
Induction of Sirt1 by Mechanical Stretch of Skeletal Muscle
through the Early Response Factor EGR1 Triggers an
Antioxidative Response*□S

Received for publication, May 27, 2010, and in revised form, October 4, 2010 Published, JBC Papers in Press, October 22, 2010, DOI 10.1074/jbc.M110.149153

Patricia S. Pardo, Junaith S. Mohamed, Michael A. Lopez, and Aladin M. Boriek1

From the Division of Pulmonary, Critical Care Medicine, and Sleep, Department of Medicine, Baylor College of Medicine,
Houston, Texas 77030

Mechanical loading of muscles by intrinsic muscle activity
or passive stretch leads to an increase in the production of re-
active oxygen species (1, 2). The NAD-dependent protein
deacetylase SIRT1 is involved in the protection against oxida-
tive stress by enhancing FOXO-driven Sod2 transcription
(3–5). In this report, we unravel a mechanism triggered by me-
chanical stretch of skeletal muscle cells that leads to an EGR1-
dependent transcriptional activation of the Sirt1 gene. The
resulting transient increase in SIRT1 expression generates an
antioxidative response that contributes to reactive oxygen spe-
cies scavenging.

Skeletal muscles show a rapid response to changes in me-
chanical environment. Mechanical stimuli are translated to
biochemical signals that promote adaptations in muscle mass,
structure, and function. This response is mediated by mech-
anosensitive signaling pathways that provoke changes in gene
expression that promote cell growth and survival.
Muscle contractility provokes an increase in ROS2 produc-

tion due to increased mitochondrial activity and through acti-
vation of NADPH oxidase at the membrane (6, 7). Passive
mechanical stretch of the diaphragmatic muscle is also associ-
ated with increased ROS production (8). As a result, activa-
tion of the ROS-responsive MAPK signaling pathway and
downstream effectors as the proinflammatory transcriptional
factors AP-1 and NF�B (9–11) occurs.
High levels of ROS lead to cell damage by lipid and protein

oxidation and contributes to muscle fatigue and consequently
loss of contractile force production (1, 8). The mechanisms by
which muscles performing constant activity, i.e. the heart and
diaphragm, are protected against excessive ROS generation
remain elusive.
SIRT1, the mammalian orthologue of Sir2, is an NAD-de-

pendent protein deacetylase, which has been shown to in-

crease lifespan in model organisms as yeast, worms, and flies
(12–14). In mammals, SIRT1 is involved in a plethora of
physiological processes such as metabolism (15–17), neuro-
genesis (18), and gametogenesis (19) and has a beneficial ef-
fect on age-associated pathologies (20). Particularly in the
heart, it has been reported that SIRT1 participates in protec-
tion against age-associated oxidative stress by up-regulation
of Mn-SOD (21).
At the cellular level, SIRT1 has a prosurvival effect by

deacetylating p53 and the FOXO (Forkhead box type O tran-
scription factor) transcription factors. Deacetylation by SIRT1
inhibits p53 apoptotic response and switches FOXO tran-
scription activity toward genes involved in cell cycle arrest,
DNA repair and resistance to oxidative stress and away from
proapoptotic genes (3, 4, 22, 23).
Mechanisms controlling Sirt1 expression at the transcrip-

tional level have been reported to occur in response to nutri-
ent availability and DNA damage. In actively growing cells,
the cell cycle regulator E2F1 is responsible for cell cycle-de-
pendent SIRT1 fluctuations, DNA damage stabilizes E2F1 and
induces Sirt1 transcription; in turn, deacetylation of E2F1 by
SIRT1 inhibits E2F1 transcriptional and apoptotic activities
(24). In end-differentiated cells, Sirt1 expression is repressed
by p53 binding to positions 168 and 178 of the Sirt1 pro-
moter; by nutrient deprivation, FOXO3a translocates to the
nucleus, interacts with p53 on the Sirt1 promoter, and abol-
ishes the repression on Sirt1 transcription imposed by p53
(25).
In this report, we uncovered a novel mechanism of tran-

scription regulation of the Sirt1 gene by the EGR1 (early
growth response factor 1), which occurs in response to me-
chanical stretch. This stretch-responsive gene activation pro-
gram is required to eliminate ROS generated during stretch.

