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Background: Sarcopenia is a syndrome characterized by the loss of skeletal muscle mass
and strength. Most studies have focused on dynamic resistance exercises for preventing
muscular decline and maintaining the muscle strength of older individuals. However, this
training mode is impractical for older people with osteoarthritis and a limited range of
motion. The static strength training mode is more suitable for older people. Therefore,
a determination of the effect and mechanism of static strength training on sarcopenia is
critical.

Methods: In this study, we developed a training device designed to collect training data and
evaluate the effects of static training on the upper limbs of rats. The expression of PGC-1a
was locally blocked by injecting a siRNA at the midpoint of the biceps to determine whether
PGC-1a signal transduction participates in the effects of high-intensity interval static training
on muscle strength. Then, the rat’s motor capacity was measured after static strength training.
Immunohistochemistry and Western blotting were applied to determine PGC-1o/FNDCS5/
UCP1 expression levels in the muscle and adipose tissue. The serum irisin level was also
detected using an enzyme-linked immunosorbent assay (ELISA).

Results: Increased levels of serum irisin and local expression of FNDCS5, PGC-1lo, and
UCP1 were observed in the biceps brachii and surrounding fatty tissue after static strength
training. Static strength training showed an advantage in reducing body weight and white fat
accumulation while increasing the muscle fiber volume, which resulted in a longer training
time and shorter rest time.

Conclusion: Overall, these results indicated that high-intensity interval static training
prevents skeletal muscle atrophy and improves the motor function of aged rats through the
PGC-1a/FNDC5/UCP1 signaling pathway.
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Introduction

Sarcopenia is a disease characterized by the gradual age-related loss of neuro-
muscular function, muscle mass, and strength."? This disease is the main factor
leading to the loss of the ability of older people to work, along with reduced
postural stability and functional mobility.® With the accelerated aging process in
China’s population, investigations into the effect of aging on musculoskeletal
systems have attracted increasing attention, and this problem urgently needs to be
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solved. Static strength training (isometric exercise train-
ing) refers to muscle contraction, where the length of the
muscle remains constant while the tension changes. In
fact, during isometric exercise, the muscle is activated,
maintains a constant length, and safely reaches a state of
maximum tension.* Strength training in older people has
been shown to improve their static balance. Studies have
illustrated that isometric exercises maximize motor unit
activity by increasing the firing rates of active motor
units and recruiting other normally inactive motor
units.” This mechanism may be crucial to reinforce
denervated muscle. Compared to isotonic contraction,
isometric contraction exercises effectively prevent mus-
cle atrophy because they produce more muscular con-
tractions than isotonic contraction.®’

Nevertheless, the long-term effect of this training
method on muscle histology and the mechanical mechanism
remains unclear due to the lack of a methodology for static
strength training in experimental animals. We designed a set
of suitable devices for collecting data and evaluating the
effect of static upper limb training experiments in rats to
solve this problem. PGC-la, a transcriptional coactivator
closely related to body energy metabolism, plays a vital role
in the mitochondrial synthesis, the conversion of the skele-
tal muscle fiber type, and other processes.*” PGC-la is
primarily expressed in mitochondria-rich tissues, such as
brown fat, liver, and skeletal muscle. Many studies have
shown that long-term aerobic exercise increases PGC-la
expression levels in the skeletal muscles of high-fat diet-
fed mice, resulting in the aerobic oxidation of fatty acids.
However, the mechanisms by which static strength training
exercises regulate PGC-lo and its downstream factors
remain unclear.'®'?

This research aimed to determine the advantages of
static strength training on muscle function reinforcement
of the upper limbs of elderly rats with designed training
devices. Also, with the help of the partial suppression of
PGC-1laexpression, a rat model with decreased PGC-1a
expression in its local muscle tissue was created to inves-
tigate the mechanism underlying the reinforcement of
muscle function by static strength training.

