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Abstract

The purpose of this study was to verify the beneficial effects of whole-body vibration (WBV)
training on exercise performance, physical fatigue and obesity in mice with obesity induced by a
high-fat diet (HFD). Male C57BL/6 mice were randomly divided into two groups: normal group
(n=6), fed standard diet (control), and experimental group (n=18), fed a HFD. After 4-week in-
duction, followed by 6-week WBV of 5 days per week, the 18 obese mice were divided into 3
groups (n=6 per group): HFD with sedentary control (HFD), HFD with WBYV at relatively
low-intensity (5.6 Hz, 0.13 g) (HFD+VL) or high-intensity (13 Hz, 0.68 g) (HFD+VH). A trend
analysis revealed that WBYV increased the grip strength in mice. WBV also dose-dependently
decreased serum lactate, ammonia and CK levels and increased glucose level after the swimming
test. WBYV slightly decreased final body weight and dose-dependently decreased weights of epi-
didymal, retroperitoneal and perirenal fat pads and fasting serum levels of alanine aminotrans-
ferase, CK, glucose, total cholesterol and triacylglycerol. Therefore, WBYV could improve exercise
performance and fatigue and prevent fat accumulation and obesity-associated biochemical altera-
tions in obese mice. It may be an effective intervention for health promotion and prevention of
HFD-induced obesity.
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Introduction

The number of obese people is increasing rap-
idly, with an estimated 500 million obese adults in
2008 according to the World Health Organization [1].
Over the last decade, obesity has been increasingly
recognized as a major health problem and is associ-
ated with heart disease, cardiovascular disease, type 2
diabetes, hypertension, reduced glucose tolerance,
hypercholesterolemia and other chronic diseases.

Genetic, physiological and psychological factors, die-
tary habits, physical activity, lifestyle and social and
environmental factors are responsible for the signifi-
cant increase in prevalence of obesity and its sequels
[2-4].

Exercise is an important strategy for weight loss
in obese subjects and is followed by increasing energy
expenditure. Moreover, regular exercise has a number
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of benefits such as improved cardiorespiratory fitness,
reducing body weight [5] and improved quality of life
[6]. Unfortunately, most obese people are not willing
to maintain regular exercise.

Whole-body vibration (WBV), is a well-known
light-resistance exercise based on automatic body
adaptations to rapid and repeated oscillations of a
vibrating platform [7]. WBV is increasingly being
used in rehabilitation and fitness centers [8] as a
non-invasive and non-pharmacological therapy for
osteoporosis [9]. WBV can produce continuous ec-
centric-concentric muscular work with increased ox-
ygen consumption [10]. Accordingly, WBV can posi-
tively affect body composition by reducing body fat
accumulation and serum leptin [11, 12]. The other
report also exhibited that WBV combined with en-
durance training could significantly increase resting
energy expenditure for the improvement of body
composition [13]. Vibration exercise was attracted a
lot of attention as an exercise modality, which elevates
metabolic rate and activates muscular adaption that
could be a potential method for weight reduction [14].
The physical performance regarding to vibration ex-
ercise was focused on neuromuscular functions [15] or
strength evaluation [16]. However, evidence for its
effects is scarce, especially in obese subjects.

Because of limited reports of the effect of WBV
on obesity-associated physical performance, bio-
chemical profiles and body composition, we used a
4-week-induced mouse model of obesity followed by
a 6-week low- or high-frequency WBV training to
investigate whether WBV improved physical perfor-
mance and reduced obesity.

Materials and methods

Animals and treatment

Specific pathogen-free male C57BL/6 mice (4
weeks old) were purchased from BioLASCO (Yi-Lan,
Taiwan). Animals were housed in the animal facility
at National Taiwan Sport University (NTSU) at 22°C,
50% to 60% relative humidity, with a 12-h light-dark
cycle (light on 7:00 AM). Distilled water and standard
laboratory chow diet (No. 5001; PMI Nutrition Inter-
national, Brentwood, MO, USA) were provided ad
libitum. Before the experiments, the mice were accli-
matized for 1 week to the environment and diet. The
Institutional Animal Care and Use Committee
(IACUC) of NTSU approved all animal experimental
protocols, and the study conformed to the guidelines
of the protocol IACUC-10214 approved by the IACUC
ethics committee.

