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Hsp72 preserves muscle function and slows
progression of severe muscular dystrophy
Stefan M. Gehrig1, Chris van der Poel1{, Timothy A. Sayer1, Jonathan D. Schertzer1{, Darren C. Henstridge2, Jarrod E. Church1{,
Severine Lamon3, Aaron P. Russell3, Kay E. Davies4, Mark A. Febbraio2 & Gordon S. Lynch1

Duchenne muscular dystrophy (DMD) is a severe and progressive
muscle wasting disorder caused by mutations in the dystrophin
gene that result in the absence of themembrane-stabilizing protein
dystrophin1–3. Dystrophin-deficient muscle fibres are fragile and
susceptible to an influx of Ca21, which activates inflammatory and
muscle degenerative pathways4–6. At present there is no cure for
DMD, and existing therapies are ineffective. Here we show that
increasing the expression of intramuscular heat shock protein 72
(Hsp72) preserves muscle strength and ameliorates the dystrophic
pathology in twomouse models of muscular dystrophy. Treatment
with BGP-15 (a pharmacological inducer of Hsp72 currently in
clinical trials for diabetes) improved muscle architecture, strength
and contractile function in severely affected diaphragm muscles in
mdx dystrophicmice. In dkomice, a phenocopy ofDMD that results
in severe spinal curvature (kyphosis), muscle weakness and
premature death7,8, BGP-15 decreased kyphosis, improved the
dystrophic pathophysiology in limb and diaphragm muscles and
extended lifespan. We found that the sarcoplasmic/endoplasmic
reticulum Ca21-ATPase (SERCA, the main protein responsible for
the removal of intracellular Ca21) is dysfunctional in severely
affectedmuscles ofmdx anddkomice, and thatHsp72 interactswith
SERCAtopreserve its functionunder conditionsof stress, ultimately
contributing to the decreasedmuscle degeneration seen with Hsp72
upregulation. Treatment with BGP-15 similarly increased SERCA
activity in dystrophic skeletalmuscles.Our results provide evidence
that increasing the expression of Hsp72 in muscle (through the
administration of BGP-15) has significant therapeutic potential
for DMD and related conditions, either as a self-contained therapy
or as an adjuvant with other potential treatments, including gene,
cell and pharmacological therapies.
DMDis themost severe formofmusculardystrophy; it affects about 1

in 3,500 livemale births1. Intracellular Ca21 regulation is compromised
in dystrophic muscle fibres, which triggers chronic inflammation,
repeated cycles of degeneration with progressively ineffective regenera-
tion, and infiltration of fibrotic and other non-contractile material4.
Mechanisms for the influx ofCa21 into dystrophicmuscle fibres include
membrane tears4–6, stretch-activated channels9, Ca21 leak channels10

and leaky Ca21 release channels11, and it has been speculated that the
function of SERCA, themainprotein responsible forCa21 reuptake into
the sarcoplasmic reticulum (SR), is compromised12,13. Increasing
SERCA pump expression within dystrophic muscles in transgenic mice
or through viral-mediated delivery improves Ca21 handling and sup-
presses the pathological cascade of events14,15. The role of inflammation
in the dystrophic pathology is well known, particularly that of the pro-
inflammatory cytokine tumour necrosis factor-a (TNF-a)16. TNF-a
activates the nuclear factor-kB (NF-kB) and c-Jun N-terminal kinase
(JNK) signalling pathways17–19. Hsp72 is a molecular chaperone protein
that inhibits inflammatory mediators including p-JNK, TNF-a and the

NF-kB pathway20–22, and binds and preserves SERCA function under
conditions of cellular stress23. Although some studies have shown
Hsp72 to be elevated in patients with DMD24, there is little consensus,
because expression data for young patients are variable and sourcing
age-matched controls is problematic (Supplementary Fig. 1a).
Nevertheless, the endogenous heat shock protein response in DMD
is insufficient to be protective. Here we tested the hypothesis that
increasing the levels of Hsp72 protects dystrophic muscles from func-
tional deterioration. We bred dystrophin-null mdx dystrophic mice
with mice showing a muscle-specific transgenic (TG) overexpression
of Hsp72, producing mdxTG(1) mice and mdx littermate controls
(Fig. 1a; see Supplementary Fig. 1b for quantification). At about 25
weeks of age, serum levels of creatine kinase (CK), a classic indicator of
muscle breakdown, were decreased in mdxTG(1) mice compared with
littermate control mice lacking the transgene (mdxTG(2); Fig. 1b).
Because most patients with DMD show severe weakness4 and/or
muscle fatigue25, we assessed whole-body strength and endurance in
dystrophic mice by using a hang test to measure latency-to-fall,
which was significantly improved in mdxTG(1) mice (246 3 s versus
646 14 s; P5 0.002, n$ 20 mice). Respiratory failure is the cause of
death in up to 90% of patients with DMD26, and because diaphragm
function is an accurate predictor of respiratory insufficiency we inves-
tigated the effect of Hsp72 overexpression on the pathophysiology of
the diaphragm in dystrophin-deficient mice. The progressive degen-
eration of the diaphragm in mdxmice closely mimics that in DMD27.
Gross histological analyses revealed that the diaphragm pathology
in mdxTG(1) mice was ameliorated compared with age-matched
littermate control mdxTG(2) mice (Supplementary Fig. 1c), an obser-
vation supported by the minimal Feret’s diameter variance coefficient,
which provides a sensitive measure of fibre heterogeneity and the
dystrophic pathology28. We found a lower Feret’s diameter variance
coefficient in mdxTG(1) mice than in mdxTG(2) mice, indicative of an
improved phenotype (4056 5 versus 3586 5; P, 0.001, n5 5).
Damaged myofibres can be revealed by the infiltration of Evans blue
dye (EBD) entering the myoplasm through tears in the sarcolemma4–6.
EBD infiltration was decreased in cross-sections of the diaphragm
from mdxTG(1) mice in comparison with that from mdxTG(2) mice
(Fig. 1c and Supplementary Fig. 1d), indicative of decreased necrosis
and hastened overall repair of damaged fibres rather than improved
structural integrity. To support this contention, we performed well-
described in situ and in vitro contraction-induced injury protocols on
tibialis anterior (TA) and diaphragm muscles, respectively (see
Methods). No differences in contraction-mediated damage were
evident between muscles of mdxTG(1) and mdxTG(2) mice (Sup-
plementary Fig. 1e), indicating that structural integrity was unaltered.
Expressionof thedystrophinhomologue, utrophin, a protein known to
compensate for the loss of dystrophin, was also unchanged (Sup-
plementary Fig. 1f). We assessed collagen infiltration in sections of
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diaphragmand found thatmdxTG(1)mice had less collagen infiltration
thanmdxTG(2) mice at both 25 weeks of age (Fig. 1d and Supplemen-
tary Fig. 1g) and 80 weeks of age (data not shown). Normalized force
production was significantly higher in diaphragm muscle strips from
mdxTG(1) mice than in those from mdxTG(2) mice (Fig. 1e).
We have shown that Hsp72 can block inflammation in mice