EXPERIMENTAL PROCEDURES

Plasmids—pcDNA3-Egr1-FLAG (29), pTA-luc Sirt1 pro-
moter (�202) (25), pCRUZ-Sirt1-HA, pYE-Sir2, and pYE-
Sir2(H/Y) (23) were obtained from Addgene. pTA-luc was
obtained from Clontech. pcDNA-Sirt1-FLAG (21) was a kind
gift from Dr. Wei Gu.
Sirt1 Promoter Mutagenesis—Mutants of the Sirt1 pro-

moter at the EGR1 canonical binding sites at �65 (MT1) and
�122 (MT2) were obtained by replacing the GCGGGGGCG
consensus sequence by GCAAGGACG. The pTA-luc Sirt1
promoter (�202) plasmid was mutagenized by site-directed
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mutagenesis by using the following primers: AGCCGAGC-
CGCAGGAACGCCAGTGCCGCGC for MT1 and GAGAG-
GCGCAGGAACGGGGGAGGGGCGGG for MT2. The
QuikChange II site-directed mutagenesis kit (Stratagene) was
used, and primers were designed following the manufacturer’s
instructions.
Cell Lines and Culture—C2C12 cells were obtained from

ATCC. Myoblasts were grown in high glucose DMEMme-
dium (Invitrogen) supplemented with 10% FBS and 0.5 mg/ml
of minimal essential amino acids (growth medium, GM) in a
CO2 incubator. Myotubes were obtained from myoblasts
grown at subconfluency by replacing the medium by high glu-
cose DMEM supplemented with 2% horse serum (differentia-
tion medium, DM) after a wash with Dulbecco’s phosphate
base saline. 70–80% of myotubes are obtained at second day
of culture on regular collagen-coated plates (Biocoat) or at the
third day of culture on type I collagen-coated flexible bot-
tomed plates (FlexCell Intl.).
Myotube Stretch Protocol—Myoblasts cultured onto type I

collagen-coated flexible-bottom wells (Flex I plates, FlexCell
Intl.) were subjected to differentiation. At third day in DM,
myotubes were subjected to a 15% stretch protocol at 1 Hz
(0.5 s of deformation alternating with 0.5 s of relaxation) with
a Flexcell system. Unless otherwise specified, myotubes were
stretched for 30 min and harvested at different intervals after
stretch by scraping after two washes in Dulbecco’s phosphate
saline buffer.
Diaphragm ex Vivo Mechanical Stretch Protocol—This ex-

perimental protocol was performed essentially as described in
our previous work (10). C57BL6 mice at 3–4 months of age
were used. Mice were anesthetized, and the diaphragmatic
muscle was excised from each animal and immediately im-
mersed into a muscle bath containing a modified Krebs-Ring-
ers solution bubbled with 95% O2 and 5% CO2 maintained at
25 °C. Right hemidiaphragm muscle sheets were kept in
Krebs-Ringer solution to serve as nonstretched control mus-
cle samples. Mechanical stretch was applied to the entire cos-
tal muscle of left hemidiaphragms by passively stretching the
muscle in the direction of the muscle fibers. We applied pas-
sive tension of �0.4 N/cm, equivalent to a passive stress of
11 N/cm2. In these conditions, a mechanical stretch of �50%
from the unstressed length was achieved, which corresponds
to �120% of optimal muscle length.
RNA Extraction and Real-time PCR—Total RNA from cells

was prepared with the RNeasy mini kit from Qiagen. Total
RNA from diaphragm muscles was prepared with Trizol
(Invitrogen). Reverse transcription was performed on 1 �g of
total RNA. cDNA aliquots were amplified with the Brilliant
SYBR Green Master Mix (Stratagene) in a MX3005P cycler
(Stratagene). RNA contents were standardize for GAPDH
with the formula 2�Ct��Ct(GAPDH). Primer sequences will be
provided upon request.
Protein Extraction—Cultured myotubes were washed in

cold PBS and scraped. Cell pellets were resuspended in a cell
lysis buffer (25 mM Tris-HCl, pH 7.5, 250 mM NaCl, 2 mM

EDTA, and 0.3% Nonidet P-40) containing 0.5 mM PMSF, 1
mM DTT, and protease inhibitor mixtures (Pierce). After two
cycles of freeze and thaw, extracts were microcentrifuged for

10 min at 10,000 rpm, and pellets were discarded. Total pro-
tein from diaphragm muscles was obtained as described pre-
viously (26). Protein concentration was determined with the
Quick Start Bradford protein assay from Bio-Rad.
ChIP Assays—Hemidiaphragms subjected to a 30-min

stretch as well as their unstretched counterparts were
weighted immediately after stretch (30–35 mg) and placed in
cold PBS containing 0.5 mM PMSF. The tissue was sliced in
small pieces and incubated in 1% formaldehyde in PBS for 15
min at room temperature in a rotating platform. Cross-link-
ing was stopped by adding glycine to a final concentration of
0.125 M followed by a 5-min incubation at room temperature.
The cross-linked tissue was collected by centrifugation at
1250 rpm for 10 min followed by two washes with PMSF 0.05
mM in PBS. The tissue was first disrupted by mechanical
grinding with a bouncer in PBS containing 0.5 mM PMSF and
2� protease inhibitor mixture. Cells were collected by centri-
fugation and lysed in 10 mM Hepes, pH 8, 85 mM KCl, 0.5%
Nonidet P-40, and 2� protease inhibitor mixture. The nu-
clear fraction was collected by centrifugation at 5000 rpm for
10 min and lysed for 20 min in 50 mM Tris HCl, 10 mM

