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Abstract

The scientific premise, design, and structure-function analysis of chemical-based muscle membrane stabilizing block
copolymers are reviewed here for applications in striated muscle membrane injury. Synthetic block copolymers have a
rich history and wide array of applications from industry to biology. Potential for discovery is enabled by a
large chemical space for block copolymers, including modifications in block copolymer mass, composition, and
molecular architecture. Collectively, this presents an impressive chemical landscape to leverage distinct structure-function
outcomes. Of particular relevance to biology and medicine, stabilization of damaged phospholipid membranes using
amphiphilic block copolymers, classified as poloxamers or pluronics, has been the subject of increasing scientific inquiry. This
review focuses on implementing block copolymers to protect fragile muscle membranes against mechanical stress. The
review highlights interventions in Duchenne muscular dystrophy, a fatal disease of progressive muscle
deterioration owing to marked instability of the striated muscle membrane. Biophysical and chemical
engineering advances are presented that delineate and expand upon current understanding of copolymer-
lipid membrane interactions and the mechanism of stabilization. The studies presented here serve to
underscore the utility of copolymer discovery leading toward the therapeutic application of block copolymers in
Duchenne muscular dystrophy and potentially other biomedical applications in which membrane integrity is compromised.
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Background

All eukaryotic cells are enveloped by a phospholipid bi-
layer membrane. An enormous literature exists that de-
fines biological cell membrane form and function [1, 2].
Regardless of biological cell type, the cell membrane
represents first and last line of defense for ensuring the
normal function and ultimately the viability of the cell.
Accordingly, multiple cellular processes are present to
help ensure the maintenance, repair and protection of the
cell membrane. There are numerous excellent expert re-
views detailing cell intrinsic mechanisms of membrane in-
tegrity and repair [2—-17] and mechanistic details on these
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will not be further elaborated on here. Rather, this review
focuses on membrane protection from the perspective of
a chemical-based approach to preserve muscle membrane
integrity and how this unique cell extrinsic approach
could complement cell intrinsic membrane stabilization/
repair pathways (Fig. 1). Numerous acquired and inherited
diseases comprise, at some level, an etiology involving cell
membrane instability. Duchenne muscular dystrophy is
the archetype inherited disease of severe membrane fragil-
ity and serves as the disease model focal point of this
review.

Duchenne muscular dystrophy: a fatal disease of
muscle membrane instability

Duchenne muscular dystrophy (DMD) is an X-linked re-
cessive disease of marked striated muscle deterioration,
affecting 1 in 3500-5000 boys [18]. DMD results from
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Fig. 1 Copolymer-based muscle membrane stabilization of dystrophic
muscle. a Representation of intact muscle membrane with dystrophin
anchoring the DGC to the actin cytoskeleton. b Membrane instability
caused by the lack of dystrophin leads to pathological increases
in intracellular Ca”" concentration. ¢ Copolymer stabilization of
the damaged membrane via insertion of its hydrophobic PPO
block (red) prevents entry of extracellular Ca®* into the cell

the lack of the cytoskeletal protein dystrophin, a protein
indispensable for maintaining the structural integrity of
the muscle cell membrane [19]. DMD disease onset
typically occurs between the ages of 2 and 5 years and is
characterized by a delay in achieving childhood motor
milestones. DMD presents as a prominent and progressive
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weakness in limb muscles and postural muscles [18], leading
to spinal scoliosis and decrease in exercise capacity. Weak-
ness of the knees and hip extensors are displayed through
the Gower’s sign, a maneuver through which the affected
child will right himself from a supine position by using his
hands and arms to extend the hips and bring the torso to an
upright position [20]. Other physical symptoms include re-
duced muscle bulk, pseudo-hypertrophy, and contractures of
the calf muscles and joints [21]. Bone fragility and osteopor-
osis also contribute to the development of scoliosis [22].
Concurrent with the decline in orthopedic condition is loss
of respiratory function brought on by significant diaphragm
wasting [23] leading patients to be placed on positive pres-
sure nocturnal ventilation. Loss of ambulation and wheel-
chair dependency occur by the early teens [24], and DMD
patients typically succumb in their 20s due to cardio-
respiratory failure [25-28].

DMD patients develop a severe cardiomyopathy, pre-
senting as dilated cardiomyopathy [29], with arrhythmias
and eventually heart failure occurring in the second/
third decade of life [24]. With increases in patient life-
span, as a result of palliative glucocorticoid treatment
and improvements in respiratory care and orthopedic
corrections [30, 31], cardiomyopathy is an increasingly
important but underappreciated contributor to DMD
mortality. It is now evident that cardiomyopathy is
present in 90% of DMD patients by age 18 and is con-
firmed by significant myocardial fibrosis in autopsies
[32-35]. Interestingly, the cardiomyopathy usually re-
mains subclinical at early age and cardiac disease pro-
gression typically proceeds at a slower rate compared to
the skeletal muscle degeneration [36]. The incidence and
evolution of cardiomyopathy in Duchenne muscular dys-
trophy is presumably due to lesser strain on the heart
when physical activity is limited once the patient is
wheelchair bound.

Dystrophin

Extensive genetic analysis of DMD patients determined
that defects in the dystrophin gene are causal for the dis-
ease [19]. The dystrophin gene spans 2.5 Mb of DNA on
the X chromosome. Dystrophin’s 79 exons encode a
3685 amino acid cytoskeletal protein localized to the
intracellular surface of the muscle membrane [19]. Dys-
trophin consists of four major functional domains: (1)
an actin-binding domain at the N-terminus; (2) a central
rod domain consisting of 24 spectrin-like repeats sepa-
rated by four hinge regions, that has been shown to un-
fold and give flexibility in response to mechanical
stretch [19]; (3) a cysteine-rich domain that interacts
with the transmembrane protein p-dystroglycan; and (4)
a C-terminal domain, critical for dystrophin’s interaction
with other sub-sarcolemmal proteins [37-39]. Detailed
structure function-based transgenic animal studies have
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determined that the domains most critical to DMD
pathology are the cysteine-rich domain and the
N-terminal domain, and those are directly associated
with mechanically linking the extracellular matrix and
the cytoskeleton [40].

Dystrophin is part of a large membrane-spanning com-
plex of glycoproteins (dystrophin-glycoprotein complex or
DGC) that also include sarcoglycans («, B, y, ), dystrogly-
cans (« and f), dystrobrevins, syntrophins, and sarcospan
[38, 39, 41] (Fig. 1a). This dystrophin-associated protein
complex is found and enriched at the muscle costamere, a
network of proteins that physically connect the extracellu-
lar matrix to the cytoskeleton, through the muscle mem-
brane or sarcolemma, and as such orchestrates the lateral
force transmission [42—44]. As such, one essential func-
tion of dystrophin in striated muscle is to stabilize the
muscle membrane against the forces associated with

contraction thereby acting as a “molecular shock ab-
sorber” or molecular force dampener of the muscle mem-
brane [45, 46]. The importance of dystrophin’s scaffolding
support at the membrane is evident in studies showing
that dystrophin-deficient muscle fibers where the mem-
brane was experimentally removed show no difference in
contractile function compared to normal skeletal muscle
fibers, indicating a defect in the membrane-cytoskeleton
linkage rather than in the contractile apparatus [47].

Striated muscle membrane fragility in DMD

Biological membranes are asymmetrical bilayers approxi-
mately 5—6 nm thick and comprised of various lipids, in-
cluding phospholipids, sphingolipids, glycolipids and
sterols [48—51]. Phospholipid composition can vary sig-
nificantly between different cell types and also in disease
states [48, 49, 52, 53]. The eukaryotic cell membrane is
also typically composed of 20-30% proteins responsible
for ion conduction, various signaling pathways, and
structural integrity [53]. Irrespective of cell type and
function, the primary role of the cellular membrane is to
segregate the intracellular milieu from the outside envir-
onment to actively preserve intracellular homeostasis.
Transmembrane proteins are essential for normal con-
duction of ions, allowing maintenance of physiological
ionic gradients at affordable metabolic cost. Failure to
maintain barrier function leads to exhaustion of the
metabolic energy of the cell, biochemical arrest, and
eventual cellular demise.

The membrane bilayer is held together via hydrophobic
effect among phospholipids and their interaction with the
surrounding polar solvent environment, involving van der
Waals forces, hydrogen bonding, and electrostatic interac-
tions [50, 51, 53, 54, 55, 56, 57]. Membrane constituents
are allowed various intra-bilayer motions, including lateral
diffusion, rotation of lipids around their major axes, and
oscillations [56—58]. Intra-bilayer motion, as well as the
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degree of packing of bilayer components, is collectively de-
scribed as “membrane fluidity” [48, 56]. Membrane fluidity
is controlled by a number of factors, including lipid com-
position, sterol enrichment, and temperature. Fluidity is
generally assessed using fluorescence polarization methods,
electron spin resonance, and other spectroscopic methods
[59-62]. Along with membrane fluidity, the structure and
composition of the bilayer can be described by parameters
such as rigidity, elasticity, and tensile strength, all of which
make up the membrane physical property known as plasma
membrane order [58, 63]. Various studies have suggested
that an optimal level of membrane order is essential for
normal myocyte function [57, 64]. Of particular interest to
muscle, nicotinic acetylcholine receptors which are present
at neuromuscular junctions of muscle cells can be allosteri-
cally modulated by surrounding lipids and thus require an
optimal membrane microenvironment to retain normal
function [65, 66]. Therefore, alterations to the muscle
membrane surrounding these receptors, either during
mechanical stress or in diseased states, such as in DMD,
have important ramifications for ion conductance and thus
ultimately affecting action potential generation and propa-
gation during muscle contraction.

From a structural perspective, the lipid bilayer alone is
not sufficient to counteract the significant forces placed
on the membrane during muscle contraction [67]. Mech-
anical integrity of the sarcolemma is further supported by
key cytoskeletal proteins, including dystrophin, spectrin,
and F-actin [68, 69]. Electron microscopy analysis of dys-
trophic muscle directly shows disruptions in the muscle
membrane, termed delta lesions [70, 71]. This discovery
led to the theory that the loss of dystrophin and associated
proteins at the sarcolemma renders the membrane leaky
and the muscle susceptible to contraction-induced injury.
Indeed, serum detection of the soluble enzyme creatine
kinase as it is released from the injured muscle is a clinical
hallmark of the disease [72]. Membrane permeability is
further exacerbated by mechanical stress, particularly with
lengthening contractions of skeletal muscles such as dur-
ing downhill walking/running [73]. Lengthening contrac-
tions occur when the force applied to the muscle exceeds
the force generated by the muscle, resulting in lengthening
of the muscle during active contraction. Repetitive length-
ening contractions cause significant damage to dystrophic
muscle by injuring the membrane and downstream ele-
ments, including the EC coupling machinery [74, 75].

In DMD patients, muscle biopsies show active degen-
eration and regeneration of skeletal muscle fibers and
creatine kinase is persistently elevated [18, 27, 76, 77].
Presently, it is unclear the precise nature of membrane
disruptions caused by lengthening contractions. How-
ever, the release of intracellular enzymes such as creatine
kinase and the uptake of large proteins such as albumin
and vital dyes like Procion orange [73] and Evans blue
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[78] into non-necrotic muscle fibers indicate that the
membrane disruptions are sufficiently large to permit
the transmembrane passage of sizable macromolecules
which can be monitored as biomarkers of muscle injury
[72]. Lengthening injury is also particularly apparent in
the diaphragm which contracts to expand the lungs dur-
ing breathing. Ventilatory muscles of DMD patients and
in animal models have impaired contractility and in-
creased fibrosis [79]. Dystrophin also plays a crucial role
in buffering against cardiac myocyte extension [80]. This
occurs when the ventricle fills with blood during diastole
to cause passive lengthening of myocytes. In dystrophin
deficiency, this passive lengthening leads to membrane
dysfunction as evidenced by Ca®" entry and uptake of
extracellular molecules [80]. Moreover, the conse-
quences of membrane disruptions and increased perme-
ability are intrinsically different between cardiac and
skeletal muscle as the process of Ca** — induced Ca>" re-
lease is predominant in the heart [81]. As such, with in-
creases in contractility and larger passive extensions,
subsequently more unregulated Ca®* entry into the cell
eventually results in terminal contracture of the dys-
trophic myocyte [80].

Muscle membrane barrier function is severely disrupted
in DMD

Owing to membrane dysfunction, Ca** homeostasis is per-
turbed in dystrophic muscle (Fig. 1b). This Ca®* dysregula-
tion is an important component of the pathological
processes leading to muscle cell death. Intracellular calcium
levels are elevated in both mdx skeletal muscle fibers and
cardiac myocytes [80, 82—84]. It is still unclear what causes
this rise in intracellular Ca**, with some studies suggesting
Ca®" entering the cell due to increased membrane perme-
ability or “tears” [80], and other studies showing evidence
for the activation of Ca®* leak channels or stretch-activated
channels [85]. Regardless of the initial mechanism of entry,
this abnormal elevation in Ca** has consequences to
muscle structure and function due to activation of patho-
logical Ca" sensitive cellular pathways, including activation
of the calpain proteases [86] and perturbation of calcium-
activated signaling pathways including calmodulin [87], cal-
cineurin [88], and the mitochondrial permeability transition
pore [89]. Of importance, activation of calpains by extracel-
lular Ca** influx leads to cleavage of the transmembrane
protein dysferlin, a crucial mediator in the cell intrinsic
membrane repair machinery [90, 91]. A pathological rise in
cytosolic Ca®* also contributes to membrane damage via
activation of phospholipase A2 and promotion of reactive
oxygen species (ROS) production by the mitochondria [92].
ROS in turn leads to peroxidation of membrane lipids
[93, 94]. Additionally, mitochondrial Ca%* overload
promotes irreversible opening of the mitochondrial
permeability transition pore, aberration of mitochondrial
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function and reduction of ATP production leading to cellu-
lar energy deprivation and cell death. Oxidative stress and
elevated intracellular Ca** signaling are evident in hearts of
mdx mice before pathological manifestations of cardiomy-
opathy, and there is increasing evidence of mitochondrial
dysfunction in dystrophic striated muscle [89]. Conse-
quently, maintaining intracellular Ca>* homeostasis by pre-
venting the deleterious influx of extracellular Ca®* is crucial
to the survival of dystrophic striated muscle. Moreover,
another recent study indicates that Ca** influx can progres-
sively increase in dystrophic muscle and lead to mitochon-
drial dysfunction. This, in turn, further compromises the
endogenous membrane repair ability of dystrophin-
deficient myofibers. This negative feedback loop limits the
cell intrinsic membrane repair machinery resulting in
exacerbation of muscle deterioration in DMD [95].