in vivo22, and because inflammation promotes muscle degeneration
in mouse models of DMD17 we examined the effect of Hsp72 on
expression of p-JNK, p-IKK (a key mediator of NF-kB activation)
and TNF-a. Western blot and polymerase chain reaction (PCR)
analyses revealed no difference in these inflammatory markers in dia-
phragm muscles from mdxTG(2) and mdxTG(1) mice (Supplementary
Fig. 2, and data not shown). There was significantly decreased
messenger RNA expression of macrophage markers CD68 and F4/
80 and TNF-a in TA muscles of mdxTG(1) mice (Supplementary
Fig. 3), but these did not translate to functional improvements (data
not shown).We next examined SERCA activity in diaphragmmuscles
from wild-type (WT) and mdx mice and showed a progressive age-
related decline in maximal SERCA activity in mdx mice (Fig. 2a and
Supplementary Fig. 4a), despite an age-related increase in SERCA
protein expression (Supplementary Fig. 4b). This functional decline
is attributed, in part, to post-translational modifications of the SERCA
protein, especially nitrosylation, which decreases maximal SERCA
activity as a result of changes in Ca21-binding and ATP-binding
domains23. Alterations in the Ca21-binding domain changes SERCA

enzyme kinetics, decreasing Ca21 sensitivity and increasing [Ca21]50
(the [Ca21] required to achieve half-maximal enzyme activity), an
effect we observed in diaphragmmuscles from 30-week-oldmdxmice
(Supplementary Fig. 4c). Similar deficits in SERCA activity were evid-
ent in both limb and diaphragmmuscles of severely affected dkomice
(Fig. 2b), indicating that abnormal SERCA functionmay contribute to
the disruptions in Ca21 regulation characteristic of dystrophic
muscles. Indeed, recent evidence suggests that closer regulation of
Ca21 homeostasis through enhanced SERCA expression or activity
significantly suppresses the degeneration of dystrophic muscle14,15.
Because Hsp72 binds SERCA and prevents functional inactivation
under conditions of cellular stress23, we next tested the hypothesis that
overexpression ofHsp72 in dystrophicmuscles would improve SERCA
function. We examined maximal SERCA activity in homogenates of
quadriceps muscles, and found an increase in activity in mdxTG(1)

compared with mdxTG(2) mice (Fig. 2c). To support this finding we
also examined Ca21 accumulation in SR (an indirect measure of
SERCA activity) in single muscle fibres dissected from fast-twitch
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Figure 2 | Maximal SERCA activity is decreased in mouse models of
dystrophy; Hsp72 binding improves SERCA function. a, Maximal SERCA
activity in diaphragmmuscle homogenates fromWTandmdxmice at 3, 10 and
30weeks of age. Asterisk, P, 0.001, n$ 4. b, Maximal SERCA activity of
muscle homogenates from quadriceps and diaphragm from 10-week-old WT
and dkomice. Asterisk, P5 0.036. Two asterisks, P, 0.001, n$ 4. c, Maximal
SERCA activity in muscle homogenates from mdxTG(2) (pale grey bars) and
mdxTG(1) (dark grey bars) mice. Asterisk, P, 0.008, n$ 9. d, Ca21

accumulation curves (an indirect measure of SERCA activity) for SR in single
fibres from extensor digitorum longus muscles of mdxTG(2) and mdxTG(1)

