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Abstract
Background: Mitochondrial biosynthesis regulated by the PGC-1α-NRF1-TFAM pathway is closely related
to mitochondrial function and mitochondrial reactive oxygen generation, and is considered to be a new
possible therapeutic target for the treatment of heart failure.

Methods: Tongmai Yangxin Pills (TMYXP) is a Chinese patent medicine for the treatment of ischemic
heart disease. It has the ability to scavenge oxygen free radicals and improve the antioxidant capacity of
the heart muscle, thereby protecting cardiomyocytes, however, its mechanism is not well established. In
this study, to investigate the mechanisms of TMYXP in cardiac protection, a rat model of cardiomyopathy
was established by continuous isoproterenol (ISO) stimulation. Changes in the rat body weight, heart
weight index (HWI), echocardiography, histological staining and biochemical indicators were examined.

Results: Our results suggested that TMYXP reduced myocardial remodeling, inhibited deterioration of
cardiac function, and delayed HF onset in rats with ISO-induced cardiomyopathy. Meanwhile, TMYXP
markedly reduced ROS production, increased the levels of antioxidant enzymes, improved function of the
mitochondrial respiratory chain, and promoted ATP production in myocardial tissues. In addition, TMYXP
inhibited cytochrome C (Cyt C) release in mitochondria and caspase-3 activation in cytosol, thereby
reducing the apoptosis of myocardial cells. Finally, TMYXP remarkably up-regulated the mRNA and
protein expression levels of SIRT3, PGC-1α, NRF1 and TFAM in myocardial cells.

Conclusions: Taken together, our results suggest that TMYXP regulates mitochondrial biosynthesis
mediated enhancing the expression of SIRT3 and PGC-1α, thereby improving the cardiac function in rats
with ISO-induced cardiomyopathy.

Background
Heart failure (HF) is a continuously developing disease, and delaying the progress of HF is an issue that
cannot be ignored in modern medical research (1). When the myocardial diastolic function is impaired or
the heart is overloaded, a variety of complex interacting compensation mechanisms can be activated,
leading to cardiac remodeling. Studies have shown that cardiac remodeling not only causes abnormal
myocardial contraction and diastolic function, uncoordinated activity of various parts of the myocardium,
but also leads to irreversible changes in myocardial energy metabolism and structure (2).

Previous studies (3,4) has found that oxidative stress (OS) injury plays an important role in the process of
cardiac remodeling and heart failure. When heart failure occurs, cardiomyocytes show obvious
mitochondrial dysfunction, and decreased ATP energy supply leads to calcium pump dysfunction,
causing dysfunction of the cytochrome oxidase system and damage to the electron transfer chain,
resulting in increased production of reactive oxygen species (ROS) (5)[5. The rapid accumulation of ROS
causes oxidative damage to membrane lipids, proteins, nucleic acids and chromosomes, which leads to
oxidative stress reactions, eventually leading to damage to cells and tissues and causing disease (6).
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Sirtuins is a type of nicotinamide adenine dinucleotide (NAD+)-dependent histone deacetylase. Its
deacetylation is non-speci�c. In addition to histone substrates, it can also deacetylate non-histone
substrates (7). SIRT3 (Sirtuin3) is one of the most active members of this family, mainly existing in
mitochondria. SIRT3 has the strongest deacetylase activity of all mitochondrial Sirtuins, and through its
deacetylation activity, participates in most activities in the mitochondria (8). Studies have shown that
SIRT3 can improve mitochondrial function by activating peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1α). Mitochondrial biosynthesis is essential for maintaining the
structure and function of mitochondria, and it is regulated by the PGC-1α-NRF1 (nuclear respiratory factor
1)-TFAM (mitochondrial transcription factor A) signaling pathway (9). Decreased PGC-1α expression can
be observed in various HF models with oxidative stress (OS) and mitochondrial dysfunction (10,11).

Tongmai Yangxin Pill (TMYXP) is a traditional Chinese medicine composed of 11 Chinese herbal
medicines, including Radix Scutellariae, Glycyrrhiza uralensis, Radix Glycyrrhizae, Schisandra chinensis,
Radix Polygonum multi�orum, etc. It has the effect of nourishing the heart and nourishing the blood,
tongmai analgesia, and is used for the treatment of chest pain, heartache, angina pectoris, arrhythmia,
etc (12). Studies (13) have shown that the myocardial protective effect of TMYXP may be related to
antioxidant effects, but its mechanism has not yet been elucidated. Many active ingredients of TMYXP
such as glycyrrhizic acid can inhibit ROS production through SIRT1/PGC-1α pathwayα (14). SIRT3 is a
deacetylase homologous to SIRT1 in myocardial tissue. Therefore, we speculate that TMYXP can
promote mitochondrial biosynthesis and inhibit oxidative stress by up-regulating SIRT3 and PGC-1α,
thereby improving cardiac remodeling and delaying HF processes.

