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Duchenne muscular dystrophy is a severe and progressive striated muscle wasting disorder that leads to
premature death from respiratory and/or cardiac failure. We have previously shown that treatment of
young dystrophic mdx and dystrophin/utrophin null (dko) mice with BGP-15, a coinducer of heat shock
protein 72, ameliorated the dystrophic pathology. We therefore tested the hypothesis that later-stage
BGP-15 treatment would similarly benefit older mdx and dko mice when the dystrophic pathology was
already well established. Later stage treatment of mdx or dko mice with BGP-15 did not improve
maximal force of tibialis anterior (TA) muscles (in situ) or diaphragm muscle strips (in vitro). However,
collagen deposition (fibrosis) was reduced in TA muscles of BGP-15—treated dko mice but unchanged in
TA muscles of treated mdx mice and diaphragm of treated mdx and dko mice. We also examined whether
BGP-15 treatment could ameliorate aspects of the cardiac pathology, and in young dko mice it reduced
collagen deposition and improved both membrane integrity and systolic function. These results confirm
BGP-15's ability to improve aspects of the dystrophic pathology but with differing efficacies in heart
and skeletal muscles at different stages of the disease progression. These findings support a role for
BGP-15 among a suite of pharmacological therapies for Duchenne muscular dystrophy and related

disorders. (Am J Pathol 2016, 186: 3246—3260; http://dx.doi.org/10.1016/j.ajpath.2016.08.008)

Duchenne muscular dystrophy (DMD) is a severe and pro-
gressive muscle wasting disorder caused by mutations in the
dystrophin gene, resulting in the absence of the membrane-
stabilizing protein, dystrophin.'” DMD affects approxi-
mately 1 in 3500 to 6000 live male births,” with patients
becoming wheelchair dependent usually before their teenage
years and eventually succumbing to respiratory and/or car-
diac failure."*” Although a cure for DMD will eventually
come from corrective gene therapy, limitations of delivery
systems, gene-carrying capacity, dissemination efficiency,
expression persistence, and immunological tolerance pose
significant challenges for immediate clinical application.®
The heat shock protein (Hsp) family is a group of proteins
induced by cellular stress that are implicated in cellular
protection.” During periods of stress, Hsp family members
bind denatured proteins, preventing further breakdown and
protein aggregation.”” Hsp70/72 is the most widely studied

and well-characterized member of the Hsp family, and its
induction shown beneficial for several muscle con-
ditions.'"""* Up-regulation of the inducible form (Hsp72),
through transgenic and pharmacological approaches,
enhanced muscle strength and improved histopathological
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features in the severely affected diaphragm muscles of
young dystrophic mdx and dystrophin/utrophin double-
knockout (dko) mice.'* Most important for clinical appli-
cation, Hsp72 induction reduced kyphosis and increased
lifespan of dko mice.'* BGP-15 is a pharmacological coin-
ducer of Hsp72, shown safe and well tolerated in phase 2
clinical trials for diabetes and insulin resistance.'”'® BGP-
15 is a hydroxylamine derivative that amplifies the endog-
enous stress response by altering the organization of
cholesterol-rich membrane domains to specifically target
stressed cells.'” % This is a desirable trait for therapeutics
administered systemically and chronically.

We investigated the effect of BGP-15 administration to
young (3- to 4-week-old) mdx and dko mice and showed a
dramatically improved pathophysiology and lifespan.'
However, although DMD is diagnosed early in life, signifi-
cant muscle damage will have already occurred to cause
functional deficits. Early-stage treatment of dko mice does
not correlate with the pathology of DMD patients at the time
of diagnosis and so the clinical translation of these potentially
beneficial effects may not be realized. This is a limitation for
other potential treatments for DMD, including growth-
promoting agents like myostatin inhibitory antibodies,
which were beneficial only when administered early in the
disease progression but not later.”’ In addition, it is unclear
whether BGP-15 is similarly effective only as a preventive
intervention or whether it can improve an advanced pathol-
ogy. Therefore, to fully elucidate the therapeutic potential of
BGP-15 for treating muscular dystrophy, we investigated
whether BGP-15 treatment was similarly beneficial in older
mdx and dko mice with an established pathology.

Cardiomyopathy develops throughout adolescence and is
evident in most DMD patients by 18 years of age.”” Because
of improved clinical management of respiratory symptoms,
cardiac problems have become a critical aspect of the dis-
ease.”””" Targeting only the skeletal musculature can
exacerbate cardiomyopathy in mdx mice, suggesting
increased movement and skeletal muscle activity may cause
stress to the myocardium and accelerate cardiac damage.”
In addition, long-term treatment with the tumor necrosis
factor-o. blocking drug infliximab (Remicade), which can
benefit the skeletal muscle pathology, had significant
negative effects on cardiac function in mdx mice.”® These
findings indicate that treating both skeletal and cardiac
muscle pathology is necessary for DMD. Cardiac dysfunc-
tion is evident in dystrophic mdx and dko mice, but its
severity in dko mice more closely resembles that in DMD.?’
Therefore, therapies are needed that can preserve muscle
mass, promote muscle growth, and maintain structure and
function of both skeletal muscle and the myocardium
without deleterious effects on the dystrophic heart.”®

A contributing mechanism to the improved skeletal mus-
cle pathology we observed in young dystrophic mice after
Hsp72 induction was the preservation of maximal sarco-
plasmic/endoplasmic reticulum Ca®"-ATPase (SERCA)
activity, the main protein responsible for removal of

The American Journal of Pathology m ajp.amjpathol.org

intracellular Ca*" from the cytosol.'* Because DMD is
characterized by muscle fibers with chronically elevated
intracellular Ca®>"™ ([Ca*");) levels that can activate inflam-
matory and muscle degradative pathways, and because
SERCA dysfunction is implicated in the skeletal muscle and
cardiac pathologies,””’” we also tested whether BGP-15
treatment preserved SERCA activity in the heart.'*"'**

Materials and Methods

Experimental Animals

All experiments were approved by the Animal Ethics
Committee of The University of Melbourne (Melbourne,
VIC, Australia) and conducted in accordance with 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 (Australia). C57BL/10 mice
were obtained from the Animal Resources Centre (Canning
Vale, WA) and dko mice [originally provided through
collaboration with Prof. Dame Kay Davies (University of
Oxford, Oxford, UK)] were bred in the Biological Research
Facility at The University of Melbourne.”” Genotypes from
tail biopsy specimens were determined using real-time PCR
with specific probes designed for each gene (Transnetyx
Inc., Cordova, TN). All experimental mice were male and
were housed under a 12-hour light/dark cycle with food and
standard chow provided ad libitum.

