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Damage to developing mouse skeletal muscle myotubes in
culture: protective effect of heat shock proteins
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Department of Medicine, University of Liverpool, Liverpool L69 3GA, UK

Damage to skeletal muscle occurs following excessive exercise, upon reperfusion following
ischaemia and in disease states, such as muscular dystrophy. Key mechanisms by which damage is
thought to occur include aloss of intracellular calcium homeostasis, loss of energy supply to the cell,
increased activity of oxidising free radical-mediated reactions and activation of apoptosis pathways.
An increased cellular content of heat shock proteins (HSPs) has been shown to protect skeletal
muscle against some forms of damage, although the mechanistic basis of this protection is not
clearly understood. The aim of this study was to establish a cell culture-based model of damage to
C,C,, skeletal muscle cells using the calcium ionophore, A23187 and the mitochondrial uncoupler,
2,4-dinitrophenol (DNP) as damaging agents. Treatment of cells with 1 mm DNP for 60 min
resulted in the release of 63.5% of intracellular creatine kinase (CK) activity over the 3 h
experimental period. Treatment of cells with 10 uM A23187 for 30 min resulted in the release of
47.9 % of CK activity. Exposure of myotubes to a period of hyperthermia resulted in a significant
increase in their content of HSP25, HSP60, HSC70 (heat shock cognate) and HSP70. This increase
in HSPs was associated with significant protection against both DNP-induced and A23187-induced
damage to the myotubes. These results indicate that an increased content of HSPs may provide
protection against the muscle damage that occurs by a pathological increase in intracellular calcium
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or uncoupling of the mitochondrial respiratory chain.
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Damage to skeletal muscle occurs in various situations,
such as following excessive or unaccustomed exercise,
upon reperfusion following ischaemia and in disease
states, including the muscular dystrophies. In these
situations, the initial insult may be wide ranging, but the
final route of damage is thought to occur via several key
mechanisms (McArdle & Jackson, 1997). The pathways
that have been extensively studied are: a loss of intra-
cellular Ca®* homeostasis, a loss of energy supply to the
cell, or an increased activity of oxidising free radical-
mediated reactions and, in recent years, activation of
apoptosis pathways (McArdle & Jackson, 1997; McArdle et
al. 1999).

Cells have endogenous mechanisms to protect against
damage, facilitate recovery from non-lethal damage and
adapt to prevent subsequent damage. One of the most
extensively described of these is the stress response. All
nucleated cells respond to a short period of (non-damaging)
stress by increased synthesis of a family of proteins known
as stress or heat shock proteins (HSPs; see Hightower,
1991; Feige et al. 1996; Gething, 1997; for comprehensive
reviews). HSPs are named according to their molecular
mass and include the small HSPs such as HSP25, HSP60,
the HSP70 family of proteins and the larger HSPs such as

HSP90 and HSP110. Some HSPs are constitutively
expressed in the unstressed cell where they act as molecular
chaperones, associating with newly synthesised proteins,
facilitating folding and aiding translocation of newly
synthesised proteins to intracellular sites such as the
mitochondria (Hubbard & Sander, 1991; Gething, 1997;
Fink, 1999). When cellular stress leads to the production of
unfolded or misfolded proteins, the cellular content of
HSPs is increased. Thus, the HSP content of cells is
increased following heat, infection, incorporation of
amino acid analogues and various forms of oxidative stress
including exercise (Salo et al. 1991; Voellmy, 1996; Liu &
Steinacker 2001; McArdle et al. 2001).

An increased cellular content of HSPs can provide
cytoprotection against subsequent stresses. For example,
in the heart, a period of hyperthermia provided substantial
protection against damage induced by subsequent ischaemia
and reperfusion, the calcium paradox or the oxygen
paradox (Marber, 1994; Plumier & Currie, 1996). This
protection was associated with a sixfold increase in the
HSP70 content of the heart (Marber, 1994). Definitive
evidence for the crucial role of HSP70 in this protection
was presented by Marber et al. (1995) and Plumier et al.
(1995). These studies independently demonstrated significant
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reductions in damage induced by ischaemia—reperfusion
in hearts from transgenic mice overexpressing HSP70 in
cardiac tissue.