Materials And Methods
Animal model and treatment protocols

Our animal experimental protocol was approved by the Animal Care and Use Committee of Tianjin Union
Medical Center. A total of 70 male adult Sprague-Dawley (SD) rats (weight, 200-250 g) were used in this
study, which were provided by the Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). All
animals were adapted to the new environment for 1 week prior to experiments, and they had free access
to foods and water under laboratory conditions. All animals were randomized into two groups, namely,
the ISO-induced cardiomyopathy group (n=60) and the control group (n=10). Typically, the ISO-induced
cardiomyopathy group was given subcutaneous injection of isoproterenol (ISO) (Purty: 98%, Beijing
Solarbio Science & Technology Co., Ltd, China) dissolved in normal saline (NS) at 10 mg/kg/d for once
daily for the initial 2 consecutive weeks. The control group was given injection of NS at identical dose for
the initial two weeks consecutively. Afterwards, 50 surviving animals from ISO-induced cardiomyopathy
group were further classi�ed into 5 groups, namely, low-dose TMYXP was given TMYXP (0.5 g/kg)
administration for 6 weeks, middle-dose TMYXP was given TMYXP (1 g/kg) administration for 6 weeks,
high-dose TMYXP was given TMYXP (2 g/kg) administration for 6 weeks and The BIS group was given
bisoprolol (BIS, 0.5 mg/kg) for 6 weeks as a positive control group, while those in ISO and control groups
were given NS gavage at identical volume once a day for six consecutive weeks. 
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At the end of week 8, animals were euthanized, and blood samples were collected into tubes. At the same
time, fresh cardiac tissues were rinsed with cold saline, of them, a fraction was utilized for mitochondrial
protein extraction, while another part was used for monoplast suspension preparation to determine ROS
and MMP, and the rest tissues were preserved at -80 °C for subsequent use. Moreover, the intact heart had
been �xed using 4% paraformaldehyde, followed by para�n embedding prior to pathological and TUNEL
staining.

Echocardiography

At weeks 2 and 8, all animals were injected with 3% sodium pentobarbital solution at 10.0 mg/kg for
anesthesia before echocardiographic measurements. Typically, data on the left ventricular end diastolic
diameter (LVESD), left ventricular end diastolic diameter (LVEDD), left ventricular fractional shortening
(LVFS%), and left ventricular ejection fraction (LVEF%), were determined based on short-axis M-mode
echocardiography using the Vevo2100 imaging system (VisualSonics, Toronto, ON, Canada).

HWI assessment

The excised cardiac tissues were washed with ice-cold PBS; later, the adipose tissue, aorta and atria were
separated, and the heart weight (HW, mg) was measured. The heart weight index (HWI, mg/g) was
de�ned as the ratio of HW-to-body weight.

Histopathological analysis

Ventricular tissues were �xed with 4% paraformaldehyde, followed by para�n embedding, sectioning (5
μm in thickness), and staining using Masson’s trichrome as well as hematoxylin-eosin (H&E) solution.
Finally, the collagen contents and morphological changes of cardiac tissues were assessed using the
light microscope (DS-Ri2, Nikon, Japan).

Determination of serum BNP

After standing for 30 min, blood samples were centrifuged for 15 min at 3000 g to separate the serum.
Thereafter, the serum levels of B-type natriuretic peptide (BNP) were determined using the ELISA kits
(Elabscience Biotechnology Co., Ltd, Wuhan, China).

Assessment of oxidase/antioxidase activities

Cardiac tissues (10% w/v) were homogenized using cold saline, followed by 10 min of centrifugation at
3000 g to collect the supernatant. Then, the contents of malondialdehyde (MDA), glutathione peroxidase
(GSH-Px) and manganese superoxide dismutase (Mn-SOD) were measured in accordance with reagent
protocols (Nanjing Jiancheng Bioengineering Institute, China)

Determination of the mitochondrial complexes I, II, III and IV activities
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Myocardial mitochondria were extracted, and the mitochondrial respiratory chain complexes I, II, III and IV
activities were measured using the Mitochondrial respiratory chain complexes I, II, III and IV Activity Assay
kits (Beijing Solarbio Science & Technology Co., Ltd, China) following the manufacturer protocols.

Determination of ATP contents

Cardiac tissues (10% w/v) were homogenized using boiling double distilled water: The samples were then
placed in a boiling water bath for 10 min, followed by 10 min of centrifuged at 3500 g to collect the
supernatant. Thereafter, the ATP level was measured according to the reagent protocols (Nanjing
Jiancheng Bioengineering Institute, China).

2.10 Flow cytometry

Cardiac tissues were cut into 1 mm3 pieces by ophthalmology, digested with trypsin in the constant
temperature water bath (37 ° C) for 30 min, and �ltered with the 300-mesh nylon �lter. Afterwards, the
�ltrate was centrifuged at 600×g for 5 min at 4 °C, the supernatant was discarded, and the sediment was
re-suspended with cold PBS for several times. The above-mentioned steps were repeated for three times,
and �nally the sediment was suspended with cold PBS. Then, the monoplast suspension was loaded
using the DCFH-DA probes and JC-1 probes in accordance with the active oxygen detection kit (Nanjing
Jiancheng Bioengineering Institute, China) and the Mitochondrial membrane potential assay kit with JC-
1(Beyotime Biotechnology, Shanghai, China). The monoplast was washed with PBS for three times after
incubation at 37 °C; �nally, the DCF and JC-1 �uorescence intensity were determined through FC using the
Guava EasyCyte �ow cytometer (EMD Millipore Corporation, Hayward, Calif).

TUNEL assay

The apoptosis level was determined according to the terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay performed using the One Step TUNEL Apoptosis Assay Kit (Dalian Meilun
Biotechnology Co., LTD, China) following the manufacturer protocol. Cells with bright blue nuclei were
deemed as positive for apoptosis. Five representative �elds were randomly selected at ×200
magni�cation.