mice. Asterisk, P, 0.01, n$ 15. e, Maximal SERCA activity after incubation
for 5min at various concentrations of peroxynitrite (ONOO2), measured in
enriched SR vesicles isolated frommuscles ofmdxTG(2) andmdxTG(1). SERCA
activity was normalized to maximal activity in the absence of ONOO2.
Asterisk,P, 0.05, n$ 3. f, Representative western blots of enriched SR vesicles
frommdxTG(2) andmdxTG(1) (n5 4)mice, showingHsp72 protein expression
and Coomassie blue stain (showing SERCA isoforms). Data are shown as
means6 s.e.m.
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Figure 1 | Transgenic Hsp72 overexpression increases muscle strength,
decreases muscle breakdown and improves diaphragm muscle histological
parameters inmdxmice. a, Representative western blot detection of Hsp72 in
diaphragm muscle homogenates from non-dystrophic (WT) and dystrophic
(mdx) Hsp72 transgene-negative (TG2) and transgene-positive (TG1) mice.
GAPDH, glyceraldehyde-3-phosphate dehydrogenase. b, Whole-body muscle
breakdown, measured by serum creatine kinase (CK) levels. Asterisk, P, 0.05,
n$ 6. c, Quantified mean data for EBD-positive area in diaphragm muscle
sections. Asterisk, P, 0.05, n$ 4. d, Representative images of collagen
infiltration in diaphragm sections (revealed with Van Gieson’s stain) from
mdxTG(2) and mdxTG(1) mice. e, Specific (normalized) force of diaphragm
muscle strips measured in vitro. Asterisk, P, 0.05, n$ 5. All data are from 25-
week-old mice. Scale bar, 200mm. Data are shown as means6 s.e.m.
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extensor digitorum longus, and predominantly slow-twitch soleus
muscles, and found a similar increase in maximal SERCA activity in
individual muscle fibres in mdxTG(1) compared with mdxTG(2) mice
(as for whole-muscle homogenates), with no changes in mRNA for
SERCA or in protein expression (Fig. 2d, Supplementary Fig. 5 and
Supplementary Table 1). We then examined whether Hsp72 over-
expression could protect SERCA function under conditions of
stress, like that induced by reactive oxygen–nitrogen species such as
peroxynitrite (ONOO2). We developed a SERCA activity assay in
which enriched SRvesicles isolated frommdxTG(2) andmdxTG(1)mice
were incubated with increasing concentrations of ONOO2; the sub-
sequent suppression in activitywas normalized to that in the absenceof
ONOO2.We found that SERCA activity was greater in the presence of
various ONOO2 concentrations in enriched SR vesicles from
mdxTG(1) compared withmdxTG(2) mice (Fig. 2e), with western blots
revealing Hsp72 protein levels were highly elevated in enriched SR
vesicles frommdxTG(1) mice (Fig. 2f; see Supplementary Fig. 6 for full
blots), indicating that Hsp72 was bound within the SR to mediate this
protective effect. These data indicate that Hsp72 overexpression in
dystrophic muscles can protect SERCA from inactivating modifica-
tions and is a likely mechanism of protection in mdxTG(1) mice.
Given the significant phenotypic improvements inmdxTG(1) mice,

especially in the diaphragm,we examinedwhether similar effects could
be achieved through the pharmacological or heat-therapy induction of
Hsp72. BGP-15 is a pharmacological inducer ofHsp72 that canprotect
against obesity-induced insulin resistance22 and is in Food and Drug
Administration (FDA)-approved Phase II clinical trials for diabetes29.
Dystrophic mdxmice were treated from 4 to 9weeks of age (5weeks)
or from 4 to 16weeks of age (12weeks) with BGP-15 (15mg kg21 per
day, oral gavage).WTmice were used for comparisons withmdxmice.
Hsp72 protein expression was elevated in diaphragm muscle homo-
genates from BGP-15-treated mdx mice (and heat-therapy-treated
mice) compared with untreated mdx mice (Fig. 3a; see Supplemen-
tary Fig. 7a for quantification). CK levels were decreased in BGP-15-
treated mdx mice compared with untreated mdx mice (Fig. 3b). EBD
infiltration was also reduced with long-term BGP-15 treatment
(Fig. 3c). Strength and endurancewas evaluatedwith the inverted hang
test; WTmice were stronger thanmdxmice, and BGP-15-treatedmdx
mice showed an increased latency-to-fall compared with control
(Supplementary Fig. 7). An increase in fibrosis, as seen in DMD4,
was observed in the mdx diaphragm (compared with WT), and
BGP-15 treatment significantly decreased fibrosis (Fig. 3d; see
Supplementary Fig. 7 for quantification). Treatment with BGP-15
attenuated the functional deterioration of the diaphragm muscle sig-
nificantly (Fig. 3e). Maximal SERCA activity in diaphragm homoge-
nates was increased in mdx mice after long-term treatment with
BGP-15, indicating a mechanism consistent with that of transgenic
Hsp72 overexpression (Fig. 3f). Because elevated core temperature is
a potent inducer of heat shock proteins22,30, we also extensively tested
this method of heat shock protein induction (see Methods). Similar
beneficial effects to those observed with transgenic Hsp72 overexpres-
sion andBGP-15 treatmentwere seen inmdxmice exposed to repeated
heat therapy (see Supplementary Fig. 8).
We then investigatedwhether treatmentwithBGP-15was protective

in severely affected dystrophic dko mice, the most phenotypically
accurate murine model of DMD7,8 (see Methods). The dkomice were
treated with BGP-15 from 3–4weeks until 10weeks of age. For the
survival study, dko mice were treated from 3–4weeks until death or
humane killing (as described inMethods). Photographs of control and
BGP-15-treated dkomice were taken at 10weeks, immediately before
killing, and after evisceration and staining of the skeleton with alizarin
red (Fig. 4a). Data from WT mice (as in Fig. 3) were also used for
comparisons with dkomice. Because boys with DMD have significant
paraspinal muscle weakness and inmany cases severe kyphosis (spinal
curvature)4,8, this was quantified in conscious mice (from the 10-week
endpoint cohort) by a blinded investigator using a 1–5 index of