Materials and Methods

Animals

This study was approved by the Animal Care and Use
Committee of Shanghai University of Traditional Chinese
number SZY201612005). The

Medicine (approval

experimental animals were 40 healthy male Sprague-
Dawley rats weighing 700-800 g aged 24 months
(Shanghai Co., Ltd.,
Shanghai, China). The rats were randomly allocated to

Sippr-BK  Laboratory Animal

four groups (n=10 per group): the PGC-la siRNA injec-
tion group, the group injected with a negative control
sequence of PGC-1a (NC), static strength training group,
and PGC-lasiRNA
group. The rats were provided free access to food and

injection+static strength training
water, housed in a clean animal room at a temperature of
22 °C and a humidity of 60 + 5%, and displayed a normal
circadian rhythm. All experimental animal behaviors
strictly complied with the relevant animal protection and
use regulations issued by the International Association for
the Study of Pain.

Static Strength Training Protocol

We developed a static strength training system for rats
composed of a multichannel rat static training device and
data acquisition system (Figure 1A). This device was
designed with a wrapped leather strap that could fix the
legs of rats based on the principle of the righting reflex of
rats, and the device channels were connected in series and
connected to an MD3000/8 biological information collec-
tion system (Figure 1A and B). The abdomen of the rats
actively curled to keep the head over the lower limbs when
the rat’s lower limbs were fixed and suspended. Then, upper
limbs grabbed the upper suspension rod, which was con-
nected to the mechanical sensor, and mechanical data were
collected each time the rat was placed on the suspension
rod. The two upper limbs grasped a suspension rod and rat’s
biceps brachii muscle isometric contraction to perform sta-
tic strength training that utilizes self-weight. Skateboarding
can adjust the distance between the upper and lower limbs
to adapt to rats with different body lengths.

Furthermore, we designed a rectangular hole on the top
of the head to attract the rats with food training (Figure
1B). In the experiment, the rat actively grasped the sus-
pension rod due to the righting reflex such that the head
was higher than the lower limbs to achieve upper limb
static exercise. The rat static training device and
mechanics data acquisition system was patented in China
(national utility model patent number: 201720915164.6) in
2017, and its testing and analysis methods passed the
preliminary examination of China’s national invention
patent (patent number: 201710617559.2). Real-time data
from different channels were collected, as shown in
Figure 1C.
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Figure | Static training device and data acquisition system for rats. The design and logic of data acquisition during training are illustrated in (A). (B) Schematic diagram of
this device. In static training, the hind limbs were fixed, and then they habitually curled up; naturally, the upper limbs grasped the sensor. This grip force was converted into
an electrical signal, amplified by the signal amplifier, and was finally presented in the computer software system. (C) Real-time data collected in different channels.

Assessment of the Motor Ability of the

Muscle

Twenty rats were randomly divided into exercise groups
with and without a local knockdown of PGC-la expres-
sion. We collected the following test indices to evaluate

motor ability: (i) average training time: the average time
was calculated for each time the rats grasped the metal rod
within 15 minutes; and (ii) average rest time: the average
rest time of the upper limbs of the rats without grasping

the metal rod within 15 minutes was recorded. The rat
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weight, grip force/weight ratio, and ATP level in the local
biceps brachii tissue were recorded to quantitatively eval-
uate the muscle endurance, training efficiency, and beha-
vioral changes in the rats after static strength training. The
levels of PGC-1a and its downstream intermediate FNDCS5
were analyzed using Western blot (WB) analysis; (iii) grip
force/weight ratio: every rat’s grip force values were
recorded and divided into bodyweight to exclude differ-

ence in body weight factor in each group.

