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Stretch-stimulated glucose transport in skeletal muscle
is regulated by Rac1

Lykke Sylow, Lisbeth L. V. Møller, Maximilian Kleinert, Erik A. Richter and Thomas E. Jensen

Molecular Physiology Group, Department of Nutrition, Exercise and Sports, University of Copenhagen, Denmark

Key points

� Rac1 regulates stretch-stimulated (i.e. mechanical stress) glucose transport in muscle.
� Actin depolymerization decreases stretch-induced glucose transport in skeletal muscle.
� Rac1 is a required part of the mechanical stress-component of the contraction-stimulus to

glucose transport in skeletal muscle.

Abstract An alternative to the canonical insulin signalling pathway for glucose transport is muscle
contraction/exercise. Mechanical stress is an integrated part of the muscle contraction/relaxation
cycle, and passive stretch stimulates muscle glucose transport. However, the signalling mechanism
regulating stretch-stimulated glucose transport is not well understood. We recently reported that
the actin cytoskeleton regulating GTPase, Rac1, was activated in mouse muscle in response
to stretching. Rac1 is a regulator of contraction- and insulin-stimulated glucose transport,
however, its role in stretch-stimulated glucose transport and signalling is unknown. We therefore
investigated whether stretch-induced glucose transport in skeletal muscle required Rac1 and
the actin cytoskeleton. We used muscle-specific inducible Rac1 knockout mice as well as
pharmacological inhibitors of Rac1 and the actin cytoskeleton in isolated soleus and extensor
digitorum longus muscles. In addition, the role of Rac1 in contraction-stimulated glucose
transport during conditions without mechanical load on the muscles was evaluated in loosely
hanging muscles and muscles in which cross-bridge formation was blocked by the myosin ATPase
inhibitors BTS and Blebbistatin. Knockout as well as pharmacological inhibition of Rac1 reduced
stretch-stimulated glucose transport by 30–50% in soleus and extensor digitorum longus muscle.
The actin depolymerizing agent latrunculin B similarly decreased glucose transport in response
to stretching by 40–50%. Rac1 inhibition reduced contraction-stimulated glucose transport by
30–40% in tension developing muscle but did not affect contraction-stimulated glucose transport
in muscles in which force development was prevented. Our findings suggest that Rac1 and the
actin cytoskeleton regulate stretch-stimulated glucose transport and that Rac1 is a required part
of the mechanical stress-component of the contraction-stimulus to glucose transport in skeletal
muscle.
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Introduction

Mechanical stress is an integrated part of muscle
contraction and exercise stimulus. Mechanical stress may
be necessary to fully activate glucose transport because

the prevention of tension development reduced
contraction-stimulated glucose transport (Blair et al.
2009; Ihlemann et al. 1999; Jensen et al. 2014b) and
mechanical stress-induced signalling (Jensen et al. 2014b).
Furthermore, passive stretching of incubated rodent
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muscle activates glucose transport (Ihlemann et al. 1999;
Sakamoto et al. 2003; Ito et al. 2006; Chambers et al.
2009; Jensen et al. 2014b). However, the mediators of
stretch-stimulated glucose transport remain unknown.

A novel candidate is the small Rho family GTPase Rac1,
which has been implicated in the Akt-dependent (Nozaki
et al. 2013; Takenaka et al. 2014) or Akt-independent
(JeBailey et al. 2007; Chiu et al. 2011; Sylow et al. 2013a;
Sylow et al. 2014a) regulation of insulin-induced glucose
transport and, more recently, contraction-stimulated
(Sylow et al. 2013b) glucose transport. Interestingly, a
number of cell culture studies suggest that Rac1 can be
activated by mechanical stress (Kawamura et al. 2003; Poh
et al. 2009; Boccafoschi et al. 2011). Interestingly, passive
stretching of incubated rodent muscles also increase Rac1
GTP loading (i.e. activation) in skeletal muscle (Zhou
et al. 2007; Sylow et al. 2013b). Stretch-signalling to
glucose transport is independent of insulin signalling
and AMP activated protein kinase (AMPK) (Chambers
et al. 2009; Jensen et al. 2014b). Because AMPK signalling
and mechanical stress likely represent independent signals
to stimulate glucose transport, and Rac1 is activated
by passive stretching, Rac1 is an excellent candidate for
regulating stretch-stimulated glucose transport.

