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Exercise ameliorates the detrimental effect of 
chloroquine on skeletal muscles in mice via restoring 
autophagy flux
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Aim: To study the roles of autophagy in muscle establishment during long-term exercise in mice.
Methods: Female ICR mice were submitted to exercise training with a wheel running regimen: 6 m/min, 15 min/time, 3 times/d (on 
8:00, 14:00, and 20:00), 5 d/week for 2 months.  The mice were treated with the autophagy activator trehalose (1% aqueous solution 
as a daily drinking water) or the autophagy inhibitor chloroquine (10 mg/kg, ip, 5 times a week) before the training.  Western blotting 
analysis, TUNEL staining, H&E staining and transmission electron microscope were used to evaluate the activity of autophagy and the 
structure of the muscle fibers.
Results: The exercise training significantly stimulated the formation of autophagosomes, increased the LC3-II, cathepsin L and Bcl-2 
levels, lowered the P62 level and increased the antioxidant capacity in the muscles.  Meanwhile, the exercise training significantly 
improved the morphology of mitochondria, reduced the release of cytochrome c from mitochondria to cytoplasm, and slightly 
decreased the apoptosis rate in the muscles.  Administration of trehalose increased the level of autophagy and protected the muscle 
fibers from apoptosis.  Administration of chloroquine blocked autophagy flux and exerted detrimental effects on the muscles, which 
were ameliorated by the exercise training.
Conclusion: Long-term regular exercise activates autophagy process associated with muscle establishment, and ameliorates the 
detrimental effects of chloroquine on skeletal muscles via restoring autophagy flux.
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Introduction
It has long been recognized that regular endurance exer-
cise exerts beneficial effects in a number of chronic diseases, 
including amyotrophy, osteoporosis, depression, and cardio-
vascular disease[1].  In particular, the benefits of exercise can 
be observed in the skeletal muscles.  Muscle contraction can 
metabolically and mechanically alter the muscle tissue and the 
organelles.  

To maintain homeostasis, muscle cells require an efficient 
system for recycling proteins and eliminating protein aggre-
gates and dysfunctional organelles.  These actions are car-
ried out through the process of macroautophagy[2, 3].  During 
macroautophagy, double-membrane vesicles engulf regions 
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of the cytoplasm to clear substrate proteins and organelles[4–6].  
However, the mechanisms and principles underlying the 
effects of exercise on muscle establishment are not completely 
understood.  Masiero et al[7] reported that muscle-specific dele-
tion of a crucial autophagy gene, Atg7, caused accumulation 
of abnormal mitochondria, sarcoplasmic reticulum distension, 
disorganization of the sarcomere, and formation of aberrant 
concentric membranous structures, and it resulted in profound 
muscle atrophy and an age-dependent decrease in force.  
Thus, autophagy flux is important for preserving muscle mass 
and maintaining muscle fiber integrity.  

Exercise plays an important role in the maintenance of 
muscle fitness in healthy muscle and under some diseases 
conditions[8, 9].  However, it is not very clear whether autoph-
agy mediates the effects of exercise on muscle establish-
ment.  Ogura et al[10] reported that a single session of exercise 
increased the LC3-II level.  However, Kim et al[11] reported that 
the expression of autophagosome-related proteins was attenu-
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ated by a single bout of moderate treadmill exercise in murine 
gastrocnemius skeletal muscle.  Later, Jamart et al[12] demon-
strated the ultra-endurance exercise increased autophagy flux 
in human skeletal muscle.  Wohlgemuth et al[13] showed that a 
program of weight loss and exercise resulted in an increase in 
autophagy in older obese women.  Using Bcl-2 knockout mice, 
He et al[14] demonstrated that Bcl-2 was a crucial regulator of 
exercise-induced autophagy in vivo, and the induced autoph-
agy contributed to the beneficial metabolic effects of exercise.

