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Abstract 

Duchenne muscular dystrophy is a life-limiting muscle disease that has no current effective therapy. Despite mounting evidence that 
dysregulation of mechanosensitive ion channels is a significant contributor to dystrophy pathogenesis, effective pharmacologic strategies 
targeting these channels are lacking. GsMTx4, and its enantiomer GsMTx4-D, are peptide inhibitors of mechanosensitive channels with 
identical activity. In previous studies, acute in vitro application of GsMTx4 to dystrophic murine muscle effectively reduced the excess MSC 

dependent calcium influx linked to contraction-induced muscle damage. Here we sought to determine if in vivo treatment with GsMTx4-D 

proffered benefit in the D2 .mdx mouse. GsMTx4-D showed a 1-week half-life when administered by subcutaneous injection over four weeks. 
Informed by these results, D2. mdx mice were then treated by a subcutaneous injection regimen of GsMTx4-D for six weeks followed by 
determination of muscle mass, muscle susceptibility to eccentric contraction injury and multiple histological indicators of disease progression. 
The mice showed a reduction in the loss of muscle mass and a decrease in susceptibility to contraction induced injury. These protective effects 
were realized without reduction in fibrosis, supporting a model where GsMTx4-D acts directly on muscle cells. We propose GsMTx4-D 

represents a promising new therapy to slow disease progression and may complement other therapies such as anti-inflammatory agents and 
gene-replacement strategies. 
Published by Elsevier B.V. 
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. Background 

DMD is a muscle disease caused by the genetic depletion
f dystrophin, a cytoskeletal protein whose functions include
he organization of sarcolemmal and cytoskeletal components
1] and regulation of signaling proteins. In muscle from mdx
ice (model of human DMD) the absence of dystrophin is

inked to an increase in the permeability of the sarcolemma to
xtracellular calcium (Ca 2 + ) [2,3] . Given firm evidence link-
ng excess Ca 2 + permeability to the cellular dysfunction that
rives the dystrophic phenotype, pharmacologic approaches 
argeting dysregulated Ca 2 + influx have been a major fo-
us towards a strategy to halt or slow disease progression
n DMD. 

While studies have identified multiple channel candidates
hat may contribute to the excess Ca 2 + permeability in DMD
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uscle, their targeting has generated mixed results. Pre-
linical efficacy studies targeting voltage-activated Ca 2 + chan-
els in mdx mice have shown inconsistent results [1] and
isease progression appears to be unaffected by treatment in
ost human trials [4,5] . Antimicrobial aminoglycosides, non-

elective cationic channel inhibitors, have shown promise in
hort-term efficacy trials (6 week) in mdx mice; [6] , how-
ver longer-term treatment (up to 6 months) was associated
ith an increase in degeneration of the heart and diaphragm.
hese deleterious effects may result from the non-specific
ore blocking of aminoglycosides [7] , and their impact on
rotein expression [8] and the inositol signaling system [9] . 

In addition to its scaffold function, dystrophin partici-
ates in mechanotransduction by linking the dystrophin–
lycoprotein complex (DGC) to the underlying cytoskeleton.
ecent evidence shows that the loss of dystrophin leads to

ncreased mechanosensitive ion channels (MSCs) activity 

10,11] , underscored by the increased sarcolemmal fragility
12–14] . GsMTx4 is a 34 amino acid peptide representing
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Fig. 1. Experimental setup showing the anesthetized mouse with gastroc- 
nemius muscle exposed and knee and foot in restraints in place for force 
measurements. The stimulating electrodes are embedded in the muscle and 
foot restraint is attached to a force torque sensor. 
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a new class of drugs that selectively inhibits nonselec-
tive cationic MSCs [15] . GsMTx4 does not bind directly
to the channels, but inhibits MSC gating by association
with the cell membrane and buffering tension transmission
to the channels [16] . In vitro studies have demonstrated that
GsMTx4 is effective at reducing excess stretch-dependent
sarcolemma Ca 2 + influx through these channels [10,12,14,17–
21] . GsMTx4-D is a synthetic enantiomeric form of GsMTx4
made from D amino acids and it has the same potency as
the WT peptide [22] . Given evidence that GsMTx4 acts as
a cardioprotective in ischemic reperfusion injury [23] and
mechanically induced atrial fibrillation [24] , we reasoned
that GsMTx4-D dependent suppression of MSC activity may
proffer benefit as treatment in DMD. The goal of this study
was to assess the short-term efficacy of GsMTx4-D in a
disease-relevant murine model of DMD. If successful, this
study would serve as a foundation for exploring GsMTx4-D
as a chronic therapy for DMD. 