Rac1-dependent reorganization of the actin cytoske-
leton is necessary for insulin-stimulated glucose transport
in cultured muscle cells (JeBailey et al. 2004) and pharma-
cological disruption of the actin cytoskeleton decreases
insulin- and contraction-stimulated glucose transport ex
vivo in mouse muscles (Brozinick et al. 2004; Brozinick
et al. 2007; Chiu et al. 2011; Sylow et al. 2013a; Sylow et al.
2013b; Sylow et al. 2014a). However, to our knowledge,
the requirement for Rac1 and the actin cytoskeleton in
the regulation of stretch-stimulated glucose transport in
skeletal muscle has not been investigated.

The present study aimed to investigate whether stretch-
induced glucose transport in mouse skeletal muscle relies
on Rac1 and an intact actin cytoskeleton. Furthermore, we
investigated downstream signalling in response to stretch
after Rac1 inhibition or Rac1 knockout (KO) and actin
cytoskeleton depolymerization. In addition, the role of
Rac1 in contraction-stimulated glucose transport during
conditions without mechanical stress on the muscles was
evaluated. We hypothesized that stretch-stimulated
glucose transport relies on the activation of Rac1 and an
intact actin cytoskeleton and that Rac1 regulates glucose
transport in response to contraction via mechanical
stress-activated signals.

Methods

Ethical approval

All experiments were approved by the Danish Animal
Experimental Inspectorate and complied with the

European Convention for the Protection of Vertebrate
Animals Used for Experiments and Other Scientific
Purposes.

Animals

A total of 76 female C57BL/6 mice (Taconic, Lille Skensved,
Denmark), aged 12–16 weeks, were used for all inhibitor
experiments.

Tetracycline-inducible muscle-specific Rac1 KO mice

Twelve inducible muscle-specific Rac1 KO mice were
obtained as described previously (Sylow et al. 2013b).
In brief, Rac1 floxed mice (Chrostek et al. 2006) were
crossed with mice containing a tetracycline-controlled
transactivator coupled to the human skeletal muscle actin
promoter, which drives the muscle-specific expression
of the Cre recombinase (Rao & Monks, 2009). Mice
were back-crossed until N5 (96.9% congenic on a
C57BL/6 background). Control wild-type (WT) mice
were littermates carrying either the Cre recombinase or
the Rac1 flox on one or both alleles. Rac1 KO mice
were homozygous for Rac1 flox and either homozygous
or heterozygous for the Cre recombinase. Rac1 KO was
induced at 10–14 weeks of age by adding the tetracycline
analogue doxycycline to the drinking water (1 g l−1;
Sigma-Aldrich, St Louis, MO, USA) for 3 weeks (control
mice also received doxycycline) followed by a washout
period of 3 weeks. All animals were maintained under a
12:12 h light/dark cycle and received standard rodent chow
diet (Altromin no. 1324; Chr. Pedersen, Copenhagen,
Denmark) and water ad libitum.

Muscle incubations

Soleus and extensor digitorum longus (EDL) muscles
were dissected from 2 h fasted, anaesthetized [pento-
barbital sodium; 6 mg (100 g body weight)–1] mice
and were suspended at resting tension (2–4 mN) in
incubation chambers (Multi Myograph system; Danish
Myo-Technology, Aarhus, Denmark) in Krebs–Ringer–
Henseleit buffer with 2 mM pyruvate and 8 mM mannitol
at 30°C, as described previously (Jensen et al. 2007). For
inhibitor experiments, the muscles were pre-incubated for
1 h in Krebs–Ringer–Henseleit buffer with Rac1 Inhibitor
II (Rac1 InhibII; 15 μM; Calbiochem, San Diego, CA,
USA), 50 μM N-benzyl-p-toluene sulphonamide (BTS,
B3082; TCI Europe NV, Zwijndrecht, Belgium) and 75 μM