To assess whether BGP-15 administration could confer
effects on an already established dystrophic pathology, 20-
week-old mdx and 8-week-old dko mice were administered
BGP-15 (15 mg/kg in 0.9% sterile saline; N-Gene Research
Laboratories Inc., New York, NY) daily via oral gavage for
4 (dko) or 5 (mdx) weeks. Age-matched vehicle-treated
dystrophic and healthy wild-type control (C57BL/10) mice
received an equivalent volume of 0.9% sterile saline via daily
oral gavage. Because of the severity of the dko phenotype, a
shorter treatment period was used with a significant number of
mice reaching humane end point criteria (ie, kyphosis score of
5 and sustained 15% loss of body mass) after 12 weeks of age.
The average lifespan of mice in our dko colony was approx-
imately 14 to 15 weeks, with the severity of the dystrophic
pathology at 8 weeks of age (when treatment commenced)
indicated by an average kyphosis score of 2.5. The kyphosis
score indicates the severity of spinal curvature on palpation of
conscious mice and ranked 1 to 5, with 1 indicating no spinal
deformity and 5 being the most severe. To assess the effect of
BGP-15 administration as a preventive treatment for the
dystrophic cardiomyopathy and to confirm previous findings
on skeletal muscles of young mice,'" 4-week-old dko mice
were administered BGP-15 (15 mg/kg in 0.9% sterile saline
daily via oral gavage) for 5 to 6 weeks, with other groups of
aged-matched dko and C57BL/10 mice treated similarly with
vehicle only. Because BGP-15 is a hydroxylamine derivative
that affects only stressed cells, a group of C57BL/10 mice
treated with BGP-15 was not included.'”'*** Previous
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studies investigating BGP-15 effects on skeletal muscle and
heart observed no morphological or functional changes in
either tissue, in wild-type mice after long-term treatment.'***
To assess Hsp72 induction via BGP-15, 4- and 10-week-old
dko mice and age-matched C57BL/10 mice were adminis-
tered a single bolus of BGP-15 (15 mg/kg) via oral gavage,
and the tibialis anterior (TA) muscles, heart, and diaphragm
were excised 6 hours later, frozen in liquid nitrogen, and
stored at —80°C for later analyses.

To determine whether basal expression levels of Hsp72
might account for lack of significant induction in diaphragm
muscle from dko mice, basal expression levels were exam-
ined in young and older adult C57BL/10, mdx, and dko
mice. All young mice assessed were 4 weeks of age across
all genotypes. The older adult C57BL/10 and mdx mice
were 20 weeks of age, but the dko mice were assessed at 10
weeks of age because of their truncated lifespan.

Assessment of Skeletal Muscle Contractile Properties

At the conclusion of the treatment period, mice were anes-
thetized with sodium pentobarbital (Nembutal; 60 mg/kg;
Sigma-Aldrich, Castle Hill, NSW, Australia) via i.p. injection
and contractile properties of the mouse TA muscles assessed
in situ, as described previously.” At the conclusion of these
measurements, the TA, extensor digitorum longus, soleus,
and quadriceps muscles were carefully excised, blotted on
filter paper, and weighed on an analytical balance. The TA
muscle was mounted in embedding medium and frozen in
thawing isopentane for later histochemical analyses. TA
muscle cross-sectional area was determined from the equa-
tion: Cross-Sectional Area = Muscle Mass/(L; x 1.06),
where L, represents optimal fiber length and 1.06 represents
the density of mammalian skeletal muscle.’® The entire
diaphragm and rib cage were surgically excised, and costal
diaphragm muscle strips composed of longitudinally arranged
full-length muscle fibers were isolated and prepared for
functional assessment in vitro, as described previously.3 7 On
completion of the functional analyses, the diaphragm muscle
strip was trimmed of tendon and any nonmuscle tissue,
blotted once on filter paper, weighed on an analytical balance,
mounted in embedding medium, and frozen in thawing iso-
pentane for later histochemical analyses. Mice were sacrificed
as a consequence of diaphragm and heart excision while
anesthetized deeply. Hearts were trimmed of atria, the mid-
sections removed and mounted in embedding medium, frozen
in liquid nitrogen—cooled isopentane, and stored at —80°C
for histochemical analyses. The remaining two-thirds of the
ventricles were frozen in liquid nitrogen and stored at —80°C
for subsequent biochemical analyses.

Echocardiographic Analysis of Cardiac Structure and
Function

At the end of treatment, cardiac structure and function were
evaluated by transthoracic two-dimensional B- and M-mode
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echocardiography (GE Vivid 9 15-mHz i13L linear array
transducer; General Electric, Fairfield, CT) performed under
light anesthesia (inhalation of isoflurane at 1.5%). Acqui-
sition and offline analysis was performed with GE EchoPac
software version 110, revision 1.8 (General Electric). The
parasternal short axis was used for systolic parameters
(interventricular septum, left ventricular posterior wall, left
ventricular internal dimension, fractional shortening, ejec-
tion fraction, heart rate, stroke volume, end diastolic vol-
ume, and end systolic volume). Mitral valve (MV) blood
flow Doppler (early filling MV E, active filling MV A) and
tissue Doppler (early filling MV E’, active filling MV A’)
were measured in apical four-chamber view for diastolic
parameters. For each measurement, at least three consecu-
tive cycles were sampled. Because exercise can exacerbate
the pathology in dystrophic mice,” mice used for cardiac
analysis underwent voluntary wheel running (using Activity
Wheel Monitor software model 86065; Lafayette In-
struments, Lafayette, IN) overnight, either 48 or 72 hours
before echocardiography. There were no differences in pa-
rameters between mice that were run 48 or 72 hours before
analysis (data not shown).