2. Methods 

2.1. Animal model 

We chose the D2. mdx murine model of DMD because
the mdx crossed into the DBA/2 J background (i.e., D2. mdx )
yields a severe dystrophic phenotype that models the human
pathogenesis; a severity not observed in other commonly used
murine dystrophic models [25,26] . Clearance pharmacokinet-
ics and efficacy testing were conducted in male DBA/2 J and
D2. mdx mice at 6–9 weeks of age. All mice were obtained
from Jackson Laboratories (Bar Harbor, ME, USA). Animal
care and procedures were approved and performed in accor-
dance with the standards set by the University of Maryland
Institutional Animal Care and Use Committee and by the
National Institutes of Health (NIH). 

2.2. Pharmacokinetics 

We chose 0.1–5.0 μM in skeletal muscle as our target range
based on previous studies [14,18,19,24,27] . We previously
demonstrated that a single dose of 50 mg/kg subcutaneous
dosing achieved ∼1 μM concentration in the heart [23] . Here
we conducted accumulation and clearance testing in five key
tissues, plasma and urine by a continuous injection regimen.
Cohorts of five D2. mdx mice were subcutaneously injected
into the back with 10 mg/kg every other day. Dosage times
and sacrifice times were as follows: 

◦ 5 mice injected with 10 mg/kg GsMTx4, 3 times over 7
days – sacrifice on day 7. 

◦ 5 mice injected with 10 mg/kg GsMTx4, 6 times over 14
days – sacrifice on day 14. 

◦ 5 mice injected with 10 mg/kg GsMTx4, 6 times over 14
days – sacrifice on day 21. 

◦ 5 mice injected with 10 mg/kg GsMTx4, 6 times over 14
days – sacrifice on day 28. 
Please cite this article as: C.W. Ward et al., GsMTx4-D provides
(2018), https://doi.org/10.1016/j.nmd.2018.07.005 
Two cohorts were sacrificed at 7 and 14 days during
sMTx4-D accumulation. The peptide injections were ceased

t 14 days for the remaining two cohorts which were then
acrificed at 21 and 28 days to determine clearance rate. The
idney, liver, heart, gastrocnemius, diaphragm, blood plasma
nd urine samples were harvested, flash frozen and shipped
o Custom Biologics (Mississauga, Canada) for liquid chro-
atography coupled with tandem mass spectrometry analysis.
ach tissue sample was individually analyzed and the mean
oncentrations determined. 

.2.1. In vivo muscle strength testing and eccentric 
ontraction-induced injury 

Muscle performance was measured in situ with a 305C-FP
uscle lever system (Aurora Scientific Inc., Aurora, Canada).
ice were anesthetized (isoflurane; to effect), and placed on

 thermostatically controlled table. The knee was stabilized
nd the foot firmly fixed to the footplate of a torque sen-
or ( Fig. 1 ). Isometric contractions were elicited from the
astrocnemius muscle with needle electrodes inserted behind
he knee in proximity to the sciatic nerve. Optimal isometric
witch torque was determined by increasing the current with
 minimum of 30 s between each contraction to avoid fatigue.

◦ Peak isometric torque: Peak isometric tetanic torque con-
tractions (0.2 ms pulse, 250 ms train, 150 Hz) were deter-
mined by taking the peak of three successive contractions
elicited 3 min apart. The muscle was then allowed to rest
for 5 min. 

◦ Injury susceptibility: Mice were injected with Evans Blue
dye (EBD) (1 mg/kg i.p.) 24 h prior to the contraction as-
say. The susceptibility to contraction induced was exam-
ined with 20 tetanic contractions (100 Hz, 0.2 ms pulse
width, 250 ms duration) elicited where at 200 ms, the mus-
cle was stretched at a rate of 40 °/s through a 30 ° angle
[12,13] . The muscle was then passively returned to resting
length. Maximal force of the isometric plateau (prior to
 protection to the D2.mdx mouse, Neuromuscular Disorders 
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the eccentric stretch) was measured and used to normalize
the force decrease. 

