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Moxibustion alleviates chronic heart failure by regulating
mitochondrial dynamics and inhibiting autophagy

RAN XIA!, WEI WANG', BING GAO', QIANG MA', JING WANG?, XIAOHUA DAL’ and QINGLING LI*

!Graduate School, Anhui University of Chinese Medicine, Hefei, Anhui 230012; 2Key Laboratory of
Xin'an Medicine of Ministry of Education, Anhui University of Chinese Medicine, Hefei, Anhui 230038;
3Depa.lrtment of Cardiovascular Medicine, The First Affiliated Hospital of Anhui University of Chinese Medicine, Hefei,
Anhui 230031; 4School of Chinese Medicine, Anhui University of Chinese Medicine, Hefei, Anhui 230012, P.R. China

Received November 17, 2021; Accepted February 8, 2022

DOI: 10.3892/etm.2022.11286

Abstract. Moxibustion (MOX) is a traditional Chinese
medicine preparation, which has been clinically used to treat
cardiac diseases in recent years. The present study aimed to
examine the protective effects and possible mechanisms of
MOX on doxorubicin (DOX)-induced chronic heart failure
(CHF) in rats. The animals were divided into five groups,
including the Control (normal saline), DOX (doxorubicin
15 mg/kg), MOX (doxorubicin 15 mg/kg + moxibustion),
BEN (doxorubicin 15 mg/kg + benazepril 0.86 mg/kg)
and MOX + BEN (doxorubicin 15 mg/kg + moxibustion +
benazepril 0.86 mg/kg) groups. After three weeks, echo-
cardiography was performed to assess cardiac function
and structure, including left ventricular internal diameter
in systole, ejection fraction and fractional shortening
(FS). Serum brain natriuretic peptide levels and adenosine
triphosphate (ATP) levels were measured by enzyme-linked
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immunosorbent assay and ATP assay. Cardiac pathology
was assessed by hematoxylin and eosin and Masson's
trichrome staining. Cardiac ultrastructure and the number
of autophagosomes formed were visualized by transmis-
sion electron microscopy. Western blotting was performed
to assess mitochondrial dynamics, autophagy proteins and
mitochondrial autophagy-related pathway proteins. The
expression levels of these genes were assessed by reverse
transcription-quantitative PCR. The results indicated MOX
could improve cardiac function, increased cardiac ATP
levels and reduced myocardial fibrosis. Western blotting
indicated that MOX treatment elevated the expression
of optic atrophy 1 protein (OPA1), while decreasing the
expression of dynamin-related protein 1 and mitochondrial
fission 1 protein. In addition, MOX inhibited autophagy,
as evidenced by decreased number of autophagosomes,
reduced LC3II/LC3I ratio and increased p62 expression.
Furthermore, MOX downregulated DOX-induced FUNDC1
signaling pathway. In summary, MOX has protective effects
on DOX-induced CHF in rats, promoting mitochondrial
fusion while inhibiting mitochondrial fission and mitophagy.
The underlying mechanisms may be related to the inhibition
of the FUNDCI signaling pathway.

Introduction

Chronic heart failure (CHF), a major public health concern
worldwide, is a complex clinical syndrome, in which the heart
cannot pump enough blood to meet the body's requirements,
resulting in a series of clinical symptoms, including dyspnea,
weakness and lower limb swelling (1). The ASIAN-HF study
reported that the onset of heart failure (HF) is closely related
to hypertension, anemia, diabetes, coronary artery disease
(CAD), atrial fibrillation and obesity, contributing to a high
morbidity (2). In China. the overall prevalence of HF has
increased by 44% during the past 15 years in patients aged
>35 years (3). Despite great advances in the treatment of
CHF (4), further research is required to alleviate its symptoms
and decrease the morbidity, mortality and re-hospitalization
rates in CHF patients (5). Therefore, the development of novel
therapeutic approaches targeting CHF-associated pathways is
of great significance, to treat CHF more effectively.
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CHF is a progressive disease, in which long-term isch-
emia and hypoxia may lead to myocardial cell necrosis and
ventricular remodeling (6,7). Therefore, effective protection of
cardiomyocytes can deaccelerate the progression of CHF (8).
Mitochondria may not only synthesize a large amount of
adenosine triphosphate (ATP) for myocardial cells, but also
participate in metabolism, signaling, redox balance and ion
homeostasis (9,10). Damaged mitochondria produce reac-
tive oxygen species (ROS), leading to oxidative stress and
cardiomyocyte death (11). The homeostasis of myocardial
mitochondria depends on mitochondrial dynamics and
autophagy. FUN14 domain-containing protein 1 (FUNDCI)
is an integral mitochondrial outer-membrane protein, which
mediates the formation of mitochondria-associated endo-
plasmic reticulum membranes (12). In humans, mitochondrial
fusion is mediated by the dynamin-related GTPases mitofusin
1 and mitofusin 2 (MFNI1 and MFN2) and optic atrophy
1 (OPA1), which mediate outer mitochondrial membrane
(OMM) and inter mitochondrial membrane (IMM) fusion,
respectively (13). However, under myocardial ischemic and
hypoxic conditions, FUNDCI1 interacts with dynamin-related
protein 1 (DRP1), mitochondrial fission 1 protein (FIS1) and
LC3 to induce excessive mitochondrial fission and autophagy,
leading to cell death (14,15). In addition, de-phosphorylation
of phosphoglycerate mutase family member 5 (PGAMS)
and phosphorylation of Unc-51 Like Autophagy Activating
Kinase 1 (ULK1) may activate FUNDCI to interact with LC3
for autophagosome recruitment (16,17). Therefore, FUNDCI1
plays an important role in myocardial mitochondrial dynamics
and autophagy.

