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Abstract: Pathological remodeling of the right ventricular (RV) contributes to the mortality of pulmonary arterial
hypertension (PAH) patients, and RV myocardial apoptosis and metabolism play decisive roles in RV remodeling.
Qiligiangxin (QLQX), a traditional Chinese medicine, has a cardio-protective effective on left ventricular remodeling.
However, whether QLQX can decrease RV myocardial apoptosis, improve metabolism, and attenuate RV remodeling
remain uncertain. This study investigated the effects of QLQX on RV remodeling, myocardial mitochondria, apop-
tosis, and metabolism reprogramming. RV remodeling was induced by intraperitoneal injection of Monocrotaline
(MCT). We first discovered that QLQX improved hemodynamic parameters and inhibited MCT-induced RVH. Next,
QLQX significantly attenuated RV remodeling which covered RV myocardial fibrosis, and RV capillary density. Further-
more, we uncovered that QLQX attenuated RV myocardial apoptosis. We also confirmed that QLQX reversed meta-
bolic shift toward glycolysis which decreased the uptake of glucose showed by fluorodeoxyglucose F 18 positron
emission tomography (18FDG-PET). Mechanistically, QLQX optimized mitochondrial function by ameliorating struc-
tural abnormality of mitochondria, reducing the release of cytochrome ¢ from mitochondria, and upregulating the
expression of SOD2. Mitochondria-dependent apoptosis and mitochondria-associated metabolism were involved in
QLQX regulation of RV. Moreover, our study showed that PINK1/Parkin 2 pathway was involved in improving mito-
chondrial function. We concluded that QLQX could inhibit PAH-induced RV remodeling by decreasing mitochondria
associated apoptotic pathway and reversing mitochondrial related metabolic shift. The PINK1/Parkin mitophagy
pathway may play a key role in mitochondria protection.

Keywords: Right ventricular remodeling, pulmonary arterial hypertension, mitochondria function, apoptosis, meta-
bolic shift, mitophagy

Introduction patients with PAH [4]. Nevertheless, these me-
thods just scratches the surface against the
progression of PAH [5]. More and more experi-
ments have proved RVF as the decisive factor
in the course of PAH independent of PVR. The
animal experiment revealed that RV remodel-
ing brought about the RVF [6]. Other experimen-
tal evidence has demonstrated that therapeu-
tic intervention targeting the RV may also be
worthwhile [7]. Therefore, reversing RV remod-

eling may be a new target for PAH treatment.

Pulmonary arterial hypertension (PAH) is a fatal
disorder of cardiovascular system with a preva-
lence of 15 per million people and the me-
dian survival is only 5 to 7 years once diag-
nosed [1-3]. PAH is a syndrome characterized
by a progressive increase in pulmonary vascu-
lar resistance (PVR) and imposes a hemody-
namic stress on the right ventricle (RV), which
leads to RV overload and eventually give rise to
RV pathological remodeling and RV failure

(RVF). Available medical therapies are limited
to reducing mean pulmonary arterial pressure
(mPAP) and improving the quality of life in

Recently, more studies have confirmed that
apoptosis attributes to RV remodeling and
eventually leads to RVF. Mitochondria have
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been shown to amplify apoptosis by releasing
pro-apoptotic factors, such as cytochrome ¢
into the cytoplasm [8]. Therefore, it is possible
to regulate apoptosis by improving mitochon-
drial function. Moreover, mitochondrial function
determines cardiomyocytes glucose metabo-
lism [9, 10]. Observational studies have con-
firmed that the capacity of glucose uptake in
PAH patients increases [11, 12] and in order to
accommodate the increasing PVR, the RV met-
abolically shifts from glucose oxidation to
anaerobic glycolysis [13, 14]. It has been prov-
en that enhancing glucose oxidation can re-
store RV function and improve RVH. This sug-
gests that mitochondria therapy may offer a
new approach to control RV myocardial apopto-
sis, improve glucose metabolism, and thus
combat RV remodeling.

Previous studies have confirmed that selec-
tive mitochondria autophagy (mitophagy) can
eliminate damaged mitochondria and prevent
mitochondria pathological accumulation, which
are associated with cardiac apoptosis and dys-
function [15, 16]. Studies conducted by schol-
ars from China, Japan, and the US conclude
that autophagy and mitophagy could lower the
chances of diabetic cardiomyopathy [17-19].
Additionally, some literature report that appro-
priate mitophagy level promotes cardiac meta-
bolic reprogramming and metabolic shift to-
ward aerobic oxidation [20, 21].