Current DMD therapeutic strategies: cell intrinsic/cell
extrinsic strategies

There is no cure for DMD nor an effective treatment clin-
ically demonstrated to halt, prevent, or reverse DMD stri-
ated muscle deterioration. Glucocorticoids have been the
standard of care for DMD but are accompanied by several
adverse effects such as excessive weight gain, behavioral
issues, growth retardation, osteoporosis, and impairment
of glucose metabolism, all associated with chronic
long-term use [30, 96]. Prednisolone and deflazacort are
regularly administered soon after diagnosis and have been
shown to slow the progression of the disease by improving
muscle strength and exercise capacity thereby delaying
loss of ambulation and improving both pulmonary and
cardiac functions. Several ongoing experimental DMD
therapeutics feature gene and cell-based strategies [97,
98], including exon-skipping strategies to restore dys-
trophin production [99-102]. Exon skipping strategies
using small molecules have been shown to ameliorate the
severe dystrophic phenotype in both canine and murine
DMD models [99, 100, 102—104] while being well tolerated
and non-immunogenic. One significant caveat is that this
strategy is only applicable to the subset of DMD patients
with the corresponding targeted mutation. Additionally to
date, most of these approaches have not yet been translated
successfully in human patients [105, 106]. One exon
skipping treatment, eteplirsen (Sarepta Therapeutics Inc.),
has recently been approved by the FDA through its acceler-
ated approval pathway. A clinical trial in a small cohort of
DMD patients resulted in a dose-dependent partial restor-
ation of dystrophin production with upregulation of other
dystrophin-associated proteins at the membrane, along
with some improvement in patient walking ability com-
pared to placebo controls [107, 108]. However, this
improvement was only observed in a small subset of the
patient group, with dystrophin levels observed to be highly
variable among all patients, and a larger clinical trial is
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currently underway to confirm these results across a larger
patient group. Unfortunately, eteplirsen is only targeted to
approximately 13% of DMD patients with a mutation
amenable to exon 51 skipping [108] leaving a large popula-
tion of DMD patients currently without treatment options.
Many experimental therapeutic efforts preferentially tar-
get dystrophic skeletal muscles, leaving the diseased heart
untreated [29]. Skeletal muscle-centric strategies to im-
prove ambulation for DMD patients could lead to in-
creased stress on the untreated dystrophic myocardium as
a result of increased cardiac demands [29, 109, 110]. This
interplay between the progression of DMD cardiomyop-
athy and the skeletal myopathy as a pathophysiological
load on the heart underscores the importance of a thera-
peutic strategy to effectively treat all striated muscles. In
this context, it is worth considering additional approaches
that target the primary defect of DMD: severe muscle
membrane fragility. As the primary pathophysiological de-
fect in DMD is the marked susceptibility to contraction-
induced membrane stress, and the subsequent muscle
damage and degeneration that occurs due to loss of
muscle membrane barrier function, a unique therapeutic
approach is the use of synthetic membrane stabilizers to
prevent muscle damage by directly stabilizing the
dystrophin-deficient muscle membrane (Fig. 1c).

Copolymers as cell extrinsic muscle membrane
stabilizers

The triblock copolymer class of membrane-interacting syn-
thetic molecules, known as poloxamers or pluronics, are
linear structures comprised of a hydrophobic polypropylene
oxide (PPO) core block flanked on both sides by hydro-
philic polyethylene oxide (PEO) chains (Fig. 2)(Table 1)
[111, 112]. This constitutes the triblock copolymer A-B-A
architecture. Poloxamers are non-ionic amphiphiles having
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topologically distinct hydrophilic and lipophilic compo-
nents. A wide range of block copolymers with distinct
physicochemical properties can be designed by varying the
lengths of the PEO and PPO blocks. Poloxamers were the
first commercially produced block copolymers, synthesized
by Wyandotte Chemical Corporation in the late 1940s for
industrial purposes, and now widely found in both indus-
trial and consumer products. Poloxamers span ~ 10-80%
wt.% poly(ethylene oxide) and 1000 — 15000 g/mol molecu-
lar weight with complex interfacial behavior. Poloxamers
have numerous biological applications, including as drug
delivery adjuvants, enhancers of drug penetration in the
treatment of multiple drug resistant tumors [113, 114],
and membrane interacting agents, either as lysis deter-
gents [115-117] or cell membrane stabilizers [80, 118,
119] depending on structure. This latter feature is directly
attributed to poloxamers varying affinity for both the sur-
rounding solvent and with the similarly amphiphilic
phospholipid membranes [120-123]. An excellent com-
prehensive review detailing copolymer physical and chem-
ical properties, as well as safety, has been published [124].

In the context of biomedical investigation, poloxamer
188 (P188), with a PPO/PEO ratio of 0.20 and a molecu-
lar weight of 8400 Da, is the most widely studied tri-
block copolymer (Table 1). P188’s earliest reported use
was in 1952 as an additive to enhance blood oxygenation
[125]. It was found to reduce fat emboli and hemolysis
in patients under extended cardiopulmonary bypass
[126-128] and as a priming agent in heart-lung bypass
[129]. P188 was also incorporated as a wetting agent
[130, 131] and an emulsifier for clinically tested drug
formulations [132, 133] as well as used as a solubilizing
agent of perfluorochemicals which have significant O,
carrying capacity to create an emulsion used as an
artificial blood substitute [134]. P188 functions as a
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Fig. 2 Schematic representation of a triblock and diblock copolymers chemical structures. Chemical structures and representations of the triblock
copolymer P188 (PEO;5—-PPO5o—PEO;s) and diblocks of P188 (PEO,5s-PPO;5) with differing end groups (-H and —C(CHs)s) where a and b represent
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Table 1 Chemical properties of representative synthetic block copolymers

Architecture Polymer PEO? PPO? End group® Mass® PEO%
Triblock copolymer/P188° PEO75PPO3oPEO;s 150 30 - 8400 80
Triblock copolymer/P338° PEO140PPO44PEO; 40 280 44 - 8400 84
Triblock copolymer/P331°¢ PEO,PPOs4PEO;, 14 54 - 3700 26
Diblock copolymer

PEO75PPO5 —H 75 15 —H 4200 80

PEO;5sPPO;s — C4 75 15 —C(CH3)3 4430 77
Homopolymer PEO;og 198 0 - 8700" 100

“Total number of EO or PO monomer units

PChemical end group at terminal PO

Average molecular weight in g/mol by 'H NMR end-group analysis
9PEO weight percent to total molecular weight

*Manufacturer BASF

*Number average molecular weight

rheological agent to reduce blood viscosity and platelet
aggregation [135-138]. It was also reported that P188
reduces membrane fluidity and improves cell survivabil-
ity during shear stress in HB-32 hybridoma cell lines,
presumably through direct membrane interaction [61].
P188 was subsequently widely deployed as a shear pro-
tective agent used in cell bioreactors [139]. Additionally,
P188 was determined to reduce endothelial adherence
and improves the rheology of sickled red blood cells
[140], leading to P188 in clinical trial as a therapeutic
agent for sickle cell anemia [141-143]. A main outcome
of a ~ 350 patient sickle cell anemia trial was its safety
profile in long-term use. P188’s first FDA approved use
in humans was as a skin wound cleanser that has dem-
onstrated lack of toxicity to the cellular components of
blood and lack of interference to the wound’s ability to
heal and resist infection after being tested in more than
1000 patients [144, 145].

Copolymer-based muscle membrane stabilization: cellular
studies

The first applications of P188 in muscle demonstrated sig-
nificant reduction in electroporation-induced leakage of
carboxyfluorescein dye from isolated skeletal muscle cells
[118]. In parallel experiments, the hydrophilic control mol-
ecule Dextran showed no membrane protective effect
[118], suggesting that P188 interacts with the damaged
membrane in a way that alters membrane properties and
promotes stability. Other reports produced similar results
in in vitro models of acute radiation injury which involves
the generation of reactive oxygen species which can rapidly
alter the structure and organization of the cell membrane
leading to cell necrosis. In a study by Hannig et al. [146],
P188 was shown to retard cytoplasmic calcein leakage from
isolated rat skeletal muscle cells undergoing radiopermeabi-
lization. Greenebaum et al. [147] further showed that skel-
etal muscle cells treated with P188 manifested enhanced
viability and survival following high-dose irradiation.

Following these reports, a seminal study by Yasuda
et al. [80] demonstrated that the acute application of
P188 to isolated dystrophic mdx cardiac myocytes re-
stored myocyte cellular compliance to wild-type levels
by blocking passive stretch-mediated calcium overload.
Dystrophic mdx cardiac myocytes demonstrated in-
creased passive tension during extension, resulting, in
part, by the influx of extracellular Ca®* during physio-
logical passive myocyte lengthening. P188 fully normal-
ized myocyte passive compliance to normal levels [80].
At the level of the whole organ, P188 decreased passive
tension and thereby improved myocardial relaxation,
allowing for complete filling of the ventricles and return
to normal working end diastolic and end systolic
volumes [29].

Copolymer-based membrane stabilizers in vivo

Yasuda et al. further showed that in vivo systemic ad-
ministration of P188 to mdx mice improved ventricular
geometry and prevented acute cardiac failure during a
dobutamine cardiac stress test protocol [80]. In the
golden retriever dystrophic canine model, chronic P188
administration prevented left-ventricular remodeling, re-
duced myocardial fibrosis, and blocked cardiac troponin
I release [148]. In addition, long-term intermittent ad-
ministration of P188 was shown to confer protection
during isoproterenol-induced cardiomyopathy in mdx
mice [149].

The ability of synthetic membrane stabilizers to protect
fragile DMD skeletal muscles had, up until recently, been
less clear. Early investigations with P188 showed little to
no efficacy in protecting dystrophic limb skeletal muscle
function in vivo [150, 151], even though P188 had been
shown effective in protecting hindlimb skeletal muscle in
a range of other conditions, including electrocution injury
[118, 152], hindlimb ischemia-reperfusion injury [153,
154], and in a model of dysferlin-deficiency [155]. Interest-
ingly, a recent study evaluating the pharmacodynamics of
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P188 demonstrated P188 can fully protect dystrophic skel-
etal muscle against mechanical stress in vivo [156]. This
study showed how in vivo membrane protection is critic-
ally dependent on delivery route [156] wherein subcutane-
ous delivery of P188 led to dramatic improvement in mdx
hindlimb muscle function during lengthening contractions
and decreased uptake of Evans blue dye in vivo. In con-
trast, in this model, neither intraperitoneal nor intraven-
ous delivery, which were routes used in previous studies,
led to improvement in muscle function [156]. Thus, the
lack of skeletal muscle efficacy reported in previous stud-
ies using P188 [150, 151] could be attributed to subopti-
mal mode of delivery of P188, rather than a fundamental
limitation in the mechanism by which the block copoly-
mer stabilizes fragile dystrophic skeletal muscle mem-
branes. This was further supported by another recent
study showing that chronic dosing of P188 using subcuta-
neous delivery improves diaphragm function in mdx and
mdx:utr'“mouse models in vivo [157]. In that study,
P188 improved dystrophic mouse respiratory parameters
in vivo, including tidal volume/body weight and minute
volume/body weight, as well as decreased central nucle-
ation and decreased collagen deposition in treated dia-
phragm muscle fibers [157]. These results are promising
in indicating that chronic P188 treatment may be benefi-
cial in preserving respiratory and limb muscle functions.
Taken together, these findings are evidence that synthetic
membrane stabilizers provide a unique first-in-class treat-
ment strategy for simultaneously treating all affected stri-
ated muscles in DMD. A summary of in vivo studies
testing block copolymers as a therapeutic strategy in
DMD models is presented in Table 2.

Elucidating the copolymer-muscle membrane interface

The mechanism underlying copolymer-lipid bilayer inter-
action has not been delineated. Elucidating copolymer
chemical and structural characteristics are essential to de-
termine membrane stabilizer function, under both normal
and disease conditions. Because biological membranes are
structurally complex, artificial phospholipid-based mem-
branes are an invaluable model to study the biophysical
basis of copolymer-membrane interactions. To investigate
the physical nature of P188-membrane interactions,
Cheng et al. employed 'H Overhauser dynamic nuclear
polarization/Nuclear Magnetic Resonance spectroscopy to
determine local hydration dynamics at the P188-lipid
membrane interface [123]. The high spatial resolution
afforded by this technique allows for probing the local
water diffusivity in lipid bilayer systems. Here, P188
weakly adsorbed to the intact vesicle membrane surface.
This was shown by membrane hydration dynamics and
intra-bilayer water diffusivity, both at the membrane sur-
face and bilayer interior. Furthermore, P188 weakly
adsorbed at the membrane surface and produced no
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measurable changes in membrane dynamics or structure,
as detected by electron paramagnetic resonance and iso-
thermal calorimetry techniques. Collectively, this is evi-
dence that P188 does not fully insert in the intact bilayer
interior nor does it affect overall lipid packing [123].