Moxibustion (MOX), an important component of
traditional Chinese medicine (TCM), has been widely
and effectively used in the treatment of chronic diseases.
Previous studies have shown that MOX possesses therapeutic
effects in coronary heart disease (18,19). Our research group
previously explored its protective effects on the heart and
demonstrated that MOX can downregulate inflammatory
factors while upregulating anti-inflammatory factors (20).
MOX can regulate autophagy by inducing the activation
of the mechanistic target of rapamycin (mTOR) signaling
pathway (21,22). Hence, the present study aimed to investigate
whether MOX could mediate mitochondrial dynamics and
autophagy to alleviate CHF in a doxorubicin (DOX)-induced
animal model.

Materials and methods

Laboratory animals. A total of 100 male Sprague-Dawley rats
(aged, 8 weeks; body weight, 200-250 g) were obtained from
the Anhui University of Chinese Medicine [Hefei, China;
animal license number: SCXK (Shandong) 2019-003]. They
were housed in accordance with animal welfare regulations,
under specific-pathogen-free conditions at 25°C, humidity of
50% and a 12-h light/dark cycle. The rats had free access to
food and water and were fasted 12 h before the operation. All
animal experiments were approved by the Ethics Committee
of the Anhui University of Chinese Medicine (approval
no. AHUCM-rats-2020026). The present study followed the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health (23).

Animal group and CHF modeling. The 100 rats were
assigned into Control group (C, n=20), Doxorubicin group
(DOX, n=20), Moxibustion group (MOX, n=20), Benazepril
(BEN, n=20) and Moxibustion + Benazepril group (MOX +
BEN, n=20), using a random number table.

The rats in the Control group were fed normally. CHF
models were established according to the method reported
by Leontyev et al (24) in all groups except the control group.
Doxorubicin injection solution (1 mg/ml) was prepared in 0.9%
saline and 80 rats were injected with doxorubicin at 2.5 mg/kg
intraperitoneally once a week for 6 consecutive weeks, with
a cumulative injection volume of 15 mg/kg. Following the
last injection, the successful model construction was judged
by echocardiography. After one week of adaptive feeding, the
intervention treatment was started after the 7th week.

Rats in the C group and DOX group were given the equal
dose of normal saline once a day for three consecutive weeks.
Rats in the MOX group were placed on a platform and under-
went moxibustion at Feishu (BL13, 7 mm below the third
thoracic spinous process on both sides) and Xinshu (BL15,
7 mm below the fifth thoracic spinous process bilaterally)
points using moxibustion sticks (5x120 mm; Wolong Traditional
Chinese Medicine Moxibustion Factory) to make the tempera-
ture of the acupressure points up to 44+1°C (25), once a day for
three consecutive weeks. Rats in the BEN group were admin-
istered with 0.86 mg/kg benazepril (Novartis International
AG) by gavage once per day for 3 consecutive weeks (26). Rats
in the MOX + BEN group received combined treatment with
moxibustion and benazepril (0.86 mg/kg) once a day for three
consecutive weeks. The study flowchart is shown in Fig. 1.

