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RIGINAL ARTICLE

he Effect of 30 Minutes of Passive Stretch of the Rat Soleus
uscle on the Myogenic Differentiation, Myostatin, and
trogin-1 Gene Expressions
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ABSTRACT. Gomes AR, Soares AG, Peviani S, Nasci-
ento RB, Moriscot AS, Salvini TF. The effect of 30 minutes

f passive stretch of the rat soleus muscle on the myogenic
ifferentiation, myostatin, and atrogin-1 gene expressions.
rch Phys Med Rehabil 2006;87:241-6.

Objective: To evaluate the effect of passive stretch, applied for
0 minutes to the rat soleus muscle, on the myogenic differentiation
myoD), myostatin, and atrogin-1 gene expressions.

Design: Case-controlled study.
Setting: University laboratory.
Animals: Fifty 12-week-old male Wistar rats.
Interventions: Six groups of animals were given a single stretch

out and were evaluated immediately and 8, 24, 48, 72, and 168 hours
ater. Another 3 groups were evaluated immediately after 2, 3, and 7
tretches. An intact control group was also analyzed.

Main Outcome Measures: The messenger ribonucleic acid
mRNA) levels of myoD, myostatin, and atrogin-1 were assessed by
eal-time polymerase chain reaction.

Results: Twenty-four hours after a single session of stretch only,
he myoD mRNA levels had increased compared with the control
roup, whereas an increase in the atrogin-1 expression was observed
fter 2, 3, and 7 stretches.

Conclusions: A single session of passive stretch increased the
yoD gene expression, a factor related to muscle growth. Interest-

ngly, daily stretches increased the atrogin-1 gene expression, a gene
rimarily associated with muscle atrophy. The results indicated that
ene expression was responsive to the number of stretch sessions.

Key Words: Atrogin-1; Rats; Muscles; MyoD protein;
tretch; Rehabilitation.
© 2006 by the American Congress of Rehabilitation Medi-

ine and the American Academy of Physical Medicine and
ehabilitation

From the Unit of Skeletal Muscle Plasticity, Department of Physical Therapy,
ederal University of São Carlos, São Carlos, SP, Brazil (Gomes, Peviani, Nasci-
ento, Salvini); and Unit of Muscle Morphology, Biomedical Science Institute I,
epartment of Cell and Developmental Biology, University of São Paulo, São Paulo,
P, Brazil (Soares, Moriscot).
Presented as abstracts to the Federação de Sociedades de Biologia Experimental,

ugust 25–28, 2004, Águas de Lindóia, Brazil, and the American Physiological
ociety, October 6–9, 2004, Austin, TX.
Supported by the Fundação de Amparo à Pesquisa do Estado de São Paulo (grant

os. 01/13523-4, 01/135221-1, 03/10889-3), Coordenção de Aperfeiçoamento de
essoal de Nivel Superior (grant no. 33001014016P7), and Conselho Nacional de
esenvolvimento Científico e Tecnológico (grant no. 501737/2004-9).
No commercial party having a direct financial interest in the results of the research

upporting this article has or will confer a benefit upon the authors or upon any
rganization with which the authors are associated.
Reprint requests to Tania F. Salvini, PT, MS, PhD, Departamento de Fisioterapia,

niversidade Federal de São Carlos, CEP 13565-905 São Carlos, SP, Brasil, e-mail:
ania@power.ufscar.br.
a
0003-9993/06/8702-10096$32.00/0
doi:10.1016/j.apmr.2005.08.126
EVERAL STUDIES1-3 HAVE DESCRIBED the impor-
tance of stretching to prevent connective tissue prolifera-

ion, muscle fiber atrophy, and the loss of serial sarcomeres in
mmobilized muscles resulting in the so-called longitudinal
rowth. It has also been reported that stretch stimulus increases
oth the length and diameter of skeletal muscle.4-6 Previous
eports7 have shown that daily sessions of passive stretch
pplied for 30 minutes to the rat soleus muscle, immobilized in
he shortened position for 3 weeks, were enough to prevent the
oss of serial sarcomeres and to maintain the joint range of
otion. Also, it was recently shown that stretch sessions ap-

lied 3 times a week for 40 minutes to the soleus muscle of
dult rats induced an increase in both the number of serial
arcomeres and the cross-sectional area (CSA), indicating an
mportant hypertrophic effect.8 The molecular mechanisms and
he intracellular pathways involved in longitudinal growth are
till largely unknown, although it is well established that insu-
in-like growth factor (IGF) and mechano growth factor are
ighly expressed in skeletal muscle submitted to stretch.2,3,9,10

lso, the expression pattern of muscle-specific target genes
elated to stretch remains elusive.