Fuller understanding of the therapeutic power
of Qiligiangxin (QLQX) also requires thinking in
traditional Chinese medicine doctrine. The drug
can boost the “Qi”, the energy flow within a liv-
ing entity, and warm the “Yang”, the positive
side of dualistic monism. The latter helps
remove meridian blockage during the develop-
ment of heart failure caused by coronary heart
disease and hypertension by promoting blood
circulation [22]. Recently, it has been reported
that QLQX combined with targeted drugs can
not only reduce pulmonary artery pressure,
improve clinical symptoms, but also protect
vascular endothelial cell function. This combi-
nation, thereby, may improve cardiopulmonary
function and increase treatment tolerance of
chronic thromboembolic pulmonary hyperten-
sion. Researchers from our laboratory and oth-
ers have reported that QLQX can attenuate left
ventricular and pulmonary vascular remodeling
in rats under post-MI congestive heart failure
[23]. Previous studies have documented that

5656

QLQX could improve mitochondrial function,
inhibit mitochondria-dependent apoptotic path-
way in pressure overload and spontaneously
hypertensive heart failure rats [22]. However,
whether QLQX directly addresses RV remodel-
ing remains unconfirmed. Here we hypothesize
that QLQX can ameliorate the RV remodeling
secondary to PAH by controlling mitochondria-
dependent apoptosis and mitochondria-associ-
ated metabolism reprogramming. This study
intends to bring our understanding of QLQX'’s
effectiveness against MCT-induced RVF to a
deeper level. We aim to achieve it by (1) evalu-
ating the effect of QLQX on RV remodeling
including apoptosis, fibrosis and capillary den-
sity. (2) determining myocardial glucose uptake
by 18F-FDG using small-animal PET imaging.
(3) estimating the impact of QLQX on mitochon-
dria structure and function. (4) calculating
QLQX’s impact on the expression of mitophagy-
related proteins, including PINK1, Parkin, and
LC3B.

Materials and methods
QLQX capsule ingredient

The ingredients of QLQX capsule include astrag-
alus membranaceus, ginseng, aconite, salvia,
zongzi, diarrhea, jade bamboo, cinnamon stick,
safflower, fragrant rind, tangerine peel. To pre-
pare for our study, we dissolved the capsule in
sterile water at 0.1 g/concentration.

Monocrotaline rat model of RV remodeling

60 adult male Sprague-Dawley rats (body wei-
ght 220~250 g) were purchased from Beijing
Vital River Laboratory Animal Technology Co.
Ltd (Animal license number: SCXK (Beijing)
2017-0302). Animals were divided into three
group: (1) Sham group (n=20): receiving intra-
peritoneal injection of saline for 6 weeks. (2)
MCT group (n=20): receiving intraperitoneal
monocrotaline (60 mg kg'd*; Sigma-Aldrich, St
Louis, MO, USA) injection to induced RVF for
week 1-4 and saline injection for week 5-6. (3)
QLQX group (n=20): receiving MCT injection for
week 1-4, then QLQX (0.1 g kg'd?) injection for
week 5-6.

Hemodynamic evaluation

Intraperitoneal sodium pentobarbital injection
was (40 mg kg?) used for anesthetization in
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Sham, MCT and QLQX groups after 6 weeks of
injection. Polygraph system (Power Lab 8/30;
AD Instruments, Bella Vista, NSW, Australia)
was used to measure the hemodynamic pa-
rameters including mPAP and RVSP. A polyeth-
ylene-50 catheter was inserted via the right
external jugular vein into the pulmonary artery
after tracheotomy, mPAP and RVSP were mea-
sured.

Assessment of RV hypertrophy index

Upon the completion of hemodynamic parame-
ters measurement, we excised the hearts, sep-
arated them into RV walls, LV walls, and ven-
tricular septum, and weighed all parts by wet
weight. Lastly, we calculated the ratio of RV
weight to LV plus septum weight (RV (LV+Sep))
for the RV hypertrophy index assessment.

