hypertrophy in pulmonary vascular re-
modeling processes (Dai et al., 2018). However, the mechanisms un-
derlying this aberrant apoptosis resistance in most forms of PAH remain
unclear.

Paeonol (2’-hydroxy-4’-methoxyacetophenone, CoH;003) is a nat-
ural phenolic compound with bioactive constituents isolated from
Cortex Moutan (Lau et al., 2007). Paeonol has been found to regulate a
wide range of fundamental pharmacological activities such as anti-in-
flammatory, anti-atherosclerotic, anti-platelet, anti-oxidant, anti-
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diabetic, and anti-tumor activities (Liu et al., 2014; Lu et al., 2018).
Paeonol induces gastric cancer cell apoptosis by downregulating epi-
dermal growth factor receptor 2 (ERBB2) and inhibiting the nuclear
factor kappa light chain enhancer of activated B cells (NF-kB) signaling
pathway (Fu et al., 2018). Paeonol also attenuates lipopolysaccharide
(LPS) -induced dysfunction in human endothelial cells by inhibiting
bone morphogenic protein 4 (BMP4) and toll-like receptor 4 (TLR4)
signaling (Choy et al., 2018). Additionally, Paeonol prevents cigarette
smoke and bleomycin-induced pulmonary inflammation and fibrosis
(Liu et al., 2017, 2014). Despite these pharmacological findings, the
possible role of Paeonol in regulating PASMC apoptosis as related to
PAH has yet to be elucidated.

Mitochondria have retained their own genome and possess auton-
omous protein synthesis machinery (Apostolova and Victor, 2015). The
mitochondrion is believed to participate in crucial cell physiology
functions including bioenergetics, metabolic pathways, Ca®>* home-
ostasis, reactive oxygen species (ROS) production, autophagy and
apoptosis (Boengler et al., 2017; Brookes et al., 2002). Abnormalities in
mitochondria are often observed in the pathophysiology of human
diseases such as cancer, cardio-pulmonary system and neurodegenera-
tive disease (Picard et al., 2016). One of the main regulators of
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mitochondrial homeostasis, including oxidative stress and energy me-
tabolism, is peroxisome proliferator-activated receptor gamma coacti-
vator l-alpha (PGC-1la) (Kaminski et al., 2019; LeBleu et al., 2014).
PGC-la is a transcriptional coactivator that is highly expressed in the
mitochondria and governs the expression of nuclear-encoded mi-
tochondrial genes (Hock and Kralli, 2009). The influence of PGC-1a on
mitochondrial biogenesis in multiple cancers, such as prostate cancer,
hepatocarcinoma, melanoma and colon cancer has been recently de-
monstrated (LeBleu et al., 2014; Luo et al., 2019; Piccinin et al., 2018).
In addition, PGC-1a has been shown to be related to neurodegenerative
disorders, and a lack of PGC-1a is linked to the acceleration of Hun-
tington’s and Parkinson’s disease progression (Nierenberg et al., 2018).

In PAH, mitochondrial dysfunction normally results in pathologic
changes in PASMCs (Marsboom et al., 2012). The abnormal expression
of mitochondrial proteins including dynamin-related protein 1 (Drpl),
mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2) is mechanistically related to
the PASMC proliferation-apoptosis imbalance in PAH (Ma et al., 2017;
Ryan et al., 2013). Although mitochondrial structure and function are
involved in pulmonary vascular remodeling processes, to our knowl-
edge, there have been no studies conducted to date evaluating the role
of Paeonol in mitochondrial dysfunction with respect to PGC-1la in
models of PAH. The linkage between Paeonol, PGC-1a, and PASMC
apoptosis requires futher study.

Herein, we hypothesize that mitochondrial dysfunction increases
under hypoxia which is responsible for the apoptosis resistance of
PASMCs. The current study confirmes this notion and showes that
Paeonol alleviates mitochondrial injury under hypoxic conditions and
stimulates PASMC apoptosis to reverse experimental PAH through PGC-
la.