The quantity and quality of mitochondria in skeletal muscles 
are important for performance as well as for health.  Sports 
training enables adaptive changes that increase the number 
of mitochondria and upregulate mitochondrial mass and 
function throughout the body to maintain metabolic homeo-
stasis[15].  The pathologies of muscle atrophy, diabetes, and 
aging are known to be associated with mitochondrial dysfunc-
tion[16, 17].  However, little research has focused on the role of 
autophagy in mitochondrial function in skeletal muscle after 
regular endurance exercise.  

Excessive autophagy maybe also cause muscle atrophy[17, 18], 
so the “Goldilocks” principle must be applied to determine 
the level of autophagy activation that is “just right” for main-
taining long-term muscle health[19].  We hypothesized that 
long-term regular exercise could activate autophagy to this 
“just right” level for muscle establishment and health mainte-
nance.  To test this hypothesis, we attempted to demonstrate 
the relationship between exercise and autophagy in vivo using 
a mouse aerobic exercise model.  An autophagy inducer and 
inhibitor were used as well to confirm whether increased 
autophagy contributed to the enhancement of mitochondrial 
function and skeletal muscle mass.  

Materials and methods
Animals
Female ICR mice were purchased from the Center for Experi-
mental Animals of Soochow University (certificate No 2002-
0008, Grade II) at 7–8 weeks of age and were housed in stan-
dard rodent cages in a temperature- (22±2.5 °C), humidity 
(50%–60%), ventilation- and light-controlled (12 h:12 h light-
dark cycle) environment with unrestricted access to water and 
food.  The mice that were submitted to exercise training were 
trained with a wheel running regimen as follows: 6 m/min, 
15 min/time, 3 times/d (8:00, 14:00, and 20:00, respectively), 
5 d/week, for 8 weeks.  To explore the role of autophagy, the 
autophagy inducer trehalose and the autophagy inhibitor 
chloroquine were selected[20-22].  The mice were treated with 
a 1% aqueous solution of trehalose (Sinozyme Biotechnol-
ogy, Nanning, China) added to the daily drinking water or 
by intraperitoneal injection of chloroquine (10 mg/kg, Sigma, 
C6628-25G) 5 times a week.  

Transmission electron microscopic examination
Samples of the rectus femoris muscle with dimensions of 1 
mm×1 mm×3 mm were removed and fixed in 2.5% glutar-
aldehyde with phosphate buffer for 2 h, then rinsed with 1 
mmol/L phosphoric acid solution and fixed in 1% osmium 

tetroxide for 2–3 h.  The blocks were cut carefully into ultra-
thin (0.07 μm) sections, which were stained with 3% uranyl 
acetate and lead citrate and then viewed under a JEOL JEM-
1400 electron microscope at East China University of Science 
and Technology (Shanghai, China).

H&E staining
Samples of rectus femoris muscle were fixed in 10% neutral-
buffered formalin and cut into longitudinal sections of 5 μm.  
Then, the sections were dewaxed and rehydrated and were 
stained with hematoxylin (CAT Hematoxylin).  The sections 
were observed under a light microscope at a magnification of 
40×.  

Western blotting analysis
The whole lateralis muscle was homogenized in tissue lysing 
buffer.  The primary antibodies used in this study were rabbit 
anti-LC3 (1:500, Abcam, ab62721), rabbit anti-p62/SQSTM1 
(1:1000, Enzo Life Sciences), Bcl-2 (C-2) mouse monoclonal 
IgG1 (1:1000, Santa Cruz Biotechnology, 5640), rabbit anti-
Bnip3 (1:500, Cell Signaling Technology, 3769), mouse anti-
GAPDH (1:1000, Advanced ImmunoChemical, 25007), mouse 
anti-histone H3 (1:1000, Cell Signaling Technology, 9715), and 
mouse anti-cytochrome c (1:200, Beyotime), rabbit anti-COX 
IV (1:1000, Beyotime).  As secondary antibodies, horseradish 
peroxidase-conjugated anti-rabbit 711-035-152 and anti-mouse 
715-035-150 (Jackson ImmunoResearch) were used.  Immu-
noreactivity was detected with enhanced chemiluminescent 
autoradiography (Pierce, 34080) in accordance with the manu-
facturer’s instructions.  The levels of protein expression were 
quantitatively analyzed with Sigma Scan Pro 5.