As DMD pathophysiology is exacerbated by lengthening
contractions, it is important to compare results from
non-stressed membranes to mechanically stressed mem-
branes. To mimic bilayer mechanical stress using artificial
membranes in vitro, studies have used Langmuir troughs.
This approach permits fine control of the surface area and
therefore lipid packing density of supported phospholipid
monolayers at the air/water interface [121, 158]. Maskari-
nec et al. [159] focused on P188 insertion as a function of
surface pressure, which directly correlates to lipid packing
density. Here, using either anionic dipalmitoylphosphati-
dylglycerol (DPPG) or zwitterionic dipalmitoylphosphati-
dylcholine (DPPC) monolayers, results showed P188
inserts into both lipid types at a surface pressure (i) <
22 mN/m, which is lower than that of a healthy cell mem-
brane (~ 30-35 mN/m) [160, 161]. P188 was found to re-
main inserted until the surface pressure increased back to
threshold surface pressure equivalent to that of an intact
membrane [158, 159]. X-ray reflectivity results further
showed that at high surface pressure lipid films, in the
presence and absence of P188 in the subphase, exhibit
similar electron density profiles [121, 162].

Morphologically, P188 insertion appears to tighten lipid
packing via physical occupation of surface area in localized
patches rather than uniformly across the whole membrane
[121, 159]. The hypothesis follows that only when lipid
packing density is low, and the hydrophobic core of the
monolayer is exposed, that P188 partitions to the mem-
brane via hydrophobic interactions between the acyl
chains of the bilayer and the copolymer hydrophobic PPO
block. Inability to remain inserted above a threshold sur-
face pressure suggests that P188 does not insert into nor-
mal intact cell membranes and only inserts once lipid
density is decreased. This leads to a dynamic interaction,
wherein P188 is “squeezed out” from the cell bilayer when
normal membrane structure is restored (Fig. 3). Copoly-
mer “squeeze out” upon normalization of membrane lipid
packaging density is an important concept driving thera-
peutic applications. In this context, copolymers only insert
into areas of the membrane that are damaged. This work-
ing model hypothesizes that when copolymer insertion
re-establishes membrane barrier function and prevents
Ca®* overload during muscle contraction, the endogenous
cell membrane repair response would be able to patch the
membrane [1]. Upon repair, the copolymer would then
disengage from the membrane (Fig. 3). This copolymer
squeeze out at normal surface pressure would be benefi-
cial in the context of biomedical applications of damaged
cellular membranes where copolymers selectively insert
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Fig. 3 Model of copolymer-based membrane stabilization. a In DMD, susceptibility to sarcolemmal damage from lengthening muscle contraction
renders the muscle cell membrane leaky to extracellular Ca®* (pink circles). Subsequent intracellular Ca”* overload leads to activation of pathological
cellular pathways. Further membrane damage overloads the repair capacity of endogenous cell membrane repair mechanisms and ultimately leads to
cell death. b Copolymer insertion driven by hydrophobic interactions (red PPO block of the copolymer with the hydrophobic part of the membrane
that is now exposed due to instability). Membrane stabilization prevents pathological Ca** entry into the cell and prevents activation of cellular death
pathways. ¢ While the copolymer stabilizes the membrane and prevents further damage, intrinsic cell membrane repair mechanisms can repair lesions
at damaged sites [215]. d Once the membrane integrity is restored, the copolymer membrane stabilizer is “squeezed out” of the membrane. Here, the
membrane is resealed, its lipid packing density is restored, and its hydrophobic portion is now enclosed [159, 216]

only onto localized areas of the membrane where the local
lipid density is reduced, and thus only where the mem-
brane is structurally impaired, and not interact with intact
with healthy areas of the membrane.

Copolymer structure-function analysis

Mechanistic investigation via the structure—function relation-
ship of block copolymer chemistry is required to define the
basis of copolymer-based membrane interaction. This is
crucial in the long-term to guide the design of an optimal
membrane stabilizer. There is considerable interest in block
copolymers as membrane stabilizers due to their overall sur-
face active and solvent-selective characteristics and intrinsic
thermodynamic properties and architectures [163, 164].
P188 is part of a large family of poloxamers, each with dis-
tinct physicochemical properties. Polyethylene glycol (PEO

or PEG), the hydrophilic constituent of poloxamers, has been
well investigated in the fusion of model membranes and for
its ability to lower water molecule activity at the membrane-
solvent interface [165]. While PEO-mediated membrane
stabilization has been shown to be effective, the very high
concentrations (mM-M) required for effectiveness indicate
that the hydrophobic block plays an essential role in
copolymer-membrane interactions [166].

The relationship between copolymer chemical struc-
ture and the kinetics of adsorption, insertion, and subse-
quent squeeze out from lipid monolayers has been
investigated by Frey et al. via Langmuir trough experi-
ments and Monte Carlo simulations [120]. Here, upon
compression of the monolayer, copolymers with higher
PPO/PEO ratio favored a higher squeeze out pressure.
Moreover, higher molecular weight copolymers were
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observed to squeeze out at higher surface pressures,
while at constant PPO/PEO ratios smaller copolymers
squeezed out at lower pressures. Results showed that the
ratio dictates the equilibrium spreading pressure of
copolymers at the phospholipid interface. Hydrophobic
copolymers were less soluble resulting in a higher
proportion of adsorption at the monolayer interface and
thus higher equilibrium spreading pressure [120]. These
findings demonstrate the relationship between the PPO/
PEO ratio and molecular weight in determining
copolymer-membrane interactions.

Overall, copolymer hydrophobicity has a principal role
in affecting membrane bilayer physical structure. Thus,
more hydrophobic copolymers decrease membrane
microviscosity [117, 167] and increase the rate of lipid
motion across the outer and inner leaflets of vesicular
membranes [117], causing membrane leakiness [115, 168].
Chang et al. [169] showed that surface pressure-area
isotherms exhibited by P188 (PEO;5—PPO3,—PEO,5) com-
pared to the highly hydrophobic P181 (PEO,—PPOjzy—
PEQ,) are significantly different. P181 exhibits condensed-
film-like surface behavior whereas P188 exhibits an
expanded-like behavior. This was confirmed by Cheng
et al. [123] using dynamic light scattering, isothermal cal-
orimetry, and small molecule-directed lipid peroxidation
of liposomes. The PPO/PEO ratio was shown to be a key
feature in effectively protecting intact liposomes from
peroxidation. Copolymers that adsorb at the membrane
surface, without penetration into the bilayer core, such as
P188 and PEG8000, presumably affect the hydration shell
of the bilayer. This would suppress the diffusion of the
free radical lipid peroxidation initiator into the lipid bi-
layer, thereby preventing the initiation of lipid peroxida-
tion. The more hydrophobic poloxamers, for example,
P335 (PEOs5—PPOs,—PEOsg), P333 (PEO,0—PPOsy—
PEO,), and P181 (PEO,—PPO3,—PEQ,), have significant
heat of partitioning indicative of insertion into the liposo-
mal membrane [123]. These hydrophobic copolymers do
not prevent initiation of lipid peroxidation [170] indicating
that copolymer hydrophobicity affects kinetics of inser-
tion. More hydrophobic copolymers insert at faster rates
by initially embedding below the lipid head group region,
opening up the packing of acyl chains and accelerating the
passage of water across the membrane, thus increasing
permeability [123, 166].

The size of the hydrophobic PPO block influences in-
sertion of the copolymer into lipid films. Poloxamers at
fixed 80% PEO composition and different molecular
weights (P108, P238, P188, and P338) have been tested
for their relative ability to insert into lipid monolayers
[158]. Copolymers with high PPO content required
lower surface pressure for insertion. Additionally, once
inserted, high mass copolymers are able to retain pos-
ition within the monolayer at much higher surface
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pressures before being squeezed out [120, 158]. More-
over, hydrophobic copolymers with bulkier PPO blocks
were found to increase flippase activity compared to co-
polymers with shorter PPO blocks [117]. Copolymer-
bilayer interactions have been investigated using pulse
field gradient nuclear magnetic resonance to quantify
copolymer diffusion in the presence and absence of uni-
lamellar liposomes [171]. Here, the binding percentage
of copolymers to liposomes was quantified, and results
further confirmed that increased copolymer molecular
weight and increased relative hydrophobicity cause in-
creased binding and liposome coverage relative to
smaller, more hydrophilic copolymers. Another recent
study using surface plasmon resonance to probe and
compare binding of P188 and a PEO homopolymer of
similar size provides direct evidence of binding onto
supported intact lipid bilayers with comparable binding
kinetics. Moreover, this study provides biophysical
evidence that copolymer adsorption alone does not fully
account for membrane protection efficacy. [172] A
schematic summary of structure-function of copolymer-
based membrane stabilization is presented in (Fig. 4).

Molecular dynamics analysis of copolymer-
membrane interactions

Mechanistic insights into copolymer-membrane interaction
are aided by studies pursued at the atomistic level. Molecular
dynamics (MD) simulations have been recently developed to
investigate copolymer-phospholipid bilayer interactions
[173, 174]. MD simulations are physics-based computa-
tional methods to simulate and observe the interactions
of atoms and molecules at resolutions that are currently
hard or impossible to probe experimentally. In general,
MD simulations of large macromolecules, such as
copolymers, are computationally challenging to per-
form. Past MD efforts have focused on coarse-grained
[120, 175, 176] and united atom [168, 177, 178] models,
which are models that reduce the total number of de-
grees of freedom in the system by representing mole-
cules and their interactions at lower resolution. This
allows for significantly increased simulation timescale
at lower computational cost but in exchange for the
loss of atomistic level details.

An in silico model of copolymer adsorption using
coarse-grained force field showed copolymer-membrane
insertion, followed by percolation across the unstressed
lipid bilayers [179]. Here, copolymers containing a PPO
block with a length comparable to that of the bilayer
thickness tended to span across, or percolate across, the
lipid bilayer. In comparison, copolymers with shorter
PPO blocks inserted partially, with the PEO blocks
remaining in water on one side of the bilayer. Moreover,
total percolation of copolymers across the bilayer led to
reduction in membrane thickness and an increase in the
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Extracellular

Intracellular

Fig. 4 Schematic representation of structure-function of copolymer-membrane interaction. Triblock copolymer membrane stabilization occurs via
insertion of the hydrophobic PPO core block (red) and balanced by flanking of the two hydrophilic PEO blocks (blue) that are required to prevent
complete translocation across the membrane. Without a second flanking PEO chain, diblock copolymers can also insert into the membrane, but
insertion is at least in part dictated by the PPO end group. Here, the more hydrophobic end group, such as —C(CHs); (1), driving insertion and
anchoring and the more hydrophilic end groups, such as ~OH, retained at the solvent-polar head group interface. Variation in PEO (blue) and
PPO (red) block lengths alters the hydrophobic/hydrophilic balance that is required for optimal membrane insertion and stabilization. Too high

a PPO/PEQ ratio and large size PPO group drives the copolymer deeper into the membrane and further exacerbates damage to the membrane

area per lipid. Goliaei et al. [177] used an united-atom
force field-based MD model to show that P188 can pas-
sively insert into the 1,2-dilauroyl-sn-glycero-3-phospho-
choline (DLPC) lipid bilayer under non-stressed
conditions after extensive simulation time (>500 ns).
Here, the PPO block inserted into the hydrophobic part
of the bilayer and the PEO chains remained solvated
outside the membrane [177]. Moreover, using a 3 nm
water pore model to simulate a damaged lipid bilayer,
the PPO block of P188 inserted adjacent to the water
pore and “pushed” water molecules out of the pore to
reduce pore size.

Simplified force field models allow for larger timescale
simulation; however, they yield only a partial view of
membrane structural properties and limit atomic reso-
lution insights [180]. Importantly, previous MD studies
have focused on copolymer-bilayer interactions under
constant pressure and temperature (NPT) and constant
area and temperature conditions (NPAT), and thus are
computational models of membranes under normal non-
stressed conditions. Recently, an all-atom MD simulation
model was developed to investigate copolymer-lipid mem-
brane interaction under conditions of varied lateral mech-
anical stress. This in silico approach correlates to the
physiological state to lengthening contraction muscle in-
jury in DMD. Here, an increase in surface tension (y) was
applied to induce expansion in the bilayer area per lipid

molecule (Ap) to model bilayer mechanical stress [181].
P188 interaction with lipid bilayers was demonstrated to
be dependent on Ay, with insertion of the PPO block oc-
curring at a ~ 15-20% increase in Ao, Additionally, P188
insertion into the membrane significantly increased the
lateral pressure required for membrane rupture under
mechanical stress [181]. Further, membrane insertion and
stabilization efficacy appeared dependent on the PPO/
PEO ratio. MD simulations of hydrophobic copolymers,
such as P331 (PEO,-PPOs,—PEQ;), inserted at signifi-
cantly lower Ag, as well as decreased the lateral pressure
required to rupture the membrane. This is consistent with
the results of Nawaz et al. [168] who demonstrated perco-
lation across the bilayer of highly hydrophobic copolymers
causing membrane bending and an increase in local per-
meability allowing water molecule penetration into the
hydrophobic region of the membrane. The timescale for
percolation was inversely proportional to the PEO block
length [168]. Moreover, another all-atom MD study by
Zaki and Carbone showed that incorporation of multiple
copolymer units within the bilayer hinders lipid diffusion
and forced nearby lipids to remain closely packed, even
during lateral mechanical stress [182].

