
Contents lists available at ScienceDirect

Life Sciences

journal homepage: www.elsevier.com/locate/lifescie

Trimetazidine combined with exercise improves exercise capacity and anti-
fatal stress ability through enhancing mitochondrial quality control

Murong Xie1, Lingjun Jiang1, Yaoshan Dun, Wenliang Zhang, Suixin Liu⁎

Cardiac Rehabilitation Center, Department of Rehabilitation, National Clinical Research Center for Geriatric Disorders, Xiangya Hospital of Central South University,
Changsha 410008, China

A R T I C L E I N F O

Keywords:
Trimetazidine
Aerobic exercise
Exercise capacity
Anti-fatal stress ability
Skeletal muscle damage
Mitochondrial quality control

A B S T R A C T

Aims: To explore the effects of trimetazidine combined with exercise on EC and anti-fatal stress ability, and
illustrate the underlying mechanism.
Methods: C57BL/6 mice were randomly assigned to four groups (n=11 in each group): the control, exercise,
trimetazidine and trimetazidine+ exercise (TE) groups. Mice were accordingly given saline (ig), Aerobic ex-
ercise (AE), trimetazidine (ig), or a combination of trimetazidine (ig) and AE for five weeks. After the inter-
vention, each group was randomly subdivided into rest and exhaustive exercise (EE) subgroups. The mice in the
control-EE and TE-EE subgroups underwent fatal stress experiments. EC and anti-fatal stress ability were as-
sessed respectively. Mitochondrial quality control (MQC) in skeletal muscle were measured at the protein level
and the organelle level.
Key findings: A significantly increased exhaustive swimming time was observed in exercise (39.10 ± 12.58 min
vs 14.18 ± 4.37min), trimetazidine (33.73 ± 8.45min vs 14.18 ± 4.37min) and TE groups
(73.78 ± 18.95min vs 14.18 ± 4.37 min) compared with that in the control group, and a synergistic effect was
detected (P < 0.05). Fatal stress experiments successfully induced skeletal muscle damage, including increased
creatine kinase activity, myofibrosis, and impaired antioxidative enzyme system, all those were significantly
alleviated by trimetazidine supplementation combined with AE precondition (P < 0.05). Meanwhile, AE and
trimetazidine alone or combined, significantly enhanced the MQC in normal mice by activating mitochondrial
biogenesis, dynamics and mitophagy, and that in mice underwent fatal stress stimulus (P < 0.05).
Significance: This study for the first time found that trimetazidine and AE have synergistic effects on improving
EC. Moreover, the combination of both interventions enhances anti-fatal stress ability. Enhancing MQC may be a
key mechanism of AE combined with trimetazidine that improves EC and anti-fatal stress ability.

1. Introduction

Cardiovascular disease (CVD) remains the leading cause of death
worldwide, and its prevalence continues to increase [1]. Recently,
studies showed that the incidence of CVD in young people (18–50 years
old) has stabilized or increased over the past decades, while declined in
adults over 50 years old. Those observations suggest a trend toward a
younger population of patients with CVD [2]. Moreover, it is demon-
strated that exercise capacity (EC), the fifth vital sign, is an independent
predictor of cardiovascular disease, diabetes, and all-cause mortality
[3,4]. Patients with higher ECs have lower death rates after stroke [5,6]
and cancer [7]. In addition, the survival rate and prognosis in patients
with acute myocardial infarction [8], burn [9], stroke [10,11] or other
fatal stress states [12] are poor, despite the fact that they may have

been receiving advanced medical treatment. Thus, improving the anti-
fatal stress ability is an effective measure for reducing the occurrence of
fatal adverse cardiovascular events [13,14], and enhancing their
prognosis. Accordingly, the development of methods for improving EC
and anti-fatal stress capacity and the discovery of the underlying me-
chanisms are of great clinical significance.

