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Ovariectomy disrupts estrogen production and homeostasis. However, whether exercise
training (ET) could counteract the ovariectomy-induced effect on muscular autophagy
has remained elusive. This study examined muscular autophagy in ovariectomized (OVX)
rats following 8 weeks of swimming ET. Here, 40 6-month-old female Sprague-Dawley
rats were randomly divided into five groups: sham-operated control (Sham), OVX
control (OVX), OVX with 60-min ET (OVX-60ET), 90-min ET (OVX-90ET), and 120-min
ET (OVX-120ET) for 6 days/week. According to the results of Western blotting, the
expression levels of autophagy-related proteins in the OVX gastrocnemius muscle,
including mammalian target of rapamycin, uncoordinated 51-like kinase 1, Beclin-1,
autophagy-related gene (Atg-7), and microtubule-associated protein light chains 3 were
significantly decreased (all P < 0.05), while there was an elevation on the p62 level.
ET appreciably mitigated the OVX-induced negative effects on muscle quality and
the autophagy pathway, which seemed to be dependent on ET volume. The most
optimal outcomes were observed in the OVX-90ET group. The OVX-120 group had an
adversely augmented catabolic process associated with gastrocnemius muscle atrophy.
In conclusion, the expression levels of autophagy proteins are decreased in OVX rats,
which can be appreciably mitigated following 8 weeks of swimming ET.

Keywords: autophagy, body weight, ovariectomy, skeletal muscle, swimming exercise

INTRODUCTION

Declination of ovarian function in aging women is accompanied by decreasing estrogen. Studies
have reported that postmenopausal women are more susceptible to having obesity, cardiometabolic
diseases, osteoporosis, and sarcopenia (Carr, 2003; Fu et al., 2009; Rector et al., 2011). Subsequently,
hormone replacement therapy is taken as a beneficial intervention to provide balance against
menopause. Estrogen supply has been utilized through modifications of autophagy in rodent
studies to enhance insulin sensitivity (Kawakami et al., 2018) in order to maintain osteocyte viability
(Florencio-Silva et al., 2018), promote recovery of neuromuscular function (Lin et al., 2016), protect
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skeletal muscle, and restore physical activity (Cabelka
et al., 2019). However, menopause-induced morbidities are
exacerbated by the high prevalence of physical inactivity
associated with aging (Gomes et al., 2017), especially in older
woman (Chan et al., 2018). However, the effects of exercise
training (ET) on muscular autophagy in the absence of estrogen
have remained elusive.

Skeletal muscles represent 40–45% of body mass in a healthy,
lean individual (Janssen et al., 2000) and function to maintain
the body’s posture and perform physical motion in addition to
furnishing the body as the primary protein reservoir (Argiles
et al., 2016). Declines in mass and strength of skeletal muscle
resulting from sarcopenia are commonly associated with aging
(Doherty, 2003) in postmenopausal women (Aubertin-Leheudre
et al., 2008). This aging-induced problem has a series of
resultant adverse health outcomes, including frailty, disability,
and mortality (Walston, 2012). Previously, muscular autophagy
has been noticed to contribute to regulate muscular function,
atrophy, and hypertrophy (Schiaffino et al., 2013). Autophagy is
an intracellular conserved catabolic process, in which long-lived
proteins and damaged organelles are delivered and degraded in
the lysosome (Parzych and Klionsky, 2014). Therefore, autophagy
serves as a dynamic recycling system to keep the balance of the
cellular renovation and homeostasis, which can be regulated by
physical exercise (Ferraro et al., 2014; Tam and Siu, 2014). It
has been reported that physical exercise stimulates autophagy
in the skeletal muscles of mice, preventing the accumulation
of damaged organelles and helping to maintain myofiber
homeostasis (Grumati et al., 2011). Therefore, we hypothesized
that endurance swimming ET activated muscular autophagy by
promoting the expressions of muscular autophagy proteins in
ovariectomized (OVX) rats.