Protein extraction and Western blotting

Myocardial tissues were cut into pieces and homogenized within the lysis buffer containing
100×phosphatase inhibitor, 100 mM PMSF and 1000× protease inhibitor (KeyGen Biotech. Inc, Nanjing,
China). Later, the homogenization solution was transferred into the ep tube to centrifuge at 12000 g for 5
min at 4 °C. Concentration of the supernatant was determined using the BCA protein assay kit (Beijing
Solarbio Science & Technology Co., Ltd, China). Moreover, cytoplasmic protein was extracted according to
operation procedure from KeyGen Biotech. Inc (Nanjing, China). In brief, tissues were homogenized,
placed on ice for 30 min, and centrifuged at 3000 g for 10 at 4 °C, and the supernatant was cytoplasmic
protein. To carry out immunoblotting, proteins were separated by SDS-polyacrylamide gel electrophoresis
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(PAGE), followed by transfer onto the polyvinylidene di�uoride (PVDF) membranes. Then, the PVDF
membranes were blocked with 5% defatted milk for 2 h at room temperature, and incubated with primary
antibodies diluted by TBST overnight at 4 °C. The membranes were incubated with the following primary
antibodies: SIRT3 (1:1000, Proteintech Group, Inc, # 10099-1-AP), PGC-1α (1:1000, Proteintech Group, Inc,
#66369-1-Ig), NRF1 (1:500, BOSTER, #AO1129-2), TFAM (1:500, BOSTER, #PB0413), Cleaved Caspase-3
(1:1000, A�nity, # AF7022), Cyt C (1:800, Proteintech Group, Inc, # 10993-1-AP), GAPDH (1:1000, Cell
Signaling Technology, #5174). After washing with TBST for 3 times, the membranes were incubated with
peroxidase (HRP)-conjugated secondary antibody, and visualized using the luminol reagent (Engreen
Biosystem Co, Ltd., Beijing, China).

Statistical analysis

All experimental data were expressed as means±S.D. The SPSS 19.0 (Lead Technologies, Chicago,
Illinois) was utilized for all statistical analyses. Signi�cance was determined by one-way analysis of
variance (ANOVA), followed by Tukey’s multiple comparison test. A difference of P < 0.05 was considered
as statistically signi�cant.

Results
TMYXP mitigates cardiac dysfunction in rats induced by ISO

Sixty rats were given subcutaneous injection of ISO for 2 weeks, and then the corresponding drugs were
given intragastrically for 6 weeks (Figure 1A). With this treatment, rats began to die on day 10; 10 rats
survived after the last injection. We found that the hearts of the 10 mice that died had varying degrees of
enlargement. After the injection of ISO, the rats experienced weight loss. According to Figure 1AB, ISO
stimulation markedly slowed down the weight gain in rats, while TMYXP 1.0 g/kg, 2.0 g/kg and BIS
treatment suppressed such changes. In addition, the changes in HWI suggested that hearts were
remarkably expanded in ISO group, while TMYXP 1.0 g/kg, 2.0 g/kg and BIS treatment reduced HWI
(P<0.01) (Figure 1C). Moreover, the serum biochemical index levels suggested that ISO evidently induced
BNP in rats. TMYXP 1.0 g/kg, 2.0 g/kg and BIS intervention restrained the secretion of BNP in rats (Figure
1D). Moreover, the variations in heart function, shape and size were evaluated by echocardiography. In
comparison with control group, animals treated with ISO displayed ventricular remodeling at the 2nd

week, along with cardiac function decline, as evidenced by the increased LVESD while reduced LVEF and
LVFS. The LVESD and LVEDD levels in ISO group were evidently increased upon the end of the 8th week
compared with those at the 2nd week. Additionally, LVFS and LVEF were apparently decreased compared
with those at the 2nd week, indicating further deterioration of rat heart function, while TMYXP 1.0 g/kg,
2.0 g/kg and BIS could prevent such changes (Figure 1E, F).

Effect of Tongmai Yangxin Pill (TMYXP) on Changes of Histopathological changes in ventricular
myocardial tissues
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Results of H&E staining demonstrated that, the ISO group was associated with in�ammatory cell
in�ltration, disordered cardiac muscular �bers, and cardiac hypertrophy relative to those in control group.
Nonetheless, such impacts were reduced in TMYXP 1.0 g/kg, 2.0 g/kg and BIS treatment group (Figure
2A). Besides, compared with control group, results of Masson's trichrome staining revealed that, the ISO
group was linked with disorderly arranged myocardial tissues, along with large area of congestion, and
irregular collagen �bers. Additionally, �brotic connective tissues were dramatically reduced in TMYXP 1.0
g/kg, 2.0 g/kg and BIS group, which conformed to the prior H&E staining results (Figure 2B).