Skeletal muscle is an important target organ for research on EC.
However, studies on the relationship between skeletal muscle stress and
cardiovascular events are rare. Recently, it is revealed that skeletal
muscle produces hundreds of different kinds of cytokines and peptides
that affect the function of the cardiovascular system, immune system,
skeletal muscle itself and other system [15]. Skeletal muscle dysfunc-
tion may be one of the pathological mechanisms of heart failure and
other cardiovascular diseases [16]. Therefore, skeletal muscle is not
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only an important part of research on EC but also an essential target
organ for studying stress injury response and the related mechanisms.
Mitochondria, a highly dynamic organelle, are the centre of aerobic
metabolism, and their function is an important indicator of EC [17,18]
and anti-fatal stress capacity [19]. Mitochondrial quality control (MQC)
is an effective guarantee of normal mitochondrial function [20,21]. It
has been reported that MQC is a potential therapeutic target for ad-
dressing mitochondrial dysfunction as well as a treatment method for
neurodevelopmental disorders and neurodegenerative diseases [22,23].
Therefore, the present study focuses on mitochondrial function and
MQC as the target mechanism.

At present, improving EC or anti-fatal stress capacity mainly in-
cludes pharmaceutical and non-pharmaceutical methods. Exercise, an
essential non-pharmacological treatment, significantly improved the EC
of patients with coronary heart disease [24,25], and anti-fatal stress
capacity [26] in mice. Moreover, our previous study showed that AE
improved EC and ameliorated exhaustive exercise-induced muscle da-
mage and that these effects were closely related to MQC [26]. Trime-
tazidine (TMZ) has been widely used in patients with coronary artery
disease and metabolic disorders [27]. Meta-analysis [27] and rando-
mized longitudinal studies [28] suggested that TMZ improved EC in
patients with ischaemic heart disease, existing clinical and basic re-
search on improving EC and the anti-fatal stress ability of TMZ has
mainly focused on the myocardium [29–31]. Recently, Molinari F et al.
[32] revealed that TMZ enhanced the fast-to-slow myofibre phenotype
shift, peroxisome proliferator-activated receptor gamma coactivator 1-
α (PGC1-α) upregulation, oxidative metabolism, and mitochondrial
biogenesis in C26-bearing mice. Gatta L et al. [33] also showed that at
the cellular level, TMZ upregulated the AMP-activated protein kinase
(AMPK)/PGC1α signalling pathway to promote mitochondrial biogen-
esis and activated autophagy in skeletal muscle. However, studies ex-
amining the mechanisms of TMZ-induced improvements EC in skeletal
muscle are limited, nor the synergistic effect of TMZ combined with AE
on EC and its ability to relieve stress injury.

In this study, we observed whether TMZ and AE have a synergistic
effect on the improvement of EC via MQC in skeletal muscle. To further
verify the effect of TMZ combined with AE on survival rate and prog-
nosis after fatal stress, we evaluated whether TMZ supplementation
combined with AE could alleviate fatal stress-induced damage and
enhance anti-fatal stress ability, and elucidated its underlying me-
chanisms.

2. Materials and methods

2.1. Animals and study design

Forty-four healthy male C57BL/6 mice (8 weeks old), weighing
22.66 ± 2 g, were used. After adaptive feeding for one week, the mice
were randomly assigned to 4 groups (n=11 in each group)—control,
TMZ, exercise and TMZ+exercise (TE) groups—using a randomized
block design according to the animals' weights. During the experi-
mental period, the mice were housed at 22 ± 2 °C and maintained at a
relative humidity of 45–55% on a 12/12 h light–dark cycle with free
access to water and food. The mice were reared in a clean environment,
and the bedding and feeding boxes were replaced every other day. None
of the mice had any swimming experience before the experiment, and
this experiment was started after 1 week of adaptive feeding. The mice
in each group were accordingly given saline (ig, 0.1ml/10 g body
weight), TMZ (Schweageer Pharmaceuticals, ig, 10mg/kg body weight
per day) [31], AE training or TMZ administration combined with AE
training for 5 weeks. After the intervention, each group was randomly
subdivided into rest and exhaustive exercise (EE) subgroups. The mice
in the control-EE and TE-EE subgroups underwent fatal stress experi-
ments (see below for details of the fatal stress model) prior to sacrifice
after approximately 12 h. During the experiment, one mouse in the
control group died of asphyxiation caused by the gavage procedure, and

therefore it was excluded.

2.2. Experimental protocol

2.2.1. Animal aerobic exercise training protocol
Based on training methods reported in the literature [34], our team

has explored a set of reformative exercise programmes after years of
practice [26], and details are as follows: mice in the exercise and TE
groups underwent non-weight-bearing moderate-intensity swim
training in a Morris water maze pool (type number XR-XM101-R, 60 cm
high, 120 cm in diameter) with a water depth of 30 cm maintained at
30 ± 2 °C. The mice initially swam freely for 10min on the first day.
The swimming time was then gradually increased to 60min/day by
adding 10min each day. The swim training consisted of forced swim-
ming with the mouse tethered to a stick with string for 60min, 6 days/
week for 4 weeks.