A similar protective mechanism has also been reported in
studies of skeletal muscle. Hyperthermia or exercise results
in an increased content of HSPs in skeletal muscle
(McArdle et al. 1997; Febbraio & Koukoulas, 2000; Khassaf
etal. 2001; McArdle et al. 2001). In addition, a prior period
of hyperthermia or a non-damaging period of
ischaemia-reperfusion provides protection against
subsequent ischaemia and reperfusion-induced skeletal
muscle damage (Garramone et al. 1994; Lepore et al.
2001).

A variety of models have been developed to study muscle
damage and adaptation. These include the use of cultured
muscle cells, isolated single muscle fibres, bundles of
fibres, intact isolated rodent muscles or damage to muscle
in situ in animals and man (Faulkner et al. 1982, 1993;
McArdle et al. 1992; Head, 1993; Pressmar et al. 1994;
Faulkner & Brooks, 1997). Development of a reproducible
model of skeletal muscle damage in cell culture would have
a number of advantages over established in vitro, in vivo
and in situ models. Most importantly, it could provide a
model in which the specific response of muscle cells could
be examined and to which approaches could be applied to
examine the basic mechanisms underlying damage to
skeletal muscle to help identify means of preventing
damage.

The aim of this study was to examine the effect of prior
heat stress on the susceptibility of skeletal muscle cells in
culture to damage induced by the Ca** ionophore, A23187,
and the mitochondrial uncoupler, 2,4-dinitrophenol
(DNP), as damaging agents of relevance to processes
known to occur in vivo. Our hypothesis was that a period
of hyperthermia to myotubes in culture would lead to an
increased content of HSPs and that this increased content
would be associated with protection against damage
induced by A23187 or DNP.

METHODS

Preparation of myoblasts and myotubes

C,C, cells derived from a mouse cell line originally established by
Yaffe & Saxel (1977) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 0.45 % glucose with 2 mM glutamine,
50 i.u. penicillin, 50 ug ml™" streptomycin and 12 % (v/v) fetal calf
serum (FCS). Cells were grown at 37 °C in 5% (v/v) CO, in a
humidified environment. Myoblasts were subcultured using
0.25% (w/v) trypsin and 0.025 % (w/v) EDTA in Dulbecco’s PBS
(D-PBS; Sigma Chemical Co. Ltd, UK). Myoblasts were passaged
when 70-80 % confluence was reached.

To induce myotube formation, the medium was replaced with
DMEM containing 2% horse serum (HS) with 0.45% (w/v)
glucose and 2 mm glutamine prior to the myoblasts reaching
confluence. The change of 12% FCS to 2% HS enhances the
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formation of myotubes by encouraging fusion of myoblasts.
Development of myotubes was assessed by light microscopy and
by analysis of the total cellular activity of the muscle specific
enzyme, creatine kinase (CK). The HSP content of myoblasts and
myotubes during development was analysed by Western blotting
as described below.

Basic model of damage to myotubes in culture

Myoblasts were grown as an adherent monolayer in sterile 6-well
tissue culture plates. Seven days after the addition of HS, the
medium was removed and myotubes were washed in sterile D-
PBS for 30 min to remove excess medium and serum. Cells were
incubated in 1 ml of D-PBS at 37 °C for 30 min. The D-PBS was
removed and replaced for 1 x 30 min with D-PBS containing the
calcium ionophore A23187 or for 2 X 30 min with D-PBS containing
DNP. Control, untreated cells were incubated in D-PBS alone.
This medium was then removed and replaced with 1 ml D-PBS
every 30 min for a further 60-90 min. All media were analysed for
CK activity and soluble protein content. At the end of the
experiment, cells were harvested in 1 ml D-PBS. The resulting
suspension was sonicated and analysed for CK activity and protein
content. Release of CK activity and soluble protein from cells into
the medium was expressed as a percentage of the total CK activity.

The effect of prior hyperthermia on HSP contentand
damage to myotubes in culture

Seven days after the addition of HS, myotubes were cultured in 6-
well tissue culture plates. The temperature of the test cells was
raised to 42 °C for 30 min. Control cells were maintained at 37 °C.
At 4, 8, 12, 18 and 24 h following hyperthermia, the cells were
washed with excess D-PBS and harvested into 1 ml D-PBS. The
cells were pelleted and resuspended in homogenisation buffer
containing 1% SDS and a range of protease inhibitors. Cells were
sonicated and analysed for HSP content as described below.