TMYXP mitigates OS and enhances mitochondrial function in myocardial tissues of ISO-induced rats

The activities of antioxidant enzymes and ROS contents were examined in the myocardial tissues of rats.
Relative to control group, ISO stimulation markedly increased myocardial OS, as veri�ed by the elevated
MDA and ROS levels, together with the reduced GSH-Px and Mn-SOD activities (P<0.01). TMYXP 1.0g/kg,
2.0 g/kg and BIS intervention evidently prevented ROS accumulation and enhanced antioxidant function
(Figure 3A, B and C). These results suggest that TMYXP may function by attenuating the mitochondrial
stress caused by ISO. To further assess this possibility, we evaluated the effects of each group of drugs
on ATP levels. ISO signi�cantly decreased the mitochondrial ATP content, and PER attenuated this
decrease (P < 0.01; Figure 3D). To verify that these effects on mitochondrial ATP content were mediated
at the level of ATP synthesis, we evaluated the activities of the mitochondrial respiratory chain complexes
I, II, III, and IV. The activities of each of these complexes were signi�cantly reduced in comparison with
those of the control group; however, TMYXP 1.0 g/kg, 2.0 g/kg and BIS statistically reversed the
decreases (P<0.01) (Figure 2E). These results demonstrated that TMYXP intervention protected the
function of electron transport chain in rat myocardial cells, thus decreasing ROS production and elevating
ATP synthesis.

TMYXP decreased ROS-derived myocardial apoptosis in cardiomyopathy rats induced by ISO

To further assess the functional outcome of PER-mediated attenuation of OS, we evaluated the effects of
TMYXP on ISO-inducted myocardial apoptosis. We assessed the effects of ISO, TMYXP and BIS on the
mitochondrial membrane potential (MMP). The myocardial MMP of the ISO group was notably lower
than that of control group (P<0.01), while the MMP of TMYXP 0.5 g/kg, 1.0 g/kg, 2.0 g/kg and BIS group
was higher than that of ISO group (P<0.01) (Figure 4A, B). Furthermore, TUNEL staining results had
veri�ed the remarkably aggravated myocardial apoptosis in ISO group (P<0.01), but that in TMYXP 1.0
g/kg, 2.0 g/kg and BIS group was markedly decreased compared with that in ISO group (P<0.01) (Figure
4C, D). ISO stimulation resulted in the changed contents of cleaved caspase-3, mitochondrial cytochrome
C (Mito Cyt C). These results demonstrated that the pro-apoptotic factor Cyt C had leaked from
mitochondria to cytoplasm of myocardial cells in ISO group, which activated caspase-3 and initiated
apoptosis. Nevertheless, TMYXP 1.0 g/kg, 2.0 g/kg and BIS suppressed Cyto Cyt C leakage and caspase-
3 activation (Figure 4E, F). These results suggest that TMYXP reduces the level of myocardial apoptosis
in the ISO-induced cardiomyopathy model.
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TMYXP modulates PGC-1α, SIRT3, TFAM, and NRF1 protein and mRNA levels in myocardial tissues from
ISO-induced rats

In�uence of TMYXP on the protein levels of PGC-1α, SIRT3, TFAM, and NRF1 in myocardial tissues from
cardiomyopathy rats induced by ISO. To determine whether TMYXP might ameliorate cardiomyocyte
dysfunction by improving mitochondrial biosynthesis, we performed Western blotting of proteins that are
known to have a role in mitochondrial biosynthesis. Relative to control group, ISO treatment markedly
down-regulated the protein expression of PGC-1α, SIRT3, mitochondrial transcription factor A (TFAM), and
nuclear respiratory factor 1 (NRF1) (P<0.01). Besides, the expression of PGC-1α, SIRT3, TFAM, and NRF1
were increased following TMYXP 1.0 g/kg, 2.0 g/kg and BIS intervention (P < 0.01) (Figure 4A, B). These
�ndings suggested that TMYXP enhanced mitochondrial biosynthesis via activating the SIRT3/PGC-1α
signal transduction pathway.

Discussion
Our research had concentrated on the e�cacy of TMYXP in treating ISO-induced myocardial damage in
rats. This study aimed to investigate the mechanism of action of TMYXP and to provide new therapeutic
targets for the clinical HF prevention and treatment. Our experimental results demonstrated that PER
attenuated myocardial remodeling in rats with ISO-induced cardiomyopathy, and prevented from cardiac
function decline, which might be related to the TMYXP-induced up-regulation of SIRT3 and PGC-1α.

Subcutaneous injection of  ISO led to the accumulation of catecholamine in animals, which would
thereby induce cardiomyocyte hypertrophy, necrosis, and apoptosis, resulting in myocardial remodeling
and �nally HF (15). In this experiment, a rat cardiomyopathy model was established by subcutaneous
injection of ISO at 10.0 mg/kg/d for 2 weeks. Changes in the volume and shape of the left ventricle are
often referred to as cardiac remodeling in clinical practice (16). At the end of the second week of
modeling, the results of echocardiography showed that ISO stimulation caused left ventricular dilatation
and left ventricular systolic function decreased in rats, suggesting that the cardiac structure of rats
changed and cardiac remodeling occurred. At the end of the eighth week, the echocardiographic
indicators of the rats in the ISO group suggested that the ventricular dilatation in rats increased, and the
left ventricular systolic function decreased further. Rat weight, total heart mass index, and serum BNP
also demonstrated that the rats in the ISO group had slower growth, enlarged hearts, and decreased heart
function. Pathological examination found that ISO can induce myocardial necrosis, hypertrophy and
�brosis in rats. The above results suggest that ISO intervention can aggravate rat heart remodeling and
promote the development of heart failure. TMYXP 1.0 g/mg, TMYXP 2.0 g/mg and bisoprolol intervention
can reduce serum BNP levels, reduce myocardial �brosis, inhibit the tendency of heart cavity enlargement,
improve the pump function of the heart and increase the output of the heart. It shows that TMYXP can
protect myocardial cells, inhibit cardiac remodeling, and delay the development of heart failure.

