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Xin Fu Kang oral liquid inhibits excessive myocardial
mitophagy in a rat model of advanced heart failure

Zhiling Qiu?, Yuanhui Hu?, Yanting Geng?, Huagin Wu?, Ronggiang Bo?, Jingjing Shit, Jiuchong Wang?,
Huan Wang*

1Department of Cardiology, Guang’anmen Hospital, China Academy of Chinese Medical Sciences, Beijing 100053,
China; 2Beijing University of Chinese Medicine, Beijing 100029, China

Received February 16, 2018; Accepted August 8, 2018; Epub October 15, 2018; Published October 30, 2018

Abstract: Heart failure caused by myocardial infarction is a common cardiovascular disease with high mortality rate.
Myocardial mitophagy is involved in the process of occurrence and development of heart failure. In this study, we
aimed to investigate the effects of Xin Fu Kang (XFK) oral liquid on myocardial mitophagy in a rat model of advanced
heart failure. The rat model of advanced heart failure was established by ligating the left anterior descending (LAD)
artery for eight weeks. Captopril and XFK were given by gavage separately. Cardiac function and myocardial mito-
chondrial ultrastructure were observed. Co-localization of mitophagy-related proteins was observed by fluorescence
microscopy. Quantitative polymerase chain reaction (QPCR) and western blotting were performed for mRNA and
protein level detection, respectively. Compared with the sham group, advanced heart failure group showed a signifi-
cant reduction in cardiac function with destruction of myocardial mitochondrial structure. Co-localization between
mitophagy-related proteins (parkin, p62, and LC3) and mitochondria increased significantly. The mRNA and protein
levels of pinkl, parkin, p62, and LC3 indicated that excessive mitophagy was observed in the rat model of advanced

heart failure. XFK intervention could regulate pink/parkin pathway and inhibit excessive mitophagy.
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Introduction

In recent years, the incidence of coronary heart
disease has increased drastically. Myocardial
infarction has become one of the major causes
of heart failure. In the early stage of myocardial
infarction, the body may regulate myocardial
contractile function through neural-humoral
regulation to maintain cardiac output and blood
supplement. However, prolongation of the dis-
ease leads to gradual evolution into chronic
heart failure, and the compensatory mecha-
nism would evolve into decompensation, with
decline in cardiac function and a series of ven-
tricular remodeling phenomena [1], such as
cardiomyocyte hypertrophy, apoptosis, myocar-
dial fibrosis, and ventricular cavity expansion
[2]. One important basis of ventricular remodel-
ing is myocardial energy metabolism remodel-
ing. It is especially important to ensure the
quantity and quality of mitochondria, as they
are the main sites for myocardial energy metab-

olism. Autophagy plays an important role in cell
metabolism. Studies have shown that autopha-
gy occurs when cells are under stress condi-
tions, such as starvation, ischemia, hypoxia,
oxidative stress, and digestion of useless or
damaged organelles and macromolecules for
cell survival [3, 4]. Mitophagy is the process of
selective removal of damaged mitochondria by
maintaining the balance of mitochondrial mass
and quantity [5]. It is closely related to mito-
chondrial fission. Damaged mitochondria pro-
duce more than 10 times reactive oxygen spe-
cies (ROS) than healthy mitochondria, and large
amounts of ROS can directly damage mitochon-
drial proteins and DNA and aggravate mito-
chondrial dysfunction. Mitochondrial fission
allows the irreparable part of damaged mito-
chondrial proteins and DNA to be redistributed
and eliminated by mitophagy so that the inter-
nal environment remains stable. Current rese-
arch suggests that autophagy is a double-
edged sword. A moderate stimulus within a cer-
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tain period will enhance mitophagy, thereby
recycling macromolecules, which subsequently
ensures the fine quality of mitochondria and
simultaneously reduces the level of oxidative
stress. However, prolonged strong stimulus will
inevitably induce excessive mitophagy leading
to excessive consumption of mitochondria and
macromolecules, thereby affecting energy me-
tabolism and even inducing cell death (type Il
programmed death) [6, 7]. Therefore, the regu-
lation of mitochondria especially in mitophagy
would be a new therapeutic approach for myo-
cardial protection. Currently, some mitochon-
dria-targeted drugs such as permeability tr-
ansition pore inhibitors, nitric oxide analogs,
antioxidants, potassium channel openers, and
metabolic regulators have been studied in vari-
ous clinical trials [8, 9]. Nevertheless, many of
them have been shown to fail, while other drugs
are still under study [10, 11].

