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Abstract. Hyperglycemia occurs due to a defect in insulin 
secretion or impaired biological functions, or both. The 
long‑term hyperglycemia during diabetes causes chronic 
damage and dysfunction of various tissues. Whole body 
vibration (WBV) has significant effects on lipid and glucose 
metabolism and endocrine and motor systems. In order to 
explore the effects of WBV on skeletal muscle, mice trained 
for 12  weeks with WBV (15  Hz, 30  min) were used as 
experimental subjects and their skeletal muscle morphology 
under the pathological state of diabetes was observed. In addi‑
tion, the blood lipids, blood glucose, gastrocnemius muscle 
glycogen and mRNA and protein levels of autophagy and 
glucose metabolism biomarkers were compared among the 
three groups of mice via western blot and RT‑qPCR. The 
results showed that WBV can significantly reshape skeletal 
muscle morphology and upregulate high density lipoprotein. 
The expression of glucose‑6‑phosphatase (G6P), Beclin1 and 
Atg7 in the gastrocnemius muscle of the WBV group was 
significantly increased. Therefore, it can be concluded that 
WBV promotes skeletal muscle remodeling in diabetic mice. 
The present study confirmed that WBV can attenuate the 
development of diabetes melitus (DM) and lead to lower level 
low density lipoprotein in the blood. In addition, G6P level 
plays an important role in WBV‑treated DM model and may 
be used to monitor the effect of WBV in patients. The findings 
of the present study may provide a new molecular basis for 
WBV to play a therapeutic role in the treatment of diabetes and 
may have potential clinical applications in the future.

Introduction

Diabetes mellitus (DM) is a group of metabolic diseases 
characterized by high blood sugar (1). Hyperglycemia occurs 

due to a defect in insulin secretion or impaired biological 
effects, or both. The long‑term hyperglycemia during diabetes 
causes chronic damage and dysfunction of various tissues, 
particularly the eyes, kidneys, heart, blood vessels, muscle 
and nerves (2). The development of diabetes is a complicated 
process, including lipid infiltration, glucose metabolism 
disorder, autophagy imbalance and inflammatory response (3). 
Therefore, targeting the aforementioned mechanisms is an 
effective strategy to delay the development of complications 
of diabetes.

Whole body vibration (WBV) is a new physical exercise 
method to improve athletic ability (4,5). Compared with tradi‑
tional exercise methods, inactive patients need less WBV and 
have higher compliance (6). WBV is widely used in warm‑up 
of athletes and rehabilitation training for patients. Previous 
study has found that WBV can improve metabolic levels in 
diabetic rats (7). The complex relationship between autophagy 
and energy metabolism has attracted wide interest and has 
been extensively studied. In the present study, the relationships 
that enable autophagy to control or regulate energy metabo‑
lism and allow metabolic pathways to regulate autophagy in 
a diabetic state were examined. Specifically, the association 
between autophagy and energy homeostasis from glycolysis, 
fatty acid metabolism and amino acid metabolism was 
studied. However, its further molecular mechanism has not yet 
been elucidated. Therefore, it was hypothesized that WBV can 
attenuate the development of DM and lead to lower level of low 
density lipoprotein (LDL) in the blood.

In the present study, a mouse model of diabetes was estab‑
lished and trained with WBV (15 Hz, 30 min) for 12 weeks 
to explore the possible muscle protection mechanism of WBV 
for the treatment of diabetes. The findings of the present study 
may provide a new molecular basis for WBV to play a thera‑
peutic role in the treatment of diabetes and may have potential 
clinical applications in the future.

