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ARTICLEINFO ABSTRACT
Article histary: Aims, Whole-body vibration (WBV) is a well-known light-resistance exercise hy
Received 12 December 2014 automatic adaptations to rapid and repeated oscillations from a vibrating platform, which
Accepted 11 May 2015 is alzo a simple and convenient exerciee for older adults. Howsver, the potential benefits of
WEV on aging-associated changes in body composition, exercise performance, and fatigue
Keywerds: are currently unelear. The objective of the study is to investigate the beneficial effects of
Vibration training WEV training on body composition, exercise performance, and physical fatigue-related and
Exercise performance hiochemical responses in middle-aged mice.
Lactate Methods. In total, 24 male C57BL/6 mice aged 15 months old were randomly divided into
Ammonia 3 groups (n = & per group): sedentary control (5C), relatively low-frequency WEV (5.6 Hz,
Creatine kinase 2 min, 0.13 g) {LV), and relatively high-frequency WBV (13 Hz, 2 mm, 0.68 g) (HV). Mice in

the LV and HV groups were placed ingide a vibration platform and vibrated at different
frequencies and fixed amplitude (2 mm) for 15 min, 5 days/week for 4 weeks. Exercise
performance, core temperature and anti-fatigue function were evaluated by forelimb grip
strength and levels of serum lactate, ammonia, glucose, and creatine kinase (CK) after a 15-
min swimming exercise, as were changes in bady eamposition and bischemical variables at
the end of the experimeant.

Results. Relative muscle and brown adipose tissue weight (%) was significantly higher for
the HV than 5C mice, but relative liver weight (%) was lower. On trend analysis, WBEV
increased grip strength, acrobic endurance and core temperature in mice. As well, serum
lactate, ammonia and CK levels were dose-dependently decreased with vibration frequency

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; ANOVA, analysis of variance; AST, aspartate aminotrans-
ferase; BAT, brawn adipose tissue; BUN, blood urine nitregen; CK, creatine kinase; EFP, epididyrmal fat pad; HV, relatively high-frequency
vibration; LV, relatively low-frequency wvibration; LDH, lactate dehydrogenase; SC, sedentary control; TC, total cholesterol; TG,
triacylglycerol; TP, total protein; WBV, whole-body vibration.

* Correspanding authar at: Graduate Institute of Sparts Science, National Taiwan Spart University, Na. 250, Wenhua 1st Rd., Guishan
Township, Taoyuan County 33301, Taiwan (ROC). Tel.: +886 3 328 3201x2619.
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after the swimming test. Fasting serum levels of albumin and rotal protein were increased
and serum levels of alkaline phosphatase and creatinine decreased dose-dependently with
vibration frequency. Moreover, WBV trzining improved the spe-related abnormal
morphology of skeletal musele, liver and lkidney tissues, Therefore, it could improve

exercise performance and ameliorate fatigue and prevent senescence.associated

biochemical and pathological alterations in mddie-aged mice.

Conclusions, WBYV training may be an effective intervention for health promotion in the
aging population. The detailed molecular mechanism of how WBY training regulates anti-
aging activity warrants further functional studies.

© 2015 Elsevier Inc. All rights reserved.

0. 1 Introduction

The number of older people (aged 65 years or over) in nearly
all countries of the world is increasing exponentially. Accord-
ing to the report of World Population Ageing [1]. the older
population has increased from 202 million in 1550 to 241
million in 2013 and is5 projected to increase to more than 2
billion in 2050. Efforts to improve health in older adults with
increasing life expectancy are needed.

Aging i3 a natural and an irreversible process that can
greatly affect the individual's health, independence and
quality of life [2]. This process is associated with numerous
physiological alterations, including reduced cardiovascular
function, loss of muscle mass and bone, increased storage of
body fat, and variable degrees of cognitive decline, all of
which contribute to decreased functional capabilities and
may ultimately lead to frailty [3-6). Age-related functional
detericration can be accelerated by a sedentary hfestyle,
which causes reduced mobility and independent living [7].
For instance, older people with a sedentary lifestyle are at
increased risk of developing sarcopenia, which is characterized
by a gradual loss of muscle mass and a decrease in muscle
strength and power [8]. The condition is associated with frailty
and less ability to recuperate from iliness orinjury [9].

Although a number of the age-related decreases in
function may be inevitable, these can be alleviated by
exercise, such as acrobic or resistance training [3,10]. Aerobic
training can limit the age-related changes in cardiac function
by improving cardiorespiratory fitness, which may lead to
reduced risk of mortality and cardiovascular diseases [11,12].
Az well, resistance training can prevent the loss of muscle
mass, strength, and functionality, thereby offsetting age-
related frailty and enhancing mobility [13,14]) Therefore,
older people can safely participate in regular exercise (e.g.,
aerobic or strength training), However, most older adults are
reluctant to exercise and are unable to tolerate asrobic or
strength exercise routines on a regular basis because of
cognitive and/or psychological limitations [15]. Consequently,
an exercise modality that may have higher adherence rates
and lower risks of side effects iz needed to help older adults
stay active or keep exercising,

One potential exercise modality is whaole-body vibration
{(WBV), which has appealed to various populations, including
athletes [16], postmenopausal women [17,18] and older adults
because of its benefits on fithess or health [19]. WBY consists
of standing on an ozaillating platform that produces sinusoi-
dal vertcal vibradons. While the platform vibrates with the

appropriate frequency and amplitude, it transmits the energy to
the bady, thus proveking reflexive muscle construction, known
as the “tonic vibration reflex” [20]. WBV exercize has been found
o enhance physical performance in athletes and young adults by
improving muscle strength and power [16,71]. Furthermore, in
recent studies, the enhanced muscular effect was found similar
to that of conventional resistance exercise [22-24], WBY has
therapeutic potential to improve bone mineral density [18] and
Aexibility [25] and reduce pain perception [26]. Much attention
has focused on the vibraton-specific benefits in older adults,
who are particularly frail due to aging For instance, WBY training
can increase bone strength in postmencopausal women [17,27],
but no similar beneficial effect was noted in young wormen [28],
Likewise, WEBV training may improve balance function and partly
counteract aged-induced muscle failty by enhancing muscle
strength in older adults. Enhanced muscle power or balance in
older adults may diminish the risk of subsequent falls [29]. Thus,
older adults may benefit more from a WBY exercise modality
than younger people.

Despite considerable information on muscle function with
WHV training in young and older adults, the mechanisms
underlying the performance enhancement effects have not
been fully elucidated. Most previous studies have demonstrated
that improvements in muscle strength and power after WBV
training may be auributed, at least in pan, to increased
neuromuscular activation [16]. However, evidence of the physi-
alogical and biochemical indices of the effect of WBV training is
insufficient. Moreover, whether exercise performance can be
enhanced by reducing muscle fatigue following long-term WBV
training is unknown. Motably, there is paucity of data on whether
WEV has a concomitant effect on other organs or bssues, because
this technique is transmitted to the whole body. To address these
igsues, we recenily reported in a mouse model of diet-induced
obesity that WBV training delayed the fatgue response, en-
hanced grip strength, mitigated fat accumulation and reduced
serum total cholesterol and triacylglycerol levels [30]. More
importantly, the feasibility of applying WEBV waining as an
exercise modality in a mouse model of aging needs examining
because these WEBV-specific benefits may be prominent in
middle-aged mice.

Thus, we aimed to investigate the beneficial effects of a 4-
week WBV training regimen on body composition, exercise
performance and physical fatigue in middle-aged mice. Grip
strength and swim-to-exhaustion time were indicators of
exercise capacity, Changes in histopathology of wvarous
organs/tissues with WBV waining were examined to examine
any changes in age-related decline in morphologic features.
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Furthermore, serum hiochemical and fatigue-related variables
were examined to determine whether 4-week WEV raining had
health-promoting and/or anti-fatigue effects in middle-aged mice

2, Materials and Methods
2.1 Animals

Male C57BL/G middle-aged mice (15 months old, n = 24) were
purchased from BioLASCO (Yi-Lan, Taiwan) and housed in the
animal facility at Mational Taiwan Sport University (NTSU) at
22 *C, 50% to 60% relative humidity, and a 12-h light-dark cyde
(lighton 2:00 AM). Distilled water and standard laboratory chow
diet (Mo, 5001; EMI Mutntion Intermational, Brentwood, MO,
Usa) were available ad libitum. Before experiments, mice were
acclimatized for 1 weak 1o the environment and diat.