In initiating autophagy process of skeletal muscles, the
mechanistic (also known as “mammalian”) target of the
rapamycin (mTOR) is presented as a key regulator that inhibits
autophagy initiation (Tam and Siu, 2014) while it activates
protein synthesis (Ferraro et al., 2014). During autophagy
activation, mTOR dissociates from the uncoordinated 51-like
kinase 1 (ULK1) complex and causes dephosphorylation and
activation (Drummond et al., 2009; Goodman et al., 2011;
Castets et al., 2013). Endurance physical exercise activates
AMP-activated protein kinases (AMPK), which phosphorylates
ULK1 and decreases mTOR-inhibited phosphorylation of ULK1
(Pagano et al., 2014). The activated ULK1 can initiate the
autophagy process directly and indirectly through activating the
phosphorylation of Beclin-1, further facilitating the initiation
of muscular autophagy by detaching from Bcl-2 (Tam and
Siu, 2014). The purpose of this study was to examine
the effect of ET with different swimming durations or
ET volume in training sessions on muscular autophagy
in OVX rats. Therefore, the intracellular levels of mTOR,
ULK1, and Beclin-1 of gastrocnemius muscle were analyzed.
Moreover, proteins involved in the skeletal muscle autophagy
signaling pathway, including autophagy-related gene (Atg-7),
microtubule-associated protein light chains 3 (LC3I-II), and
their targeted molecule p62, were compared since they have
been shown to be modulated by ET (McConell et al., 2005;

Ferraro et al., 2014; Saleem et al., 2014; Brandt et al., 2018).
We postulated that ET would provide a beneficial influence on
muscular autophagy (Broderick et al., 2005; Lira et al., 2013) and
counteract or mitigate the OVX-induced negative effect on these
proteins in gastrocnemius muscle.

It has been previously reported in a rodent model that
wheel-running exercise for 4 weeks promoted protein expression
of autophagy and increased autophagy flux in the plantaris
muscle (Lira et al., 2013), and treadmill ET for 8 weeks
upregulated an age-induced attenuation of gastrocnemius
autophagy (Kim et al., 2013). Exhaustive running on a treadmill
significantly increased autophagy marker LC3-II and decreased
p62 in mouse soleus and deep quadriceps red muscles (Pagano
et al., 2014). Swimming ET was selected in the present study
because it has been proven to be effective with 60 min/training
session, 5 sessions/week for 6 weeks (Gomes et al., 2006), or up
to 90 min/training session, 5 sessions/week for 8 weeks (Iemitsu
et al., 2002). Furthermore, it has been reported in a rat model that
swimming training helps counteract the diabetes-induced muscle
atrophy by suppressing autophagy process (Lee et al., 2012),
mitigates dysfunctional autophagy, and provides antioxidant
protection (Kou et al., 2017). Moreover, swimming ET provides
an alternative to weight-bearing running exercise (Kawasaki et al.,
2011) and has minimal risk of causing foot/leg injuries to the
animals, which may be as beneficial as running ET (Nualnim
et al., 2011). Three different ET session durations, i.e., 60, 90, and
120 min per session, 6 sessions/week for 8 weeks were selected
in the present study to compare the influences of different ET
volumes on muscular autophagy.

MATERIALS AND METHODS

Animal Management
Here, 40 6-month-old female Sprague-Dawley rats (180–220 g)
were provided by the Center of Experimental Animal, Xuzhou
Medical University (Xuzhou, China). All rats were housed under
a humidity (50 ± 10%) and temperature controlled (24 ± 1◦C)
room with 12:12 h light–dark cycle. All animals were allowed
freely to access water and rodent chow throughout the study.
The study protocol and experiment (Protocol #2016-036) were
reviewed and approved by the Animal Ethics Committee of
Xuzhou Medical University in accordance with the Guidelines for
Ethical Conduct in the Care and Use of Animals.

After a week of acclimatization, 40 rats were subjected to
a bilateral ovariectomy operation. Under anesthesia through
intraperitoneal injection with 10% chloral hydrate (3.5 ml/kg),
an incision of about 1.2 cm was made in each of the dorsal flank
regions of the rat to expose the ovaries. The fallopian tubes were
sutured at the most distal ends and the ovaries were excised for
32 rats. The other eight rats were subjected to the same surgical
procedure without excising ovaries to serve as the Sham group
(n = 8). The incisions were sutured and dressed with povidone
iodine for 7 days (Reddy Nagareddy and Lakshmana, 2005). In
addition, antibiotics (penicillin, 40 kU/kg wt) was administered
via intramuscular injection for 3 consecutive days after the
surgery. After another week of adaptive breeding following the
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surgical procedure without povidone iodine, the OVX rats were
randomly divided into four groups (n = 8 for each): OVX group
with no intervention (n = 8) and OVX rats which underwent
ET for 60 min/day (OVX-60ET, n = 8), 90 min/day (OVX-90ET,
n = 8), and 120 min/day (OVX-120ET, n = 8).