Materials and methods

Animals. A total of 36 C57BL/6 mice were bred at the 
Experimental Animal Center of Jinzhou Medical University 
(Jinzhou, China). The present study was approved (approval 
no. 2020008) by the Ethics Committee of Jinzhou Medical 
University (Jinzhou, China). The mice were housed under 
controlled pathogenic (SPF) conditions in a temperature-
controlled (22˚C) and humidity‑controlled (55‑65%) 
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light‑dark cycle (12/12‑h). Access to food and water was 
provided ad libitum. A total of 12 male mice (8 weeks of age, 
20‑23 g) were fed normally, and 24 male mice of the same 
age were fed with high‑fat diet (0.15% cholesterol) for 8 weeks 
and injected with streptozocin (200 mg/kg; sigmaaldrich.
cn/CN/zh/product/sigma/s0130.) under the aforementioned 
conditions. After blood glucose levels reached 11.1 mmol/l, 
mice fed with high‑fat diet were randomly divided into 
2 groups. The WBV group was trained on a LD‑P vertical 
vibration testing machine (China Guangdong Central 
Vibration Machinery Co., Ltd., frequency 15 Hz, acceleration 
0.68 g, amplitude 2 mm) for 30 min per day. Vibration inter‑
vention took place from Monday to Saturday, with Sunday as 
a rest day. The training session started at 9:00 AM and lasted 
12 weeks. Then, the mice of each group were weighed after 
12 h of fasting, and blood samples were collected and exam‑
ined. At the end of the experiment, mice were euthanized by 
intraperitoneal injection of sodium pentobarbital (100 mg/kg). 
Death was confirmed from respiratory and cardiac arrest 
without response to external stimuli.

Blood biochemical analysis. After WBV for 12 weeks, blood 
samples were collected from the venous system, the serum was 
separated at 3,000 rpm (956 g) for 15 min at 4˚C and stored 
at ‑80˚C until analysis. Triglycerides (TG; cat. no. A110‑1‑1), 
total cholesterol (TC; cat. no. A111‑1‑1), high density lipopro‑
tein cholesterol (HDL; cat. no. A112‑1‑1) and LDL cholesterol 
(cat. no. A113‑1‑1) were detected by commercially available 
kits (Nanjing Jiancheng Bioengineering Institute).

HE staining. The 10‑µm frozen (‑80˚C) gastrocnemius sections 
were dried at room temperature for 30 min and immersed 
into hematoxylin for 6 min; then the slides were rinsed with 
running water for 10  sec. The sections were incubated in 
HCl/95% alcohol (1:50) solution for 5 sec. After washing with 
running water for 25 min, the slides were stained with eosin 
with 1 min and then fixed with neutral balsam after dehydra‑
tion via 75, 95 and 100% alcohol with 3 min and soaked in 
xylene for transparency for 5 min at room temperature. The 
sections were observed under a light microscope.

Western blot analysis. Gastrocnemius tissues were chopped 
into small chunks with fine scissors and then dissolved in 
RIPA lysis buffer (Beyotime Institute of Biotechnology). The 
final protein concentration was quantified by BCA Protein 
Kit (Beyotime Institute of Biotechnology), with bovine serum 
albumin (BSA, Sigma) as protein standard. The same amount 
(20 µg) of protein samples was added into polyacrylamide 
gels (12%). The samples were subjected to SDS‑PAGE and 
transferred to a PVDF membrane, then blocked with 1% BSA 
in TBST (0.05% Tween‑20) at room temperature for 2 h. Then, 
the membranes were incubated with the primary antibodies at 
4˚C overnight. Following the primary incubation, membranes 
were incubated with the secondary antibodies [Horseradish 
peroxidase labeled goat anti rabbit IgG antibody (1:5,000; cat. 
no. SA00001‑2) and goat anti mouse IgG antibody (1:5,000, 
no. SA00001‑1); both ProteinTech Group, Inc; diluted with 
0.5% BSA in TBST] at room temperature for 2 h. The protein 
bands were visualized using ChemiDoc‑ItTMTS2Imager 
(Analytik Jena AG) and protein expression was quantified using 

ImageJ software (National Institutes of Health). Anti‑G6P 
(1:1,000; cat. no. ab133964), anti‑Beclin1 (1:1,000, ab207612), 
Atg7 (1:1,000, ab133528), AKT (1:1,000, ab179463), P‑AKT 
(1:1,000, ab192623), MTOR (1:1,000, ab134903), P‑MTOR 
(1:1,000, ab109268), PI3K (1:1,000, ab191606) and P‑PI3K 
(1:1,000, ab278545) were used as the primary antibodies, with 
glyceraldehyde‑3‑phosphate dehydrogenase (cat. no. HC301; 
Beijing Transgen Biotech Co., Ltd.) as the internal reference.

