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Purpose: In this study, the protective effect of voluntary wheel running exercise on muscle loss and muscle weakness in gas-
trocnemius of old rats was investigated. The association of voluntary wheel exercise with the peroxisome proliferator-activated
receptor gamma coactivator-1a (PGC-1a)/fibronectin type III domain-containing protein 5 (FNDC5)/adenosine monophos-
phate-activated protein kinase (AMPK) signaling pathway and vascular endothelial growth factor (VEGF) expression was also
evaluated.

Methods: Six-month-old and 22-month-old male rats were used for this experiment. The rats in voluntary wheel running ex-
ercise groups were performed wheel running for 2 months. Weight bearing test for walking strength, rotarod test for motor
coordination and balance, hematoxylin and eosin (H&E) staining for histological changes in the muscle tissues, Western blot
analysis for PGC-1a, FNDC5, AMPK, immunofluorescence for VEGF were conducted.

Results: Decreased muscle mass, strength, and coordination due to aging were associated with a decrease in the PGC-1a/
FNDC5/AMPK signaling pathway in the gastrocnemius. Voluntary wheel running exercise enhanced VEGF expression by
activating the PGC-1a/FNDC5/AMPK signaling pathway, then increased muscle mass, strength, and coordination.
Conclusions: It has been suggested that voluntary wheel running exercise alleviates symptoms of urological diseases that are
difficult to treat. Wheel running exercise is a good therapeutic strategy to prevent or treat aging-related sarcopenia.
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* HIGHLIGHTS
- Decreased muscle mass, strength, and coordination due to aging were associated with a decrease of PGC-1a/FNDC5/AMPK signaling pathway.
- Voluntary wheel running exercise enhanced VEGF expression by activating PGC-1a/FNDC5/AMPK signaling pathway.
- Wheel running exercise increased muscle mass, strength, and coordination.
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INTRODUCTION

Aging is a complex phenomenon that causes organ dysfunction
as tissue damage accumulates. One of the tissues most affected
by aging is skeletal muscle. Sarcopenia is a degenerative skeletal
muscle condition in which muscle mass and function are sig-
nificantly reduced [1]. Sarcopenia is considered one of the
health threats to an aging population due to its association with
weakness, immobility, hospitalization, and death [2].

Several targeting factors are being considered to improve ag-
ing-induced sarcopenia, and in previous studies, peroxisome
proliferator-activated receptor gamma coactivator-1a (PGC-1a)
has emerged as a major factor [3,4]. In skeletal muscle, PGC-1a
is known to regulate mitochondrial biogenesis and function,
and is generally regulated by adenosine monophosphate-acti-
vated protein kinase (AMPK) [5]. In addition to regulating
muscle mitochondrial function, PGC-1a plays a greater role in
regulating proteolysis and autophagy, neuromuscular junctions,
macrophage/inflammatory responses, and necrosis [3,6]. Over-
expression of skeletal muscle PGC-1a improves strength, en-
durance, and motor function in aged mice [7].

Physical exercise is known to affect autophagy and mitopha-
gy to prevent loss of muscle mass and disruption of mitochon-
dria due to aging. Lifelong exercise prevented age-related de-
crease in the mRNA expression of PGC-1a, p53, and p21 [8].
PGC-1a allows muscle mitochondria to better cope with high
lipid loads, reflecting the underlying metabolic effect of exercise
training [9]. Upregulation of PGC-1a in muscles improved ex-
ercise performance and increased maximal oxygen uptake in
various exercise paradigms [10]. Exercise potently increased
PGC-1a expression in muscle, and PGC-1a overexpression in
skeletal muscle significantly increased endurance by activating
mitochondria oxidation and angiogenesis [4].

Wheel running exercise is known to improve motor function
and prevent physical weakness. Wheel running in rodents is
more similar to the natural running of a person than to a forced
treadmill running [11]. Wheel running exercise is used to as-
sess physical performance and improve health. Unlike other ex-
perimental models relying on aversive stimuli to force active
movement, wheel running is a voluntary activity, [12]. Exercise
is known to help improve muscle strength and motor coordina-
tion with balance [13].

In the current study, the protective effect of voluntary wheel
running exercise on muscle loss and weakness in gastrocne-
mius of old rats was investigated. The association of voluntary
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wheel exercise with the PGC-1a/fibronectin type III domain-
containing protein 5 (FNDC5)/AMPK signaling pathway and
vascular endothelial growth factor (VEGF) expression was also
evaluated.