Because hypertrophy of skeletal muscle involves an in-
reased rate of synthesis and accumulation of proteins, an
ncreased transcription of muscle-specific genes is therefore
ecessary. Nevertheless, the mechanism by which nuclei in-
rease transcription of specific skeletal muscle messenger ri-
onucleic acid (mRNA) in response to a hypertrophic stimulus
s not known. It has been suggested that myogenic regulatory
actors (MRFs) are involved in this mechanism.11

MRFs are a family of skeletal muscle-specific transcrip-
ion factors that control the expression of several muscle
enes. The family is composed of 4 members: myogenic
ifferentiation (myoD), myogenic factor 5, myogenin, and
yogenic regulatory factor 4 (MRF4).12 During embryogen-

sis, MRFs are critical in the establishment of the myogenic
ineage and in controlling terminal differentiation of the
yoblasts and myofibers.12,13 It has already been reported

hat MRFs are upregulated in skeletal muscle hypertrophy
nduced by stretch.11,14-18 The present study focused on
nvestigating the myoD gene expression in skeletal muscle
ubmitted to stretch, because of its role in the mechanism of
uscle hypertrophy and also because MRFs respond to

assive stretch according to time, age, and muscle
ype.11,14,19-23 Lowe et al11 found increased myoD gene
xpression in muscles maintained in a lengthened position
or 6, 24, and 72 hours. Zador et al17 also identified an
ncrease in the myoD mRNA level after 3 days of stretching.
owever, no detailed description is available on the expres-

ion of MRF genes in the temporal course after a short time
f stretching, for example, 30 minutes.
In addition to the myoD factor investigation, the effect of
uscle stretch on myostatin, also known as growth differenti-
ting factor 8, a member of the transforming growth factor �

Arch Phys Med Rehabil Vol 87, February 2006
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A

uperfamily,24 was also analyzed. There is strong experimental
vidence pointing to a role of myostatin in repressing skeletal
uscle growth.24 Accordingly, increases in myostatin levels

uring periods of muscle inactivity have been reported,25,26

hereas myostatin expression seems to reduce on muscle re-
oading.27 Moreover, the blockage and subsequent inhibition of
erum myostatin increased total body mass, muscle mass, mus-
le size, and absolute muscle strength.28,29 Although, it is
easonable to assume that physical activity would probably
ecrease the expression of myostatin, 2 recent reports de-
cribed an increase in the transcript levels of myostatin on
uscles submitted to eccentric training in both rats30 and

umans.31 However, to our knowledge, the effect of passive
tretch on the myostatin gene expression in skeletal muscle has
till not been investigated.

Although muscle stretch has been known as a hypertrophic
timulus,2 curiously, some reports also describe a decrease in
he CSA of the rat soleus muscle submitted to stretch.32,33

herefore, it is reasonable to hypothesize that trophism-related
enes are regulated during stretch. Furthermore, it would be
nteresting to investigate the effect of stretch on genes related
o atrophy.

Atrogin-1 is a gene strongly activated in atrophying muscles
rom different etiologies such as immobilization, hindlimb
uspension, chronic renal failure, diabetes, cancer cachexia,
nd denervation.34,35 Atrogin-1, also called muscle atrophy
-box protein, is an F-box protein that links the protein sub-
trate to be ubiquitinated and degraded with the rest of the E3
nd ubiquitination machinery.36,37 So atrogin-1 can be consid-
red as a good candidate to study possible muscle atrophy
ssociated with passive stretch.