During the experimental period, the general condition of the
rats, including diet, coat color, mental status, activity and respi-
ratory function of rats were observed every day and body weight
were measured every 2 days. When rats exhibited extreme
weakness, anorexia, weight loss (=20%), multiple skin sores that
would not heal, respiratory disorders, cyanosis and continuous
poor sense of balance, sacrifice by overdose of anesthesia
(150 mg/kg sodium pentobarbital intraperitoneal injection) was
immediately performed. There were no deaths in the C group.
A total of seven rats died in the DOX group, four rats died in the
MOX group, three rats died in the BEN group and two rats died
in the MOX + BEN group. Specifically, nine rats reached the
humane endpoints by showing clear anorexia and depression,
weight loss (=20%) and extreme weakness. Three rats had to be
sacrificed as they developed dyspnea and were unable to stand.
Two rats were immediately sacrificed with severe infection and
non-healing ulcers on the abdomen. Two rats were found dead
when fed early morning. It was speculated that the death may
have been caused by fatal arrhythmias. Of the 100 rats, 84 rats
completed the study and the lethal rate of doxorubicin was 20%
throughout the experiment (24).

At the end of the experiment, surviving experimental rats
were intraperitoneally injected with 3% sodium pentobarbital at
adose of 30 mg/kg and blood was collected from the abdominal
aorta. Then rats were euthanized (cervical dislocation) and the
heart tissue was removed after the rat's vital signs disappeared.

Echocardiographic assessment. Intraperitoneal injection of
3% pentobarbital sodium was performed for anesthesia at a
dose of 30 mg/kg and left ventricular cardiac function was
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Figure 1. The study design of the experiment. (A) The study flowchart. (B) Diagram of moxibustion in rats. A moxa stick of 5 mm in diameter was ignited and
placed 2-3 cm above the bilateral Feishu (T3) and Xinshu (T5) for 20 min per day. i.p: intraperitoneal injection; qd, quaque die; DOX, doxorubicin.

assessed by echocardiography in the two-dimensional B-mode
and M-mode (Siemens Acuson Oxana 3; Siemens AG), with
left ventricular internal diameter in systole (LVIDS), ejection
fraction (EF) and fractional shortening (FS) tested for at least
three nonstop cardiac cycles. Transthoracic echocardiography
was performed immediately at 6 (to assess molding success)
and 10 (to assess treatment effect) weeks.

Pathological staining. Myocardial tissue samples were fixed
with 4% paraformaldehyde for 72 h at 4°C and dehydrated
using alcohol gradient (70, 80, 90 and 100%) alcohol at room
temperature. The sections were infiltrated in paraffin for
30 min at 65°C and embedded in paraffin wax. The sections
were cut into 5-pm slices using a Leica Biosystems RM2245
microtome (Leica Microsystems GmbH). After dewaxing with
dimethyl benzene and rehydration with descending alcohol
series. Paraffin-embedded tissue sections were stained with
hematoxylin and eosin (H&E) and Masson's trichrome to assess
histopathological features and cardiac fibrosis, respectively.

For the H&E staining, sections were stained with hematoxylin
at room temperature for 5 min, 1% HCl-alcohol differentiation
for 5-30 sec, staining with an eosin staining solution for 5 min
at room temperature. The sections were dehydrated with 95%
alcohol for 5 min at room temperature then were cleared with
xylene for 5 min and finally sealed with neutral balsam. The tissue
sections were subsequently visualized under a light microscope at
a magnification of x400 (Leica Microsystems GmbH).

For Masson's trichrome staining, the sections were stained
with Wiegert iron hematoxylin solution (cat. no. G1340;
Beijing Solarbio Science and Technology Co., Ltd.) for 5 min
at room temperature, then were treated with Ponceau fuchsin
acid solution for 5-10 min. After washing in distilled water, the
sections were treated with 1% aqueous solution of phospho-
molybdic acid for 1-3 min. Without washing with water, the
sections were treated with aniline blue for 3-6 min. Finally,
the sections were treated with 1% glacial acetic acid for 1 min,
dehydrated with ethanol and were cleared with xylene for
5 min and sealed with neutral balsam. Light microscopy was
subsequently conducted at a magnification of x400 (Nikon
Corporation). The severity of myocardial fibrosis was analyzed
from tissue sections stained with Masson's trichrome with the
Image-Pro Plus 6.0 software (Media Cybernetics Inc.).

Enzyme-linked immunosorbent assay (ELISA). Blood
samples (1.5 ml) were collected from the abdominal aorta,
centrifuged at 1,500 x g at 4°C for 15 min and examined with
an ELISA kit according to the manufacturer's instructions (cat.
no. E-EL-R0126¢; Wuhan Elabscience Bio-Tech Co., Ltd.) to
detect serum BNP levels.

Measurement of ATP content. Fresh myocardial tissue samples
were obtained from the left ventricle and 20 mg was added to
100 pl lysis buffer, followed by thorough homogenization. After
centrifugation at 11,290 x g at 4°C for 5 min, the supernatant was
collected. ATP was detected with a specific kit (cat. no. S0026;
Beyotime Biotechnology) as directed by the manufacturer.
Relative light intensity (RLU) was assessed on a plate reader.