Overall, the results from MD studies are consistent
with experimental observations from Langmuir trough
studies in that P188 inserts into areas of low lipid dens-
ity and at low surface pressures [158, 159]. MD studies
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feature a simplified phospholipid bilayer as a basic
model of the biological membrane, which is comprised
of proteins, complex mixtures of lipid types, and other
macromolecules, all organized in a tightly regulated
manner. Nonetheless, all atom MD results are qualita-
tively comparable to results derived in cells and animals
[156, 183, 184]. Complementation of findings from in
silico to in vivo methods underscores MD simulations as
a powerful tool to further mechanistic understanding of
copolymer-bilayer interactions and to ultimately guide
design and optimization of copolymers for physiological
membrane stabilization.

Copolymer architecture: diblock copolymers as
membrane stabilizers

Block copolymers can be designed with two or more dis-
tinct polymer blocks covalently bonded together. These
can exist in a variety of molecular sizes, relative degree of
polymerization of each block (composition), hydrophobi-
city, chemical moieties, and architectures, from diblock
and triblock to multi-blocks. This broad landscape leads
to a nearly infinite number of possible distinct chemical
configurations [112]. Previously, from a practical perspec-
tive, the use of poloxamers has been generally constrained
to those made available commercially. This limitation pro-
vides an impetus for advancing discovery of the copolymer
chemical landscape beyond that of the triblock architec-
ture. As above, P188 is reported to be weakly adsorbed to
the lipid bilayer [123, 170] and it is hypothesized that this
weak association is due to steric constraints imposed by
the flanking PEO chains [162]. The removal of one of the
flanking PEO chains to form the diblock PEO-PPO archi-
tecture (Fig. 2) allows for facile assessment of the associ-
ation of the hydrophobic PPO core with the lipid bilayer.

Firestone et al. employed small- and wide-angle X-ray
scattering techniques to examine the structure of a lipid
bilayer and the phase produced by either the triblock
P188 or a PEO-PPO diblock with an equivalent PPO
block length [185]. P188-synthetic lipid bilayer interaction
produced an aggregate phase structure suggesting limited
insertion of the copolymer into the lipid bilayer. On the
other hand, the PEO-PPO diblock produced a well-
ordered lamellar phase suggesting enhanced interfacing
within the bilayer [185]. This suggests that removing one
of the flanking PEO chains facilitates PPO block inter-
action with the hydrophobic acyl chain region of the lipid
bilayer to strengthen copolymer-bilayer interaction.

The PEO-PPO diblock architecture offers several advan-
tages for advancing copolymer-membrane structure-function
studies. These include an easier and more controlled chem-
ical synthetic process [186], the more precise control of PPO
and PEO block sizes and the ability to design specific func-
tional end groups to the hydrophobic PPO core to finely
tune membrane interactions. This latter modification allows
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for sensitive modulation of the diblock PPO block hydropho-
bicity. This strategy has precedence in the surfactancy litera-
ture where novel terminal functional groups have been
shown to influence solution and bulk phase behavior [187,
188]. Diblock copolymers have never been investigated for
biological membrane stabilization until a recent report dem-
onstrating that diblock PEO-PPO architectures can confer
membrane stabilization in both in vitro and in vivo DMD
models [156, 171, 183, 184]. This establishes that specific
PPO end group chemistries play a critical role in defining
muscle membrane stabilization [183, 184].

Recent diblock studies have advanced an “anchor and
chain” model of membrane stabilization (Fig. 4) [156,
171, 183, 184]. Here, the addition of a small hydrophobic
end group “anchor,” as demonstrated by tert-butoxy to
the PPO block, discretely increases the hydrophobic
character of the end of the PPO block, without signifi-
cantly increasing the overall mass of the copolymer.
From these results, it is hypothesized that discrete alter-
ations in the structure of the PPO terminal functional
group, such as replacing tert-butoxy with n-butoxy or
other non-polar end groups, will further influence the
packing and interaction strength with the lipid core. The
PEO chain appears to be required to preserve the
amphiphilic behavior of the copolymer and to maintain
the copolymer at the solvent-membrane interface. De-
tailed structure-function analysis of the PEO block, in-
cluding length, structure, and chemical characteristics,
has not yet been initiated and this will be important to
determine in further experimentation. Taken together,
these proof-of-principle results establish physiological
relevance to diblock copolymers and support further in-
vestigation of this expansive copolymer chemical space.

Clinical applications, challenges, and ongoing
developments

P188 was first approved by the FDA as an anti-viscosity
agent added to blood before transfusions [135, 189]. P188
(labeled as RheothRx, Glaxo Wellcome Inc.) has been previ-
ously tested in clinical trials for both sickle cell anemia [141,
142] and myocardial infarction [190, 191]. Due to its nature
as a nonionic surfactant and demonstrated hemorrheologic
properties, a randomized, double-blind, placebo-controlled
pilot study in 50 patients was initiated in the early 1990s to
determine the safety and efficacy of P188 in treating acute
vaso-occlusive crises in sickle cell anemia disease. Treated
patients showed a significant decrease in painful episodes, re-
duced hospital stay, requirement of analgesics, and reported
pain [142]. Moreover, continuous RheothRx intravenous in-
fusion over 48 h (60-min loading dose of 300 mg/kg
followed by a 47-h maintenance infusion of 30 mg/kg) was
well tolerated with the exception of a mild increase in serum
creatinine in one patient with underlying renal dysfunction.
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Pharmacokinetic study of P188 injection in healthy
males has been conducted in a cohort of volunteers and
determined that elimination occurs primarily through
renal clearance [192]. RheothRx (P188) clinical trial in
patients tested adjunctive therapy during thrombolytic
therapy for acute myocardial infarction at time of
hospitalization. Initial reports showed P188 resulted in
significantly smaller-sized infarcts, greater myocardial
salvage, and improved median ejection fraction [191].
However, in follow up large-scale clinical studies,
Rheothrx administration did not significantly decrease
infarct size or favorably alter outcome [193]. Moreover,
in a subset of elderly patients with pre-existing renal dis-
ease increased renal dysfunction was reported. This ad-
verse effect was later determined to be due to small
molecular weight impurities in the P188 formulation,
which was manufactured as an excipient-grade product
following National Formulary specifications [194]. Sub-
sequent clinical studies using the purified formulation of
P188 significantly improved the renal safety profile and
tolerability [194].

Purified formulation of P188 was repackaged as MST-188
or vepoloxamer (Mast Therapeutics, Inc.) which was then
further evaluated in another interventional clinical trial
(EPIC trial) in children with sickle cell disease. In a recent
large-scale phase 3 clinical trial, vepoloxamer did not meet
primary efficacy endpoints of demonstrating a statistically
significant reduction in the mean duration of vaso-occlusive
crisis events. However, this clinical trial did show that vepo-
loxamer was generally well tolerated with no statistically sig-
nificant differences in treatment-related adverse events in the
vepoloxamer group compared to the placebo group (https://
clinicaltrials.gov/ct2/show/NCT01737814).

For membrane stabilizers in DMD, Phrixus Pharmaceuti-
cals, Inc. has initiated a Phase 2 single site, open-label trial
for respiratory, cardiac and skeletal limb muscle end points
in non-ambulatory DMD patients (ClinicalTrials.gov Iden-
tifier: NCT03558958). Drug P-188 NF (Carmeseal-MD) is
directed toward DMD patients with early heart failure and
respiratory dysfunction who are currently on stable regi-
men of background therapies. Phrixus Pharmaceuticals
and Ethicor Pharma Ltd. have made Carmeseal-MD avail-
able in 2015 as a “special” or unlicensed medicinal product
in the European Union prior to regulatory approval. This
allows access to Carmeseal-MD to DMD patients with re-
spiratory and cardiac deficits through physician request. As
of the end of 2017, one patient under the Expanded Access
Program has been reported to have met the 15-month
treatment mark with treatment reported to have been well
tolerated and reductions in creatine kinase and cardiac
troponin I observed (Phrixus Pharmaceuticals). Moving
forward, larger scale human clinical data will be required
to fully evaluate membrane stabilizer treatment efficacy in
DMD patients.
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Conclusions

From a conceptual perspective for clinical application,
synthetic muscle membrane stabilizers for treating DMD
patients have several attractive features. These include (1)
treatment strategy targeting the primary defect in DMD—
severe muscle membrane instability causing muscle de-
terioration and cell death, (2) copolymers as muscle mem-
brane interfacing molecules could in principle treat all
DMD patients regardless of their genetic lesion, (3)
pre-clinical studies provide evidence of copolymer protec-
tion in other applications, (4) first-in-class membrane
stabilizer P188 NF has a favorable safety profile in cardiac,
respiratory, and limb striated muscles, as derived from hu-
man clinical trial data in humans. The inherent limitation
with membrane stabilizers as a potential therapy for DMD
is that this approach is not a cure and would necessitate
chronic treatment for DMD patients.

The ultimate goal for membrane stabilizing therapy is to
significantly improve and prolong patient quality of life
while awaiting a potential effective cure for DMD. As
DMD is a chronic progressive disease, membrane
stabilization treatment would require life-long administra-
tion. In the best case scenario, this clinical treatment
would effectively manage the disease, analogous, for ex-
ample, to the highly effective life-long daily insulin treat-
ment used by type I diabetic patients. One could envision
chronic copolymer treatment starting soon after diagnosis
with the aim to preserve striated muscle function before
muscle degeneration and wasting occurs. Membrane sta-
bilizers may also be envisioned in acute settings for DMD
patients, for example, during orthopedic surgery or other
stress-inducing events [148]. Another setting where co-
polymer administration could make a significant positive
impact is during exercise training protocols for DMD pa-
tients implemented to oppose the loss of functional abil-
ities as a result of muscle disuse [195]. It is still unclear
whether exercise training and which exercise protocols
could be beneficial to DMD patients or other patients with
myopathic disorders, at least in part due to the potential
detrimental effects of strenuous exercise and muscle con-
traction on the muscle membrane [196]. Treating DMD
patients with membrane stabilizers prior to an exercise
training bout may support striated muscle membranes
during strength exercise and abrogate deleterious effects
that would occur while supporting muscle repair and
strength building.

It is also likely that effective DMD treatment will ultim-
ately require a combination of approaches to achieve opti-
mal outcomes. One example where bundled therapies
containing P188 has already shown promise is cardiac ar-
rest and resuscitation [197]. Block copolymers have been in
use as vehicles for enhanced gene delivery in other applica-
tions [198, 199], and the prospect of bundled therapies of
block copolymers and gene-directed strategies would be of
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significant interest to pursue in future works. Another strat-
egy where copolymer-based membrane stabilizers could be
combined would be stem cell therapy to regenerate muscle.
Induced pluripotent stem cell (iPSC) technology allows
derivation of patient-derived stem cells which obviates
immunological concerns. One recent study showed
proof-of-principle application of ex vivo genetic correction
of dystrophic iPS cells with a micro-utrophin transgene be-
fore transplantation back into dystrophin/utrophin double
knockout mice [200]. They observed that engrafted muscle
had large numbers of corrected myofibers, restoration of
the dystrophin and associated proteins complex and im-
proved contractile strength. While these results are positive
and exciting, this strategy still has to overcome multiple im-
portant hurdles, such as improved survival of the cells
post-injection, effective migration to the compromised
muscles, and successful engraftment. Copolymer-based
membrane stabilizers injected alongside iPS-derived myo-
cytes may help improve survival of these cells post-
injection.

Synthetic membrane stabilizers may ultimately extend to
numerous other inherited or acquired diseases in which cell
membrane integrity is compromised. In the last few years,
many preclinical studies using P188 as cell membrane stabi-
lizers have been published in a variety of pathological set-
tings, including amyotrophic lateral sclerosis [201], traumatic
brain injury [202], aggregation of unfolded protein [203—
207], hypoxia and ischemia-reperfusion injury [154, 208,
209], irradiation and burn injury [152, 210, 211], cartilage
damage, and joint degeneration following blunt impact
[212-214]. Based on the potential novel uses of copolymer-
based membrane stabilizers in various other diseases where
the cell membrane is damaged, one could anticipate that in-
creased academic and clinical interest in this therapeutic
strategy will help promote faster translation to human clin-
ical applications.

Finally, as detailed in this review, first-in-class
copolymer-based membrane stabilizer P188 has a long
history. Developed over 70 years ago for industrial appli-
cations, it is now clear that P188 has unique properties
enabling its interfacing with lipid bilayers, including
damaged muscle membranes. In this context, significant
opportunities for advancing copolymers in biomedical
applications are apparent. Detailed copolymer structure-
function studies, which will require concerted trans-
discipline collaborations between copolymer chemists,
chemical engineers, molecular and integrative physiolo-
gists, and clinicians, can be expected to provide new in-
sights into the mechanism by which copolymers
interface with damaged muscle membranes. Armed with
new structure-function insights, one could envision
precise refinements in copolymer design to enhance
muscle membrane stabilizer efficacy/duration-of-action
for treating devastating diseases, including DMD.

