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INTRODUCTION
Menopause is associated with a decline in the level of circulating 

estrogen, which causes an increase in metabolic diseases, such as obe-
sity, type 2 diabetes, and cardiovascular disease1-3. Although numerous 
factors contribute to the deterioration of physiological function during 
menopause, an increase in fat mass is the most serious risk factor for 
physical dysfunction1,3,4. The accumulation of body fat is related to skel-
etal muscle inflammation, mitochondrial dysfunction, and DNA damage, 
which may contribute to muscle weakness and sarcopenia5,6. There is an 
increasing need to develop approaches for improving metabolic disorders 
and skeletal muscle wasting through nutrients, dietary supplements, hor-
mone replacement therapy, and physical activity intervention in meno-
pausal and post-menopausal women3,7.

Many previous studies have reported that ovariectomy (OVX) an-
imal models show an increase in body weight, inflammation, insulin 
resistance, and fat accumulation in abdominal, liver, heart, and skeletal 
muscles8-11. However, several studies have suggested that OVX-induced 
metabolic abnormalities can be improved by endurance treadmill training 
exercise for 8 or 12 weeks9,11. Ovariectomy is also known to induce a 
decline in skeletal muscle mass, myosin dysfunction, and muscle con-
tractile proteins12-14. Interestingly, OVX-induced muscle impairment was 
prevented by voluntary wheel running in a rat model12,15. Additionally, 
10 weeks of treadmill exercise suppressed OVX-induced cardiac apopto-
sis in a rat model2. However, given that OVX animals are an applicable 
model for postmenopausal women, it is necessary to consider high fat 
accumulation in postmenopausal women and to reflect on the experi-
mental design that low-intensity exercise is a viable form of exercise 
intervention. These prior designs and results prompted us to investigate 
whether regular bouts of low-intensity treadmill exercise played a role in 
regulating skeletal muscle apoptosis in high-fat-induced OVX rat skeletal 
muscles. Additionally, based on the fact that the soleus and plantaris mus-
cles of rats contain high levels of slow (type I) and fast (type 2b) fibers, 
respectively16, we examined whether there is a difference in apoptosis by 
muscle fiber type.

Apoptosis is an important mechanism in skeletal muscle mass. Pre-
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[Purpose] Aging and obesity are associated with skel-
etal muscle atrophy-related signaling pathways, includ-
ing apoptosis. Many studies have shown that meno-
pause is associated with an increased risk of skeletal 
muscle atrophy. There is an increasing need to develop 
strategies that will improve the risk of skeletal muscle 
atrophy through exercise interventions. However, the 
effect of exercise on estrogen deficiency-induced 
apoptosis in skeletal muscles is poorly understood. 
Therefore, we examined the effects of low-intensity 
exercise on ovariectomy (OVX)-induced apoptosis of 
the soleus and plantaris muscles.

[Methods] The ovaries of all female Sprague-Dawley 
rats aged 8 weeks, were surgically removed to induce 
postmenopausal status. The rats were randomly  
divided into three treatment groups: (1) NSV (normal-diet- 
sedentary-OVX); (2) HSV (high-fat-diet-sedentary-OVX); 
and (3) HEV (high-fat-diet-exercise-OVX). The exercise 
groups were regularly running for 30-40 min/day at 15-
18 m/minute, five times/week, for eight weeks.

[Results] The mRNA levels of Bax significantly 
decreased in the exercised soleus muscle, and 
caspase-3 decreased in the plantaris. The skele-
tal muscle TUNEL-positive apoptotic cells in the 
high-fat-diet-sedentary OVX rats improved in the tread-
mill exercise group. Additionally, nuclear caspase-3 
levels decreased in the treadmill exercise group com-
pared to those in both sedentary groups. These results 
suggest that low-intensity treadmill exercise prevents 
skeletal muscle apoptosis in HFD-fed OVX rats.