Histopathology, immunohistochemistry, immu-
nofluorescence, tunnel

During our experiment the heart tissues were
fixed in 10% neutral formalin, embedded in par-
affined, and sectioned by 4 um for hematoxylin
and eosin (HE) and Masson staining. Image pro
plus 6.0 was used to quantify the ratio of fibro-
sis area to the entire surface. The capillary den-
sity and mitophagy-associated proteins were
both determined by immunofluorescence stain-
ing. The paraffin-embedded RV sections (4 um)
were deparaffinized for citrate-EDTA antigen
retrieval, and incubated with different primary
antibodies: CD31 (1:500 dilution, ab24590,
abcam), PGC-a (1:300 dilution, ab54481,
abcam), LC3B (1:200 dilution, 3868T, cell sig-
naling technology), PINK1 (1:200 dilution, ab-
23707, abcam), Parkin 2 (1:500 dilution, 21-
32S, cell signaling technology) and p62 (1:200
dilution, ab91526, abcam). Having been incu-
bated overnight at 4°C, the RV sections were
then washed with PBS and added with fluores-
cent secondary antibody. The images were
generated by laser scanning confocal micro-
scope (Olympus, FV1000) and analyzed by
Image Pro Plus 6.0. For immunohistochemical
staining, hydrogen peroxide (H,0,, 3%) was
used for blockage. Then caspase 3 (1:500 dilu-
tion, BM3957, Bioss), Bax (1:500 dilution, BM-
3964, Bioss), Bcl-2 (1:500 dilution, BA0412,
Bioss) antibodies were added to RV sections for
a 60-minute incubation at 37°C. Finally, the RV
sections were washed again with PBS for DAB
colorimetry. Apoptosis was analyzed by the ter-

5657

minal-deoxynucleotidyl transferase-mediated
2'-deoxyuridine 5'-triphosphated nick-end-la-
beling (TUNEL) method (Roche, 11684795910).

Transmission electron microscopy

Fresh RV tissues were collected and cut into 1
mm?3, prefixed in 2% glutaraldehyde for 2 h and
then fixed in 1% osmium tetroxide, step by step
dehydration with ethanol and then acetone.
Later, samples were embedded in the epoxy
resin at 37°C overnight, polymerized by propyl-
ene oxide at 60°C for 48 h. Lastly, samples
were sliced into 60 nm sections, stained by
lead citrate and uranium acetate, and observed
with transmission electron microscope (JEOL,
JEM-1400).

Western blot

RV samples were cut into pieces, underwent
protein extraction by RIPA (50 mM Tris-HCI (pH
7.4), 150 mM NaCl, 1% NP-40, 0.1% SDS),
quantified by BCA Protein Quantification Kit
(Thermo Fisher, NCI3227CH). GAPDH was us-
ed as internal reference. SDS-PAGE separated
the protein and electro transfer method was
used. PVDF membrane (Millipore, 0.45 um)
were probed by mouse monoclonal SOD2 (1:
2000 dilution, abcam), rabbit polyclonal Cyto-c
(1:1000 dilution, Cell Signaling Technology)
overnight. TBST buffer was washed for three
times, 10 min each. Goat anti Mouse IgG as
secondary antibodies (1:20000 dilution) was
used to incubate the PVDF membrane at RT
for 40 min and enhanced by chemilumines-
cence reagent (Millipore, WBKLS0500). Band
intensities were determined by using Gel Ima-
ge system ver.4.00 (Tanon, China). All measure-
ments were repeated for at least three times.
Measurements of cytosolic cytochrome ¢ we-
re achieved by subcellular fractionation and
western blotting with cytochrome c¢ antibody
(1:2000 dilution, Cell Signaling Technology) as
described previously.

18FDG-PET scanning and data analysis

Fasting 12 h rats were injected with 0.2 mL
18F-FDG (37 MBq; Beijing Atomic High-Tech
Co., Ltd.) through the tail vein and then placed
in a pre-numb box 30 minutes after 4%, 2 L/
min isoflurane injection. An alkane flow was
used to induce anesthesia. The anesthetized
rats were fixed in a prone position on a scan-
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ning bed for MicroPET/CT (Siemens, Inveon)
imaging, and anesthesia was maintained by
1.5 L/min 3% isoflurane flow. CT acquired 30
min firstly, PET acquired 10 min immediately
thereafter. Siemens Inveon Research Work-
place was used to register CT and PET images,
and then areas of interest on the heart was
marked to calculate standardized uptake val-
ues (SUV).