Xin Fu Kang (XFK) is a traditional Chinese medi-
cine that has advantages in the clinical treat-
ment of heart failure. Our previous studies have
confirmed that XFK could improve mitochondri-
al respiratory enzyme activity and myocardial
energy metabolism in rat model of heart failure
[12, 13]. In addition, it plays important roles in
mitochondrial integrity, mitochondrial respira-
tory function, mitochondrial proteome, and
mitochondrial endometrial proteomics. There-
fore, in this study, we selected XFK as the inter-
vention drug to explore its effect on cardiac
mitophagy in rats with heart failure after myo-
cardial infarction. The findings of this study
can provide evidence and new directions for
mechanism research in advanced heart fai-
lure.

Materials and methods
XFK oral liquid analysis

XFK oral liquid was analyzed by using 1200
HPLC system (Agilent, California, US), consist-
ing of a quaternary pump, a diode-array detec-
tor (DAD) detector, a thermostat column oven,
and an Agilent SB C18 column. All the refer-
ence substances were purchased from the
National Institutes for Food and Drug Control
(Beijing, China) or Shanghai Yuanye Bio-Te-
chnology Co., Ltd (Shanghai, China). The purity
of all references was more than 95%.
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Animal experiments

One hundred and twenty male Sprague-Dawley
(SD) rats (200-250 g) were purchased from
Beijing Vital River Laboratory Animal Technology
Co., Ltd. The rats were housed in a tempera-
ture-controlled environment (22-24°C) with 12
hours light/dark cycles, relative humidity of
45-55%, and free access to rodent chow and
purified water. All rats in this study received
humane care according to the National In-
stitutes of Health Guide for the Care and Use
of Laboratory Animals, and was supervised by
the Ethics Committee of Guang’anmen Hospi-
tal of China Academy of Chinese Medical
Sciences.

The rats were randomly divided into two ex-
perimental groups: sham and myocardial in-
farction (M) operation groups. The rats in Ml
group were anesthetized with 1% pentobarbital
sodium salt (3.5 mL/kg) by intraperitoneal
injection. Tracheal intubation was performed to
attach a breathing machine, and the respira-
tion rate was maintained at 80-90/s. A horizon-
tal incision was made between the third and
fourth rib of the left chest to open the chest
and expose the heart. The left anterior descend-
ing (LAD) artery was ligated with 6-O absorb-
able suture at 2 mm below the left auricular
appendage. Upon ligation, the anterior wall of
the ventricle turned pale. In addition, the ECG
lead Il showed a significant uplift of ST seg-
ment. The operation of rats in sham group was
performed in the same way, except that the
suture was placed at the LAD without ligation.
The above experimental procedure was per-
formed based on a protocol described previ-
ously [14]. The rats in MI group were randomly
divided into the following five groups: model;
captopril; XFK-L; XFK-M; and XFK-S groups. The
rats in captopril group were given captopril
(100 mg/kg) by gavage, while those in XFK-L,
XFK-M, and XFK-S groups were given XFK by
gavage at doses of 10.8, 5.4, and 2.7 g/kg,
respectively.