Blebbistatin (B0560; Sigma-Aldrich), or 45 min with
latrunculin B (5 μM; Cytoskeleton, Inc., Denver CO, USA),
or 40 min with cytochalasin B (50 μM; Sigma-Aldrich)
as indicated, or a corresponding amount of DMSO as
vehicle control. After the pre-incubation period, muscles
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were stimulated with passive stretching by mechanically
increasing the distance between one end of the muscle and
the other until the measured force production reached
100–130 mN for 15 min. As the force development
declined (the amount of force produced by muscles during
electrically-induced contraction) during the stimulation
period, the distance between the muscle ends was
continuously adjusted. Contractions were induced by

electrical stimulation every 15 s with 2 s trains of 0.2 ms
pulses delivered at 100 Hz (�35 V) for 12 min. This
corresponded to a net stimulation time of 0.27%.

2-Deoxyglucose (2DG) transport

2DG transport was measured with 1 mM 2DG during
the last 10 min of the stimulation period using 3H 2DG
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Figure 1. Stretch-stimulated glucose transport is partially regulated by Rac1
A, bar graphs showing stretch-stimulated 2DG transport in soleus and EDL muscles incubated for 1 h with
15 µM Rac1 Inhibitor II or a corresponding amount of DMSO (n = 7–8). B, bar graphs showing quantifications
of p-PAK1/2Thr423/402 and p-p38 MAPKThr180/182 immunoblots (n = 7–8). C, Representative blots of PAK1,
p-PAK1/2Thr423/402, p-p38 MAPKThr180/182, Rac1 and actin. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001: significant effect
of stretch stimulation. †P < 0.05: significant effect of inhibitor (main effect). #P < 0.05: significant interaction
between stretch and inhibitor. Values are the mean ± SEM.
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(0.6 μCi ml−1) and 14C mannitol (0.18 μCi ml−1) tracers
as described previously (Jensen et al. 2007).

Muscle analysis

Immediately after stretch or contraction stimulation,
muscle tissue was quickly washed in ice cold saline and
carefully dried and frozen in liquid nitrogen and stored
at –80°C. Tissue was homogenized 2 × 30 s at 30 Hz
using a Tissuelyser II (Qiagen, Valencia, CA, USA) in
50 mM Hepes (pH 7.5), 150 mM NaCl, 20 mM sodium
pyrophosphate, 20 mM β-glycerophosphate, 10 mM NaF,
2 mM sodium orthovanadate, 2 mM EDTA, 1% NP-40,
10% glycerol, 2 mM phenylmethanesulfonyl fluoride, 1 mM

MgCl2, 1 mM CaCl2, 10 μg ml−1 leupeptin, 10 μg ml−1

aprotinin and 3 mM benzamidine. After end-over-end
rotation for 20 min, lysate supernatants were collected
by centrifugation (10,000 g) for 15 min at 4°C.

Immunoblotting

Lysate protein concentrations were measured using the
bicinchoninic acid method, with BSA standards (Pierce,
Rockford, IL, USA) and bicinchoninic acid assay reagents
(Pierce) in triplicates. Total protein and phosphorylation
levels of relevant proteins were determined by standard
immunoblotting techniques, with equal amounts of pro-
tein loaded per well. The primary antibodies used were
p-p38 MAPKThr180/Tyr182, actin, PAK1, p-PAK1/2Thr423/402

(Cell Signaling Technology, Beverly, MA, USA) and Rac1
(Cytoskeleton, Inc.). Polyvinylidene difluoride membr-
anes (Immobilon Transfer Membrane; Millipore, Billerica,
MA, USA) were blocked for 30 min in Tris-buffered
saline-Tween 20 plus 2% skim milk or 5% BSA protein,
at room temperature. Membranes were incubated with
primary antibodies overnight at 4°C, followed by incuba-
tion with horseradish peroxidase-conjugated secondary
antibody (Dako, Glostrup, Denmark) for 1 h at room
temperature. Bands were visualized using the ChemiDoc
MP Imaging System (Bio-Rad, Hercules, CA, USA)
plus enhanced chemiluminescence (ECL+; Amersham
Biosciences, Little Chalfont, UK).