Related articles (13) found that Tongmai Yangxin Pills have a protective effect on cardiomyocytes, and
its mechanism may be related to antioxidant effects. Recent studies have shown (17,18) that a large
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amount of ROS produced by OS induces apoptosis, eventually changes the heart structure, causes
abnormal heart function, and promotes the evolution of heart failure. Our data also show that
administration of TMYXP 1.0 g/mg, TMYXP 2.0 g/mg and bisoprolol to ISO-induced rats can signi�cantly
reduce ROS content, increase the activity of Mn-SOD and GSH-Px, and MDA content in myocardial tissue.
SODs is an antioxidant enzyme that can eliminate superoxide anion free radicals and protect cells from
oxidative damage (19) while Mn-SOD located in mitochondria mainly acts to remove ROS in
mitochondria (20). In addition, GSH-Px has the function of eliminating lipid peroxides and forms an
antioxidant defense system in the body with other oxidases (21). On the other hand, MDA is a product of
lipid peroxide, and its content re�ects the degree of tissue oxidative damage. Although the relative role of
upstream regulators in this process has yet to be fully elucidated, these �ndings are related to the
cardioprotective effects of TMYXP and OS remission.

Electron transport chain (ETC) is the main place for mitochondrial ROS production. When electron
leakage occurs during electron transfer, a large number of superoxide anions (02-) can be formed. Among
them, complexes I and III are the main sites for electron leakage and mitochondrial ROS production (22).
Superoxide anions form hydrogen peroxide and hydroxyl radicals through further conversion, causing
oxidative damage to cells (23,24). In addition to its role as a source of ROS, mitochondria may
themselves be damaged by ROS. Under the condition of OS, the increase of ROS production in
mitochondria may lead to abnormal mitochondrial respiratory chain function, leading to reduced ATP
synthesis and activation of endogenous apoptotic pathways. In addition, insu�cient energy production
and cardiomyocyte apoptosis contribute to ventricular remodeling and ultimately lead to HF (25). The
results of this study indicate that the production of ROS in the myocardial tissue of ISO-induced
cardiomyopathy rats is accompanied by a decrease in mitochondrial respiratory chain I, II, III, IV activity
and ATP production. However, TMYXP 1.0 g/mg, TMYXP 2.0 g/mg and BIS can improve respiratory chain
function and increase myocardial ATP content. Therefore, we speculate that protecting mitochondrial
function is a key link in TMYXP-mediated cardiac protection.

Myocardial apoptosis causes ventricular remodeling, which ultimately leads to HF (26,27). Previous
studies (28) have suggested that excessive production of ROS in mitochondria can cause damage to
lipids and proteins of mitochondrial inner membrane, induce intimal �uidity and Permeability changes,
permeability transition pores (mPTP) open. The opening of mPTP can rapidly destroy the mitochondrial
membrane potential and change the osmotic pressure in mitochondria, causing membrane rupture,
promoting Mito Cyt C out�ow, activating caspase-3 and eventually lead to apoptosis (29). In this
experiment, TMYXP 1.0 g/mg, TMYXP 2.0 g/mg and BIS treatment increased MMP, inhibited the release
of the proapoptotic factor Cyt C from the mitochondria into the cytosol and prevented caspase-3
activation, reducing cardiomyocyte apoptosis. Combined with the results of previous experimental data, it
is fully demonstrated that TMYXP reduces the activation of endogenous apoptotic pathways by reducing
ROS production in mitochondria.

Mitochondrial biosynthesis can be de�ned as the process of mitochondrial proliferation and
mitochondrial system synthesis and individual synthesis. It is an important mechanism for cells to
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achieve self-renewal and regulation. Mitochondrial biosynthesis up-regulates both mitochondrial
respiratory chain enzymes and mitochondrial antioxidant factors (such as Mn-SOD and GSH-Px) (30,31).
Mitochondrial biosynthesis depends on the expression of mitochondrial genome (mtDNA) and nuclear
genome (nDNA), and mtDNA is the main target of ROS-mediated damage (32). PGC-1α plays a central
role in the regulation of mitochondrial production. PGC-1α activates the downstream nuclear respiratory
factors NFR-1 and Tfam, which activates the transcription of oxidative phosphorylated proteins encoded
by mt DNA, thereby promoting mitochondrial biosynthesis (22). Decreased PGC-1α expression can be
observed in various HF models with OS and mitochondrial dysfunction (10,11). SIRT3 acts on a wide
range of substrates and is closely related to cardiovascular disease. SIRT3 is involved in almost every
major aspect of mitochondrial biology, such as fatty acid oxidation, tricarboxylic acid cycle, antioxidant
defense, mitochondrial protein synthesis and translation, and mitochondrial dynamics (33). Previous
studies have shown that SIRT3 regulates mitochondrial biosynthesis by activating PGC-1α. Studies (12)
have shown that myocardial protective active substances in TMYXP, the identi�ed compounds are mainly
derived from licorice, Schisandra chinensis, Ophiopogon. Glycyrrhizin, the main active compound of
TMYXP, can activate the AMPK/SIRT1/PGC-1α signaling pathway in the kidneys of db/db mice with
diabetic nephropathy in rats, and play a role in inhibiting ROS activation and apoptosis (14). Schisandrol
is extracted from Schisandra chinensis, the main component of TMYXP, and can signi�cantly increase
SIRT1 and PGC-1α in the hippocampus of mice, thereby increasing the activity of SOD and GSH-px, and
reducing the level of MDA (34). SIRT3 is a deacetylase that is homologous to SIRT1 in myocardial tissue,
and is similar to SIRT1 in the way of activation. This study suggests that the protein expression of SIRT3,
PGC-1α, NRF-1 and TFAM is reduced in the myocardial tissue of the ISO group rats. However, the
intervention of TMYXP 1.0 g/mg, TMYXP 2.0 g/mg and BIS can increase the expression of SIRT3, PGC-
1α, NRF-1 and TFAM, suggesting that Tongmai Yangxin Pill may improve mitochondria by activating
SIRT3/PGC-1α Biosynthesis.