Evans Blue Dye Uptake and Histology

To quantify cardiomyocyte damage and local areas of ne-
crosis, Evans Blue Dye (Sigma, St. Louis, MO) was injected
ip. (1% w/v; 10 pL per gram body mass), as described
previously,'* and hearts excised and frozen 24 or 48 hours
later. Sections (5 um thick) were cut on a cryostat and Evans
Blue Dye detected as red autofluorescence using a fluores-
cence microscope (Axio Imager D1; Carl Zeiss, Gottingen,
Germany). There was no difference in Evans Blue Dye
infiltration or echocardiographic parameters between mice
injected at 24 or 48 hours before analysis (data not shown).

Serial sections (5 pm thick) were cut transversely through
the TA, diaphragm, and heart using a refrigerated (—20°C)
cryostat (CTI Cryostat; IEC, Needham Heights, MA) and
stained with Masson trichrome or Van Gieson stain to assess
collagen infiltration. Digital images were obtained using an
upright microscope with camera (Axio Imager D1),
controlled and quantified using AxioVision AC software
release 4.8.2 (Carl Zeiss).

Antibodies

The following primary antibodies were used: Hsp70 (ADI-
SPA-812; Enzo Life Sciences, Farmingdale, NY), SERCA1
ATPase (ab2812; Abcam, Cambridge, UK), SERCA2
ATPase (MA3-919; Thermo Fisher Scientific, Scoresby,
VIC, Australia), Serl6 phospholamban (PLN; 07-052;
Upstate, Lake Placid, NY), Thr17 PLN (AO10-13; Badrilla,
Leeds, UK), total PLN (05-205; Upstate), cyclophilin F (D)
(ab110324; Abcam), P-p65 (30335; Cell Signaling, Beverly,
MA), T-p65 (47645; Cell Signaling), P-Jun N-terminal
kinase (JNK) 1 and 2 (ab4821; Abcam), T-JNK 1 and 2

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

BGP-15 Aids Pathology in Dystrophic Mice

(Sc-7345; Santa Cruz Biotechnology, Dallas, TX), Mito-
Profile (MS604; MitoSciences, Eugene, OR), P-IGF-R1f
(3024S; Cell Signaling), and total IGF-R1f (F0805; Santa
Cruz Biotechnology). All primary antibodies were diluted in
5% bovine serum albumin/Tris-buffered saline—Tween-20 at
1:1000 [Hsp70, SERCA1 ATPase, SERCA2 ATPase, P- and
T-p65, P- and T-JNK 1, cyclophilin D, MitoProfile, P-
insulin-like growth factor-18 receptor (IGFR1pB), and
T-IGFR18], 1:3000 (Ser16 PLN, total PLN), or 1:5000
(Thr17 PLN). It was necessary to use a positive control for
the detection of phosphorylated IGFR, and C2CI12 treated
with insulin and anisomycin (Cell Signaling; 21101S) was
used for this purpose.

Western Blotting

Skeletal muscles and hearts were immediately snap frozen in
liquid nitrogen. Muscle samples (20 to 30 mg) were homoge-
nized (Polytron 2100; Kinematica, Lucerne, Switzerland) for 3
to 15 seconds on ice in homogenizing buffer [10 mmol/L Tris-
HCI, pH 7.5; 100 mmol/L sodium chloride; 1 mmol/L. EDTA;
1 mmol/L EGTA; 10% glycerol; 1% Triton X-100; 0.1% SDS;
1 mmol/L sodium fluoride; 20 mmol/L sodium pyrophosphate;
2 mmol/L sodium orthovanadate; 0.5% sodium deoxycholate;
1 mmol/L. phenylmethanesulphonylfluoride; 0.1% protease
inhibitor cocktail (P8340; Sigma-Aldrich, Castle Hill, NSW,
Australia); and 0.1% phosphatase inhibitor cocktail (P2850,
P5726; Sigma-Aldrich)]. Homogenates were resolved in
Laemmli buffer before heating to 95°C for 5 minutes and being
separated by SDS-PAGE. Separated proteins were transferred
to polyvinylidene difluoride membranes (0.45-mm Immobilon-
P; Millipore, North Ryde, NSW, Australia). Membranes were
blocked with 5% bovine serum albumin in Tris-buffered saline
containing Tween-20 for 1 hour and incubated overnight at 4°C
with antibody dilutions, as described previously (see
Antibodies). Antibody binding was detected with horseradish
peroxidase—conjugated immunoglobulin and visualized by
chemiluminescent detection (ECL Prime Western Blotting
detection reagent; Amersham, Amersham, UK) and imaging
system (ChemiDoc XRS; Bio-Rad Laboratories, Hercules,
CA). Band densities were quantified with Image Lab software
version 4.1 (Bio-Rad Laboratories) and normalized to total
protein content of the sample, as determined by BLOT-Fast
Stain (G-Biosciences, St. Louis, MO).

SERCA Activity Assay

Maximal SERCA activity was assessed in whole muscle
homogenates, as described previously.'* Muscle samples (20
to 50 mg) were diluted in 200 pL of ice-cold homogenization
buffer. Protease inhibitor cocktail (P2850, P5726; Sigma-
Aldrich) was added immediately before use at a concentra-
tion of 5 uL per 100 mg of muscle tissue. Muscles were
homogenized and centrifuged for 10 minutes at 5500 x g at
4°C, and supernatant was collected for SERCA activity
analysis. Activity was determined in reaction buffer (200
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mmol/L. KCl, 20 mmol/L HEPES, pH 7.0, 15 mmol/L
MgCl,, 10 mmol/L NaNj3, 10 mmol/L phosphoenolpyruvate,
5 mmol/L ATP, and 1 mmol/L EGTA) with pH adjusted to
7.0 at 37°C. Immediately before starting the reaction, 18
U/mL pyruvate kinase, 18 U/mL lactate dehydrogenase, 5 uL.
NADH (100 mmol/L), 1 pmol/LL calcimycin A-23187
(Sigma-Aldrich), and approximately 20 pL. of whole muscle
were added to 1 mL of reaction buffer in a plastic cuvette.
Cuvettes were loaded into a spectrophotometer, and A4 was
measured at 37°C (Multiscan Spectrum; Thermo Electron,
Waltham, MA). Maximal SERCA activity was determined
by progressively adding 100 mmol/L. CaCl, until a plateau
or maximal activity was reached. The specific SERCA in-
hibitor 29, 59-di(tert-butyl)-1, 4-benzohydroquinone, was
added to a final concentration of 40 mmol/L to determine
basal activity.