Transmission electron microscopy (TEM). Fresh myocardial
tissue samples (1 mm?) were fixed with 2% glutaraldehyde at
4°C for at least 2 h, washed with PBS 3 times (10 min each). This
was followed by another fixation with 1% osmium tetroxide
at 20°C for 2 h and 3 washes with PBS. The tissue samples
were dehydrated with graded ethanol (50, 70, 80 and 90%) for
15 min each and dehydrated with 100% acetate 3 times for
20 min each at room temperature. The tissue samples were
embedded using epoxy resin at room temperature overnight
and sliced into ultrathin sections (60-70 nm) with an ultrami-
crotome. The ultrathin sections were stained with 2% uranium
acetate saturated alcohol solution and lead citrate 15 min each
at room temperature. Stained sections were visualized using
HT7800 transmission electron microscope (magnification
x2,500 and x7,000) and autophagosomes were counted with
the Gatan Digital Micrograph software (v 3.5; Gatan, Inc.).

Western blotting. Myocardial tissue samples were obtained
from the left ventricle and proteins were extracted with chilled
radio-immunoprecipitation assay (RIPA) buffer (Beyotime
Institute of Biotechnology). Following homogenization, the
tissue was lysed and centrifuged at 11,290 x g at 4°C for
10 min and the resulting supernatant was collected. Total
protein levels were determined with a BCA kit (Beijing
Solarbio Science & Technology Co., Ltd.). To detect the
expression levels of FUNDCI, phosphorylated (p-) FUNDCI,
PGAMS, ULK1, OPAL1, DRPI, FIS1, LC3I, LC3II and p62


https://www.spandidos-publications.com/10.3892/etm.2022.11286

4 XIA et al: STUDY ON THE MECHANISM OF MOXIBUSTION IN ALLEVIATING CHRONIC HEART FAILURE

in cardiac tissue specimens, 50 ug of proteins were resolved
by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE), followed by transfer onto polyvinylidene
fluoride (PVDF) membranes. The membranes were incu-
bated with anti-FUNDCI1 (1:2,000; cat. no. 49240; CST
Biological Reagents Co., Ltd.), anti-p-FUNDCI (1:2,000;
cat. no. AF0001; Affinity Biosciences), anti-PGAMS5
(1:2,000; cat. no. ab244218; Abcam), anti-ULK1 (1:5,000;
cat. no. 8054; Abcam), anti-OPA1 (1:2,000; cat. no. ab157457,
Abcam), anti-DRP1 (1:2,000; cat. no. abl184247; Abcam),
anti-FIS1 (1:2,000; cat. no. ab156865; Abcam), anti-LC3 II
(1:2,000; cat. no. 43566; CST Biological Reagents Co., Ltd.),
anti-LC3 I (1:2,000; cat. no. 12741; CST Biological Reagents
Co., Ltd.), anti-P62 (1:2,000; cat. no. ab109012; Abcam) and
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH,;
1:2,000; cat. no. K106389P; Beijing Solarbio Science &
Technology Co., Ltd.) primary antibodies for 1 h at room
temperature in a dark room. Then, the membranes were
incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies (1:3,000; cat. no. SE134; Beijing Solarbio
Science & Technology Co., Ltd.) at room temperature for 1-2 h
and exposed to an ECL Substrate kit (Beijing Solarbio Science
& Technology Co., Ltd.). The protein levels were normalized
to those of pB-actin and semi-quantification was performed
with the ImagelJ 1.8 software (National Institutes of Health).

Reverse transcription-quantitative (RT-q) PCR. ULK1, PGAMS
and FUNDC1 mRNA levels in heart tissue samples were detected
by RT-qPCR. According to the manufacturer's protocol, total
RNA from each sample was extracted with Trizol reagent (cat.
no. B511321; Shanghai Sangon Biotech Co., Ltd.). The EasyScript
One-Step gDNA Removal and cDNA Synthesis SuperMix kit
(cat. no. AE311-02; Beijing Transgen Biotech Co., Ltd.) was used
for reversing transcriptase at the conditions of 42°C for 15 min
and cRNA was synthesized. A TransStart Green qPCR SuperMix
kit (cat. no. AQ131-01; Beijing Transgen Biotech Co., Ltd.) was
used to perform qPCR. The reaction volume was 20 pl (2X Top
Green EX-Taq Mix 10 ul, QF 0.5 ul, QR 0.5 1, Template cDNA
2 ul, RNase free dH,0 7 pl). The subsequent PCR amplification
was carried out for 2 min at 95°C, followed by 40 cycles of 15 sec
at 95°C, 20 sec at 57°C and 30 sec at 72°C, with final extension
at 95°C for 15 sec. Each reaction was repeated in triplicate. The
relative expression levels were calculated by the 2244 method
and GAPDH was used as an internal control (27). The primers
used for RT-qPCR are shown in Table 1.