In summary, our results indicate that cardiac remodeling and decreased cardiac function in ISO-induced
cardiomyopathy model rats may be related to the down-regulation of SIRT3 and PGC-1α expression.
TMYXP can improve mitochondrial biosynthesis and attenuate mitochondrial OS and apoptosis by
restoring SIRT3 and PGC-1α expression, thereby improving cardiac function. These results have provided
a deeper understanding of the mechanism of TMYXP in preventing and treating HF in clinical practice.

Abbreviations
HF, heart failure; TMYXP, Tongmai Yangxin Pill; ISO, isoproterenol; ROS, reactive oxidative species; SIRT3,
Sirtuin 3; PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; NRF1, nuclear
respiratory factor 1; TFAM, mitochondrial transcription factor A; NADH/NAD, nicotinamide adenine
dinucleotide; AngII, Angiotensin II; OS, oxidative stress; SD, Sprague-Dawley; MMP, mitochondrial
membrane potential; TUNEL, transferase dUTP nick end labeling; HWI, Heart weight index; BNP, B-type
natriuretic peptide; MDA, malondialdehyde; GSH-Px, glutathione peroxidase; Mn-SOD, manganese
superoxide dismutase.



Page 11/18

Declarations
Ethics approval: The procedures of the study were approved by the Animal Care and Use Committee of
Tianjin Union Medical Center.

Consent for publication: This manuscript has not been published and is not under consideration for
publication elsewhere in whole or in part. No con�icts of interest exist in the submission of this
manuscript, and the manuscript has been approved for publication by all listed authors.

Availability of data and material: The data used to support the �ndings of this study are available from
the corresponding author upon request.

Competing interests: None of the authors has any �nancial and personal relationships with other people
or organizations that could potentially and inappropriately in�uence this work and its conclusions.
Authors declared no competing interest on publishing this paper.

Funding: This research was supported by the Tianjin Municipal Bureau of Health for Science and
Technology (Grant No. 2015KG110), the Tianjin Science and Technology Planning Project (Grant No.
16ZXMJSY00060) and 2017 Annual Graduate Students Innovation Fund (Grant No. CXJJLX201710).

Authors' contributions: ZZ conceived and designed the study, collected, analyzed and interpreted the data,
and wrote the manuscript. HL conceived and designed the study, and collection and presented the data.
WC analyzed and interpreted the data. YC was involved in the animal experiments. AH assessed western
blotting analysis. XQ conceived and designed the study, wrote the manuscript, and gave �nal approval of
the manuscript.

Acknowledgements: Not applicable.

References
1. Reddy YN V, Borlaug BA, O’Connor CM, Gersh BJ. Novel approaches to the management of chronic

systolic heart failure: future directions and unanswered questions. Eur Heart J. 2019 Jun 14;

2. Willenheimer R. Left ventricular remodelling and dysfunction. Can the process be prevented? Int J
Cardiol. 2000 Jan;72(2):143–50.

3. You W, Wu Z, Ye F, Wu X. Ginkgolide A protects adverse cardiac remodeling through enhancing
antioxidation and nitric oxide utilization in mice with pressure overload. Pharmazie.
2019;74(11):698–702.

4. Tian C, Gao L, Zhang A, Hackfort BT, Zucker IH. Therapeutic effects of Nrf2 activation by
bardoxolone methyl in chronic heart failure. J Pharmacol Exp Ther. 2019 Dec;371(3):642–51.

5. Tan C, Zeng J, Wu Y, Zhang J, Chen W. Herbal formula Xinshuitong capsule exerts its
cardioprotective effects via mitochondria in the hypoxia-reoxygenated human cardiomyocytes. BMC
Complement Altern Med. 2018 May;18(1).



Page 12/18

�. Tsutsui H, Kinugawa S, Matsushima S. Oxidative stress and heart failure. Am J Physiol - Hear Circ
Physiol. 2011 Dec;301(6):2181–90.

7. Becatti M, Taddei N, Cecchi C, Nassi N, Nassi PA, Fiorillo C. SIRT1 modulates MAPK pathways in
ischemic-reperfused cardiomyocytes. Cell Mol Life Sci. 2012 Jul;69(13):2245–60.

�. Gao P, Jiang Y, Wu H, Sun F, Li Y, He H, et al. Inhibition of mitochondrial calcium overload by SIRT3
prevents obesity-or age-related whitening of brown adipose tissue. Diabetes. 2020 Feb;69(2):165–80.

9. Torrens-Mas M, Hernández-López R, Pons DG, Roca P, Oliver J, Sastre-Serra J. Sirtuin 3 silencing
impairs mitochondrial biogenesis and metabolism in colon cancer cells. Am J Physiol - Cell Physiol.
2019 Aug;317(2):C398–404.