[Conclusion] Induction of HFD in estrogen-deficient 
mice increased apoptosis in skeletal muscle, which 
could also be alleviated by low-intensity aerobic exer-
cise. These results may indicate a crucial therapeutic 
effect of treadmill exercise in preventing skeletal muscle 
apoptosis in menopausal or post-menopausal women.
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vious studies have suggested that an increase in body fat 
alters signaling pathways and induces apoptosis in human 
and animal models6,17,18. Sishi et al. reported that high-fat-
diet (HFD)-induced obesity increases apoptosis-related 
tumor necrosis factor-ɑ (TNF-ɑ) receptor expression and 
caspase-3 activity in the gastrocnemius muscle of a pre-dia-
betic rat model6. These studies suggest a possible interaction 
between estrogen deficiency-induced obesity and skeletal 
muscle apoptosis. Additionally, Fonseca et al. reported that 
physical inactivity is a major contributor to menopause in-
duced muscle atrophy. However, the effects of exercise on 
the modulation of apoptosis have not yet been demonstrated 
in HFD-induced obese OVX rat skeletal muscles12. 

This study aimed to determine whether eight weeks of 
low-intensity treadmill exercise modulates apoptosis in high-
fat-fed OVX soleus and plantaris muscles. We hypothesized 
that a HFD and ovariectomy would increase the expression 
of pro-apoptotic genes (Bax and caspase-3). Additional-
ly, the number of terminal deoxynucleotidyl transferase 
dUTP-mediated nick-end labeling (TUNEL)-positive cells 
increased. However, eight weeks of treadmill exercise may 
help mitigate the HFD-fed and OVX-induced pro-apoptotic 
phenomena in the soleus and plantaris muscles. The study 
also aimed to evaluate fiber type-specific responses to the 
anti-apoptotic effect of treadmill exercise in OVX rat skele-
tal muscles. 

MATERIALS AND METHODS
Human and animal rights and informed consent

All animal experiments were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of Ewha 
Womans University, Seoul, Korea. Permit Number: 14-038.

Animal care and treatment
Female Sprague-Dawley rats (8 weeks old) were ob-

tained from the Central Lab Animal (Seoul, Korea). The 
animals were housed in an air-conditioned room at 23 ± 
1°C and 64.1% relative humidity with a light/dark cycle of 
12 h. The ovaries of all the rats were surgically removed to 
induce postmenopausal status, and one week of recovery 
period was provided. After the recovery period, the rats 
were randomly divided into three treatment groups: (1) 
NSV, (2) HSV, (3) HEV. The HFD were prepared daily for 
eight weeks using premade diets. The HFD contained 45% 
energy as fat derived from corn oil and lard, and a normal 
diet containing 10% energy as fat (Research Diet Inc., New 
Brunswick, NJ).

Exercise protocol
After one week of ovariectomy surgical recovery period, 

the animals were acclimatized to running on a treadmill for 
15 min at 8 m/min at 0° inclinations on the first day. Subse-
quently, the animals were regularly trained five days/week, 
for eight weeks, and the training started at 10 am. From one 
to four weeks, the animals ran on a treadmill for 30 min 
at 15 m/min with 0° inclinations. Between 5-8 weeks, the 
training subsequently progressed to 40 min and 18 m/min 
with 0° inclinations. Okamoto et al. reported that an exercise 
intensity below the lactate threshold did not stress rats, and 
an exercise intensity of ~20 m/min was the lactate threshold 
in rats19. The exercise training protocol used a modified 
version of previous studies20,21. All the rats were restrained 
from training 24 h before sacrifice. 

Sacrifice and dissection
The rats were exposed to CO2, and the soleus and 

plantaris muscles were freshly dissected, trimmed, dried 
with filter paper, and weighed using an electronic balance 
scale (OHAUS, Parsippany, NJ, USA). The muscles were 
snap-frozen in liquid nitrogen for RNA extraction. To pre-
pare paraffin sections, the muscles were preserved in forma-
lin solution, containing 4% paraformaldehyde for three days 
at 4°C (Sigma, St. Louis, MO).