Statistics

All procedures were performed in triplicate. All
data was presented as the mean * standard
deviation (SD). An independent-samples t-test,
one-way analysis of variance (ANOVA) was con-
ducted to evaluate the one-way layout data.
P-values less than 0.05 were considered as
significant. All analyses were performed using
GraphPad Prism6.0 (GraphPad Software, Inc.,
La Jolla, CA, USA).

Results

QLQX improved hemodynamic parameters and
inhibited MCT-induced RVH

Pulmonary arterial hypertension (PAH) is
defined as the mPAP greater than 25 mmHg
at rest or greater than 30 mmHg during exer-
cise. In this study, we used MCT to induce
RV remodeling as previous studies have done
[24-26]. We detected mPAP and RVSP variation
in hemodynamic parameters in the MCT-
induced model. In MCT injected rats, mPAP
gradually increased from 14.36+3.58 mmHg at
baseline to 31.95+3.27 mmHg, and RVSP in-
creased from 21.78+1.97 mmHg to 51.75+
2.52 mmHg after 4 weeks (Figure 1A-C).
According to the PAH definition, we have suc-
cessfully made the PAH model. In this study,
QLQX treatment significantly lowered mPAP and
RVSP by 43% and 26.5% (Figure 1B, 1C). High
RV pressure secondary to PAH, which manifest-
ed by the elevating RV/[LV+S] ratios, can con-
tinuously induce RVH. Our study indicated that
there was significantly less hypertrophy in QLQX
group compared with MCT group (Figure 1D
and 1E).

QLQX reversed RV remodeling in RVF

RV remodeling includes not only changes in car-
diomyocyte morphology but also interstitial
fibrosis and capillary density. In adult PAH
cases, higher degree of fibrosis leads to worse
prognosis [27]. As shown in the H&E staining
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image, the QLQX group demonstrated signifi-
cantly improved RV myocardial shape, arrange-
ment and nuclear morphology in RV wall com-
pared to which from the MCT group rats (Figure
2A). Similarly, the pulmonary vessels under the
effect of QLQX had larger vessel diameter and
thinner vessel walls compared with the MCT
group (Figure 2B). Meanwhile, the MCT gro-
up had significantly higher degree of fibrosis
than which of the Sham, while QLQX treatment
reversed such trend (Figure 2C and 2E). Final-
ly, different from the decreasing micro vessel
density in MCT group stained by CD31, QLQX
treatment partly restored the density of RV cap-
illaries (Figure 2D and 2F). All these results
strongly suggested that QLQX could reverse RV
remodeling in RVF.

QLQX inhibited RV myocardial apoptosis

It has become clear that RV disease progres-
sion is associated with an early increase in RV
apoptosis [28] which plays an important role in
RVF. We then evaluated the apoptosis of RV
cardiomyocytes by TUNEL staining. The MCT
group had markedly stronger apoptotic signal
than which of the Sham, while such signal was
largely weakened by QLQX treatment (Figure
3A and 3C). Existing studies provided the view
that mitochondria participated in the progress
of cell apoptosis by releasing pro-apoptotic
factors, such as the Bcl-2 family. We explored
the effect of QLQX on Bcl-2 and Bax expression
by immunohistochemical staining. Consistent
with the TUNEL results, the MCT group had
higher levels of cleaved caspase-3 and Bakx,
and lower expression of anti-apoptotic protein
Bcl-2 than that of Sham and QLQX groups.
Comparatively, QLQX treatment effectively re-
versed those results (Figure 3B, 3D-F).