The models developed to investigate the effect of stretch on
keletal muscle plasticity frequently use chronic passive
tretch, applying immobilization using a plaster cast.38-40 Nev-
rtheless, to our knowledge, only 2 articles have reported on
he effect of repetitive stretch on the gene expression in muscle
issues from rats. The first showed a significant increase in the
xpression of myogenin in soleus muscle submitted to repeti-
ive stretch, 15 times a minute for 4 hours,41 and the second
eported an increase in myogenin gene expression in soleus
uscle submitted to repetitive stretch for 60 minutes.42 Nor-
ally, in rehabilitation and sports medicine, muscle stretching

s performed for short periods of time and its application is
sually made passively, as in paralyzed and unconscious pa-
ients. Therefore, the aim of the present work was to determine
he effect of daily sessions of passive stretch applied for short
eriods of time (30min) on the expression of 3 genes: myoD,
elated to muscle growth; myostatin, known as a negative
egulator of muscle mass; and atrogin-1, a gene involved in
uscle atrophy.

METHODS

nimal Care and Experimental Groups
We used 50 male, 3-month-old Wistar rats (weight, 373�32g).

hey were housed in plastic cages in a room with controlled
nvironmental conditions and had free access to water and stan-
ard food. This study was conducted in accordance with the
niversity approval for the care and use of laboratory animals. The
ats were anesthetized by an intraperitoneal injection of xylazine
12mg/kg) and ketamine (95mg/kg) for the stretching of the soleus
uscle and muscle dissection. Afterward, they were killed using

n overdose of the anesthetic. To stretch the left soleus muscles,
he left ankle was held in full dorsiflexion for 30 minutes by means

f a piece of tape, as previously described by Williams.1 t

rch Phys Med Rehabil Vol 87, February 2006
The animals were randomly divided into 10 groups of 5
nimals each. Six groups received only a single session of
tretching of the left soleus muscle for 30 consecutive minutes
nd were killed immediately after (n�5), and after 8 (n�5), 24
n�5), 48 (n�5), 72 (n�5), and 168 (n�5) hours. To evaluate
he effect of repetitive sessions of stretch on the soleus muscle,

groups of animals received daily 30-minutes session of
tretch and the left soleus muscle was evaluated 24, 48, and 144
ours after the first session of stretch, and immediately after the
ast stretch. Thus the 24-hour group (n�5) received 2 stretches,
he 48-hour group (n�5) received 3 stretches, and the 144-hour
roup (n�5) received 7 stretches. One group (n�5) of animals
as not submitted to either procedure and the soleus was used

s the control.
Each left soleus muscle of the rats was dissected, excised,

nd weighed. Afterward, the muscle was cut into 4 equal parts
etween the proximal and distal ends using a caliper. Each
iece of muscle was immediately frozen in liquid nitrogen and
tored at �80°C for the extraction of total RNA. Considering
hat there are conflicting reports in the literature regarding the
istribution of the MRFs along the stretched muscle fi-
ers,15,17,43-45 in the present study, we used only the ends of the
oleus muscle for evaluation.

NA Isolation and Analysis
RNA was isolated from 1 frozen fragment from the distal

nds of each muscle using 1mL of Trizol Reagenta according to
he manufacturer’s instructions. The extracted RNA was dis-
olved in Tris-Cl and ethylenediaminetetraacetic acid and
uantified spectrophotometrically. The integrity of the RNA
as confirmed by usual inspection of ethidium bromide stained
8S and 28S ribosomal RNA under ultraviolet light.

everse Transcription
One microgram of RNA was reverse transcribed using Su-

erscript II reverse transcriptasea to synthesize complementary
eoxyribonucleic acid (DNA). A reverse transcription reaction
ixture (1�g of cellular RNA), 5� reverse transcription

uffer, a deoxynucleotide triphosphates mixture containing
.2mmol/L each of 2=-deoxyadenosine 5=-triphosphate, 2=-de-
xycytidine 5=-triphosphate, and 2=-deoxyguanosine 5=-
riphosphate, and 0.1mol/L of 2=-deoxythymidine 5=-triphos-
hate, 1�L of oligo (deoxythyminide) primer and 25U/�g of
everse transcriptase enzymea were incubated at 70°C for 10
inutes and at 42°C for 60 minutes, then heated at 95°C for 10
inutes and quick-chilled on ice.