Echocardiography

Echocardiography was performed under anes-
thesia at 8 weeks after ligation according to a
previous study [15]. The rats were placed in the
proper posture after the thoracic walls were
shaved clean. Two-dimensional and M-mode
echocardiography was used to assess the mor-
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Table 1. The analyzed representative active reference substances contents for XFK oral liquid origi-

nated from each herbal medicine

Latin name Chinese name Reference substance Content (mg/10 ml)

Astragalusmembranaceus (Fisch.) Bge Huang Qi Astragaloside 1.93

Salvia miltiorrhiza Bge. Dan Shen Salvianic acid A sodium 0.53

Epimedium Linn. Yin Yang Huo Icariin 14.35

Angelica sinensis (Oliv.) Diels Dang Gui Ligustilide 0.66

Ligusticumchuanxiong Hort. Chuan Xiong Ligustrazine 1.48

Panax ginseng C. A. Mey. Ren Shen Ginsenoside Rgl 0.40

Citrus sinensis (L.) Osbeck Zhi Shi Hesperidin 16.11
Neohesperidin 1.00

phology and function of the heart with an
8-MHz transducer connected to HP5500 color
Doppler ultrasound imaging instrument (Agi-
lent, California, US). The left ventricular end-
diastolic diameter (LVIDd), left ventricular end-
systolic diameter (LVIDs), fractional shortening
(FS), and ejection fraction (EF) were recorded.
All parameters were obtained from the mean
values of three cardiac cycles.

Transmission electron microscopy

The left ventricular myocardium was cut into 1
mm?3 cubes, treated with 2.5% glutaraldehyde
for 24 h at 4°C, and immersed in 1% osmium
tetroxide. Then, it was dehydrated in a graded
ethanol series and then embedded. The speci-
mens were cut into 60-nm ultrathin sections
and double-stained with uranyl acetate and
lead citrate. The microstructures of mitochon-
dria and mitochondrial autophagosomes were
photographed using H-7650 transmission elec-
tron microscope (Hitachi, Tokyo, Japan).

Immunofluorescence

The hearts were removed after thoracotomy
and irrigated clean with cold saline, and then
immediately made into frozen sections (4 mm).
The frozen tissue section was fixed in 4% para-
formaldehyde at 4°C for 15 min and then
blocked with donkey serum for 1 h. Anti-COX IV
(1:300; Abcam, Shanghai, China) was coupl-
ed with Anti-parkin (1:200; Abcam), Anti-p62
(1:200; Abcam), or Anti-LC3 (1:200; Abcam)
primary antibody, respectively, and incubated
overnight at 4°C. After washing with phosp-
hate-buffered saline (PBS) solution, the sec-
tions were incubated with secondary antibod-
ies (1:200; Life Technologies, California, US)

3200

for 1 h. Finally, the slides were mounted with
mounting medium (containing DAPI) and visu-
alized under epifluorescence microscope (Ni-
kon, Tokyo, Japan). Three sections were ran-
domly selected from three rats in each group
for examination. Protein co-localization was
analyzed by Image-Pro Plus Version 6.0 (IPP).

Real-time quantitative polymerase chain reac-
tion (RT-qPCR) analysis

Total RNA samples were extracted from heart
tissues using Trizol Reagent (Invitrogen, Cali-
fornia, US). Then, first-strand cDNA was syn-
thesized using RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific, California, US)
according to the manufacturer’s protocols. The
cDNA product was stored at -80°C before use.
Quantitative RT-PCR was performed using the
Step One™ real-time PCR System (Applied
Biosystems, California, US). For mRNA detec-
tion, Power SYBR® Green PCR Master Mix and
Power SYBR® Green RT-PCR Reagents Kit (Life
Technologies, California, US) were used ac-
cording to the manufacturer’s instructions. All
samples were run in triplicate, and the obtained
values were represented by average. The rela-
tive expression levels of each gene were calcu-
lated using the 222t method [16] relative to
the reference expression of GAPDH. The pri-
mer sequences used for PCR are listed as fol-
lows: pink1 forward primer: 5-CAAGCAAGTG-
TCTGACCCAC-3’; pinkl reverse primer: 5-GC-
TTCATACACAGCGGCATT-3’; parkin forward pri-
mer: 5-ACCCACCTA-CCACAGCTTTT-3’; parkin
reverse primer: 5-CAAGGTGAGGGTTGCTTGTC-
3’; p62 forward primer: 5-ATGGACATGGGGA-
GCTTCAA-3’; p62 reverse primer: 5-GTGCTCT-
CTGTATGCTCCCT-3’; LC3 forward primer: 5-AG-
AGCGATA-CAAGGGTGAGA-3’; LC3 reverse pri-
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Figure 1. Echocardiography results after Ml or sham operation for 8 weeks.
A. LVIDd and LVIDs results for all groups. B. EF and FS measurements for
all groups. Values are expressed as mean + SD, n = 10. Versus Sham,
**P<0.01 and versus Model, 2P<0.05.