Histological Analysis

Considering that the local blocking of PGC-lo was per-
formed with injection at the midpoint of the biceps brachii
muscle, we separated 0.8 cm long tissue from the middle
of the muscle (about 0.4 cm above and below the midpoint
of biceps brachii). The separated muscle was fixed, then
embedded and sectioned for staining with hematoxylin and
eosin (H&E) to evaluate the size of the muscle fibers in the
cross-sectional area (CSA) and then converted into digital
images. The images were analyzed by Image J software,
and the muscle fiber was traced to measure the CSA. The
total fiber area per field at 10x magnification was calcu-
lated to analyze muscle hypertrophy.

siRNA Transfection

The PGC-la siRNA was constructed, and the PGC-1la
siRNA or the negative control sequence for PGC-1a was
injected into the midpoint of the biceps brachii muscle of
the rats establish a local knockdown model. The injection
was applied twice a week, with a dose of 5 ug of siPGC-
la. Forty-eight hours after the injection, the local muscle
tissue was collected, RT-PCR was used to detect the
changes in the PGC-1oamRNA level, and the WB techni-
que was used to evaluate the local knockdown of PGC-1a
(Figure 2A).

Histopathological Evaluation

After the final training session, an isoflurane solution (2%
concentration) delivered in oxygen (70% O2) was used to
anesthetize the rats by inhalation. The middle part of the
biceps brachii and its surrounding adipose tissue was fixed
for histopathological observation after static strength train-
ing. We used H&E staining to examine the muscle, fat and
used immunohistochemistry to assess the effect of static
strength training on the expression of PGC-1a.

Role of the PGC-Ia/lrisin/lUCP| Axis in

Changes in Muscle Function in Response

to Static Strength Training

We detected the levels of PGC-10/irisin/UCP1/FNDCS5,
which are expressed in the muscles of the upper limb of
rats and its surrounding adipose tissue, using WB to eval-
uate the effect of static strength training on the PGC-1o/
irisin/UCP1 axis. Serum irisin levels were also evaluated
using an enzyme-linked immunosorbent assay (ELISA).

Statistical Analysis

All experiments were repeated at least three times. Data
are described as the mean + standard deviation (SD).
Statistical analyses were evaluated using SPSS 22.0
(IBM, USA). At-test was performed to compare two
groups, and one-way analysis of variance (ANOVA) was
performed to compare three or more groups. Levene’s test
was performed to evaluate the homogeneity of variance.
The nonparametric Mann—Whitney U-test or Kruskal-
Wallis test was used to analyze data if the data exhibited
a nonnormal distribution. P<0.05 was considered to indi-

cate statistically significant differences.

Results

Static Strength Training Improves Upper
Extremity Muscle Function

The weights of the old rats decreased to varying degrees
after static strength training (Figure 3A). More impor-
tantly, the rest time was shortened (Figure 3B), while the
training time of the rats in the exercise group on our
30).
Meanwhile, static strength training increased the serum

homemade equipment was extended (Figure
irisin level (Figure 3D). After the final training session,
the ATP level in the local muscle tissue was increased
(Figure 3E), and the expression levels of PGC-la and
FNDCS5 were increased, as confirmed using the WB tech-
nique (Figure 3F). The exercise group’s grip force/body
weight ratio and no exercise group were recorded in the
experiment. There was no significant difference between
the two groups (32.3+4.4 vs 32.5+4.2) at the beginning of
the experiment, P=0.931. After eight weeks of static
strength training, the exercise group (35.6+1.7) signifi-
cantly increased than the no-exercise group (32.242.1) at
the end of the experiment, P=0.001. A significant differ-

ence observed was not observed in the no-exercise group.
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Figure 2 Local PGC-lainterference in the middle point of the biceps brachii. Local PGC-ldinterference and procedures used to harvest samples are shown in (A). The
PGC-la siRNA was injected twice a week until the final static training session (for 8 weeks). At week 3, local muscle tissue was collected, and PGC-lo expression was
measured using immunohistochemistry (n=3), magnification 100 % in (B). (C—F) PGC-la and FNDCS levels in local biceps brachii (C-E) and UCPI levels in surrounding
adipose tissue of the local biceps brachii (C and F) (n=3). The level of significance is **p<0.01/, n=3.

