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Geranylgeranylaceton induces heat shock protein 72
in skeletal muscle cells
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Abstract

Effects of an antiulcer drug, geranylgeranylaceton (GGA), and/or heat-stress on 72 kDa heat shock protein (HSP72) expression and
protein content in cultured skeletal muscle cells were studied. Mouse skeletal muscle cells (C2C12) were subjected to either 1) control (cul-
tured at 37 �C without GGA), 2) GGA administration (10�11–10�8 M), 3) heat-stress at 41 �C for 60 min, or 4) GGA administration
combined with heat-stress. Expression of HSP72 was up-regulated by GGA administration. Heat-stress further enhanced the GGA-
related up-regulation of HSP72. Administration of GGA caused an increase of muscular protein content as a dose-dependent manner.
Protein synthesis was also stimulated by heat-stress alone in myotubes. It was suggested that GGA stimulates the differentiation of myo-
blasts and protein synthesis. These observations may also suggest that the administration of GGA could be one of the useful tools to gain
muscular mass not only in athletes, but also in patients during rehabilitation.
� 2007 Elsevier Inc. All rights reserved.
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Heat shock proteins (HSPs) are part of the tightly regu-
lated systems for maintenance of cellular homeostasis dur-
ing the normal cell growth and for survival in response to
detrimental environmental stresses [1,2]. Among the several
multiple member families of HSPs, a stress-inducible
HSP70, namely 72 kDa HSP (HSP72), is one of the best-
known endogenous factors protecting cell and tissue injury
under pathophysiological conditions [3,4]. It has been well-
reported that HSP72 in skeletal muscles is also up-regu-
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lated by physical exercises [5–10], as well as heat-stress
[11–13]. However, the precise mechanism, as well as the
physiological roles, for the up-regulation of skeletal mus-
cles is not fully understood.

An antiulcer drug, geranylgeranylaceton (GGA) is
known to be a non-toxic HSP72 inducer that protects cul-
tured gastric mucosal cells against ethanol-induced injury
and rat gastric mucosa against stress-associated ulcer
[14]. It has been reported that GGA stimulates HSP72
expression in not only gastric mucosa [14] but also heart
of rats [15]. However, there is no evidence regarding the
effects of GGA on HSP72 expression in skeletal muscle
cells. Therefore, in the present study, we investigated the
effects of GGA on HSP72 expression in cultured skeletal
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muscle cells. To our knowledge, this is the first report
showing that GGA-associated up-regulation of HSP72 in
skeletal muscle cells.
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Fig. 1. Effects of geranylgeranylaceton (GGA) administration or heat-
stress on the expression of 72 kDa heat shock protein (HSP72) during the
growth (myoblasts) and differentiation (myotubes) phases. Representative
patterns and the mean (±SEM) levels of HSP72 expression are shown.
n = 6/group. Control: untreated control group, GGA: GGA-adminis-
trated group (10�8 M GGA was added to the culture medium for 2 days
before sampling), heat: group with a bout of heat-stress (cells were
exposed to 41 �C for 60 min and sampled after 2 days), OD: optical
density, growth phase: myoblasts sampled after the 3-day culture in the
growth medium with or without GGA administration, and differentiation
phase: myotubes sampled after the 9-day culture in the differentiation
medium with or without GGA administration or heat-stress. *,�Signifi-
cantly different (p < 0.05) compared with the value of control and GGA
groups, respectively.
Materials and methods

Myoblast cells (C2C12) of mouse were cultured on culture plates with a
genetic type I collagen bound surface (Biocoat, Becton–Deckinson Lab-
ware, NJ). Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Rockville, MD) supplemented with 10% heat-inac-
tivated fetal calf serum in humidified atmosphere of 95% air and 5% CO2

for proliferation.
Administration of GGA. The GGA was supplied by Eizai Co. Ltd.