.2.2. Histology 
The gastrocnemius muscle from unstimulated (resting) and

timulated (exercised) legs were snap frozen in isopentane
ooled in liquid N 2 in Cryomatrix. Tissues were sectioned
rom the muscle midbelly using a cryostat, air dried to a
lass slide, and fixed with 4% paraformaldehyde. In exercised
egs, muscle permeability post-exercise was assessed by dye
ncorporation within each muscle as the cross sectional area
f EBD containing muscle fibers expressed as a % of total
uscle area. To determine the extent of fibrotic inclusions,

nd central located nuclei, unstimulated sections of muscle
ere labeled with Texas Red-conjugated wheat germ agglu-

inin (WGA) to decorate the extracellular matrix and nuclei
s described [28] . The mean pixel area of the WGA label,
he cross-sectional areas of the muscle fibers, and percent-
ge of those myofibers with central nuclei, were determined
n two regions of interest (ROI) per muscle (two ROI’s; one
rom each head of the gastrocnemius muscle) using Nikon
lements Software analysis tools. 

. Results 

.1. GsMTx4-D tissue accumulation and clearance 

Our target concentration of 0.1–5.0 μM in the skeletal mus-
le was based on multiple studies showing (1) A concentra-
ion of 1 μM GsMTx4 inhibited MSC current by > 50% in
atch-clamp studies [10,14,15] , and (2) reports of in vitro ex-
eriments showing 0.1–5.0 μM effective in suppressing MSC
ctivity in various disease models [14,18,19,24,27] . 

Our previous pharmacokinetic study, aimed at deter-
ining rapid tissue exposure to GsMTx4-D in C57BL/6 J
ice [23] demonstrated that a single subcutaneous dose of

0 mg/kg achieved ∼1 μM concentration in the cardiac mus-
le within 24 h. Here, we wanted to develop a dosing regimen
hat could be used for extended periods; so, we performed
ubcutaneous injections of 10 mg/kg of GsMTx4-D into
2. mdx mice every other day to determine the accumulation

7 or 14 days) and clearance (7 or 14 days) profile of the
eptide ( Fig. 2 ). Five tissues and two body fluids (plasma and
rine) were followed over both phases. We show that gastroc-
emius and cardiac muscle achieved a ∼2 μM concentration
f GsMTx4-D while diaphragm approached 8 μM. Liver and
idney, two highly vascularized organs, yielded > 10 fold
igher concentrations than any of the muscle groups. During
he clearance phase all tissues showed a > 50% decrease
n concentration after one week that dropped to between
2–19% of the peak concentration after two weeks. Blood
oncentration dropped rapidly to near 0 after injections
eased, as was previously observed with higher temporal
esolution [23] . This suggests that tissue binding sites have
igher affinity than plasma binding sites. Urine analysis
as limited since samples were not attainable from all

nimals, though we observed a trend of increased secretion
Please cite this article as: C.W. Ward et al., GsMTx4-D provides
(2018), https://doi.org/10.1016/j.nmd.2018.07.005 
uring the accumulation period that decreased after ceasing
njections. 

.2. Six week efficacy study 

Based on our published pharmacokinetic analyses [23] and
he clearance study conducted here ( Fig. 2 ), we designed a
ix-week in vivo efficacy study with muscle force and suscep-
ibility to eccentric injury as the primary outcome measure.
here were four study groups ( n = 10 mice/group): D2. mdx

reated with vehicle (saline), or GsMTx4-D at the target con-
entration (10 mg/kg) or at a 10-fold lower concentration
1 mg/kg) to determine if the target approximates the least
ffective dose. A group of DBA2 mice treated with vehicle
erved as a non-diseased control. The clearance data showed
hat muscle concentrations remained in the target range two
eeks after ceasing injections suggesting we could reduce

he time between doses following a period of accumulation
ver the six-week test. Therefore, dosing began at ∼8 weeks
f age with subcutaneous injections on alternate days for 2
eeks followed by dosing every 4th day for the remaining 4
eeks. 