2. Material and methods
2.1. Animals

Adult male Sprague-Dawley (SD) rats (180-200 g) were from the
Experimental Animal Center of The Affiliated Wuxi People's Hospital of
Nanjing Medical University, the animal study protocol was approved by
the Institutional Animal Care and Use Committee (IACUC) of Nanjing
Medical University. All experimental procedures in animals were car-
ried out and conducted incompliance with National Institutes of Health
guide for the care and use of Laboratory animals (NIH Publications No.
8023, revised 1978).

2.2. Chronic hypoxia-induced PAH rats model

SD rats were exposed to 10% oxygen in a ventilated chamber for 21
days. The rats were randomly divided into three groups,
Control + saline, Hypoxia + saline and Hypoxia + Paeonol. Paeonol
(purity, =98.0%) was from Sigma (Sigma, USA). The rats received
daily treatment with Paeonol (100 mg/kg/d) or saline (vehicle control)
by gastric gavage from hypoxic day 10 to day 21 (Zhang et al., 2018; Li
et al., 2016). Animals were given ad libitum access to food and water at
a temperature of 21 *= 2°C with a 12h light/dark cycle.

2.3. Histological analysis and right ventricular (RV) hypertrophy
measurements

At the end of the treatment protocol, the animals were anesthetized
with intraperitoneally injected pentobarbital. The thoraxes of the ani-
mals were opened, and the left lungs were collected and kept in 10%
formalin solution, after which paraffin blocks were prepared.
Paraffinembedded lung blocks were cut into 5-um sections, which were
stained with hematoxylin-eosin (H&E). Images of the tissues were vi-
sualized by using an Eclipse 600 Nikon microscope. Morphometric
analysis was performed with Image Pro Plus 6.0. For RV hypertrophy
measurements, hearts were excised, and the atria were removed. The
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RV-free wall was dissected, and each chamber was then weighed. The
ratio of RV weight to left ventricular (LV) weight plus septum (RV/
LV + S) was used as an index of RV hypertrophy.

2.4. Cell culture

The primary culture of rat pulmonary artery smooth muscle cells
(PASMCs) was isolated from rat pulmonary arteries. The isolated pul-
monary arteries were digested with 0.2% collagenase and 0.2% Bovine
Serum Albumin in PBS solution for 2h at 37 °C. The PASMCs were
cultured in DMEM (Dulbecco’s modified eagle’s medium) with 10%
fetal bovine serum (FBS; HyClone; GE Healthcare Life Sciences, Logan,
UT, USA), 100 pg/ml streptomycin and 100 U/ml penicillin was utilized
to incubate the cells under a humidified atmosphere with 5% CO, at
37 °C. For induction of hypoxia, cells were cultured in a hypoxia in-
cubator (Thermo Fisher Scientific, Inc.) with 3% O,, 5% CO, at 37 °C.

2.5. Small interfering RNA (siRNA) design and transfection

To silence the expression of the PGC-la protein, PASMCs were
transfected with siRNA according to the previously published protocol
(Wang et al., 2018). The sense sequence of siRNA was designed and
synthesized by GenePharma (Shanghai, China). Sequence of siRNA
against PGC-1a is : 5-CCGAGAAUUCAUGGAGCAATT-3’, and negative
control (NC) sequence is : 5-UUCUCCGAACGUGUCACGUTT-3’. We
cultivated the PASMCs until they reached 60-70% confluence, at which
time 2 pg of siRNA and 10 pl of Lipofectamine 2000 reagent (Thermo
Fisher Scientific, Inc.) were diluted in serum-free Opti-MEM-1 medium
and mixed together. Then, the admixture (siRNA/Transfection Reagent)
was incubated for 20 min at room temperature and added directly to
the cells. The transfection reagent was removed 4-6h after siRNA
treatment. After transfection, the cells were quiescent for 24 h and were
used as required.

2.6. Cell viability assay

PASMCs were seeded in 96-well culture plates (approximately
5 X 103), and the cells were then treated with different agents. The cells
were exposed to hypoxia (3% O,). After 24 h of incubation at 37 °C, the
cells were incubated with 20 ul/well 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2-H-tetrazolium bromide (MTT) (Sigma Chemical, USA) for
4h at 37 °C. The medium was then removed, and DMSO (200 pl/well)
was added to solubilize the precipitate for 10 min at room temperature.
The absorbance was then measured at 490 nm by using a spectro-
photometer.