Page 14 of 19

Abbreviations

DGC: Dystrophin-glycoprotein complex; DLPC: 1,2-dilauroyl-sn-glycero-3-
phosphocholine; DMD: Duchenne muscular dystrophy;

DPPC: Dipalmitoylphosphatidylcholine; DPPG: Dipalmitoylphosphatidylglycerol;
MD: Molecular dynamics; NPAT: Constant pressure, area, and temperature;
NPT: Constant pressure and temperature; NPyT: Constant pressure, surface
tension, and temperature; PEG: Polyethylene glycol; PEO: Polyethylene oxide;
PPO: Polypropylene oxide; ROS: Reactive oxygen species

Acknowledgements

We thank our colleagues at the University of Minnesota, in particular the
UMN Biomedical Block Copolymer Research Consortium for dynamic
interactions and discussions.

Funding

This work was supported by grants from the National Institutes of Health
(JMM), the Lillehei Heart Institute, the Muscular Dystrophy Association
(JMM.), and the American Heart Association Predoctoral Fellowship (EM.H.).

Authors’ contributions
EMH, FSB, YYS, and JMM all contributed to the writing of this manuscript. All
authors read and approved the final manuscript.

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests

The authors declare the following potential conflict of interest: JM.M. is on
the scientific advisory board of and holds zero value equity shares in Phrixus
Pharmaceuticals Inc, a company developing novel therapeutics for heart
failure and DMD, and this is actively managed by the UMN Office of
Institutional Compliance.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Integrative Biology and Physiology, University of Minnesota
Medical School, 6-125 Jackson Hall, 321 Church Street SE, Minneapolis, MN
55455, USA. 2Umversity of Minnesota Informatics Institute, MN, USA.
3Bioinformatics and Computational Biology Program, University of Minnesota,
MN, USA. “Department of Chemical Engineering and Materials Science,
University of Minnesota, MN, USA.

Received: 30 May 2018 Accepted: 13 September 2018
Published online: 10 October 2018

References

1. McNeil PL, Steinhardt RA. Loss, restoration, and maintenance of plasma
membrane integrity. J Cell Biol. 1997;137(1):1-4.

2. McNeil PL, Steinhardt RA. Plasma membrane disruption: repair, prevention,
adaptation. Annu Rev Cell Dev Biol. 2003;19(1):697-731.

3. McNeil PL, Kirchhausen T. An emergency response team for membrane
repair. Nat Rev Mol Cell Biol. 2005;6(6):499-505.

4. Miyake K, McNeil PL. Mechanical injury and repair of cells. Crit Care Med.
200331(8 Suppl):5496-501.

5. McNeil PL. Repairing a torn cell surface: make way, lysosomes to the rescue.
J Cell Sci. 2002;115(Pt 5):873-9.

6. McNeil PL, Vogel SS, Miyake K, Terasaki M. Patching plasma membrane
disruptions with cytoplasmic membrane. J Cell Sci. 2000;113(Pt 1):1891-902.

7. Defour A, Medikayala S, Van der Meulen JH, Hogarth MW, Holdreith N,
Malatras A, Duddy W, Boehler J, Nagaraju K, Jaiswal JK. Annexin A2 links
poor myofiber repair with inflammation and adipogenic replacement of the
injured muscle. Hum Mol Genet. 2017,26(11):1979-91.

8. Swaggart KA, Demonbreun AR, Vo AH, Swanson KE, Kim EY, Fahrenbach JP,
Holley-Cuthrell J, Eskin A, Chen Z, Squire K, Heydemann A, Palmer AA,



Houang et al. Skeletal Muscle (2018) 8:31

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Nelson SF, McNally EM. Annexin A6 modifies muscular dystrophy by
mediating sarcolemmal repair. Proc Natl Acad Sci. 2014;111(16):6004-9.
Alloush J, Weisleder N. TRIM proteins in therapeutic membrane repair of
muscular dystrophy. JAMA Neurol. 2013;70(7):928.

Cai C, Weisleder N, Ko JK, Komazaki S, Sunada Y, Nishi M, Takeshima H, Ma J.
Membrane repair defects in muscular dystrophy are linked to altered
interaction between MG53, caveolin-3, and dysferlin. J Biol Chem. 2009;
284(23):15894-902.

Weisleder N, Takeshima H, Ma J. Mitsugumin 53 (MG53) facilitates vesicle
trafficking in striated muscle to contribute to cell membrane repair.
Commun Integr Biol. 2009;2(3):225-6.

Cai C, Masumiya H, Weisleder N, Matsuda N, Nishi M, Hwang M, Ko J-K, Lin
P, Thornton A, Zhao X, Pan Z, Komazaki S, Brotto M, Takeshima H, Ma J.
MG53 nucleates assembly of cell membrane repair machinery. Nat Cell Biol.
2009;11(1):56-64.

Bansal D, Campbell KP. Dysferlin and the plasma membrane repair in
muscular dystrophy. Trends Cell Biol. 2004;14(4):206-13.

Togo T, Alderton JM, Steinhardt RA. Long-term potentiation of exocytosis
and cell membrane repair in fibroblasts. Mol Biol Cell. 2003;14(1):93-106.

K. R. Doherty and E. M. McNally, Repairing the tears: dysferlin in muscle
membrane repair., Trends Mol Med, vol. 9, no. 8. pp. 327-30, 2003.

Togo T, Krasieva TB, Steinhardt RA, Scheller RH. A decrease in
membrane tension precedes successful cell-membrane repair. Mol Biol
Cell. 2000;11:4339-46.

Russell B, Dix DJ, Haller DL, Jacobs-El J. Repair of injured skeletal muscle: a
molecular approach. Med Sci Sports Exerc. 1992;24(2):189-96.

Emery AEH. The muscular dystrophies. Lancet. 2002,359:687-95.

Hoffman EP, Brown RH, Kunkel LM. Dystrophin: the protein product of the
Duchenne muscular dystrophy locus. Cell. 1987,51:919-28.

Gowers WR. A manual of the nervous system, 2nd ed. Philadelphia; 1895.
Strehle E-M, Straub V. Recent developments in the management of
Duchenne muscular dystrophy. Arch Dis Child. 2015.

McDonald DGM, Kinali M, Gallagher AC, Mercuri E, Muntoni F, Roper H,
Jardine P, Jones DH, Pike MG. Fracture prevalence in Duchenne muscular
dystrophy. Dev Med Child Neurol. 2002;44(10):695-8.

Eagle M, Baudouin SV, Chandler C, Giddings DR, Bullock R, Bushby K.
Survival in Duchenne muscular dystrophy: improvements in life expectancy
since 1967 and the impact of home nocturnal ventilation. Neuromuscul
Disord. 2002;12:926-9.

Boland B, Silbert P, Groover R. Skeletal, cardiac, and smooth muscle failure
in Duchenne muscular dystrophy. Pediatr Neurol. 1996;14(95):7-12.
Landfeldt E, Lindgren P, Bell CF, Guglieri M, Straub V, Lochmdiller H, Bushby
K. Quantifying the burden of caregiving in Duchenne muscular dystrophy. J
Neurol. 2016;263(5):906-15.

Kinnett K, Rodger S, Vroom E, Furlong P, Aartsma-Rus A, Bushby K.
Imperatives for DUCHENNE MD: a simplified guide to comprehensive care
for duchenne muscular dystrophy. PLoS Curr. 2015;
7(MUSCULARDYSTROPHY).

Bladen CL, Salgado D, Monges S, Foncuberta ME, Kekou K, Kosma K,
Dawkins H, Lamont L, Roy AJ, Chamova T, Guergueltcheva V, Chan S,
Korngut L, Campbell C, Dai Y, Wang J, Barisi¢ N, Brabec P, Lahdetie J,
Walter MC, Schreiber-Katz O, Karcagi V, Garami M, Viswanathan V, Bayat
F, Buccella F, Kimura E, Koeks Z, van den Bergen JC, Rodrigues M,
Roxburgh R, Lusakowska A, Kostera-Pruszczyk A, Zimowski J, Santos R,
Neagu E, Artemieva S, Rasic VM, Vojinovic D, Posada M, Bloetzer C,
Jeannet PY, Joncourt F, Diaz-Manera J, Gallardo E, Karaduman AA,
Topaloglu H, El Sherif R, Stringer A, Shatillo AV, Martin AS, Peay HL,
Bellgard MI, Kirschner J, Flanigan KM, Straub V, Bushby K, Verschuuren J,
Aartsma-Rus A, Béroud C, Lochmiiller H. The TREAT-NMD DMD global
database: analysis of more than 7,000 duchenne muscular dystrophy
mutations. Hum Mutat. 2015;36(4):395-402.

Lynn S, Aartsma-Rus A, Bushby K, Furlong P, Goemans N, De Luca A,
Mayhew A, McDonald C, Mercuri E, Muntoni F, Pohlschmidt M, Verschuuren
J, Voit T, Vroom E, Wells DJ, Straub V. Measuring clinical effectiveness of
medicinal products for the treatment of Duchenne muscular dystrophy.
Neuromuscul Disord. 2015;25(1):96-105.

Townsend D, Yasuda S, Metzger J. Cardiomyopathy of Duchenne muscular
dystrophy: pathogenesis and prospect of membrane sealants as a new
therapeutic approach. Expert Rev Cardiovasc Ther. 2007;5:99-109.

Bushby K, Finkel R, Birnkrant DJ, Case LE, Clemens PR, Cripe L, Kaul A,
Kinnett K, McDonald C, Pandya S, Poysky J, Shapiro F, Tomezsko J,

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

Page 15 of 19

Constantin C. Diagnosis and management of Duchenne muscular
dystrophy, part 1: diagnosis, and pharmacological and psychosocial
management. Lancet Neurol. 2010;9:77-93.

Bushby K, Finkel R, Birnkrant DJ, Case LE, Clemens PR, Cripe L, Kaul A, Kinnett K,
McDonald C, Pandya S, Poysky J, Shapiro F, Tomezsko J, Constantin C. Diagnosis
and management of Duchenne muscular dystrophy, part 2: implementation of
multidisciplinary care. Lancet Neurol. 2010,9:177-89.

Cox GF, Kunkel LM. Dystrophies and heart disease. Curr Opin Cardiol. 1997;
12(3):329-43.

Muntoni F. Cardiomyopathy in muscular dystrophies. Curr Opin Neurol.
2003;16(5):577-83.

Moxley RT, Pandya S, Ciafaloni E, Fox DJ, Campbell K. Change in natural
history of Duchenne muscular dystrophy with long-term corticosteroid
treatment: implications for management. J Child Neurol. 2010;25:1116-29.
Spurney CF. Cardiomyopathy of Duchenne muscular dystrophy: current
understanding and future directions. Muscle Nerve. 2011,44:8-19.

Nigro G, Comi LI, Politano L, Bain RJ. The incidence and evolution of
cardiomyopathy in Duchenne muscular dystrophy. Int J Cardiol. 1990;
26(3):271-7.

Ervasti JM, Campbell KP. Membrane O rganization of the Dystrophin-G
lycoprotein. Cell. 1991,66(Figure 1):1121-31.

Ervasti JM, Campbell KP. Dystrophin and the membrane skeleton. Curr Opin
Cell Biol. 1993;5(1):82-7.

Rybakova IN, Amann KJ, Ervasti JM. A new model for the interaction of
dystrophin with F-actin. J Cell Biol. 1996;135(3):661-72.

Chamberlain JS. Gene therapy of muscular dystrophy. Hum Mol Genet.
2002;11(20):2355-62.

Ervasti JM, Campbell KP. Membrane organization of the dystrophin-
glycoprotein complex. Cell. 1991,66(6):1121-31.

Ervasti JM. Costameres: the Achilles’ heel of herculean muscle. J Biol Chem.
2003;278(16):13591-4.

Bloch RJ, Gonzalez-Serratos H. Lateral force transmission across costameres
in skeletal muscle. Exerc Sport Sci Rev. 2003;31(2):73-8.

Peter AK, Cheng H, Ross RS, Knowlton KU, Chen J. The costamere bridges
sarcomeres to the sarcolemma in striated muscle. Prog Pediatr Cardiol.
2011;31(2):83-8.

Claflin DR, Brooks SV. Direct observation of failing fibers in muscles of
dystrophic mice provides mechanistic insight into muscular dystrophy. Am
J Physiol Cell Physiol. 2008;294(2):C651-8.

Ervasti JM. Dystrophin, its interactions with other proteins, and
implications for muscular dystrophy. Biochim Biophys Acta Mol basis
Dis. 2007;1772(2):108-17.

Lynch GS, Rafael JA, Chamberlain JS, Faulkner JA. Contraction-induced injury
to single permeabilized muscle fibers from mdx, transgenic mdx, and
control mice. Am J Physiol Cell Physiol. 2000;279(4):C1290-4.

Nicolson GL. The fluid-mosaic model of membrane structure: still relevant
to understanding the structure, function and dynamics of biological
membranes after more than 40 years. Biochim Biophys Acta Biomembr.
2014;1838(6):1451-66.

Lombard J. Once upon a time the cell membranes: 175 years of cell
boundary research. Biol Direct. 2014,9:32.

Goni FM. The basic structure and dynamics of cell membranes: an update of the
singer-Nicolson model. Biochim Biophys Acta Biomembr. 2014;1838(6):1467-76.
Sonnino S, Prinetti A. Membrane domains and the “lipid raft” concept. Curr
Med Chem. 2013;20(1):4-21.