EDTA, 1% SDS at 4 °C (10 �l/mg of tissue). Nuclear extracts
were sonicated (eight strokes at 30% for 15 s followed by 15 s
of rest) while kept in a ice-water bath. After centrifugation for
10 min at 14,000 rpm, chromatin fractions were frozen in liq-
uid nitrogen and kept at �80 °C. Chromatin from two he-
midiaphragms was pooled, and 200 �l were used for each im-
munoprecipitation assay. After a 5� dilution in ChIP dilution
buffer, 10 �l were separated (input), and the remaining di-
luted chromatin was incubated with the indicated specific
antibody or rabbit IgG (negative control) or anti-RNA poly-
merase (positive control). An EZ-CHIP kit (Upstate) was used
from this step. For ChIP, assays performed on myotubes the
EZ-CHIP kit was used following the manufacturer’s
instructions.
On EGR1 immunoprecipitates, primers with sequences

GCGTGGGTGGCGGGAGAGG (forward) and CATCTTC-
CAACTGCCTCTCTGGCC (reverse) were used to detect the
Sirt1 promoter. Binding of FOXO4 and SIRT1 to the Sod2
promoter, was detected by primers with the following se-
quences, TTATGGAAACATTTGATAGCCACTGCT-
TCTTAGAC (forward) and CGCGTGCTTGCTACAGC-
CACGC (reverse). Positive and negative controls were
performed on immunoprecipitates with RNA polymerase and
IgG antibodies. Detection of the immunoprecipitated DNA
was performed by PCR followed by electrophoresis in 1% aga-
rose gels. To determine promoter occupancy percentage, the
immunoprecipitated DNA was quantified by real-time PCR
and calculated using the formula 100 � 2�(Ct(input)�Ct(IPx)) �
100 � 2�(Ct(input)�Ct(IP IgG)), for the indicated antibodies
or 100 � 2�(Ct(input)�Ct(IP RNA polymerase)) � 100 �
2�(Ct(input)�Ct(IP IgG)) for positive controls.
Luciferase Assays—C2C12 myoblasts were co-transfected

with either pTA-Luc or pTA-Luc Sirt1 promoter (wild type or
mutant versions) and a hRluc-TK vector (pGL4.74 from Pro-
mega) with a 10:1 ratio. When indicated, pcDNA-Egr1 and
pcDNA-Sirt1 were co-transfected. Transfections were per-
formed with FuGENE 2 (Roche Biochemicals). When assays
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were performed on myotubes, the transfected myoblasts were
induced to differentiate 12 h after transfection. Assays were
performed with the Dual Glo Luciferase kit (Promega). Re-
sults reflect the average of two experiments performed by
quatriplicate.
RNA Silencing—C2C12 myoblasts were seeded on Flexcell

plates in antibiotic-free media supplemented with FBS.
Cells were incubated at 37 °C in a CO2 incubator until the
cells were 70–80% confluent. For each well, 80 pmol of
siRNA were diluted into siRNA transfection medium Lipo-
fectamine RNAiMAX (Invitrogen) and transfected accord-
ing to the manufacturer’s instructions.
Lentiviral Infection—pKLO nontarget and five pKLO

shEGR1 plasmids were obtained from Sigma-Aldrich. C2C12
myoblasts were transiently transfected with each of the
pKLO.1 shEGR1 plasmids and the pKLO.1 nontarget and al-
lowed to differentiate. On the second day of differentiation,
EGR1 expression was assessed by Western blot on total pro-
tein. The sh-EGR1 pKLO.1 plasmid (TRCN00002128), which
harbors the sequence CCGGGGATGAGCTTACCCGCCAT-
ATCTCGAGATATGGCGGGTAAGCTCATCCTTTTTG
rendered higher suppression of EGR1 expression (�50%) and
was selected to produce lentivirus used in further experi-
ments. Lentiviral production was performed at the C-BASS
core from Baylor College of Medicine. C2C12 myoblasts grow-
ing on flexible bottomed plates were infected with a filtered
crude lentiviral preparation (multiplicity of infection � 1:1)
obtained from nontarget and the selected shEGR1 pKLO.1
plasmid. The following day myoblasts were induced to differ-
entiate and cells were harvested after 3 days in DM for further
analysis.
Immunocytochemistry—C2C12 cells grown on Flexcell