QLQX reversed metabolic shift toward glycoly-
sis

Similar to LVF and being part of RV remodeling,
metabolic remodeling also embodies the char-
acteristics of RVH. This kind of remodeling can
be identified and quantified in vivo by 18FDG-
PET. Our study, likewise, used 18FDG-PET to
evaluate the glucose metabolism. Glucose
uptake was elevated in RV in MCT group, but
this accumulation declined after the QLQX
treatment (Figure 3G). The level of the PPAR-y
coactivator-1a (PGC-a), the master regulator of
mitochondrial biogenesis and oxidative metab-
olism reduced in MCT group. The opposite was
observed in QLQX group (Figure 4F, 4G).
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Figure 1. QLQX improved hemodynamic parameters and inhibited MCT-induced RVH. A. Representative images of
the mean pulmonary arterial pressure (mPAP) in three groups. B. Qualification of the mPAP in three groups. The
variation of mPAP was significantly increased in MCT group compared to Sham and QLQX groups. C. Right ventricular
systolic pressure (RVSP). QLQX treatment remarkably decreased RVSP compared with MCT group. D. Representa-
tive images of the RV/[LV+Sep]. The ratio of RV weight to LV plus septum weight significantly increased in MCT group
compared with QLQX. E. The ratio of free wall of RV weight to LV+Sep weight. The RV/[LV+Sep] ratio was significantly
decreased in QLQX group compared to MCT. Sham, single intraperitoneal injection of saline group. MCT, monocrota-
line induced SD rats right ventricular remodeling model group (60 mg kg?); QLQX, Qiligiangxin intraperitoneal injec-
tion (100 mg kg'd?) after the 4 weeks MCT induced RVF rats; RV, right ventricular; LV, left ventricular; Sep, septum.
Data is presented as mean + SD. ***P<(0.0001; **P<0.001.
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Figure 2. QLQX reversed RV remodeling in RVF. A. Hematoxylin and eosin staining of the fixed RV sections. QLQX
treatment significantly improved RV myocardial shape, arrangement and nuclear morphometry in RV wall (black
arrow). Scale bar, 50 ym. B. Hematoxylin and eosin staining of the fixed lung sections. The pulmonary vessels of
QLQX group had larger blood diameter and thinner vessel wall compared with the MCT group (black arrow). Scale
bar, 50 um. C. Fibrotic areas were shown by Masson trichrome stain (black arrow). Scale bar, 50 um. D. RV cryosec-
tions stained with CD31 (blood vessels stained by green, red arrow) and nuclei (4’,6-diamidino-2-phenylindole; DAPI,
blue). Scale bar, 50 um. E. Fibrosis quantification (blue-stained areas) of RV cardiomyocytes. The MCT group had
the significantly fibrosis degree than the Sham, while QLQX treatment diminished the extent of fibrosis. F. Capillaries
to area (um?) ratio. QLQX treatment partly restored the density of RV microvessel density compared with the MCT
group. Original magnification, 100x%; Scale bar, 50 um. Data is presented as mean + SD. ***P<0.0001; **P<0.001.

QLQX improved RV myocardial mitochondrial
function in RVF

To explore the mechanism of ventricular hyper-
trophy and RV remodeling, we studied mito-
chondria, a function of cardiomyocytes sub-
structure. The MCT group displayed more
abnormalities than the Sham in terms of mito-
chondrial swelling, myofilaments dissolution,
broken Z-lines in RV cardiomyocytes by trans-
mission electron microscopy (TEM), and con-
current mitochondrial cristae loss and vacuoles
formation in the matrix. Such abnormalities sig-
nificantly lessened in QLQX group (Figure 4A).
In order to investigate the effect of QLQX on
mitochondrial function, we detected the cyto-
chrome ¢ (Cyto-c) from mitochondria and SOD2
expression by Western blot. Analysis showed
that compared with the Sham levels, Cyto-c
increased and SOD2 decreased in the MCT
group, but after QLQX treatment, the expres-
sions both reversed (Figures 4B-E, S2).

QLQX upregulated the mitophagy level in MCT-
RVF rats

To explore the cause of mitochondrial dysfunc-
tion, we studied the mitophagy ability in the
Sham, MCT and QLQX groups. Mitophagy can
clear away the dysfunction and subsequent
degradation of mitochondrial [30]. In our study,
we observed mitochondrial autophagosome
and mitophagy-associated protein via TME and
immunofluorescence. In the context of RVF in
QLQX treatment compared with MCT, some
mitochondria or fragmented pieces were con-
tained in lysosome, which suggests for mitoph-
agy (Figure 5A). Additionally, our study obser-
ved attenuated LC3B expression in RV cardio-
myocytes in MCT rats and enhanced LC3B
expression in QLQX-treated rats (Figure 5B and
5F). To further clarified the molecular mecha-
nism of mitophagy in RVF, we analyzed the
mitophagy pathway protein, including tensin
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homolog (PTEN)-induced kinase 1 (PINK1), the
mitochondrial phosphatase, cytosolic E3 ubig-
uitin ligase Parkin 2, Mitofusin 2 (MFN2), as
well as p62, all of which have been implicated
in PINK1/Parkin 2 mitophagy mitophagy. Im-
munohistochemistry and Immunofluorescence
stain showed that the expressions of PINK1,
Parkin 2, MFN2, p62 in RV myocardial from the
MCT group were significantly lower than which
from the Sham, while such condition recovered
toward normal levels under QLQX treatment
(Figures 5C-E, 5G-I, S1).