kyphosis, 1 indicating no spinal deformity on palpation and 5 being
themost severe. Treatmentwith BGP-15 decreased kyphosismarkedly
comparedwith vehicle-treated controls (Fig. 4b). SerumCK levelswere
significantly lower in dkomice after treatment with BGP-15 (Fig. 4c),
indicating decreased whole-body muscle breakdown. Collagen
infiltrationwas decreased in the diaphragmof dkomice after treatment
with BGP-15 (Fig. 4d) and the force-producing capacity of diaphragm
muscle strips and intact TA muscles (measured in situ) was increased
significantly in BGP-15-treated dko mice, with maximum force
restored to WT levels in the TA muscle (Fig. 4e, f and Supplemen-
tary Table 2). No differences in bodymass or in calcification or central
nucleation within diaphragm muscles were evident in dko mice after
treatment with BGP-15 (data not shown). However, the most import-
ant outcome was that lifelong treatment of dko mice with BGP-15
significantly extended survival (Fig. 4g, h; P, 0.05; 27% increase in
median lifespan). This finding has clinical relevance for DMD.
Our findings reveal that transgenic Hsp72 overexpression improves

several pathological indices inmdx dystrophic mice, at least in part by
preserving or improving SERCA function. Furthermore, treatment of
dystrophicmicewith BGP-15, a knownpharmacological co-inducer of
Hsp72, ameliorated the dystrophic pathology and extended the
lifespan in dkomice. Taken together, these results indicate that induc-
tion of Hsp72 in muscular dystrophy is an important and novel
therapeutic approach that can improve the dystrophic pathology
and attenuate the disease progression. Although an ultimate cure for
DMD is likely to be derived from gene or cell therapies, considerable
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Figure 3 | Pharmacological induction of Hsp72 ameliorates muscular
dystrophy in mdx mice. a, Representative western blot detection of Hsp72 in
diaphragm muscle homogenates of control (Con.) and BGP-15-treated mdx
mice. b, Whole-body muscle breakdown, measured by serum CK levels inWT
(C57BL/10), mdx (control) and BGP-15-treatedmdxmice. Asterisk, P, 0.01,
n$ 8. c, Quantified mean data for EBD infiltration inmdxmice treated for 12
weeks. Asterisk, P, 0.05, n$ 8. d, Representative images of collagen
infiltration in diaphragm muscle sections. e, Specific force production in
diaphragm muscle strips measured in vitro. Asterisk, P, 0.01, n$ 9.
f, Maximal SERCA activity in diaphragmmuscle homogenates frommdxmice
treated for 12 weeks. Asterisk, P, 0.05, n$ 6. Scale bar, 200mm.WT data are
used as a reference control. All treatedmice received BGP-15 for 5weeks unless
stated otherwise. Data are shown as means6 s.e.m.
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obstacles need to be overcome before these approaches can be con-
sidered safe and effective. Until these concerns are obviated, alterna-
tive (and potentially synergistic) therapies, such as pharmacological

induction of Hsp72, could delay the disease progression to allowmany
patients to benefit from perfected treatments.
In a recent clinical trial for patients with insulin resistance, treat-

ment with BGP-15 (200mg and 400mg once a day for 28 days) sig-
nificantly increased sensitivity to insulin. The dose schedule of BGP-15
was well tolerated, with both doses being safe: there were no clinically
significant changes in physical status or in laboratory or electro-
cardiogram parameters29. Given that BGP-15 is currently used in
clinical trials for other pathologies, our findings identify it as a tangible
and realistic treatment method for patients with DMD in the near
future.