.2.1. Bodyweight and muscle mass 
The D2. mdx exhibited significant losses in bodyweight and

uscle weight compared to DBA2 controls ( Fig. 3 A). In re-
ponse to GsMTx4-D treatment, the D2. mdx exhibited a non-
ignificant trend in protection from loss of bodyweight. In
ontrast to the impact on bodyweight, the 10 mg/kg treatment
as shown to effectively protect the disease driven loss in gas-

rocnemius muscle weight compared to the untreated D2. mdx
 Fig. 3 B). 

.2.2. Muscle function in vivo 

Nerve-evoked isometric torque generated by the plan-
arflexor group (i.e., gastrocnemius, soleus) was assessed
n deeply anesthetized mice as described [12,13] . Consis-
ent with the impact of the dystrophic pathology, we ob-
erved a significant deficit in maximal muscle torque in the
2. mdx compared to the DBA2 control ( Fig. 4 A). Treat-
ent of the D2. mdx with 10 mg/kg of GsMTx4-D proffered

enefit in isometric torque compared to either the 1 mg/kg
r vehicle treated D2. mdx . Given that normalizing the iso-
etric torque to the mass of the muscle accounted for the

dentified differences in the total torque output ( Fig. 4 B),
e conclude that protection from the loss of muscle mass
as responsible for the treatment induced increase in muscle

orque. 

.2.3. Susceptibility to eccentric injury 
Following the determination of maximal muscle force, we

xamined the susceptibility to eccentric contraction injury us-
ng 20 eccentric contractions ( Fig. 5 ) as described [12,13] .
onsistent with dystrophic disease increasing injury suscepti-
ility, the D2. mdx exhibited a ∼70% drop in isometric force
fter 20 eccentric contractions ( Fig. 5 A) In response to short
erm treatment with 10 or 1 mg/kg GsMTx4-D, we found a
 protection to the D2.mdx mouse, Neuromuscular Disorders 
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Fig. 2. Pharmacokinetic measurement of GsMTx4-D accumulation and clearance from DBA2- mdx mice. Mice were injected subcutaneously every other day 
for either 7 or 14 days with 10 mg/kg GsMTx4-D (top panel). Tissues were harvested and fluids were collected at 7, 14, 21 and 28 days. Tissue and body 
fluid concentrations of GsMTx4-D are shown at the different time points ( n = 5 mice/time point). Urine samples were not available from all mice at each time 
point. Values are means ±SE. 
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Fig. 3. Body weight ( A ) and muscle weight ( B ) measured at the conclusion of six weeks of high and low dose treatments. ( n = 10 mice/cohort, with weights 
showing means ±SE). ∗p < 0.05 ANOVA. 
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Fig. 4. ( A) Isometric torque observed in DBA2 and D2. mdx mice. The de- 
cline in force generation observed in the D2- mdx was partially rescued by 
treatment with 1 or 10 mg/kg GsMTx4-D. ( B) Normalizing the isometric 
torque to gastrocnemius weight ablated the disease and treatment effect con- 
sistent with the impact of muscle mass on muscle torque output. ( n = 10 
mice/cohort, with forces showing means ±SE). ∗ = p < 0.05 ANOVA. 
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ignificant protection ( ∼43% and 30%, respectively) from the
ccentric contraction induced injury. 

Prior to the contractility testing, mice were injected (24 h
rior; n = 5 per group; i.p. injected) with Evans Blue dye
EBD). Following the eccentric contraction protocol (15 min
ost), the gastrocnemius was flash frozen and transversely
ectioned to assess EBD accumulation in the muscle fibers.
onsistent with the increased susceptibility to eccentric injury

een in the D2. mdx , we identified a significant increase in
he percentage of EBD positive muscle fibers in the D2. mdx
s . the DBA. However, GsMTx4 treatment had no significant
mpact on preventing the eccentric contraction induced EBD
ye accumulation ( Fig. 5 B). 
ig. 5. ( A) Following 20 EC contractions D2- mdx (red) show a significant force
ashed) Vertical bar = 0.1 N/cm, and Horizontal bar = 100 ms. ( B) Treatment with
gainst contraction induced decline in force. ( C) The percentage of muscle fibers t
reatment. ( n = 10 mice/cohort, with forces and dye incorporation showing means 