2.2 Ethics Statement

All animal expernmental protocols complied with rules of
Insatutional Arimal Care and Use Committee ([ACUC) in
National Taiwan Sports University (NTSU). The protocol was
approved by IACUC of NTSU (Permit Number: [ACUC-10205)

2.3.  Study Design and Training Protocols

After 1-week acclimanzation, 24 middle-aged mice were ran-
domly divided into 3 groups (n = 8 each) for treatment: sedentary
control (SC) (n = 8), relatively low-frequency vibration (LV) group
n=28) and relatively high-frequency vibration (HV) (n = 8} for
4 weeks. In LV and HV groups, mice were exposed to vertical
WEV on a vibration platform (Body Green, Qigong Master, BW760,
Taiwan). The frequencies provided by the vibration pladerm
were 5.6 Hz (LV group; peak acceleration, 0.13 g) and 13 He (HV
group, peak acceleration, 068 g) A low-intensity wvibration
platfiorm is considered o produce gravitational fome <1g
regardless of frequency. The peak-to-peak amplitude of the
vibration was 2 mm in HY and LV groups. The accelerations,
frequendes and amplitude of WBY were based on our previous
work finding that exerdse performance and fatgue, prevention
of fat accumulation, and alteration in obesity-associated bio-
chemical processes n obese mice may be improved by WBV
training [30]. The WEV training was conducted under continuous
supervision for 15 minfday, 5 days/week for 4 weeks. Each
training session was regularly conducted from 800 to %00 am.
Food intake and water consumption were recotded daily, and all
animals were weighed weekly.

24.  Forelimb Grip Strength

A grip strength meter (Model-BX-5, Aikoh Engineering, Magoya,
Japan) was used to measure grip power of the forelimb as we
previcusly described [31,32].

2.5.  Exhaustive Swimming Exercise

After the 4-week WBV-trmning intervention, mice were subjected
to & swim-to-exhaustion test, with weight equivalent to 5% of

their body weight attached to their tails to analyze endurance
tme as we previously deserbed [31,32]. The swimming time
before the exhaustion of each mouse was measured to evaluate
exereise enduranee capacity, Exhaustion was determined by loss
of coordinated movements and Failure o retum 1o the surface
within 7 s.

2.6. Core Bady Temperature Measurement

The core body temperature of mice was taken by use of a
digital thermometer with a rectal probe (DE-3003 K-TYPE,
Deree, Mew Taipel City, Taiwan) before and after the 4-week
WEV training. Pre- and post-training core temperature was
measured in an environmental room set at 22 °C

2.7.  Biomarkers of Muscle Patigue

The swimming exercise performance test was carmed oul
after the 4-week WBV training to determine the effect of WBV
training on muscle fatgue-related biomarkers, including
serum lactate, ammeonia, and glucose levels and creatine
kinase (CK) activity. After a 15-min swimming test, blood
samples were immediately collected from mice and prepared
for analysis.

2.8. Elood Biochemical Analysis

Serum samples were analyzed for the following parameters:
aspartate aminotransferase (AST), alanine aminatransferaze
(ALT), alkaline phosphatase [ALP), lactate dehydrogenase
(LDH), albumin, CK, total protein (TP), blood urine nitrogen
{BUM), creatinine, uric acid, total cholesterol (TC), tnacylglyc-
erol {TG) and glucose by use of an autoanalyzer (Hitachi 7080,
Hitachi, Tokyo).

2.5, Histology

After collection of blood samples, mice were killed immedi-
ately by cervical dislocation. The heart, liver, lungs, kidneys,
muscle, epididymal fat pad (EFP), and brown adipose tissue
(BAT) were excised and weighed. The relative organ and/or
tissue weights were calculated by using the animals' fasting
body weights. Excised heart, liver, lungs, kidneys and muscles
were fixed in 10% formalin solution, then embedded in
paraffin, cut by use of a microtome at 4-ym thick and stained
with hematoxylin and eosin. Histological analysis involved a
light microscope equipped with a COD camera (BX-51;
Olympus, Tokyo, Japan) and representative samples were
photographed,

2.10. Statistical Analysis

Data are expressed as mean & SEM. Stadstcal differences were
analyzed by one-way ANOVA and trend analysis involved the
Cochran-Armitage test to mmvestgate the dependence of the
response on vibration frequency (i.e, trend of response level
efficacy with vibration frequency) with SAS 9.0 (SAS Inst., Cary,
MC, USA), Duncan's post-hec analysis was used for further
comparisons within testing conditions. Relationships between
clinical variables and physical performance were calculated by
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Pearson's-correlation coefficients using the CORR procedure of
SAS. P < 0.05 was considered statistically significant

3. Results

3.1 Effect of WBV Training on Food and Water Intake, Body
and Tissue Weight, and Relative Tissue Weight in Middle- Aged Mice

Middle-aged mice with or without a 4-week WBV training
regimen showed no differences in food and water consump
tion or body weight (Table 1) or absolute and relative weights
of EFP, heart, kidney and lung. On trend analysis, WBV
training significantly decreased the absolute and relative
weight of liver (P < 0.0001) and dose-dependently increased
the absolute and relative weight of BAT with increasing
vibration frequency (P <0.0001) (Table 1). Furthermore, only
HV training significantly increased relative muscle weight
(P = 00003, Table 1). Therefore, the WBV-training regimen
could be incorporated into the daily routine of mice and had
no adverse effects on daily food and water consumption or
body weight. Gross examination of the vital orpans of all mice
revealed no overt abnormalities (data not shown).

3.2, Effect of WBV Training on Forelimb Grip Strength in
Middle-Aged Mice

To examine the effect of WBV training on muscle strength of
mice, we used a forelimb grip strength test after 4-week WEBV
training. The mean force exerted was 1243 £ 54,1353 £ 55, and
1409 + 2.2 g for the 8C, LV, and HV groups, respectively (Fig. 1)

Trend analy=is revealed a dose-dependent increase in grip
strength of mice with inecreasing vibraton fReguency (P =
0.0009), especially with HV (P = 0.0193). Our WBY regimen with
relatively high frequency may be effective for improving the
muscle strength of middle-aged mice.

3.3.  Effect of WBV Training on Endurance Time in Middle-
Aged Miece with an Exhaustive Swimming Exercise

After a 4-week WBY training, all middle-aped mice underwent
a swimming endurance test to assess exercise endurance
capacity. The mean endurance time of swimming to exhaus
tion was 987 « 0,75, 9.87 « 268 and 11.00 + 1.40 min for the
S5C, LV, and HVY groups, trespectively, with no significant
differences between groups but a positive dose-response
trend with increasing vibration frequency (P = 0.0003; Fig. 2),
Hence, WBV training showed a significant wend toward an
increase n endurance tme, with no significant difference
between all groups.

34 Effect of WBV Training on Fatigue-Related Biochemical
Parameters in Middle-Aged Mice After an Exhaustive
Swimming Exercise

Mean lactate and NH: and CK levels were significantly lower
in HV trained mice than controls (Fig. 3). In addition, except
for glucose level, lactate and MH,, levels and CK activity were
decreased with increasing vibration frequency of WBV (trend
analysis; P < 00001, P < 00001, P = 00056, respectively). Glu-
cose level was increased but not significantly by vibration
frequency. The glucose level was higher for the LV than SC

Table 1 - Effect of whole-body vibration (WBV) training on food and water intake, body and tissue weight, and relative

HEsue urﬂigh! in mid d]F-ang mice,

Chamacteristics sG LV HV Trend analysis
P value"”
Initial BW (3 3E6 07" 335=072" B[R+ 04" {14487
Final BW [5;} 321 07° 315+ 04" 311+03" 01869
Food intake (g - day” '] 356 = 010" 377 =008" 3.59 = 0077 0.3790
Water intake {ml - day™) 4899 = DIR" 547 = 0.15° 543 = 018" 006441
Muscle (g (32 = 001" 333+ 001" 034 = 000" 01087
BAT (@) 0023 + 000s * 0103+ 0,003 " 0,109 = D00z < 0,000
Liver (g 145 = 004" 133 = 002" 1310017 00001
Kidney (g) il + 0017 041 +0.01° 041 £ 001° 0.8189
EEF (g} 0BG = D0B" 0.BB = 004 " 079 = 0.05° D.4518
Heart (g} 016+ 001" 016=001" 0.16 + 001" 044462
Lung (g 041 2 0027 043 2001" 041 20027 09215
Relative muscle weight (%) 100+ 0.02° 102+ 002" 1.00 = 001" 0.0003
Relative BAT weight (%) 0261 = 0012 " 0,326 = 0.010 " 0.245 = D012 " < 0. 0001
Relative liver welght (%) 454 + 010" 426 = 005" 4,24 + 003" < 0.0001
Ralative }:idnpy wheight (%) 132 =+ D04 " 132 =002° L9 +002° 0.B66G7
Ralative CEP WE-ight t%] 2690227 278 =013"% 25100157 05019
Relative heart welight (%) (50 + 002" 049 ¢ 002 052 x002° 03684
Relative lung weight (%) 1350 2 004" 1.33 = 0.03" 1302 0.07° 0.9459