Total RNA extract and quantitative real-time poly-
merase chain reaction

Total RNA was extracted from the soleus and plantaris 
muscles using TRIzol reagent (Invitrogen Life Technolo-
gies, Carlsbad, CA). The RNA concentration and quality 
were measured at 260/280 nm using a spectrophotometer 
(Nanodrop-2000, Thermo Fisher Scientific, Waltham, MA). 
Subsequently, cDNA was synthesized from 1 µg of total 
RNA in the presence of a random primer, 2.5 mM dNTP, 
RNase inhibitor and reverse transcriptase (Invitrogen Life 
Technologies) in a final volume of 20 µg at 25°C for 10 
min, followed by 42°C for 60 min, and 95°C for 5 min. 
Real-time quantitative polymerase chain reaction (qPCR) 
was performed using the Step-One-Plus system (Applied 
Biosystems, Foster City, CA). The qPCR was performed 
using SYBR Green Master Mix (Bioline, London, UK), 
according to the manufacturer’s instructions. Primer sets for 
the target genes are listed in Table 1. The primers were pur-
chased from Macrogen (Macrogen Inc., Seoul, KOREA). 
Expression of target genes was normalized to that of Glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH), and the 
relative expression of all genes was calculated using com-
parative cycle threshold (CT) method.

Forward (5’->3’) Reverse (5’->3’)
Bax GGATGGTTGCTGATGTGGATAC CCATCTTCTTCCAGATGGTGAG

Caspase-3 CCTCAGAGAGACATTCATGGC TCGGCTTTCCAGTCAGACTC
Gapdh TGCACCACCAACTGCTTA GGATGCAGGGATGATGTTC

Table 1. Primer sequences for real-time PCR.
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TUNEL assay 
Terminal TUNEL assay was conducted using the Click-

iT Plus TUNEL assay kit (Thermo scientific), according to 
the manufacturer’s instructions. Paraffin-embedded sections 
were deparaffinized and hydrated, and antigen retrieval was 
performed using xylene. Tissues were permeabilized with 
proteinase K for 15 min at room temperature (RT) Subse-
quently, the slides were washed twice with phosphate buff-
ered saline (PBS) for 5 min, after which they were reacted 
with the EdUTP nucleotide mixture, terminal deoxynucle-
otidyl transferase (TdT) enzyme, and TdT reaction mixture 
for 60 min at 37°C. The slides were then washed with 3% 
bovine serum albumin (BSA) in 0.1% Triton X-100 in PBS, 
after which they were incubated with a TUNEL reaction 
cocktail, including alexa fluor-488 dyes for 30 min at 37°C. 
Subsequently, the slides were washed with 3% BSA in 
PBS, after which they were stained with 4’,6-diamidino-2 
phenylindole (DAPI) at a concentration of 1.5 µg/mL to 
localize the nuclei. Finally, the slides were mounted and 
photographed using a Nikon imaging system (Nikion).

Immunohistochemical staining 
The soleus and plantaris muscles were placed in formalin 

solution containing 4% paraformaldehyde (Sigma-Aldrich). 
Cross-sections were cut from the midbelly region of each 
muscle. Formalin-fixed paraffin-embedded sections (4-5 
μm) were deparaffinized and hydrated, and antigen retrieval 
was performed using xylene. The tissue was made perme-
able with 0.02% Triton X-100 in PBS (PBST) for 15 min 
and blocked with 5% BSA in PBST for 30 min. Subsequent-
ly, the slides were washed with PBS once and then probed 
with caspase-3 polyclonal rabbit antibody (Cell Signaling, 
Beverley, MA) at a dilution ratio of 1:500 overnight at 
4°C in the PBS containing 5% BSA. The slides were then 
washed thrice for 5 min each in 0.05% Tween 20 in PBS, 
after which they were incubated with Alexa 568-conjugated 
goat anti-rabbit IgG secondary antibody (Invitrogen Life 
Technologies) diluted at 1:200 for 20 min at room tempera-
ture in PBS containing 5% BSA. Subsequently, the slides 
were washed three times with 0.05% Tween 20 in PBS, after 
which they were stained with DAPI at a concentration of 1.5 
µg/mL to localize the nuclei. Finally, the slides were mount-
ed and photographed using a Nikon imaging system (Nikon, 
Tokyo, JAPAN).