ligonucleotide Primers
Oligonucleotide primers were designed for myostatin, atro-

in, and transcription factor II D (TFIID) using the Primer
xpress Software.b Hill and Goldspink45 described myoD and
ynthesized them all using Imprint. The sequences used were
rom mouse TFIID (forward: CCACCAACTGCTTAGCACC;
everse, GCCAAATTCGTTGTCATACC); rat myoD (forward:
GAGACATCCTCAAGCGATGC; reverse, AGCACCTGG-
AAATCGGATTG); rat myostatin (forward: AGTGACG-
CTCTTTGGAAGATG; reverse, AGTCAGACTCGGTAG-
CATGGT), and rat atrogin-1 (forward: TACTAAGGAGCG-
CATGGATACT; reverse, GTTGAATCTTCTGGAATCCAG-
AT) genes.

nalysis by Real-Time Polymerase Chain Reaction
The RNA transcript levels for the different experimental and

ontrol muscles were analyzed simultaneously and the reac-

ions carried out in duplicate in the Lightcycler (GeneAmp
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700 Sequence Detection Systemb) using fluorescent dye
YBR green detection.b

tatistics
Statistical analyses were performed using the 1-way analysis

f variance (ANOVA) and post hoc Tukey (significance set at
�.05) to take into account the variation between the muscles
f the control animals and variation between experimental
roups.

RESULTS

uscle Mass
No difference was found in the weight of the soleus muscles

mong any groups evaluated (table 1).

yoD Gene Expression
An increase in the myoD gene expression was found 24

ours after a single session of stretch, when compared with
he control group (3.4�0.9-fold vs 1�0.06-fold, respectively,
NOVA, P�.001; fig 1A). Subsequently, the myoD gene

xpression returned to the control levels for all the times
valuated (48h, 72h, 168h). On the other hand, when daily
essions of stretch were performed, the myoD levels remained
naltered for all periods evaluated (fig 1B).

yostatin Gene Expression
The myostatin gene expression was not altered by any of the

tretch periods tested (fig 2).

trogin-1 Gene Expression
The atrogin-1 gene expression was not altered after a single

ession of stretch, when compared with the control group (fig
A). However, in the groups submitted to daily sessions of
tretch, an increase in the atrogin-1 gene expression (ANOVA,
�.05) was found after 24 hours (2�0.4-fold; after 2
tretches), 48 hours (2.5�0.6-fold; after 3 stretches), and 144
ours (6�1-fold; after 7 stretches), when compared with the
ontrols (fig 3B).

DISCUSSION
The results of this study show that a single session of passive

tretch, performed for 30 minutes, induced a 300% increase in
yoD mRNA when compared with the control soleus muscle,

ut did not change the gene expressions of myostatin and
trogin-1. As described in the literature, muscles immobilized
n a lengthened position by a plaster cast, present an increase in
he myoD gene expression.11,16,17,45 However, in these earlier

Table 1: Rat Soleus Muscle Weight

Groups Period of Evaluation Weight (g)

Control .18�.03
Single stretch Immediately after .20�.01

8h .18�.02
24h .18�.02
48h .20�.02
72h .2�.01

168h .18�.02
Daily stretch 24h (2 stretches) .17�.01

48h (3 stretches) .18�.01
144h (7 stretches) .16�.01
mOTE. Values are mean � standard deviation (n�5 per group).
tudies, the muscles were maintained immobilized in a
tretched position for long periods, whereas in the present
tudy the stretch was performed for a short period of time
30min).

A notable outcome of the present study is that a single
ession of stretch performed for 30 minutes was enough to
nduce an increase in the level of myoD mRNA, taking 24
ours to be detected, whereas in the muscles subjected to daily
tretches, the myoD gene expression displayed no difference
ompared with the control group. These results suggest that the
yoD gene expression depends on the time and also on the

umber of stretch stimuli applied to the muscle. Note that a
ingle stretch increased the myoD mRNA level 24 hours later,
ut 2 stretches blocked this effect (see figs 1A, B, respectively).
onflicting studies have been reported regarding myoD gene
xpression. Previous reports using chicken muscles as the
odel found no increase in the myoD mRNA levels after 3, 6,

4, and 21 days of immobilization in the stretched position.15,20

o the contrary, Eppley et al46 observed high expression of
mf1, an avian homolog of myoD, after 3 to 16 hours in
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A

t al17 also found an increase in the myoD expression of the rat
oleus muscle maintained in an extended position for 3 days.
ill and Goldspink45 also showed an increase in the myoD
ene expression in the rat anterior tibialis muscle, after 1 day of
mmobilization in a lengthened position associated with 1 hour
f electric stimulation. Peters et al30 also reported an increase
n myoD transcripts in the anterior tibialis muscle of the rat, 3
ours after a single bout of 30 eccentric contractions applied to
he muscle maintained in a stretched position.