Terminal deoxynucleotidyl transferase dUTP nick-end labeling 
(TUNEL) assays
Rectus femoris tissue was used to determine the apoptosis 
levels with the TUNEL assay (In Situ Cell Death Detection Kit, 
Roche Applied Science, 11684817910) following the manufac-
turer’s instructions[23].  

Determination of SOD, GSH, and MDA
SOD, GSH and MDA in gastrocnemius muscle samples were 
determined using the Total Superoxide Dismutase Assay Kit 
with WST-1, the Glutathione Reductase Assay Kit, and the 
Lipid Peroxidation MDA Assay Kit (Beyotime Institute of Bio-
technology, Haimen, China), respectively.  The specific experi-
mental procedures are available at http://www.beyotime.
com.

Extraction of mitochondria
The mitochondria were extracted from the gastrocnemius tis-
sue using a Tissue Mitochondria Isolation Kit.  The specific 
experimental procedures are available at http://www.beyo-
time.com.

Statistical analysis
Statistical analysis was carried out by one-way ANOVA 
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followed by Dunnett t-test or Student t-test (between two 
groups).  The data are presented as the mean±standard devia-
tion (SD).  P<0.05 was considered statistically significant.

Results
Exercise reduced chloroquine-induced muscle damage
The mice were divided into six groups (n=8): untrained mice 
treated with saline (NS), untrained mice treated with trehalose 
(Tre), untrained mice treated with chloroquine (Chl), trained 
mice (Exe), trained mice treated with trehalose (Exe+Tre), and 
trained mice treated with chloroquine (Exe+Chl).  The body 
weight and food consumption of the mice were recorded regu-
larly every week.  Pretreatment with the autophagy inducer 
trehalose or the inhibitor chloroquine did not significantly 
change the body weight and was not closely associated with 
exercise (Figure 1A).  The relative food consumption (g/10 g 
body weight) showed that the exercise training did not cause 
the mice to consume more food (Figure 1B).  However, the rel-
ative abdominal fat weight (g/g body weight) of the exercise-
trained mice was significantly lower than that of the non-exer-
cise group.  Similarly, exercise obviously reduced the weight 
of the intra-abdominal fat in the mice treated with trehalose or 
chloroquine (Figure 1C).  

To characterize the internal structure of the muscle fibers, 
we observed the morphology of the rectus femoris stained 
with hematoxylin and eosin (H&E).  Under normal condi-
tions, the myofilament was in a state of contraction, and the 
arrangement was orderly and neat.  All nuclei were located 
at the edge of the muscle fibers, whereas muscle fibers in the 
group treated with the autophagy inhibitor chloroquine had 
been damaged, the structure became loose and the nuclei were 
distributed in a more disorderly manner.  After 8 weeks of 
exercise training, the structure of myofilament was obviously 
improved (Figure 1D).  By electron microscopy, the I-band, 
the H-band and the M-line were clearly observed in the saline-
treated group.  There was no breakage of the Z lines.  After 
treatment with trehalose, the overall shape of the skeletal mus-
cle had been improved.  In contrast to this, chloroquine caused 
the misalignment of muscle fibers, discontinued Z lines, and 
the disappearance of the I band.  After exercise training, 
the internal fine structure was clearer, and the myofilament 
became neater and stouter than observed in the chloroquine 
treatment group (Figure 1E).  These results indicate that exer-
cise was helpful for maintaining the health of the skeletal 
muscles.  