The CSA of the muscles in the exercise group had
larger than no exercise group, P<0.05 (Figure 3Q).
Furthermore, CSA of the muscles was significantly
decreased in the siPGC-la group compared with the
P<0.05

(Figure 4A and B). Similarly, the muscle was smaller

WT group and siPGC-lo+exercise group,

in the siPGC-la groups than in the control group
(Figure 4A and B).

Local siRNA Injection Interferes with
PGC-lasignaling and Decreases Muscle
Performance

We locally injected the PGC-1a siRNA in rats to block
local PGC-1a signal transduction, and the immunohisto-
chemistry results revealed fewer fibroblasts between mus-
cles in PGCla siRNA-treated rats than in wild-type rats
(Figure 2A and B). Figure 2C, D and F depict the
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Figure 3 Effects of static training on muscle motor ability and local PGC- | a transcription. Rat body weights were measured (A) after eight weeks of static training (n=9).
The rest time (B) (n=9) and training time (C) (n=9) were recorded at weeks 2, 4, 6, and 8. After the final training session, the grip force/body weight ratio was measured
(D), and ATP level in local muscle tissue was also detected (E). We also evaluated the cross-section area in the exercise and no exercise group using HE staining (F) and the
corresponding statistical results were shown in (G). The levels of PGC la and its downstream intermediate FNDC5 were measured using WB (H and I). The levels of
significance are *p<0.05, **p<0.0/, ***p<0.00/, and ns=no significant difference. Scale bar=200um.

diminished expression of PGC-1aand UCP1 and decreased
FNDCS expression in the biceps (Figure 2E) after PGC-1a
knockdown. All findings in this study suggested that the
local injection of the PGC-10siRNA blocked its signaling
and affected downstream molecules.

Static Strength Training Increases Muscle

Volumes and Reduces Fat Accumulation

HE staining was performed in the muscles and adipose
tissue to evaluate the effects of static strength training on
muscle volumes and fat accumulation. The muscle fibers
showed an increased volume with a circular or elliptical
shape in their cross-sections, suggesting an increased mus-
cle volume after static strength training. Figure 4A illus-
trates an increased number of muscle fibers in the exercise

group treated with and without siRNA PGC-1a. Adipose
tissue consists of white, brown, and beige fat cells. In the
control group, brown adipocytes were stained purple and
accompanied by small beige adipocytes and red connective
tissue. White fat cells were large, ranging between 70 and
80%. After static strength training, a significant increase in
the numbers of brown fat cells, which burn calories and
decrease white fat accumulation, and beige fat cells was
observed, suggesting that exercise was more likely to cause
weight loss and promote metabolism. In the siPGC-la
+exercise group, even though PGC-la siRNA blocked
PGC-1aexpression, it also increased the number of brown

fat cells after eight weeks of static strength training
(Figure 4A).
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Figure 4 Static training facilitated the activation of the PGC-la pathway. Morphological changes were observed in the muscle, and adipose tissues after static strength
training using HE staining (A), and the cross-section area in each field at 10 magnification was calculated (B). ATP level in tissue from rats in WT, siPGC-la and exercise
groups were measured as shown in (C). PGC 1a/FNDCS levels in the local biceps brachii and UCPI levels in the surrounding adipose tissue were detected using WB (D)
and immunohistochemistry (F). The statistical results are displayed in (E and H) (n=6). Serum irisin levels were measured using an ELISA (G). The levels of significance are
*p<0.05, ¥p<0.01, and **¥p=<0.01.Proposed model for the beneficial effects of static training on muscle function. Static training promoted PGC la expression in the local
biceps brachii, which activated the downstream intermediate FNDCS5, increasing serum irisin and UCPI levels in the adipose tissue surrounding the biceps brachii (G). Scale
bar=200um in (A and F).