plates were infected with nontarget or shEGR1 lentiviral par-
ticles as explained above and allowed to differentiate. On the
second day of differentiation, a set of cells was stretched for
30 min, and the other set was kept to use as no stretch con-
trol. After 3 h, the stretched and nonstretched myotubes were
washed with PBS and fixed with paraformaldehyde 4% in PBS
for 15 min. After two washes with PBS, cells were permeabi-
lized with Triton 3% in PBS for 5 min and blocked with 5%
albumin for 1 h. Myotubes were incubated overnight with a
rabbit polyclonal SIRT1 antibody (Upstate) and a mouse
monoclonal tubulin antibody (Sigma-Aldrich) diluted to 10
�g/ml in the blocking solution at 4°C. After three 15-min
washes with PBS, cells were incubated with goat anti-rabbit
Alexa Fluor 488 and goat anti-mouse Alexa Fluor 594 (1:250
dilution in PBS), washed with PBS (�3) and stained with
DAPI (10 �g/ml) for 2 min. The flexible bottoms of the wells
were excised with a scalpel and mounted on microscope glass
with Prolong Gold mounting media (Invitrogen). Images of
the slides were obtained in an Axioscop microscope with a
200� magnification.
Superoxide Anion and Mn-SOD Activity Determination—

C2C12 myoblasts were grown on flexible-bottomed plates and
allowed to differentiate. On the second day of differentiation
(3 days on DM), myotubes were stretched for 30 min, and
superoxide anion production was analyzed at 1, 2, 4, or 6 h
after stretch. Nonstretched myotubes were used to measure

basal superoxide production. The superoxide anion content
was quantified with a chemiluminiscent assay based on lumi-
nol oxidation (Superoxide Anion Detection kit, Stratagene)
following the manufacturer’s instructions except that the
NADPH oxidase activator was omitted. An aliquot from each
sample was used to determine protein concentration. Mn-
SOD activity was calculated by substracting CuZn activity
from total SOD activity. Cell lysates were split in two, and half
of the lysates were treated with 1% SDS for 20 min to inhibit
Mn-SOD activity. SOD activity was determined by adding
aliquots from the treated or untreated samples (20 �g) to 100
�l of a solution containing 20 �M xanthine, 0.1 units/�l xan-
thine oxidase aliquot and 100 �M luminol. Light intensity was
measured every 10 s for 2 min. Initial reaction velocity was
used to calculate the enzyme specific activity. Protein concen-
tration from cell extracts was determined with Quick Start
Bradford protein assay from Bio-Rad.
Statistics—Data from RNA, protein, CHIP assays, superox-

ide anion content, and Mn-Sod activity were means � S.D.
obtained from three independent experiments. Luciferase
assays were performed by quadruplicate, and plotted data
were means � S.D. from two independent experiments. Sta-
tistical significance for two treatments assays (no stretch ver-
sus stretched) was calculated by Student’s t test. Data from
either time course analysis experiments or those involving
different treatments were analyzed by ANOVA with � � 0.05.

RESULTS

Mechanical Stretch Induces Sirt1 Expression in Diaphragm
Muscles—To evaluate the effect of stretch of skeletal muscles
on SIRT1 expression, SIRT1 RNA and protein levels were
measured in nonstretched and stretched diaphragms. SIRT1
mRNA content increased by 2.2-fold in stretched diaphragms
1 h after stretch (Fig. 1a) with a corresponding 100% increase
in SIRT1 protein (Fig. 1, b and c). The stretch-dependent ef-
fect on SIRT1 RNA content correlates with an increase (3-
fold) in the transcriptional activity of a minimal Sirt1 pro-
moter (from �202 to �6) as measured by reporter assays
performed in myotubes subjected to stretch (Fig. 1d).
EGR1 Is Involved in Stretch-dependent Transcriptional Ac-