Dara are maan + SEM (n = &), Relative tizeus weipht (%) = tizsue wadphr (g)final body weight (g) = 100%. Abbreviations: BW, body waight; BAT,
brown .-.rl'spn-cry tiszue: EFP, r:p&riidjrrnnl fat F.-r.-.l; SC, .-:qlrlr-nrnr_.,r conmral; LV, re-lnr'iw,tl:,l I!nu.r-frrlqunnq.l WHEV (5.6 Hz, 0.13 gj; HV, r{-ln[iuﬂ}r high
frequency WBY (13 Hz. 068 g)
U senns with different superseripts in each row are significantly different (fone-wiay ANOVA followed by & Duncan’s post-hoc test, P < 0.08),
" Sum of gastrormamius and soleus muscles.
* 'Frend analysis with Cochran-Armitage test.
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Trend analysis (F = 0.0009)
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Fig. 1 - Effect of 4-week WBV training on forelimb grip
strength in middle-aged mice. Data are mean + SEM(n = 8
mice per group). Dilferent letters indicate signiflicant
difference (one-way ANOVA followed by a Duncan's post hoc test,
F <= 0.05). Trend analysis with Cochran-Armitage test. SC,
sedentary contral; LV, relatively lew-frequeney WEV (5.6 Hz,
0.13 g); HV, relatively high-frequency WEBV (13 Hz, 0.68 g).

and HV groups (P = 0.0192). Conversely, lactate level was
decreased dose-dependently with vibration frequency among
the 3 groups but was significant only for the HV group
(P < 0.0001 vs. controls). MH; level and CK activity did not
differ between the LV and HV groups.

3.5 Effect of WBV Training on Core Body Temperature in
Middle-Aqged Mice

Core body temperature did not differ among the groups before

WEBY training {Table 2). However, with 4-week WBV training,
core body temperature was higher for LV and HV than SC

Trend analysis (2 = 0.0003)

16 = B
= 144
= 124
B
2 104
wh
E % = a
= 1,00
z = I
2
¢ ]
-

0

sC LY HV

Fig. 2 - Effect of 4-week WBY training on endurance time in
mi.ddle—agl-.d mice b}r exhaustive :nw-imming exercise. Data
are mean = SEM (n = 8 mice per group). Different letters
indicate significant difference (one-way ANOVA followed by
a Duncan’s post hoc test, P < 0.05). Trend analysis with
Cochran-Armitage test. 5C, sedentary control; LV, relatively
low-frequency WEV (5.6 Hz, 0.13 g); HV, relatively high-
frequency WEV (13 Hz, 0.68 g).

mice. Moreaver, we found a rend of increasing core body
temperature with increasing vibration frequency (P < 0.0001).

3.6.  Effect of WBV Training on General Blood Biochemistry
in Middle-Aged Mice

In response to WBV training, blood ALB and TP levels were
higher far LV and HV than SC mice (both P < 0.05; Table 3),
with no differences in blood ALB and TF levels betweean the LV
and HV groups but with a dose-response increase in blood
ALB and TP levels with increasing vibration frequency (trend
analysis, P = 0.0012 and P = 0.0407, respectively). In contrast,
we found a doseresponse decrease in ALP level and
creatinine activity (trend analysis P < 0.0001 and P = 0.0020,
respectively) with WEBV training. ALP level and creatinine
activity were significantly lower, by 15.0% (P = 0.0248) and
10.3% (P = 0.0095), respectively, for HV than 5C mice. ALF level
and creatinine activity were lower but not significantly for HY
than LV mice.

3.7 Correlation Between Biochemical Variables and Physical
Actiuities

To test whether the blood biochemical parameters are
directly related to the physical performance during the test,
Pearson correlation coefficients were calculated. There were
several meaningful correlations (Table 4). First of all, the
lactate level was significantly correlated with ammonia, CE,
and glucose but not grip strength or exhaustive swimming
time (Table 4). The correlation between ammonia and CK was
the strongest {r = 0.7923, P < 0.001) and glucose also showed
high correlation with grip strength and exhaustive swimming
time (r=07103, r=06324; both P <0001, respectively).
Exhaustive swimming time was correlated with grip strength
(r = 0.7247, P < 0.001).

18 Effect of WBV Training on Histopathology in Middle-
Aged Mice

Toinvestigate an effect on organs after 4-week WBV training, we
used histopathology. In 5C mice, the liver, muscle, heart, kidney
and lung tissues differed histopathologically as compared with
younger counterparns, which suggests that these changes were
related to natural aging. In liver, middle-aged SC mice showed
mild histopathological changes, including the distribution of fat
droplets within hepatocytes (Fig. 4A). Middle-aged SC mice
.‘i-ll"lr]WHI Fill'ﬁ[-"l[-"l{t] Tn'l,l?i.["lll-" lI'll]r'l{"l"".‘i w-‘|1"|'-| V{i['lll'_!l[—‘-lli.k[-‘ Spaces {tl!d
fragmented myofibers caused by myofiber atrophy due to aging
related changes (Fig 48). Middle-aged heart sections showed
vacuolization of cardiomyocytes (Fig 4C). Middle-aged kidney
sections showed numercus renal tubules containing hyaline
casts (Fig. 4D). Moreover, middle-aged lung sections appeared to
have slight emphysema (Fig. 4E). These histopathological char
acteristics were amehorated or not seen In miﬂr]lr--agm:l LV and
HV mice after 4-week WBV training. However, LV and HV mice
showed similar histopathological changes in all sections. Mever
theless, our WEV-training regimen reversed a varety of aging-
related histopathelogical changes to some degree, These changes
seemed to be ameliorated with increasing vibration frequency
especially in the skeletal muscle sections.
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Trend analysis (P < 0.0001)
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Fig. 3 - Effect of 4-week WBYV training on fatigue-related biochemical parameters in middle-aged mice by exhaustive
swimming exercise. Serum lactate (A), ammonia (B), and glucose (C) levels, and creatinine kinase (CK) activity (D). Data are
mean + SEM (n = 8 mice per group). Different letters indicate significant difference (one-way ANOVA followed by a Duncan's
post hoc test, P < 0.05). Trend analysis with Cochran-Armitage test. 5C, sedentary control; LV, relatively low-frequency WEV
(5.6 Hz, 0.13 g); HV, relatively high-lrequency WBV (13 Hz, 0.68 g).

4, Discussion

WBV training can be beneficial in counteracting age-induced
decreases in muscle function. Clinical studies show enhanced
musele strength and contraclion velocity with the training in
older adults [33] and increased lower body strength in
postmencpausal women [27]). However, we lack data on
post-training blood biochemical parameters. Muscle fatigue,
as indicated by blood biomarkers, may affect exercise
performance. Funthermore, in animal models, most WBV
studies have focused on bone health rather than exercise
performance and fatigue response. On trend analysis, WBV
'i!:"TF'HH[—"fll ETiE} .*-:!r:—=r1gﬂ1, HF‘FH}JiE‘ I-'Hfll'lerI'IF‘[-" HT'Itll oore II-"[T'I'?I""T-
ature. As well, serum lactate, ammonia and CEK levels were

dose-dependently decreased with WBV training frequency
after the swimming test. Fasting serum levels of ALE and total
protein were increased and serum levels of ALF and CK
decreased dese-dependently with WBY. Moreover, WEBV
training ameliorated the age-related abnormal morphology
of skeletal muscle, liver and kidney tissues. Therefore, the
training could improve exercise performance and alleviate
fatigue and prevent senescence-associated biochemical and
pathological alterations in middle-aged mice. WBV training
may be an effective intervention for health prmnm'mn in the
aging population.

High frequency and magnitude of WBV (i.e, 13 Hz and
0.68 g) may improve exercise performance. WBV at low
frequency and magnitude (5.6 Hz and 0.13 g) seemed to be of
intermediate efficacy. WBV training dose-dependently

Table 2 - Changes in core body temperature pre- and post-WBV training in middle-aged mice.

Core body temperature (“C) sC LV HV Trend analysis"
P value

Fre-training 7.3 +0.1° 73 01" IFs5=01" 00845

Fost-training 37.3 = 0.1" 381+ 0.0° w3+ 01" < {1,000 1

Data are mean = SEM (n = 8). 5C, sedentary control; LV, relatively low-frequency WBV (5.6 Hz, 0.13 g); HV, relatively high-frequency WEV

(13 Hz, 0.68 g).

** Means with different superscripte in each row are sipgnificantly different (one-way ANOVA followed by Duncan’s post-hoc test, F < 0.05).

* Trend analyeis with Cochran-Armitage test.




1152 METABOLISM CLINICAL AND IR

Table 3 - Effect of WEV training on biochemical parameters in middle-aged mice.