Alternatively, myotubes at 4, 8, 12, 18 and 24 h following hyper-
thermia were subjected to damage induced by treatment with
1 mm DNP or 10 uM A23187 as described above. Damage was
assessed by release of CK activity into surrounding medium.

Methods of analysis of cellular damage and death

The protein content of the D-PBS and myotubes was measured
using the bicinchoninic acid (BCA) protein assay (Sigma), based
on the method of Smith et al. (1985).

CKactivity of cells and medium was determined using a modification
of the spectrophotometric method described by Jones et al.
(1983). A 50 pul sample was added to 200 ul of a cocktail of assay
reagents in a 96-well microtitre plate and the change in
absorbance in each well was measured for 10 min at a wavelength
of 340 nm using a microplate reader (Benchmark, Biorad, UK).
Activity of CK was calculated by the conversion of NADP* to
NADPH where one unit of CK activity is equivalent to the
conversion of 1 gmol of creatine phosphate substrate per minute
at20 °C.

An alternative method to assess plasma membrane permeability
of myotubes was also applied. Cells were stained by incubation in
1 ml of D-PBS containing 2 ul of a Live/Dead cell viability kit
(Molecular Probes, OR, USA) for 30 min in the dark. The
medium was then removed and cells were fixed with 4%
gluteraldehyde in D-PBS. The cells were viewed immediately
using a fluorescent microscope (Polyvar, Germany). The kit
comprises two reagents. The first is the cell permeant green
fluorescent SYTO 10, which is an indicator of cells that have
esterase activity as well as an intact membrane to retain the esterase
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products. The second component is ethidium homodimer-1, which
is a red fluorescent nucleic acid stain that is only able to pass
through compromised membranes of dead cells where it shows as
a red nuclear stain. The dye concentrations and their relative
affinities are balanced such that a cell population exposed
simultaneously to both dyes becomes differentially stained.

Analysis of HSP content of myotubes by SDS-PAGE and
Western blotting

Cells were harvested into a 1 % solution of SDS containing (mm):
1 iodoacetamide, 1 benzethonium chloride, 5.7 phenylmethyl
sulphonyl fluoride and 5 EGTA. Cells were then sonicated and
centrifuged at 2000g for 5min. Protein content of the
supernatant was determined using the BCA protein assay (Sigma).
A 50 ug sample of total cellular protein was boiled for 5 min in a
water bath in an equal volume of Laemmli buffer (National
Diagnostics, Atlanta, GA, USA). The cooled sample was then applied
to a 12 % polyacrylamide gel with a 4 % stacking gel (Protogel,
National Diagnostics). Electrophoresis was carried out at a
constant current of 40 mA. The separated proteins were then
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Figure 1

HSP25 (A), HSP60 (B) and HSC70 (C) content of
C,Cy,cellsat 1,2, 3,5and 7 days following
treatment with HS. Data are expressed asa
percentage of HSP content of myoblasts.

D, representative Western blot showing HSP
content of C,C,, cells prior to (lane 1) and at 1, 2, 3,
5 and 7 days following treatment with HS (lanes
2-6). E, specific CK activity in C,C,, cells prior to
(0 time point) and at specific time points following
treatment with HS. * P < 0.05 cf. myoblast
content.
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transferred from the gel onto a nitrocellulose membrane by
Western blotting using a Multiphore II discontinuous blotting
system (Pharmacia, Uppsala, Sweden). A constant current of
0.8 mA cm™* was applied to the system for 90 min. Following
electroblotting, the nitrocellulose membrane was analysed for
HSP content using a panel of antibodies raised against HSP25
(Stressgen, Victoria, Canada), HSP60 (Stressgen), HSC70 (Sigma)
and HSP70 (Amersham International Laboratories, Amersham,
UK). Bands were visualised using the ECL film and chemi-
luminescent detection kit (Amersham). Membranes were
exposed to film for 3—4 different exposure times to ensure that
saturation of film had not occurred. Samples from each
experiment were applied to the same gel. The intensity of staining
for individual HSPs was quantified by densitometry and the
content of HSPs was expressed as a percentage of experimental
control values to allow comparisons between Western blots.
Previous data have demonstrated that this results in an error of
less than £ 10 %.
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Statistical analysis

Data are presented as means + S.E.M. Data were analysed using
one-way analysis of variance and Bonferroni modified t test where
appropriate. * P < 0.05 for comparisons stated in figure legends.