tivation of Sirt1—Analysis of the stretch-responsive region of
the Sirt1 promoter revealed two EGR1 consensus binding
sites at positions �65 and �122, which are conserved in the
human promoter (Fig. 2a). Occupancy of the Sirt1 promoter
region containing these regulatory elements was evaluated by
ChIP experiments performed in nonstretched and stretched
diaphragms. As seen in Fig. 2b, occupancy of these elements
by EGR1 varied from 14% in nonstretched diaphragm muscles
to 90% in stretched muscles. To evaluate the effect of EGR1
on Sirt1 transcription, the activity of a Sirt1 promoter re-
porter was measured under basal conditions or when EGR1
was overexpressed in C2C12 myoblasts. As shown in Fig. 2c,
the activity of the Sirt1 promoter was increased by �3-fold by
Egr1 overexpression. This result indicates that EGR1 has a
stimulatory effect on Sirt1 transcription (Fig. 2c). To assess
the effect of stretch on EGR1 and SIRT1 expression in C2C12
myotubes, the content of RNA and protein were determined
before and at different times after stretch. EGR1 RNA content
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increased immediately after stretch (�26-fold) (Fig. 3a).
Changes in SIRT1 RNA content were observed between 1 and
6 h after stretch with maximal stimulation of �4-fold, 3 h
after stretch (Fig. 3b). These changes were preceded by
changes in EGR1 protein content that increased progressively
in response to stretch between 1 and 4 h after stretch. Maxi-
mal stimulation occurred at 3 h after stretch followed by stim-
ulation of SIRT1 protein expression occurring between 2 and
4 h after stretch (Fig. 3c and supplemental Fig. 1).
The involvement of EGR1 in the stretch-induced Sirt1

transcriptional activation was assessed by analyzing the effect
of stretch of C2C12 myotubes, on the promoter activity of
Sirt1 reporters containing mutations on the EGR1 binding
sites. A Sirt1 promoter reporter harboring a mutation of the
EGR1 binding site at �65 behaved as the wild type. (Fig. 4a,
MT1). In contrast, a mutation on the EGR1 binding site at
�122 abolished the effect of stretch on the Sirt1 promoter
(Fig. 4a, MT2). These results indicate that the �122 EGR1
element is crucial to stimulate Sirt1 transcription in response
to mechanical stretch.

EGR1 Silencing Abolishes Sirt1 Induction by Stretch in
C2C12 Myotubes—To confirm the involvement of EGR1 on
the stimulation of Sirt1 expression, we evaluated the effect of
EGR1 silencing on SIRT1 expression in stretched myotubes.
Knockdown of EGR1 abolished the stretch-dependent in-
crease in SIRT1 RNA and SIRT1 protein in C2C12 myotubes
(Fig. 4, b and c). Knockdown of SP1, a transcription factor
with responsive elements (GGGCGG) that overlaps EGR1
elements, had no effect on the stretch-dependent increase of
SIRT1 protein by stretch (Fig. 4c).
The effect of EGR1 silencing on Sirt1 protein expression

was also evaluated by immunocytochemistry with a SIRT1
antibody (Fig. 5). Quantification of nuclei expressing detecta-
ble SIRT1 varied from 24 � 1% in nonstretched myotubes to
54 � 2% after stretch and 33 � 7% in stretched myotubes
when Egr1 was knocked down.
Sirt1 Induction by Stretch Contributes to ROS Detoxification—

SIRT1 promotes oxidative stress resistance by promoting a
FOXO-dependent transcriptional activation of the mitochon-
drial superoxide dismutase Mn-SOD (3–5). Our previous
work showed that, in contrast to FOXO1 and FOXO3a,
FOXO4 is resistant to down-regulation by mechanical stretch

FIGURE 1. Mechanical stretch regulates SIRT1 expression in diaphragm
muscles. a, SIRT1 RNA content was determined in excised mouse hemidia-
phragm muscles (n � 3) subjected to a 30-min stretch (s) and the non-
stretched (ns) hemidiaphragm by RT real-time PCR. b, SIRT1 protein was
determined on whole protein (80 �g) from 30 min-stretched and non-
stretched hemidiaphragms by Western blot. c, SIRT1 protein quantification
was performed by densitometry from Western blots and corrected for tubu-
lin (n � 5). Statistical difference between data from nonstretched and
stretched diaphragm samples was determined by Student’s t test; an aster-
isk represents p � 0.005. d, C2C12 myoblasts growing on FlexCell plates
were transfected with pTA-luc (open boxes) or pTA-Sirt1 promoter (�212)
(black boxes) Myoblasts were allowed to differentiate, and luciferase assays
were performed on nonstretched (n/s) or stretched myotubes, 2 h (2h) or
4 h after stretch (4h). An asterisk indicates statistically significant difference
from data obtained for pTA-luc nonstretched, p � 0.001. Bars indicate
means, and error bars represent standard deviations.