10. Piquereau J, Moulin M, Zurlo G, Mateo P, Gressette M, Paul JL, et al. Cobalamin and folate protect
mitochondrial and contractile functions in a murine model of cardiac pressure overload. J Mol Cell
Cardiol. 2017 Jan;102:34–44.

11. Waldman M, Cohen K, Yadin D, Nudelman V, Gor�l D, Laniado-Schwartzman M, et al. Regulation of
diabetic cardiomyopathy by caloric restriction is mediated by intracellular signaling pathways
involving “SIRT1 and PGC-1α.” Cardiovasc Diabetol. 2018 Aug;17(1).

12. Shen J, Wei J, Li L, Ouyang H, Chang Y, Chen X, et al. Development of a HPLC-MS/MS Method to
Determine 11 Bioactive Compounds in Tongmai Yangxin Pill and Application to a Pharmacokinetic
Study in Rats. Evid Based Complement Alternat Med. 2018;2018.

13. Cui Y, Li C, Zeng C, Li J, Zhu Z, Chen W, et al. Tongmai Yangxin pills anti-oxidative stress alleviates
cisplatin-induced cardiotoxicity: Network pharmacology analysis and experimental evidence. Biomed
Pharmacother. 2018 Dec;108:1081–9.

14. Mana R. Ehlers, Rebecca M. Todd. Genesis and Maintenance of Attentional Biases: The Role of the
Locus Coeruleus-Noradrenaline System. Neural Plast. 2017;1(1):2–3.

15. Kazachenko AA, Okovityĭ S V, Kulikov AN, Gustaĭnis KR, Nagornyĭ MB, Shulenin SN, et al.
[Comparative characteristics of some pharmacological models of chronic heart failure]. Eksp Klin
Farmakol. 71(6):16–9.

1�. Gradman AH, Alfayoumi F. From Left Ventricular Hypertrophy to Congestive Heart Failure:
Management of Hypertensive Heart Disease. Vol. 48, Progress in Cardiovascular Diseases. 2006. p.
326–41.

17. Nakamura K, Miura D, Matsubara H, Ito H. Oxidative stress and calcium overload in heart failure.
Folia Pharmacol Jpn. 2012 Dec;140(6):265–9.

1�. Avery S V. Molecular targets of oxidative stress. Vol. 434, Biochemical Journal. 2011. p. 201–10.

19. Chang XY, Cui L, Wang XZ, Zhang L, Zhu D, Zhou XR HL. Quercetin attenuates vascular calci�cation
through suppressed oxidative stress in adenine-induced chronic renal failure rats. BioMed Res Int.
2017;2017.

20. Lu H, Sun L, Chen W, Zhou Y, Liu K, Chen J, et al. Sirtuin 3 Therapy Attenuates Aging Expression,
Oxidative Stress Parameters, and Neointimal Hyperplasia Formation in Vein Grafts. Ann Vasc Surg.
2019 Aug;



Page 13/18

21. Ye X, An Q, Chen S, Liu X, Wang N, Li X, et al. The structural characteristics, antioxidant and
hepatoprotection activities of polysaccharides from Chimonanthus nitens Oliv. leaves. Int J Biol
Macromol. 2019 Nov;

22. Zhang T, Chi Y, Kang Y, Lu H, Niu H, Liu W, et al. Resveratrol ameliorates podocyte damage in diabetic
mice via SIRT1/PGC-1α mediated attenuation of mitochondrial oxidative stress. J Cell Physiol. 2019
Apr;234(4):5033–43.

23. Fan XY, Liu YJ, Cai YM, Wang AD, Xia YZ, Hu YJ, et al. A mitochondria-targeted organic arsenical
accelerates mitochondrial metabolic disorder and function injury. Bioorganic Med Chem. 2019
Mar;27(5):760–8.

24. Wang H wei, Liu J, Wei S shan, Zhao W peng, Zhu S quan, Zhou B hua. Mitochondrial respiratory
chain damage and mitochondrial fusion disorder are involved in liver dysfunction of �uoride-induced
mice. Chemosphere. 2020 Feb;241:125099.

25. Liu L, Yuan Y, He X, Xia X, Mo X. MicroRNA-1 upregulation promotes myocardiocyte proliferation and
suppresses apoptosis during heart development. Mol Med Rep. 2017 May;15(5):2837–42.

2�. Wang Y, Ju C, Hu J, Huang K, Yang L. PRMT4 overexpression aggravates cardiac remodeling
following myocardial infarction by promoting cardiomyocyte apoptosis. Biochem Biophys Res
Commun. 2019 Dec;520(3):645–50.

27. Wang X, Pan J, Liu D, Zhang M, Li X, Tian J, et al. Nicorandil alleviates apoptosis in diabetic
cardiomyopathy through PI3K/Akt pathway. J Cell Mol Med. 2019 Aug;23(8):5349–59.

2�. Lang F, Hoffmann EK. Role of ion transport in control of apoptotic cell death. Compr Physiol. 2012
Jul;2(3):2037–61.

29. Cao XH, Zhao SS, Liu DY, Wang Z, Niu LL, Hou LH, et al. ROS-Ca2+ is associated with mitochondria
permeability transition pore involved in surfactin-induced MCF-7 cells apoptosis. Chem Biol Interact.
2011 Mar;190(1):16–27.