Statistical analysis

The results are reported as the mean ± SEM. Statistical
testing was performed using paired t tests or two-way
repeated measurements ANOVA as appropriate. Tukey’s
post hoc test was performed when ANOVA revealed signi-
ficant interaction. Statistical evaluation was performed
using Sigmaplot, version 11.0 (Systat Software Inc.,
Chicago, IL, USA). P < 0.05 was considered statistically
significant.

Results

Pharmacological Rac1 inhibition reduces
stretch-induced glucose transport

To investigate the involvement of Rac1 in stretch-induced
glucose transport, we incubated soleus and EDL muscles
with or without the Rac1 inhibitor, Inhibitor II. We
recently reported that the Rac1 Inhibitor II reduces
insulin- and electrically-induced contraction- but not
AICAR-stimulated glucose transport; it further inhibits
downstream signalling of Rac1 at a concentration of 15 μM

(Sylow et al. 2013a, 2014a). At that concentration, the Rac1
Inhibitor II reduced the stretch-induced approximately
three-fold increment in glucose transport by �30% and
�50% in soleus and EDL muscles, respectively (Fig. 1A).
These findings suggest that Rac1 is an important regulator
of glucose transport induced by mechanical stress in
skeletal muscle.

Passive stretching increases phosphorylation of the
downstream target of Rac1: PAK1/2

We have previously reported that the binding of Rac1
to GTP increased in response to stretching (Sylow et al.
2013b). In kidney derived BHK cells, Rac1 regulates actin
cytoskeleton dynamics by facilitating the phosphorylation
of its downstream target, PAK1/2 (Edwards et al. 1999).
GTP-bound Rac1 binds to PAK1/2 and relieves it from
its auto-inhibitory domain and thereby promotes the
phosphorylation of PAK1 on Thr423 and PAK2 on Thr402
(referred to as p-PAK1/2Thr423/402). p-PAK1/2Thr423/402

increased by �30% in soleus and �120% in EDL muscles
in response to passive stretching (Fig. 1B and C). Rac1
Inhibitor II abolished this response in soleus and reduced it
by �60% in EDL. p-p38 MAPKThr180/Tyr182 was unaffected
by Rac1 Inhibitor II and increased by �200% in both
soleus and EDL in response to stretching. There were no
increases in p-AMPKThr172, p-ACCSer221 or p-AS160 (using
the phospho Akt substrate antibody; data not shown),
suggesting that AMPK- or Akt- mediated signalling
does not regulate stretch-stimulated glucose transport in
skeletal muscle.

Stretch-stimulated glucose transport is reduced in
Rac1 KO mouse muscle

To further confirm the involvement of Rac1 in stretch-
induced glucose transport, we analysed glucose transport
and downstream signalling in inducible muscle-specific
Rac1 KO mice. These mice have the advantage over
conventional KO models in that the genetic modification
is performed in adult mice, minimizing the risk of
compensation for the missing gene. In soleus and EDL
muscles, Rac1 content was decreased by �75% and
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Figure 2. PAK but not p38 MAPK stretch signalling is reduced Rac1 KO muscle
A, bar graphs showing quantifications of immunoblots of Rac1 and PAK1 in soleus and EDL muscle from inducible
muscle-specific Rac1 KO or WT littermates. (n = 5–7) B, stretch-stimulated 2DG transport in soleus and EDL from
Rac1 KO or WT littermates (n = 5–7). C, bar graphs showing quantifications of immunoblots of p-PAK1/2Thr423/402