RESULTS

Development of myoblasts and myotubes in culture
Figure 1A—C shows the mean change in HSP25, HSP60
and HSC70 content of myoblasts and myotubes during
fusion and differentiation following addition of 2% HS
and Fig. 1D shows representative Western blots. Data are
expressed as a percentage of HSP content of myoblasts,
prior to addition of HS. The content of HSPs per unit
protein fell to approximately 50-70 % of the value for
myoblasts by 7 days following fusion. HSP70 was not
detected in samples from any time point following the
addition of HS.

Figure 1E shows the activity of CK per unit of cellular
protein in myoblasts and myotubes following induction of
differentiation. Cultured myoblasts contained a low level
of CK activity. The CK activity of myotubes rose steadily
during differentiation to reach a plateau at 5-7 days
following the addition of HS.
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Figure 2

Time course of release of CK activity expressed as percentage of
total CK activity in the well per 30 min (A) and cumulative release
of activity (B), from control myotubes (M) and myotubes treated
with 0.25 (A), 1 (W) and 10 mMm (@) DNP.* P < 0.05 compared
with untreated myotubes.
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These data therefore indicated that the development of
myotubes in culture reaches a plateau at 5-7 days following
addition of 2 % HS. The use of myotubes at this time point
was therefore considered to be the most appropriate and
sensitive time where release of CK activity could be used as
a marker of damage to myotubes.

Development of a model for the study of damage to
myotubesin culture

Figure 2 shows the effect of treatment of myotubes with
250 M, 1 mMm or 10 mMm DNP on release of CK activity
from myotubes in culture. Data are expressed as the
proportion of the total CK activity released per 30 min
(Fig. 2A) and cumulative release of CK activity (Fig. 2B).
The percentage of total CK activity that was released
throughout the time course of the experiment is given in
Table 1. Treatment of cells with 10 mM DNP resulted in
loss of a significant proportion of the CK activity over the
initial stages of the experiment, markedly reducing the
cellular CK activity remaining in the myotubes and
therefore available for further loss in the later stages of the
experiment (Fig. 2A). Treatment of myotubes with 1 mm
DNP resulted in the release of a total of 63.5 + 2.6 % of CK
activity. Table 1 also shows the proportion of soluble protein
that was released form the cells following treatment with
DNP. This demonstrates that the proportion of protein
released was generally comparable with the percentage of
CK activity that was released following treatment.

Prior to treatment with DNP, approximately 5% of cells
were permeable to the ethidium homodimer-1 component
of the Live/Dead viability kit (Fig. 3). Treatment of cells
with 1 mM DNP resulted in no significant increase in the
percentage of cells that was permeable to the vital stain
over the time course of the experiment (Fig. 3).
Microscopic examination of myotubes indicated that the
treatment with 1 mm DNP also resulted in an apparent
reduction in cell volume (Fig. 3).

The loss of cytosolic components compared with the lack of
increase in plasma membrane integrity may have occurred
because: (1) the cells were able to release intracellular
proteins without loss of the ability of the plasma membrane
to exclude the vital stain or (2) only viable cells remained
adhered to the tissue culture plate. To address these
possibilities, the contents of any media removed from cells
were collected onto a microscope slide using a cytospin
(Eppendorf, Hamburg, Germany). The slides were viewed
using a fluorescent microscope and the number of nuclei in
each well was estimated. The total number of nuclei
recovered from the media was 4.4 + 0.4 % of the total cells in
each well. Thus, the release of CK activity, which was
measured in the media, is primarily due to the cells releasing
cytoplasmic CK without loss of membrane integrity.