30. Chen S Der, Yang DI, Lin TK, Shaw FZ, Liou CW, Chuang YC. Roles of oxidative stress, apoptosis,
PGC-1 and mitochondrial biogenesis in cerebral ischemia. Vol. 12, International Journal of Molecular
Sciences. Multidisciplinary Digital Publishing Institute (MDPI); 2011. p. 7199–215.

31. Sun Q, Zhong W, Zhang W, Zhou Z. Defect of mitochondrial respiratory chain is a mechanism of ROS
overproduction in a rat model of alcoholic liver disease: Role of zinc de�ciency. Am J Physiol -
Gastrointest Liver Physiol. 2016;310(3):G205–14.

32. Galdieri L, Zhang T, Rogerson D, Vancura A. Reduced Histone Expression or a Defect in Chromatin
Assembly Induces Respiration. Mol Cell Biol. 2016 Apr;36(7):1064–77.

33. Parodi-Rullán RM, Chapa-Dubocq XR, Javadov S. Acetylation of mitochondrial proteins in the heart:
The role of SIRT3. Vol. 9, Frontiers in Physiology. Frontiers Media S.A.; 2018.

34. Han Y, Yang H, Li L, Du X, Sun C. Schisanhenol improves learning and memory in scopolamine-
treated mice by reducing acetylcholinesterase activity and attenuating oxidative damage through
SIRT1-PGC-1α-Tau signaling pathway. Int J Neurosci. 2019 Feb;129(2):110–8.



Page 14/18

Figures

Figure 1

Tongmai Yangxin Pill (TMYXP) enhances heart function in the isoproterenol (ISO)-induced
cardiomyopathy model rats. (A) Schematic diagram of the experimental �ow (B) Changes in body
weights for control rats and ISO-induced cardiomyopathy rats treated with out without PER. (C) Changes
in rat heart weight index (HWI) for different groups. (D) B-type natriuretic peptide (BNP) levels in sera were
measured by ELISA assay. (E) Representative M-mode echocardiograms for ISO, TMYXP (0.5 g/kg),
TMYXP (1.0 g/kg), TMYXP (2.0 g/kg), BISand control groups. (F) Bar charts showing LVESD, LVEDD,
LVFS% and LVEF%. Data were represented as mean±SD, #P<0.05, ##P<0.01 compared with ISO group,
**P<0.01 compared with control group, ▲P<0.05, ▲▲P<0.01 compared with 2Week, LVESD: Left
ventricular end diastolic diameter; LVEDD: Left ventricular end diastolic diameter; LVFS%: Left ventricular
fractional shortening; LVEF%: Left ventricular ejection fraction.
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Figure 2

Effect of Tongmai Yangxin Pill (TMYXP) on Changes of Histopathological changes in ventricular
myocardial tissues (A) Histopathological changes in ventricular myocardial tissues observed by H&E
staining (×200 magni�cation). (B) Masson’s Trichrome Staining of cardiac tissues (×200 magni�cation).
Blue color represents �brosis.



Page 16/18

Figure 3

Tongmai Yangxin Pill (TMYXP) attenuates myocardial mitochondrial function and oxidative stress in
isoproterenol (ISO)-induced cardiomyopathy rats. (A) Flow cytometry was performed to analyze the total
reactive oxygen species (ROS) levels in podocytes based on DCHF-DA staining. (B) Quantitative analysis
of ROS. (C) Myocardial tissues were homogenized, and then malondialdehyde (MDA), Mn-SOD, and GSH-
px levels were assessed. (D) Mitochondria were isolated from myocardial tissues for detection of
Complex I, II, III, IV concentrations. Data are represented as means±SD, ##P < 0.01 compared with the ISO
group, and **P < 0.01 compared with the control group.
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Figure 4

Tongmai Yangxin Pill (TMYXP) attenuates myocardial apoptosis in isoproterenol (ISO)-induced
cardiomyopathy rats. (A) Flow cytometry was employed to analyze the mitochondrial membrane
potential (MMP) of myocardial cells based on JC-1 staining. (B) The MMP was quanti�ed as the red-to-
green �uorescence ratio. (C) Representative DNA fragmentation assays measured by DAPI and TUNEL
staining. (D) The apoptosis rate was computed as the positive cell percentage. Statistics were calculated
from 3 views from every group. (E) Western blotting of Cyto Cyt C in cytoplasmic lysates and Cleaved
Caspase-3 in total cell lysates. (F) Quanti�cation of Cyto Cyt C and Cleaved Caspase-3 protein levels was
performed using densitometry. Data are represented as means±SD, ##P<0.01 compared with the ISO
group, **P<0.01 compared with the control group.
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Figure 5

Tongmai Yangxin Pill (TMYXP) restores the protein levels of Sirtuin 3 (SIRT3), peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC1α), nuclear respiratory factor 1 (NRF1) and
mitochondrial transcription factor A (TFAM) in myocardial tissues from isoproterenol (ISO)-induced
cardiomyopathy rats. (A) Western blotting of SIRT3, PGC1α, NRF1 and TFAM within myocardial tissues.
(F) Quanti�cation of SIRT3, PGC1α, NRF1 and TFAM protein levels was performed using densitometry.
Data are represented as means±SD, #P<0.05 compared with the ISO group, ##P<0.01 compared with the
ISO group, **P<0.01 compared with the control group.