Superoxide Indicator Dihydroethidium Intensity

Fresh frozen heart cross sections (5 um thick) were incu-
bated in 2 pmol/L. dihydroethidium (Life Technologies
Australia, Scoresby, VIC) (0.1% dimethyl sulfoxide) in
phosphate-buffered saline at 37°C for 30 minutes. Sections
were rinsed in phosphate-buffered saline before air drying
and application of cover with fluorescent mounting me-
dium. Dihydroethidium intensity was detected as red
fluorescence using a fluorescence microscope (Axio
Imager D1).

Statistical Analysis

Data were analyzed with GraphPad Prism software version
7 (GraphPad Software Inc., La Jolla, CA). Unpaired #-tests
were used for comparisons between two groups. For
comparisons between more than two groups, a one- or
two-way analysis of variance was used, as appropriate,
with Tukey’s post hoc multiple comparison test when
significance was detected. The level of significance was set
at P < 0.05 for all comparisons. All values are presented
as means = SEM.

Results

Later-Stage BGP-15 Treatment Does Not Improve
Skeletal Muscle Pathology in Older mdx Mice

The mdx mouse is the most widely used animal model of
DMD. To test the efficacy of later-stage treatment on the
dystrophic muscle pathology, 20-week-old mdx mice were
administered BGP-15 (15 mg/kg per day) via oral gavage
for 5 weeks. Treatment did not change body mass or muscle
mass normalized to body mass (Figure 1, A and B) and did
not improve maximal force output or force output over a
range of stimulation frequencies in either diaphragm muscle
strips (in vitro) or TA muscles (in situ) (Figure 1, C—F).
Fibrotic infiltration was not different in the diaphragm
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Figure 1  Body mass, muscle mass, contractile
properties, and collagen infiltration of skeletal
muscles of older mdx mice administered BGP-15

compared with saline-treated mdx and C57BL/10
control mice. Body mass (A) and muscle mass
normalized to body mass (B) were unchanged with
treatment. Peak specific force (C) and specific
force over a range of stimulation frequencies of
diaphragm muscle strips assessed in vitro (D); and
peak specific force (E) and specific force over a
range of stimulation frequencies for tibialis ante-
rior (TA) muscles assessed in situ (F) were not
improved with BGP-15 treatment. Representative
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(Figure 1, G and I) or TA muscles (Figure 1, H and J) of
treated compared with untreated older mdx mice. Because
the most significant pathological alterations occur in mdx
mice between 2 and 8 weeks of age and the disease pro-
gresses relatively slowly until approximately 18 months of
age,””"" the lack of an effect of BGP-15 treatment in older
mdx mice is likely attributed to the lack of disease pro-
gression during this period.
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BGP-15 Induces Hsp72 Expression in the TA Muscles
and Heart But Not in the Diaphragm of dko Mice

The dko mouse, which lacks dystrophin and the homolo-
gous protein utrophin, exhibits a severe phenotype that
more closely resembles the disease progression in
DMD.***!" Although BGP-15 can induce Hsp72 in the
diaphragm muscles of mdx mice,'” its capacity to induce
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72 and heat shock factor (HSF)-1 protein expres-
sion after a single bolus of saline (black bars) or
- BGP-15 (gray bars) in tibialis anterior (TA) muscles,
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Hsp72 expression in dko mice had not been determined.
Because BGP-15 indirectly induces Hsp72 expression by
activating heat shock factor 1 (HSF-1), the basal expres-
sion of which is reduced in other models of myopathy,'" it
is possible that Hsp72 induction could be diminished if the
pathology is well progressed. The effect of BGP-15 on
Hsp72 and HSF-1 protein expression was investigated in
TA muscles (Figure 2, A and D), diaphragm (Figure 2, B
and E), and hearts (Figure 2, C and F) of young 4-week-
old dko mice and more severely affected 10-week-old dko
mice. Muscles were excised 6 hours after administration of
a single bolus of BGP-15 (15 mg/kg) or saline, which has
previously been shown to be the optimal time point for
Hsp72 induction.”” No BGP-15—treated C57BL/10 mice
were included because BGP-15 induces Hsp72 expression
only in stressed cells and has no effect on otherwise
healthy wild-type mice.'”'*'"** We verified this in 4- and
10-week-old C57BL/10 mice administered a single bolus
of BGP-15 (15 mg/kg) or saline via oral gavage, where
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:| Total therefore corresponding total protein stains are
protein shown. A straight line through representative
. membranes indicates where they have been
T spliced. n = 8 (A); n = 6 to 10 (B): n = 7 t0 8 (C);

n=8(DandE); n = 6to 7 (F). *P < 0.05 versus
dko + saline. a.u., arbitrary unit.

Western blot analysis revealed no induction of Hsp72 in
TA muscles, diaphragm, or hearts of wild-type mice at
either age after BGP-15 administration (Supplemental
Figure S1).

Hsp72 expression was induced significantly in the
TA muscles and hearts of 4- and 10-week-old dko
mice (Figure 2, A, C, D, and F), but not in the diaphragm
of 4- (P = 0.1) or 10- (P = 0.98) week-old dko mice
(Figure 2, B and E). HSF-1 expression was not different
between 4- and 10-week-old dko mice and not altered after
BGP-15 treatment (Figure 2, A—F). Comparison of Hsp72
induction levels between 4- and 10-week-old mice
revealed no differences in TA, diaphragm, and heart
muscles from dko mice (Supplemental Figure S2). In
addition, no differences were observed in HSF-1 protein
expression between 4- and 10-week-old dko mice
(Supplemental Figure S3).