Exercise Protocol
After 2 weeks of the operation and recovery from the surgery,
animals in the ET group started to familiarize themselves with
the swimming pool for 5–20 min daily for 5 consecutive days.
Swimming ET was conducted in a cylindrical plastic barrel with
diameter of 75 cm and height of 85 cm. Water was filled to
a depth of 65 cm and water temperature was maintained at
approximately 35◦C. Additionally, four animals in a group were
trained per barrel for about 5–20 min daily for 5 consecutive
days to familiarize the setup and routine. Animals were dried
with cotton towels after every swimming training session. After
familiarization, animals in the OVX-60ET, OVX-90ET, and
OVX-120ET groups began to perform 60-, 90-, and 120-min
swimming exercise each day, respectively, for 6 days/week for
8 weeks. This protocol has been proved to be effective for
promoting aerobic capacity of rats (Habibi et al., 2016). The Sham
and OVX groups did not carry out any exercise. To minimize the
acute exercise effect, exercise trained rats were euthanized ≥24 h
after their last exercise session.

Histological Assay
After obtaining the body weight, the animals were anesthetized
with chloral hydrate. The completely anesthetized rats were
decapitated to ensure death, and then the gastrocnemius
muscles were isolated, harvested, weighed, and fixed with
4% paraformaldehyde solution. To investigate histological
alterations, tissue samples from the gastrocnemius muscle were
randomly selected and dehydrated through a graded series of
alcohols and laid open before being embedded in paraffin. Serial
sections were cut at 5 µm from three samples per group. Sections
were then stained with hematoxylin–eosin (H&E) (Govindan
et al., 2012). Each specimen was analyzed with an Olympus
DP70 digital camera (Olympus, Tokyo, Japan) interfaced with a
computer. The sections were observed under a light microscope
at 40×magnification.

Estrogen Measurement
Blood samples were collected and immediately chilled on ice in
tubes containing 5 µl heparin. The samples were centrifuged
at 4000 rpm for 15 min at 4◦C and then stored at −80◦C
until analysis. Serum estrogen concentrations were determined
using an E2 enzyme-linked immunosorbent kit (sensitivity range,
2–1000 pg/ml) (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).

Western Blot Analysis
The gastrocnemius skeletal muscle tissues were homogenized in
a lysis buffer (Biyuntian, Haimen, China) with a polytron
homogenizer and an ultrasonic processor on ice. The
bicinchoninic acid (BCA) assay (Thermo Fisher Scientific,

Waltham, MA, United States) was used according to the
manufacturer’s instructions to quantify the level of protein
in each sample to ensure equal protein loading. The protein
samples were denatured with sodium dodecyl sulfate (SDS)
loading buffer (5×) and separated by SDS–polyacrylamide gel
electrophoresis (SDS–PAGE). Furthermore, 40 mg proteins
along with a molecular weight protein marker (Thermo Fisher
Scientific, Waltham, MA, United States) were subjected to
SDS–PAGE using 7.5% acrylamide gel and electroblotted onto
polyvinylidene fluoride (PVDF) membranes. The membrane
was blocked with 5% non-fat milk in TBS containing 0.1%
Tween 20 (TBS-T) and then probed at 4◦C for 12 h with the
primary antibodies against Beclin-1 (rabbit polyclonal, 1:1000;
Cell Signaling Technology, Danvers, MA, United States), ULK1
(rabbit polyclonal, 1:300; Cell Signaling Technology, Danvers,
MA, United States), Atg-7, mTOR, LC3, and p62/SQSTM1
(rabbit polyclonal, 1:1000; Proteintech Group Inc., Rosemont,
IL, United States), and β-actin (mouse monoclonal, 1:5000;
Proteintech Group Inc., Rosemont, IL, United States). After
washing three times for 10 min with 0.1% TBS-T solution, the
horseradish peroxidase (HRP)-conjugated secondary antibody
(dilution of 1:4000 for goat anti-rabbit and dilution of 1:4000
for goat antimouse) was incubated at room temperature for
2 h, and signals were detected using Odyssey (Gene Company
Ltd., Hong Kong, China). Band intensities were analyzed using
Image J 1.25 software (National Institutes of Health, Bethesda,
MD, United States) and the expression levels of all proteins were
normalized to β-actin as described previously (Chen et al., 2016).