Data analysis 
All values are reported as mean standard error (SE). Sta-

tistical significance was determined by analysis of variance 
(ANOVA) with the Dunnett’s post-hoc test using SPSS 22.0. 
Differences between the groups were considered significant 
at p<0.05. 

RESULTS
Treadmill exercise on apoptosis-related genes in 
skeletal muscles 

To test whether low-intensity treadmill exercise is associ-

ated with the expression of apoptosis-related genes, mRNA 
levels were determined using qRT PCR. The expression of 
genes involved in pro-apoptosis (Bax and caspase-3) was 
measured in the soleus and plantaris muscles. The GAPDH 
mRNA expression levels were used as a correction factor. 
The level of caspase-3 in the soleus muscles reduced in the 
HEV group when compared with the HSV group (not sig-
nificant) (Figure 1A). In the plantaris muscle, the caspase-3 
mRNA levels were significantly elevated by the HFD 
compared with the NSV group (p<0.01). However, train-
ing exercise (p<0.01) significantly decreased the caspase-3 
mRNA levels (Figure 1B). As shown in Figure 1C, the level 
of Bax mRNA was significantly elevated by the HFD when 
compared with the NSV group (p<0.05). However, EX 
significantly decreased (p<0.05) the soleus muscles when 
compared with the HSV group. There was no significant dif-
ference in the plantaris muscle between any pair of groups 
(Figure 1D). 

TUNEL-positive apoptotic cells of skeletal muscles 
for the EX groups was less than in the Non-EX group 

To clarify the apoptotic activity in the HFD and OVX-in-
duced soleus and plantaris muscles after the training ex-
ercise, a TUNEL assay was conducted. The number of 
TUNEL-positive (green) and DAPI-stained nuclei (blue) 
was determined, and the percentage of apoptotic cells was 
calculated as the ratio of TUNEL-positive cells relative to 
DAPI-stained nuclei from each muscle. As shown in Fig-
ure 2A, the number of TUNEL-positive cells in the soleus 
muscle of the HSV group was higher than that in the NSV 
group (p<0.01). However, the number of TUNEL-positive 
cells in the HEV group (p<0.05) was lower than that in the 
HSV group. We also observed that the plantaris muscle of 
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Figure 1. Apoptosis-related genes, bax and caspase-3 mRNA lev-
els, determined by real-time PCR in OVX and HFD rat soleus and 
plantaris muscles at the end of an eight-week period of receiving 
EX. NSV, OVX + normal diet; HSV, OVX + HFD; HEV, OVX + HFD 
+ EX. Target mRNA values are shown to normalized the GAPDH 
mRNA level for each sample. The values are means ± SE with n=7 
for each condition. *p<0.05, and **p<0.01. 
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the HSV group had a greater number of TUNEL-positive 
cells than that of the NSV group (p=0.000). However, the 
number of TUNEL-positive cells in the HEV group (p<0.01) 
was significantly lower than in the HSV group (Figure 2C-
D). These results suggest that treadmill training exercise has 
an anti-apoptotic function in the OVX rat skeletal muscles. 

Nuclear localization of active Caspase-3 in apoptot-
ic cells 

As shown in Figure 3, active caspase-3 (red) was primar-
ily present in the cytosolic compartment in the normal-di-
et-sedentary group in the soleus (Figure 3A) and plantaris 
muscles (Figure 3B). However, a HFD led to marked 
enhancement of active caspase-3 nuclear (blue) transloca-
tion in both muscles. This HFD-induced caspase-3 nuclear 

translocation was markedly blocked by treadmill exercise in 
the soleus and plantaris muscles. These results indicate that 
even in HFD and estrogen deficiency-induced caspase-3 
nuclear localization, treadmill exercise training can consid-
erably restrict caspase-3 activity in both types of skeletal 
muscle fibers.