The basal expression levels of HSF-1 and Hsp72 were
also assessed to see if there was an impact on

3251


http://ajp.amjpathol.org

Kennedy et al

A

(@)

109 0 ¢57BL/10 + saline

20 2
* . o |l dko + saline O
- & 1@ dko+ BGP-15 o
2., @ H
£ it
> > 3
g 10 H 2,
@ 2, >
© t 4
®
N ®
C57BLI0 dk dk = ’
0 {] SgE 0 wae g - B
D +saline  +saline +BGP-15 TA  EDL Quad  Sol
- E 250-
£ 20 2
Z =200
< —_ o
3 200 g
s 2 150+
‘s 150 2
3 2100
2 100 el
& * * £
E w504
5 50 &
g * * Kk %
£ | I < ** *
s 0 - - £ 0 T - T r T +
a C57BL/0 dko dko 8 0 5 100 150 200 250 300
+ saline +saline + BGP-15 Stimulation frequency (Hz)
300 300
< o
£ E
> s
=3 -
3 200 £ 200
§ I
* s
e - - 4
5 100, & 100
8 2
" w *
I v - = 0 = r r ]
C57BL/I0 dko dko 0 50 100 150 200
+ saline +saline +BGP-15 Stimulation frequency (Hz)

H

C57BL/10 + saline

dko + saline

Diaphragm

L

A

»

Pretreatment

—

Post-treatment

—®— (57BL/10 + saline
—“® ko + saline
~® ko + BGP-15

Figure 3  Body mass, muscle mass, kyphosis
score, contractile properties, and collagen infiltra-
tion in skeletal muscles and hearts of older dko
mice administered BGP-15 as a later-stage treat-
ment compared with saline-treated dko and C57BL/
10 control mice. Body mass (A), muscle mass
normalized to body mass (B), and progression of
kyphosis (C) were unchanged with treatment. Peak
specific force and specific force over a range of
stimulation frequencies of diaphragm muscle strips
assessed in vitro (D and E) and tibialis anterior (TA)
muscles assessed in situ (F and G) were not
improved with BGP-15 treatment. Representative
images and quantification of collagen infiltration
(blue, highlighted by arrows) in the diaphragm (H
and K) show no improvement with treatment, but
cross sections of TA muscles (I and L) and ventri-
cles (3 and M) from BGP-15—treated dystrophic
mice showed a significant reduction compared with
dko control mice. n = 10 to 12 (A—G); n = 8 (K
—M). *P < 0.05 versus C57BL/10 + saline;
P < 0.05 between pretreatment and post-
treatment; P < 0.05 versus dko -+ saline. Scale
bars: 100 um (H—J). Original magnification, x126
(H=J). EDL, extensor digitorum longus; Quad,
quadriceps; Sol, soleus.
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BGP-15—mediated induction. Hsp72 protein expression
was elevated in TA muscles from 10-week-old dko mice
compared with C57BL/10 and mdx mice (Supplemental
Figure S4A). HSF-1 protein expression was elevated in
the TA muscles of 4-week-old mdx mice compared
with 10-week-old mdx mice (Supplemental Figure S4B).
No significant differences in Hsp72 or HSF-1
protein expression were observed between experimental
groups in the diaphragm (Supplemental Figure S5, A
and B). Hsp72 protein expression was elevated in
the hearts of 4-week-old C57BL/10 and mdx mice
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compared with 10-week-old C57BL/10 and mdx mice,
respectively (Supplemental Figure S6A). However, no
significant differences in HSF-1 protein expression were
observed between groups in the heart (Supplemental
Figure S6B).

Later-Stage BGP-15 Treatment Reduces Fibrosis in TA
Muscles of Older dko Mice

Daily BGP-15 treatment of young dko mice delayed pro-
gression of the dystrophic pathology in skeletal muscles.'”
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To determine the efficacy of BGP-15 in mice with estab-
lished muscle pathology, 8-week-old dko mice were
administered BGP-15 (15 mg/kg per day) via oral gavage
for 4 weeks. This shorter treatment period (compared to 5
weeks in mdx mice) was used because the phenotype of
dko mice is severe and a large number of mice meet the
humane end point criteria (kyphosis score of 5 and sus-
tained 15% loss of body mass) by 12 weeks of age. BGP-
15 treatment did not alter body mass (Figure 3A), muscle
mass (Figure 3B), or kyphosis score (Figure 3C) in older
dko mice with the established dystrophic pathology. No
differences in maximal force of diaphragm muscle strips
(Figure 3, D and E) or TA muscles (Figure 3, F and G)
were observed between treated and untreated older dko
mice. Collagen infiltration in the diaphragm was not altered
with treatment (Figure 3, H and K) but was approximately
50% lower in TA muscles of treated dko mice compared
with untreated dko mice (Figure 3, I and L). Collagen
infiltration in ventricular cross sections was also lower in
BGP-15—treated dko mice compared with saline-treated

A Diaphragm B TA

dko mice (Figure 3, J and M). Together, these data indi-
cate more limited beneficial effects of BGP-15 when
administered to older dystrophic mice with established
disease pathology.

Later-Stage BGP-15 Treatment Does Not Improve
SERCA Function in Muscles of Older dko Mice

Preserved SERCA function contributed to the improved
dystrophic muscle pathophysiology in young mdx mice
receiving BGP-15 early in life.'* We therefore investigated
whether BGP-15 treatment to older dko mice affected
SERCA1 and SERCAZ2 protein expression and maximal
SERCA activity in diaphragm and TA muscles. In the dia-
phragm, SERCA1 but not SERCA2 protein expression was
lower in saline-treated dko mice compared with C57BL/10
controls (Figure 4, A and C). However, BGP-15 treatment did
not significantly alter SERCA1 or SERCA?2 protein expres-
sion compared with C57BL/10 controls or saline-treated dko
mice (Figure 4, A and C). Maximal SERCA activity was
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decreased in diaphragm muscles from dko mice compared
with C57BL/10 mice but was not improved with BGP-15
treatment (Figure 4E). In TA muscles, no differences in
SERCAL1 or SERCAZ2 protein expression or maximal SERCA
activity were evident between groups (Figure 4, B, D, and F).