2.7. Hoechst 33342 staining for apoptosis detection

PASMCs were cultured in a six-well culture cluster to 60-70%
confluence. The cells were treated as indicated groups. After 24 h, the
cells were stained with 10 mg/ml of Hoechst 33342 (Beyotime, China)
at room temperature in the dark for 20 min. Cells were washed with
PBS and evaluated using a fluorescence microscope. Cells with nuclear
crenation and fractionation were defined as apoptotic cells.

2.8. Mitochondrial membrane potential assay

Cells were cultured in six-well plates. After the indicated treatments,
the cells were incubated with an equal volume of a 5,5,6,6-
Tetrachloro-1,1’,3,3’-tetraethyl-imidacarbocyanine iodide Jc-1)
(Beyotime, China) staining solution (10 pg/ml) at 37 °C for 30 min and
then washed with PBS. Images obtained by fluorescence microscopy
were analyzed for green and red fluorescence. Mitochondrial depolar-
ization was expressed as an increase in the intensity ratio of green/red
fluorescence.
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Fig. 1. Role of Paeonol in hypoxia-induced PAH.
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A, Sections of lung tissues from rats exposed to normoxic or hypoxic conditions were identified using H&E staining. Scale bars are 100 um. B, The summarized data
represent the percentage of the medial thickness of the vessel wall. C, Ratio of the right ventricle to the left ventricle plus septum. Hypoxia significantly increased the
ratio of the right ventricle compared with that in normoxic rats, which was partially reversed by the administration of Paeonol. D, Body weight of rats from the
control, hypoxia, and hypoxia with Paeonol groups. E, The morphology of mitochondria in pulmonary arteries (PAs) was determined by transmission electron
microscopy. Hyp, hypoxia; PA, Paeonol, All values are denoted as mean = SEM. n=6. P < 0.05, P < 0.01 compared with control. “P < 0.05, **P < 0.01

compared with hypoxia.

2.9. Flow cytometry analysis of cells apoptosis

Apoptosis rates were evaluated by flow cytometry using an Annexin
V-fluorescein isothiocyanate (FITC) Kit (Beyotime, China) according to
the manufacturer’s protocols. Briefly, after the treatments, the cells
were harvested and 195 pl of buffer, 15 pl of FITC -AnnexinV and 5 pl of
propidium iodide (PI) were added, followed by incubation for 30 min in
the dark at room temperature, and the percentage of apoptotic cells was
immediately assessed using a flow cytometer.

2.10. Immunofluorescence

PASMCs were treated with different agents. Then, the cells were
fixed with 4% paraformaldehyde for 20 min at room temperature. Next,
the cells were permeabilized in 0.5% Triton X-100 on ice for 15 min,
and washed in PBS 3 times. Immunofluorescence staining was per-
formed by incubation with a PGC-1a antibody (1:100; Boster Biological
Technology Co. Ltd, China) overnight at 4°C, and followed by in-
cubation with an Alexa Fluor 488 anti-rabbit IgG secondary antibody
(1:100; Beyotime, China) at 37 °C for 1 h. The cells were next incubated
with DAPI for nuclear staining at room temperature for 15 min.
Microscopy analysis was performed with a fluorescence microscope.

2.11. Mitochondrial fragmentation and ROS measurements

PASMCs were treated with Paeonol (200 uM) and administrated
under 3% oxygen exposure for 24 h. The cells were subsequently loaded
with 20 uM Mitochondrial Superoxide Indicator (MitoSOX) Red (Santa
Cruz, USA) for 30 min at 37 °C to measure the mitochondrial ROS. To
measure the mitochondrial fragmentation, a photo activatable green
fluorescent tracker, mitochondrial-tracker (Beyotime, China) was used.
After washing three with PBS, the accumulation of ROS (red) and mi-
tochondrial-tracker (green) was visualized using fluorescence micro-
scope respectively.