METHODS SUMMARY
Animals.All experiments were approved by the Animal Ethics Committee of The
University ofMelbourne and conducted in accordancewith the Australian code of
practice for the care and use of animals for scientific purposes as stipulated by the
National Health and Medical Research Council (NHMRC, Australia). Male mice
were used for all experiments. Wild-type (C57BL/10) and dystrophic mdx mice
were sourced from the Animal Resources Centre (Canning Vale, Western
Australia).
Muscle functional analysis.Micewere anaesthetizedwith sodiumpentobarbitone
(Nembutal) such that they were unresponsive to tactile stimuli. Contractile
properties of diaphragm muscle strips were assessed in vitro.
Morphological analysis. Muscles were trimmed of tendons and adhering non-
muscle tissue, mounted in embedding medium, frozen in liquid-nitrogen-cooled
isopentane, and stored at280 uC. Transverse muscle sections were cryosectioned
from the mid-belly of each muscle. Muscle collagen content was assessed from
Van Gieson’s stained cross-sections that were quantified.
SERCA activity assay. Ca21-dependent SERCA activity was assessed in isolated
enriched SR vesicles and whole-muscle homogenates. For whole-muscle homo-
genates, muscles were surgically excised from anaesthetized mice and stored at
280 uC for subsequent analyses. For enriched SR vesicles, mixed hindlimb mus-
cles (quadriceps, gastrocnemius, extensor digitorum longus, soleus and plantaris)
and diaphragm muscles were homogenized and subjected to sucrose gradient
differential centrifugation using a Thermo Scientific Sorvall WX100 ultracentri-
fuge with a T-890 fixed-angle rotor. During the entire homogenization and SR
vesicle isolation procedures, samples were immersed in ice to avoid temperature-
dependent decreases in SERCA activity.
Skeletal preparation. To reveal skeletal architecture, mice (after death) were
skinned, eviscerated and placed in a KOH solution (1.5% w/v), for 5 days. KOH
solution was replaced and a small amount of alizarin red was added to stain
calcium deposits; the preparation was left for a further 5 days.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 4 | Treatment with BGP-15 decreases kyphosis (spinal curvature),
improves muscle function and prolongs lifespan in severely dystrophic dko
mice. a, Left: representative photographs ofWT (C57BL/10), dko and BGP-15-
treated dkomice. Right: representative eviscerated skeletal preparations showing
bone structure (pink), and highlighting spinal curvature in dkomice. b, Spinal
curvature was quantified (1–5) in WT, dko and BGP-15-treated dko mice.
Asterisk, P, 0.05, n$ 10. c, Whole-body muscle breakdown, measured by
serum CK levels. Asterisk, P, 0.05, n$ 8. d, Representative images of collagen
infiltration in diaphragm sections. e, Specific force of diaphragm muscle strips
measured in vitro. Asterisk, P, 0.01, n$ 9. f, Maximal force production in TA
measured in situ. Asterisk, P, 0.01, n$ 9. g, Survival curve of untreated
(control) and BGP-15-treated dkomice. P, 0.05, n$ 14. h, Scatter-plot of dko
lifespan with a line showing median survival. Scale bar, 200mm. WT data are
used as a reference control. Data are shown as means6 s.e.m.
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METHODS
Animals.Femalemdxmicewere crossedwithmalemice expressing a rat inducible
Hsp72 transgene under the control of a b-actin promoter31. F1 generation males
were mated with femalemdxmice to yield an equal proportion of mdxTG(1) and
mdxTG(2) littermate controls. WTTG(2) and WTTG(1) mice were generated as
described previously22. Genotyping was performed by PCR using primers
described previously32. C57BL/10 and mdx mice used for heat therapy and
BGP-15 treatment studies were obtained from the Animal Resources Centre
(Canning Vale, Western Australia). Dystrophic mdx mice were treated from
4weeks to 9weeks of age (5weeks) or from 4weeks to 16weeks of age (12weeks)
with BGP-15 (15mg kg21 per day, oral gavage; N-Gene R&D Inc.). BGP-15 is a
pharmacological inducer of Hsp72, which has been shown to be safe and well
tolerated in FDA-approved Phase II clinical trials for diabetes and insulin resist-
ance29,33. For heat therapy, the mice were anaesthetized and the core body tem-
perature was raised to about 40 uCwith an infrared thermometer for 30min every
fourth day; body temperature wasmonitored from the external auditorymeatus as
described previously34. The dkomice were bred in the Biological Research Facility
at the University of Melbourne8. The dko mice are utrophin-null on an mdx
background and show a severe and progressive muscular dystrophy that more
closely mimics the phenotypic characteristics of DMD7,8. The dko mice were
treated with BGP-15 from 3–4weeks to 10weeks of age. For the survival study,
dkomice were treated from 3–4weeks until death or humane killing in accordance
with the Animal Ethics Committee of The University of Melbourne (AEC). All
experiments were approved by the AEC and conducted in accordance with the
Australian code of practice for the care anduse of animals for scientific purposes as
stipulated by theNational Health andMedical Research Council (Australia). Male
mice were used for all experiments.
Muscle functional analyses.Micewere anaesthetizedwith sodiumpentobarbitone
(Nembutal; 60mgkg21 intraperitoneal; Sigma-Aldrich, New South Wales,
Australia) such that theywere unresponsive to tactile stimuli. Contractile properties
of diaphragmmuscle strips were assessed in vitro as described in detail previously37.
In brief, strips of diaphragm muscle were bathed in oxygenated Krebs solution at
25 uC in a custom-made organ bath. Preparationswere stimulated by supramaximal
0.2-ms square-wave pulses of 450ms duration delivered bymeans of platinum plate
electrodes flanking both sides of themuscle. Contractile properties of the TAmuscle
were assessed in situ35. In brief, TAmuscles maintained at 37 uCwere stimulated by
supramaximal (14V) 0.2-ms square-wave pulses of 350ms duration delivered by
means of two wire electrodes resting on the peroneal nerve. All muscles were
adjusted to optimum muscle length (Lo), determined from maximum isometric
twitch force (Pt). Maximum isometric tetanic force (Po) was recorded from the
plateau of the frequency–force relationship, and normalized to muscle cross-
sectional area (specific force; sPo), for comparisons between groups where
appropriate36–38. The susceptibility of TA and diaphragm muscles to contraction-
induced injury was determined from the protocols that we have described in detail
previously36–38. Isolated muscles were maximally activated to produce isometric
force and then stretched to perform an eccentric contraction (at a velocity of
2Lf s-