Early-Stage BGP-15 Treatment Improved Cardiac
Pathology in Young dko Mice

In older dko mice, there was reduced collagen infiltration in
ventricular cross sections in BGP-15—treated compared with
untreated mice (Figure 3, J and M). Because BGP-15 induced
the greatest improvements in skeletal muscle function when
administered as an early intervention,'* we also investigated
whether treatment (15 mg/kg per day for 6 weeks) improved
cardiac pathology in young 4-week-old dko mice. Because the
phenotype of different dko mouse colonies can vary over time,
we first confirmed the efficacy of BGP-15 to improve the
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skeletal muscle pathology in these mice. Consistent with our
previous observations,]4 BGP-15—treated mice showed a
significant reduction of collagen infiltration in the diaphragm
(Supplemental Figure S7, A and B). Assessment of some
hallmarks of the cardiac pathology revealed approximately
50% less collagen infiltration in ventricular cross sections of
BGP-15—treated young dko mice (Figure 5, A and C).
Increased permeability of the sarcolemma, as evident from
Evans Blue Dye infiltration, was reduced by approximately
75% in the hearts of BGP-15—treated dko mice (Figure 5, B
and D). These improvements occurred without any effect on
heart mass normalized to tibial length (Figure 5E). Further-
more, tibial length did not vary between groups (C57BL/
10 4+ saline, 12.86 £ 0.25 mm; dko + saline, 12.55 & 0.12
mm; dko + BGP-15,12.96 £0.19 mm; P = 0.29,n = §t09).

Echocardiography at the end of the treatment period
revealed left ventricular remodeling in the hearts of saline-
treated dko mice (Figure S5F), with thinner posterior

dko + BGP-15
Jr 55

Figure 5 Collagen infiltration, membrane
integrity, and echocardiographic analyses of the
structure and function of hearts from young dko
mice administered BGP-15 as an early-stage
treatment compared with saline-treated dko and
(57BL/10 control mice. Representative images of
cardiac muscle cross sections stained with Van

B Gieson (A) and Evans Blue Dye (EBD; B) indicating
collagen infiltration (pink, highlighted by arrows)
and reductions in membrane integrity (red),
respectively. Quantification of Van Gieson stain
showing the percentage collagen infiltration in
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e s heart cross sections (C) and of EBD infiltration
relative to total muscle area (D). E: Heart mass
was normalized to tibial length. F: Representative

images from M-mode echocardiogram showing
interventricular septal wall, left ventricular (LV)
posterior wall, and left ventricle chamber diameter
during cardiac cycling. Quantification of posterior
wall thickness (G) and septal wall thickness (H) at
the end of diastole. I: Diastolic function was
determined by deceleration time (MVDec T) of
blood flow during early ventricular filling. J: Sys-
tolic function was represented by ejection fraction
(%) assessed by B-mode echocardiogram. n = 6
to 8 (C—E); n = 10 to 12 (6—J). *P < 0.05 versus
C57BL/10 + saline; P < 0.05 versus dko + saline.
Scale bars: 100 um (A and B). Original magnifi-
cation: x126 (A); x63 (B).
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Table 1  Echocardiographic Assessment of Left Ventricular Structure and Function of Young dko Mice Treated with BGP-15 as an Early-Stage

Treatment Compared with Saline-Treated dko and C57BL/10 Control Mice

Variable C57BL/10 + saline dko + saline dko + BGP-15
Geometry
IvSd 0.72 £ 0.02 0.56 £+ 0.02* 0.594 + 0.02*
LVPWd 0.78 + 0.04 0.60 £ 0.04* 0.653 &+ 0.03*
LVIDd (mm) 3.9 + 0.1 3.8+ 0.1 3.7 £0.1
RWT 0.37 £ 0.02 0.31 £ 0.02 0.34 £ 0.02
Systolic function
FS (%) 28 + 2 28+ 1 32 4 1%
EF (%) 60 £ 3 60 £ 3 76 £+ 2*
SV (ul) 96 + 7 85 + 7 86. + 5
HR (bpm) 379 + 17 414 + 13 408 + 15
EDV (uL) 30 + 2 19 + 2* 20 + 1*
ESV (uL) 1245 8+1 54+ 1%
Diastolic function
MV E (cm/second) 48.7 £ 1.4 47.3 + 2.7 50.1 £ 2.9
MV A (cm/second) 243 £ 1.8 33.5 £ 2.7* 34.2 £ 2.3*
MV E/A 2.1 £0.1 1.5 + 0.2* 1.5 + 0.1*
MV E' (mm/second) 2.2+0.2 1.8 £ 0.2 23 +0.2
MV A" (mm/second) 2.1+0.2 2.2 +0.1 2.6 £0.2
MV E'/A 1.2 £ 0.1 0.9 £ 0.1 0.9 £ 0.1
MV E/E 219 £ 1.3 26.0 + 2.3 22.7 £ 2.3

*P < 0.05 versus (57BL/10 + saline; n = 10 to 12.

EDV, end diastolic volume; EF, ejection fraction; ESV, end systolic volume; FS, fractional shortening; HR, heart rate; IVSd, interventricular septal
thickness during diastole; LVIDd, left ventricular internal diameter during diastole; LVPWd, left ventricular posterior wall thickness during diastole; MV A

or A, active filling; MV E or F/, passive filling; RWT, relative wall thickness

SV, stroke volume.

(Figure 5G) and septal walls compared with C57BL/10 mice
(Figure 5H). These parameters were not improved with
BGP-15 treatment. Diastolic function was reduced signifi-
cantly in saline-treated dko mice compared with C57BL/10
control mice (Figure 5I). Diastolic function of BGP-
15—treated dko mice was not significantly different
compared with saline-treated dko mice or C57BL/10 mice
(Figure 5I). Systolic function was not different between
saline-treated dko mice and C57BL/10 mice, but was 20%
higher in BGP-15—treated dko mice (Figure 5J). No
changes were observed in left ventricular chamber diameter
between BGP-15—treated and saline-treated dko mice
(Table 1). End diastolic volume was reduced in both dko
groups, and end systolic volume was reduced only in the
BGP-15—treated dko mice (Table 1). Active filling of the
left ventricle, assessed by blood flow Doppler (MV A), was
increased in both groups of dko mice (Table 1).

Early BGP-15 Treatment Does Not Alter SERCA Activity,
Mitochondrial Proteins, or Inflammatory Markers in
Hearts of Dystrophic Mice

To assess whether SERCA regulation contributes to the
improved cardiac pathology in BGP-15—treated dko mice,
SERCAZ2 protein expression and PLN phosphorylation were
examined. PLN is a regulatory SERCA accessory protein
that can be activated by phosphorylation at Serl6 and
Thr17, and so both sites were assessed via Western blot and

The American Journal of Pathology m ajp.amjpathol.org

[interventricular septal width + left ventricular posterior wall (d)]/LVIDd;

normalized to total PLN. Neither SERCA2 protein expres-
sion (Figure 6A) nor PLN phosphorylation at Serl6
(Figure 6B) or Thr17 (Figure 6C) was altered after BGP-15
treatment.