(related to total PAK1) and p-p38 MAPKThr180/182 in response to stretching in soleus and EDL muscle from
muscle-specific Rac1 KO or WT littermates (n = 5–7). D, representative blots of PAK1, p-PAK1/2Thr423/402, p-p38
MAPKThr180/182, Rac1 and actin. ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001: significant effect of stretch stimulation.
#P < 0.05; ##P < 0.01): significant interaction between stretch and genotype. †P < 0.05; †††P < 0.001: significant
effect of genotype is indicated. Values are the mean ± SEM.
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mean ± SEM.
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�85%, respectively compared to WT littermate controls
(Fig. 2A and D). Stretching increased glucose transport
by �100% in WT mice and similar to pharmacological
Rac1 inhibition, stretch-stimulated glucose transport
was reduced by �40% in soleus and by �30% in
EDL KO muscle (Fig. 2B). As previously reported
(Sylow et al. 2013a, 2013b), Rac1 KO resulted in an
increased PAK1 protein content in both soleus and
EDL muscles (Fig. 2A and D). Therefore, analysis of
PAK signalling at site Thr423/402 was related to the
total amount of PAK1. We found that stretch-stimulated
p-PAK1/2Thr423/402 increased �150% in soleus muscle of
WT but not Rac1 KO mice. In EDL, the stretch-induced
�200% increase in p-PAK1/2Thr423/402 was blocked by
Rac1 KO (Fig. 2C and D). Stretch-induced p-p38
MAPKThr180/Tyr182 was not different between genotypes.
These data indicate a significant role for Rac1 in the
regulation of stretch-induced glucose transport in skeletal
muscle and show that PAK1/2 but not p38 MAPK is
regulated downstream of Rac1.

The actin cytoskeleton regulates stretch-stimulated
glucose transport

Rac1 is a major regulator of the actin cytoskeleton in
L6 muscle cells in response to insulin (JeBailey et al.
2004, 2007) and a functional actin cytoskeleton may
also be necessary for insulin and muscle contraction to
normally regulate glucose transport in mature skeletal
muscle (Brozinick et al. 2004; Sylow et al. 2013b,
2014a). However, whether the actin cytoskeleton is
required for stretch-stimulated glucose transport is not
known. Accordingly, we incubated soleus and EDL
muscles with the actin depolymerizing agent, latrunculin
B, and analysed stretch-stimulated glucose transport.
Latrunculin B significantly reduced stretch-stimulated
glucose transport by �50% in soleus and �40% in EDL
muscle (Fig. 3A). These findings suggest that, similar to
insulin and contraction, an intact actin cytoskeleton is
required for the normal regulation of stretch-induced
glucose transport.

Disruption of the actin cytoskeleton does not affect
intracellular signalling during stretching

The actin cytoskeleton has been proposed to act as a
scaffolding structure for signalling proteins in response to
growth factor stimulation (Khayat et al. 2000; Peyrollier
et al. 2000) and thus could participate in the trans-
duction of extracellular-mediated signals to Rac1 and
other signalling proteins (Zhou et al. 2007; Constantin,
2014). However, we did not detect any decreased activation
of PAK1/2 or p38 MAPK proteins after latrunculin B

treatment, suggesting that the actin cytoskeleton is not
essential for stretch-activated signalling in skeletal muscle
(Fig. 3B and C). Rather, the actin cytoskeleton may
facilitate the docking and fusion of GLUT4 vesicles to allow
glucose to enter the cell. To confirm that passive stretching
of skeletal muscle relies on glucose transporter proteins
and is not an indirect consequence of damaged or leaky
plasma membranes, we applied the glucose transporter
inhibitor cytochalasin B to our passive stretch model.
Cytochalasin B binds to GLUT4 and GLUT1 (Hellwig &
Joost, 1991) and thereby inhibits all glucose transport into
the muscle cells that is facilitated by glucose transporters
(Klip & Paquet, 1990). Should stretch-induced glucose
transport occur via a glucose transporter independent
mechanism, stretch would increase 2DG transport despite
the inhibition of glucose transporters. Cytochalasin B
completely blocked stretch-stimulated 2DG transport
(Fig. 3D), showing that passive stretching stimulates
glucose transport via regulation of glucose transporter
proteins.