Varables Sc LV HV Trend analysis
P value®
AST (U/L) g5 4+ 23" 57 41" B0+ 04254
ALT (/L) 42 4 5 37 1 3 09316
ALP{U/L) 290 + 11" 273 & 16" 257 & 5° <£0.0001
LDH (WL 375 = 52 375 =+ 15° 367 = 13" 0.3482
Albumin (g/dL) 16 =02 38 = 00" 18 = 0.0° 0.0012
CE (/L) 318 = 146" 7+ 76 = & 0:5512
TF (g/dL) 5800 59 = 00" 5.9=01" 0.0407
BUN (mg/dL) 295+ 07" 8.4 £ 05 a6 =07 00,1452
Creatinine {my/dL) 0.29 = 0.01" 027 = 001" 0.26 = D.07° 0.0020
Uric acld (mg/dL) 18+ 01" 17 =01 1.7 = 01 06712
TC (mighdL) 105 = 2* 104 = 2 102 = 2 0.5198
TG (mg/dL) 51 =4 50 = 5° 40 = 4" 0.1225
Glucose (mg/dL) 155 = 6" 153 = 5° 156 + 5° (L6593

Data are mean + 5EM (0= B) 50 sedentary control; LV, relatively low-frequency WEBV (56 Hz, 0.13 g); HY, melntively high-frequency WEY
(13 Hz, 068 g} Abbrevinnong: AST, ampartate aminotransierase; ALT, alanme sminotransfarnze; ALP, alknhne phosphatase; LDH, Isctate
dehydrogonass; CK, creatine kinase; TP, total protein; BLIN, blood uring nitragen; CREA, creatinine; TC, total cholesteral; TG, triscylglyceral
“EMeans with different superscripts in eech row are significantly different {one-way ANOVA followed by Duncan's post-hoc test. P < 0.05),

* Trend analysis with Cochran-Armitage test

increased forelimb grip strength of middle-aged mice. This
observation is in agreement with previous studies showing
the beneficial effect of WBV on improving muscle strength in
older adults [33] and mice [34]. However, the mechanisms by
which WBY influences muscle strength are still not well
understood. Muscle strength and lean mass are highly
interrelated [35]. Therefore, the WBY effect with HV on
relative muscle mass might be responsible for the observed
increpses in muscle strength in middle-aged mice, We
assumed that the increased muscle strength in middle-aged
mice following HV training might be associated with the
suppressed loss of muscle mass, WBV-exposed middle-aged
mice showed higher relative muscle weight than sedentary
controls, with no change in body weight and significantly only
at high-frequency wibration and magnitude (13 Hz and 68 g
Therefore, HVY WEBV may be more effective than low frequency
in ameliorating aged-induced muscle loss and increasing grp
strength. This finding is consistent with a previous study
showing that lean mass in untrained females was slightly
increased after 34 weeks of WBY, although body weight was
not altered [24]. HV might induce muscle hypertrophy. The
muscle hypertrophic effect of WEV at high frequency has

Table 4 - Correlation between biochemical variables and

physical activities.

Varnables Lactate Ammonia CK Glucaze GS sT
Lactate 1

Ammonia 071927 1

K GE31ET o7z 1

Glucose 018437 01279 opasz 1

GS 00786 00516 00703 071037 1

5T 00578 00188 00162 063745 072477 1

Fearson's conelation analysis of averaged values for each varable
(n = 24). G5. prp strength; 51 exhaustive swimming tUme.

" significant at P < 0.05

™ significant ar P < 0.001

been reported previously [34]. Further clinical studies are
warranted to investigate whether WBV training improves
muscle strength and preserves muscle mass of older adults to
counteract the effects of aging-associated sarcopenia.

The swim-to-exhaustion time was higher but not signifi-
cantly with WBY at LV and HV than in sedentary mice.
However, we found a significant dese—response relationship
by vibration frequency with swim-to-exhaustion gme. This
finding may be explained in parnt by the individual variability
in muscle endurance of animals. The animals we used were
middle-aged, therefore, aging per se may affect the oulcomes of
the swimming exercise task. For example, the responsiveness of
skeletal tissue to mechanical loads is blunted by aging [36]

This phenomenon of increased time to exhaustion might
be linked to changes in fatigue-related hiomarkers in the
trained middle-aged mice. Reduced exercise performance
may be attributed to exercise-induced faligur-‘ which can be
further charactenzed by the accumulation of metabolites,
such as lactate and ammonia, activation of CK [37), and
depletion of blood glucose [38]. In the present study, we found
significant dose-dependent inhibitory effects of WBV training
on the ahove indices, except blood glucose level, in middle-
aged mice after a 15-min swimming task. The observed
changes for the LV and HV groups suggested a delayed
fatigue-response potential, which might explain the trend
toward an imcrease in time to exhaustion in a swimming test
as compared with the SC group. This 1s the frst study to
investigate the effect of chronic WBV training on the muscle
fatigue response to exhaustive exercise in middle-aged mice.
Thue, 4-week WBV training, regardless of high frequancy or
low frequency, could slightly improve the endurance capabil-
:il}.' of mi:i{ih;-l-aﬁr-ﬂ e b}r J:iP].a'_.,."lnE the onset of f:—itigui;-
However, how WBYV training results in prolonging fatigue
remains to be further elucidated. WBV may have an effect on
neuramuscular function. In one study, young and old mice
exposed to WBY with low-intensity vibration (30 Hz with0.3 g
peak acceleration) showed enhanced neuromuscular dynam-
ics and strength behavior, as evidenced by increased
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Fig. 4 - Effect of WBV training on body tissues. Representative hematoxylin- and eogin-stained photomicrographs of liver (A),
skeletal muscle (B), heart (C), kidney (D) and lung (E) sections from middle-aged mice groups and young control (Young-Ctrl)
mice without WEV training. SC, sedentary control; LV, relatively low-frequency WEBV (5.6 Hz, 0.1 g); HV, relatively high-
frequency WBYV (13 Hz, 0.68 g). Original magnification 200 x for all photomicrographs. Scale bar, 40 pm.

isometric force production and grip strength [34]. Thus, the
fatipuing effects of intensive synaptic muscle stimulation
may be attenuated by WEV at low-intensity vibration, which
in tum augments fatigue resistance of muscle [34].

Our WBV-trained middle-aged mice showed significantly
increased BAT mass and relative BAT weight accompanied by
a small but significant increase in core body temperature,
WBV training may protect against aged-related impairment of
BAT thermogenic ability. BAT plays an important role in
thermogenesis, which is responsible for regulating body
temperature and energy balance [3940]. In additon, BAT
thermogenesis is invelved in preventing cbesity [41]. Howev-
er, aging can affect this thermoregulation and lead to
diminished cold tolerance and propensity to obesity [42].
Previous studies demonstrated that old animals showed
reduced ability to regulate the body temperature because of
ape-induced decrease in capacity of BAT thermogenesis [43].
Increased BAT mass and relative BAT weight with WBY
training in middle-aged mice might reflect improved BAT
thermogenic ability to result in increased core body

temperature. Moreover, the increased BAT mass and weight
could limit weight gain and fat accumulation [44], s0 WBY
training might have an and-obesity effect. We reported the
anti-ohesity effect of WBV in our previous study (with the
same training protocol as used in this study) focusing on the
obese mouse model [30]. Thus, the WBY used in the present
study would have had the same effect. However, we did not
demonstrate a significant preventive effect of WBY on weight
gain, which suggests that the animal model with different
experimental conditions may explain such diverse results,
Mevertheless, we showed the beneficlal effects of WBV on
activated BAT thermogenesiz of middle-aged mice with
concomitant increase in core body temperature,

As a fourth component, we sought to investigate the effect
of 4-week WBV training on liver, skeletal muscle, heart,
kidney and lung of middle-aged mice in that the vibration
stimulation was for the whole body. These tissues weare
selected because they contribute to whole-body physiology
and can be perturbed by aging and influenced by WEBY
exposure. We examined the concomitant effects of WBV on
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various tissue pathologies with aging. Light microscopy of
these sections from sedentary middle-aged mice showed
overt morphological alterations in these tissues as compared
with young centrols. This finding suggests perturbations in
tissue pathologies in response to natural aging, which may
lead to loss of normal physiclogical/biochemical functons.
These age-induced pathologic changes were ameliorated or
reversed by WEBV training, which demonstrates the anti-aging
potential of WBV to maintain the functions of various organs
at cellular levels (such as liver and kidney). However, the
involved mechanismm  responsible for these pathological
changes remains a matter for speculation.