Discussion

In our study, we discovered that QLQX played a
constructive role in ameliorating RV remodeling
by improving hemodynamics, cardiomyocyte
morphology, capillary density, and RV intersti-
tial fibrosis. Moreover, this study provides new
mitochondria-oriented approach for treating
MCT-induced RV remodeling via improving
mitochondrial-dependent apoptosis and meta-
bolic remodeling. Mitophagy causes mitochon-
drial dysfunction, which leads to apoptosis and
metabolic remodeling. As for the mechanism
behind, PINK1/Parkin 2 mitophagy may cause
mitochondrial dysfunction which was associat-
ed with apoptosis and metabolic remodeling.

To a certain extent, metabolism derangement
and disorders of mitochondrial function result
in RVF. Several studies claim that right ventricu-
lar cardiomyocytes and vascular cells in PAH
display a cancer-like metabolic shift, which can
be identified by accelerated glycolysis and
shrunken glucose oxidation. These appear to
be good signs for cardiomyocytes, but in long-
term dependence on anaerobic digestion for
ATP generation could trigger RVF. Therapeutic
targeting of metabolic abnormalities in PAH can
restore oxidative phosphorylation and pulmo-
nary vascular structure, and ease hypertrophy
along with improving the contractility, hemody-
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Figure 3. QLQX inhibited RV myocardial apoptosis and reversed metabolic shift. A. Representative images of TUNEL
staining in three groups. TUNEL positive stains in bright green. Sham, red arrow; MCT, red oval; QLQX, red arrow. Nu-
clei stained blue with DAPI. Scale bar, 50 um. B. Representative images of caspase 3, Bax and Bcl-2 staining in RV
myocytes by immunohistochemical staining (red arrow). Scale bar, 50 ym. C. Quantitative changes of the incidence
of myocardial apoptosis in RV among various treatment groups. RV myocytes after monocrotaline induced RVF in-
creased apoptosis compared to Sham, while QLQX treatment group significantly decreased compared to MCT group.
The percentages of TUNEL positive cells were calculated in 10 randomly chosen fields of each section at x400 mag-
nification. D-F. Quantification of caspase 3, Bax and Bcl-2 staining in RV myocytes. MCT group had a higher level of
cleaved caspase-3, Bax and lower expression of anti-apoptotic protein Bcl-2 than that of control and QLQX groups,
while QLQX reversed. G. The representative FDG-PET image was shown in Sham, MCT and QLQX group. FDG-PET
detected and quantified the metabolic pattern reversing. Glucose uptake in RV (red arrows) was elevated in MCT
group (red zone), while this accumulation was ameliorated after the QLQX treatment. Original magnification, 100x;
Scale bar, 50 um. Data is presented as mean + SD. ***P<(0.0001; **P<0.001; *P<0.05.
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Figure 4. QLQX improved RV myocardial mitochondrial function in RVF. A. Representative TEM images of mitochon-
drial ultrastructure in RV myocytes. QLQX partly reversed the abnormal mitochondria ultrastructure in MCT-induced
right ventricular failure group including mitochondrial swelling (red arrow), loss of mitochondrial cristae occurred
with vacuoles formation in the matrix (black arrow), dissolution of the myofilaments (red triangle) and broken Z-lines
(black triangle) in RV cardiomyocytes by transmission electron microscopy than in the Sham, which were significantly
decreased in QLQX group. Scale bar, 2 ym (original magnification, 2000x); scale bar, 0.2 pm (original magnification,
20000x). B and C. The tissue lysates from the RV were separated on SDS-PAGE, and then immunoblotted with dif-
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ferent specific antibodies. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in the immunoblot was shown as
a loading control. B. Representative immunoblotting images of cytochrome C (Cyto-c) expression in three groups. C.
Representative immunoblotting images of SOD2 expression in three groups. D. Quantification analysis of the Cyto-c
expression level. Western blots showed that the increased Cyto-c expression in MCT can be significantly suppressed
by QLQX. E. Western blots showed that the decreased MnSOD expression in MCT was significantly increased in
QLQX group. F. Representative immunofluorescence staining images of PGC-a (PGC-&, green; DAPI, blue) in three
groups (red arrow). Original magnification, 100x%; scale bar, 50 um. G. Quantification analysis of PGC-ot expression
in RV. Decreased PGC-a was observed in MCT compared to Sham and QLQX treatment by immunofluorescent stain-
ing. Integral optical density (I0D) are shown for five fields each rat for three rats. Data is presented as mean + SD.