Western blotting

Total protein samples were
extracted from heart tissues
using RIPA lysis buffer (So-
larbio, Beijing, China). Equal
amounts of protein were sepa-
rated by sodium dodecyl sul-
fate (SDS)-polyacrylamide gel
electrophoresis and transfer-
red to nitrocellulose mem-
branes. The membrane was
then blocked with 5% pow-
dered milk at room tempera-
ture for 1 h, followed by incu-
bation with primary antibodies
(Abcam) at a ratio of 1:1000
(for pink1, parkin, p62, and
GAPDH) and 1:500 (for LC3)
overnight at 4°C. After washing
and incubation with a goat-
anti-rabbit secondary antibody
conjugated to horseradish per-
oxidase (HRP) at a ratio of
1:10000, protein bands were
detected by Bio-Rad Chemi-
DocXRS (Bio-Rad Laboratories,
California, US).

Statistical analysis

Data analysis was performed
using GraphPad Prism 5.0 soft-
ware. All data are expressed
as mean * standard error (SD).
Statistical analysis was per-
formed using Student’s t-test.
A two tailed P<0.05 was con-
sidered significant.

Results
XFK analysis

The results are shown in Table
1. The contents of eight repre-
sentative active reference sub-
stances, namely Astragalosi-
de, Salvianic acid A sodium,
Icariin, Ligustilide, Ligustrazine,
Ginsenoside Rgl, Hesperidin,
and Neohesperidin are listed.

mer: 5-CTTCAGAGATGGGTGTGGAC-3’; GAPDH Effects of XFK on cardiac function

forward primer: 5-AAGGGCTCATGACCACAGTC-

3’; GAPDH reverse primer: 5-GGATGCAGGG- Echocardiography was performed to evaluate
ATGATGTTCT-3.. cardiac function after Ml or sham operation for
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8 weeks. Figure 1A shows the
results of LVIDd and LVIDs for
all groups, and EF and FS are
shown in Figure 1B. Compared
with the sham group, the
model group showed a signifi-
cant decrease in EF and FS
(P<0.01) and significant incre-
ase in LVIDd and LVIDs (P<
0.01, P<0.05). Captopril and
XFK reduced LVIDd (P>0.05)
- and LVIDs (P<0.05, P>0.05)
Sham (20000x) and significantly increased EF
e, T 5 7 : M (P<0.05, P<0.01) and FS (P<
\ : e iy . 0.05, P>0.05). The above re-
sults show that XFK and capto-
pril can effectively improve car-
diac function and reduce left
ventricular remodeling in rats
with heart failure.

Effects of XFK on mitochon-
drial ultrastructure

\ _ T A Changes in mitochondrial ul-
Model (20000x) [ S— Model (30000x) & ] trastructure are shown in Fi-

gure 2. Compared with the
sham group, rats in the mo-
del group displayed myocardi-
al myofibril disorder, mitochon-
drial swelling, cristae decrease
or mitochondrial vacuolation,
and more obvious mitochon-
drialautophagosomes. After dr-
ug intervention, these damag-
es reduced to a certain degree.
Mitochondrial damage was re-
duced and a relatively normal
myocardial structure was ob-
served (Figure 2). The results
demonstrate the protective ef-
fects of captopril and XFK on
myocardial ultrastructure.