MATERIALS AND METHODS

Animals and Grouping

Six-month old male Fischer F344 rats (n=16, 290+ 10 g) and
22-month-old rats (n=16, 380+ 10 g) were purchased from the
Orient Bio Co. (Seongnam, Korea). The rats were classified into
one of 4 groups (n=8 in each group): young-age group, young-
age and wheel running exercise group, old-age group, old-age
and wheel running exercise group. We received approval num-
ber (KHUASP[SE]-19-150) from the Kyung Hee University In-
stitutional Animal Care and Use Committee.

Wheel Running Exercise Protocol

After stabilizing the experimental animals, they performed
wheel running for 2 months. The rats of the wheel running ex-
ercise groups were individually placed in cages (diameter, 20
cm; width, 9 cm) equipped with running wheel. The mileage
was calculated as the number of rotations of the wheel using an
electronic sensor attached to the driving wheel (average daily
mileage: 227.68+17.80 m).

Weight Bearing Test

In order to measure walking strength, the weight bearing test
was done 4 times at 2-week intervals according to the previous-
ly described method [14]. The weight applied to each limb dur-
ing voluntary walking was measured with a weight bearing test
devise. The device was configured to monitor the weight bear-
ing of the rat leg at up to 4 different points along the route. The
bottom of the path consisted of 8 acrylic plates (5 cmx 10 cm)
attached to the load cell (work range 0-1,000 g, Dacell Co.,
Cheongwon, Korea). As the laboratory animals walked and ap-
plied pressure to the floor, the output of each load cell was fed
to a digital amplifier (Axon Instruments Inc., Union City, NJ,
USA) for proper amplification and filtering. The processed sig-
nals were calculated using software (Cambridge Electronic De-
sign, Cambridge, UK) and expressed as a percentage with each
weight applied.

Rotarod Test
The latency of the rotarod test for motor coordination and bal-
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ance was measured according to the method described below
[13]. The rotarod test was done 8 times at 10-day interval dur-
ing the wheel running exercise. Each rat was placed in a sepa-
rate compartment on a rotating rod (diameter, 7 cm; 30 rpm
fixed velocity) of a rotarod devise (Biological Research Appara-
tus, Ugo Basile, Varese, Italy). The latency until fall was auto-
matically recorded, and we limited the rats latency to 300 sec-
onds to eliminate stress and fatigue.

Tissue Preparation

Tissue preparation was done according to the previously de-
scribed method [15,16]. The gastrocnemius was removed after
anesthesia with Zoletil 50 (10 mg/kg; Vibac Laboratories). The
extracted muscles were measured by wet weight and the ratio of
muscle weight to body weight was calculated. After the muscle
tissues were harvested, the muscle tissues were treated with 4%
paraformaldehyde and 70%, 80%, 90%, 95%, 100% ethanol, in-
cubated with xylene, then embedded in paraffin. Microtome
(Thermo Fisher Scientific, Waltham, MA, USA) was used to
make the gastrocnemius tissue into 5-pm-thick slide (6 sections
per muscle tissue), and the slides were dried overnight at 37°C
on a hot plate.

Hematoxylin and Eosin Staining

Hematoxylin and Eosin (H&E) staining was done according to
the previously described method [17,18]. The slides were incu-
bated with Harris hematoxylin for 10 seconds, washed, treated
with eosin (Sigma Aldrich Co., St. Louis, MO, USA) for 5 sec-
onds, and washed again. After drying, the slides were dehydrat-
ed by soaking in ethanol and xylene, and sealed with Permount
(Thermo Fisher Scientific). Images were captured using an Im-
age Analysis System (Leica Microsystems, Wetzlar, Germany).

Table 1. Primary and secondary antibody used in Western blot
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Western Blotting

Western blot analysis was done according to the previously de-
scribed method [19,20]. The gastrocnemius tissues were ho-
mogenized on chilled radioimmunoprecipitation assay buffer
(RIPA bulffer) (Cell Signaling Technology, Inc., Danvers, MS,
USA), and then centrifuged at 14,000 rpm for 30 minutes at
4°C. Protein contents were measured using a p-drop reader
(Thermo Fisher Scientific). The primary and secondary anti-
bodies used were shown in Table 1. After reaction of primary
and secondary antibodies, the blot membranes were measured
using enhanced chemiluminescence detection kit (Bio-Rad,
Hercules, CA, USA). Bands were measured by Image-Pro plus
computer-assisted image analysis system (Media Cyberbetics
Inc,, Silver Spring, MD, USA), and the control was set to 1.00
for relative comparison.