2.12. Western blot analysis

Briefly, the cell lysates and pulmonary arteries were prepared using
cell lysis buffer (Cell Signaling, Beverly, MA, USA). Equal amount of
protein were separated by 8-12% SDS-PAGE and electro-transferred
onto a polyvinylidene diuoride membrane (Millipore Corp., Bedford,
MA). After being blocked with 5% nonfat dry milk for 1 h. Antibodies

against PGC-1a (1:500), Caspase-3 (1:500; Boster Biological Techology
Co. Ltd, China) B-cell lymphoma-2 (Bcl 2) (1:1000; Boster Biological
Techology Co. Ltd, China) and B-actin (1:4000, Santa Cruz, USA) were
used in this study. Membranes were incubated overnight at 4 °C. Blots
were then incubated with horseradish peroxidase-conjugated secondary
antibodies (Santa Cruz, USA) and enhanced by chemiluminescence re-
agents.

2.13. Determination of adenosine triphosphate (ATP) levels

The level of ATP in PASMCs was determined using the ATP
Bioluminescence Assay Kit (Beyotime, China). PASMCs were treated
with different agents, the level of ATP was determined by mixing 50 pul
of the supernatant with 50 pl of luciferase reagent, the emitted light was
measured using a microplate luminometer.

2.14. Transmission electron microscopy (TEM) analysis

For TEM morphological analysis, samples were fixed for 4h in 2%
glutaraldehyde and post-fixed by 1% osmium tetroxide. After gradually
dehydrated in ethano, samples were embedded in Epon-Araldite resin.
Thin sections were stained with uranyl acetate and lead citrate. The
Zeiss EM902 electron microscope was utilized to observe the mi-
tochondria.

2.15. Statistical analysis

The data were expressed as means = SEM. One-way ANOVA ana-
lysis followed by Dunnett's test where appropriate was performed by
GraphPad Prism 5.0. Multiple comparison between the groups was
performed using Student-Newman-Keul‘s post hoc test. P-value <0.05
was defined as statistically significant.

3. Results

3.1. Paeonol prevents pulmonary arterial medial hypertrophy and
mitochondrial damage from hypoxia in vivo

Morphometric analysis of the pulmonary vasculature through he-
matoxylin and eosin (H&E) staining demonstrated that pulmonary
vascular walls in lung tissue sections from rats subjected to hypoxia
were significantly increased compared with those from control rats.
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This increase was partially blocked by treatment with Paeonol (Fig. 1A-
B). The ratio of right ventricle (RV) weight to left ventricular (LV)
weight plus septum (RV/LV + S) was used as an index of RV hyper-
trophy. The RV/LV + S ratio was significantly increased in the hypoxia
group compared with that in the control rats, and Paeonol significantly
reversed the augment of RV/LV + S ratio induced by hypoxia (Fig. 1C).
We observed no changes in body weight of the rats with or without
Paeonol treatment (Fig. 1D). More importantly, the mitochondrial
morphological changes inpulmonary arteries (PAs) were determined by
transmission electron microscopy (TEM) in the PAH models. Hypoxia
treatment led to the occurrence of mitochondrial damage as revealed by
swelling, medullar and vacuolar degeneration, which was attenuated by
Paeonol treatment (Fig. 1E).

3.2. Paeonol stimulates mitochondrion-dependent apoptosis of PASMCs
under hypoxic conditions

To explore the role of Paeonol in the apoptotic effect on PASMCs
under hypoxia, cell viability was determined. First, we determined the
range of Paeonol concentration in vitro according to previous reports
(Zhang et al., 2018). The increase in cell viability under hypoxic con-
ditions was partly reversed by Paeonol treatment at 100 and 200 pM
(Fig. 2A). Paeonol at a concentration of 200 uM was considered to be
the more efficient dose and was used in the following experiments. The
morphology of the abnormal nuclear contents (crenation, condensation
and fractionation) in different groups is shown in Fig. 2B. Hypoxia
treatment attenuated nuclear deformation which was partly reversed by
Paeonol. Flow cytometry analysis with Annexin V and propidium iodide
(PI) staining in cells revealed that the production of apoptotic cells was
decreased in the presence of hypoxia, and this inhibitory effect on cell
apoptosis was abolished by Paeonol (Fig. 2C). The JC-1 probe was used
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Fig. 2. Effects of Paeonol on cell apoptosis in PASMCs.
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to analyze the changes in mitochondrial membrane potential. When the
mitochondrial membrane potential is damaged in apoptotic cells, JC-1
retains its monomeric form and exhibits green fluoresce. PASMCs cul-
tured in hypoxic conditions presented a significant increase in the mi-
tochondrial membrane potential, as indicated by a notable decrease in
the ratio of green/red fluorescence versus the control. Paeonol treat-
ment increased the mitochondrial depolarization (Fig. 2D). Bcl 2 and
caspase 3, which are closely associated with mitochondrial function and
cell apoptosis, were examined in this study. A dramatic increase in Bcl 2
expression was observed in PASMCs under hypoxia, but this alteration
was attenuated by applying Paeonol (Fig. 2E). Meanwhile, hypoxia
inhibited the activation of caspase 3 compared with that in control,
while Paeonol treatment increased its expression (Fig. 2F). These results
show that Paeonol inhibits the proliferation and stimulates the apop-
tosis of PASMCs under hypoxia via the mitochondrial pathway.