The experimental design was depicted as in Fig.
1. After 1-week acclimatization, 24 mice were divided
randomly into two groups: the normal group (n=6)
was fed a standard chow diet (control) and the ex-
perimental group (n=18) a high-fat diet (HFD). The 18
resulting obese mice were divided into three groups
(n=6/each group): 1) HFD with sedentary control
(HFD), 2) HFD with relatively low-intensity WBV
(HFD+VL; 5.6 Hz, 0.13 g peak acceleration and 2-mm
vibration amplitude) or 3) HFD with relatively
high-intensity WBV (HFD+VH; 13 Hz, 0.68 g peak
acceleration and 2 mm vibration amplitude). Food
intake and water consumption were recorded daily,
and all animals were weighed weekly.
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Figure |. Experimental design. After |-week adaption, 24 mice were divided randomly into two groups: the normal group was fed a standard chow diet (control, n=6) and the
experimental group with a high-fat diet (HFD, n=18). After 4 weeks of the high-fat diet, the 18 obese mice were divided into three groups (n=6/each group): 1) HFD with
sedentary control (HFD), 2) HFD with relatively low-intensity WBV (HFD+VL; 5.6 Hz, 0.13 g peak acceleration and 2-mm vibration amplitude) or 3) HFD with relatively
high-intensity WBV (HFD+VH; 13 Hz, 0.68 g peak acceleration and 2 mm vibration amplitude).
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HFD composition

Mice were fed a standard chow diet or a HFD
adapted from previous study [17] with some modifi-
cation. The standard chow (No. 5001) contained 3.35
kcal/g with 28.5% as protein, 13.4% as fat and 58.1%
as carbohydrates. The HFD contained 8% (wt/wt)
soybean oil, 44% (wt/wt) sweetened condensed milk
(Original, Eagle Brand, Nestle) and 48% (wt/wt)
standard chow, for 3.76 kcal/g with 15.5% as protein,
33.4% as fat and 51.1% as carbohydrates.

WBY training protocol

After 4-week obesity induction, HFD+VL and
HFD+VH mice performed a WBV protocol [18] with
some modifications. Briefly, mice were exposed to
vibration on a vertically oscillating platform (BW-760,
BodyGreen, Taipei). During vibration, mice were
temporarily housed in 1 of 8 compartments of an
acrylic cage fixed to the top of the platform. The vi-
bration stimulus was applied for 15 min, 5 d/week for
6 weeks at a vibration frequency of 5.6 or 13 Hz and
an acceleration magnitude of 0.13 or 0.68 g. The vi-
bration process was continuous for 15 minutes per
day without interruption or rest. Control and HFD
groups were placed in an identical cage for the same
duration but did not receive any vibration stimulus.

Forelimb grip strength

A low-force testing system (Model-RX-5, Aikoh
Engineering, Nagoya, Japan) was used to measure
forelimb absolute grip strength as we previously de-
scribed [19]; maximal force (grams) was recorded.

Fatigue-associated biochemical indices

After the 10-week experiment, mice underwent a
15-min swimming test without weight loading to
evaluate fatigue-associated biochemical variables as
in our previous studies [20-22]. Blood samples were
immediately collected after the swimming exercise.
Serum was collected by centrifugation at 1,500g, 4°C
for 10 min. Lactate, ammonia, glucose and creatine
kinase (CK) levels were determined by use of an au-
to-analyzer (Hitachi 7060, Hitachi, Tokyo).