Statistical analysis. The data were statistically analyzed
with the SPSS 24.0 software (IBM Corp.) and expressed as
mean + standard deviation (SD). Comparisons in multiple groups
were performed by one-way analysis of variance (ANOVA) and
Dunnett's test was utilized for group pair comparisons. P<0.05
was considered to indicate a statistically significant difference.

Results

Effects of MOX on cardiac function and morphological
alterations of the myocardium in the rat model of CHF. After
10 weeks, echocardiography revealed reduced EF and FS in
the DOX group compared with the C group (P<0.01, Fig. 2).
LVIDS values were elevated in the DOX group (P<0.01,

Table I. The sequences of primers used for reverse
transcription-quantitative PCR.

Gene Primers (5'—3")

ULK1 GGCTCTATTGCAGCGTAACC
GCACAGGTGGGGATTTCTTGA

PGAMS AGACTTGCTACGGGAAGGTG
GCATCAGCTCGGTGGATGTA

FUNDCI1 TGTGATATCCAGCGGCTTCG
TGCTGCCACAGTCTTCCTCT

GAPDH GGAAAGCTGTGGCGTGAT
TCCACAACGGATACATTGGG

ULKI1, Unc-51 Like Autophagy Activating Kinase 1; PGAMS,
phosphoglycerate mutase family member 5; FUNDC1, FUN14
domain-containing protein 1.

Fig. 2B), indicating alterations in cardiac structure and func-
tion. Serum BNP levels were significantly elevated in the DOX
group compared with the C group (P<0.01, Fig. 2E). After 3
weeks of treatment, compared with the DOX group, EF and
FS were significantly increased in the MOX group, whereas
serum BNP levels were significantly decreased (EF and FS,
P<0.01; BNP, P<0.05; Fig. 2C-E). BEN and MOX had similar
effects and MOX + BEN exerted more pronounced effects
compared with each single therapy (Fig. 2).

MOX ameliorates myocardial dysfunction and fibrosis.
H&E staining showed that cardiomyocytes in the left
ventricle were arranged in an orderly manner in the C group,
but loosely arranged in the DOX group. After 3 weeks of
treatment, these pathological changes were reversed in the
MOX, BEN and MOX + BEN groups compared with the
C group (Fig. 3A). Masson's trichrome staining showed a
greater severity of cardiac fibrosis in the DOX group than
in the C group (P<0.01, Fig. 3B). After 3 weeks of treatment,
compared with the DOX group, collagen volume fractions
were decreased in the MOX, BEN and MOX + BEN groups
(Fig. 3C). In addition, MOX + BEN was more effective in
improving vacuolar degeneration of cardiomyocytes and
myocardial fibrosis.

Moxibustion improves myocardial ATP content. ATP levels
were significantly reduced in the DOX group compared with
the C group (P<0.01, Fig. 3D). After 3 weeks of treatment,
compared with the DOX group, ATP levels in the MOX
group were significantly increased (P<0.01, Fig. 3D). BEN
and MOX had similar effects and MOX + BEN had more
pronounced effects compared with each single therapy
(Fig. 3D).

Effects of MOX on mitochondrial dynamics in the rat model
of CHF. Western blotting showed that OPA1 expression levels
were significantly decreased in the DOX group compared with
the C group (P<0.01, Fig. 4), while DRP1 and FIS1 levels were
significantly increased (P<0.01, Fig. 4). These results indicated
reduced mitochondrial fusion and induced fission in the rat
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Figure 2. Effects of MOX on DOX-induced CHF in rats. (A) Representative M-mode echocardiograms. (B) LVIDS. (C) EF. (D) FS. (E) BNP. “P<0.01 vs.
C group. *P<0.05 vs. DOX group. #P<0.01 vs. DOX group. “P<0.05 vs. MOX group. **P<0.01 vs. MOX group. YP<0.05 vs. BEN group. "VP<0.01 vs. BEN
group. Data are mean + standard deviation from five independent experiments (n=13-20). MOX moxibustion; DOX, doxorubicin; CHF, chronic heart failure;
LVIDS, left ventricular internal diameter in systole; EF, ejection fraction; FS, fractional shortening; BNP, serum brain natriuretic peptide; BEN, benazepril;