DISCUSSION
Menopause or post-menopause not only affects meta-

bolic problems, such as cardiovascular disease, obesity, and 
diabetes but also affects skeletal muscle atrophy. Although 
estrogen deficiency is strongly linked to obesity and skeletal 
muscle atrophy, the molecular mechanisms underlying the 

Figure 2. TUNEL assay revealed the undergoing apoptosis in the soleus (A-B) and plantaris (C-D) muscles from high-fat-fed ovariectomized rats. 
Each muscle sections stained with TUNEL (green) and nuclei (blue). Apoptosis cells indicated by arrows. NSV, OVX + normal diet; HSV, OVX + 
HFD; HEV, OVX + HFD + EX. The quantitative analysis of TUNEL-stained apoptotic cells in each muscle. The values are means ± SE with n=3 for 
each condition. *p<0.05, **p<0.01, and ***p=0.000.
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relationship between estrogen reduction-induced obesity 
and skeletal muscle apoptosis in OVX models have not been 
studied. We need to understand the interaction between reg-
ular aerobic training exercise and skeletal muscle apoptosis 
in an estrogen deficient and HFD-induced obesity model.

Our study provided several important findings. First, 
HFD significantly increased apoptotic gene levels, caspase-3 
activity, and TUNEL-positive apoptotic cell numbers in the 
OVX rat skeletal muscles. This finding implies that skel-
etal muscle cell apoptosis may be influenced by increased 
body fat mass in postmenopausal women. Second, eight 
weeks of treadmill exercise training significantly decreased 
the HFD and ovariectomy-induced apoptotic gene levels 

and caspase-3 activity, which decreased TUNEL-positive 
apoptotic cell numbers in the soleus and plantaris muscles. 
Low-intensity aerobic training exercise, such as walking and 
jogging, has been shown to be a beneficial exercise regimen 
for middle-aged women following menopause, with positive 
effects on body composition alterations22. Therefore, our 
research, which showed that low-intensity aerobic exercise 
can reduce skeletal muscle apoptosis, is regarded as a useful 
study that can be applied in postmenopausal women.

Many previous studies have shown that long-term high-
fat feeding in a mouse model, leptin receptor-deficient db/
db mice, and obese Zucker rat models lead to muscle pro-
tein degradation and apoptosis6,23. Additionally, estrogen 

Figure 3. Immunohistochemical staining image showing high-fat-fed and ovariectomy-induced active caspase-3 (red) translocation into the nu-
cleus (blue) in the soleus (A-B) and plantaris (C-D) muscles. NSV, OVX + normal diet; HSV, OVX + HFD; HEV, OVX + HFD + EX. The values are 
means ± SE with n=3 for each condition. *p<0.05. 
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deficiency-induced fat accumulation promotes decreases in 
muscle strength, cross-sectional area, satellite cell activity, 
and mitochondrial function in human and animal mod-
els9,24-26. These results strongly suggest that estrogen defi-
ciency interferes with skeletal muscle plasticity and is partly 
responsible for fat accumulation in OVX animal models and 
post-menopausal women. However, the exact mechanisms 
underlying the loss of skeletal muscle mass following estro-
gen deficiency-induced obesity are largely unknown. 

Generally, estrogen deficiency-induced obesity and 
type 2 diabetes are associated with physical inactivity, 
lower energy expenditure, and elevated levels of pro-in-
flammatory cytokines, such as tumor necrosis factor-α 
(TNF-ɑ)4,6,25. These factors lead to a decrease in the activity 
of muscle function and energy metabolism-related signal-
ing pathways, such as the mammalian target of rapamycin 
(mTOR)-p70S6K pathway and AMP-activated protein ki-
nase (AMPK) pathways27-29 that signaling cascade changes 
would result in increased forkhead box transcription factors 
(FOXO)-dependent transcription of muscle-specific E3 
ubiquitin ligases, atrogin-1/MAFbx, and MuRF-16,27. In 
our previous study, HFD-induced obesity resulted in a sig-
nificant decrease in AMPK activity and an increase in E3 
ubiquitin ligase protein expression, but training exercise had 
anti-atrophy effects in an OVX rat model30. Liang et al. re-
ported that sustained aerobic exercise prevented muscle pro-
tein degradation by inhibiting apoptosis through the AMPK/ 
proliferator-activated receptor-gamma coactivator-1α (PGC-
1α) signaling pathway in aged mice31. It is presumed that 
this mechanism supports the results of our study that low-in-
tensity aerobic exercise training suppressed the expression 
of apoptosis-related genes. 