2.3. Fatal stress experiment process

The mice in the control-EE and TE-EE subgroups were subjected to
the fatal stress model, which involved an EE test. The specific steps of
the EE test [35] with some improvements are as follows: the mouse had
a 5% body-weight load attached to its tail and swam until exhaustion,
which was defined as the point at which the mouth and nose of the
mouse was completely submerged in water for up to 7 s. The depth of
the swimming pool was no<30 cm, and the water temperature was
maintained at 32 ± 2 °C. All mice underwent a pre-experiment.

2.4. Assessment of EC

The mice in the EE subgroups (n=5 mice from the control-EE
subgroup and n=6 from the other EE subgroups) underwent the EE
test at the end of the experiment, and the exhaustive swimming time
(the duration of forced weight-loaded swimming until the mouth and
nose of the mouse were completely submerged in water for up to 7 s)
was recorded as the measurement of EC.

2.5. Tissue processing

Mice were anaesthetized with 5% chloral hydrate (0.1 ml/10 g
weight) via an intraperitoneal injection and then sacrificed after a blood
sample was taken. Once a surgical plane of anaesthesia was reached, a
thoracotomy was performed, and blood was obtained via removal the
eyeball. Plasma was separated and stored at −20 °C until required. The
quadriceps, gastrocnemius and extensor digitorum longus of each
mouse were excised.

2.6. Isolation of mitochondria from skeletal muscle

The mitochondria from skeletal muscle (quadriceps femoris) of the
mice were isolated using differential centrifugation according to es-
tablished protocols (C3606, Tissue mitochondrial isolation kit,
Beyotime, China).

2.7. Ultramicrostructure of skeletal muscle under electron microscopy

To further visualize MQC at the organelle level, the mitochondria
and autophagosome number in the quadriceps femoris (n=2 muscles
per group) were observed under electron microscopy (EM, Tecnai G2
Spirit, FEI, USA).

2.8. Measurement of anti-fatal stress ability

To evaluate anti-fatal stress ability, plasma creatine kinase con-
centrations, skeletal muscle ultrastructure under EM, mitochondrial
oxidative stress and the antioxidative enzyme system were assessed. As
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creatine kinase (CK) is a marker of damage in CK-rich tissue such as
skeletal muscle [36], the CK in serum samples from mice was assayed
using an assay creatine kinase kit (A032, Nanjing Jiancheng Bioengi-
neering Institute, China). In addition, the morphology of muscle myo-
fibres and mitochondria in skeletal muscle were observed under EM to
further evaluate EE-induced skeletal muscle injury.

2.9. Assessment of mitochondrial oxidative stress and the antioxidative
enzyme system in skeletal muscle

To assess mitochondrial oxidative stress, levels of malondialdehyde
(MDA), which indicate the degree of lipid peroxidation, were measured
by a thiobarbituric acid test (A003-1, Nanjing Jiancheng
Bioengineering Institute, China) according to the manufacturer's in-
structions. To assess the antioxidative enzyme system, superoxide dis-
mutase (SOD) activities and glutathione peroxidase (GSH-Px) content in
the gastrocnemius muscle as well as the mitochondrial SOD (Mit-SOD)
activities in the quadriceps were detected biochemically. SOD activity
was measured by the xanthine oxidase method with a SOD Assay Kit
(A001-1, Nanjing Jiancheng Bioengineering Institute, China) according
to the manufacturer's instructions. The GSH-Px content was measured
by reading the absorbance at 412 nm using colorimetric determination
(A005, Nanjing Jiancheng Bioengineering Institute, China) and ex-
pressed as U/mg tissue protein.

2.10. Mitochondrial function assay

To determine whether TMZ and TMZ combined with AE improved
mitochondrial function in skeletal muscle, we analysed the expression
of CS. CS, the first and rate-limiting enzyme of the tricarboxylic acid
cycle, plays a key role in regulating energy production during mi-
tochondrial respiration [37].