Maxfield FR, Tabas I. Role of cholesterol and lipid organization in disease.
Nature. 2005;438(7068):612-21.

van Meer G, Voelker DR, Feigenson GW. Membrane lipids: where they are
and how they behave. Nat Rev Mol Cell Biol. 2008,9(2):112-24.

Ackerman DG, Feigenson GW. Lipid bilayers: clusters, domains and phases.
Essays Biochem. 2015,57:33-42.

Heberle FA, Petruzielo RS, Pan J, Drazba P, Kucerka N, Standaert RF,
Feigenson GW, Katsaras J. Bilayer thickness mismatch controls domain size
in model membranes. J Am Chem Soc. 2013;135(18):6853-9.

Singer SJ, Nicolson GL. The fluid mosaic model of the structure of cell
membranes. Science. 1972;175(23):720-31.

DelLisi C, Wiegel FW. Membrane fluidity and the probability of complement
fixation. J Theor Biol. 1983;102(2):307-22.

Evans E, Needham D. Physical properties of surfactant bilayer membranes:
thermal transitions, elasticity, rigidity, cohesion and colloidal interactions. J
Phys Chem. 1987,91(16):4219-28.



Houang et al. Skeletal Muscle (2018) 8:31

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

Chabanel a, Flamm M, Sung KLP. Influence of cholesterol content on red
cell membrane viscoelasticity and fluidity. Biophys J. 1983;44(2):171-6.
Lenaz G. Lipid fluidity and membrane protein dynamics. Biosci Rep. 1987;
7(11):823-37.

Ramirez OT, Mutharasan R. The role of the plasma membrane fluidity on the
shear sensitivity of hybridomas grown under hydrodynamic stress.
Biotechnol Bioeng. 1990;36(9):911-20.

Lentz BR. Membrane ‘fluidity’ as detected by diphenylhexatriene probes.
Chem Phys Lipids. 1989;50(3-4):171-90.

Marguet D, Lenne P-F, Rigneault H, He H-T. Dynamics in the plasma membrane:
how to combine fluidity and order. EMBO J. 2006;25(15):3446-57.

Tanii H, Huang J, Ohyashiki T, Hashimoto K. Physical-chemical-activity relationship
of organic solvents: effects on Na+-K+-ATPase activity and membrane fluidity in
mouse synaptosomes. Neurotoxicol Teratol. 1994;16(6):575-82.

Baenziger JE, daCosta CJB. Molecular mechanisms of acetylcholine receptor-
lipid interactions: from model membranes to human biology. Biophys Rev.
2013;5(1):1-9.

Barrantes FJ. Cholesterol effects on nicotinic acetylcholine receptor. J
Neurochem. 2007;103(Suppl):72-80.

Nichol JA, Hutter OF. Tensile strength and dilatational elasticity of giant
sarcolemmal vesicles shed from rabbit muscle. J Physiol. 1996;493(1):187-98.
Manno S, Takakuwa Y, Mohandas N. Identification of a functional role for lipid
asymmetry in biological membranes: phosphatidylserine-skeletal protein
interactions modulate membrane stability. Proc Natl Acad Sci. 2002,99(4):1943-8.
Le Rumeur E, Winder SJ, Hubert JF. Dystrophin: more than just the sum of
its parts. Biochimica et Biophysica Acta - Proteins and Proteomics. 2010;
1804(9):1713-22.

Mokri B, Engel AG. Duchenne dystrophy: electron microscopic findings
pointing to a basic or early abnormality in the plasma membrane of the
muscle fiber. Neurology. 1975,25(12):1111-20.

Pestronk A, Parhad IM, Drachman DB, Price DL. Membrane myopathy:
morphological similarities to Duchenne muscular dystrophy. Muscle Nerve.
1982,5(3):209-14.

Ozawa E, Hagiwara Y, Yoshida M. Creatine kinase, cell membrane and
Duchenne muscular dystrophy. Mol Cell Biochem. 1999;190:143-51.

Petrof BJ, Shrager JB, Stedman HH, Kelly AM, Sweeney HL. Dystrophin
protects the sarcolemma from stresses developed during muscle
contraction. Proc Natl Acad Sci U S A. 1993;90:3710-4.

Lovering RM, De Deyne PG. Contractile function, sarcolemma integrity, and
the loss of dystrophin after skeletal muscle eccentric contraction-induced
injury. Am J Physiol Cell Physiol. 2004;286:C230-8.

Lovering RM, Roche J a, Bloch RJ, De Deyne PG. Recovery of function in
skeletal muscle following 2 different contraction-induced injuries. Arch Phys
Med Rehabil. 2007;88(5):617-25.

Dadgar S, Wang Z, Johnston H, Kesari A, Nagaraju K, Chen YW, Hill DA,
Partridge TA, Giri M, Freishtat RJ, Nazarian J, Xuan J, Wang Y, Hoffman EP.
Asynchronous remodeling is a driver of failed regeneration in Duchenne
muscular dystrophy. J Cell Biol. 2014;207(1):139-58.

Emery AE. Duchenne muscular dystrophy--Meryon’s disease. Neuromuscul
Disord. 1993;3(4):263-6.

Matsuda R, Nishikawa A, Tanaka H. Visualization of dystrophic muscle fibers
in mdx mouse by vital staining with Evans blue: evidence of apoptosis in
dystrophin-deficient muscle. J Biochem. 1995;118(5):959-64.

Stedman HH, Sweeney HL, Shrager JB, Maguire HC, Panettieri R a, Petrof B,
Narusawa M, Leferovich JM, Sladky JT, Kelly a M. The mdx mouse
diaphragm reproduces the degenerative changes of Duchenne muscular
dystrophy. Nature. 1991;352(6335):536-9.

Yasuda S, Townsend D, Michele DE, Favre EG, Day SM, Metzger JM.
Dystrophic heart failure blocked by membrane sealant poloxamer. Nature.
2005;436(7053):1025-9.

Bers DM. Cardiac excitation-contraction coupling. Nature. 2002;415:198-205.
Hopf FW, Turner PR, Denetclaw WF, Reddy P, a Steinhardt R. A critical
evaluation of resting intracellular free calcium regulation in dystrophic mdx
muscle. Am J Phys. 1996,271(4 Pt 1, pp):C1325-39.

Alderton JM, Steinhardt R a. Calcium influx through calcium leak channels is
responsible for the elevated levels of calcium-dependent proteolysis in
dystrophic myotubes. J Biol Chem. 2000;275(6):9452-60.

Imbert N, Vandebrouck C, Constantin B, Duport G, Guillou C, Cognard C,
Raymond G. Hypoosmotic shocks induce elevation of resting calcium level
in duchenne muscular dystrophy myotubes contracting in vitro.
Neuromuscul Disord. 1996;6(5):351-60.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

101.

102.

104.

105.

106.

107.

Page 16 of 19

Allen DG, Whitehead NP. Duchenne muscular dystrophy--what causes the
increased membrane permeability in skeletal muscle? Int J Biochem Cell
Biol. 2011,43(3):290-4.

Gailly P, De Backer F, Van Schoor M, Gillis JM. In situ measurements of
calpain activity in isolated muscle fibres from normal and dystrophin-lacking
mdx mice. J Physiol. 2007;582(Pt 3):1261-75.

Niebroj-Dobosz |, Kornguth S, Schutta HS, Siegel FL. Elevated calmodulin
levels and reduced calmodulin-stimulated calcium-ATPase in Duchenne
progressive muscular dystrophy. Neurology. 1989;39(12):1610-4.

Klee CB, Crouch TH, Krinks MH. Calcineurin: a calcium- and
calmodulin-binding protein of the nervous system. Proc Natl Acad
Sci. 1979;76(12):6270-3.

Kyrychenko V, Poldkovd E, Janicek R, Shirokova N. Mitochondrial
dysfunctions during progression of dystrophic cardiomyopathy. Cell
Calcium. 2015;58(2):186-95.

Bansal D, Miyake K, Vogel SS, Groh S, Chen CC, Williamson R, McNeil PL,
Campbell KP. Defective membrane repair in dysferlin-deficient muscular
dystrophy. Nature. 2003;423(6936):168-72.

Han R, Campbell KP. Dysferlin and muscle membrane repair. Curr Opin Cell
Biol. 2007;19(4):409-16.

Papa S, Skulachev VP. Reactive oxygen species, mitochondria, apoptosis and
aging. Mol Cell Biochem. 1997;174(1-2):305-19.

Whitehead NP, Yeung EW, Allen DG. Muscle damage in mdx (dystrophic)
mice: role of calcium and reactive oxygen species. Clin Exp Pharmacol
Physiol. 2006;33(7):657-62.

Shkryl VM, Martins AS, Ullrich ND, Nowycky MC, Niggli E, Shirokova N.
Reciprocal amplification of ROS and Ca2+ signals in stressed mdx dystrophic
skeletal muscle fibers. Pflugers Arch Eur J Physiol. 2009;458(5):915-28.

Vila MC, Rayavarapu S, Hogarth MW, Van Der Meulen JH, Horn A, Defour A,
Takeda S, Brown KJ, Hathout Y, Nagaraju K, Jaiswal JK. Mitochondria
mediate cell membrane repair and contribute to Duchenne muscular
dystrophy. Cell Death Differ. 2017,24(2):330-42.

Drachman DB, Toyka KV, Myer E. Prednisone in Duchenne muscular
dystrophy. Lancet. 1974;304(7894):1409-12.

McNally EM. New approaches in the therapy of cardiomyopathy in muscular
dystrophy. Annu Rev Med. 2007;58:75-88.

Goyenvalle A, Seto JT, Davies KE, Chamberlain J. Therapeutic approaches to
muscular dystrophy. Hum Mol Genet. 2011,vol:20.

Lu QL, Rabinowitz A, Chen YC, Yokota T, Yin H, Alter J, Jadoon A, Bou-
Gharios G, Partridge T. Systemic delivery of antisense oligoribonucleotide
restores dystrophin expression in body-wide skeletal muscles. Proc Natl
Acad Sci U S A. 2005;102:198-203.

. Alter J, Lou F, Rabinowitz A, Yin H, Rosenfeld J, Wilton SD, Partridge TA, Lu QL.

Systemic delivery of morpholino oligonucleotide restores dystrophin expression
bodywide and improves dystrophic pathology. Nat Med. 2006;12:175-7.
Malerba A, Sharp PS, Graham IR, Arechavala-Gomeza V, Foster K, Muntoni F,
Wells DJ, Dickson G. Chronic systemic therapy with low-dose morpholino
oligomers ameliorates the pathology and normalizes locomotor behavior in
mdx mice. Mol Ther. 2011;19(2):345-54.

Yokota T, Lu QL, Partridge T, Kobayashi M, Nakamura A, Takeda S, Hoffman
E. Efficacy of systemic morpholino exon-skipping in duchenne dystrophy
dogs. Ann Neurol. 2009,65:667-76.

. Sharp PS, Bye-a-Jee H, Wells DJ. Physiological characterization of muscle

strength with variable levels of dystrophin restoration in mdx mice
following local antisense therapy. Mol Ther. 2011;19(1):165-71.

Goyenvalle A, Griffith G, Babbs A, El Andaloussi S, Ezzat K, Avril A, Dugovic B,
Chaussenot R, Ferry A, Voit T, Amthor H, Bihr C, Schiirch S, a Wood MJ,
Davies KE, Vaillend C, Leumann C, Garcia L. Functional correction in mouse
models of muscular dystrophy using exon-skipping tricyclo-DNA oligomers.
Nat Med,, no. October 2014. 2015.

Hoffman EP, McNally EM. Exon-skipping therapy: a roadblock, detour, or
bump in the road? Sci Transl Med. 2014;6(230):230fs14.

Lu Q-L, Cirak S, Partridge T. What can we learn from clinical trials of exon
skipping for DMD? Mol Ther Nucleic Acids. 2014;3:e152.

Mendell JR, Rodino-Klapac LR, Sahenk Z, Roush K, Bird L, Lowes LP, Alfano L,
Gomez AM, Lewis S, Kota J, Malik V, Shontz K, Walker CM, Flanigan KM,
Corridore M, Kean JR, Allen HD, Shilling C, Melia KR, Sazani P, Saoud JB, Kaye
EM. Eteplirsen for the treatment of Duchenne muscular dystrophy. Ann
Neurol. 2013;74(5):637-47.

. Mendell JR, Goemans N, Lowes LP, Alfano LN, Berry K, Shao J, Kaye

EM, Mercuri E. Longitudinal effect of eteplirsen versus historical



Houang et al. Skeletal Muscle (2018) 8:31

109.

110.

111

112.

115.

116.

117.

118.

120.

121.

122.

123.

125.

126.

127.

128.

129.

131.

control on ambulation in Duchenne muscular dystrophy. Ann Neurol.
2016;79(2):257-71.

Townsend D, Yasuda S, Chamberlain J, Metzger JM. Cardiac consequences
to skeletal muscle-centric therapeutics for Duchenne muscular dystrophy.
Trends Cardiovasc Med. 2009;19(2):50-5.

Megeney LA, Kablar B, Perry RL, Ying C, May L, Rudnicki MA. Severe
cardiomyopathy in mice lacking dystrophin and MyoD. Proc Natl Acad Sci U
S A. 1999,96:220-5.

Bates FS, Fredrickson GH. Block copolymer thermodynamics: theory and
experiment. Annu Rev Phys Chem. 1990;41(1):525-57.

Bates FS, Hillmyer MA, Lodge TP, Bates CM, Delaney KT, Fredrickson GH. Multiblock
polymers: panacea or Pandora's box? Science. 2012;336(6080):434-40.