In view of the aforementioned studies, the discrepancies in
yoD gene expression can be attributed to differences in the

nimal species, muscles, and protocols of stretch application.
ne possible explanation for the elevation in the myoD mRNA

evel may be the surge of myoD in proliferating satellite cells
arly after stretch. Satellite cell proliferation typically begins
4 to 48 hours after regeneration and during the subsequent
vents, MRFs are still until expressed in these cells.47 Mono-
uclear cells with myoD peak expression were still described
fter 24 hours.47 However, a previous study showed that the
yoD mRNA level was elevated even in stretched-overloaded
uscles irradiated for the elimination of satellite cell prolifer-

tion, presenting evidence that myoD activation is not depen-
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IGF-1 is a protein growth factor that can induce skeletal
uscle hypertrophy by activating the phosphatidylinositol

-kinase (PI3K)–serine/threonine kinase (Akt) pathway.48 It
as been shown that the interaction between Rho, a guanosine
riphosphate–binding protein with guanosine triphosphatase
ctivities, and the serum response factor (SRF), a DNA-binding
rotein, is required for the regulatory pathway that controls the
yoD gene expression, and that the Rho/SRF activities are

ependent on IGF factors.44,49,50 Thus it is tempting to specu-
ate that if IGF is related to hypertrophy and myoD activation
epends on Rho/SRF activation, the data found in this work
ould mean that the increase in myoD mRNA level induced by
single session of passive stretch for 30 minutes was enough

o produce a hypertrophic signal. Moreover, it was recently
eported that the induction of the IGF-1/PI3K/Akt pathway
revents the induction of requisite atrophy mediators such as
trogin.51 This statement corroborated the present results be-
ause myoD and atrogin-1 were never concomitantly upregu-
ated in the stretched soleus muscles.
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The present results with myostatin show that its gene ex-
ression was not changed either after a single session of pas-
ive stretch or when the stretch session was performed daily,
hich indicates that passive stretches applied for a short period
f time did not alter the myostatin gene expression. Recently it
as also reported that eccentric exercise induced an upregula-

ion in the myostatin mRNA expression30,31 whereas concen-
ric training reduced its expression.52 These findings suggest
hat the level of stress in the muscle fibers could be a determi-
ant factor in the responsiveness of the myostatin gene expres-
ion.

The data on the atrogin-1 mRNA levels showed no changes
fter a single session of stretch but an increase in the atrogin-1
ene expression was found when daily bouts of stretch were
erformed. To our knowledge, this is the first report on the
ffect of stretch on the atrogin-1 gene expression. Previous
tudies have described a decrease in the muscle fiber CSA after
tretch in the rat soleus muscle,32,33 suggesting an involvement
f cellular degradation pathways. The results of the present
tudy confirm this hypothesis because the atrogin-1 gene ex-
ression was upregulated after daily stretches.
Overall, the present study provides new evidence on the

ffect of passive stretch for short periods of time in the expres-
ion of genes related to skeletal muscle hypertrophy and atro-
hy. Furthermore, it would be interesting for rehabilitation and
ports medicine if similar procedures were also evaluated in
uman muscles.

CONCLUSIONS
A single session of passive stretch for 30 minutes increased
yoD gene expression, suggesting a hypertrophic effect. How-

ver, daily sessions of stretch blocked this effect and increased
trogin-1 gene expression, which has been primarily associated
ith muscle atrophy. Thus, passive stretch alters both hyper-

rophic and atrophic skeletal muscle mechanisms. Also, the
umber of stretch sessions was determinant in both atrogin-1
nd myoD responsiveness.

Acknowledgment: We thank Marcia Gislene, BSc, for providing
echnical assistance.
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