Reverse transcription‑quantitative (RT‑q)PCR. After the mice 
were euthanized by excessive anesthetic, a gastrocnemius 
tissue was received for RT‑qPCR. According to the manufac‑
turer's protocol (Promega Corporation), total RNA extracts 
were obtained using TRIzol® Reagent (Ambion; Thermo 
Fisher Scientific, Inc.), and 5 µg of total RNA was used to 
synthesize cDNA (Promega Corporation). RT‑qPCR was 
performed using SYBR‑Green. cDNA samples were amplified 
on a 7500 fast RT‑PCR system (Applied Biosystems) under the 
following thermocycling conditions: 95˚C for 3 min, followed 
by 40 cycles of 95˚C for 15 sec and 60˚C for 45 sec. The relative 
expression levels of the target genes were normalized to those of 
the housekeeping gene ribosomal protein S18 (RPS18) and the 
target genes from the experimental group were compared with 
the corresponding target genes from the control group using 
the 2‑ΔΔCq method. The following oligonucleotide primers were 
used: G6P forward, 5'‑CCT​TTG​GGT​AGC​TGT​GAT​TGG​A‑3' 
and reverse, 5'‑GGC​ACG​GAA​GTG​TTG​CTG​TAG​TAG‑3'; 
FAS forward, 5'‑GTG​CTT​GCT​GGC​TCA​CAG​TTA‑3' and 
reverse, 5'‑GGT​TGG​TGT​ACC​CCC​ATT​CA‑3'; SREBP‑1c 
forward, 5'‑GCA​TCT​TCT​TGT​GCA​GTG​CC‑3' and reverse, 
5'‑TAC​GGC​CAA​ATC​CGT​TCA​CA‑3'; Beclin1 forward, 
5'‑AAA​GAG​TGG​AAG​ATG​TCC​GGC‑3' and reverse, 5'‑CAG​
CTG​CTT​CTC​ACC​CTT​GTA‑3'; Atg7 forward, 5'‑GCC​AGG​
TAC​TCC​TGA​GCT​GT‑3' and reverse, 5'‑GGT​CTT​ACC​CTG​
CTC​CAT​CA‑3'; and RPS18 forward, 5'‑GCA​ATT​ATT​CCC​
CAT​GAA​G‑3' and reverse, 5'‑GGC​CTC​ACT​AAA​CCA​TCC​
AA‑3'. The amount of RPS18 in samples was used to normalize 
the mRNA content (the RNA level was expressed relative to 
that of the corresponding control).

Statistical analysis. Statistical analysis was performed using 
Prism  5 software (GraphPad Software, Inc.). P<0.05 was 
considered to indicate a statistically significant difference. 
Paired Student's  t‑test and one‑way ANOVA followed by 
post hoc Tukey's test were used to compare 2 and >2 groups, 
respectively. Data are presented as the mean ± SD of at least 
three independent experiments. Each data point in the figures 
represents one sample from one mouse. The numbers of 
animals used in each experiment are indicated in the figure 
legends. 