Ry
s

Effects of XFK on parkin, p62,
and LC3 co-localization with
mitochondria

Immunofluorescence micros-
copy was conducted to deter-
mine parkin, p62, and LC3 co-

] - localization with mitochondria.
XFK-L (20000x%) XFK-L (30000x) B The co-localization of parkin,
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Figure 2. Mitochondrial ultrastructural changes in left ventricular tissue.
Representative images (20000x%) and (30000x) in each group are shown.

Scale =500 nm.

p62, and LC3 with COX IV is shown in Figure 3.
Ml increased the co-localization of parkin, p62,
and LC3 with COX IV significantly (P<0.05),
while drug intervention reduced it to a certain
degree (P<0.05, P<0.01, P>0.05). These re-
sults suggest that XFK and captopril can inhibit
the formation of autophagosomes via pinkl/
parkin pathway.

Effects of XFK on mitophagy-related gene
expression

Based on the data in Figure 4, the mRNA level
of pinkl reduced significantly (p<0.01) and the
mMRNA levels of parkin, p62, and LC3 increas-
ed significantly (p<0.01, p<0.05) in the model
group compared with the sham group. Captopril
and XFK can increase the mRNA level of pinkl
(P<0.05, P>0.05) and decrease parkin, p62,
and LC3 mRNA levels (P<0.01, P<0.05, P>
0.05). Compared with the sham group, the
model group showed a decrease in protein lev-
els of pink1, parkin, and p62 (P<0.01) and a
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significant increase in the ra-
tio of LC3II/LC3I (P<0.5). Cap-
topril and XFK increased the
protein levels of pink1, parkin,
and p62 (P<0.01, P<0.05, P>
0.05) and decreased LC3ll/
LC3I ratio (P<0.05, P>0.05).
The above results confirm the
results of immunofluorescen-
ce to a certain extent.

Discussion

In this study, we explored the
effect of XFK on myocardial
mitophagy in rats with heart
failure after myocardial infarc-
tion. Following decompensa-
tion caused by myocardial in-
farction, ventricular remodel-
ing increased around the in-
farct area and cardiac function
reduced significantly. Left ven-
tricular systolic function is a
strong predictor of cardiovas-
cular morbidity and mortality
[47]. XFK and captopril show
ameliorating effects on cardi-
ac function in terms of EF%,
FS%, and left ventricular cavity
size (LVIDd, LVIDs).

Mitophagy is involved in various cardiovascular
disease processes; however, the underlying
mechanism is not yet clear. Some studies [18,
19] have confirmed that mitophagy is relatively
weakened and mitochondrial clearance is
blocked in the early stages of heart failure (3-4
weeks after MI surgery), and these changes
can be ameliorated by drug intervention.
Nevertheless, there are only few studies inves-
tigating mitophagy in advanced heart failure (8
weeks after MI surgery). The findings of this
study indicate excessive mitophagy in the myo-
cardium of rats with advanced heart failure
after myocardial infarction.

From the ultrastructure of myocardial tissue, it
was observed that the number of mitochondria
in the model group significantly reduced com-
pared with that in the sham group, and there
were more autophagosomes and monolayer
membrane structures around the mitochon-
dria. In each drug intervention group, various
degrees of mitophagy occurred, but it was not
as serious as the model group.

Am J Transl Res 2018;10(10):3198-3210
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o

Pearson's correlation

Figure 3. Detection of mitophagy-related protein co-localization with mitochondria in myocardium. Representative
images (400x%) are shown. Nuclei were stained with DAPI (blue). COX IV which is located in mitochondrial inner mem-
brane was dyed in green while Parkin, p62 and LC3 were dyed in red. The co-located position turned yellow after
being merged. (A) parkin co-located with COX IV, (B) p62 co-located with COX IV, (C) LC3 co-located with COX IV (D),
quantitative analysis of the amount of co-localization presented by Pearson’s correlation. Values are expressed as
mean £ SD, n = 9. Versus Sham, *P<0.05 and versus Model, “P<0.05, 22P<0.01.