2.11. Assessment of the MQC in skeletal muscle

To determine whether TMZ and TMZ combined with AE improved
MQC in mouse skeletal muscle (quadriceps femoris), we analysed the
expression of mitochondrial biogenesis, dynamics and mitophagy in the
basal state and fatal stress state. Mitofusin 1 (MFN1) and dynamin-re-
lated protein 1 (DRP1), direct executors of mitochondrial dynamics
[21], and the AMPK/PGC-1α signalling pathway, which reflects mi-
tochondrial biogenesis, were analysed by western blotting. The mi-
tochondrial autophagic protein BNIP3 (BCL2/adenovirus E1B 19 kDa
protein-interacting protein 3), microtubule-associated protein 1 light
chain 3 (LC3)-II and p62 (SQSTM1, sequestosome) are all directly in-
volved in the formation of mitophagy [38–41]. Therefore, according to
the “Guidelines for the use and interpretation of assays for monitoring
autophagy”, BNIP3, LC3-II, LC3-I and p62 were all detected by western
blotting, and the LC3-II/LC3I ratio was calculated to evaluate mito-
phagy activity in skeletal muscle. EM was used to further confirm the
number of mitochondria and autophagosomes at the organelle level.

2.12. Protein assay

For protein content analysis, skeletal muscle samples were homo-
genized and analysed by western blotting. The following antibodies
were used: CS (16131-1-AP, rabbit, 1:1000), Phosphorylation of AMP-
activated protein kinase (pAMPK) (ab131357, rabbit, 1:500) and BNIP3
(ab109362, rabbit, 1:1000) from Abcam (England); PGC-1α (sc-13067,
rabbit, 1:200) from Santa Cruz (USA); MFN1 (13798-1-AP, rabbit,
1:500), DRP1 (12957-1-AP, rabbit, 1:500), LC3-II/I (14600-1-AP,
rabbit, 1:500), and p62 (18420-1-AP, rabbit, 1:1000) from Proteintech
(USA); and GAPDH (AP0063, rabbit, 1:5000) from Bioworld (USA).
Membranes were analysed and quantified using a Quantity One
Imaging System (BIO-RAS, USA). Protein expression was normalized to
that of GAPDH.

2.13. Statistical analyses

All experimental data were input into SPSS 19.0 for statistical
analysis and expressed as the mean and standard deviation (x ± SD).
Statistical significance was determined using one-way analysis of var-
iance followed by the variance homogeneity test. P < 0.05 was con-
sidered to indicate significance.

3. Results

3.1. Effects of TMZ and AE, alone or combined, on EC and MQC in skeletal
muscle of mice

3.1.1. TMZ and AE, alone or combined, improved EC
The exhaustive swimming time was recorded as a measure of EC as

described previously. The exhaustive swimming time of the TMZ group
(33.73 ± 8. 45min vs 14.18 ± 4.37min, P < 0.05), exercise group
(39.10 ± 12.58min vs 14.18 ± 4.37min, P < 0.01) and TE group
(73.78 ± 18.95min vs 14.18 ± 4.37min, P < 0.01) were all sig-
nificantly prolonged compared with that of the control group.
Furthermore, compared with the TMZ and exercise groups, the TE
group had a significantly lengthened exhaustive swimming time
(Fig. 1).

3.1.2. TMZ and AE, alone or combined, enhanced mitochondrial function
The expression of skeletal muscle CS, an indicator of mitochondrial

function [37], was greatly increased in mice with interventions of TMZ
supplementation and AE, alone or combined compared with mice
without interventions (P < 0.01). Moreover, compared with the TMZ
and exercise groups, the expression of CS in the TE group significantly
increased (P < 0.01) (Fig. 2A–B).

3.1.3. TMZ and AE, alone or combined, enhanced MQC of skeletal muscle
Mitochondrial biogenesis, dynamics and mitophagy are three im-

portant processes that regulate MQC [20,21]. The expression levels of
pAMPK, PGC-1α, MFN1, DRP1 and BNIP3 from skeletal muscle in the
basal state were all significantly upregulated, as well as the LC3-II/LC3-
I ratio, while P62 was significantly downregulated in the exercise and
TE groups compared with those in the control group (P < 0.05), and
TMZ had the same effect in skeletal muscle, as shown in Figs. 3A–C,
4A–C and 5A–D. Moreover, mice in the TE group presented significantly
higher expressions of pAMPK, PGC-1α, MFN1, DRP1, BNIP3 and the
LC3-II/LC3-I ratio in skeletal muscle, and lower expression of P62 than
mice in the TMZ and AE groups (P < 0.05). In addition, the number of
mitochondria and autophagosomes between the nucleus and myofibrils
were considerably increased in the TMZ, exercise, and TE groups under

Fig. 1. TMZ and AE, alone or combined, prolonged the exhaustive swimming
time in mice. The exhaustive swimming time was measured by the EE test.
Values are reported as the mean ± SD (n=5 mice from the control group and
n=6 from other groups). ★P < 0.05, ★★P < 0.01 versus control; #P < 0.05,
##P < 0.01 versus exercise; △P < 0.05, △△P < 0.01, versus TMZ.
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EM (Figs. 3D, 5E).