Exercise restored autophagic activity blocked by chloroquine in 
skeletal muscle
To evaluate whether exercise could restore autophagic flux 
after chloroquine treatment, the autophagy level during 
exercise was determined.  Vastus lateralis muscles were col-
lected for Western blotting analysis.  The results showed that 
the LC3-II levels increased in the exercise training groups 
compared with the untrained animals, leading to a consider-
able increase in the ratio of LC3-II/Histone.  The LC3-II level 
increased after treatment with trehalose, however, it did not 

further increase in the group treated with trehalose and exer-
cise together.  After treatment with chloroquine, the level of 
LC3-II increased because chloroquine is an inhibitor of lyso-
somal enzymes, and it causes the accumulation of autophago-
somes.  Compared with the chloroquine group, LC3-II levels 
in the exercise-chloroquine mice significantly decreased (Fig-
ure 2A).  P62 is known to be the substrate of autophagy[24, 25].  
Our present results showed that the p62 level was high in 
skeletal muscle of the NS group, while it became lower in the 
exercise group, the trehalose group, and the exercise-trehalose 
group.  In the chloroquine group, the expression of p62 mark-
edly increased but it was significantly downregulated by exer-
cise training (Figure 2A).  

To further evaluate the activation of autophagy, the forma-
tion and morphology of autophagosomes were examined by 
electron microscopy.  Compared with the saline control group, 
more C-shaped double membrane structures and double 
membrane structures containing mitochondria were observed 
in mice following exercise training, trehalose administration 
and exercise and trehalose combined.  Many vacuoles of dif-
ferent sizes were found in the group treated with chloroquine 
because chloroquine blocks the fusion of autophagosomes 
and lysosomes.  The total number and area of the vacuoles 
were reduced by nearly 30% after exercise (Figure 2B).  The 
above results demonstrated that autophagy activity could be 
activated by exercise, and exercise restored the autophagy flux 
blocked by chloroquine.  

Exercise improved mitochondrial function and reduced the 
apoptotic cell death of skeletal muscles
Mitochondria provide energy for the activities required for 
life; however, free radicals are also generated in this process[26].  
More than 95% of free radicals are derived from the mitochon-
drial respiratory chain.  Some enzymes, including glutathi-
one peroxidase (GSH) and superoxide dismutase (SOD), can 
protect cells against damage by superoxide anion radicals[27].  
Their activities indirectly reflect the cells ability to scavenge 
oxygen free radicals.  Free radicals in the body can cause lipid 
peroxidation with the production of MDA, therefore the MDA 
levels reflect the lipid peroxidation intensity.  In this study, 
the level of SOD was significantly increased after 8 weeks of 
training.  Trehalose treatment increased the SOD levels, while 
chloroquine resulted in a significant reduction.  Exercise did 
not further increase the SOD levels in the trehalose-treated 
group, whereas it reversed the chloroquine-induced decline 
in SOD levels (Figure 3A).  Similarly, exercise and trehalose 
also increased GSH levels, and exercise reversed the reduc-
tion of GSH levels caused by chloroquine treatment (Figure 
3B).  We also found that higher levels of MDA were produced 
in the mice treated with chloroquine, whereas the MDA levels 
decreased in the trehalose-treated groups.  Similarly, exercise 
inhibited chloroquine-induced elevation of the MDA levels 
(Figure 3C).  We evaluated the morphology of mitochondria to 
address whether the mitochondria were affected by exercise, 
trehalose and chloroquine.  Electron microscopy revealed that 
most of the mitochondria in the saline group were normal 
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with a dark matrix and regular distribution of cristae.  Only 
a few mitochondria showed vacuolization with an enlarged, 
swollen and pale or even white matrix with few remaining 
cristae.  There were more oval or circular mitochondria and 
less mitochondrial vacuolization in the trehalose group, while 
extensive mitochondrial vacuolization was observed in the 
chloroquine-treated group.  Exercise training decreased the 
mitochondria vacuolization caused by chloroquine treatment 
(Figure 3D).  