The effect of treatment of myotubes with different
concentrations of A23187 on release of CK activity is
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Table 1. Total release of CK activity and protein from myotubes following
treatment with DNP or A23187

Agent Concentration CK activity Protein released
(% of total activity) (% of total protein)

Control — 6.0+1.2 11.5+0.8
DNP 0.25 mM 52.1 £2.6* 355+ 11.2*

1 mM 63.5 +2.6* 55.5 + 6.74*

10 mMm 97.5 £ 0.4* 78.0 +3.0*
A23187 2 uM 3.1+£04 163 +1.9

10 um 47.9 +3.5% 56.3 £ 1.7*

20 uM 92.7 £ 1.5* 65.2 = 4.7*

50 uM 87.9 £ 1.2* 80.7 £ 4.0*

*Significantly different from control values.

shown in Fig. 4. Data are expressed as the proportion of CK
activity released per 30 min (Fig. 4A) and cumulative
release of CK activity (Fig. 4B). The total percentage of CK
activity which was released throughout the time course of
the experiment is given in Table 1. No significant increase
in release of CK activity was seen when myotubes were
treated with 2 uM A23187 compared with that of control
myotubes. Treatment of myotubes with 10 um A23187
resulted in the total loss 0f 45.8 £ 3.0 % of total cellular CK
activity at 1 h following treatment. At the same time point,
the plasma membrane of approximately 10 % of the cells
had become permeable to the ethidium homodimer-1
vital stain (data not shown in detail). Values for release of
CK activity and permeability to the vital stain did not
change significantly over the remainder of the experiment.

HSP content of myotubes following hyperthermia

Figure 5A—C shows summary data of the time course of
HSP25, HSP60 and HSC70 content of myotubes following
hyperthermia. Data are expressed as a percentage of levels in
untreated cells which were harvested at the same time point.

Figure 3

Live/Dead staining of control myotubes
(A), and myotubes at 90 (B), 120 (C) and
150 min (D) following treatment with

1 mm DNP.

HSP70 was not detected in wuntreated cells, thus
representative Western blots of HSP70 and the other HSPs
are shown in Fig. 1D. In general, the HSP content of heat-
shocked myotubes had reached peak levels by 12-18 h
following hyperthermia. The HSP70, HSC70 and HSP60
content remained elevated at 24 h following hyperthermia.

Effect of hyperthermia on damage to myotubes
induced by A23187 and DNP

The effect of prior hyperthermia on release of CK activity
from myotubes treated with 1 mm DNP or 10 um A23187
is shown in Fig. 6A and B respectively. Treatment of cells
with 1 mM DNP resulted in the release of 63.5 = 2.6 % of
the total cellular CK activity into the medium. This was
significantly reduced at all time points following hyper-
thermia. Treatment of cells with 10 gM A23187 resulted in
the release 0f 47.9 £ 3.5 % of total cellular CK activity into
the medium. Prior hyperthermia resulted in a significant
reduction in the release of CK activity from myotubes
treated with A23187, at 18 and 24 h following hyper-
thermia.
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HSP25 (A), HSP60 (B) and HSC70 (C) content of myotubes at 4, 8, 12, 18 and 24 h following hyperthermia.
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(lane 8) and 24 h (lane 10) following hyperthermia and control cells harvested at the same time point (lanes
1,3,5,7,9).* P < 0.05 cf. control (non-heated) value.
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DISCUSSION

HSP25, HSP60 and HSC70 were detected in both actively
dividing and non-dividing myoblasts (data not shown in
detail). This detection was maintained for several days
during differentiation of myoblasts to form myotubes and
then fell significantly once differentiation was complete
(Fig. 1). In the unstressed cell, HSPs act as molecular
chaperones, facilitating folding and translocation of newly
synthesised proteins (Hubbard & Sander, 1991; Gething,
1997). During initial differentiation, myoblasts undergo
substantial remodelling to form mature myotubes with the
increased expression of muscle specific proteins. HSPs are
required during cellular remodelling and the relatively
high HSP content during this remodelling phase appears
to reflect this. The lack of expression of HSP70 during
differentiation suggests that HSP70 does not play a major
role in this remodelling.

Myoblasts contained negligible amounts of CK activity,
but the CK activity in myotubes increased steadily following
induction to differentiate (Fig. 1E). Release of creatine
kinase (CK) activity from mature skeletal muscle has long
been used as an index of damage to muscle in both in vivo
and in vitro studies. The CK activity of myotubes reached
maximum and stable levels at 5-7 days following change
of the medium to HS, suggesting that CK activity could be
used as a marker of membrane damage to myotubes at this
time point.

Treatment of myotubes with 1 mmM DNP or with 10 um
A23187 resulted in the reproducible release of an average
of 64 and 48% of CK activity respectively over the
experimental period (Figs 2 and 4). This provided a
reproducible model of damage initiated by a mitochondrial
uncoupler or a rapid increase in intracellular calcium
content.