Activation of PGC-lq Signaling by Static and immunohistochemistry (Figure 4B and D). The knock-
Stren gth Trainin g down of PGC-1a expression downregulated the expression of
Changes in the levels of PGC-1o and its downstream targets ~PGC-1a, UCP1, and FNDCS, while static strength training
in adipose tissue and muscle tissue were detected using WB ~ may reverse the effect of the siRNA on the PGC-1a pathway
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by promoting the expression of PGC-la. Figure 4C and
E show that static strength training increased the FNDCS5
level in the muscle tissue of normal aged rats, which
decreased the levels of UCP1 and PGCla. Serum irisin levels
were detected using an ELISA, and the irisin content meta-
bolized in the blood was decreased when PGC-1a expression

was partially blocked (Figure 4F).

Discussion
Strength training leads to significant improvement in mus-
cle strength, size, and functional mobility among frail
individuals, indicating a feasible approach to promoting
muscle exercise in older people.'® Isometric and isotonic
exercise both improve muscular endurance. The difference
in the means of improvement between the two groups was
not statistically significant.'* Clinicians could consider
isometric training as an alternative for isotonic training
to increase muscle mass, especially in elderly individuals.
Static strength training has been shown to increase
muscle strength and decrease the weights of old rats. PGC-
lo, which is related to cell metabolism, was considered
crucial in this mechanism. Because PGC-la is expressed at
high levels in healthy skeletal muscle cells, it may increase
mitochondrial biosynthesis and reinforce skeletal muscle.
Besides, PGC-la also adjusts mitochondrial dysfunction.'
The level of the PGC-la protein is strongly correlated with
the mitochondrial content of skeletal muscles and their
aerobic metabolic capacity in rats.'® The PGC-1a protein
is expressed at higher levels in muscle when the mitochon-
drial content and aerobic metabolism are increased.'’
Researchers have shown that the overexpression of PGC-
la protein in the skeletal muscle leads to an increase in the
mitochondrial content.'® Besides, decreased PGC-la levels
suggest a genetic defect in mitochondrial oxidative phos-
phorylation, resulting in intracellular lipid accumulation.
In this study, a significant accumulation of brown fat
cells per unit area was observed in adipose tissue from
PGC-la knockdown rats. PGC-1a is essential for brown fat
thermogenesis, and PGC-laplays an essential role in dif-
ferentiation-induced mitochondrial biogenesis.'® PGC-1a
promotes autophagy to foster TGF B-induced fibroblast
activation.”” So the fibroblast between muscles is less in
siPGC-la rat than in the wild type rat in the muscle
images. The overexpression of PGC-la and PGC-1 may
inhibit the expression of skeletal muscle-specific ubiquitin
ligase, resisting denervated muscle shrinkage.>' The
expression level of PGC-la is closely correlated with

resistance to sarcopenia muscle fiber atrophy. Therefore,
an important method to suppress sarcopenia is by increas-
ing PGC-la expression. Skeletal muscle can adapt to
alterations in contractile activity, which is called muscle
plasticity and is a remarkable capability.*> A manifestation
of the adaptive regulation of skeletal muscle may be
caused by the upregulation of PGC-1a expression through
muscle exercise.”>** Studies have shown decreased PGC-
la expression in different species, such as humans, with
a reduction in mitochondria during muscle aging.*>° So
we find that the downregulation of PGC-1a level has more
severe muscle atrophy in siPGC-lagroup and primary
molecular mechanism contributes to enhanced transcrip-
tion of atrophy-related Atrogin-1 FoxO3 or NF-«xB activa-
tion, and protein loss.'”** However, both long-term and
acute exercise increases PGC-lo expression.”??"*® It
enhances mitochondrial synthesis, and oxidative phosphor-
ylation stimulates peroxisome proliferator-activated recep-
tor (PPAR) to enable farnesoid X receptor (FXR) gene
transcription, which promotes fat metabolism and prevents
the incidence of sarcopenia.'”> Appropriate static strength
training significantly improves skeletal muscle status,
including the numbers of skeletal muscle cells and mito-
chondria. Static strength training also increases the energy
consumed by muscle cells by generating ATP. Therefore, it
had a higher rat muscle ATP concentration in the exercise
group than no exercise group, even reverse the effect of
PGC-1a siRNA, and increase ATP concentration in the
siPGC-la+exercisegroup (Figure 4C). Static strength
training was confirmed to significantly increase the aver-
age amount of the PGC-1a protein in skeletal muscle in
the present study. Also, the group with a local knockout of
PGC-1a did not display improved grip strength after static
strength training, which indicates the function of PGC-1a.
FNDCS is a type | membrane protein that has been identi-
fied as the target gene of PGC-1a in mice. In transgenic
mice overexpression PGC-lo mice, the expression of
FNDCS5 in skeletal muscle cells is increased, while in
FNDCS expression is decreased in PGC-1a gene knockout
mice. A previous study also confirmed that PGC-1a over-
expression up-regulates the expression of FNDCS5 in mus-
cle tissue.”