3.2. Effects of TMZ combined with AE on anti-fatal stress ability and MQC
in skeletal muscle after EE

3.2.1. EE-induced skeletal muscle damage was ameliorated by TMZ
combined with AE

The serum CK activity of mice that underwent EE-induced fatal
stress in the control-EE subgroup was 2.64-fold higher than that in the
mice in the control group (P < 0.01). This effect was significantly at-
tenuated in the TE-EE subgroup preconditioned with TMZ supple-
mentation combined with AE (P < 0.01) (Fig. 6A). In addition, EE
resulted in severe skeletal muscle fibre damage, displaying myofibre
necrosis, disordered sarcoma, blurred or missing Z-lines and H bands in
myofibres, and moderate-to-severe mitochondrial oedema under EM.
TMZ and AE jointly and significantly mitigated the skeletal muscle
damage mentioned above induced by EE (Fig. 6B).

EE exerted a positive impact on mitochondrial oxidative stress and
inhibitory effects on the antioxidative enzyme system, which were re-
versed by TMZ combined with AE.

EE significantly increased the level of skeletal muscle MDA, an in-
dicator of mitochondrial oxidative stress, by 37.8% (P < 0.01) and
decreased the activities of Mit-SOD, SOD and GSH-Px, indicators of the
antioxidative enzyme system, by 89.5%, 16.3% and 45.8%, respectively
(P < 0.05). TMZ combined with AE notably reversed the changes re-
sulting from EE, and the level of MDA in skeletal muscle dramatically
decreased, while the activities of Mit-SOD, SOD and GSH-Px sig-
nificantly increased compared with those of mice in the control-EE
subgroup (P < 0.01) (Fig. 7A–D).

3.2.2. TMZ combined with AE enhanced the MQC in skeletal muscle of mice
underwent EE

The expression levels of pAMPK, PGC-1α, MFN1, DRP1, and BNIP3
and the LC3-II/LC3-I ratios were significantly increased, while the ex-
pression of P62 was obviously decreased in the TE-EE group compared
with those in the control-EE group (P < 0.05), as shown in Figs. 8A–E
and 9A–E. At the same time, the number of autophagosomes between

the nucleus and myofibrils was considerably higher in mice in the TE-
EE subgroup than in those in the control-EE subgroup (Fig. 9E).

4. Discussion

4.1. TMZ and TMZ combined with AE improved EC through enhancing the
MQC in skeletal muscle

We confirmed that TMZ improved EC, which was represented by an
increase in exhaustive swimming time in mice treated with TMZ in-
tervention. The EE test is one method for assessing anti-fatigue fitness.
Because of the mouse survival instinct, this test can truly measure the
maximal EC of mice and is commonly used to evaluate EC [35]. The
duration of exhaustive swimming time was used as an indicator of EC.
The longer the exhaustive swimming time was, the stronger the EC.
Therefore, our results suggest that TMZ significantly improves the EC of
C57BL/6 mice, which is consistent with the findings of previous studies
[32,42]. However, the underlying mechanism of TMZ-associated EC
needs to be elucidated to improve the prognosis of patients with cere-
brovascular disease and cardiopathy.

In this study, increased CS activity and MQC were observed in
skeletal muscles from mice with TMZ supplementation. MQC is an ef-
fective guarantee of the normal operation of mitochondrial function
[20,43]. The MQC process occurs at both the molecular and organelle
levels. Previous studies on MQC focused on the level of mitochondrial
protein quality control. In recent years, with the emergence of mito-
phagy research, an increasing number of studies have concentrated on
the organelle level of MQC, which mainly refers to the interaction be-
tween mitochondrial biogenesis, dynamics and mitophagy. These pro-
cesses are intensively discussed to ensure the MQC [20,22,43,44] and
maintain intracellular mitochondrial homeostasis [22,44]. Accordingly,
the significantly improved balance between mitochondrial biogenesis,
dynamics and mitophagy in the mice treated with TMZ in the present
study contributes to the observed increase in EC.