Statistical Analysis
A paired t-test was applied to assess significant difference in
body mass before and after the intervention. Two-way analysis
of variance (ANOVA) was applied to test the significance of
OVX factor and ET factor. Post hoc analysis with Tukey’s test
was performed if the main factor had a significant influence.
Statistical analyses were undertaken using SPSS 17.0 software
(IBM, Armonk, NY, United States). All data were reported as
mean± standard error of the mean (SEM). Statistical significance
was accepted at P ≤ 0.05.

RESULTS

Body Mass
Baseline body mass (prior to ET) was not statistically different
among the groups (Table 1). The Sham group had an increase in
body mass (77 g) as a result of natural growth during the study;
meanwhile, the OVX group had (141 g) an increase in body mass,
in which more than 80% (P< 0.01) of that was in the Sham group,
despite the fact that all animals accessed food and water freely
without restriction. ET seemed to have a bifurcated effect on body
mass. The OVX-60ET (P < 0.05) and OVX-90ET (P < 0.01)
groups gained more weight compared with the Sham group,
whereas the OVX-120ET group had no difference in the change
of body weight compared with the Sham group. Furthermore,
body weight of the OVX-120ET group was significantly lower
compared with the OVX, OVX-60ET, and OVX-90ET groups.
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TABLE 1 | Body weight before and after 8 weeks of ET.

Sham
(n = 8)

OVX
(n = 8)

OVX-60ET
(n = 8)

OVX-90ET
(n = 8)

OVX-120ET
(n = 8)

Before (g) 198 ± 11 194 ± 10 204 ± 15 198 ± 11 197 ± 10

After (g) 275 ± 29 335 ± 21∗∗ 312 ± 31 329 ± 40∗ 269 ± 33#

Change (g) 77 ± 19 141 ± 27∗∗ 108 ± 20 131 ± 30∗∗ 72 ± 21#

Sham, sham-operated control; OVX, ovariectomized control; OVX-60ET, OVX-90ET, and OVX-120ET denote ovariectomized rats with ET for 60, 90, and 120 min/day,
respectively, 6 days/week for 8 weeks. ∗P < 0.05 vs. Sham, ∗∗P < 0.01 vs. Sham; #P < 0.05 OVX-120ET vs. OVX, OVX-60RT, and OVX-90ET. Data are represented as
the mean ± standard error of the mean (SEM) (N = 8 for all groups).

Estrogen Level and Uterus Weight
Serum estradiol concentration was significantly (P < 0.01) lower
after ovariectomy compared with the Sham group (Figure 1A).
There was a significant difference (P < 0.05) in estradiol
level between the OVX and OVX-90ET groups. Ovariectomy
resulted in a significant reduction in uterus weight (Figure 1B).
There was no remarkable difference in the OVX group with or
without swimming ET.

Muscle Mass
At the end of the experiment, the mass of gastrocnemius muscles
was significantly greater in the OVX group than the Sham group.
When the total body mass was normalized, the difference in
muscle mass between the OVX group and the Sham group
was not significant (Table 2). ET for 60 and 90 min showed a
significant difference in the muscle mass compared with the Sham
group. However, the muscle mass was not statistically different
between the Sham and the OVX-120ET groups. There was no
group difference after normalizing with the body mass.

Histological Examination
There was increased intermuscular fat in the OVX group
(Figure 2b) compared with the Sham group (Figure 2a). This fat
infiltration and/or accumulation associated with OVX seemed to
be appreciably mitigated by ET of 60 (Figure 2c), 90 (Figure 2d),
or 120 min (Figure 2e). However, the diameter of individual

muscle fibers in the OVX-120ET group was reduced. Compared
with the OVX and OVX-120ET groups, the Sham, OVX-60ET,
and OVX-90ET groups showed adequately preserved myofibers
with clear striations and peripheral myonuclei. Moreover, the
nuclear density was appreciably increased in the OVX-90ET
group (Figure 2d).