. Batrakova EV, Miller DW, Li SHU, Alakhov VYU, Kabanov AV, Elmquist WF,

Sciences P, Medical N, Nebraska EVB. Pluronic P85 Enhances the Delivery of
Digoxin to the Brain : In Vitro and in Vivo Studies. J Pharmacol Exp Ther.
2001,296(2):551-7.

. Shaik N, Giri N, Elmquist WF. Investigation of the micellar effect of pluronic

P85 on P-glycoprotein inhibition: cell accumulation and equilibrium dialysis
studies. J Pharm Sci. 2009,98(11):4170-90.

Venne A, Li S, Mandeville R, Kabanov A, Alakhov V. Hypersensitizing effect of
pluronic L61 on cytotoxic activity, transport, and subcellular distribution of
doxorubicin in multiple drug- resistant cells. Cancer Res. 1996;56(16):3626-9.
Krylova OO, Pohl P. lonophoric activity of Pluronic block copolymers.
Biochemistry. 2004;43(12):3696-703.

Demina T, Grozdova |, Krylova O, Zhirnov A, Istratov V, Frey H, Kautz H,
Melik-Nubarov N. Relationship between the structure of amphiphilic
copolymers and their ability to disturb lipid bilayers. Biochemistry. 2005;
44(10):4042-54.

Lee RC, River LP, Pan FS, Ji L, Wollmann RL. Surfactant-induced sealing of
electropermeabilized skeletal muscle membranes in vivo. Proc Natl Acad Sci
U S A 1992,89(10):4524-8.

. Maskarinec SA, Wu G, Lee KYC. Membrane sealing by polymers. Ann N Y

Acad Sci. 2005;1066:310-20.

Frey SL, Zhang D, Carignano MA, Szleifer |, Lee KYC. Effects of block
copolymer's architecture on its association with lipid membranes:
experiments and simulations. J Chem Phys. 2007;127(11):114904.

Wu G, Majewski J, Ege C, Kjaer K, Weygand MJ, Lee KYC. Interaction
between lipid monolayers and poloxamer 188: an X-ray reflectivity and
diffraction study. Biophys J. 2005;89(5):3159-73.

Wang J-Y, Chin J, Marks JD, Lee KYC. Effects of PEO-PPO-PEQ triblock
copolymers on phospholipid membrane integrity under osmotic stress.
Langmuir. 2010;26(15):12953-61.

Cheng C-Y, Wang J-Y, Kausik R, Lee KYC, Han S. Nature of interactions
between PEO-PPO-PEO triblock copolymers and lipid membranes: (1) role of
hydration dynamics revealed by dynamic nuclear polarization.
Biomacromolecules. 2012;13(9):2624-33.

. Singh-Joy SD, McLain VC. Safety assessment of poloxamers 101, 105, 108,

122,123,124, 181, 182, 183, 184, 185, 188, 212, 215, 217, 231, 234, 235, 237,
238, 282, 284, 288, 331, 333, 334, 335, 338, 401, 402, 403, and 407,
poloxamer 105 benzoate, and poloxamer 182 dibenzoate as use. Int J
Toxicol. 2008;27(Suppl 2):93-128.

Clark L, Hooven F, Gollan F. A large capacity, all-glass dispersion oxygenator
and pump. Rev Sci Instrum. 1952,23:748-53.

Adams J, Owens G, Mann G, Headrick J, Munoz A, Scott H. Experimental
evaluation of pluronic F68 (a non-ionic detergent) as a method of
diminishing systemic fat emboli resulting from prolonged cardiopulmonary
bypass. Surg Forum. 1960;10:585-9.

Wright E, Sarkozy E, Dobell A, Murphy D. Fat globulemia in extracorporeal
circulation. Surgery. 1963;53:500-4.

Miyauchi Y, Inoue T, Paton BC. Adjunctive use of a surface-active agent in
extracorporeal circulation. Circulation. 1966;33(4 Suppl)171-7.

Hymes AC, Safavian MH, Arbulu A, Baute P. A comparison of Pluronic F-68,
low molecular weight dextran, mannitol, and saline as priming agents in
the heart-lung apparatus. |. Pluronic F-68: first use as a plasma substitute. J
Thorac Cardiovasc Surg. 1968;56(1):16-22.

. KALLISTRATOS G, von SENGBUSCH, TIMMERMANN A. Chemolysis of kidney

stones, a contribution to the therapy of nephrolithiasis. Miinchener
medizinische Wochenschrift (1950). 1963;105:672-5.

Fenner O, von der Beek TH, Kallistratos G, Timmermann A. Resolution of
organic stone constituents in kidney stone chemolysis.
Arzneimittelforschung. 1968;18(10):1348-9.

132.

133.

134.

135.

136.

144.

145.

146.

147.

150.

[

Page 17 of 19

Meyer C, Fancher J, Schurr P, Webster H. Composition, preparation and
testing of an intravenous fat emulsion. Metabolism. 1957,6(6 Pt 2):591-6.
Krantz J, Cascorbi H, Helrich M, Burgison R, Gold M, Rudo F. A note on the
intravenous use of anesthetic emulsions in animals and man with special
reference to methoxyflurane. Anesthesiology. 22:491-2.

Mitsuno T, Ohyanagi H, Yokoyama K. Development of a perfluorochemical
emulsion as a blood gas carrier. Artif Organs. 1984;8(1):25-33.

Grover FL, Heron MW, Newman MM, Paton BC. Effect of a nonionic surface-
active agent on blood viscosity and platelet adhesiveness. Circulation. 1969;
39(551):1249-52.

Hymes AC, Safavian MH, Gunther T, Forsman J. The influence of an
industrial surfactant pluronic F-68, in the treatment of hemorrhagic shock. J
Surg Res. 1971;11(4):191-7.

. Hymes AC, Robb HJ, Margulis RR. Influence of an industrial surfactant

(pluronic F-68) on human amniotic fluid embolism. Am J Obstet Gynecol.
1970;107(8):1217-22.

. Ketchum LD, Wennen WW, Masters FW, Robinson DW. Experimental use of

pluronic F68 in microvascular surgery. Plast Reconstr Surg. 1974;53(3):288-92.

. Alexandridis P, Hatton TA. Poly(ethylene oxide)-poly(propylene oxide)-

poly(ethylene oxide) block-copolymer surfactants in aqueous-solutions and
at interfaces - thermodynamics, structure, dynamics, and modeling. Colloids
Surfaces a-Physicochemical Eng Asp. 1995,96:1-46.

. C. M. Smith, R. P. Hebbel, D. P. Tukey, C. C. Clawson, J. G. White, and G. M.

Vercellotti, Pluronic F-68 reduces the endothelial adherence and improves
the rheology of liganded sickle erythrocytes., Blood, vol. 69, no. 6. pp. 1631-
1636, Jun-1987.

. Ballas SK, Files B, Luchtman-Jones L, Benjamin L, Swerdlow P, Hilliard L,

Coates T, Abboud M, Wojtowicz-Praga S, Grindel JM. Safety of purified
poloxamer 188 in sickle cell disease: phase | study of a non-ionic
surfactant in the management of acute chest syndrome. Hemoglobin.
2004;28(2):85-102.

. Adams-Graves P, Kedar A, Koshy M, Steinberg M, Veith R, Ward D, Crawford

R, Edwards S, Bustrack J, Emanuele M. RheothRx (poloxamer 188) injection
for the acute painful episode of sickle cell disease: a pilot study. Blood.
1997,90(5):2041-6.

. Orringer E, Ataga KI, Casella JF, Koshy M, Adams-Graves P, Luchtman-Jones

L, Wun T, Watanabe M, Shafer F, Kutlar A, Abboud M, Steinberg M, Adler B,
Swerdlow P, Terregino C, Saccente S, Files B, Ballas S, Wojtowicz-Praga S,
Grindel JM, Brown S. Purified poloxamer 188 for treatment of acute vaso-
occlusive crisis of sickle cell disease: A randomized controlled trial. J Am
Med Assoc, vol. 286, no. 17, pp. 2099-2106, 2001.

Rodeheaver GT, Kurtz L, Kircher BJ. Pluronic F-68 : a promising new skin
wound cleanser. Ann Emerg Med. 1980;11:572-6.

O-T-C Topical antimicrobial products. Over-the-counter drugs generally
recognized as safe, effective, and not misbranded. Fed Reg. 1978;43:1210-2.
Hannig J, Zhang D, Canaday D, Beckett M, Astumian R, Weichselbaum R,
Lee R. Surfactant sealing of membranes permeabilized by ionizing radiation.
Radiat Res. 2000;154(2):171-7.

Greenebaum B, Blossfield K, Hannig J, Carrillo CS, Beckett MA, Weichselbaum
RR, Lee RC. Poloxamer 188 prevents acute necrosis of adult skeletal muscle
cells following high-dose irradiation. Burns. 2004;30(6):539-47.

. Townsend D, Turner |, Yasuda S, Martindale J, Davis J, Shillingford M,

Kornegay JN, Metzger JM. Chronic administration of membrane sealant
prevents severe cardiac injury and ventricular dilatation in dystrophic dogs.
J Clin Invest. 2010;120(4):1140-50.

. Spurney CF, Guerron AD, Yu Q, Sali A, van der Meulen JH, Hoffman EP,

Nagaraju K. Membrane sealant Poloxamer P188 protects against
isoproterenol induced cardiomyopathy in dystrophin deficient mice. BMC
Cardiovasc Disord. 2011;11(1):20.

Quinlan JG, Wong BL, Niemeier RT, McCullough AS, Levin L, Emanuele M.
Poloxamer 188 failed to prevent exercise-induced membrane breakdown in
mdx skeletal muscle fibers. Neuromuscul Disord. 2006;16(12):855-64.

. Terry RL, Kaneb HM, Wells DJ. Poloxomer 188 has a deleterious effect on

dystrophic skeletal muscle function. PLoS One. 2014,9(3):91221.

. Collins JM, Despa F, Lee RC. Structural and functional recovery of

electropermeabilized skeletal muscle in-vivo after treatment with surfactant
poloxamer 188. Biochim Biophys Acta. 2007;1768(5):1238-46.

. Murphy AD, McCormack MC, Bichara DA, Nguyen JT, Randolph MA, Watkins

MT, Lee RC, Austen WG. Poloxamer 188 protects against ischemia-
reperfusion injury in a murine hind-limb model. Plast Reconstr Surg. 2010;
125(6):1651-60.



Houang et al. Skeletal Muscle (2018) 8:31

154.

156.

157.

158.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

172.

173.

174.

175.

177.

Walters TJ, Mase VJ, Roe JL, a Dubick M, Christy RJ. Poloxamer-188 reduces
muscular edema after tourniquet-induced ischemia-reperfusion injury in
rats. J Trauma. 2011;70(5):1192-7.

. Suzuki N, Akiyama T, Takahashi T, Komuro H, Warita H, Tateyama M, Itoyama

Y, Aoki M. Continuous administration of poloxamer 188 reduces overload-
induced muscular atrophy in dysferlin-deficient SJL mice. Neurosci Res.
2012;72(2):181-6.

E. M. Houang, K. J. Haman, A. Filareto, R. C. Perlingeiro, F. S. Bates, D. A.
Lowe, and J. M. Metzger, Membrane-stabilizing copolymers confer marked
protection to dystrophic skeletal muscle in vivo, Mol Ther — Methods Clin
Dev, vol 2, no October, p. 15042, 2015.

Markham BE, Kernodle S, Nemzek J, Wilkinson JE, Sigler R. Chronic dosing with
membrane sealant poloxamer 188 NF improves respiratory dysfunction in
dystrophic mdx and mdx/Utrophin—/— mice. PLoS One. 2015;10(8):e0134832.
Maskarinec SA, Lee KYC. Comparative study of Poloxamer insertion into lipid
monolayers T. Langmuir. 2003;19(5):1809-15.

. Maskarinec SA, Hannig J, Lee RC, Lee KYC. Direct observation of poloxamer

188 insertion into lipid monolayers. Biophys J. 2002;82(3):1453-9.

Shaikh SR, Dumaual AC, Jenski LJ, Stillwell W. Lipid phase separation in
phospholipid bilayers and monolayers modeling the plasma membrane.
Biochim Biophys Acta Biomembr. 2001;1512(2):317-28.

Marsh D. Lateral pressure in membranes. Biochim Biophys Acta Rev
Biomembr. 1996;1286(3):183-223.

Firestone MA, Wolf AC, Seifert S. Small-angle X-ray scattering study of the interaction
of poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide) triblock
copolymers with lipid bilayers. Biomacromolecules. 20034:1539-49.

Bates FS, Fredrickson GH. Block copolymers—designer soft materials. Phys
Today. 1999,52(2):32.

Lodge TP. Block copolymers: past successes and future challenges.
Macromol Chem Phys. 2003;204(2):265-73.

Arnold K, Zschoernig O, Barthel D, Herold W. Exclusion of poly(ethylene
glycol) from liposome surfaces. Biochim Biophys Acta. 1990;1022:303-10.
Cheng C-Y, Wang J-Y, Kausik R, Lee KYC, Han S. An ultrasensitive tool
exploiting hydration dynamics to decipher weak lipid membrane-polymer
interactions. J Magn Reson. 2012;215:115-9.

Batrakova EV, Li S, Alakhov VY, Miller DW, Kabanov AV. Optimal structure
requirements for pluronic block copolymers in modifying P-glycoprotein
drug efflux transporter activity in bovine brain microvessel endothelial cells.
J Pharmacol Exp Ther. 2003,304(2):845-54.