Mevertheless, the histopathological findings can be further
supported by results from parallel studies showing significant
changes in blood biochemical parameters such as albumin,
total protein, ALP and CK. Blood biochemistry is used to
assess the functions of internal organs. For example, blood
albumin, total protein and ALP can serve as prognostic
indicators of liver damage because of their correlation with
extent of hepatic dysfunction [45,46], whereas creatinine can
be used as a biomarker of renal dysfunction [47]. Our finding
of increased blood albumin and total protein levels and
reduced ALP activity due to WBV training represents the
ameliorating effects of WBYV on metabolic functions of the
liver with respect to aging. Liver plays an important role in
biosynthesis of albumin [48] and our observations of in-
creased blood albumin and total protein could be attributed ta
improved metabolic functons of liver in middle-aged mice
receiving a 4-week WEVY training regimen. Elevated creatinine
in blood seems to evidence renal impairment, Creatinine level
is gradually increased with age, which implies loss of normal
renal function with age [47]. Thus, the reduced creatinine
leve] we observed supports that renal function of middle-aged
mice may be attenuated by WBV training Thus, altered
histopathlogic and biochemical conditions in response to
WBVY training may have distinet biological advantages to
aging animals. Despite the use of WBV in this population
eliciting health-enhancing gains [20], its visks of other organ
systems do not appear to have been described [49]. Therefore,
the lack of harmful effects found in tissue histopathology and
blood biechemistry could sugpest that WEV training at low
intensity, regardless of frequency, may be safe and well
tolerated by aging animals,

Altheugh a number of variables were significantly altered
dose- dependently by 4-week WBV training as demonstrated
by our trend analysis findings, we were unable to detect the
significant differences between the LV and HV conditions for
most vanables. For example, WBV with HV condition
achieved significantly increased grip strength and relative
muscle weight and decreased levels of lactate (e, post-
exercise) and CK, as demonstrated by post-hoc analyses.
Consideration should be given to WBV protocols (e, fre-
quency, amplitude and duraton) that varied gready among
studies, which likely affected study outcomes, further limit-
ing the generalizability of the reported results. Thus, WBV
protocols should be compared in the present and published
studies. Because of the lack of evidence of optimal WBV
protecols, we chose the vibration protocols corresponding to
the results of our previous study [30] and suggest that low
intensity  {i.e., acceleration level<1g, regardless of

frequency, may be used during chronic WBV to achieve
significant gains in grip strength, prevention of muscle loss,
fatigue-resistance, and histopathological and biological alter-
ations in aging animals. Previcus studies in various popula-
tions have also shown that WBV training with low intensity
may have greater advantages than high intensity, although
these studies focused on bone health [18,27,28].

5. Conclusions

In summary, we report the novel findings that 4 weeks of
WEBV training of low intensity in middle-aged mice altered 1)
exercise performance, as shown by significantly increased
forelimb grip strength and modest improvements in the
swim-to-exhaustion time in a swimming task, 3} fatigue-
resistance, as illustrated by decreased post-exercise lactate
and ammonia levels and CK activity; 3) body composition, as
evidenced by increased relative muscle weight as well as BAT
and relative BAT weight; 4) age-related pathologies in 5
tissues, as evidenced by mild pathological changes particu-
larly in muscle, liver and kidrey; and 5) biochemical param-
eters, as evidenced by increased albumin and total protein
levels and decreased alkaline phosphatase acovity and
creatining level In addition, increased BAT and relative BAT
weight may be responsible for the increased core body
temperature in WBV-trained middle-aged mice. Most changes
in these variables were dose-dependent To our knowledge
this is the frst study of low-intensity WEV training to
incorporate functional and clinically relevant hiochemical
and physiological aging animal data with histopathological
data. The improvements in exercise performance and fatigue-
resistance are likely due to the pleiotropic effects of WBY
training at multiple levels, including physiology and func.
tionality. For example, WBV training might medulate patho-
logical tissue susceptibilities to aging in aged animals, and the
nature of such modulations implies that the effects of WBY
might occur in multiple organ systems that as a whole could
contribute to sustained increases in exercise performance and
fatipue-resistance. These results may be of potential clinical
value but wamant the invesbgation of the underlying mecha-
nisms of the action of WBV training and its potential clinical
application a3 an ergopenic aid to fmess for older adults,
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Wang C£, Wang GJ. Ho ML, Wang YH, Yeh ML, Chen CH.
Low-magnilude vertical vibration enhances myotube formation in
C2C12 myoblasis, J Appd Physiol 1069 840-848, 2010, First pub-
lished July 15, 2010; doi: 101152 applphysicl.00115.2010.—Whole
body vibration training is widely used in rehabilitation and sports
activilies to improve muscle sirength, balance, and flexibility. How-
ever. the molecular mechanmisms of vertical vibration (YY) traiming
and their effect on the myogenesis of myoblasts remain undefined.
This study was undertaken 1o address the hypothesis that VV can
enhance the expression of ECM protens and myogemic regulatory
factors (MRFs) in myoblasts and, in wrn, increase myotube formation.
Using real-time PCR, Western blot analysis, and immunofluorescence
studies, we examined the effect of VYV reatment with frequencies of
5. % or 10 Hz on the expression of ECM proteins and MRFs as well
as myotube formation in C2C12 myoblasts, We showed that VY
stimulation is safe and effective at stimulating myogenesis in C2C12
myoblasts, The levels of expression of the ECM proteins wype |
collagen and deconn were the highest after VV treatment ot frequen-
cies of & and 10 He. Expression of the MRFs MyoDr and myogenin
increased after ¥V stimulation in a time- and dose-dependent manner.
The 1otal number of myotubes formed, as well as the length and the
average arca of myotubes, were substantially inereased following VV
treatment at frequencies of 8 wo 10 Hz. In conclusion, Y'Y treatment at
frequencies of 8 w 10 Hz can stimulate the expression of ECM
proteins and MEFs in myoblasts and, in tum, incréase myotube
formation.

whole body vibration: myoblast: myogenesis; myolubes

WHOLE BODY VIBRATION, A MECHANICAL load, is widely used in
rehabilitation and sports training 1o improve muscle strength,
balance, and flexibility (8, 17). It has been demonstrated to
enhance performance in both untrained (38) and athletic (13)
young adults, healthy elderly people (17), and frail institution-
alized patients (3). Recent studies of muscle regeneration have
been focused on myogenic regulatory factors (MRFs) and the
ECM microenvironment (35); however, the effect of vertical
vibration (VV), a type of mechanical load. on these factors
remains to be elucidated.
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Four MRFs (MyoD, Myf-5, myogenin, and MRF4) have
been shown o induce myogenic conversion of nonmuscle cell
lines, including fibroblasts, chondrocytes, and neurons (41). In
addition, these MRFs are upregulated in satellite cells, the stem
cells of adult skeletal muscles, after reactivation from a mitot-
wcally guiescent state following stress induced by exercise or
trauma (28). Each MRF has been shown to play a specific role
in myogenesis (1, 28, 41). OF interest, induction of MyoD
expression is a key step in the commitment of somite cells wo
the myogenic lineage and has become a marker of activated
and proliferating satellite cells (20). Myogenin, additionally,
plays a critical role in the myogenesis of myoblasts and is a
marker of terminal myoblast differentiation (33, 48). Previous
gene knockout studies have shown that the myogenin gene
product is required for myofiber formation during muscle
development (7). Specifically, in differentiating C2C12 cells,
myogenin promotes the fusion of myotubes and the formation
of myofibers (33). A unigue temporal expression pattern also
exists for these MRFs, with early MyoD activation leading to
subsequent myogenin expression (48). Thus, the expression of
hoth Myol? and myogenin indicates a complete progression of
myoblast proliferation, differentiation, and fusion into myo-
tubes, which then leads to muscle regeneration and growth.

In addition to MREFs, it has been shown that the ECM is
required 1o ensure myoblast migration, proliferation, and dil-
ferentiation (19). Similarly, the ECM has been shown o be
capable of adapting to changes in the external environment,
such as mechanical loading or inactivity and disuse, specifi-
cally with collagen levels responding to altered levels of
physical activity (14, 19). Central to this regulatory role for
collagen in muscle differentiation is the inleraction between
type | collagen and proteoglyeans such as decorin (45). It has
been shown that the decorin core protein can influence the rate
and extent of collagen fibrillogenesis (40, 55). One possible
mechanism for the role of decorin has been suggested in a
recent study (18), which demonstrated that decorin enhances
myoblast proliferation and differentiation by suppressing myo-
statin, a member of the TGF-B superfamily, that has inhibitory
effects on myoblast proliferation and differentiation. Accord-
ingly, expression of deconn and collagen [ results in enhanced
myohlast proliferation and leads to subsequent differentiation
of myotube hypertrophy. Thus, measuring these ECM compo-
nents, in addition o the expression of MRFs, can provide a
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Fig. 1. A: schematic diagram of the whole body vertical vibration (VV) device.
B quantification of cell viability afier YV using the methylihiazoleteteirmeo-
liwm assay. C: cell eyele distnbution of YV -ireated cells was analyzed by using
flow cytometry 24 b alter treatment. Percentages ol cells i GIVGL, S, and
G2M phase are presented. Data are means + 5D of 3 independent expen-
MEns.

goind indication of the onset of myogenesis. Previous studies
have demonstrated gene upregulation due to exercise and
skeletal muscle stretching (35), but none has utilized VV as a
source of stimulation.