Blood biochemical assessments and histology
of tissues

At the end of the experiments, all mice were
killed by 95% CO, asphyxiation, and blood was
withdrawn by cardiac puncture after an 8-h fast. Se-
rum was collected by centrifugation, and levels of
aspartate aminotransferase (AST), alanine ami-
notransferase (ALT), CK, glucose, total cholesterol
(TC) and triacylglycerol (TG) were assessed by use of
an auto-analyzer (Hitachi 7060).

The epididymal fat pad (EFP), retroperitoneal fat

pad (RFP) and perirenal fat pad (PFP) from each
group were photographed with use of a Cyber-shot
(DSC-HX30V, Sony, Tokyo). The liver, muscle (gas-
trocnemius and soleus muscles in the back part of the
lower legs) and fat pads were dissected, weighed and
snap-frozen in liquid nitrogen before their storage at
—-80°C. Another set of liver tissues was removed intact
and fixed in 10% neutral buffered formalin for 24 h
before being processed for histopathologic analysis as
we previously described [19]. Tissues were embedded
in paraffin and cut into 4-pm thick slices for morpho-
logical and pathological evaluation, then stained with
hematoxylin and eosin (H&E) and examined by use of
a light microscope equipped with a CCD camera
(BX-51, Olympus, Tokyo).

Statistical analysis

Data are expressed as meantSEM. Statistical
differences were analyzed by one-way ANOVA and
the Cochran-Armitage test for trend analysis of
dose-effect of WBV with SAS 9.0 (SAS Inst., Cary, NC,
USA). P<0.05 was considered statistically significant.

Results

Effect of 6-week WBYV on body, water
consumption and energy intake

The initial body weight for control and HFD
mice were similar (Fig. 2A). After 4-week induced
obesity, the body weight was higher for HFD than
control mice (P<0.0001). After 6-week WBV, the body
weight was slightly but not significantly decreased
with WBV+VH than HFD alone (P=0.0534). In all ex-
periments, water consumption was lower for HFD,
HFD+VL and HFD+VH than control mice (P<0.05)
(Fig. 2B), with no difference for HFD, HFD+VL and
HFD+VH mice (P>0.05) (Fig. 2B and 2C). Addition-
ally, energy intake did not differ among the 4 groups
(P>0.05) (Fig. 2B and 2C).

Effect of 6-week WBYV on forelimb grip
strength

The absolute grip strength of the mice was lower
for HFD-alone than control mice (12644 vs. 131+2 g)
(Fig. 3A). The grip strength was higher with HFD+VL
and HFD+VH than HFD alone (15145 and 164+5 g vs.
126+4 g) (P<0.05). Therefore, HFD alone slightly low-
ered the absolute grip strength, and HFD+VL and
HFD+VH significantly increased relative absolute
grip strength by 1.19- and 1.30-fold, respectively, as
compared with HFD alone. Thus, WBV
dose-dependently increased grip strength (P<0.0001).
The effect size of eta-squared is 0.74 as large signifi-
cant strength.
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Figure 2. Whole-body vibration training (WBY) prevented high-fat-diet-induced obesity in mice. Mice 5 weeks old were fed a HFD for up to 10 weeks combined with 6-week
WBY at relative low intensity (HFD+VL) or high intensity (HFD+VH). Body weight (A), water consumption and energy intake (B, C), and photographs (B) of mice are shown.
Data shown in A, B, C are the mean+SEM (n=6 mice per group). One-way ANOVA was used for analysis. ¥ P<0.05 compared with HFD group within each group. Different
letters (a, b) indicate significant difference at P<0.05.