Autophagy Proteins
Figure 3 illustrates the results of Western blotting (Figure 3A)
and group data (Figure 3B) of the expression levels of
Beclin-1, ULK1, Atg-7, LC3-I/II, mTOR, and p62. Ovariectomy
significantly depressed the expression levels of all autophagy
proteins Beclin-1, ULK1, Atg-7, LC3-I/II, and mTOR, except for
p62 protein which was significantly elevated. ET tended to offset
the OVX effect on these autophagy proteins in a dose–response
or ET-dependent manner, minimizing the differences in the
expression levels of these proteins between the ET group and the
Sham group. However, the intracellular levels of ULK and LC3 in
gastrocnemius muscle remained significantly lower in the OVX
group compared with the Sham group.

DISCUSSION

The present study examined the effects of 8-week
swimming ET on key proteins of muscular autophagy
and muscle morphological changes following ovariectomy

FIGURE 1 | Effects of ovariectomy and swimming training on serum estradiol level (A) and uterus weight (B). estrogenOVX, ovariectomy; VX-60ET, ovariectomy with
60 min ET; OVX-90ET, ovariectomy with 90 min ET; OVX-120ET, ovariectomy with 120 min ET. Data are represented as mean ± standard error of the mean (SEM;
n = 8 in each group). ∗∗P < 0.01 vs. Sham; #P < 0.05 OVX-90ET vs. OVX.
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TABLE 2 | Gastrocnemius muscle mass and its ratio to body mass after 8 weeks of swimming ET.

Sham
(n = 8)

OVX
(n = 8)

OVX-60ET
(n = 8)

OVX-90ET
(n = 8)

OVX-120ET
(n = 8)

P-value

OVX factor ET factor

MW (mg) 1565 ± 10 1929 ± 46∗∗ 1821 ± 50∗ 1895 ± 78∗∗ 1438 ± 67# 0.010 0.002

MW/BW (mg/g) 5.7 ± 0.1 5.8 ± 0.1 5.9 ± 0.2 5.8 ± 0.1 5.3 ± 0.1 0.702 0.447

The ratio is calculated from muscle weight (MW) in milligrams/body weight (BW) in grams. OVX, ovariectomized rats; OVX-60ET, OVX-90ET, and OVX-120ET denote OVX
rats with ET for 60, 90, and 120 min/day, respectively, 6 days/week for 8 weeks. P-value is the outcome of two-way ANOVA, i.e., ovariectomy (OVX) and ET factors.
∗ and ∗∗ denote P < 0.05 and P < 0.01, respectively, compared with Sham group and # indicates a significant difference at P < 0.01 compared with OVX, OVX-60ET,
and OVX-90ET groups according to the post hoc analysis. Data are represented as the mean ± standard error of the mean (SEM) (N = 8 for all groups).

FIGURE 2 | Histological examination on gastrocnemius muscle of rats. H&E
staining images (magnification 400×, scale bar = 40 µm) from longitudinal
view of gastrocnemius muscles of animals. (a) Sham-operated control, (b)
ovariectomy control, (c) ovariectomy with ET 60 min, (d) 90 min, and (e)
120 min per session, 6 sessions/week for 8 weeks. There is appreciable fat
accumulation in the gastrocnemius muscle of the animal following
ovariectomy (indicated by arrow), which is effectively mitigated by ET.

in rats. Ovariectomy significantly reduced serum estrogen
concentration and uterus weight. ET effectively counteracted the
ovariectomy-induced negative influences on the expression levels
of mTOR, ULK1, Beclin-1, Atg-7, LC3, and p62. Although there
was a dose–response trend in exercise time per training session
on muscular autophagy, in terms of the muscle mass and quality,
and autophagy proteins, the OVX animals with 90 min exercise
per training session seemed to be most optimal compared with
the OVX-60ET and OVX-120ET groups.