FIGURE 2. EGR1 binds to the Sirt1 promoter and has a stimulatory effect
on Sirt1 transcription. a, mouse and human Sirt1 promoter alignment. The
initiator element consensus sequence is underlined, and EGR1 canonical
binding sites are in boldface and underlined. b, ChIP assays were performed
on 30 min stretched (s, black boxes) or nonstretched (ns, empty boxes) he-
midiaphragms with an antibodies against EGR1 and RNA polymerase (posi-
tive control) and rabbit IgG (negative control). Immunoprecipitated DNA
was quantified by real-time PCR, and promoter occupancy was calculated
as described under “Experimental Procedures.” c, C2C12 myoblasts were
transfected with pTA-luc (black boxes) or pTA-Sirt1 promoter (�212) (open
boxes) in the presence of pcDNA or pcDNA-EGR1 (0.2 �g/well), and lucifer-
ase assays were performed with Dual Glo Luciferase (Promega) 24 h after
transfection. Statistical difference between pcDNA and pcDNA-EGR1 trans-
fected cells was calculated by t test. An asterisk indicates a statistically sig-
nificant difference (p � 0.002). Bars indicate means, and error bars represent
standard deviations.
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in diaphragm muscles (26). Other authors reported that
FOXO4 transcriptional activity was inhibited by acetylation in
response to oxidative stress; instead, binding and deacetyla-
tion by SIRT1 prevented FOXO4 inhibition (3). We analyzed
the dynamics of the association of SIRT1 and FOXO4 before
and after stretch by coimmunoprecipitation and ChIP analy-
sis. FOXO4 was immunoprecipitated from nonstretched and
stretched myotubes, immediately after stretch or 3 h after
stretch. An increase in acetylated FOXO4 was observed im-
mediately after stretch, whereas interaction with SIRT1 was
observed 3 h after stretch without a change in the state of
FOXO4 acetylation (Fig. 6a). Results from ChIP assays per-
formed in nonstretched or stretched myotubes showed that
SIRT1 and FOXO4 binding to the Sod2 promoter at a FOXO
element increased from �20% to full occupancy 3 h after
stretch (Fig. 6b). These results point out that the stretch-de-
pendent induction of SIRT1 promotes its association with
FOXO4 and facilitates FOXO4 binding to the Sod2 promoter.
The effect of stretch on SOD2 RNA content was measured in
myotubes infected with nontarget or si-EGR1 lentiviral parti-
cles, before stretch and 4 h after stretch. As seen in Fig. 6c,
SOD2 RNA increased by �3-fold after stretch and this stimu-
lation was dependent on EGR1 expression.
The effect of applying 30 min of mechanical stretch on Mn-

SOD activity was studied in C2C12 myotubes. Mn-SOD activ-
ity was diminished 1 h after stretch, and the basal levels of
Mn-SOD activity were recovered 4 h after stretch. Addition of
nicotinamide, a SIRT1 inhibitor, to the media after stretch
abolished the recovery in Mn-SOD activity (Fig. 6d). This sug-
gests that SIRT1 activity is required to recover Mn-SOD ac-
tivity after stretch.

To uncover the effect of stretch on superoxide production
and the role played by EGR1-dependent induction of SIRT1,
superoxide anion content was measured in myotubes express-
ing a si-EGR1 RNA in comparison with cells expressing a
nonsilencing RNA (nontarget) (Fig. 6e). Maximal superoxide
production was observed 1 h after stretch and then progres-
sively decreased from 2 to 5 h after stretch in myotubes in-
fected with a nontarget RNA lentivirus (Fig. 6e, non-si). When
EGR1 was knocked down, myotubes failed to completely re-
move the excess in superoxide anion content produced after
stretch (Fig. 6e, si-EGR1). Alternatively, constitutive SIRT1
expression lowered superoxide anion production of myotubes
infected with nontarget silencing lentivirus (Fig. 6e, non-si/
SIRT1), which is consistent with the role of SIRT1 in ROS
detoxification. Moreover, SIRT1 expression rescued the ROS
scavenging power of the EGR1 knocked down myotubes (Fig.

FIGURE 3. Mechanical stretch stimulates EGR1 and SIRT1 expression in
C2C12 myotubes. C2C12 myotubes grown on flexible-bottomed plates were
stretched for 30 min and collected before stretch and at the indicated times
after stretch (a, b, and c). EGR1 (a) and SIRT1 (b) RNA content was deter-
mined by RT real-time PCR in stretched and nonstretched myotubes. Values
were corrected for GAPDH RNA content. Error bars correspond to standard
deviation, SD (n � 3). The overall statistically significant difference among
groups was estimated by ANOVA, p � 0.001. An asterisk indicate values sig-
nificant different from nonstretched myotubes by multiple comparison ver-
sus control analysis by Holman-Sidak method. c, 80 �g of protein from
whole cell extracts obtained from nonstretched and stretched myotubes
collected at the indicated times before or during stretch (Stretch) and after
(After Stretch) were analyzed by Western blot with EGR1 and SIRT1 antibod-
ies; a tubulin antibody was used to assess approximately equal loading.