http://www.medsci.org



Int. J. Med. Sci. 2014, Vol. ||

1222

A
Trend analysis (P<0.0001)
180 - c
—~ 160 4
ol1]
_—
B0 140 A a
/ 0/
5 104.1% 100%
4
R
173
o 120 4
S
U m‘ e
o0+ ! 1 e oo R
01l | I ] P
Control HFD HFD+VL HFD+VH
B C
g - Trend analysis (P=0.0935) 250- Trend analysis (P<0.0001)
c
— 100%
= ~ 2007
% 64 :: be
2 = 76.2%
= a = 1501
=] 57.4% 5 ab
T:’ 44 = 52.1%
o 1001
"‘3 -4 36.0%
2 24 Zz
5 - 501
Control HFD HFD+VL HFD+VH Control HFD HFD+VL HFD+VH
Trend analysis (P=0.0001) Trend analysis (P<0.0001)
3001 50001 100%
4 b >
5250 0% 4000
2007 505, S ;3000_
S = - b
= 1504 PSS = 48.2%
. : 52000-
E 100 Sty .
U 50 D 10004  153% a
: 6.4%
Control HFD HFD+VL HFD+VH Control HFD HFD+VL HFD+VH

Figure 3. Effect of 6-week WBYV on forelimb grip strength (A) and serum lactate (B), ammonia (C), glucose (D) and creatine kinase (CK) (E) levels after a |15-min swimming
exercise challenge in HFD-induced obese mice. Data are meanSEM (n=6 mice/group). Different letters (a, b, ) indicate significant difference at P<0.05 by one-way ANOVA. The
effect of vibration intensity was investigated by the Cochran-Armitage test for the dose-effect trend analysis. *P <0.05 was considered statistically significant.

Effect of 6-week WBY on fatigue-associated
biochemical indices

After the 10-week experiment, mice underwent a
15-min swimming test to evaluate fatigue-associated
biochemical variables (Fig. 3B-E). Serum levels of
lactate, ammonia, glucose and CK were significantly
higher in HFD-alone than control mice, by 1.74-, 1.92-,
1.24- and 6.54-fold, respectively. Serum levels of lac-
tate, ammonia and CK were lower with HFD+VL or

HFD+VH than HFD alone, by 8.8% or 14.5%, 23.8% or
63.8 and 51.8% or 93.9%, respectively, but the level of
glucose was significantly increased with HFD+VL or
HFD+VH than HFD alone, by 1.13- and 1.28-fold,
respectively. Thus, WBV dose-dependently decreased
serum lactate (P=0.0935), ammonia (P<0.0001) and CK
(P<0.0001) levels and increased glucose level
(P=0.0001). The effect size of eta-squared for lactate,
ammonia, glucose and CK were 0.56, 0.39, 0.66, and
0.66, respectively.
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Effect of 6-week WBY on fat pads

EFP, RFP and PFP are
white adipose tissues in the
body. EFP, RFP and PFP
mass was greater for
HFD-alone than control
mice, and WBYV significantly
decreased the mass (Fig. 4A).
The weight of EFP, RFP and
PFP  was  higher for
HFD-alone than control mice
by 77.0% (P<0.05), 84.9%
(P<0.05) and 93.1% (P<0.05),
respectively (Fig. 4B). How-
ever, HFD+VL or HFD+VH
could significantly decrease
the weight as compared with
HFD alone, by 222% or
29.8%, 43.9% or 60.5% and
17.5% or 18.0%, respectively.
WBYV dose-dependently de-
creased the weight of EFP
(P=0.0281), RFP (P<0.0001)
and PFP (P=0.0018). The ef-
fect size of eta-squared for
EFP, RFP, and PFP were 0.76,
0.68, and 0.83, respectively.

Figure 4. Effect of 6-week WBV on epi-
didymal, retroperitoneal and perirenal fat pad
mass (A), and visceral fat pad weight (B) in
HFD-fed mice. Data are mean+SEM (n=6 mice
per group). Different letters (a, b, c) indicate
significant difference at P<0.05. The effect of
vibration intensity was investigated by the
Cochran-Armitage test for the dose-effect
trend analysis. *P <0.05 was considered
statistically significant.
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Figure 5. Effect of 6-week WBYV on fasting serum levels of aminotransferase (AST) (A), alanine aminotransferase (ALT) (B), CK (C), glucose (D), total cholesterol (TC) (E) and
triacylglycerol (TG) (F) at the end of experiment in HFD-fed mice. Data are mean+SEM (n=6 mice per group). Different letters (a, b, c) indicate significant difference at P<0.05.
The effect of vibration intensity was investigated by the Cochran-Armitage test for the dose-effect trend analysis. *P <0.05 was considered statistically significant.