Please cite this article as: C.W. Ward et al., GsMTx4-D provides
(2018), https://doi.org/10.1016/j.nmd.2018.07.005 
.2.4. Histopathology 
Reports have aligned the enhanced dystrophic phenotype 

n the D2. mdx to an increase in inflammatory signaling of the
BA2 background. In this strain a mutation in Latent TGF
inding Protein 4 (LTBP4) [25,29] underscores a dramatic

ncrease in fibrosis in the D2. mdx [29] . In muscle cryosec-
ions we used fluorescent conjugated wheat germ agglutinin
Texas red) to quantify the abundance of interstitial fibrosis
nd to identify the presence of centrally nucleated muscle
bers (CNF). As previously reported [25,29] , we found sig-
ificantly greater levels of interstitial fibrosis and CNF’s in
he D2. mdx compared to DBA2 ( Fig. 6 A). Treatment with
sMTx4-D had no impact on the level of fibrosis or CNF’s

n the D2. mdx muscle ( Fig. 6 B and C ) . 
The muscle fiber cross-sectional area (CSA) was quan-

ified to further elucidate the effect of GsMTx4-D on gas-
rocnemius size. Population histograms of CSA ( Fig. 7 A) re-
ealed a relative absence of hypertrophic muscle fibers, and
n increased percentage of smaller diameter myofibers in the
2. mdx , an effect further highlighted when results were visu-

lized as a plot of CSA cumulative percentage ( Fig. 7 C). This
esult aligned with a previous report in the D2. mdx [25] . In
esponse to GsMTx4-D treatment we revealed that myofibers
rom the [1 μM] group had a larger overall diameter than the
on-treated D2. mdx with the [10 uM] treatment group having
n even larger impact when compared to the low-dose treated
r the non-treated D2. mdx . Taken together, we conclude that
sMTx4-D treatment impacted muscle function by sparring

he disease-dependent decrease in muscle fiber CSA. 

. Discussion 

.1. Pharmacokinetics 

Our previous [23] and current pharmacokinetic studies
emonstrated our ability to achieve a [0.1–5 μM] of GsMTx4-
 in skeletal muscle and heart by subcutaneous injections.
 decline when compared to DBA2 (black; 1st contraction in solid, 20th in 
 either the target or low concentration of GsMTx4-D protected the D2. mdx 
hat accumulated EBD post EC contraction was not impacted by GsMTx4-D 

±SE). ∗ = p < 0.05 ANOVA. 
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Fig. 6. WGA staining denotes interstitial fibrotic accumulation and central nuclei. ( A) Shows representative cryosections from WGA stained DBA2 and 
D2. mdx muscle after six weeks of disease progression. Expanded regions of interest (ROI) below the main images highlight the accelerated fibrosis and fiber 
irregularity in the DBA2-mdx muscle. Central nuclei are readily distinguished in these images and are indicated by arrows. ( B) Quantitatively shows the 
significant increase in fibrosis in DBA2-mdx over DBA2 WT, and that GsMTx4-D treatment has no significant effect on the level of fibrosis. ( C) The percent 
of myofibers with central nucleated fibers’s (CNF) revealed no difference following treatment. ( n = 10 mice/cohort, with WGA staining and central nucleation 
values showing means ±SE). 
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Most pharmaceutical peptides of less than 70 kDa (kidney fil-
tration cutoff size) suffer from short half-lives due to filtration
by the kidney and susceptibility to rapid enzymatic digestion
[30] (e.g. 1–2 min for serum half-life of glucagon [31] ). How-
ever D amino acid peptides are less susceptible to enzymatic
digestion which affords longer half-lives. The wash-out study
Please cite this article as: C.W. Ward et al., GsMTx4-D provides
(2018), https://doi.org/10.1016/j.nmd.2018.07.005 
evealed that concentrations in gastrocnemius, heart and di-
phragm muscle were still within ∼20% of the peak con-
entration a week after ceasing injections; concentrations still
ithin the expected therapeutic range. The long half-life of
sMTx4-D in tissues, along with its rapid depletion from the
lood, suggests that GsMTx4-D has a higher affinity for tis-
 protection to the D2.mdx mouse, Neuromuscular Disorders 
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ue than for serum proteins, and that GsMTx4-D is resistant
o enzymatic digestion or instability. 