FIGURE 4. EGR1 is necessary for transcriptional activation of Sirt1 by
stretch in skeletal muscle cells. a, C2C12 myoblasts growing on FlexCell
plates were transfected with pTA-luc (Clontech) or pTA-Sirt1 promoter
(�212) wild type or mutant versions, MT1 and MT2 obtained as described
under “Experimental Procedures.” Myoblasts were allowed to differentiate
for 3 days, and luciferase assays were performed on nonstretched (ns, open
boxes) or stretched myotubes, 2 h (s2, black boxes), or 4 h after stretch (s4,
dashed boxes). An asterisk indicates statistical significant difference from
data obtained for pTA-luc nonstretched, p � 0.001. b, C2C12 myoblasts
plated on FlexCell plates were infected with nontarget or shEGR1 lentiviral
particles and allowed to differentiate for 3 days and subjected to a 30-min
stretch (s, black boxes) or kept without being stretched (ns, open boxes); RNA
content was determined in nonstretched myotubes and 3 h after stretch in
the stretched myotubes by RT real-time PCR. An asterisk indicate statistical
significant difference from data for nonstretched myotubes infected with
nontarget viral particles, p � 0.004. Bars represent means, and error bars
indicate standard deviations. c, cells were grown in growth medium (GM)
for 24 h and transfected with 80 pmol of nonsilencing RNA or small interfer-
ence RNA specific for EGR1 or SP1 (Santa Cruz Biotechnology) using Lipo-
fectamine RNAiMAX (Invitrogen) according to the manufacturer’s instruc-
tions; after 8 h, media was replaced with differentiation medium (DM); on
the second day of differentiation, EGR1, SP1, and SIRT1 protein were exam-
ined with specific antibodies by Western blot, and tubulin was used as a
loading control.
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6e, siEGR1/SIRT1). These results strongly suggest that EGR1
contributes to ROS detoxification after stretch by inducing
SIRT1 expression.

DISCUSSION

Muscle contractility leads to generation of ROS under
physiological conditions. There are several lines of evidence
that establish a nexus between exposure to ROS and dimin-
ished contractile function and fatigue during exercise (8). As
part of muscle adaptation to exercise training, SOD activity
has been shown to increase (27–30) mainly due to changes in
Mn-SOD activity (29, 31). Rapid changes in SOD2 mRNA
expression have been observed in rat skeletal muscles after an
acute bout of treadmill running (32). However, the mecha-
nisms underlying this antioxidative response are not fully un-
derstood (27). SIRT1 and FOXO are key players in the protec-
tion against oxidative stress. FOXO4 has been shown to
activate the Sod2 promoter (5), and its transcriptional activity
is enhanced by deacetylation by Sirt1 (3). In turn, SIRT1 ex-
pression is induced by FOXO3a in tissue under nutritional
stress (25).
Our previous findings clearly indicated that a down-reg-

ulation of FOXO occurs upon stretch in diaphragms by
exclusion of FOXO1 and FOXO3a from the nuclei by an
Akt/Inhibitor of NFKappaB kinase-dependent mechanism.
Alternatively, FOXO4 nuclear exclusion is prevented
through JNK activation by stretch (26). In this study, we
found that Sirt1 RNA and protein expression are induced
by stretch of diaphragm muscles and myotubes. The activ-
ity of a minimal Sirt1 promoter containing the features
responsible for FOXO-dependent transcriptional activa-
tion is stimulated by stretch despite decreased binding of
FOXO3a to the Sirt1 promoter in stretched muscles (data
not shown). Analysis of this region of the Sirt1 promoter

FIGURE 6. Stretch-induced SIRT1 promotes Mn-SOD expression and
contributes to ROS scavenging. a, total protein (500 �g) from non-
stretched (ns) or stretched myotubes collected immediately after (s0) or
3 h after stretch (s3) were immunoprecipitated with 5 �g of a goat poly-
clonal FOXO4 antibody (Santa Cruz Biotechnology). 80 �g of total pro-
tein (Input) from each sample were analyzed by Western blot with SIRT1
and FOXO4 antibodies. Immunoprecipitates (IP) from each sample (IP
FOXO4) were subjected to Western blot with SIRT1 and acetyl-lysine an-
tibodies. b, ChIP assays were performed with FOXO4 (black boxes) and
SIRT1 (gray boxes) as specific antibodies and RNA polymerase (RNA pol)
antibodies (positive control, open boxes) on nonstretched myotubes (ns),
myotubes subjected to a 30-min stretch and harvested immediately (s0)
or 3 h after (s3). Immunoprecipitated DNA was analyzed by real-time
PCR, and promoter occupancy was estimated as described under “Exper-
imental Procedures.” Statistical significance was calculated by ANOVA.
An asterisk indicates data with significant difference from nonstretched
samples, p � 0.001. c, C2C12 myoblasts plated on FlexCell plates were
infected with nontarget (black boxes) or shEGR1 (empty boxes) lentiviral
particles and allowed to differentiate; on the third day of differentiation,
myotubes were stretched or kept without being stretched; SOD2 RNA
content was determined by RT real-time PCR in nonstretched myotubes
(ns) or 3 h after stretch (s). Statistical significance was determined by
ANOVA; an asterisk indicates statistical significant difference from data
for nonstretched myotubes infected with nontarget viral particles, p �
0.001. d, Mn-SOD activity was determined as described under “Experi-
mental Procedures” in whole cell extracts from nonstretched (ns),
stretched myotubes collected immediately (s0) or 4 h after stretch (s4)
from samples not treated (black boxes) or treated by addition of 10 mM