C2C12 cells, a mouse myoblast satellite cell line (2, 47),
have been used extensively as an in vitro model for studying
the differentiation and regeneration of skeletal muscle (49). In
this study, we investigated the effect of VV treatment, a form
of mechanical stimulation, on the induction of myogenesis in
C2C12 mouse myoblasts. We hypothesize that VV stimulation
enhances myotube formation by inducing the gene expression
of ECM components and MRFs in C2C12 myoblasts. Accord-
ingly, we evaluated the effect of VV treatment on the expres-
sion of MyoD), an indicator of myoblast initiation, and myo-
genin, an indicator of twerminal myoblast differentiation. In

=41

addition, the effect of ¥V treatment on the expression of the
ECM components type 1 collagen and decorin was evaluated.

METHOMS

Antibodies. Anti-Myo-D (C-20) and anli-myogenin (5-FD) anti-
bodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA) Monoclonal sarcomeric myosin amtibody (MF-20) was pur-
chased from the Developmental Studies Hybndoma Bank (lowa City,
Iay, DMSO, LY294002, propidiom odide, and 4,6-diamidino-2-
phenylindole (DAPDH were purchased from Sigma-Aldrich (51 Louis,
MO). Mouse anti-B-actin was purchased from Amersham Pharmacia
Biotech (Piscataway, NIJ.

Cell culture and VV stimlation. The mouse myoblast satellite cell
lineg, C2C12 (CRL-1772; American Type Culture Convention, Man-
assas, VA), was maintained in DMEM (GIBCO-BRL. Grand Island,
NY) containing 109% FBS (GIBCO-BRL) in a humidified atmosphere
of 5% COa at 37°C. Cells were used before the 1th passage. To
evaluate the effect of VV stimulation on the myogenesis of C2C12
miyoblasis, cells were seeded at a high eell density (1 x 10° cellfem?).
When cells grew 1o confluency, they were subjected o vibration
slimulation, generated by a vertical plaiform (BodyGreen, Albany,
North Shore, New Zealand), at a frequency of 5, 8, or 10 Hz with 0.4
mm amplitude for 10 minfday (Fig. 1A). For the phosphoinositide
J-Kinase (PL3-kinase) inhibitor (LY294002) experiment. confluent
C2C12 cells were pretreated with DMS0O as a vehicle control or
LY 294002 (100 pM) for 60 min, and then, with mediom containing
either DMSO or LY204002, the cells were stimulated with WV for 3
days and cultured for an additional 3 days (otal of & days) 1o examine
myolube formation by immunofluorescence,

Methvlihiazeletetetrazolinm  assav. The IIJEII]}'IlI'Ii.M'llEII‘.‘II‘.‘TI'ﬂ..Eﬂ—
lium (MTT) assay is based on the cleavage of yellow tetrazolium salt
(thiazol blue ewrazelivm bromide) into insoluble purple formazan by
metabolically active cells and can be used 1w evaluae the viability of
VV-treated cells. Briefly. cells were seeded in 24-well plates. washed
with PBS, and then 200 pl of MTT solution (0.5 mg/ml in PBS at pH
7.2) was added to the wells. Afier an incubation period of 4 h, the
MTT solution was removed, the cells were lysed, and the formazan
erystals were dissolved by adding 200 pl of DMSOdwell at 37°C for
5 min. The optical density of the solubilized formazan in cach well
wis quantified spectrophotometrically using an ELISA reader (Tecan
Sunrise; TECAN Deutschland, Crailsheim, Germany) at a wavelength
of 570 nim.

Quantitative real-time PCR. Total RNA was 1solated from cells
using Trizol reagent (GIBCO-BRL). Reverse transcription of the
RMA im0 eDMNA was performed wsing oligeddT) primers, and the
Moloney munne leukemia virus reverse transenptase, Quantitative
realdime PCR was performed in the Q5 real-time PCR detection
system (Bio-Rad Laboratories, Hercules, CA) using the i@ SYBR
green supermix (Bio-Rad). Reactions were performed in o 25.pl
mixture containing ¢ONA, specific primers for each gene and the Q)
SYBR green supérmix. Primer sequences used are shown in Table 1.

Table 1. Primer sequences for reaf-time PCR

L Fromeer sequence Liene 1LY number

Myold 5'-GCTTCTATCGCCGCCACTCC - 3 NM_010866
5" - CGCACATGCTCATCCTCACG-3"

Myvogenin S - GCATGCAAGGTOTCTAAGAG- 3" MM_O311EY
5" -GCGCAGGATCTCCACTTTAG- 3"

Decorin 5 - ACAGCATCACCGTTATGGAGAATG - 37 NM_(NTHIZ
5 - TCACAGCCGAGTAGGAAGCG- 37

Callagen T 5" TCAGAGGCGAAGGCAACAGTC-3" NM_00T7742
5" - GCAGGCGGGAGGTCTTGG- 4"

Bactin 5" - CCAACCGTGAAAAGATGACC - 3" NM_007393
5" - ACCAGAGGCATACAGGGACA- 3"
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Specific PCR products were detected by measuring the fluorescence
of SYBR Green, a double-stranded DNA-binding dye (30). Afier the
real-time PCR reaction, a dissociation (melting) curve was generated
o check the specificity of the PCR reaction. The relative mRMNA
expression level was calculated from the threshold cyele value of each
PCR product and normalized wo that of B-actin by using the compar-
ative threshold cycle method (25). All real-time PCR experiments
wene performed in triplicate and repeated at least three tmes.

Western blar analvsis. Cells were washed twice with ice-cold PBS
containing | mM sodium vanadate and then Iyvsed in modified radio-
immunoprecipitation assay buffer (150 mM NaCl, | mM EGTA, 50
mh Trns [EIH T4], 10% !.!}"‘-"-:WL 19% Troton X-100, 1% sodiom
deoxycholate, (0 1% SDS) with protease inhibitor (Complete Protease
Inhibitor Cocktail Tablets; Roche Diagnostics, Taipei, Taiwan) and |
mM sodivm vanadate. The lysates were cleared by centrifugation at
14,000 rpm for 15 min at 4°C, subjected w SDS-PAGE, immunoblor-
ted with antibodies as indicated, and were then developed with an
enhanced chemiluminescence reagent (ECL System: Amersham Phar-
macia Biotech).

Cell evele analysis, Cells were detached and flushed into a single-
cell suspension with Hank's buffered solution, After centrifugation,
cells were fixed with ice-cold 70% alcohol and treated with RMNase
(100 mgfml in PBS) at 37°C for 1 h. Cells were then stained with
propidium iodide (400 pg/ml in PBS) in the dwk followed by
filtration through a 41-pm pore size filter before analysis. The DNA
content of individual cells was measured using fow cytometry (FAC-
Scan: Becton Dickinson, Mountain View, CA) with excitation se1 al
428 nm. Data were analyzed using a cell-fit sofiware program and
represented as histograms,

frvmumoflworescence, Cells on coverships were washed three tmes
with PBS and then fixed with 4% paraformaldehyde in PBS for 20
min at romm emperature. After being washed three times with PBS.
cells were permeabilized with 0.5% Triton X- 100 in PES for 10 min,
rinsed with PBS, and then immunostained with anti-myosin antibody
(MF-20) for | h at room temperature, After being washed three times
with PBS, the coverslips were exposed 1o Alexa Fluor 488-labeled
secondary antibodies (Molecular Frobes, Eugene, OR) for 1 h, and
then the nuclei were stained with DAPL The coverslips were mounted
in anti-fade solution (Molecular Probes). Images of samples from
three independent experiments were captured on a fluorescence mi-
croseope. A total of 15 representative images per sample were scored
for myolube number, myolube length, myotube nuclei, and area
occupied by myotubes relative 1o the total area using Image Pro Plus
software (Media Cybernetics. Silver Spring. MD). The fusion index
(%) was determined by dividing the number of nuclei within multinu-
cleated myotubes by the total number of nuclei analyzed. In each case,
staiming without primary antibody was done with a side-hy-side
parallel =pecimen (as a negative control), which yielded a blank
image.