Several studies have shown that apoptosis in response 
to the activation of the major pro-apoptotic factor, Bax, 
enhances cytochrome c release from the mitochondria and 
increases the activity of caspase-3 to accelerate apopto-
sis through disassembly of cell structures in various cell 
types6,32,33. These pro-apoptotic markers, such as Bax, 
cytochrome c, caspase-9, and caspase-3 are activated and 
expressed after surgical ovariectomy in rat cardiac muscle. 
However, 10 weeks of treadmill training exercise attenu-
ated the ovariectomy-induced cardiac muscle apoptosis2. 
They also conducted the TUNEL assay in cardiac mus-
cles from the left ventricles. Consequently, the number of 
TUNEL-positive cells in the OVX exercise-trained group 
was lower than that in the OVX non-exercise group. Our 
experiment showed the same tendency for the soleus and 
plantaris muscles. Although our study design was rather a 
severe metabolic condition, low-intensity treadmill training 
exercise effectively prevented pro-apoptotic gene levels and 
decreased caspase-3 activity and TUNEL-positive cell num-
bers. 

The expression of caspase-3 and Bax in the soleus and 
plantaris muscles was confirmed to be different. Apoptosis 
is thought to occur in the soleus muscle composed of type1 
fibers with high mitochondrial content due to intrinsic regu-
lation that increases Bax mRNA expression. In the plantaris 
muscle composed of type 2 fibers, apoptosis occurs by ex-

trinsic regulation, such as Fas receptor or TNFα. Koçtürk et 
al. reported that the cause of apoptosis can be divided into 
intrinsic and extrinsic, according to the mitochondrial con-
tent of the muscle fibers34. 

We hypothesized that a HFD, characterized by rapid 
fat gain, will make skeletal muscles more susceptible to 
apoptosis in the context of ovariectomy-induced estrogen 
deficiency. Therefore, we fed the OVX model a HFD to ma-
nipulate the characteristics of the menopause model, which 
is characterized by excessive fat accumulation. Consequent-
ly, the high-fat-diet used in this study successfully induced 
apoptosis. A remarkable finding was that eight weeks of 
treadmill training exercise inhibited apoptosis in the hind 
limb muscles of the HFD-fed OVX rats. However, since 
we did not use the OVX-operated rats as a control group, 
we cannot explain that estrogen deficiency itself affected 
skeletal muscle apoptosis. This can be explained by the fact 
that low-intensity aerobic exercise effectively inhibited the 
apoptosis of skeletal muscle increased by a HFD in the es-
trogen deficiency model.

Regular training exercise has powerful beneficial effects 
on hormonal, metabolic, and skeletal muscle system8,21,35. 
It is important to note that estrogen replacement significant-
ly attenuated OVX-induced deleterious factors in skeletal 
muscles. Estrogen replacement therapy prevents body 
mass gain, visceral fat mass, and muscle atrophy in OVX 
models3,14,25. However, many researchers also have signif-
icant concerns regarding the side effects of these estrogen 
replacement therapies. Regular physical activity is the most 
effective intervention for postmenopausal women12,36. Our 
study provides new insights into the function of low-inten-
sity treadmill exercise and suggestions for the treatment of 
estrogen deficiency-induced pathological conditions, such 
as skeletal muscle apoptosis and atrophy. 

In summary, our study suggests a role for low-intensity 
aerobic treadmill exercise in high fat-induced apoptosis 
in OVX rat skeletal muscle. We found that eight weeks of 
treadmill exercise significantly blocked ovariectomy and 
HFD-induced pro-apoptotic activity. Altogether, our data 
may be an important evidence that could improve the meno-
pausal induced skeletal muscle atrophy and wasting. 
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