3.3. Paeonol protects against mitochondrial injury due to hypoxia in vitro

To further confirm the significance of Paeonol for mitochondrial
function, the ATP generation, mitochondrial morphology and mi-
tochondrial oxidative stress of PASMCs were measured. There was a
significant decrease in the ATP generation of PASMCs under hypoxia,
suggesting mitochondrial dysfunction, which was recovered by Paeonol
treatment (Fig. 3A). Mitochondrial morphology was assayed by using a
Mito Traker green fluorescent probe. Hypoxia increased mitochondrial
fragmentation, as visualized on the basis of fewer elongated tubules and
short fragments of mitochondria in PASMCs, which was reversed by
Paeonol (Fig. 3B). We then performed MitoSOX Red staining to examine
the effects of hypoxia on mitochondrial ROS generation. Fig. 3C showes
the increase in mitochondrial-derived ROS production in PASMCs in
response to hypoxia, whereas Paeonol inhibited this effect. Moreover,
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A, Paeonol recovered ATP generation under hypoxia. B, Images of mitochondrial morphology in PASMCs as determined by Mito-Tracker green staining. C, MitoSOX
Red staining for mitochondrial ROS production, Scale bars are 50 um. D, The morphology of mitochondria in cultured PASMCs treated with Paeonol under hypoxic
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the morphology of mitochondria assayed by TEM showed vacuolar and
developed medullary lesions of mitochondria under hypoxia, and these
effects were diminished with Paeonol treatment (Fig. 3D).

3.4. PGC-1a could be induced by hypoxia and mediated by Paeonol

Previous studies have reported that PGC-1a is a central modulator
of mitochondrial biogenesis and oxidative metabolism (Bost and
Kaminski, 2019; Kelly and Scarpulla, 2004). To explore whether PGC-
la contributed to the regulation of mitochondrial functions by Paeonol,
we first examined the effect of Paeonol on PGC-1a expression in pul-
monary arteries and PASMCs. The results showed that hypoxia induced
an increase in the expression of PGC-la in pulmonary arteries and
PASMCs and that the effect was reversed by Paeonol (Fig. 4A-B).
Through immunofluorescent assays we observed that PGC-la was
mainly distributed in the cytosol and that hypoxia treatment increased
the expression of PGC-1la compared with the controls. The effect of
hypoxia was greatly inhibited by Paeonol (Fig. 4C).