(Tokyo). The concentration of GGA, used, was between 10�11 and
10�8 M in conditioned culture medium. Stock solutions of GGA were
prepared in dimethylsulfoxide (DMSO) and diluted to the final DMSO
concentration at 0.2% in the medium. The DMSO alone was administered
for the control group. Cultures were maintained for 3 days in the growth
medium and 9 days in the differentiation medium. Medium was changed
every 24 h. Images of myoblasts and myotubes were analyzed under a light
microscopy, as described below.

Application of heat-stress. Generally, cells were kept in the incubation
chamber maintained at 37 �C in humidified atmosphere with 95% air and
5% CO2. The plates with the cells in the heat-stressed groups were
transferred to other chamber in which the temperature was set at 41 �C
and they were returned to the original chamber after 60 min. Our previous
study showed that the temperature of the culture medium gradually
increased and reached to 41 �C after �45 min and was maintained stable
thereafter in the chamber for heat-stress [16].

Experiment 1

Effects of 2-day GGA administration and/or heat-stress, 2-day prior to

sampling, on the expression of HSP72. The C2C12 myoblasts (6.0 · 104)
were seeded in each 35 mm2 culture plate and were maintained for 3 days
in the growth medium, composed of DMEM with 4.5 g glucose/L and
10% heat-inactivated fetal bovine serum, as was described elsewhere [16].
Myoblasts were maintained at a subconfluent seeding density during 3
days after seeding, and the differentiation from myoblasts into myotubes
was initiated in some plates by changing the growth medium to the dif-
ferentiation medium consisting of DMEM with 1 g glucose/L and 2%
horse serum. Then, the cells were maintained in the differentiation medium
for 9 days.

During the 2nd and 3rd day in the growth medium or 8th and 9th day
in the differentiation medium, GGA (10�8 M) were added to the condi-
tioned medium. Some of the cells were subjected to heat-stress (41 �C) for
60 min 2 days before the sampling. The cells were collected following 2
days after the initiation of GGA administration or heat-stress. Since a
greater effect of heat-stress than GGA administration on HSP72 expres-
sion in myotubes was observed (Fig. 1), an additional experiment was
performed to investigate the combined effects of heat-stress and GGA
administration (Fig. 2).

Experiment 2

Effects of continuous GGA administration or a single bout of heat-stress

on the differentiation of C2C12 cells. The C2C12 myoblasts were seeded and
maintained in the growth medium as in Experiment 1. Myoblasts were
maintained at a subconfluent seeding density during 3 days after seeding,
and the differentiation from myoblasts into myotubes was induced by
changing the medium to the differentiation medium consisting of DMEM
with 1 g glucose/L and 2% horse serum. The GGA (10�11–10�8 M) was
added to the conditioned medium throughout the 9 day culture. Heat-
stress was applied to some cells, which were cultured without GGA.
Further, none of the heat-stress or GGA administration was performed
for the control group.
Imaging analysis. The images of myoblasts and myotubes during the
proliferation and the differentiation phases were taken by using a cali-
brated color imaging camera (DP12, Olympus, Tokyo) set up to a phase
contrast light microscope (CK40, Olympus). The levels of the proliferation
and the differentiation of myoblasts were checked in the multiple separate
microscope fields on, at least, six separate culture plates.

Sample collection. The cells in each plate were rinsed with 1 mL of ice-
cold phosphate-buffered saline (PBS) twice, and scraped into 0.2 mL of
cell lysis reagent (CelLytic�-M, Sigma–Aldrich, St. Louis, MO). Then, the
cells in the cell lysis reagent were sonicated to solubilize completely.