Moreover, studies have shown that AE could upregulate the AMPK/
PGC-1α signalling pathway and promote skeletal muscle energy meta-
bolism, improving EC [26,45]. Impaired EC was presented in skeletal
muscle-specific AMPKα1α2 double knockout mice [46], muscle-specific
AMPKβ1β2 knockout mice [47] or PGC-1α knockout mice [48].
Therefore, our results suggested that TMZ, similar to AE training [49],
is an important way to improve EC by upregulating mitochondrial
biogenesis of skeletal muscle, as shown in Fig. 3A–C. In addition, this
study for the first time found that TMZ promoted mitochondrial dy-
namics and activated mitophagy in skeletal muscle in the basal state in
vivo. The quality of the mitochondrial fusion-fission cycle is the core
link in maintaining the mitochondrial life cycle. During the process of
mitochondrial dynamics [21], mitochondrial fission stimulating factors,
such as DRP1, “distribute” mitochondria into two daughter parts: the
inactivated and activated mitochondria [50], through continuous mi-
tochondrial fusion and fission, the inactivated mitochondria are pro-
gressively isolated from the mitochondrial network, which is then en-
veloped by mitophagy for the degradation and recycling of damaged
mitochondria. The activated mitochondria continuously enter the new
fusion and fission network cycle under the regulation of MFN1/2 [51].
Mutation or inhibition of DRP1 was demonstrated to prevent the acti-
vation of mitophagy [52,53], indicating that the disruption of mi-
tochondrial fission disabled dysfunctional mitochondria from being
cleared by mitophagy. Interestingly, TMZ ameliorated mitochondrial
function [31], mitochondrial biogenesis, and autophagy [29] in skeletal
muscle at the cellular level ex-vivo. In this study, TMZ simultaneously
upregulated the expression of MFN1 and DRP1 to promote mitochon-
drial dynamics and activated mitophagy-active protein BNIP3 and LC3-
II to increase mitophagy in skeletal muscle in the basal state. Mean-
while, the number of mitochondria and autophagosomes in skeletal
muscle under EM and CS activity in mice treated with TMZ also sig-
nificantly increased. Therefore, the present study for the first time

Fig. 2. Effects of TMZ and AE, alone or combined, on mitochondrial function.
The expression of CS (B) in skeletal muscle was significantly increased in the
TMZ, exercise and TE groups. Values are reported as the mean ± SD (n=3
muscles per group). ★P < 0.05, ★★P < 0.01 versus control; #P < 0.05,
##P < 0.01 versus exercise; △P < 0.05, △△P < 0.01, versus TMZ. Bands from
the western blotting analysis (A).
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revealed that TMZ improved MQC in skeletal muscle in vivo. These
results proved that TMZ contributes to the positive effects on main-
tenance of MQC and then improves mitochondrial function, which
plays a significant role in improving EC.

In addition, TMZ combined with AE had a synergistic effect on
improving EC, which was indicated by a significant increase in ex-
haustive swimming time in the TE group that was 1.4-fold longer than
that in the exercise group and 2.0-fold longer than that in the TMZ
group. This finding is consistent with previous clinical [54] or basic
[55] studies. Our results indicate that MQC contributes to this sy-
nergistic effect for the following reasons: First, the combination of TMZ

and AE further promotes mitochondrial biogenesis in skeletal muscle by
increasing the mitochondrial number and mass entering the mi-
tochondrial life cycle. And the increased pAMPK and PGC-1α in skeletal
muscle contributes to the mitochondrial biogenesis, which involves two
pathways: first, promoting the phosphorylation of AMPK and then the
expression of its downstream target, PGC-1α; second, directly in-
creasing PGC-1α expression. This finding has been confirmed in pre-
vious studies [56,57] showing that the expression of PGC-1α was re-
duced by only 40% in AMPK knockout mice, which means that the
expression of PGC-1α is gradually regulated by AMPK [56,57] and the
native promoter, PGC-1α. Second, TMZ combined with AE further