In the present study, we confirmed that FNDCS5 expres-
sion decreased when PGC-la was silenced and that the
expression levels of FNDC5 and PGC-1la increased after
static strength training. Irisin is a peptide that is secreted by
skeletal muscle. This molecule is hydrolyzed and cleaved
from FNDCS5 by proteolytic enzymes and then released into
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the bloodstream.*° An unknown protease hydrolyzes FNDC5
to produce the irisin hormone, which is released into the
blood.*' Exercise initially induces PGC-lo expression in
skeletal muscle, and the expression of PGC-1a continually
stimulates the expression of FNDCS5. The increased irisin
level will play a role in weight loss and the positive control
of lipocatabolism.** Furthermore. This research confirmed
that PGC-1a was positively correlated with FNDC5 expres-
sion via gene regulation in mouse skeletal muscle, providing
evidence that PGC-1a may be directly related to FNDC5
transcriptional regulation. Irisin promotes the conversion of
white fat into brown fat and significantly reduces body
weight.*® Irisin is correlated with the expression of UCP-1
and other energy consumption-related genes in white adipose
tissues.>* Roberts et al reported that the overexpression of the
FNDCS5 gene in the skeletal muscle of obese mice, which was
also discovered in humans*> Numerous studies have
reported that various exercises increase the level of irisin in
blood and the expression of FNDCS5 in high-fat diet-fed
obese mice.**>* In addition, the expression of FNDC5 and
irisin regulation in humans are connected to exercise, which
has been investigated, but the mechanism remains
controversial.**™*' In our study, after the local knockdown
of PGC-1a in the biceps brachii, the histopathological results
showed decreased expression of FNDCS5 and in brown

adipose tissue, and this condition was reversed by static
strength training. The WB results also verified this result,
and levels of the PGC-1a, FNDCS5, and UCP1 proteins were
all increased by exercise. The CSA reduction was more
significant in the siPGC-la group than in the siPGC-la
+exercise group because exercise can promote PGC-la
expression level and regulate skeletal muscle hypertrophy.
Therefore, the CSA of rats in the exercise group is most
significant than the other groups. Static strength training
increases rat’s muscle strength and motor ability, prevents
further muscle atrophy with long-term high-intensity
training.

Conclusions

The molecular mechanism by which static strength train-
ing improves skeletal muscle endurance in sarcopenia is
mediated by the PGC-1a/FNDC5/UCP1 signaling pathway
(Figure 5). Static strength training increasedPGC-la
expression in skeletal muscles to enhance the repair of
mitochondrial function. Besides, static strength training
promotes FNDC5 expression, thereby increasing the
blood’s irisin level, up-regulate UCP1 expression to facil-
itate the transformation of fat cells, and preventing skeletal
muscle atrophy from improving the reduction in skeletal
muscle mass.
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Figure 5 Mechanisms of static strength training against muscle atrophy.
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