Western blotting and densitometry. Extracted samples in the cell lysis
reagents were mixed in sodium-dodecylsulfate (SDS) sample buffer {30%
(v/v) glycerol, 5% (v/v) 2-mercaptoethanol, 2.3% (w/v) SDS, 62.5 mM
Tris–HCl, 0.05% (w/v) bromophenol blue, pH 6.8} at a concentration of
2 mg protein/mL and boiled for 3 min, and equal amount of protein
(20 lg) was loaded on each 10% SDS–polyacrylamide gel. The changes in
the expressions of HSP72 (HSP70 inducible) were investigated. Following
SDS–PAGE, proteins were transferred to PVDF membranes (0.2 lm pore
size, Bio-Rad, Hercules, CA) at a constant voltage of 100 V for 1 h at 4 �C.
The membranes were blocked for 1 h by using a blocking buffer {5% skim
milk with 0.1% Tween 20 in Tris-buffered saline (TTBS), pH 7.5}. Then,
the membranes were incubated for 1 h with a polyclonal antibody for
HSP72 (SPA-812, StressGen, Victoria, BC) and then reacted with a sec-
ondary antibody (goat anti-mouse immunoglobulin G conjugated to
alkaline phosphatase; Sigma–Aldrich) for 2 h. The membranes were sub-
sequently reacted with bromochloroindolyl phosphate-nitro blue tetrazo-
lium substrate. Quantification of the bands from the immunoblots was
performed by using a computerized densitometry [11–13,16]. Standard
curves were constructed in the preliminary experiment to ensure the
linearity.
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Fig. 2. Effects of heat-stress with or without 2-day GGA administration
on the expression of HSP72 in myotubes sampled after the 9-day culture.
Representative patterns and the mean (±SEM) levels of HSP72 expression
are shown. n = 6/group. Heat + GGA: GGA (10�8 M)-administration
with a bout of heat-stress (41 �C for 60 min). Other abbreviations and
experimental protocol are the same as in Fig. 1. *Significantly different
(p < 0.05) compared with the value of heat-stress alone group.
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Protein concentrations. To evaluate the muscle protein content, the
concentration of proteins in cell lysis reagent was determined by using the
Bradford technique (Protein Assay kit, Bio-Rad, Hercules, CA). Protein
concentrations in the cell lysis reagents were expressed as mg per mL.
Fig. 3. Pictures showing the typical images of myotubes at the end of 9-day
Statistical analyses. All values were expressed as means ± SEM. Sta-
tistical significance was analyzed by using analysis of variance followed by
Scheffé’s post hoc test. The significance was accepted at p < 0.05.

Results

Experiment 1

Effects of GGA and/or heat-stress on the expression of HSP72

Administration of 10�8 M GGA induced an up-regula-
tion of HSP72 expression in C2C12 cells either in the
growth medium or in the differentiation medium (Fig. 1).
The levels of HSP72 expression in the growth and differen-
tiation mediums with GGA were significantly higher than
those without GGA (p < 0.05). The HSP72 expression
induced by heat-stress, without GGA administration, was
higher than that induced by GGA administration in the
differentiation medium. The combination of GGA admin-
istration and heat-stress further up-regulated the HSP72
expression of myotubes (Fig. 2). The HSP72 expression
induced by the combination of GGA and hest-stress signif-
icantly higher than that in heat-stress alone (p < 0.05).
However, there was no significant difference in the protein
contents between each group (data not shown).

Experiment 2

Effects of GGA and/or heat-stress on the muscular protein

contents
The typical images of myotubes cultured for 9 days with

or without GGA at various concentrations are shown in
culture with or without geranylgeranylaceton at various concentrations.
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Fig. 4. Effects of continuous GGA administration or a bout of heat-stress
on the protein contents of myotubes cultured in the differentiation
medium. The GGA at the concentration of either 0, 10�11, 10�10, 10�9, or
10�8 M was administered to the medium, when the differentiation was
initiated after 3 days of culture in the growth medium. In one group,
cultured without GGA, cells were exposed to heat (0 M + heat, 41 �C) for
60 min at the beginning of 9-day culture in the differentiation medium. The
control group was cultured without GGA and heat-stress. Mean ± SEM.
n = 6/group. Other abbreviations are the same as in Fig. 1. *,�,§Signif-
icantly different (p < 0.05) compared with the value of control, 10

�11

M,
and 10�10 M groups, respectively.