When cells commit to apoptosis, genomic DNA breaks into 
180–200-bp fragments[28].  Exposed 3′-OH groups combine with 
fluorescein-dUTP due to the activity of terminal deoxynucleo-
tidyl transferase (TdT), which can be detected by fluorescence 
microscopy.  Our results showed that there were a few apop-
totic cells in the normal control group.  There were almost no 
apoptotic cells in the trehalose group, but there were numer-
ous apoptotic cells in the chloroquine-treated group.  How-
ever, the number of apoptotic cells in the chloroquine group 

significantly decreased after exercise (Figure 3E).  The number 
of apoptotic cells was analyzed in all groups (Figure 3F).  

Next, we examined the protein levels of Bcl-2 and the Bcl-2/
adenovirus E1B 19-kDa protein-interacting protein 3 (Bnip3) 
in each group.  Western blotting analysis revealed that exer-
cise and trehalose upregulated Bcl-2 expression.  Moreover, 
exercise-induced Bcl-2 expression was decreased by chloro-
quine treatment (Figure 3G).  Bnip3 is a pro-apoptotic protein.  
Compared with the untrained group, Bnip3 expression was 
downregulated both in the exercise training group and the 
trehalose group.  The Bnip3 level was greatly increased in the 
chloroquine group, and it decreased after exercise (Figure 3H).  
The release of cytochrome c (Cyt c) from the mitochondria 
induces caspase activation and promotes vital processes such 
as differentiation and proliferation[29, 30].  To detect the distribu-
tion of Cyt c in the mitochondria and the cytoplasm, we sepa-
rated the mitochondria from the gastrocnemius.  Western blot-
ting analysis revealed that both exercise and trehalose caused 

Figure 1.  Exercise enhances muscle fibers damaged by chloroquine.  All mice were assigned into six groups (n=8): untrained mice treated with saline 
(NS), untrained mice treated with trehalose (Tre), untrained mice treated with chloroquine (Chl), trained mice (Exe), trained mice treated with trehalose 
(Exe+Tre), and trained mice treated with chloroquine (Exe+Chl).  Autophagy stimulator trehalose (1%) and autophagy inhibitor chloroquine (10 mg/kg) 
were the positive (+) and negative (–) controls, respectively.  (A) The body weight.  (B) The food consumption.  (C) The fat/body ratio.  Exercise decreased 
the body fat weight.  (D) Exercise and autophagy inducer improved the morphology of muscle fibers.  Muscle fibers were stained by H&E staining to 
expose the morphology, n=8.  (E) Exercise and autophagy inducer improved the muscle fibers ultra-structure.  The internal structure of the skeletal 
muscle fiber was observed under the lens of the electron microscope from 3 mice in each group.  Scale bars: 1 µm.  I: light band, A: dark band, M: M-line, H: 
H-band, Z: Z-line.  Bar represents mean±SD, n=8.  bP<0.05, cP<0.01 compared with the NS group or the trained group. 
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higher Cyt c levels in the mitochondria and lower levels in the 
cytoplasm, while chloroquine caused lower Cyt c levels in the 
mitochondria and higher levels in the cytoplasm.  Exercise 
attenuated the chloroquine-induced increase in Cyt c levels 
in the cytoplasm.  The ratio of Cyt c in the mitochondria and 
cytoplasm showed that the release of Cyt c from the mitochon-
dria was prevented after exercise (Figure 3I).

Discussion
Autophagy is an important physiological process.  Proper reg-
ulation of autophagic flux is essential for the homeostasis of 
skeletal muscles under physiological conditions, particularly 
in response to stress.  In our study, female mice were used 
because they have been shown to be able to run longer than 
male mice[31].  We generated an optimized exercise model.  The 