Immunofluorescence

Immunofluorescence was done according to the previously de-
scribed method [15,20]. Parafhin slides containing muscle tis-
sues were deparaffinized with xylene and graded ethanol for 5
minutes, and washed with deionized water for 5 minutes. The
slides were boiled in 10mM sodium citrate buffer for 2 minutes
at 95°C. Subsequently, the slides were cooled for 30 minutes at
room temperature, and blocked with phosphate buffered saline
containing 5% normal goat serum. The tissue sections were re-
acted overnight at 4°C with a 1:200 dilution of mouse anti-
VEGF antibody. After washing the primary anti-VEGF anti-
body, the slides were treated with a secondary Alexa 488-anti-
mosue IgG antibody (1:500 dilution; Thermo Fisher Scientific)
for 2 hours at room temperature. The slides were mounted on a
coverslip using Vectashield and fluorescence images were cap-
tured by the Leica DMi8 fluorescence microscope (Leica Mi-
crosystems) wavelength in the excitation 490 nm to emission
525 nm for Alexa 488.

Classification Items Source Titer Company
Primary antibody PGC-1a Anti-mouse 1:1,000  Santa Cruz Biotechnology, Santa Cruz, CA, USA
FNDC5 Anti-rabbit 1:1,000  Abcam, Cambridge, UK
AMPK, p-AMPK Anti-rabbit 1:1,000  Cell Signaling Technology, Inc., Danvers, MS, USA
Secondary antibody HRP-conjugated IgG Mouse 1:2,000  Vector Laboratories, Burlingame, CA, USA
Rabbit

PGC-1a, peroxisome proliferator-activated receptor gamma coactivator-1a; FNDCS5, fibronectin type III domain-containing protein 5; p-AMPK,
phosphorylation adenosine monophosphate-activated protein kinase; HRP, horseradish peroxidase.
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Statistical Analysis

IBM SPSS Statistics ver. 23.0 (IBM Co., Armonk, NY, USA) was
used and statistical analysis was done by 1-way analysis of vari-
ance followed by Duncan posttest. Data were expressed as the
mean * standard error of the mean, and P <0.05 was set statisti-
cally significant.

RESULTS

Walking Strength and Motor Coordination

The results of walking strength and motor coordination ob-
tained in the weight bearing test and rotarod test were shown in
Fig. 1. As a result, the old rats showed a decrease in walking
strength and motor coordination compared to the young rats
(P<0.05). On the other hand, the wheel running exercise alle-
viated the decrease in walking strength and motor coordination
due to aging (P <0.05).

Muscle Weight and Histology

Weight and histological changes of gastrocnemius were shown
in Fig. 2. Histological analysis showed that aging caused atro-
phy of muscle fibers and a marked increase in connective tis-
sues compared to rats of young age. These changes decreased
the ratio of gastrocnemius to body weight (P <0.05). However,
wheel running exercise increased muscle in the gastrocnemius
of the aged rats (P <0.05).

PGC-1a/FNDC5/AMPK Signaling Pathway
Western blot analysis was used to investigate the effect of wheel
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running on PGC-1a and FNDCS5 activation and AMPK phos-
phorylation (Fig. 3). Aging induced a decrease in AMPK phos-
phorylation, resulting in decreased PGC-1a and FNDC5 ex-
pression in the gastrocnemius compared to young-age rats
(P <0.05). On the other hand, wheel running exercise increased
AMPK phosphorylation and PGC-1a and FNDC5 expression
in the gastrocnemius of old rats (P <0.05).

VEGF Expression
VEGF expression in sarcopenic rats according to age was
shown in Fig. 4. In aging-induced sarcopenia, the expression of
VEGEF in the gastrocnemius was decreased, but the wheel run-
ning exercise increased the expression of VEGF in the gastroc-
nemius of old rats.

DISCUSSION

Muscle strength is related to walking ability, and coordination is
also a motor function that can protect the body from accidents
such as fall. Older people need a higher amount of load each
week than younger people to maintain the muscle fiber hyper-
trophy achieved during the gradual training program [21]. Ag-
ing-induced decreased myocyte proliferation and increased
myostatin mRNA and protein expression decreased muscle
mass and muscle strength [14]. However, treadmill exercise im-
proved muscle mass and strength by increasing muscle cell
proliferation and inhibiting myostatin mRNA and protein ex-
pression [14]. Histological findings in old rats in the current
study showed muscle fiber atrophy compared to younger rats.
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Fig. 1. Walking strength and motor coordination. (A) Walking strength in the weight bearing test. (B) Motor coordination in the ro-
tarod test. O, young-age group; @, young-age wheel running exercise group; 2, old-age group; 4, old-age wheel running exercise
group. *P < 0.05 compared to young-age group. ‘P <0.05 compared to old-age group.
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Fig. 2. Changes of histological evaluation and muscle weight. (A) Photomicrographs of sarcopenia. The sections were stained with
hematoxylin (blue is myocytic nucleus) and eosin (pink is muscle fiber). (B) Body weight in each group. (C) Gastrocnemius weight in
each group. (D) Ratio of body weight to gastrocnemius weight. YC, young-age group; YE, young-age wheel running exercise group;
OC, old-age group; OE, old-age wheel running exercise group. *P < 0.05 compared to young-age group. "P < 0.05 compared to old-age

group.