**P<0.001; *P<0.05.

namics, and cardiac output of the right ventri-
cle, as many studies have demonstrated. Two
clinical surveys report that rise in glucose
uptake has to do with increased glycolysis in
PAH patients [31-33]. Consistent with these
findings, our study showed that the QLQX treat-
ment of PAH effectively shifted metabolism
towards aerobic respiration, which is indicated
by glucose uptake, PGC-a decrease (Figures
3G, 4F, 4G). Moreover, it has been recognized
that mitochondria metabolically adapt to the
changing environment, and proper mitochon-
drial function is necessary supply stable energy
flow to the heart. Studies suggest that meta-
bolic deregulation is a sign of mitochondrial
abnormalities, diminished ATP production and
energy supply [20]. According to this relation-
ship between metabolism and mitochondria,
we further measured the effect of QLQX on
mitochondrial structure by TEM, and its effect
on mitochondrial function by assessing the
mitochondrial biogenesis and the expression of
Cyto-c and SOD2. PGC-q, the co-activators of
the peroxisome proliferator activated receptors
has a complex regulation of mitochondria bio-
genesis along with oxidative metabolism [29].
Pronounced PGC-a expressions represent
greater mitochondrial mass and proliferation.
Our study identifies that QLQX alleviates metab-
olism remodeling by raising PGC-« levels, thus
optimizes mitochondrial structure and function
(Figure 4F and 4G). Consistent with the effect
of QLQX on metabolism, the abnormalities in
mitochondrial ultrastructure and mitochondrial
function were partly reversed by the drug
(Figure 4A and 4B). In sum, on the one hand,
mitochondrial dysfunction was the possible
reason of the metabolism shift from aerobic
oxidation to glycolysis. On the other hand, previ-
ous studies have revealed that functional
abnormalities of cardiac mitochondria, trig-
gered by intracellular stress such as oxidative
stress, could accelerate apoptosis and mito-
chondria-dependent apoptosis pathway [8].
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Under oxidative stress, the pro-apoptotic pro-
tein first translocates from the cytoplasm to the
mitochondrial membrane, and forms a gap to
facilitate the cytochrome c¢ release from the
mitochondrial membrane to the cytoplasm.
Then, the pro-caspase 9 and caspase 3 were
activated to catalyze downstream substrate.
Finally, the preceding cascade amplification
reaction leads to cell apoptosis. Bogaard et al.
stated that RV failure was associated with myo-
cardial apoptosis [34]. In human beings, apop-
tosis rates can increase from 1 in 10 in a nor-
mal heartto 1in 400 in a heart failure [35, 36].
Similarity, in the rat experiments, increasing
myocardial apoptosis led to deteriorated cardi-
ac function, therefore taking part in the patho-
logical processes of heart failure [37]. In pul-
monary artery banding and monocrotaline-
induced right ventricular failure models, the
myocardial apoptosis ratio upregulates [35].
Therefore, we closely monitored the RV myocar-
dial apoptosis rates during this QLQX-targeted
study. TUNEL staining indicates less cardiomyo-
cyte apoptosis in QLQX group than in the MCT
(Figure 3A). Consistent with existing studies,
this result supports our hypothesis that the
PAH involves apoptosis, and attenuated myo-
cardial apoptosis reverses RV remodeling.
Furthermore, considering the relationship
between the mitochondria and apoptosis that
we have mentioned above, we analyzed the
mitochondrial apoptosis-related protein includ-
ing Bax and Bcl-2. Both belong to the Bcl-2
gene family and are the regulator of cell apopto-
sis. The Bcl-2/Bax ratio determines the per-
centage of positive apoptotic cells [38, 39].
The ratio in our study significantly dropped
in RV cardiomyocytes in the MCT group com-
pared with the Sham, but effectively recover-
ed in QLQX group (Figure 3). That is to say,
QLQX improved MCT-induced right ventricular
remodeling via mitochondrial-dependent apop-
tosis pathway. Also considering the role of mito-
chondria in RV cardiomyocytes metabolism,
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Figure 5. QLQX upregulated the mitophagy level in MCT-RVF rats. A. Representative TEM images of mitochondrial morphology in RV myocytes (red arrow). QLQX and
Sham groups have more mitophagy represented by mitochondria or fragmented mitochondria containing in lysosome compared with MCT. Original magnification,
4000x; scale bar, 0.2 ym. B-E. The RV tissue were stained by immunofluorescence with different specific antibodies. B. Representative immunofluorescence stain-
ing images of RV tissue with LC3B (yellow arrow). C. Representative immunofluorescence staining images of RV tissue with PINK1 (white triangle). D. Representative
immunofluorescent staining images of RV tissue with Parkin 2 (red triangle). E. Representative immunofluorescent staining images of RV tissue with p62 (white
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arrow). Original magnification, 100x; scale bar, 50 um. F-l. Quantification analysis of LC3B, PINK1, Parkin 2 and p62
expression in RV. LC3B, PINK1, Parkin 2 and p62 expression levels were significantly decreased in MCT compared
to Sham and QLQX treatment group by immunofluorescence staining. Integral optical density (IOD) are shown for
five fields each rat for three rats. Data is presented as mean + SD. ***P<(0.0001; **P<0.001; *P<0.05.