Rac1 regulates contraction-stimulated glucose
transport but only during conditions of force
development

Muscle contraction, which potently increases glucose
transport, is accompanied by mechanical stress acting on
the muscle. The mechanical stress-component of muscle
contraction is necessary to fully activate glucose transport
because the prevention of tension development reduced
contraction-stimulated glucose transport (Ihlemann et al.
1999; Blair et al. 2009; Jensen et al. 2014b). Based on our
findings showing that Rac1 regulates both contraction-
(Sylow et al. 2013b) and stretch-stimulated glucose trans-
port (present study), we hypothesized that Rac1 is
part of the signal by which mechanical stress increases
glucose transport during muscle contraction. To test this,
we used Rac1 inhibitor II during conditions of muscle
contraction with maximal or no force development. We
used two previously published methods to disrupt tension
development during electrically-induced contraction:
(i) loosely hanging muscles in which resting length of the
muscles was adjusted to achieve no force output (Ihlemann
et al. 1999) and (ii) pre-treatment with the myosin heavy
chain ATPase inhibitors BTS and Blebbistatin, which pre-
vent cross-bridge formation (Blair et al. 2009; Jensen
et al. 2014b). Loosely hanging soleus and EDL muscles
displayed �70% reduced glucose transport compared
to muscles in which maximal tension development was
recorded (Fig. 4A). The residual 40% (soleus) and 50%
(EDL) increase in glucose transport in loosely hanging
muscles was not affected by the inhibition of Rac1. In
agreement with these results, BTS/Blebbistatin treatment,

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society
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which inhibited force production by ˃95%, reduced
contraction-stimulated glucose transport by 65% and
55% in soleus and EDL, respectively. The inhibition
of Rac1 in tension developing muscles reduced glucose
transport by 20–40% in soleus and EDL muscles.
However, the Rac1 Inhibitor II in combination with
BTS/Blebbistatin did not affect the residual 50% and 70%
increase in glucose transport in non-force developing
soleus or EDL muscle, respectively (Fig. 2B). These
findings suggest that Rac1 is partially required for
contraction-stimulated glucose transport because it is a
component of the mechanical stress-signal to glucose
transport.

Discussion

In the present study, we report that Rac1 and a func-
tional actin cytoskeleton are necessary for the normal
regulation of stretch-induced glucose transport in skeletal
muscle. In addition, we found that Rac1 regulated contrac-
tion-stimulated glucose transport only when force deve-
lopment was allowed, suggesting that Rac1 specifically
mediated the mechanical stress-component of con-
traction-stimulated glucose transport.

Muscle stretching was first reported to increase glucose
transport almost 30 years ago (Shoji, 1986) but the
underlying mechanism remains not well described.

2.0

A B

1.5

1.0

0.5

0.0

2D
G

 tr
an

sp
or

t (
μm

ol
/g

/h
)

2.0

1.5

1.0

0.5

0.0

2D
G

 tr
an

sp
or

t (
μm

ol
/g

/h
)

2.0

2.5

1.5

1.0

0.5

0.0

2.0

2.5

1.5

1.0

0.5

0.0

2D
G

 tr
an

sp
or

t (
μm

ol
/g

/h
)

2D
G

 tr
an

sp
or

t (
μm

ol
/g

/h
)

DMSO
Rac1 Inhibll
+ Force

Basal CON

Basal CON

Basal

CON

BTS/Blebbi

200

150

100

50

0

F
or

ce
 (

m
N

)

DMSO

BTS/Blebbi

200

150

100

50

0

F
or

ce
 (

m
N

)