Previous studies identified mitochondrial dysfunction and
JNK phosphorylation as potential mechanisms in myopa-
thies other than muscular dystrophy.'®'""'* We found no
changes in phosphorylation of p65 (a component of the
NF-kB inflammatory pathway) (Figure 6D), JNK (Figure 6,
E and F), cyclophilin D (Figure 6G), superoxide indicator
dihydroethidium (Figure 6H), or mitochondrial electron
transport chain subunits (I-V) (Figure 6, I-M) in hearts
from BGP-15—treated dko mice compared with untreated
dko mice and C57BL/10 mice. However, some of these
findings may be complicated by insufficient power. These
parameters were also assessed in hearts from older dko mice
treated with BGP-15, but no improvements were evident
(Supplemental Figure S8).

BGP-15 Treatment Does Not Alter IGFR
Phosphorylation in the Hearts of dko Mice

A recent study investigating the effect of BGP-15 on mice
with an atrial fibrillation/heart failure phenotype showed
improvements were independent of Hsp72 and corre-
sponded with phosphorylation of the IGFR.* Phosphory-
lated IGFR and total IGFR were therefore assessed in hearts
from young and old dko mice treated with BGP-15.
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Figure 6  Sarcoplasmic/endoplasmic reticulum
Ca®"-ATPase (SERCA) 2 protein expression and
phospholamban (PLN) Ser16 and Thrl7 phos-
phorylation, inflammatory markers, and mito-
chondrial stress markers in hearts from young dko
mice administered BGP-15 as an early-stage
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However, unlike this previous study, the phosphorylation
levels detected via Western blot were too low for repro-
ducible, quantifiable results. Phosphorylated and total IGFR
were run on separate gels as the protein levels of IGFR did
not allow for membrane stripping (Supplemental Figure S9,
A and B). Although there were no apparent differences
between groups, a contribution of IGFR phosphorylation
remains possible.

Discussion
Consistent with our previous finding that BGP-15 improved
the dystrophic pathology of skeletal muscles from young

mdx and dko mice,'* we confirmed that BGP-15 treatment
of 4-week-old dko mice reduced skeletal muscle collagen
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infiltration and now reveal an improved cardiac pathology
compared with untreated mice. Although BGP-15 treatment
improved some aspects of the dystrophic pathology, such as
fibrosis, it did not improve skeletal muscle function in older
mdx or dko mice. Our findings identify a therapeutic win-
dow for BGP-15 treatment of muscular dystrophy in dko
mice. For improvements in skeletal muscle parameters,
BGP-15 should be administered as early as possible to slow
the disease progression, whereas cardiac benefits were
evident even when treating older mice. These results have
therapeutic implications for when treatments should be
administered clinically to different stages of the DMD
pathology.

Although we had previously identified the therapeutic
potential of Hsp72 induction and BGP-15 treatment for
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Disease progression of dko mice

Early treatment period
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e
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Figure 7  Proposed therapeutic window of op-
portunity for dystrophic mice. The increasing color
intensity represents the severity of the progressive
dystrophic pathology (derived from previous
studies®®“?), with the diaphragm being affected
earlier and more severely than the tibialis anterior
(TA) muscle or heart. The early and late treatments
examined in this study are labeled to highlight the
relative severity of the dystrophic pathology of
each muscle during these periods. The therapeutic
window for BGP-15 to potentially confer favorable
effects (as determined from our studies) is repre-

sented by the hatched regions indicating the

diaphragm and TA muscles have narrower thera-

| peutic windows for BGP-15 to confer beneficial

[: Therapeutic window
D Increasing disease severity

—

slowing the progression of the dystrophic pathology in the
limb muscles and diaphragm of young mdx and dko mice,"*
these benefits of early treatment in dystrophic mice may not
translate easily to the clinical setting given that DMD is not
usually diagnosed until a significant muscle pathology is
apparent. The lack of improvement in the skeletal muscle
pathology of older mdx mice with BGP-15 treatment is not
surprising. Given that the pathology is relatively stable at
this age, and consistent with our previous findings showing
that early- but not later-stage intervention with a myostatin
inhibitory antibody improved the dystrophic pathology in
mdx mice,”’ BGP-15 treatment is likely able to slow the
disease progression but not reverse the pathology.

Basal expression levels of Hsp72 are higher in muscles of
DMD patients and young mdx mice.””"’ We assessed the
basal expression of Hsp72 in the TA, diaphragm, and hearts
of dko mice compared with C57BL/10 to determine whether
this affected BGP-15—mediated induction. Although there
were significant differences observed between groups,
Hsp72 levels did not decrease with age and did not account
for the pattern of Hsp72 induction observed after acute
BGP-15 treatment. Therefore, differences in basal Hsp72
expression are unlikely to explain our observations that
Hsp72 was not significantly induced in the diaphragm
muscle after BGP-15 administration. It is possible that
excessive collagen accumulation delays Hsp72 induction in
the diaphragm muscle and we simply missed the increased
expression because of the timing of sample collection
(6 hours after BGP-15 administration). In addition, the lack
of a clear relationship between changes in HSF-1 and
HSP72 protein expression is not surprising as changes to
HSF-1 expression occur earlier than with Hsp72.'" Thus,
the absence of altered HSF-1 and Hsp72 expression after
BGP-15 treatment does not definitively refute this mecha-
nism. Sapra et al’* demonstrated phosphorylation of IGFR
to be an alternative mechanism for BGP-15, improving
cardiac function in mice with an atrial fibrillation/heart

The American Journal of Pathology m ajp.amjpathol.org

Later stage treatment period

effects. The therapeutic window to potentially
confer benefits to the heart is wider because the
dystrophic  cardiomyopathy progresses more
slowly.

failure phenotype. We similarly assessed this mechanism
but could not confirm phosphorylation of IGFR in the hearts
of dystrophic mice after BGP-15 administration. If IGFR
phosphorylation contributes to improvements in the hearts
of dko mice, then its involvement is less apparent than in
previous studies.**