Since mitochondria are both a major source
and major target of ROS [20, 21], mitochondria
are over-damaged by long-term excessive isch-
emia-hypoxia stimulation, thus triggering exces-
sive mitophagy and causing an imbalance in
the number of mitochondria. These findings are
consistent with those of previous studies [7,
22]. It has been shown that oxidative stress
products, such as ROS can activate the pink1/
parkin-dependent mitophagy pathway in degen-
erative and ischemic diseases [23, 24]. Under
healthy conditions, pinkl undergoes degrada-
tion after being transported from the mitoch-
ondrial outer membrane to the mitochondrial
inner membrane, thus maintaining a low ex-
pression level. When mitochondria are dam-
aged, the mitochondrial membrane potential
changes, resulting in the blockade of pinkl
transport. Excess pinkl accumulates on the
mitochondrial outer membrane and recruits
parkin from the cytosol to the mitochondrial
outer membrane [25, 26]. Parkin connects
the receptor protein SQSTM1 (ubiquitin-binding
adapter p62) to the mitochondria by ubiquitina-
tion of various substrates, and then binds to
the phagocytic membrane surface protein LC3
to induce subsequent autophagosome forma-
tion [27, 28]. In this study, immunofluorescence
double labeling technique was used to obser-
ve the co-localization of parkin, p62, LC3, and
mitochondrial inner membrane protein COX 1V,
respectively, to visually analyze the changes in
pinkl/parkin-dependent mitophagy pathway in
the myocardium. From images and co-localiza-
tion analysis, it was observed that co-localiza-
tion of parkin, p62, and LC3 with mitochondria
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significantly increased in the model group. Drug
intervention had an inhibitory effect on parkin,
p62, and LC3 co-localization. Among them, the
effect on LC3 was more significant, indicating
that XFK significantly inhibits excessive myo-
cardial mitophagy in rats with advanced heart
failure through mechanisms other than pink1/
parkin pathway.

The mRNA and protein levels of pinkd, parkin,
p62, and LC3 in the tissues were detected.
The mRNA levels of pinkl significantly de-
creased, while the mRNA levels of parkin, p62,
and LC3 significantly increased in model group
compared with the sham group. Meanwhile,
pinkd, parkin, and p62 protein levels decreased
and the ratio of LC3II/LC3I increased, indicat-
ing that pinkl1/parkin pathway plays an impor-
tant role in excessive myocardial mitophagy
and over-consumption of protein in rats with
advanced heart failure. The transcription levels
of parkin, p62, and LC3 genes increased sig-
nificantly owing to the excessive demand of
mitophagy. The decrease in transcription level
of pinkl gene is linked to the negative feed-
back generated by overaccumulation of pinkl
on the outer membrane of damaged mitochon-
dria. In addition, some studies [29, 30] showed
that decrease in p62 expression and increase
in LC3II/LC3I ratio, indicating unobstructed
autophagy. However, some reports suggest
that p62 protein expression is dependent on
autophagic degradation, transcriptional upreg-
ulation, and availability of lysosomal-derived
amino acids (synthetic materials), which are
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. Figure 4. A. mRNA Levels of pink1,
pink1 parkin, p62 and LC3 in each
parkin group; B and C. Expression of pro-
p62 tein of pinkd, parkin, p62 and LC3.
Mean expression in each treated
group is shown as increase/de-
crease compared with mean ex-
pression in Sham group which has
been ascribed an arbitrary value
of 1. The values are expressed as
mean * SD, n = 5. Versus Sham,
**P<0.01, *P<0.05 and versus
Model, #P<0.05, 22P<0.01.
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not always negatively correlat-
ed with autophagy [31].
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transcriptional levels and pro-
tein expression levels of pinkd,
parkin, p62, and LC3 marked-
ly, thereby playing a regulatory
role through pinkl/parkin pa-
thway. However, further stud-
ies are warranted to elucidate
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