DMSO

Blebbi/BTS Blebbi/BTS+
Rac1 Inhibll

DMSO

Soleus

Loosely hanging muscle Prevent crossbridge formation

Soleus

Rac1 Inhibll

Blebbi/BTS Blebbi/BTS+
Rac1 Inhibll

DMSO Rac1 Inhibll

EDL EDL

Figure 4. Glucose transport in contracting non-tension developing muscle is not regulated by Rac1
A, bar graphs showing electrically-induced contraction-stimulated 2DG transport in tension developing (+ Force)
or loosely hanging (white and black bars) soleus and EDL muscles incubated for 1 h with 15 µM Rac1 Inhibitor
II (Rac1 InhibII) or a corresponding amount of DMSO (n = 6). B, bar graphs showing electrically-induced
contraction-stimulated 2DG transport in soleus and EDL muscles incubated for 1 h with 15 µM Rac1 Inhibitor
II ± 75 µM BTS/50 µM Blebbistatin (Blebbi) or a corresponding amount of DMSO. Inserts show the effect of
BTS/Blebbi on initial force production during contraction (n = 5–8). ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001:
significant effect of contraction. #P < 0.05; ##P < 0.01: significant interaction between contraction and inhibitors.
Values are the mean ± SEM.
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Mechanical stress is sensed by a number of proteins at the
plasma membrane, including the dystrophin glycoprotein
complex, ion channels, integrins and focal adhesions.
We previously reported that passive stretching of mouse
muscle activated Rac1 (Sylow et al. 2013b) and, in the
present study, we show that stretching also increased
phosphorylation of the downstream target of Rac1:
PAK1/2. These findings are in agreement with earlier
studies showing that Rac1 co-localized with PAK in
response to passive stretching in skeletal muscle (Zhou
et al. 2007). The mechanism by which Rac1 regulates
glucose transport in response to stretching remains
to be clarified. In response to insulin, Rac1 facilitates
GLUT4 translocation in L6 myotubes via reorganization
of the cortical actin cytoskeleton (JeBailey et al. 2004).
The occurrence of cortical actin remodelling in mature
skeletal muscle and its role in stretch-stimulated glucose
transport needs further investigation. However, based on
the sensitivity to latrunculin B, muscle stretching could
require an intact actin cytoskeleton to stimulate glucose
transport, similar to the regulation of insulin-stimulated
GLUT4 translocation and glucose transport in cell culture
(JeBailey et al. 2004, 2007). It is therefore tempting
to hypothesize that Rac1 regulates actin cytoskeleton
dynamics and thereby mediates stretch-stimulated
glucose transport.

Our overall working hypothesis is that muscle
contraction facilitates glucose transport via two distinct
pathways. This includes a metabolic signal via AMPK
and a mechanical signal. By contrast, our data do not
support a major role for proteins activated exclusively
by sarcoplasmic reticulum Ca2+ release (Jensen et al.
2014b). The findings of the present study build on this
hypothesis because stretch-stimulated glucose transport
partly depended on Rac1, whereas Rac1 inhibition failed
to suppress glucose transport when force production was
compromised by either suboptimal sarcomere length or
myosin ATPase inhibition. This suggests that Rac1 is part
of an AMPK-independent, stretch-signal to glucose trans-
port during contraction. The independence of metabolic
stress/AMPK and mechanical stress/Rac1 in regulating
muscle glucose transport is further supported by a number
of previous findings because (i) passive stretch for 15 min
activates Rac1 but not AMPK signalling (Chambers et al.
2009; Jensen et al. 2014b); (ii) AICAR activates AMPK but
not Rac1 signalling (Sylow et al. 2013b); (iii) kinase-dead
AMPK expression does not prevent exercise-induced Rac1
signalling (Sylow et al. 2013b); (iv) Rac1 inhibition does
not inhibit AMPK signalling (Sylow et al. 2013b); (v)
both AMPK and Rac1 activation appear to be sufficient to
increase glucose transport (Chiu et al. 2013; Lai et al. 2014);
and (f) combined AICAR and passive stretch-stimulation
mimic the contraction glucose transport response and
this response displays additivity with insulin but not
contraction-stimulation (Jensen et al. 2014b).