3.5. Paeonol stimulates PASMC apoptosis in a PGC-1a-dependent manner

We next investigated the involvement of PGC-1a in the mitochon-
drion-dependent apoptosis of PASMCs in response to hypoxia. The ex-
pression of the PGC-1a protein was inhibited by transfecting the spe-
cific siPGC-1a sequence into PASMCs compared with the negative
control (NC) (Fig. 5A). Then the cell viability assay was performed. The
cell viability of PASMCs was found to be increased under hypoxia, and
this increase was eliminated by PGC-1a silencing. After inhibiting PGC-
1a, cell growth did not further decrease with the addition of exogenous
Paeonol (Fig. 5B). Normal and abnormal (crenation, condensation and
fractionation) nuclei are indicated as labeled in Fig. 5C. Paeonol or
siPGC-1la treatment alone promoted nuclear deformation compared
with hypoxia treatment respectively, and no further changes were ob-
served in the Paeonol plus siPGC-1a group. Similar effects of Paeonol
and siPGC-1a on PASMC apoptosis were identified by Flow cytomety
analysis with Annexin V and PI staining (Fig. 5D). Loss of the mi-
tochondrial membrane potential is an important indicator of cell
apoptosis. As shown in Fig. 5E, hypoxia-inhibited mitochondrial de-
polarization as indicated by reduced ratios of green/red fluorescence.
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Treatment with Paeonol or siPGC-la prevented the increase of mi-
tochondrial potential caused by hypoxia, and no further changes were
observed in paeonol-treated cells in which PGC-1a activity was blocked
via RNA interference under hypoxic conditions. Bcl 2 is an important
anti-apoptotic protein localized on mitochondrial membrane and is
closely associated with mitochondrial function. We found that hypoxia
upregulated Bcl 2 expression in PASMCs, while Paeonol / siPGC-1a
alone decreased the expression of Bcl 2 to a similar extent as Paeonol
together with siPGC-la treatment (Fig. 5F). Furthermore, treatment
with Paeonol / siPGC-1a resulted in an increased expression of caspase
3 compared with hypoxia, a similar result was acquired in the siPGC-1a
plus Paeonol group (Fig. 5G). These results indicate that Paeonol sti-
mulates the mitochondrion-dependent apoptosis of PASMCs through

the PGC-1a pathway under hypoxia.

4. Discussion

Although prostacyclin analogues, prostacyclin receptor agonists,
phosphodiesterase type 5 inhibitors, guanylate cyclase stimulators and
endothelin receptor antagonists are included in the treatment for PAH
patients (Galie et al., 2019). Current medical therapy is limited to re-
verse the complex progressive increases in pulmonary vascular re-
sistance and severe PAH remains debilitating and deadly (Galie et al.,
2016). Further treatment escalation is required, and the identification
and validation of new pathways, drugs and strategies for combination
therapy are therefore mandatory. In the present study, we attempted to
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A, The efficiency and specificity of siRNA directed against PGC-1a. B, The protective effect of hypoxia on cell viability was repressed by PGC-1a silencing. C, Cells
were stained with Hoechst; abnormal (fractionation) and normal nuclei were labeled; and cells were imaged by fluorescent microscopy, Scale bars are 50 um. D,
Apoptosis analysis by flow cytometry showed that the decrease in apoptotic cells caused by hypoxia was increased by siPGC-1a. E, Representative photographs of
cells stained with the JC-1 probe. Hypoxia attenuated mitochondrial depolarization in PASMCs, which was recovered by silencing PGC-1a. Scale bars are 100 pum.
F-G, The effects of Paeonol and siPGC-1a on the expression of Bcl 2 and caspase 3. Hyp, hypoxia; PA, Paeonol, All values are denoted as mean = SEM. n = 6.

P < 0.05, "

explore the role of Paeonol in PASMC apoptosis and clarify the un-
derlying mechanisms in vivo and in vitro.

The regulation of cell function by mitochondria is of great com-
plexity and diversity, mitochondria depolarization is implicated in the
regulation of cell apoptosis via the loss of mitochondrial membrane
permeability and the release of cytochrome c (Cytc), second mi-
tochondria-derived activator of caspases and apoptosis-inducing factor
(AIF) from the matrix to the cytoplasm (Naoi et al., 2019). For example,
in colorectal cancer SW480 cells, increases in mitochondrial elongation
factor 1 (MIEF1)-induced mitochondrial outer potential deficiency and
cellular ATP metabolism disorders participate in mitochondrial apop-
tosis initiation (Zhang et al., 2019). On the other hand, contrast to the
classic theory, Marsboom et al. showed that increased dynamin-related
protein 1 (Drpl) expression and activation reflects mitochondrial dys-
function resulting in hyperproliferative but not apoptotic diathesis of
human PAH PASMCs (Marsboom et al., 2012). Similarly, Zhang et al.
reported that increased mitochondrion-derived ROS (mROS) produc-
tion was involved in PASMC apoptosis resistance induced by hypoxia
(Zhang et al., 2016). Consistent with the above findings, in the present
study mitochondrial damage including impaired ATP production, ab-
normal mitochondrial morphology and increased ROS production was
increased by hypoxia. In addition, the JC-1 assay indicated that hypoxia
treatment significantly increased the PASMC mitochondrial membrane
potential by mitochondrial hyperpolarization which in turn promoted
the expression of the apoptosis-inhibitory protein Bcl 2 to achieve its
inhibition of cell apoptosis. Therefore, our results showed that hypoxia
treatment was able to cause mitochondrial damage by contributing to
the imbalance between cell apoptosis and proliferation, apoptosis re-
sistance and increased proliferation in PASMCs ultimately leading to
pulmonary vascular remodeling.