Treatment of intact muscles with DNP has previously been
shown to result in a decline in muscle ATP concentration
(West-Jordan et al. 1990, 1991) and it was suggested that
this led to a gradual failure of energy-dependent pumps
and thus a slow rise in free calcium concentration within
the cells. This was reflected in a delayed release of CK
activity from the muscles (Jackson et al. 1984). The data
presented here are compatible with these results from
studies of intact muscles. In contrast, treatment of cells
with A23187 resulted in the rapid efflux of CK activity
(Fig. 4). Treatment of isolated muscles with A23187 also
results in an immediate influx of external Ca®>" (McArdle et
al. 1992) with the resultant rapid activation of Ca*-
dependent degenerative processes and, in a similar manner
to the myotubes in culture, a rapid efflux of creatine kinase
(McArdleetal. 1992).

Comparison of the pattern of efflux of CK activity with
analysis of plasma membrane integrity using the Live/Dead
stain demonstrated that the plasma membranes of only

HSPs protect skeletal muscle cells from damage 843

5—10 % of cells were permeable to the ethidium homodimer-
1 when 50-60 % of CK activity and cellular protein (data
not shown) had been lost following treatment with either
DNP or A23187. These differences appear temporal with
release of cytosolic components preceding the loss of the
ability to exclude the vital stain by 1-2 h. The molecular
mass of the ethidium homodimer-1 component of the
Live/Dead viability kit is 857, which is considerably less
that that of creatine kinase (82 000). This suggests that this
temporal difference is not due to a ‘size’-dependent
process. One possible explanation is that the release of
cytoplasmic contents (which would include CK) is an early
attempt by the cell to reduce cell swelling and prevent lysis.
The mechanism by which muscle damage leads to loss of
CK activity is unclear. However, data from our group and
others suggest that efflux of CK activity does not occur
through non-specific leaks in the plasma membrane.
Diedrichs et al. (1979) demonstrated that damage to
muscle fibres resulted in a gradual increase in muscle cell
volume and that cell volume begins to fall when CK
activity is seen to be released from the damaged muscle.
These authors suggest that the muscle cell attempts to
maintain viability by extruding cytoplasm via an exocytotic
type of mechanism and, in doing so, extrudes cytoplasmic
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Effect of prior hyperthermia on release of CK activity from
myotubes following treatment with 1 mm DNP (A) or 10 um
A23187 (B).* P < 0.05 cf. control (non-heated) value.
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components such as CK and other proteins. Previous data
from our group have demonstrated that the pattern of
proteins released from muscle cells during damage
induced by excessive contractile activity or treatment with
A23187 is different to that induced by treatment with a
detergent and is selective for only some of the total
cytosolic protein fraction from the muscle (Jackson et al.
1991). Data also suggested that this did not reflect a
complete loss of cell viability or demonstrate a ‘size’-
related release of proteins. This lack of size-dependent
release may be due to the different location and
intracellular binding of some proteins. Data from the
current study suggest that the total percentage and time
course of soluble protein and CK efflux from A23187-
treated cells are similar, suggesting that an active cytosolic
extrusion process may be occurring. Further data from our
group demonstrated that release of CK activity can occur
in several systems without a clear loss of membrane
integrity (West-Jordan et al. 1990, 1991 and authors’
unpublished observations) and the current observations
are in keeping with this. These data suggest that the sole use
of CK activity as an index of muscle damage may be
misleading whereby early detection of increased release of
CK activity may be indicative of an attempt by cells to
survive. Further studies of the time course of release of CK
activity in comparison with structural and functional
deficits are necessary.