21) at progressively increasing magnitudes of stretch. Maximum isometric
force was determined before each eccentric contraction37.
Morphological analysis. Muscles were trimmed of tendons and adhering non-
muscle tissue, mounted in embedding medium, frozen in liquid-nitrogen-cooled
isopentane, and stored at 280 uC. Transverse muscle sections (5mm) were
cryosectioned from the mid-belly of each muscle. Sections were stained with
haematoxylin/eosin to reveal general muscle architecture. Cross-sectional area
(CSA) and minimal Feret’s diameter was assessed in about 500 fibres from each
section of diaphragm muscle, with the use of Carl Zeiss software (Axiovision
4.6.3). The minimal Feret’s diameter is the minimum distance between opposing
parallel tangents of a muscle fibre39, and the variance coefficient is a highly
sensitive parameter used for detecting differences between dystrophic and
otherwise healthy muscles39. Muscle collagen content was assessed from Van
Gieson’s stained cross-sections that were quantified with Axiovision 4.6.3
software.
Enriched SR isolation. Mixed hindlimb muscles (quadriceps, gastrocnemius,
extensor digitorum longus, soleus and plantaris) and diaphragm muscles were
diluted in ice-cold homogenization buffer (250mMsucrose, 5mMHEPES pH7.0,
0.2% NaN3). Protease inhibitor cocktail (P-8340; Sigma-Aldrich, Castle Hill, New
SouthWales, Australia) was added immediately before homogenization at 5ml per
100mgmuscle wet weight. The muscles were minced on ice with surgical scissors
and homogenized with a Polytron homogenizer (PT2100; Kinematica, Inc.
Dispersing and Mixing Technology, New York) at a power setting of 21 for three
20-s bursts separated by 45-s breaks on ice. To obtain a purified and enriched SR
membrane fraction, the homogenateswere centrifuged at 5,500g for 10min at 4 uC
to remove insoluble material. The supernatants were harvested and centrifuged at
12,500g for 18min at 4 uC. The pellet was discarded and the supernatant was

centrifuged for a second time at 12,500g for 18min at 4 uC. Supernatants were
transferred to ultracentrifuge tubes, which were balanced and centrifuged at
50,000g (24,200 r.p.m. on a T-890 fixed-angle rotor; Thermo Scientific Sorvall
WX100 ultracentrifuge) for 1 h at 4 uC. Supernatants were discarded and pellets
were resuspended in 5ml of homogenization buffer containing 600mM KCl and
incubated on ice for 30min. Sampleswere centrifuged at 15,000g for 10min at 4 uC
to pellet and remove mitochondria. Supernatants were centrifuged again at
50,000g for 1 h at 4 uC. The final pellet (enriched SR membrane vesicles) was
resuspended in homogenization buffer. Protein content was determined in
triplicate40.
SERCA activity assay. Ca21-dependent SERCA activity was assessed in isolated
enriched SR vesicles andwhole-muscle homogenates on the basis of themethods of
Leberer and colleagues, as described previously41. For whole-muscle homogenates,
muscles were surgically excised from anaesthetized mice and stored at 280 uC.
Muscle samples (about 20–50mg) were diluted in about 200ml of ice-cold homo-
genization buffer. Protease inhibitor cocktail (P-8340) was added immediately
before use at a concentration of 5ml per 100mg of muscle tissue. Muscles were
homogenizedwith a hand-held glass homogenizer, and then centrifuged for 10min
at 5,500g at 4 uC. Supernatant protein concentration was determined in triplicate40.
Protein concentration was adjusted to 10mgml21, when possible, with homogen-
ization buffer. SERCA activity in whole-muscle homogenates was determined in
reaction buffer (200mM KCl, 20mM HEPES, pH7.0, 15mM MgCl2, 10mM
NaN3, 10mM phosphoenolpyruvate, 5mM ATP, 1mM EGTA). SERCA activity
in enriched SR vesicles was determined in reaction buffer (100mM KCl, 20mM
HEPES, 10mMMgCl2, 10mM NaN3, 10mM phosphoenolpyruvate, 5mM ATP,
and 1mM EGTA). The pH of both reaction buffers was adjusted to 7.0 at 37 uC.
Immediately before starting the reaction, 18Uml21 PK, 18Uml21 lactate
dehydrogenase (LDH), 5ml NADH (100mM), 1mM calcimycin A-23187
(Sigma-Aldrich) and about 10ml of whole-muscle homogenate or about 3ml of
enriched SR vesicles were added to 1ml of reaction buffer in a plastic cuvette.
Cuvettes were loaded into a spectrophotometer and A340 was measured at 37 uC
(Multiscan Spectrum; Thermo Electron, Waltham, Massachusetts). Maximal
(Vmax) and Ca21-dependent SERCA activities were determined by progressively
adding Ca21 until a plateau or maximal activity was reached. The specific SERCA
inhibitor 29,59-di(tert-butyl)-1,4-benzohydroquinone (TBQ) was added to a final
concentration of 40mM to determine basal activity. SERCA enzyme kinetic
parameters, determined from a regression analysis, were the Ca21 concentra-
tion required to elicit 50% maximal SERCA activity ([Ca21]50) and the Hill coef-
ficient, which is a measure of the cooperativity of Ca21 binding of the SERCA
enzyme. SERCA activity was graphed against added Ca21 concentration. Non-
regression analysis was performed using the following variable-slope sigmoidal
dose–response relationship, using Graphpad Prism v. 3.02 (GraphPad Software
Inc., San Diego):

Y~YbottomzYtop{
Ybottom

1z10log½Ca�50{XnH

Peroxynitrite-mediated SERCA inhibition assay. SERCA activity in enriched
SR vesicles after incubation in various concentrations of peroxynitrite
([ONOO2]) was measured. [ONOO2] was measured spectrophotometrically
(e5 1,670Mcm21 at 302nm, about 68mM in stock). Enriched SR vesicle samples
were added to reaction buffer (as described previously) in the presence ofONOO2