Nawaz S, Redhead M, Mantovani G, Alexander C, Bosquillon C, Carbone P.
Interactions of PEO-PPO-PEQ block copolymers with lipid membranes: a
computational and experimental study linking membrane lysis with
polymer structure. Soft Matter. 2012;8:6744.

Chang L-C, Lin C-Y, Kuo M-W, Gau C-S. Interactions of Pluronics with
phospholipid monolayers at the air-water interface. J Colloid Interface Sci.
2005;285(2):640-52.

. Wang J-Y, Marks J, Lee KYC. Nature of interactions between PEO-PPO-PEO

triblock copolymers and lipid membranes: () effect of polymer
hydrophobicity on its ability to protect liposomes from peroxidation.
Biomacromolecules. 2012;13(9):2616-23.

. Zhang W, Haman KJ, Metzger JM, Hackel BJ, Bates FS, Lodge TP. Quantifying

binding of ethylene oxide-propylene oxide block copolymers with lipid
bilayers. Langmuir. 2017,33(44):12624-34.

Kim M, Vala M, Ertsgaard C, Oh S-H, Lodge TP, Bates FS, Hackel BJ. Surface
plasmon resonance study of the binding of PEO-PPO-PEO triblock
copolymer and PEO homopolymer to supported lipid bilayers. Langmuir.
2018;34(23):6703-12.

Khadka NK, Cheng X, Ho CS, Katsaras J, Pan J. Interactions of the anticancer
drug tamoxifen with lipid membranes. Biophys J. 2015;108(10):2492-501.
Loura LMS, Ramalho JPP. Recent developments in molecular dynamics

simulations of fluorescent membrane probes. Molecules. 2011;16(7):5437-52.

Rabbel H, Werner M, Sommer J-U. Interactions of amphiphilic triblock
copolymers with lipid membranes: modes of interaction and effect on
permeability examined by generic Monte Carlo simulations.
Macromolecules. 2015:48(13):4724-32.

. Pembouong G, Morellet N, Kral T, Hof M, Scherman D, Bureau M-F, Mignet

N. A comprehensive study in triblock copolymer membrane interaction. J
Control Release. 2011;151(1):57-64.

Goliaei A, Lau EY, Adhikari U, Schwegler E, Berkowitz ML. Behavior of P85
and P188 poloxamer molecules: computer simulations using united atom
force field. J Phys Chem B. 2016:acs.Jpcb.6b03030.

178.

180.

181.

182.

183.

184.

185.

190.

191.

193.

197.

198.

Page 18 of 19

Adhikari U, Goliaei A, Tsereteli L, Berkowitz ML. Properties of poloxamer
molecules and Poloxamer micelles dissolved in water and next to lipid
bilayers: results from computer simulations. J Phys Chem B. 2016:acs.Jpcb.
5b11448.

. Hezaveh S, Samanta S, De Nicola A, Milano G, Roccatano D. Understanding the

interaction of block copolymers with DMPC lipid bilayer using coarse-grained
molecular dynamics simulations. J Phys Chem B. 2012;116:14333-45.

Shelley JC, Shelley MY, Reeder RC, Bandyopadhyay S, Moore PB, Klein ML.
Simulations of phospholipids using a coarse grain model. J Phys Chem B.
2001;105(40):9785-92.

Houang EM, Bates FS, Sham YY, Metzger JM. All-atom molecular dynamics-
based analysis of membrane stabilizing copolymer interactions with lipid
bilayers probed under constant surface tensions. J Phys Chem B. 2017:acs.
Jpch.7b08938.

Zaki AM, Carbone P. How the incorporation of Pluronic block copolymers
modulates the response of lipid membranes to mechanical stress.
Langmuir. 2017,33(46):13284-94.

Houang EM, Haman KJ, Kim M, Zhang W, Lowe DA, Sham YY, Lodge TP,
Hackel BJ, Bates FS, Metzger JM. Chemical end group modified Diblock
copolymers elucidate anchor and chain mechanism of membrane
stabilization. Mol Pharm, no. 2017;14:2333-9.

Kim M, Haman KJ, Houang EM, Zhang W, Yannopoulos D, Metzger JM,
Bates FS, Hackel BJ. PEO-PPO diblock copolymers protect myoblasts from
hypo-osmotic stress in vitro dependent on copolymer size, composition,
and architecture. Biomacromolecules. 2017;18(7):2090-101.

Firestone MA, Seifert S. Interaction of nonionic PEO-PPO diblock copolymers
with lipid bilayers. Biomacromolecules. 2005,6(5):2678-87.

. Malik MI, Trathnigg B, Kappe CO. Selectivity of PEO-block-PPO diblock

copolymers in the microwave-accelerated, anionic ring-opening
polymerization of propylene oxide with PEG as initiator. Macromol Chem
Phys. 2007;208(23):2510-24.

. Frielinghaus H, Pedersen WB, Larsen PS, Aimdal K, Mortensen K. End effects

in poly(styrene)/poly(ethylene oxide) copolymers. Macromolecules. 2001;
34(4):1096-104.

. Xia Y, Burke NAD, Stéver HDH. End group effect on the thermal response of

narrow-disperse poly( N -isopropylacrylamide) prepared by atom transfer
radical polymerization. Macromolecules. 2006;39(6):2275-83.

. Lechmann T, Reinhart WH. The non-ionic surfactant Poloxamer 188

(RheothRx) increases plasma and whole blood viscosity. Clin Hemorheol
Microcirc. 1998;18(1):31-6.

Yusuf S, Flather M, Gent M. Effects of RheothRx on mortality, morbidity, left
ventricular function, and infarct size in patients with acute myocardial
infarction. Circulation. 1997,96:192-201.

Schaer GL, Spaccavento LJ, Browne KF, Krueger KA, Krichbaum D, Phelan
M, Fletcher WO, Grines CL, Edwards S, Jolly MK, Gibbons RJ. Beneficial
effects of RheothRx injection in patients receiving thrombolytic therapy for
acute myocardial infarction. Results of a randomized, double-blind, placebo-
controlled trial. Circulation. 1996;94(3):298-307.

. R.C Jewell, S. P. Khor, D. F. Kisor, K. a LaCroix, and W. a Wargin,

Pharmacokinetics of RheothRx injection in healthy male volunteers, J Pharm
Sci, vol. 86, no. 7. pp. 808-12, 1997.

Maynard C, Swenson R, Paris JA, Martin JS, Hallstrom AP, Cerqueira MD,
Weaver WD. Randomized, controlled trial of RheothRx (poloxamer 188) in
patients with suspected acute myocardial infarction. RheothRx in Myocardial
Infarction Study Group. 1998.

. Emanuele M, Balasubramaniam B. Differential effects of commercial-grade

and purified poloxamer 188 on renal function. Drugs R D. 2014;14(2):73-83.

. Jansen M, de Groot IJM, van Alfen N, Geurts ACH. Physical training in boys

with Duchenne muscular dystrophy: the protocol of the no use is disuse
study. BMC Pediatr. 2010;10:55.

. Gianola S, Pecoraro V, Lambiase S, Gatti R, Banfi G, Moja L. Efficacy of

muscle exercise in patients with muscular dystrophy: a systematic review
showing a missed opportunity to improve outcomes. PLoS One. 2013;8(6).
Bartos JA, Matsuura TR, Sarraf M, Youngquist ST, McKnite SH, Rees JN, Sloper
DT, Bates FS, Segal N, Debaty G, Lurie KG, Neumar RW, Metzger JM, Riess
ML, Yannopoulos D. Bundled postconditioning therapies improve
hemodynamics and neurologic recovery after 17 min of untreated cardiac
arrest. Resuscitation. 2015,87:7-13.

Kabanov AV, Batrakova EV, Alakhov VY. Pluronic® block copolymers as novel
polymer therapeutics for drug and gene delivery. J Control Release. 2002;
82(2-3):189-212.



Houang et al. Skeletal Muscle (2018) 8:31

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212,

213.

214,

215.

217.

Kabanov AV, Batrakova EV, Sriadibhatla S, Yang Z, Kelly DL, Alakov VY.
Polymer genomics: shifting the gene and drug delivery paradigms. J
Control Release. 2005;101(1-3):259-71.

Filareto A, Parker S, Darabi R, Borges L, lacovino M, Schaaf T, Mayerhofer T,
Chamberlain JS, Ervasti JM, Mclvor RS, Kyba M, Perlingeiro RCR. An ex vivo
gene therapy approach to treat muscular dystrophy using inducible
pluripotent stem cells. Nat Commun. 2013;4:1549.

Riehm JJ, Wang L, Ghadge G, Teng M, Correa AM, Marks JD, Roos RP, Allen
MJ. Poloxamer 188 decreases membrane toxicity of mutant SOD1 and
ameliorates pathology observed in SOD1 mouse model for ALS. Neurobiol
Dis. 2018;115:115-26.

Kanagaraj J, Chen B, Xiao S, Cho M. Reparative effects of poloxamer P188 in
astrocytes exposed to controlled microcavitation. Ann Biomed Eng. 2018;
46(2):354-64.

Lee RC, Despa F, Guo L, Betala P, Kuo A, Thiyagarajan P. Surfactant
copolymers prevent aggregation of heat denatured lysozyme. Ann Biomed
Eng. 2006;34(7):1190-200.

Mustafi D, Smith CM, Makinen MW, Lee RC. Multi-block poloxamer
surfactants suppress aggregation of denatured proteins. Biochim Biophys
Acta - Gen Subj. 2008;1780(1):7-15.

H. ML, M L, Michael, J W. Poloxamer 188, a membrane resealing agent,
attenuates plasma membrane permeability and improves histopathological
and functional outcome following traumatic brain injury in mice. Brain Inj.
2010;24(3):406.

Bao H, Yang X, Zhuang Y, Huang Y, Wang T, Zhang M, Dai D, Wang S, Xiao
H, Huang G, Kuai J, Tao L. The effects of poloxamer 188 on the autophagy
induced by traumatic brain injury. Neurosci Lett. 2016,634:7-12.

Zhang Y, Chopp M, Emanuele M, Zhang L, Zhang ZG, Lu M, Zhang T,
Mahmood A, Xiong Y. Treatment of traumatic brain injury with
vepoloxamer (purified poloxamer 188). J Neurotrauma, p neu. 2018;
2017:5284.

Martindale JJ, Metzger JM. Uncoupling of increased cellular oxidative stress
and myocardial ischemia reperfusion injury by directed sarcolemma
stabilization. J Mol Cell Cardiol. 2014,67:26-37.

S. B. Cadichon, M. Le Hoang, D. a Wright, D. J. Curry, U. Kang, and D.
M. Frim, Neuroprotective effect of the surfactant poloxamer 188 in a
model of intracranial hemorrhage in rats.J Neurosurg, vol. 106, no. 1
Suppl. pp. 36-40, 2007.

Moloughney JG, Weisleder N. Poloxamer 188 (p188) as a membrane resealing
reagent in biomedical applications. Recent Pat Biotechnol. 2012;6:200-11.
Padanilam JT, Bischof JC, Lee RC, Cravalho EG, Tompkins RG, Yarmush ML,
Toner M. Effectiveness of poloxamer 188 in arresting calcein leakage from
thermally damaged isolated skeletal muscle cells. Ann N Y Acad Sci. 1994;
720:111-23.

Isaac DI, Golenberg N, Haut RC. Acute repair of chondrocytes in the
rabbit tibiofemoral joint following blunt impact using P188 surfactant
and a preliminary investigation of its long-term efficacy. J Orthop Res.
2010;28(4):553-8.

S. Bajaj, T. Shoemaker, A. A Hakimiyan, L. Rappoport, C. Pascual-Garrido, T. R.
Oegema, M. A Wimmer, and S. Chubinskaya, Protective effect of P188 in the
model of acute trauma to human ankle cartilage: the mechanism of action,,
J Orthop Trauma, vol. 24, no. 9. pp. 571-6, 2010.

Coatney GA, Abraham AC, Fischenich KM, Button KD, Haut RC, Haut
Donahue TL. Efficacy of P188 on lapine meniscus preservation following
blunt trauma. J Mech Behav Biomed Mater. 2015,47:57-64.

Cooper ST, McNeil PL. Membrane repair: mechanisms and pathophysiology.
Physiol Rev. 2015;95(4):1205-40.

. Wu G, Majewski J, Ege C, Kjaer K, Weygand MJ, Lee KYC. Lipid corralling and

poloxamer squeeze-out in membranes. Phys Rev Lett. 2004;93(2):28101.
Markham BE, Kernodle S, Nemzek J, Wilkinson JE, Sigler R. Chronic dosing
with membrane sealant poloxamer 188 NF improves respiratory dysfunction
in dystrophic mdx and mdx/utrophin™~ mice. PLoS One. 2015;10(8):1-24.

Page 19 of 19

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Duchenne muscular dystrophy: a fatal disease of muscle membrane instability
	Dystrophin
	Striated muscle membrane fragility in DMD
	Muscle membrane barrier function is severely disrupted in DMD
	Current DMD therapeutic strategies: cell intrinsic/cell extrinsic strategies

	Copolymers as cell extrinsic muscle membrane stabilizers
	Copolymer-based muscle membrane stabilization: cellular studies
	Copolymer-based membrane stabilizers in�vivo
	Elucidating the copolymer-muscle membrane interface

	Copolymer structure-function analysis
	Molecular dynamics analysis of copolymer-membrane interactions
	Copolymer architecture: diblock copolymers as membrane stabilizers
	Clinical applications, challenges, and ongoing developments
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