."i'%nri.w;'f'af analvsiz, Each value represenis the mean + SE of al
least three independent experiments. One-way ANOVA or Stdent’s
t-1esl wias used to test for statistical differences. Statistical significance
was s¢t at P < 0,03,

RESULTS

Effecr of VV stimulation on the viability and cell cvele prafile
of C2C12 myoblasts. To evaluate the cell viability of C2CI12
myoblasts alter VV stimulation, we secded cells at a subcon-
fluent cell density (7 ¥ 107 cellflem?) in each experimental
eroup (0, 5, 8, and 10 Hz) 1o allow for cell proliferation. Under
these cell culture conditions, confluent cell layers of C2C12
myoblasts were observed after 3 days of culture in each group,
which indicates similar levels of cell proliferation. As shown in
Fig. 18, there was no significant difference in the cell viability
between the VV-treated groups after 3 days. Furthermore,

VERTICAL VIBRATION INCEEASES MYOGENESIS

when cells were seeded at a higher density (1 % 10" cellfem”),
which allows for more rapid generation of high confluency,
and were subsequently stimulated with VV (5, 8, and 10 Hz)
for 3 days, the viability of C2C12 myoblasis was also not
different from that of contrel cells (00 Hz) (data not shown). To
investigate whether VV changes the cell cycle profile of
myoblasts, we measured the cell eyele profile of C2C12 myo-
blasts 24 h after vibration treatment. As shown in Fig. 1.C, there
was no significant difference in the cell cycle profile of VV-
treated cells compared with control cells.

Effect of VV stimulation en tvpe | cellagen and decorin
expression. Type 1 collagen and decorin are the major compo-
nents of the ECM in musele structure and are important for the
myogenic differentiation of myoblasts (32). We investigated
whether VV stimulation regulated type | collagen and decorin
expression in C2C12 myoblasts, It has been reported that
myogenic differentiation can be induced by a reduction in
serum concentration (51). In this study, we cultured C2C12
cells in complete medium; thus, vibration-induced effects on
myogenesis could be measured independently of mitogen dep-
rivation-induced effects. The gene expression of type | colla-
gen and decorin in C2C12 myoblasts with VV stimulation (0,
5, 8, and 10 Hz) was determined using real-time PCR for up to
3 days (Figs. 2). Overall, the expression of type I collagen and
decorin significantly increased within 3 days after VV stimu-
lation. The gene expression of type | collagen in VV-stimu-
lated groups (5, 8, and 10 Hz) was about threefold higher than
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Fig. 2. Effect of VV stimwulation on the gene expression of type | collagen and
:k'umn Cells were cultured Tor up 1o 3 days with or wathoul VY stimulaton. The
mBENA expression of type [ collugen (A) and deconn (8) wene determined wsing
real-time PCR. Data are means += SD ol 3 independent experiments. &7 < (0105,
e 00, =P < U001 for VV-treaed vs. control cells (0 He: 87 < 0,08,
#* = 001 for control cells on days 2 and F vs. control cells on day J.
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Fig. 3. Effect of VYV stimulation on MyoD (A) and myogenin (8) gene
expression, Cells were cultured for 3 days with or withowt V'V stimulution, The
mRNA expression of MyoD (A) and myogenin (8) were determined using

real-ime PCR. Data are means = SD of 3 independent expenments, **P =<
0, === < (001 for VY <treated vs, control cells (0 Hz)

that of the control group (0 Hz) (Fig. 24). Notably, expression
of type 1 collagen was highest in the 5 Hz VV-stimulated
group, although all VV-treated groups had levels of type |
collagen expression that were significantly higher than that of
control cells, The gene expression of decorin was also signif-
icantly increased from davs [ through 3 in VV-treated groups
(3. 8. and 10 Hz), compared with that of the control group (Fig.
28), with the highest decorin expression in the 10 Hz VV-
stimulated group,

WV stimudation augments the expression of MyvoD) and myvogenin,
MRFs, including MyoD» and myogenin, are the master regulators
in the early and terminal differential stages of myogenesis (31,
39). To determine whether VV stimulation promoted myotube
formation via regulation of MyoD or myogenin expression, we
compared the expression of MyoD and myogenin in C2C12
cells with or without ¥V stimulation. Real-time PCR analysis
showed that MyoD and myogenin gene expression increased in
C2C12 cells in a dose-dependent manner with VV stimulation
(Fig. 3). In the 5 Hz VV-treated group, gene expression of
MyoD was significantly greater than control at davs / and 3
(Fig. 34). In addition, MyoD gene expression in the 8 and 10
Hz VV-treated groups was higher than that of the 5 Hz
VW-treated group (Fig. 3A). In the 5 Hz VV-treated zroup,
pene expression of myogenin was significantly higher than that
of the control group at days 2 and 3 but was lower than those
of the 8 and 10 Hz VV-treated groups (Fig. 38). In cells with
8 Hz V'V stimulation, myogenin gene expression was increased
about twofold over that of control (00 Hz) cells at days [ and J

B43

and threefold higher than that of the control group at day 2. In
cells that received 10 Hz VV stimulation, myogenin gene
expression was about twofold higher than that of the control
group at day I and fourfold higher than control cells at days 2
and 3.

We confirmed the expression of MyoD and myogenin in
VW-stimulated C2C12 cells using Westemn blot analysis (Fig, 44),
Consistent with the real-time PCR results, quantitative Western
blot results showed that the expression of MyoD (Fig. 48) and
myogenin proteins (Fig, 4C) was significantly increased in
W¥-treated groups (5, 8 and 10 Hz) in a dose-dependent
manner (Fig. 48).

VV stimulation enhances myotube formeion. Multicellular
myotubes are formed when C2C12 myoblasts differentiate and
fuse with each other (51). To investigate the myogenic effect of
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Fig. 4. Effect of ¥V stimulation on the protein expression of Myo-D and
myogenin at day 5. The cells wene cultured for 3 days with or without Vv
stimulation. A: protein expression of MyoD and myogenin were determined by
Western blot analysis. The blots were quantified, and the ratio of myogenin vs.
B-actin (8) and Myold vs. B-actin (C) were measured and expressed as ratios
comparcd with control cells (0 He) for which the ratio was defined as 1, Data
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J Appl Physiol « VOL 109 « SEPTEMBER 2000 « WWw Jap,org
Downloaded from www,physiology.org/joumnaljappl (220,134,083, 046) on December 11, 2009,



544 VERTICAL VIBRATION INCREASES MYOGENESIS

V'V stimularion in C2012 Iﬂ:.nl‘l[;:\l.\, confluent cells were  cence of VV-stimulated C2C12 cells was iH‘-rtHI'th"i.J using
stimulmed with VV for 3 days and cultured for an additional 3 antibodies directed against the muscle marker sarcomeric my-
days (total of 6 days) or 6 days (total of 9 days) 0 examine osin (MF-20), which binds 1o the myosin heavy chain of
myotube formation by immunofluorescence. Immunofluores-  vertebrate striated muscle cells. Figs, 5A and 64 show a culiure
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of multicellular myotubes with antimyosin staining at day 6
and day ¥, respectively. Only myotubes show myosin staining,
while undifferentiated myoblasts show little or no myosin
staining. The nuclei of all cells are labeled with DAPL The
nuclear (cell) numbers were similar in each VV-treated group,
consistent with the cell viability results in Fig. 18,

To assess the mductive elfect of VV stimulation on myotube
formation in myoblasts, the number, length, fusion index, and
arca of multinucleated fused myotubes were measured. In the
control group (00 Hz), there was minimal myotube formation (in
terms of number), and the myotubes were less organized
{length and thickness) than those formed in the groups with VV
stimulation (3, &, and 10 Hz) (Figs, 5 and 6). In all VV-ireated
groups, the majority of the cells cultured for 9 days showed
self-assembly of individual myotubes (Fig. 6), which werne
longer and thicker than those observed at deay 6 (Fig. 5). At day 6
(Fig. 58), woal myotube numbers in the VV-treated groups of 5,
8, and 10 Hz were 13-, 2-_ and 2 5-times greater (20 + 1.7, 25 +
4.6, and 34 * 4.7, respectively) than that of the control group (0
Hz, 15 £ 1.4) At day 9 (Fig. 68), total myotube numbsers in the
VV.stimulated groups of 5, 8, and 10 Hz were |-, 1.5-, and
1.2-times, greater (32 = 24, 44 *+ 26, and 36 = 1.9, respectively)
than that of the contral group () Hz; 31 = 8.7).