Fig. 3. TMZ and AE, alone or combined, improved mitochondrial biogenesis in the basal state, Representative pAMPK (B), PGC-1α (C) and EM micrographs (D) from
skeletal muscle in mice in the basal state. EM shows that the mitochondria number (D) in skeletal muscle was significantly increased in the TMZ, exercise and TE
groups. mit: mitochondria, AV: autophagic vacuole, Z: Z line, H: H band. Bars: A: 5 μm; inset, 2 μm. Values are reported as the mean ± SD (n=3 muscles per group).
★P < 0.05, ★★P < 0.01 versus control; #P < 0.05, ##P < 0.01 versus exercise; △P < 0.05, △△P < 0.01, versus TMZ. Bands from the western blotting analysis (A).
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activates mitophagy in skeletal muscle, promoting the elimination of
dysfunctional mitochondria and supporting skeletal muscle plasticity in
response to AE. Finally, TMZ combined with AE further promotes mi-
tochondrial dynamics presented as an upregulation of MFN1 and DRP1,
which enhances the regulatory efficiency of the mitochondrial fission-
fusion cycle network, and maintains mitochondrial function. Ad-
ditionally, the increase in CS activity and number of mitochondria and
autophagosomes in skeletal muscle under EM further confirmed that
TMZ combined with AE could maintain mitochondrial function. To-
gether, Improving MQC in skeletal muscle is a vital factor contributing
to the synergistic effect of TMZ combined with AE on enhancing EC.

4.2. TMZ combined with AE alleviated fatal stress-induced skeletal muscle
damage and enhanced anti-fatal stress ability through improving MQC

We confirmed that TMZ combined with AE alleviated fatal stress-
induced skeletal muscle damage and enhanced anti-fatal stress ability.
In this study, skeletal muscle injuries and antioxidative enzyme system
damage induced by fatal stressor-EE were observed in skeletal muscles
from mice, all these were alleviated by the precondition of TMZ com-
bined with AE. The methods of establishing stress injury models include
chemical drugs, ischaemia/reperfusion [58], and EE [59,60]. The first
two are usually used to induce specific pathological or organ stress
damage, while EE induces comprehensive stress damage in multiple
systems and organs, such as severe skeletal muscle injuries [60], mi-
tochondrial and cardiac dysfunction [59], and haematologic system
dysregulation [61]. Therefore, EE is more consistent with clinical
characteristics compared to the first two methods. EE-related mi-
tochondrial dysfunction resulted in skeletal muscle injury that mani-
fested as increased oxidative stress, cytoskeletal damage, and various
markers such as histological changes (Z-line disruption) and biochem-
ical changes (increased CK in serum) [60]. In this study, EE-induced
skeletal muscle damage was revealed by increased serum CK activity.
And mitochondria oedema, myofibrosis and disordered or even missing
sarcomere were observed under EM further confirmed the skeletal
muscle injury. Moreover, we detected the decreased activities of SOD,
GSH and mit-SOD, while increased activity of MDA in mice underwent
fatal-stressor-EE, so verifying the generation of mitochondrial

antioxidative enzyme system damage and oxidative stress. These results
suggested that EE successfully established the state of fatal stress.
Furthermore, all those damages were significantly alleviated in mice
treated with TMZ combined with AE, suggesting TMZ combined with
AE ameliorated fatal stress-induced skeletal muscle damage and en-
hanced the anti-fatal stress capacity.

In addition, TMZ combined with AE attenuated skeletal muscle
damage in response to EE by improving MQC in skeletal muscle, which
was presented as an increased balance between the mitochondrial
biogenesis, dynamics, and mitophagy in the fatal stress state. It de-
monstrated that autophagy is an important protective mechanism
against stress injury [62]. Moreover, dysregulation of MQC is the main
cause of mitochondrial dysfunction and induction of apoptosis in the
stress state [63]. Therefore, maintaining MQC is an important guar-
antee against stress damage. Recently, Wen Shi et al. [30] have revealed
that TMZ preserved the mitochondrial structure, improved respiratory
control ratio, and improved mitochondrial biogenesis and mitochon-
drial dynamics, as demonstrated by an increase expression of PGC-1α,
MFN1, and DRP1, in rats with acute myocardial ischaemia. Francesca
Molinari et al. [33] also revealed that TMZ upregulated the expression
of PGC1-α, mitochondrial protein Tom20, and enhanced succinate de-
hydrogenase activity in C26-bearing mice. These results confirmed that
the attenuation of stress injury by TMZ was closely associated with
mitochondrial biogenesis and dynamics. Recently, Song M et al. [55]
provided evidence that TMZ alleviated simvastatin-related skeletal
muscle injuries by restoring the oxidative phenotype, and reversing the
reduction in mitochondrial complex III, membrane potential and CS. In
this study, we detected the simultaneous increase in mitochondrial
biogenesis, dynamics and mitophagy in mice after EE with intervention
of TMZ combined with AE. On one hand, TMZ combined with AE
promotes mitochondrial fission to separate EE-induced dysfunctional
mitochondria, which undergo mitophagy for efficient energy re-
utilization. On the other hand, it enhances mitochondrial biogenesis to
increase mitochondria numbers and promotes mitochondrial fusion to
maintain MQC. All of these factors contribute to the increase in mi-
tochondrial turnover in skeletal muscle. Moreover, we detected the
skeletal muscle ultrastructure under EM, it showed that autophago-
somes number significantly increased, while mitochondrial oedema and