C, control.
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Figure 3. Effects of MOX on myocardial hypertrophy, fibrosis and cardiac mitochondrial ATP levels after DOX-induced CHF in rats. (A) Representative images
of heart tissues, displaying hematoxylin and eosin staining of tissue samples from rats after 11 weeks (scale bar=50 pm). (B) Masson's trichrome staining of
tissue samples from rats after 11 weeks (scale bar=50 ym). (C) The areas of cardiac fibrosis were quantified by Masson's trichrome staining. (D) Relative ATP
levels. ““P<0.01 vs. control group. “P<0.01 vs. DOX group. 24P<0.01 vs. MOX group. VVP<0.01 vs. BEN group. Data are mean + standard deviation from five
independent experiments (n=13-20). MOX moxibustion; DOX, doxorubicin; CHF, chronic heart failure; BEN, benazepril; C, control.

model of CHF. Compared with the DOX group, the MOX, BEN
and MOX + BEN groups showed upregulated OPA1 (P<0.01,
Fig. 4) and downregulated DRP1 and FIS1 (P<0.01, Fig. 4). In
addition, a greater regulation of mitochondrial dynamics was
detected in the MOX + BEN group compared with the other
groups (Fig. 4).

Effects of MOX on autophagy in the rat model of CHF.
Mitochondria and autophagosomes were observed by TEM.
In the control group, mitochondrial structure was normal
and very few autophagosomes were observed. In the DOX
group, mitochondria were sparsely swollen and vacu-
olated, accompanied by lipid deposition and the number
of autophagosomes was significantly increased. The MOX
and BEN groups also had mitochondrial damage, but the
number of autophagosomes was decreased compared with
DOX group. The structure and arrangement of mitochon-
dria in the MOX + BEN group were relatively normal and
the number of autophagosomes was significantly reduced
(Fig. 5). Western blotting revealed elevated LC3II/LC3I
ratio in the DOX group compared with the C group (P<0.01,
Fig. 5C and E), while p62 was markedly downregulated
(P<0.01, Fig. 5C and F). Meanwhile LC3II/LC3I ratio

were reduced in the MOX, BEN and MOX + BEN groups
compared with the DOX group, whereas the p62 was
upregulated (Fig. 5C and E). Taken together, MOX played
a protective role in DOX-induced CHF in rats by inhibiting
excessive mitochondrial autophagy.

MOX inhibits the FUNDCI pathway in the rat model of
CHF. The present study further investigated the role of the
FUNDCI pathway, which is closely correlated with mitochon-
drial dynamics and mitophagy (14,15). ULK1 and PGAMS, as
upstream effectors of FUNDCI, could activate the FUNDCI1
pathway in cardiomyocytes under hypoxic conditions or
mitochondrial damage (16,17). Western blotting demonstrated
that ULK1, PGAMS, FUNDCI and p-FUNDCI protein levels
were significantly increased in the DOX group compared with
the C group (P<0.01, Fig. 6) and significantly reduced in the
MOX group compared with the DOX group (P<0.01, Fig. 6).
Similarly, these proteins were markedly downregulated in the
BEN and MOX + BEN groups. Finally, RT-qPCR revealed
that ULK, PGAMS5 and FUNDC1 mRNA levels were elevated
in the DOX group compared with the C group (P<0.01, Fig. 6)
and decreased in the MOX group compared with the DOX
group (P<0.01, Fig. 6).



2| SPANDIDOS

SEANDIDCES EXPERIMENTAL AND THERAPEUTIC MEDICINE 23: 359, 2022 7
A B 20-
C DOX MOX BEN MOX+BEN
DRP1
1.5 = L
#
L 10—
#
-r
0.5 =
R 0.0 T I
°c 3 & & &
(a] S m m
+
x
o)
s
C 4- D 20—
#
- T
39 T 1.5 =
# #
" o= # £ 10—
o o
#
s skk
1= ae 0.5 = -T-
0 T T 0.0 T T
5 5 § & ° 5 5 § B
o s m @ a s m @
5 5
s s

Figure 4. Effects of MOX on mitochondrial dynamics in the rat model of CHF. (A) Expression levels of DRP1, FIS1, OPA1 and GAPDH. (B) DRP1 relative to
GAPDH. (C) FISI relative to GAPDH. (D) OPA1 relative to GAPDH. “P<0.01 vs. C group and *P<0.01 vs. DOX group. Data are mean + standard deviation
from five independent experiments (n=13-20). MOX moxibustion; CHF, chronic heart failure; DRP1, dynamin-related protein 1; FIS1, fission 1 protein; OPAIL,

optic atrophy 1; BEN, benazepril; C, control.