QLQX may be a novel therapeutic pharma-
ceutical choice. It could alleviate RV remodel-
ing in a mitochondrial approach, specifically,
by inhibiting apoptosis and improving metabol-
ic reprogramming with pulmonary arterial
hypertension.

Furthermore, in order to understand the mech-
anism behind QLQX treatment, we focused on
mitophagy in RV cardiomyocytes. On pathologi-
cal conditions such as long-term excessive
ischemia-hypoxia stimulation and pulmonary
artery hypertension, damaged mitochondria
accumulate in cardiomyocytes, which could
lead to exacerbated apoptosis. Losing mitopha-
gy control means that defective mitochondria
will no longer be cleared away promptly.
Therefore, mitophagy may be the possible pro-
tective mechanism underlying the effect of
QLQX on RV apoptosis and cardiac metabolic
shift. Under low cardiac stress, dysfunctional
mitochondria can be efficiently removed by
mitophagy. The mechanism is to be believed
that oxidative stress products such as ROS
can activate the PINK1/Parkin-development
mitophagy pathway in degenerative and isch-
emic diseases [40, 41]. Tensin homolog (PTEN)-
induced kinase 1 (PINK1) phosphorylates Mi-
tofusin 2 (MFN2), which in turn interacts with
Parkin. Activated Parkin polyubiquitinates ma-
jor autophagy adaptor proteins p62, mediates
interaction with the microtubule-associated
protein 1 light chain 3 (LC3B) and then swal-
lows mitochondria and formats the autophago-
some. From the ultrastructure of myocardial
tissue, we observed that QLQX group had more
autophagosomes around the mitochondria as
same as the Sham group, while the MCT group
had less autophagosomes (Figure 5A). More-
over, we observed amplified expressions of
PINK1, Parkin 2, MFN2, p62 and LC3B in RV,
indicating that QLQX efficiently accelerated the
PINK1/Parkin pathway mitophagy (Figures
5B-I, S1). We may reason that under pulmonary
arterial hypertension, dysfunctional mitophagy
may no longer be able to clear the damaged
and dead cardiomyocytes mitochondria, while
QLQX can restore PINK1/Parkin-dependent
mitophagy, so the clearing can resume its nor-
mal paces.
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In conclusion, our study uncovered that QLQX
could directly reverse RV remodeling secon-
dary to PAH by lessening mitochondria-depen-
dent apoptotic pathway and triggering meta-
bolism shift from glycolysis to oxidation by
restoring mitochondrial structure and func-
tion. The PINK1/Parkin-development mitopha-
gy pathway might be the underlying mechanism
to protect the mitochondria. QLQX might pro-
vide an alternative solution to pulmonary arte-
rial hypertension. We welcome further studies
to verify and expand our study.
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Figure S1. The expression levels of MFN2 in RV tissues. A. Representative images of immunohistochemical staining
using MFN2 antibody as indicated (red arrows). Original maghnification, 100x%; scale bar, 50 ym. B. The quantifica-
tion analysis of the MFN2 immunoactive positive cells in RV tissues in three group. Data is presented as mean *
SD. ***P<0.0001.
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Figure S2. Photographs of the original western blot membranes showing expression levels of Cyto-c and SOD2. The
red dotted box in (A) represents Cyot-c and GAPDH. The red dotted box in (B) respectively represents SOD2 and
GAPDH.