(0, 10, 50, 100, 250, 500 or 1,000mM) and incubated for 5min at 37 uC in a plastic
cuvette. ONOO2 and byproducts were quenched by the addition of 1mM
dithiothreitol (to prevent the inactivation of PK and LDH subsequently added);
18Uml21 PK, 18Uml21 LDH and 5ml of NADH (100mM) were then added.
Cuvettes were loaded into a spectrophotometer, and A340 was measured at 37 uC.
Maximal SERCA activity was determined by adding Ca21 until a plateau or
maximal activity was reached. Once maximal activity had been determined, the
specific SERCA inhibitor TBQ was added to a final concentration of 40mM to
determine basal activity. Maximal SERCA activity in each sample was assessed
independently at various ONOO2 concentrations (10, 50, 100, 250, 500 or
1,000mM) and expressed as a percentage of the maximal SERCA activity in the
absence of ONOO2.
Human DMD samples. Human muscle specimens were sourced from the
TelethonNetwork of Genetic Biobanks, Italy. Biopsies were taken from the vastus
lateralis muscle of patients with DMD (aged 1–9 years) or healthy controls (aged
18–25 years) using either a Bergström or open biopsy technique. All biopsies were
frozen immediately in liquid nitrogen and stored at280 uC until analysis. Muscle
samples were homogenized in RIPA buffer (Millipore, Billerica, Massachusetts)
and rotated for 1 h at 4 uC, followed by centrifugation for 15min at 4 uC. The
supernatant was collected and protein concentration was determined bymeans of
the bicinchoninic acid protein assay (Pierce Biotechnology). Electrophoresis was
performed by 10% SDS–PAGE in a buffer containing 12mM Tris-HCl pH8.8,
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200mMglycine and0.1%SDS. Protein transferwas performed in a buffer contain-
ing 12mM Tris-HCl pH8.3, 200mM glycine and 10% methanol with the use of
poly(vinylidene difluoride) membranes. The membranes were blocked with 5%
BSA in PBS, after which they were incubated overnight at 4 uC with the primary
antibody against Hsp70 (SPA-812; Stressgen) diluted 1:1000 in PBS. After being
washed, the membranes were incubated for 1 h with a goat anti-rabbit IgG
antibody labelled with an infrared-fluorescent 800-nm dye (Alexa Fluor 800;
Invitrogen) diluted 1:5,000 in PBS containing 50% Odyssey blocking buffer (LI-
COR Biosciences) and 0.01% SDS. After being washed, the proteins were exposed
on an Odyssey Infrared Imaging System (LI-COR Biosciences) and individual
protein band optical densities were determined with ImageJ Software (National
Institutes of Health). The blots were normalized against glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) protein (G8795; Sigma-Aldrich, Sydney,
Australia).
Evans blue dye uptake. To quantify muscle damage and areas of focal necrosis,
EBD (1%w/v) was injected intraperitoneally (10ml per gram body mass). Muscles
were frozen 20 h after the EBD injection. Sections 10mm thick were cut on a
cryostat, and EBD was detected as red autofluorescence with the use of a fluor-
escence microscope.
Wire hang test. A wire hang test was employed to assess whole-body muscle
strength and endurance. Mice were placed on a wire mesh grid, which they
gripped; the grid was then inverted. Latency-to-fall onto a padded surface was
recorded in three successive trials, with the average of the best two trials used for
analyses.
Singlemuscle fibre analysis.Micewereanaesthetizedwith sodiumpentobarbitone
(Nembutal) such that they were unresponsive to tactile stimuli, and the extensor
digitorum longus and/or soleus muscle was surgically excised for single fibre ana-
lysis. The muscle was blotted on filter paper and placed in a Petri dish containing
paraffin oil at room temperature (236 2 uC). Muscles were pinned at resting length
to the base of a dish. Singlemuscle fibres were isolated from as close to the surface of
themuscle as possible, and fine forcepswere used to peel the sarcolemma away from
the contractile apparatus under a dissecting microscope. Themechanically skinned
fibre was then attached to one end of a piezoresistive force transducer (AE801
SensoNor; Horten) using braided silk (size 10, 0.2mm; Deknatel), and the other
end of the fibre was clamped between a pair of forceps fixed to amicromanipulator.
All experiments were conducted at room temperature. All solutions had pH of
7.106 0.01, and the freeMg21 concentration ([Mg21]) was 1mM, unless specified
otherwise. Free [Ca21] at 0.1mM or more was verified with a Ca21-sensitive elec-
trode (Orion Research).
Caffeine-induced force responses and SR Ca21 accumulation. Initially, mech-
anically skinned muscle fibres were equilibrated for 30 s in a wash solution fol-
lowed by thorough depletion of SR Ca21 stores, achieved by transferring the fibre
preparation into a release solution containing 30mM caffeine and 0.02mM free
Mg21. The presence of 0.5mMEGTA in the release solution ensured that the level
of Ca21 during caffeine-induced release did notmaximally activate the contractile
apparatus, which is necessary to allow quantitative evaluation of the amount of
Ca21 released. Ca21 release from the SR was estimated from the relative areas
under the caffeine-induced force response. The fibrewas left in the release solution
for 2min to ensure complete SR Ca21 depletion, before being washed for 30 s.
Thereafter, the SR was reloaded with Ca21 in load solution (0.2mM Ca21 (pCa
6.7), where pCa52log10[Ca