Results

Effect of WBV on blood glucose and blood lipid in DM mice. 
Previous studies have shown that in mouse models, exercise 
training [such as swimming  (8) and running wheels  (9)] 
decreases as injuries develop. To investigate the effects of 
WBV on gastrocnemius, mice were trained with WBV for 
12 weeks, and examined in 0, 2, 4, 6, 8, 10 and 12 weeks after 
feeding and blood sugar reached 11.1 mmol/l. In the present 
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study, the weight of diabetic mice was significantly higher 
than that of normal mice, while there was no significant 
difference in weight between the control and WBV groups 
(Fig. 1B). As revealed in Fig. 1C, a significant decrease in 
blood glucose levels was observed after 12 weeks of WBV 
treatment compared with the control group. Regarding 
blood lipids, WBV had no significant effect on TC and 
TG concentrations in mice (Fig.  2B); however, the level 
of LDL was significantly reduced in the WBV group, and 
the level of HDL was significantly increased in the WBV 
group (Fig. 2B). Reductions in blood glucose and lipoprotein 
indicated that WBV has an effect on diabetes in mice after 
12 weeks (Figs. 1A and 2A).

Effect of WBV on muscle reshaping in DM mice. In order to 
explore whether chronic WBV training can remodel skeletal 
muscle in diabetic mice, the cross‑sectional area of skeletal 
muscle was examined using H&E staining (Fig.  3A). The 
cross‑sectional area of skeletal muscle was measured to 
compare the difference between the control and WBV groups. 
It was revealed that the skeletal muscle area of the control 

group is smaller than that of the WBV group (Fig. 3B). In addi‑
tion, skeletal muscle morphology showed that WBV training 
significantly reduced the progression of DM complications 
(Fig. 3C). Therefore, long‑term WBV training can delay the 
development of complications in diabetic mice.

Effect of WBV to metabolism in DM mice. Skeletal muscle 
remodeling in the WBV group indicated that long‑term inter‑
vention of WBV promotes the basic physiological processes of 
skeletal muscle. Skeletal muscle glucose metabolism (10,11) 
and lipid metabolism (12,13) play an important role in the 
complications of DM. Among them, G6P is an important 
rate‑limiting enzyme of the glycolysis pathway (14) and Fas 
is an important rate‑limiting enzyme of fatty acid metabo‑
lism (15). Therefore, the mRNA and protein expression of 
G6P was evaluated in three groups of mouse skeletal muscle 
(Fig. 4A). As demonstrated in Fig. 4B‑D, G6P mRNA and 
protein expression significantly increased after WBV treat‑
ment compared with the control group. SREBP‑1c mRNA 
significantly decreased after WBV treatment in DM mice, 
FAS mRNA level had indifferent in WBV and control groups 

Figure 1. Physiological conditions of the three groups of mice. (A) Timing of body weight and blood glucose measurements in different treatment mice. 
(B) Body weight was measured before the intervention and at the 2, 4, 6, 8, 10 and 12 weeks after the intervention. (C) Levels of blood glucose were evaluated 
before the intervention and at the 2, 4, 6, 8, 10 and 12 weeks after the intervention (n=5 animals/group). **P<0.01 vs. Normal; #P<0.05 vs. Control. WBV, whole 
body vibration; STZ, streptozocin.
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(Fig. 4E and F). The aforementioned results indicated that 
long‑term WBV can influence glucose and lipid metabolism 
of skeletal muscle.

Effect of WBV to autophagy in DM mice. Previous studies 
showed that autophagy can promote skeletal muscle recovery 
in disease (16,17). In order to confirm whether WBV promotes 

Figure 3. Morphology in mice in different treatment groups by lipoprotein. (A) Timing of HE staining in different treatment mice. Gastrocnemius muscle 
morphology in mice in different treatment groups by HE staining. (B and C) At 12 weeks post‑intervention, the gastrocnemius muscle morphology of the 
three treatment groups was evaluated by HE staining (magnification, x400). Scale bar, 100 µm (n=3 animals/group). **P<0.01 vs. Normal; #P<0.05 vs. Control. 
WBV, whole body vibration.