A major unresolved question is whether and how the
numerous proteins and mechanisms, previously shown to
be required for glucose transport stimulation in muscle,
fit into our AMPK and mechanical stress-model (Jensen
et al. 2014a; Sylow et al. 2014b). For some molecules,
their sensitivity to the AMPK activator AICAR might
lend a clue as to their involvement in AMPK signalling
to glucose transport. Hence, the inhibition of putative
glucose transport regulators such as CaMKII, nitric oxide
synthase and reactive oxygen species does not appear
to inhibit AICAR (AMPK)-stimulated glucose transport
(Stephens et al. 2004; Wright et al. 2004; Merry et al.
2010), although not all studies support this (Fryer et al.
2000; Sandstrom et al. 2006). Given that these molecules
are not AMPK-dependent, their involvement in glucose
transport-regulation could occur via mechanical stress, as
shown in the present study for Rac1. Interestingly, all of
the above mentioned molecules appear to be induced by
mechanical stress (Kitajima et al. 2011; Ito et al. 2013) and
a role of free oxygen radicals has already been suggested
for stretch-stimulated glucose transport (Chambers et al.
2009). The involvement of these putative candidates in the
regulation of stretch- and contraction-stimulated glucose
transport needs further investigation.

The glucose transport-response to stretch was only
partially reduced by Rac1 inhibition or by the actin
depolymerizing agent, latrunculin B. If the possibility is
considered that glucose transport in muscle in response
to insulin (Brozinick et al. 2004; Sylow et al. 2013a,
2014a), contraction (Sylow et al. 2013b) and stretching
(present study) is partially dependent on Rac1 and
filamentous actin, then what is the residual Rac1 and
actin-independent component? The residual glucose
transport might reflect an increase in intrinsic GLUT4
activity (Furtado et al. 2002; Huang et al. 2002), the
contribution from other glucose transporter isoforms in
muscle (Purcell et al. 2011), the regulation of fusion
of already docked GLUT4 vesicles (Bai et al. 2007) or
perhaps the inhibition of GLUT4 endocytosis rather than
exocytosis (Foley et al. 2011). Indeed, in isolated ex
vivo incubated muscles, the rate-limiting step for glucose
uptake is probably transport (Hansen et al. 1994) and
GLUT4 appears to account for the majority of this trans-
port (Zisman et al. 2000). In the present study, we did not
directly measure GLUT4 translocation and it is possible
that inhibiting the actin cytoskeleton and its regulators
has a greater effect on GLUT4 movement than glucose
transport. In support of this, we have observed that
inducible Rac1 KO abolishes GLUT4 translocation but
only partially reduces glucose uptake in tibialis anterior
muscle in response to exercise (L. Sylow, unpublished
data). Similarly, insulin-stimulated GLUT4 translocation
was almost completely prevented in conventional Rac1
KO (Ueda et al. 2010) compared to the modest reduction
in insulin-stimulated glucose transport in the inducible
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Rac1 KO mouse muscle (Sylow et al. 2013a). Thus, it is
possible that the GLUT4 translocation-response is Rac1
and/or actin-dependent, and yet the result is only a partial
reduction in glucose transport.

Previous studies in vascular smooth muscle cells
reported that p38 MAPK is activated downstream of Rac1
in response to cyclic strain stress (Li et al. 2000; Qi et al.
2010). p38 MAPK has been suggested to play an essential
role in stretch-stimulated glucose transport because a
pharmacological inhibitor of p38 MAPK abolished glucose
transport during passive stretching (Chambers et al. 2009),
although that inhibitor was reported to directly inhibit
intrinsic GLUT4 activity (Ribe et al. 2005). In addition,
another p38 MAPK inhibitor, VX-702, did not reduce
stretch-stimulated glucose transport in mouse muscles
despite a complete blockade of p38 MAPK signalling,
making the exact contribution of p38 MAPK unclear
(Jensen et al. 2014b). Whatever the role of p38 MAPK
in glucose transport regulation, the findings of the present
study show that Rac1 signals independently of p38 MAPK
because stretch-induced glucose transport was decreased
by Rac1 Inhibitor II and Rac1 KO, despite normal p38
MAPKThr180/Tyr182 phosphorylation.

In conclusion, we show that Rac1 and an intact actin
cytoskeleton are critical for the normal regulation of
stretch-stimulated glucose transport in skeletal muscle.
In addition, Rac1 is necessary for the normal regulation of
contraction-stimulated glucose transport but only during
conditions of force development. These findings suggest
that Rac1 regulates the mechanical stress-component of
contraction-stimulated glucose transport, possibly via the
actin cytoskeleton.
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