Figure 2.  Exercise enhances autophagy activity in skeletal muscle and recovers autophagy level blocked by chloroquine (Chl) in lateralis muscle.  (A) 
Protein expression and quantitative analysis of LC3 and P62.  (B) The formation of autophagosomes were induced by exercise (Exe) and trehalose 
(Tre). White arrows indicate autophagosomes.  Autophagosomes in the pictures were enlarged in order to observe the morphology clearly.  For Western 
blotting, levels of GAPDH and Histone protein were used as the loading control.  The data were from the same PVDF membrane, and were representative 
of at least three independent experiments.  Quantitative analysis was performed with Sigma Scan Pro 5.  Bar represents mean±SD from 6 mice in every 
group.  bP<0.05, cP<0.01 compared with the NS group or the trained group.  
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Figure 3A–3H.  Exercise enhances the mitochondria function and recovers the toxic effect of chloroquine on skeletal muscles. Quantitative analysis of 
(A) SOD levels.  (B) GSH levels.  (C) MDA levels.  (D) The morphology of mitochondria.  Scale bar=1 μm.  White arrows indicate mitochondria.  (E) The 
muscle tissue was stained by TUNEL (TdT-mediated dUTP nick end labeling), n=8.  (F) Quantitative analysis of the number of apoptosis cells.  (G) Protein 
levels and quantitative analysis of Bcl-2.  (H) Immunoblotting and quantitative analysis of Bnip 3. Bar represents mean±SD from 6 mice in every group.  
bP<0.05, cP<0.01 compared with the NS group or the trained group.
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intensity of this mode was equivalent to 20% of the maximum 
fatigue strength because the longest endurance exercise of 
mice was approximately 150 min/times in our study.  After 
8 weeks of regular exercise, there were more compact and 
thicker skeletal muscle fibers and a reduction of disordered 
fibers in the mouse skeletal muscle.  In the present study, the 
activation of autophagy after exercise was confirmed by the 
induction of LC3-II and the degradation of p62.  Additionally, 
autophagosomes, C-shaped double-membrane structures and 
engulfment of cytoplasmic materials by autophagosomes were 
also observed after exercise training.  

In this study, the autophagy inducer trehalose (1%) and the 
inhibitor chloroquine (10 mg/kg) were identified as a posi-
tive control and negative control to investigate the role of 
autophagy in muscle establishment.  Trehalose has the poten-
tial for application in both the prevention and treatment of 
neurodegenerative diseases.  As a disaccharide, trehalose is a 
safer autophagy inducer than rapamycin.  Trehalose has been 
approved for use in the United States because it has a protec-
tive effect in promoting brain health[32, 33].  We found that tre-
halose had similar effects to those induced by exercise.  How-
ever, the combination of exercise and trehalose did not further 
enhance autophagy activation, suggesting that a ceiling effect 
of autophagy activation under physiological conditions may 
exist.  

As an antimalarial drug, one of the side effects of chloro-
quine is the impairment of muscles.  In the present experi-
ment, we found that exercise could ameliorate the detrimen-
tal effect of chloroquine on skeletal muscle.  Exercise could 
partially overcome the blockade of autophagy flux caused 
by chloroquine treatment in the skeletal muscle of mice; this 
result suggested that exercise might enhance lysosomal func-
tion.  Salminen et al[34] suggested that strenuous physical 
exercise induced the necrosis of skeletal muscle fibers, but it 
increased lysosomal enzyme activities in the surviving muscle 
fibers.  In further research, the effect of exercise on lysosomal 
synthesis and function should be studied.  

Our study also demonstrated that the effects of autophagy 
induced by exercise on muscle establishment had a role in 
maintaining the function of mitochondria and inhibiting apop-
tosis.  Numerous mitochondria with normal morphology were 
observed in the skeletal muscle of exercise-trained mice.  The 
ability to remove free radicals had been significantly improved 
after exercise.  The trained mice had less apoptotic muscle 
cells.  Expression of the anti-apoptotic protein Bcl-2 was sig-
nificantly increased, and the mitochondrial apoptotic protein 
Bnip 3 was downregulated.  Exercise also prevented Cyt c 
release from mitochondria into the cytoplasm.  Similar to exer-
cise, trehalose greatly enhanced mitochondrial function.  

In summary, our results showed that exercise and trehalose 
increased the autophagy levels under normal physiologi-
cal condition, and they ameliorated the detrimental effects 
of chloroquine on skeletal muscles.  The beneficial effects of 
exercise on skeletal muscle fitness and chloroquine toxicity are 
associated with autophagy activation.  
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