Discussion

In the present study, in vivo experiments were conducted to
assess the protective effects of MOX in CHF and to explore the
underlying molecular mechanism. The main findings could be
summarized as follows: i) MOX improved the cardiac function
of rats with DOX-induced CHF by regulating mitochondrial
dynamics and inhibiting mitophagy; ii) The effects on mito-
chondrial dynamics and mitophagy could be related to the
regulation of the FUNDCI pathway; and, iii) MOX + BEN
therapy showed a higher efficacy compared with the single
administration of MOX or BEN.

MOX is a form of heat therapy that utilizes the burning of
the herb Artemisia Argyi (also known as Chinese mugwort) on
or around acupuncture points. This herb specifically relieves
respiratory difficulty, alleviates aches and pain in joints and
muscles and promotes blood circulation (28-31). As an important

component of TCM, it has been widely used in the treatment
of a variety of diseases, including primary insomnia, breast
cancer-related lymphedema, primary dysmenorrhea, knee
osteoarthritis and inflammatory bowel disease, with significant
therapeutic effects (32-37). In recent years, MOX has also been
used to treat cardiovascular diseases. A pilot controlled clinical
trial showed that MOX could lower blood pressure in patients
with prehypertension or stage I hypertension (38). Furthermore,
acupuncture and MOX have been widely applied to treat hyper-
lipidemia in clinical practice (39). In addition, the combination
of acupuncture and MOX could improve cardiac function of
patients with HF in clinical practice (40). In the present study,
MOX increased the levels of indicators of cardiac function (e.g.,
BNP, LVIDS, EF and FS) and attenuated myocardial fibrosis.
Maintenance of mitochondrial function and integrity is
imperative for the myocardium and other tissues with high
energy demand (41). However, prolonged and/or high-level
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Figure 5. Effects of MOX on mitophagy in the rat model of CHF. (A) Transmission electron microscopy images. Blue arrow, mitochondria; red arrow,
autophagosome. Magnification, x2,500; scale bar=5 ym. (B) Enlarged image of autophagosome structure in black frame area. Blue arrow, mitochondria; red
arrow, autophagosome. Magnification, x7000; scale bar=2 ym. (C) Expression levels of LC3I, LC3II, p62 and GAPDH. (D) The number of autophagosomes
in each group in the 20x15 ym area. (E) LC3II/LC3I relative to GAPDH. (F) p62 relative to GAPDH. “P<0.01 vs. C group and “P<0.01 vs. DOX group. Data
are mean * SD from five independent experiments (n=13-20). MOX moxibustion; CHF, chronic heart failure; DOX, doxorubicin; BEN, benazepril C, control.

cardiac stress causes mitochondrial damage and ATP level
reduction, which are associated with HF progression and
ventricular remodeling (42). The present study found that
DOX decreased ATP levels in the myocardium, which were
increased by moxibustion. In addition, it was observed
that after moxibustion treatment, mitochondrial structure
and morphology were somewhat different. These findings
indicated that moxibustion improves the damaged mito-
chondria.

Mitochondrial dynamics and mitophagy cooperatively
act to determine cardiac mitochondrial function and integ-
rity, as well as to promote cardiomyocyte cell survival (43).
OPA1, a mitochondrial fusion protein, is required for inner
mitochondrial membrane fusion and interacts with FUNDCI
under normal conditions, contributing to mitochondrial
maintenance (44). A previous study showed that OPA1 knock-
down results in mitochondrial dysfunction, mitochondrial
morphological changes and HF in mice (45). The present
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Figure 6. The effects of MOX on FUNDCI pathway. (A) The expression levels of ULK1, PGAMS, FUNDCI, p-FUNDCI and GAPDH. (B) ULKI1 relative to
GAPDH, (C) PGAMS relative to GAPDH, (D) FUNDCI relative to GAPDH. (E) p-FUNDCI1 relative to GAPDH. (F) ULK mRNA levels. (G) PGAMS mRNA
levels. (H) FUNDC1 mRNA levels. “P<0.05 vs. C group and "P<0.05 vs. DOX group. Protein levels were measured by western blotting. ULK1, PGAMS5 and
FUNDCI mRNA levels were measured by RT-qPCR. Data are mean + standard deviation from five independent experiments (n=13-20). MOX moxibustion;
FUNDCI, FUN14 domain-containing protein 1; ULKI, Unc-51 Like Autophagy Activating Kinase 1; PGAMS, phosphoglycerate mutase family member 5;

p-, phosphorylated; DOX, doxorubicin; BEN, benazepril C, control.