Accumulating evidence indicates that Paeonol exhibits various
physiological properties relevant to the experimental treatment of re-
spiratory system disease. Liu et al. determined that Paeonol attenuates
cigarette smoke-induced lung inflammation by inhibiting ROS-sensitive
inflammatory signaling pathways and interleukin-8 (Liu et al., 2014).

P < 0.01 compared with control. *P < 0.05, **P < 0.01 compared with hypoxia.

Additionally, aminothiazole-paeonol derivatives provide an effective
strategy for the treatment of acute lung injury (ALI) and acute re-
spiratory distress syndrome (ARDS) induced by LPS (Fu et al., 2017). In
hypoxic lungs, Paeonol has been reported to alleviate PASMC pro-
liferation induced by chronic hypoxia by inhibiting extracellular regu-
lated protein kinases (ERK 1/2) signaling pathway (Zhang et al., 2018).
However, our knowledge about the mechanisms by which Paeonol
causes hypoxic PAH is still incomplete. In the present study, we found
that mitochondrial injuries in PASMCs including impaired ATP pro-
duction, abnormal mitochondrial morphology and an increase in ROS
induced by hypoxia are eliminated by Paeonol. Moreover, Paeonol
stimulates the mitochondrion-dependent apoptosis of PASMCs and
leads to relieved pulmonary arterial medial hypertrophy under hypoxia.
To our knowledge, this is the first systematic study to associate Paeonol
with mitochondrial homeostasis and cell apoptosis in PASMCs.
PGC-1a is a member of the peroxisome proliferator-activated re-
ceptor y (PPARy) coactivator family, which consists of PGC-la
(PPARGC1A), PGC-1B (PPARGC1B) and PRC (PPRC1) (Luo et al.,
2016). PGC-1a has widespread functions in the human brain, neurons,
hepatocytes, muscle and heart (Choi et al., 2014; Sawada et al., 2014).
Researchers suggest that PGC-1a is a central regulator of mitochondrial
biogenesis that can activate transcriptional factors such as nuclear re-
spiratory factor 1 (NRF1) and mitochondria transcription factor A
(TFAM) to improve mitochondrial biogenesis (Kelly and Scarpulla,
2004). Recent studies showed that activation of PGC-1a could reduce
mitochondrial apoptosis in human sarcoma cell lines, and the inhibition
of PGC-la is causally related to hyperglycemia-induced vascular
smooth muscle cell proliferation and migration (Onishi et al., 2014; Zhu
et al., 2009). In pulmonary hypertension, PGC-1a protects against hy-
poxic endothelial cell injury by reducing oxidative stress and improving
mitochondrial respiratory function (Ye et al., 2016). These results in-
dicate that PGC-1a may act as a causal factor of the pathophysiologic
process in cell apoptosis and is a potential therapeutic target for PAH.
Our results reveal that PGC-1a is involved in the changes in cell via-
bility, mitochondrial depolarization and Bcl 2 expression induced by
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Paeonol in PASMCs. Additionally, PGC-1a mediates Paeonol-stimulated
apoptosis through the mitochondrial pathway. The close relationship
between mitochondrial functions and PGC-1a regulation in the patho-
logical process in the pulmonary vasculature may provide combined
therapeutic targets for hypoxic PAH.

5. Conclusions

Here, we demonstrate that Paeonol protects against mitochondrial
injury from hypoxia both in vivo and in vitro, which is involved in
hypoxia-induced pulmonary vascular remodeling. Moreover, we prove
that Paeonol-mediated PASMC mitochondrial homeostasis and cell
apoptosis are regulated by PGC-1a under hypoxic conditions.
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