nicotinamide to the media immediately after stretch (open boxes); an
asterisk indicates data with a statistically significant difference from non-
treated samples, p � 0.05. e, myoblasts previously infected with nontar-
get (non-si) or shEGR1 lentiviral particles (si-EGR1) were infected with
pBaBe-Puro (non-si and si-EGR1) or pYE-hSir2 retroviral particles (non-si/
Sirt1 and si-EGR1/SIRT1) and allowed to differentiate. On the third day of
differentiation, cells were stretched by 30 min, and superoxide anion
content was determined before stretch and at 1, 2, and 5 h after stretch.
Analysis by two-way ANOVA reflected that the difference in mean values
among the different treatments is greater than would be expected by
chance after allowing for effects of differences by time with p � 0.003,
pairwise versus non-si; si-EGR1, p � 0.0048 (significant); non-si/SIRT1,
p � 0.0005 (significant); and si-EGR1/SIRT1, p � 0.0725 (not significant).
Error bars indicate standard deviations (n � 3).

FIGURE 5. EGR1 is necessary to increase nucler expression of SIRT1 in
stretched skeletal muscle cells. C2C12 myotubes were infected with non-
target lentivirus (no stretch and stretch) or shEGR1 lentivirus, where indi-
cated cells were stretched. Immunostaining was performed with a rabbit
polyclonal anti-SIRT1, mouse monoclonal anti-tubulin, Alexa Fluor 488-con-
jugated anti-rabbit and Alexa Fluor 594 anti-mouse secondary antibodies,
and DAPI staining. Images were collected in an Axioscop microscope with a
200� magnification.
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revealed the existence of two EGR1 consensus binding
sites, whose occupancy is enhanced by stretch of dia-
phragms. Sirt1 promoter mutants of the element at �122
failed to respond to stretch, which suggests this element is
at least partly responsible for the stretch-dependent induc-
tion. The involvement of EGR1 in stretch-induced tran-
scriptional activation of Sirt1 in skeletal muscle cells is
suggested by the following: a) its stimulatory effect on the
activity of the Sirt1 promoter in vitro; and b) Egr1 silencing
suppressed the stretch-dependent induction of Sirt1 RNA and
protein. Interestingly, silencing of Sp1, another mechanore-
sponsive transcription factor with overlapping binding sites
with those of EGR1 on the Sirt1 promoter, had no effect on
Sirt1 induction by stretch.

Our results suggest that the stretch-dependent induction of
Sirt1 by EGR1 promotes FOXO4 deacetylation and FOXO4
binding to the Sod2 promoter. EGR1 silencing abolished the
increase in SOD2 RNA expression triggered by stretch and
affected the ability of myotubes to restore basal ROS levels.
Such basal ROS levels are restored when SIRT1 is expressed
artificially.

Our findings revealed a stretch-induced gene activation
program that contributes to ROS detoxification in skeletal
muscles. Our results demonstrated that mechanical stretch
augments EGR1 expression and leads the transcriptional acti-
vation of Sirt1. Furthermore, SIRT1 stimulated FOXO-driven
Sod2 expression and allowed ROS scavenging (see schematic
in Fig. 7). In this way, an EGR1-SIRT1 interaction allows a
transient increase in SIRT1 expression and elicits a timely
response that contributes to ROS detoxification and protects
skeletal muscles from oxidative damage.
Several reports have identified that SIRT1 activation is ben-

eficial for muscle function. Mice fed with resveratrol, a poly-
phenol that activates SIRT1, show increased muscle strength
and resistance to muscle fatigue (33). On the other hand,
SIRT1 expression has been reported to increase in rats and
human skeletal muscle after exercise training (34, 35).
Whether the stretch-dependent induction of Sirt1 driven by
EGR1 in skeletal muscles, in vitro, is responsible for changes
in SIRT1 expression in vivo and whether it plays a role in the
antioxidative response that follows exercise training is an
open question that needs to be addressed.
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