Figure 2. Fat metabolism in mice in different treatment groups by lipoprotein. (A) The timing of fat measurements in different treatment mice. (B) After 
the intervention, TC, TG, HDL and LDL levels were used to assess lipid metabolism in the three groups of mice at 12 weeks after the intervention (n=5 
animals/group). *P<0.05 vs. Normal; #P<0.05 vs. Control. WBV, whole body vibration; TC, total cholesterol; TG, triglycerides; HDL, high density lipoprotein; 
LDL, low density lipoprotein.
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skeletal muscle remodeling through autophagy, western blot 
analysis was performed (Fig. 5A). The results revealed that 
the expression of autophagy‑specific proteins Beclin1 and 
Atg7 was increased in the WBV group compared with the 
control group (Fig. 5B‑D). In addition, the aforementioned 
results were validated using RT‑qPCR (Fig. 5E and F). Next, 
to further investigate whether or not WBV could affect 
autophagy‑specific signaling pathways in vivo. We found that 
the administration of WBV decreased the level of p‑AKT, 
P‑MTOR and P‑PI3K via using western blot (Fig. 6A‑6B). In 
summary, long‑term WBV can increase autophagy, thereby 
promoting skeletal muscle remodeling.

Discussion

In the present study, it was evaluated whether WBV can 
promote skeletal muscle remodeling in diabetes. Mice 
administered high‑fat diet for 8 weeks showed skeletal muscle 
contraction. The 12‑week vibration training significantly 
increased the cross‑sectional area, autophagy and glucose 
metabolism of skeletal muscle in DM mice, while significantly 
reducing serum LDL. These results indicated that long‑term 
WBV can delay DM concurrency. The disease progresses with 
low levels of lipoproteins and high levels of autophagy.

DM is a chronic inflammatory disease (2). Oxidative stress 
not only plays a key role in the formation of initial lesions, 
but also plays a key role in the progression and instability of 
lesions (2,18,19). In the complication stage, abnormal blood 
glucose and accumulation of blood glucose in skeletal muscle 

lead to oxidative stress (20). In the present study, vibrational 
motion did not significantly reduce TC in DM mice, although 
previous study has shown that WBV significantly reduced 
elevated levels of TC and TG in obese mice (4). In addition, 
lipoprotein levels were examined and it was found that WBV 
significantly decreased LDL in DM mice. Numerous studies 
have confirmed that prolonged or high‑intensity exercise 
causes oxidative damage to large molecules in blood and 
skeletal muscle (19,20). 

Skeletal muscle is the main tissue for glucose uptake 
by insulin in the body and plays an important role in 
glucose metabolism balance, particularly in patients with 
diabetes (21,22). Skeletal muscle contraction involves multiple 
regulatory steps in glucose metabolism, of which glucose 
glycolysis is considered a rate‑limiting step (3). G6P is a carrier 
of rate‑limiting enzymes in the glucose glycolysis pathway of 
the cell. G6P exists in various tissues and cells of the human 
body. It stimulates glucose metabolism by regulating the 
rate of glucose breakdown under the signal of insulin (14). 
Previous research has found that exercise training may affect 
glucose metabolism by increasing the glycoprotein content 
of myoblasts and increasing the transport and use of glucose 
by myoblasts (21). Moreover, a previous study demonstrated 
that the activation of autophagy during exercise may increase 
the positive regulation of skeletal muscle utilization (23). A 
previous study demonstrated that the effects of exercise on 
glucose transport depend on autophagy through studies of 
lateral femoral muscles of mice, cultured rat toe extensors and 
L6 muscle tubules (24).