Effect of 6-week WBY on biochemical
assessments

As compared with control mice, HFD mice
showed markedly increased serum levels of AST
(1.15-fold, P<0.05), ALT (1.26-fold, P<0.05), CK
(3.37-fold, P<0.05), glucose (1.21-fold, P<0.05), TC
(2.08-fold, P<0.05) and TG (2.11-fold, P<0.05) (Fig. 5).
Accordingly, WBV dose-dependently reduced ALT,
CK, glucose, TC and TG levels as compared with HFD
alone (P<0.0001, P=0.0006, P=0.0111, P=0.0061 and
P<0.0001, respectively). The levels of ALT, CK, glu-
cose, TC, and TG were significantly lower with
HFD+VL or HFD+VH than HFD alone, by 36.4% or
38.4%, 56.3% or 67.0%,11.0% or 11.2%, 12.9% or 15.4%

and 27.2% or 37.7%, respectively. The effect size of
eta-squared for ALT, CK, glucose, TC, and TG were
0.58, 0.43, 0.38, 0.86 and 0.52, respectively.

Effect of 6-week WBYV on liver histology

In H&E staining of liver sections (Fig. 6), normal
liver cells were arranged in proper order, with no
lipid droplets (microvesicular fat) in lobes. However,
HFD-alone mice showed an accumulation of lipid
droplets in liver, whereas lipid droplets were rare in
livers of HFD+VL and HFD+VH mice. Thus, obese
mice with WVB for 6 weeks showed decreased ac-
cumulation of microvesicular fat and fatty liver.
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Figure 6. Effect of 6-week WBYV on morphologic features of liver. Specimens were photographed by light microscopy. (H&E staining, magnification: x 200, Scale bar, 20 um).

Comment

Obesity causes the accumulation of excess tri-
glycerides in adipose tissue and leads to adverse
health problems, including heart disease, cerebro-
vascular disease, diabetes, hypertension, hypercho-
lesterolemia and other chronic diseases. It is becoming
a major public health problem in developed and de-
veloping countries [1]. In recent years, vibration
training, a systemic vibration sport, has been used to
replace traditional resistance movement because it
can increase muscle function, muscle strength and
bone density and reduce excess body fat storage [11].
Previous studies have reported the benefit of WBV for
patients with cystic fibrosis [23], multiple sclerosis
[24] and stroke [25] but few have investigated its
benefit for obesity. In this study, we established a
mouse model of obesity with a high-calorie diet and
used WBV training (low or high frequency) to inves-
tigate its efficacy on the formation of body fat in mice.
The 6-week vibration training could significantly re-
duce the body weight of obese mice (Fig. 2A). The
attenuated body weight may be due to the presence of
a decreased amount of fatty tissue and a decreased
adipocyte size (Fig. 4). Energy intake did not differ
between control and HFD mice, but body weight was
higher for HFD than control mice. We supposed that
the HFD would decrease the basal metabolic rate and

total daily energy expenditure as compared with
controls and WBV would increase the basal metabolic
rate and total daily energy expenditure. Thus, after
6-week WBV, body weight was slightly lower with
relatively high-intensity WBV than HFD alone. Viss-
ers et al. found that obese adults with WBV training
and hypocaloric (~600 kcal/day) diet could reduce
8% of both body mass and body mass index [26].
Maddalozzo et al. showed that WBV led to approxi-
mately 10% less body weight, decreased proportion of
body fat and lower level of serum leptin than in con-
trols [11]. Recent studies also indicated that WBV
could increase basal energy metabolism rate via
greater oxygen uptake to values comparable to mod-
erate walking [10, 27]. Therefore, the body weight of
our mice with WBV training may have been regulated
by increased energy metabolism.