Fig. 4. TMZ and AE, alone or combined, promoted mitochondrial dynamics in the basal state, The expression levels of MFN1 (B), and DRP1 (C) from skeletal muscle
in mice. Values are reported as the mean ± SD (n= 3 muscles per group). ★P < 0.05, ★★P < 0.01 versus Control; #P < 0.05, ##P < 0.01 versus exercise;
△P < 0.05, △△P < 0.01, versus TMZ. Bands from the western blotting analysis (A).
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Fig. 5. TMZ and AE, alone or combined, activated mitophagy in the basal state, Representative LC3-II/LC3-I ratios (B), p62 (C), BNIP3 (D) and autophagosomes
number under EM from skeletal muscle in mice in the basal state. EM shows that the autophagosomes number (B) in skeletal muscle was significantly increased in the
TMZ, exercise and TE groups. mit: mitochondria, AV: autophagic vacuole, Z: Z line, H: H band, L: Lysosome. Bars: A: 5 μm; B: 2 μm or 5 μm; inset, 1 μm. Values are
reported as the mean ± SD (n= 3 muscles per group). ★P < 0.05, ★★P < 0.01 versus Control; #P < 0.05, ##P < 0.01 versus exercise; △P < 0.05, △△P < 0.01,
versus TMZ. Bands from the western blotting analysis (A).
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Fig. 6. TMZ combined with AE alleviated
skeletal muscle damage caused by fatal
stressor-EE. (A) serum CK activity and (B)
EM micrographs of skeletal muscles in mice
after EE; Values are reported as the
mean ± SD (n=5). EM image showing the
skeletal muscle fibre damage in the control-
EE subgroup, presented as myofibre ne-
crosis, disordered sarcoma, blurred or
missing Z-lines and H bands in myofibres,
and mitochondrial oedema. All of these ef-
fects were obviously alleviated in the TE-EE
subgroup (B). mitL: Mitochondrial oedema,
Z: Z line, H: H band. Bars: A and B: 2 μm.
★P < 0.05, ★★P < 0.01 versus control;
#P < 0.05, ##P < 0.01 versus control-EE.

Fig. 7. TMZ combined with AE reversed EE induced mitochondrial oxidative stress and the antioxidative enzyme system damage. The activities of Mit-SOD (A), SOD
(B), GSH-Px (C) and MDA (D) in skeletal muscle after EE; Values are reported as the mean ± SD (n= 5). ★P < 0.05, ★★P < 0.01 versus control; #P < 0.05,
##P < 0.01 versus control-EE.
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disordered sarcomere obviously decreased in mice of TE-EE group, as
shown in Figs. 6B and 9E. Those observations demonstrated that TMZ
combined with AE efficiently maintained MQC and then improved the
mitochondrial function in skeletal muscle under fatal stress.

5. Conclusion

The present study for the first time provided evidence that TMZ and
TMZ combined with AE improved EC, and the synergistic effects of both
interventions were detected. Moreover, the combination of both inter-
ventions alleviated fatal stress-induced skeletal muscle damage and
enhanced anti-fatal stress ability. Enhancing skeletal muscle MQC may
be one of the key mechanisms of AE combined with TMZ that improves
EC and anti-fatal stress ability. Further clinical studies are needed to
confirm that TMZ combined with AE attenuates disease-related stress
and improves the potential to cope with acute coronary syndrome.
Though this study did not use an inhibitor or agonist to verify the

results, it should be noted that our results still have important im-
plications in reforming cardiac rehabilitation.
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