Data presented show that myotubes have a rapid stress
response following 30 min of hyperthermia. This increase
in the cellular content of HSPs peaked at approximately
12-18 h following hyperthermia and remained elevated at
24 h following hyperthermia. This is compatible with the
time course of production of HSPs in other rodent tissues
such as the rat heart (Marber, 1994) and mouse skeletal
muscle in vivo following hyperthermia or a period of non-
damaging isometric exercise (McArdle & Jackson, 1996;
McArdle et al. 2001). Studies using isolated cardiac cells
and tissue have demonstrated that an increased content of
HSPs was associated with cytoprotection against a
(normally) damaging insult (Yellon et al. 1992; Yellon &
Latchman 1992; Heads et al. 1994; Mestril & Dillman,
1995; Plumier & Currie, 1996). Data presented here support
a role for HSPs in providing cytoprotection against
calcium-induced damage to myotubes in culture. Prior
treatment of myotubes by a period of hyperthermia
resulted in significant reduction in the release of CK
activity when myotubes were subsequently treated with
the calcium ionophore A23187 at the time of maximal
content of HSPs. Comparable data for the rat heart were
presented by Marber (1994), who demonstrated that prior
increase in the tissue content of HSPs was associated with a
significant reduction in damage following the calcium
paradox in isolated hearts. Data also demonstrate that an
increased content of HSPs was associated with rapid
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protection against DNP-induced damage to myotubes.
HSP70 expression increased dramatically following hyper-
thermia, in contrast to the lack of HSP70 expression
during differentiation of muscle. This suggests that HSP70
plays a role in providing protection against acute periods
of damage, but plays little role in the remodelling that
occurs during differentiation of muscle cells. The time
post-hyperthermia, which was necessary to provide
protection against damage induced by treatment with
A23187, was longer than the time course for protection
against DNP-induced damage. It is likely that the protection
is due to increases in multiple HSPs and so does not solely
occur at the peak time of one HSP. In addition, some HSPs
provide a more specific protection, for instance, HSP25 is
thought to be involved in the stabilisation of micro-
filaments (McArdle & Jackson, 2002). This suggests that
different HSPs or different patterns of HSPs may be
responsible for protection against A23187- and DNP-
induced muscle damage.

The difference in the time course of protection of heat
stress against damage induced by DNP or A23187 suggests
that different patterns of protein expression may be
involved in providing this protection. Indeed, differential
protective effects exerted by specific HSPs have previously
been demonstrated (Dillmann, 1999). Work in the heart
has suggested that a period of hyperthermia resulted in
increased activity of antioxidant defence proteins that are
not members of the HSP family (Yamashita et al. 1998)
although this is currently controversial (Xi et al. 2001;
Arnaud et al. 2002). The effect of hyperthermia on the
activity of antioxidant defence proteins has not been
studied in skeletal muscle although experiments in the
heart have demonstrated an increase in some proteins,
particularly in manganese superoxide dismutase in the
heart following hyperthermia (Yamashita et al. 1998). Zuo
et al. (2000) have shown that exposure of diaphragm
muscle to hyperthermia (42 °C) for 30 min resulted in a
significant increase in the production of the superoxide
anion radical. Further studies are therefore necessary in
skeletal muscle to examine the relationship between
hyperthermia, HSP expression, antioxidant defence protein
expression and cytoprotection.

The possibility that prior hyperthermia might protect
against muscle damage induced by a pathological rise in
Ca’" concentration or a fall in ATP in vivo has widespread
implications (McArdle & Jackson, 1997). A loss of Ca**
homeostasis has been implicated in muscle damage in a
variety of situations, including exercise-induced muscle
damage. A fall in ATP concentration is an important
contributor to the muscle damage which occurs during
ischaemia and reperfusion, and this is mimicked by
treatment with the mitochondrial uncoupler, DNP (West-
Jordan et al. 1990, 1991). Muscle damage following an
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ischaemic episode occurs in skeletal muscle in a variety of
situations, including prolonged use of a tourniquet in limb
surgery, aneurism repair and microsurgical transfer of
skeletal muscle (Lundberg ef al. 2002). The current study
has demonstrated that a prior heat shock is associated with
an induction of HSP synthesis and provides considerable
protection against this form of injury. These data suggest
that further knowledge of the mechanisms of induction
and time course of expression of HSPs in human skeletal
muscle may be of potential benefit in protection against
these damaging processes.

In summary, this study has established reproducible
models of chemical damage to myotubes in culture using
DNP or A23187 as damaging agents and has provided
further insight into the mechanisms by which these agents
cause muscle damage. The cytoprotective effect of heat
stress against both Ca**-mediated damage, and damage
induced by a fall in ATP levels, which was observed in this
system, may have wide ranging implications. These data
suggest that a prior induction of the stress response may
(at least partially) protect skeletal muscle against damage
in these disparate situations.
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