334 K. Goto et al. / Biochemical and Biophysical Research Communications 358 (2007) 331–335
Fig. 3. Fig. 4 shows the effects of GGA or heat-stress on
muscular protein contents in myotubes. Heat-stress alone
significantly increased the protein content of muscle cells
(p < 0.05). Further, administration of GGA caused an
increase in muscular protein contents as a dose-dependent
manner. Muscular protein contents of high dose (10�9–
10�8 M) of GGA were significantly higher than those of
control and low dose (10�11–10�10 M) of GGA (p < 0.05)
and comparable to the heat-stressed condition.
Discussion

The present study clearly demonstrated that the
expression of HSP72 in cultured mouse skeletal muscle
cells (C2C12) was up-regulated by the administration of
an antiulcer drug, GGA, and/or heat-stress. In addition,
the administration of GGA or heat-stress facilitated the
differentiation of myoblasts into myotubes, and the mus-
cular protein content was increased as a dose-dependent
manner. To our knowledge, this is the first report show-
ing the GGA-associated up-regulation of HSP72 in cul-
tured muscle cells and of the differentiation of myoblasts.

HSP72 expression

It is well known that HSP72, the inducible form of
HSP70, is up-regulated by exposure to heat [9,10,16,17].
Up-regulation of HSP72 is induced by not only heat-stress
but also many types of cellular stresses, such as the reduced
peripheral blood circulation, oxygen radicals, and/or H+

[9,18–21]. The HSP72 function as an important molecular
chaperone [22,23]. Therefore, the cellular proteins could
be stabilized following the up-regulation of HSP72. Over-
expression of HSP72 is thought to be beneficial for the pro-
tection against the occlusion–reperfusion-induced cardiac
injuries [24–26].

In skeletal muscles, it has been reported that the precon-
ditioning by heat-stress, which increases the HSP72 expres-
sion, could attenuate the muscle atrophy induced by
unloading [27]. It has been also shown that heat-stress also
stimulated protein synthesis in skeletal muscles [13,16,28].
Further, application of heat-stress (41 �C for 60 min) with
or without mechanical stretch facilitated the muscle hyper-
trophy [13,16,28] and the recovery of atrophied muscles
[11]. The up-regulation of HSP72 induced by heat-stress,
as well as mechanical stretch, may play one of the signals
for muscle hypertrophy.

In the present study, the administration of GGA and/or
the application of heat-stress induced the up-regulation of
HSP72 expression in C2C12 cells during both growing and
differentiating phase. The HSP72 expression induced by the
combination of GGA and hest-stress significantly higher
than those induced by GGA or heat-stress alone
(p < 0.05). However, the molecular mechanism responsible
for the GGA-induced up-regulation of HSP72 is still
unclear.

Differentiation

In the present study, the administration of GGA facili-
tated the differentiation of myoblasts, and the muscular
protein content was increased as a dose-dependent manner.
Heat-stress also caused an increase of muscular protein
contents. This result is consistent with the previous study
[16]. It is, however, unclear whether the increase in muscu-
lar protein is directly associated with the GGA-induced up-
regulation of HSP72 or not. Kojima et al. [29] also reported
that there was no direct relationship between the level of
HSP72 expression and protein content in muscle, suggest-
ing that the expression of HSP72may not be the key signal
for protein synthesis.

Perspective

It was indicated that administration of an antiucler
drug, GGA, as well as the heat-stress, to culture medium
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increased the expression of HSP72 and protein content in
muscle cells. It was suggested that GGA may activate the
intracellular signals, which stimulates the differentiation
of myoblasts and protein synthesis. These observations
may also suggest that the administration of GGA could
be one of the useful tools to gain muscular mass not only
in athletes, but also in patients during rehabilitation.
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