In addition, walking strength in the weight bearing test and
motor coordination in the rotarod test were reduced in the old
rats.

There are several factors associated with muscle mass loss
and weakness as a result of the aging process. Among them,
PGC-1a regulates mitochondrial biosynthesis and improves
muscle atrophy [3]. PGC-1a mediates gene regulation in skele-
tal muscle adaptation in the old people [4,7]. Exercise enhanced
serum irisin, skeletal muscle FNDCS5 (irisin precursor), and its
upstream activator PGC-1a [22]. Irisin is a myokine regulated
by PGC-1a in exercising skeletal muscle and is released into the
bloodstream after cleavage of FNDC5. An increase in irisin
through an increase in FNDC5 changes the morphology of
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brown adipose tissue and stimulates angiogenesis for muscle
cell proliferation [23]. For this reason, PGC-1a, which pro-
motes muscle hypertrophy, may be a therapeutic target to pre-
vent muscle wasting due to aging. In the current study, aging-
related sarcopenia decreased PGC-1q, resulting in decreased
FNDCS5 expression. The decrease in FNDC5 eventually sup-
pressed the expression of VEGF in the gastrocnemius. These
results indicated that age-related deficiency of PGC-1a and
FNDCS5 exacerbated sarcopenia by reducing VEGE

PGC-1a is required to prevent age-related decrease in citrate
synthase and superoxide dismutase in skeletal muscle [24]. Ac-
tivation of the AMPK/PGC-1a signaling cascade is implicated
in preventing skeletal muscle atrophy [25]. Impaired mitochon-
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Fig. 3. Expression of peroxisome proliferator-activated receptor gamma coactivator-1la (PGC-1a)/fibronectin type III domain-con-
taining 5 (FNDC5)/adenosine monophosphate-activated protein kinase (AMPK) signaling pathway. (A) Representative expression of
PGC-1a, FNDC5, AMPK, phosphorylated AMPK (p-AMPK). (B) PGC-1a expression in each group. (C) FNDC5 expression in each
group. (D) p-AMPK expression in each group. YC, young-age group; YE, young-age wheel running exercise group; OC, old-age
group; OE, old-age wheel running exercise group. *P < 0.05 compared to young-age group. "P < 0.05 compared to old-age group.

drial function and altered biological pathways lead to aging of
skeletal muscles, causing to muscle atrophy and decreased
muscle performance in the old people [26]. In the current
study, voluntary wheel running exercise improved the expres-
sion of AMPK, which was reduced due to aging. These changes
activated PGC-1a and FNDC5, which were reduced by aging
in skeletal muscle.

Acute exercise increased VEGF mRNA in human skeletal
muscles, ultimately improving oxygen and energy substrate de-
livery to exercising muscles [27]. PGC-1a is an essential ele-
ment in the exercise-induced VEGF expression in skeletal mus-
cle [28]. The expression of FNDC5 was regulated by the action
of PGC-1a to increase VEGF [29]. VEGF exerted a neuropro-
tective effect and had a neurotrophic function, and voluntary
exercise increased VEGF expression [30]. In the current study,
AMPK activation due to wheel running exercise enhanced the
expression of PGC-1a and FNDCS5 in aged rats. AMPK activa-
tion induced increment of VEGF expression in skeletal muscle.
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Here in this study, wheel running exercise enhanced VEGF ex-
pression by activating the PGC-1a/FNDC5/AMPK signaling
pathway, and then increased muscle mass, strength, and coor-
dination. Wheel running exercise is a good treatment strategy
for preventing or treating aging-induced sarcopenia.
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VEGF Merge

Fig. 4. Expression of vascular endothelial growth factor (VEGEF) in the gastrocnemius tissue. Red arrows represent VEGF-positive
cells. DAPI, 4'-6-diamidino-2-phenylindole; YC, young-age group; YE, young-age wheel running exercise group; OC, old-age group;

OE, old-age wheel running exercise group.
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