Figure 4. Effect of WBV on the energy metabolism of gastrocnemius muscle in diabetic mice. (A) Timing of western blot in different treatment mice. Following 
intervention, the effect of WBV on the energy metabolism of gastrocnemius muscle in diabetic mice was detected using western blot and RT‑qPCR at the 
12th week. (B and C) Western blot analysis of G6P of the three treatment groups. (D‑F) mRNA levels of (D) G6P, (E) SREBP‑1c and (F) FAS were determined 
by RT‑qPCR (n=3 animals/group). **P<0.01 vs. Normal; #P<0.05 vs. Control. RT‑qPCR, reverse transcription‑quantitative PCR; G6P, glucose 6‑phosphatase; 
WBV, whole body vibration.
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Autophagy is a conservative catabolic process. When cells 
are in a hungry environment, autophagy can reuse long‑lived 
proteins and organelles as nutrients (16). Genes and proteins 
involved in autophagy have been identified in yeast. These genes 
are called ATGs, which control autophagy formation through 
two ubiquitin like systems Atg12/5 and Atg7/Atg8 (17). There 
are similar genes and proteins in human. The transformation 
of LC3 (Atg8) from lc3i to lc3ii represents autophagy (17). The 
signal of autophagy is regulated by the mTOR pathway (25). 
Through the PI3K/Akt pathway  (25), p70S6 kinase and 

eIF2α kinase activate the mTOR pathway, while beclin‑1 
(Atg6) regulates autophagy process through the class III  
PI3K pathway (26). Recent studies (16,17) have revealed that 
autophagy plays an important role in maintaining the metabolic 
balance of skeletal muscle cells under certain pathological 
conditions (atrophy of skeletal muscle caused by heart failure 
and hyperglycemia), but the specific mechanism remains to 
be explored. Autophagy is a lysosome‑dependent catabolic 
process. Both extracellular and intracellular components are 
phagocytosed by autophagosomes and degraded into simple 

Figure 6. Effect of WBV on the PI3K/Akt pathway of gastrocnemius muscle in diabetic mice. After the intervention, the effect of WBV on the PI3K/Akt 
pathway of gastrocnemius muscle in diabetic mice was detected using (A) western blot at the 12th week. (B) PI3K/Akt pathway‑related proteins expressions in 
three groups (n=3 animals/group). *P<0.05, **P<0.01 vs. Normal; ##P<0.01, ###P<0.001 vs. Control. WBV, whole body vibration; p‑, phosphorylated.

Figure 5. Effect of WBV on the autophagy of gastrocnemius muscle in diabetic mice. (A) Timing of western blot in different treatment mice. After the 
intervention, the effect of whole‑body vibration on the autophagy of gastrocnemius muscle in diabetic mice was detected using western blot analysis and 
RT‑qPCR at the 12th week (B‑D). The protein expression levels of Atg1 and Beclin1 were determined by western blot analysis. (E and F) mRNA levels of 
(E) Beclin1 and (F) Atg7 were determined using RT‑qPCR (n=3 animals/group). *P<0.05, **P<0.01 vs. Normal; #P<0.05, ##P<0.01 vs. Control. RT‑qPCR, 
reverse transcription‑quantitative PCR; WBV, whole body vibration.
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molecules such as monosaccharides, fatty acids and amino 
acids. These molecules can then be further used to produce 
ATP through catabolic reactions and/or provide the basis for 
the synthesis of essential proteins. Therefore, it is considered 
that autophagy is a key and fine‑tuned process for maintaining 
energy homeostasis, particularly in diseases (25). The complex 
relationship between autophagy and energy metabolism has 
attracted wide interest and has been extensively studied. In 
the present study, the relationships that enable autophagy to 
control or regulate energy metabolism and allow metabolic 
pathways to regulate autophagy in a diabetic state were inves‑
tigated. Specifically, the association between autophagy and 
energy homeostasis from glycolysis, fatty acid metabolism, 
and amino acid metabolism was studied. Understanding the 
role of autophagy in energy homeostasis can help in improved 
understanding of how autophagy determines skeletal muscle 
fate through energy metabolism in diabetic mice.

The present study confirmed that WBV can attenuate the 
development of DM and lead to lower level of LDL in the blood. 
In addition, G6P level plays an important role in WBV‑treated 
DM model and may be used to monitor the effect of WBV in 
patients.
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