.2. Molecular targets 

The specific target(s) of GsMTx4 in skeletal muscle need
o be rigorously determined. However, both the L and D
nantiomers have been shown to inhibit mechanosensitive 
iezo channels [32] and multiple TRP channel family mem-
ers [20,33–35] expressed in heterologous systems. GsMTx4
nhibits endogenous cationic MSCs and exogenously ex-
ressed Piezo 1 channels in outside-out patches with a K D 

of
0.5 μM [15,32] . The D enantiomer shows strong inhibition

f endogenous MSCs in muscle cell types such as chick car-
iac cells [22] and murine skeletal muscle myotubes [10,14] .

We have shown that GsMTx4 associates superficially with
embranes under low tension, and penetrates deeper when
embrane tension increases acting as an area/tension clamp

or the outer monolayer [16,36] . Electron micrographic stud-
es of the Piezo1 channels place the mechanosensing domains
or these channels on the outer monolayer [37] , supporting
sMTx4 inhibition of these channels. However, relief of ten-

ion in the outer monolayer would transfer tension to the
ytoplasmic monolayer. Interestingly, GsMTx4 appears to po-
entiate K 

+ selective 2P domain channels [16] which are pre-
icted to have gating elements sensitive to tension changes in
he inner monolayer [38,39] . Potentiation of K 

+ flux would
end to repolarize cells decreasing the activity of voltage gated
ationic fluxes. 

Functioning as a tension clamp, GsMTx4 may also affect
nzymatic mechanosensitive signaling molecules like Nox2 

gp91 

phox ) and gp22 

phox subunits, that are part of a transmem-
rane protein complex that generates reactive oxygen species
ROS) as signaling molecules [40] . The active complex re-
ponds to mechanical stress in both cardiac and skeletal mus-
le [41] , and we have shown that Nox2 activity is sensitive
o sarcolemmal mechanical integrity and microtubule assem-
ly [13] . Indeed, we have shown that GsMTx4-L inhibits
he Ca 2 + influx pathways triggered by Nox2-ROS production
12] ; however, it is unclear whether mechanically sensitive
OS production is inhibited directly by GsMTx4 inhibiting
ox2. Never-the-less, this work and others [12,13,42] support
 model in which eccentric contraction-induced force loss is
riven by an increase in sarcolemmal Ca 2 + influx, a pathway
nhibited by GsMTx4. 

.3. Toxicity 

There is growing evidence that MSC’s contribute to many
hysiological functions including arterial pressure regula- 
ion [43–46] , the skeletal muscle pressor reflex [47] , cardiac
tretch induced slow force response [20] , red blood cell vol-
me regulation [48,49] , neuronal touch and pain sensation
50–52] , mechanotransduction of sound within the inner ear
53,54] , and renal epithelial luminal pressure detection [55] .

hile we showed that the brain receives almost no GsMTx4-
, a finding consistent with previous studies [23] , we showed
Please cite this article as: C.W. Ward et al., GsMTx4-D provides
(2018), https://doi.org/10.1016/j.nmd.2018.07.005 
levated levels in the kidneys and liver compared to the in-
ended muscular target tissues. Despite the pharmacokinetics 
nalyses suggesting there would be a minimum of 20–60 μM
n these organs throughout the six-week study, we observed no
vert signs of toxicity. This lack of toxicity aligns with our re-
ently proposed model for GsMTx4-D’s action [16] in which
deal peptide concentrations act to suppress outer monolayer
ension that is beyond the bounds of physiological stress, act-
ng solely during conditions of pathological stress. It is im-
ortant to note that the majority of cell and tissue-based ex-
eriments describing GsMTx4 effects on MSC function (i.e.
ingle channel gating in pipette patches, cancer cell migra-
ion, atrial fibrillation, blood pressure regulation, peripheral
ain sensation, etc.) were conducted under non-physiological 
tress conditions. While we have some idea of mechanical
tress cells experience in vitro , our understanding of the ac-
ual stresses and thresholds for cellular mechanosensitivity in
itu or in vivo are largely unknown. Nonetheless, it will be
mportant to determine if the peptide elicits adverse effects
ver longer time frames, and particularly during growth and
evelopment, and in mechanically sensitive tissues like the
idney where high levels of GsMTx4-D accumulates. 