Body Mass and Muscle Mass
It has been reported that there is an increase in accumulation
of adipose tissue mass without any change in energy intake
in OVX animals (Rogers et al., 2009). The mechanisms
for this body fat accumulation are likely associated with

ovariectomy-induced decrease in energy expenditure (Rogers
et al., 2009), upregulation of adipogenic genes (Rogers et al.,
2009; Frechette et al., 2015), and an increase in feeding efficiency
with impaired glucose homeostasis (Dornellas et al., 2018).
The present study confirmed that the increased body mass
was 80% greater in the OVX group compared with the Sham
group (Table 1). Furthermore, the gastrocnemius muscle mass
was also significantly greater (+23%) in the OVX group than
the Sham group (Table 2), which was likely attributable to
fat infiltration and/or accumulation within the skeletal muscle
(Figure 2). Greater fat infiltration/accumulation in skeletal
muscles commonly occurs with the gain of excessive weight
or obesity (Kelley et al., 1991). Subsequently, the quality of
skeletal muscles in OVX animals declines, correlating with
muscle weakness (Goodpaster et al., 2000) and impaired mobility
(Visser et al., 2002).

Additionally, 8-week swimming training in all three training
regimens with different exercise durations seemed to prevent
this ovariectomy-induced fat accumulation in the muscle.
Furthermore, the gastrocnemius muscle mass was significantly
increased in the OVX group following ET for 60 and
90 min/day, 6 days/week for 8 weeks (i.e., OVX-60ET and
OVX-90ET groups). Nonetheless, the gastrocnemius muscle
mass of the OVX120ET group was significantly lower compared
with the OVX-60ET and OVX-90ET groups (Table 2). These
data suggested that endurance ET could appreciably augment
muscle mass of the OVX animals if the training volume
was moderate and adequate. High training volume with
prolonged exercise duration, i.e., 120 min/training session
in the OVX-120ET group, had an adverse effect on the
skeletal muscle mass as was evidenced by the muscle atrophy
associated with the diminished size of individual muscle
fibers (Figure 2).

Autophagy Following Ovariectomy
Autophagy is essential for maintaining muscle mass and quality,
as well as preventing muscle atrophy and dysfunction (Masiero
et al., 2009). Compared with the Sham group, OVX animals
showed significant decreases in the expression levels of all key
autophagy proteins, including Beclin-1, ULK1, ATG-7, LC3, and
mTOR, except for P62 (Figure 3). Functioning as a key regulator
in muscular autophagy, mTOR phosphorylates and inhibits the
ULK1/2 complex. Thus, mTOR exerts an inhibitory influence
on the initiation of the autophagy pathway and promotes
anabolic process or cell growth with adequate supply of nutrients
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FIGURE 3 | Immunoblots and group data of autophagy proteins. (A) From top to bottom shows representative immunoblots on the expressions of Beclin-1, ULK1,
Atg-7, LC3-I/II, β-actin, mTOR, P62/sequestosome, and β-actin, respectively, for animals undergoing sham surgery, ovariectomy (OVX), ovariectomy with ET for
60 min (OVX-60ET), 90 min (OVX-90ET), and 120 min (OVX-120ET) per session, 6 sessions/week for 8 weeks. Panel (B) summarizes data as the mean ± standard
error of the mean (SEM). Whole muscle protein analysis is corrected for loading with β-actin. #P < 0.05 and ##P < 0.01 vs. Sham group. ∗P < 0.05 and ∗∗P < 0.01
vs. OVX group.

(Dunlop and Tee, 2014). Ovarian hormones have been known to
activate mTOR via the Akt signaling pathway (Pedram et al.,
2002; Patten et al., 2004) and diminish mTOR-mediated protein
anabolic metabolism (Dunlop and Tee, 2014). This could be a
mechanism for the reduced muscle mass along with the increased
fat accumulation following ovariectomy without ET observed
in the OVX group. The depressed expression of mTOR can
minimize or remove the inhibitory influence on autophagy,
which is concomitantly suppressed by ovariectomy as well.

Autophagy initiation is controlled through activation of
the ULK1 complex and is associated with the inhibitory
influence of mTOR. Although there was a significant decrease
in the intracellular level of mTOR observed in the OVX
group, the expression levels of ULK and the downstream
proteins in muscular autophagy cascade, including Beclin-1,
LC3 and ATG-7, were all significantly decreased in the OVX
group (Figure 3). These decreased expressions of autophagy
proteins in the present study indicated that a basal level
of autophagy–lysosomal process with protein recycle and
homeostasis in the gastrocnemius muscle could be suppressed,
and catabolic process via the autophagy–lysosome pathway was
compromised following ovariectomy as well.