We have shown that early-stage treatment of BGP-15 to
more severely affected young dko mice reduced fibrosis in
the diaphragm, increased lifespan, and improved skeletal
muscle function.'* Treating older dko mice with BGP-15
did not improve force-producing capacity of TA muscles
and diaphragm muscle strips but reduced fibrosis in the
TA muscles. Together, these data show reduced thera-
peutic efficacy of BGP-15 for dystrophic skeletal muscles
when the disease is already well advanced. This is
consistent with gene and pharmacological interventions
that have had limited therapeutic efficacy as later-stage
interventions.”'**

Although respiratory insufficiencies have previously
accounted for approximately 90% of deaths in DMD, car-
diomyopathy has become more prevalent and a critical aspect
of the disease, presumably attributed to the increased use of
corticosteroids and benefits of ventilator assist devices."
Because specific therapeutic targeting of the skeletal
musculature (independent of the heart) can exacerbate the
cardiomyopathy in mdx mice and prolonged ambulation in
patients has been hypothesized to worsen the heart pathol-
ogy,"° targeting both skeletal and cardiac muscles is impor-
tant so as to avoid accelerating the cardiac pathology. Our
previous study'* did not assess the effect of BGP-15 on the
dystrophic heart, and because we observed the most pro-
nounced improvements in the skeletal muscle pathology
when mice were treated from a young age, we examined the
effects of early-stage BGP-15 treatment on the hearts of
young dko mice. BGP-15 reduced fibrosis, improved mem-
brane integrity, and enhanced systolic function in dko mice.
This is the second study to demonstrate the efficacy of
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BGP-15 for cardiac pathologies, with Sapra et al** showing
similarly beneficial effects in mice with an atrial fibrillation/
heart failure phenotype. Although one study observed
improved cardiac pathology with specific therapeutic target-
ing of skeletal muscle in dystrophic mice and hypothesized
that improvements in diaphragm function could drive im-
provements in heart function,47 it has also been shown that
specific rescue of skeletal muscles in mdx mice induced
cardiac dysfunction.” This effect is also observed in patients
experiencing inherited X-linked dilated cardiomyopathy,
where loss of dystrophin in the heart with little or no skeletal
muscle pathology leads to an early-onset cardiac pheno-
type.”® Therefore, if BGP-15 treatment was not exerting a
direct effect on the heart, an exacerbation of cardiac pathol-
ogy would be likely. Our observation of a clear and signifi-
cant induction of Hsp72 in the hearts of dko mice means that
BGP-15 treatment is having a direct effect on this tissue. As
systolic function was not reduced in saline-treated dko mice
relative to control, it was surprising to observe increased
systolic function in the hearts of dko mice after BGP-15
administration. This effect is likely specific to the dystro-
phic condition because previous studies have shown no
change in systolic function after BGP-15 administration to
control mice.”* We show herein that BGP-15 can improve
aspects of the cardiac pathology and that treatment is not
detrimental to the dystrophic heart. Although there is scope
for the primary mechanism of cardiac improvement to derive
from effects on the diaphragm or right ventricle,"” our find-
ings show that BGP-15 treatment can improve pathology in
dystrophic hearts and has clinical merit for treating the car-
diac pathology in DMD patients.

BGP-15 treatment has been shown to increase mito-
chondrial number and oxidative capacity and alter JNK
signaling in other models of myopathy,'' but we found
mitochondrial dysfunction and inflammatory signaling were
not different between dystrophic and wild-type mice and
were unaltered with treatment. Despite BGP-15 having
beneficial effects on the hearts of dko mice, the mechanisms
underlying these improvements are unclear and further
studies are required to elucidate these processes.

Based on findings from this study and our previous
study,'* we can conclude that in dystrophic mice, BGP-15
treatment improved diaphragm muscle pathology only
when administered early in life and that the TA muscles and
heart showed structural and functional benefits with early
treatment, but also conferred structural improvements in
older mice with a later-stage intervention. BGP-15’s effi-
cacy to improve the dystrophic pathology did not correlate
with basal expression levels of Hsp72 in the muscles tested
but was related to the stage when treatment commenced
relative to the severity of disease, highlighting an optimal
therapeutic window where each muscle can be targeted most
effectively (Figure 7). A similar therapeutic window exists
for antibody-mediated myostatin inhibition showing
benefits in young mdx mice but not older mice,”' and
peptide-conjugated  phosphorodiamidate morpholino
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oligomers—mediated exon skipping approaches being un-
able to prevent disease progression when administered to
dko mice with an advanced pathology, despite a near
complete restoration of dystrophin.** Clearly, different
therapeutic approaches for DMD face similar limitations for
optimal efficacy based on when treatment commences
relative to the disease progression.

This notion is also supported by our finding that BGP-15
treatment in dko mice exerted muscle-specific effects. Pre-
vious analyses in dko mice revealed pathological features
evident in the diaphragm within the first weeks of life and in
TA muscles 3 to 4 weeks later, but effects in the heart were
not observed until later in life.”**' An early intervention
with BGP-15 improved the pathology in all muscles
examined, whereas efficacy was diminished when treatment
commenced later in older mice. The findings also suggest
that muscles with a slower dystrophic progression (eg, the
heart) can still benefit from a later intervention.

Fibrosis can be an irreversible feature of the DMD pa-
thology***” and is likely to be a major factor defining the
therapeutic window for interventions like BGP-15. Fibrosis
also impairs the efficacy of gene- and cell-based therapies
by acting as a physical barrier for cell and viral delivery,
replacing muscle fibers that could be targeted and restricting
the spaces in which myofibers can regenerate.” >* Thus,
early prevention of collagen infiltration, like with BGP-15,
may improve treatment efficacy and expand the therapeu-
tic window of opportunity for gene- and cell-based ap-
proaches when they eventually become viable for clinical
implementation.

Although these findings support the efficacy of BGP-15
for treating the dystrophic pathology, further studies are
required to clarify the mechanism by which these benefits
occur to highlight alternative clinical applications for BGP-
15 and clarify potential limitations. In addition, under-
standing how BGP-15 elicits different induction patterns of
the Hsps across tissue types will help optimize its applica-
tion. Our findings that BGP-15 can improve the cardiac
pathology even in older dko mice help define the therapeutic
window where it is likely to confer benefits for the different
aspects of the dystrophic pathology and support its potential
as a promising therapy for DMD.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2016.08.008.
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