.4. GsMTx4-D proffers benefit in D2.mdx mice 

Here we show that GsMTx4-D treatment blunts the decline
n muscle mass and improves the functional capacity (i.e., the
sometric torque) of D2. mdx skeletal muscle. As normalizing
sometric torque to the mass of the muscle accounted for the
rop in the total torque output, we conclude that GsMTx4-
’s effect was primarily on slowing the disease-dependent
ecline in muscle mass. Given that this decline is driven by
n enhanced calcium-dependent proteolysis and necrosis in
ystrophic muscle fibers [42] , the GsMTx4-induced suppres-
ion of MSC-dependent cation/Ca 2 + influx is a parsimonious
xplanation for these results. 

Reduction in contraction injury is a well-established pre-
linical endpoint in murine DMD [56] . GsMTx4-D also de-
reased susceptibility of skeletal muscle to EC injury by
50%, a degree of protection similar to our previous find-

ngs with microtubule targeted therapeutics [12,13] or inhibi-
ion of Nox2 activity [12] and other signaling pathways linked
o excessive MSC activity [57] . Furthermore, these findings
re aligned with our recent study demonstrating GsMTx4-D’s
unction as a cardio-protectant in ischemic reperfusion injury
23] . Given that DMD patients succumb to cardiovascular and
ulmonary pathologies, we speculate that GsMTx4-D’s bene-
t may extend from skeletal muscle to include heart. 

Even though potent protection from force loss was ob-
erved in GsMTx4-treated D2. mdx mice, we found no dif-
erence in EBD incorporation, a classic measure of mem-
rane fragility [58] . While the EBD result is in apparent con-
rast to the reduced contraction-induced dye accumulation in
sMTx4 treated mdx muscles in vitro [59] , the concentration
sed in vitro (10 μM) was significantly above those reached
ith chronic in vivo dosing in this study (0.5–2 μM). Further-
ore, given that GsMTx4-D had no impact on the level of
 protection to the D2.mdx mouse, Neuromuscular Disorders 
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Fig. 7. ( A) Population histogram of myofibers cross-sectional area (CSA) with mean and median values summarized in ( B) Results visualized as plot of CSA 

cumulative percentage. Non-parametric K-sample analysis (w/ Kruskal Wallis ANOVA; p < 0.05) was used to determine the impact of disease and treatment 
on muscle fiber CSA. ∗p < 0.05 vs. DBA2, # p < 0.05 vs. vehicle, ^ p < 0.05 vs. 1 μM (GsMTx4). 
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interstitial fibrosis, and fibrosis changes the mechanical stress
to muscle fibers during contraction, it is reasonable to hy-
pothesize that altered mechanics may be a mechanism that
drives the incorporation of EBD into the muscle. To this end,
EBD has been shown to pass through connexin hemichannels
[60] . Given reports of increased connexin permeability in dys-
trophic muscle [61] , a disconnection between the protection
of contraction injury and the permeability of EBD may lie
within the dysregulated function of connexins. 

4.5. GsMTx4-D therapeutic potential 

GsMTx4-D is the first member in a class of compounds
targeting MSCs. The therapeutic potential for GsMTx4-D is
not as a cure, rather as a drug that can act by slowing disease
progression. Given growing evidence that dysregulated Ca 2 + 

signals from sarcolemmal MSC’s driving is pathognomonic
across several dystrophies, GsMTx4-D may prove effective
in other forms of dystrophy as well. 

Given the genetic basis of DMD, gene editing and exon
skipping therapies that can restore dystrophin expression have
the potential to cure the disease. While dystrophin expression
Please cite this article as: C.W. Ward et al., GsMTx4-D provides
(2018), https://doi.org/10.1016/j.nmd.2018.07.005 
o ∼10% of normal levels is thought necessary to realize clin-
cal benefits, these levels may be difficult to achieve based
n current technology. In fact, phase III trials with eteplirsen,
he FDA approved morpholino exon skipping drug, has shown

1% of normal dystrophin levels over 180 weeks [62] . New
vidence that normalizing dysregulated Ca 2 + signaling im-
roves exon skipping efficiency [63] raises the intriguing pos-
ibility that compunds like GsMTx4-D may be necessary ad-
uvants to realize effective genetic cures. 

. Conclusion 

GsMTx4-D treatment partially protects D2. mdx mice from
he disease associated loss of muscle mass and protects from
ontraction induced injury. These findings, in combination
ith a recent report of GsMTx4-D’s cardioprotective effects,

upport further development of GsMTx4-D for treatment of
usclar pathology. 
 protection to the D2.mdx mouse, Neuromuscular Disorders 
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