Sequestosome 1 (SQSTEM1) or p62 is an important cargo
receptor involved in the autophagy lysosomal pathway and
ubiquitin-proteasome system (Liu et al., 2016). The intracellular

level of p62 can be modified by two factors (i) the transcription,
which is upregulated by oxidative stress, proteasome inhibition,
and starvation (Myeku and Figueiredo-Pereira, 2011; Sahani
et al., 2014), and (ii) degradation, inversely correlating with
autophagy process (Komatsu and Ichimura, 2010; Rogov et al.,
2014). Thus, suppression of autophagy is always accompanied
by a marked accumulation of p62. In the present study, the
expression level of p62 was significantly higher in the OVX group
compared with the Sham group, while the expression levels of
Beclin-1, ULK1, ATG-7, LC3, and mTOR were all significantly
lower than ovariectomy. Taken together, these data suggested that
lack of estrogen hormones following ovariectomy could suppress
the muscular autophagy–lysosomal process.

Autophagy Following Exercise Training
Here, 8-week swimming ET effectively counteracted the
OVX-induced suppressions of autophagy proteins. The
intracellular levels of Beclin-1, Atg-7, and p62 of the
gastrocnemius muscle in all training groups, i.e., OVX-60ET,
OVX-90ET, and OVX-120ET, were not notably different
compared with these proteins in the Sham group. Moreover,
there was no significant difference in the expression level of
mTOR of the gastrocnemius muscle among the OVX-90ET,
OVX-120ET, and Sham groups. These data suggested that ET
could be applied to mitigate the inhibitory influence (due to lack
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of estrogen hormones) on the autophagy pathway. In addition,
this effect seemed to be training volume-dependent.

Making a comparison among three training regimens with
different exercise durations, i.e., OVX-60ET, OVX-90ET, and
OVX-120ET, it was revealed that the 90-min training session was
the most optimal. In the present study, the expression levels of
mTOR, ULK1, and LC3 were lower in the OVX-60ET group
compared with the Sham group, although they showed a trend
of recovery. However, the expression levels of these proteins
were not statistically different between the OVX-90ET and Sham
groups. Although the OVX120ET group had similar intracellular
levels of all these proteins compared with the OVX-90ET or Sham
group, the p62 level of the OVX-120ET was appreciably lower
than that in the OVX group. This observation indicated that the
high training volume of the OVX120ET group could augment
the autophagy–lysosomal pathway and catabolic process in the
animals following ovariectomy, which consequently led to the
atrophy observed in the gastrocnemius muscle (Figure 2 and
Table 2). A previous study suggested that 1 h after an acute bout
of high-intensity exercise, rather than low-intensity exercise, the
p62 level was significantly suppressed compared to the Sham
group, indicating an increased autophagy–lysosomal signaling
pathway (Schwalm et al., 2015). In the present study,≥24 h from
the last ET, the expression of p62 remained lower in the OVX120
group. Collectively, these data suggested that exercise or training
at higher intensity or longer duration could adversely activate
autophagy flex and negatively influence protein anabolic process.

Study Limitations and Perspectives
A major limitation of the study is that there was no quantitative
histological assay for the gastrocnemius muscles in the animals.
Differences in lean body mass and/or fat mass with and without
estrogens between swimming and running ET should be further
studied. Autophagy is critical in maintaining muscle mass and
quality. Deficiency of estrogen in animals following ovariectomy
shows a suppressed muscular autophagy pathway, which may
lead to a disruption of intracellular homeostasis involved in the
activations of the catabolic process and anabolic process. This
may be a mechanism for the OVX animals, resulting in the
increased fat infiltration/accumulation in the skeletal muscle.
This mechanism explains why aging women have declined
muscle quality or strength and increased frailty or falling
incidence. Swimming ET with moderate exercise volume helps
counteract ovariectomy-induced suppression on the muscular
autophagy process and mitigates fat accumulation in the muscle.
However, high training volume can adversely augment muscular
autophagy and cause muscle atrophy.

CONCLUSION

In conclusion, the expression levels of autophagy proteins are
decreased in OVX rats, which can be appreciably mitigated
following 8 weeks of swimming ET.
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