The forelimb grip strength test was developed
decades ago and is a putative measure of muscular
strength. Our previous study found that muscle
strength was positively correlated with forelimb grip
strength [22]. Maddalozzo et al. reported that vibra-
tion training could be used to replace traditional re-
sistance movement to increase muscle function with
similar resistance training effect [11]. Chen et al. also
reported that eight weeks of vibration training im-
proves jumping performance and body balance
through neuromuscular adaptations [28]. In this

http://www.medsci.org
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study, we also found slightly lowered grip strength in
HFD-alone than control mice, and WBV could in-
crease the grip strength as compared with HFD alone.

After exercise, muscle fatigue is evaluated by
important biochemical data, including lactate, am-
monia, glucose and CK levels [29]. During
high-intensity exercise, muscle obtains enough energy
from anaerobic glycolysis, and abundant lactate is
produced through glycolysis. The increasing lactate
reduces the pH value, which can lead to various bio-
chemical and physiological side effects on glycolysis,
phosphofructokinase and muscular contractions [30].
In this study, after the 15-min swimming test, WBV
could increase energy utilization (as blood glucose) in
mice and decrease serum levels of lactate, ammonia
and CK. Therefore, WBV could be a potential sport
with an anti-fatigue effect.

White adipose tissues EFP, RFP and PFP are
important indicators of obesity in the mouse body,
and WBV could significantly decrease the formation
of these adipose tissues (Fig. 4). WBV significantly
reduced the body weight in obese mice, and the at-
tenuated body weight may be due to a decreased EFP,
RFP and PFP. Rubin et al. reported that low-intensity
vibration reduced the differentiation of precursor cells
to adipocytes, which suggests a possible mechanism
of vibration training preventing fat accumulation [31].
Previous study also showed the vibration training
could reduce fat mass but not lean mass [11, 12]. WBV
may positively affect body composition by decreasing
the rate of fat accumulation while preserving lean
mass.

Biochemical indicators in serum at the end of the
experiment could provide health information about
test animals. AST and ALT have been considered ef-
fective indicators of hepatic injury. WBV reduced AST
and ALT in obese mice (Fig. 5). Obesity is always as-
sociated with the accumulation of excess lipid, im-
paired glucose tolerance and a high serum level of TG.
Our H&E staining of obese mouse livers revealed an
accumulation of lipid droplets in the livers, and WBV
could reduce the formation of lipid droplets (Fig. 6).
HFD alone elevated TC and TG level as compared
with controls, and WBV could significantly reduce the
elevated levels of TC and TG in obese mice (Fig. 5E
and 5F). DeAngelis et al. found that the accumulation
of TC in liver parenchymal cells (fatty change or ste-
atosis), a common liver pathology, is a
well-established effect of obesity [32]. Rubin et al.
demonstrated that WBV reduced 43% of TC level and
39% of free fatty acid level in livers [31]. In our study,
HEFD alone increased the level of glucose as compared
with controls, whereas WBV decreased glucose level
on fasting 8 h without intense exercise. Obesity is as-
sociated with insulin resistance [33, 34], thus WBV

may improve the obesity-associated defect in insulin
sensitivity. WBV dose-dependently reduced serum
CK level in HFD mice as compared with HFD alone.

In conclusion, WBV may positively affect body
weight, exercise performance, fatigue, fat accumula-
tion and obesity-associated biochemical assessments
in diet-induced obesity. It may be a potential sport for
health promotion and have an anti-fatigue effect in
preventing diet-induced obesity. For the future ap-
plication with current results, the weight control, an
important issue in modern society, could be inter-
vened by diet management combined with vibration
exercise, especially for obese population which
couldn’t tolerate the intensive aerobic exercise in the
beginning. Therefore, the vibration exercise could be
considered as one of exercise recipes for weight
management and it also provided another exercise
type for health population or athletes with effects of
health promotion or anti-fatigue activity.
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