Moreover, the myotubes formed in the 8 and 10 Hx V'V groups
were not only longer but also thicker than those in the 5 Hz and
control groups. At dav & (Fig. 5, C and D), average myotube
lengths were 170 % 22 and 171 = 26 pm in the 8 and 10 Hz
VW-treated groups, respectively, compared with 151 £ 25 wm in
the 5 Hz VV-treated group and 135 = 12 wm in the control (() Hz)
group. At day @ (Fig. 6, C and D), the myombe lengths were
2R = 19,333 = 51, and 324 = 39 pm in the 5, 8, and 10 Hz
VVW-treated groups, respectively, which were significantly greater
than the length of 178 = 23 pm measured in the control (0 Hz)
group. We also measured the average area of individual myotubes
stained with myosin antibody (MFE-200. At day 6 (Fig. 5E), the
average areas of individual myotubes stained with ME-20 were
3,599 + 399 and 3,862 * 348 pm? in the 8 and 10 Hz VV-
stimulated groups, respectively, which were significantly greater
than the areas of 2,800 * 388 pum® in the § Hz VV-treated group
and 2,383 = 370 wm? in the control (0 Hz) group. At day 9 (Fig.
6E), the average areas of individual myotubes stained with MEF-20
were 6,851 + 1,330 and 6,177 = 2,179 pwm?® in the 8 and 10 Hz
VW-treated groups, respectively, which were significantly greater
than the areas of 4,285 * 891 pm? in the 5 Hz VV-treated group
and 2,846 = 110 wm? in the control (0 Hz) group, Furthermore,
the fusion indices of all of the ¥V -treated groups (5, 8, and 10 Hz)
were significantly higher than that of the control group (Figs. 5F

A DMSO B

Fig. 7. Effeet of the Pl3-kinase inhibitor LY 294002 on
myotube fommeation m C2C 12 cells wath | 10 He) or without
{0 He) WY reatment. A vehicle controd (M50 ireat-
ment. B LY29HN2 treatment. Gireen, myosin (MEF20);
Mue, nuclear stining with DAPIL
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and 6F). These results indicate that V'V stimulation, especially in
the 8 and 10 Hz VV-stimulated groups, was able to markedly
enhance cell fusion and myotube formation in C2C 12 myoblasts,

PI3-kinase inhibitor (LY293002) efficiently suppressed the
VV.induced myotibe formation. To determine whether VV
stimulation promoted myotube formation via regulation of
Pl3-kinase signaling, we compared the myotube formation in
C2C12 cells with (10 Hz) or without (00 Hz) ¥V treatment
using the PI3-kinase inhibitor (LY 294002). The results showed
that LY 294002 efficiently suppressed the VV-induced { 10 Hz)
myotube formation in C2C12 cells (Figs, 7).

MSCUSSION

Mechanical load is widely used in rehabilitation and sports
activities 1w improve joint flexibility in humans, Many studies
are designed to investigate the cellular effects of mechanical
load such as magnetic stimulation (52) or flow stress (5).
Mechanotransduction from a mechanical load acting on a cell
can initiate a sequence of signaling events that leads to changes
in transcription, translation, or cell proliferation (37). Mechan-
ical load on skeletal muscle has been shown to increase muscle
IGF-1 mRNA expression (27). Muscle fiber properties and
sarcomere length can also be regulated by different mechanical
loads (46). It is thus clear that mechanical stimulation plays an
important role in initiating optimal changes in gene expression
in myoeytes. Previous studies indicate that short bouts of
passive stretching, a procedure commonly used to improve

Joint range-of-motion in humans, increased MyoD gene ex-

pression in ral muscle (35, 33). A recemt siudy using C2C12
cells showed that the application of mechanical stretching
increased the expression of MyoD and myogenin at early times
(12 h) afier the stretching and that this effect gradually de-
creased thereafter (1), The results of our study showed that the
application of ¥V, a type of mechanical load, can promote
MRF (MyoD» and myogenin) expression in a time- and dose-
dependent manner and enhance myogenesis in C2C12 satellite
myablasts. The molecular mechanisms of VV-induced myo-
genesis in C2C12 cells may include enhancement of the ex-
pression of ECM components (type 1 collagen and decorin) and
MREFs (MyoD and myogenin) in myoblasts; these factors may,
in tm, increase myotube formation, which may enhance
muscle activities (42).

There are various methods of delivering VV 1o the body, such
as via a seesaw, horizontal, or vertical platform (34). The optimal
frequency for whole body training varies between studies (9). One
recent study has shown that low-magnitude mechanical load with

LY294002
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a frequency over 30 Hz is effective in osteoporosis (15). More-
over, lower frequencies, from 4-20 Hz, offer increased muscle
force, which contributes to spinal stability (4). Another study,
using 8 Hz vibration in a training program, showed enhancement
in muscle activity and strength (44). Accordingly, we used the VV
model with frequencies from 5 to 10 He, which provided adeqguate
and balanced transmission of foree throughout the target cells for
simulating and studying the mechanisms of whole body vibration
training on enhancing muscle activity. In this study, we demon-
strate that both MyoD) and myogenin play important roles in the
development and maintenance of striated muscle during myogen-
esis, with expression levels of both factors increasing in propor-
tion 1o the number of days in culture and degree of VV stimula-
tion. Furthcrmore, our results show that type 1 collagen and
decorin mENA expression is the highest after VV treatment at
frequencies of 8 and 10 He, Moreover, the most ellective [re-
quency of VV reatment for the expression of myol and myoge-
nin was 10 Hz. The greatest effect of VV stimulation on myotube
fommation was also seen al frequencies of 8 o 10 Hz, Therefore,
the optimal frequency of VYV reatment for inducing myogenesis
of myoblasts should be between 8 and 10 Hz.

The ECM maintains cell struciure and regulates cell behav-
ior through mechanotransduction. Type 1 collagen is the main
structural element of skeletal muscle that enhances myoblast
differentiation and myotube formation (21). Type I collagens
are commonly used scaffolds for skeletal muscle tissue engi-
neering (11). Collagen scaffolds can increase the transmitted
forces of mechanical load on embedded muscle cells during
myotube formation (36). In our study, type | collagen synthesis
increased after VV treatment, which may increase the trans-
mitted forces of VV on myoblast cells and subsequently
enhance myogenesis. Decorin, which is associated with type |
collagen, can govern the rate of collagen fibrillogenesis (43).
Decorin also promotes myogenesis by enhancing the prolifer-
ation and differentiation of myoblasts (29) and accelerates
muscle regeneration and repair (24). Our results support this
role for decorin in myogenesis and show that decorin expres-
sion increases after VY treatment, which can subsequently
promote myotube formation of the myoblasts.

MyoD and myogenin, important regulators of myogenic tran-
scription, can activate muscular differentiation of myoblasts into
myotubes (10}, and regulate the proliferation of muscle satellite
cells (54). MyoD» and myogenin have been regarded as imponant
regulators through their role in the adaptation of muscle cells o
mechanical load (50}, The induction of Myol) expression in the
context of electrical and mechanical stimulation is sensitive to
stimulation at high frequency (23). Consistent with these data, our
study shows that VV treatment results in pronounced increases in
MyoD» and myogenin expression at a frequency of 10 Hz, com-
pared with 5 or 8 Hz, which can subsequently enhance myogen-
esis of the myoblast.

Myotube formation plays an important role in restoring
muscle function. The effects of myolube length, size. and
number are related o musele contraction during gail perfor-
mance (12, 16). In this study, we demonstrate that YV stimu-
lation positively increases the total number of myotubes that
are formed as well as the length and area per myotube, Most
notably, the number of myotubes (=100 pm in length) and
myotube hypertrophy were increased substantially in the VV
groups treated at higher frequencies (i.e., 8 to 10 He), There-
fore, VV stimulation has positive effects on these myotube
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characteristics and may promote higher myogenic contractile
ability. Recent studies indicate that PI3-Kinase-Akt signaling
pathway is a crucial regulator of skeletal muscle hypertrophy
and myotbe formation (6, 22, 26). Our results suppor this role
for Pl3-kinase signaling in myogenesis and show that VV-
induced myotube formation was suppressed by using the P13-
kinase inhibitor (LY 294002). It is tempting to speculate which
members of Pl3-kinase downstream signaling pathways medi-
ate VV-regulated hypertrophy and myotube formation in myo-
blasts, Experiments are now underway o investigate the role of
Akt in the downstream signaling pathway of Pl3-kinase.

In summary, our investigation of the effects of VV on
C2CI12 myoblasts has shown that the procedure is both sale
and effective in stimulating myogencsis. Our results demon-
strate that a low frequency of VYV can increase myotube
formation, expression of the MRFs MyoD and myogenin, and
expression of the ECM components type [ collagen and
decorin. While many clinical trials have already demonstrated
positive results from VV stimulation in various populations,
this study provides some insight into how these clinically
observed increases in muscle strength and balance occur.
Nevertheless, the in vitro model of C2C12 satellite myoblasts
that we used may not completely reflect the true physiology of
regenerating muscle. Further research using primary satellite
cells or an in vive animal model is required to determine the
extent of these molecular effects over a greater range of VV
frequencies and their implications for clinical use.
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