study found that mitochondrial fusion was reduced in rats
with CHF and increased following moxibustion treatment, an
effect which may be associated with the induction of healthy
mitochondrial fusion or the recycling of damaged mitochon-
dria by mitophagy-related clearance. Mitochondrial fission is
a precursor of mitophagy (43). DRP1 and FIS1 are involved
in mitochondrial fission, while LC3 and p62 are the hallmark
molecules of autophagy (46,47). FUNDCI is an essential regu-
lator of cardiac mitochondrial fission and mitophagy, recruiting
DRP1 to facilitate mitochondrial fission in response to hypoxia

and directly binding with LC3 to mediate mitophagy (48).
FUNDOCI regulates FIS1 at the transcriptional level by acti-
vating CREB in a Ca**-dependent manner (49). The present
study indicated that DRPI, FISI levels and LC3II/LC3I ratio
were elevated, while p62 was downregulated in the DOX
group; electron microscopy also showed significantly increased
number of autophagosomes, due to excessive mitochondrial
fission and mitophagy under stress. Following moxibustion
treatment, DRP1, FIS1 levels and LC3II/LC3I ratio as well as
the amounts of autophagosomes were reduced, while p62 was
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Figure 7. MOX protects the myocardium by inhibiting excessive mitochondrial fission and mitophagy through the FUNDCI pathway. (A) DOX leads to
chronic heart failure by promoting excessive mitochondrial fission and mitophagy; moxibustion could inhibit excessive mitochondrial fission and mitophagy
for myocardial protection. (B) Moxibustion downregulates the mitochondrial outer membrane protein FUNDCI and reduces the recruitment of the mito-
chondrial mitotic proteins DRPI, FISI and LC3, inhibiting excessive mitochondrial fission and mitophagy. After scavenging via mitophagy, mitochondrial
fragments further occur through the binding of the mitochondrial fusion protein OPA1 to FUNDCI, resulting in mitochondrial fusion. (C) Effectors of the
FUNDCI signaling pathway. MOX moxibustion; FUNDCI1, FUN14 domain-containing protein 1; DOX, doxorubicin; DRP1, dynamin-related protein 1; FISI,
fission 1 protein; OPA1, optic atrophy 1; ULKI, Unc-51 Like Autophagy Activating Kinase 1; PGAMS5, phosphoglycerate mutase family member 5; DRPI,

dynamin-related protein 1.

increased. These findings revealed that the protective effect of
MOX on the myocardium may be related to the inhibition of
excessive mitochondrial fission and mitophagy.

DOX is a non-selective class I anthracycline antibiotic,
which is extensively utilized in the treatment of diverse types
of cancer (50). However, its application is clinically restricted
because of cumulative dose-dependent cardiotoxic effects,
leading to cardiac dysfunction, cardiomyopathy, dilated
cardiomyopathy and eventually CHF and mortality (51,52). A
number of studies have demonstrated that DOX could produce
excessive ROS in the myocardium and activate several
mitochondria-related apoptotic signals, leading to myocardial

cell death (53-55). In addition, studies have reported that
DOX-induced HF is associated with mitochondrial fission and
autophagy (56,57). In a rat model of DOX-induced cardiomy-
opathy, the present study aimed to examine whether MOX
inhibited mitochondrial fission and autophagy to alleviate
DOX-induced HF and myocardial cell death. BEN was chosen
as the positive control. A previous study found that angio-
tensin II (Ang II) serves a direct role in CHF development
and exerts pro-autophagic effects in cardiomyocytes (58). A
study demonstrated that captopril has a protective effect on
prion-mediated neuronal cell death via autophagy inhibi-
tion (59).



Bzl SPANDIDOS
7] ,§, PUBLICATIONS

It was previously shown that the FUNDCI signaling
pathway, a critical regulator of cardiac dynamics and
mitophagy, is involved in HF (15). Therefore, regulation of
mitochondrial fusion, fission and autophagy by MOX could
be associated with the FUNDCI pathway. The present study
further investigated the effects of MOX on the expression
levels of FUNDCI1 pathway-related proteins to explore its
potential protective mechanism. FUNDC is activated by phos-
phorylated/dephosphorylated ULK1 and PGAMS to promote
mitophagy, thereby controlling mitochondrial dynamics and
autophagy (17) (Fig. 7). The present study showed that MOX
decreased the expression levels of ULK1, PGAMS, FUNDCI1
and p-FUNDC1, indicating that MOX regulates mitochondrial
dynamics and mitophagy and the underlying mechanism
may be related to the FUNDCI signaling pathway. However,
the FUNDCI pathway has only been discussed initially and
further FUNDCI activators studies are needed to confirm
these findings, such as the upstream protein ULK1 activator
(LYN-1604 hydrochloride) or FUNDCI1 gene knockout can be
used for further research.

In summary, these findings confirmed that MOX improves the
heart function of CHF rats by regulating mitochondrial dynamics
and inhibiting autophagy. The underlying mechanism may be
related to the inhibition of the FUNDCI signaling pathway.
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