21]) for increasing durations (10, 20, 30 and 60 s),
before being equilibrated for 30 s in wash solution; subsequently, SR Ca21 was
released in release solution. Data were fitted with a standard exponential asso-
ciation equation to give the rate at which the SR accumulated Ca21 (in s–1) but not
the amount of SR Ca21 accumulated. SR accumulation is an indirect measure of
SERCA activity42.
SR Ca21 leak. The percentage of Ca21 lost from the SR as a result of the passive
leak was also assessed. The fibre was loaded for 20 s in loading solution. The fibre
preparation was then placed inwash solution for 30 s followed by SRCa21 content
released in release solution (Ca21 leak in 30 s). The fibre preparation was placed in
wash solution before reloading for 20 s in load solution and transferred to wash
solution for 90 s; the remaining SRCa21was released in release solution (Ca21 leak
in 90 s). The 30-s Ca21 leak was then repeated, and the area (corrected for pro-
portionality between area and SR Ca21 content) under the test run was divided by
the average of the areas under the caffeine-induced force responses in the controls
before and after the test run. This gave an estimate of the fraction of SR Ca21

leaked over a 60-s leak period.
Relative SRCa21 sensitivity.Todetermine the effect of Hsp72 overexpression on
the ryanodine receptor (RyR), a caffeine dose–response curve was determined
from the forces produced by the contractile apparatus after SR Ca21 release
induced by low caffeine concentrations. Each fibre was prepared by completely
depleting the SR of Ca21 with 30mM caffeine followed by a 30-s SR Ca21 reload-
ing duration. The peak force of caffeine-induced contraction was determined in a

series of potassium hexamethylene-diamine tetraacetic acid solutions containing
2, 3, 5 and 7mMcaffeine and 50mMEGTA, with complete SR Ca21 depletion and
30-s reloading duration of the SR with Ca21 between each caffeine contraction.
The peaks of the caffeine-induced contractions were then normalized as a
percentage of maximum Ca21-activated force to estimate the sensitivity of the
RyR to caffeine. This determined whether overexpression of Hsp72 directly
affected the function of the RyR.
Properties of the contractile apparatus. After SR properties were investigated,
the single muscle fibres were equilibrated in a relaxing solution (pCa. 9) for
2 min. Fibres were placed in a maximum Ca21-activating solution (pCa< 4.5)
until force reached the maximal value (maximum Ca21-activated force) and then
placed back in the relaxing solution for a further 2min. Force responses were
generated by exposing the fibre to activating solutions of progressively lower
pCa (higher [Ca21]) in a stepwise fashion. The force response generated at each
pCa was expressed as a percentage of the interpolated values for maximum Ca21-
activated force. Data points were fitted with a Hill equation producing two para-
meters: the pCa50 (the pCa producing half-maximum force) and nH (the Hill
coefficient, indicative of the steepness of the force–pCa relationship).
Western blotting. After the determination of SERCA activity in whole-muscle
homogenates and enriched SR vesicles, electrophoresis was performed on the
same samples for the quantification of protein expression. Equal amounts of
protein were resolved in SDS buffer, heated for 5min at 95 uC and separated on
SDS-polyacrylamide gels. Separated proteins were transferred to poly(vinylidene
difluoride) membranes (0.45-mm Immobilon-P; Millipore). Membranes were
blocked with 5% non-fat milk powder (or BSA) in Tris-buffered saline containing
Tween 20 for 1 h and incubated overnight at 4 uC with appropriate antibody
dilutions. Antibodies against SERCA1 (Affinity Bioreagents), SERCA2a
(Affinity Bioreagents), Hsp72 (Stressgen), a-tubulin (ECM-Biosciences) and
GAPDH (Sigma) were used. Membranes were digitized with a chemiluminescent
detection and imaging system (ChemiDoc XRS; Bio-Rad Laboratories, Hercules,
California, USA) and band densities were quantified with Quantity One analysis
software (version 4.6.1; Bio-Rad Laboratories).
Real-time PCR. Real-time PCR was performed as described previously43. Each
sample was run in triplicate. The mean reading of each triplicate was converted to
an absolute content by using a DNA standard curve, based on a serial dilution of
DNA standard (100–10,000ngml21; Molecular Probes) run together with the
samples on each plate. Gene expression was quantified by normalizing the
logarithmic cycle threshold (Ct) value (2Ct ) to the cDNA content of each sample
to obtain the expression 2Ct /cDNA content (ngml21). In Supplementary Fig. 5b,
mRNA for SERCA1 and SERCA2a was normalized to the eukaryotic 18S house-
keeping gene.
Creatine kinase analysis. SerumCKactivity was analysed as an overallmeasure of
whole-body muscle breakdown. Blood was collected from the tail vein and cen-
trifuged for 10min at 10,000g and 4 uC to isolate the serum fraction. Serum CK
activity was then determined with a commercially available creatine kinase assay
kit (ECPK-100) in accordance with the manufacturer’s instructions (BioAssay
Systems).
Skeletal preparation. Skeletal architecture was revealed as described previously44.
After death, the mice were skinned, eviscerated and placed in a KOH solution
(1.5% w/v), for 5 days. KOH solution was replaced and a small amount of alizarin
red was added to stain calcium deposits; the preparation was left for a further
5 days to produce the specimens shown in Fig. 4a.
Statistical analysis.All values are presented asmeans6 s.e.m.Unpaired Student’s
t-tests were used to compare between two groups. When comparisons were being
made betweenmore than twogroups, a one-way analysis of variancewas usedwith
Newman–Keuls post-hoc multiple comparison test.
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