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Abstract

Objective: Ca®" overload of muscle fibers is one of the factors that secondarily aggravate the development of Duchenne muscular
dystrophy (DMD). The purpose of this study is to evaluate the effects of the Ca®>* channel modulator 2-aminoethoxydiphenyl borate
(APB) on skeletal muscle pathology in dystrophin-deficient mdx mice. Methods: Mice were randomly divided into six groups: wild type
(WT), WT+3 mg/kg APB, WT+10 mg/kg APB, mdx, mdx+3 mg/kg APB, mdx+10 mg/kg APB. APB was administered intraperitoneally
daily for 28 days. Finally, we assessed the grip strength and hanging time of mice, the histology and ultrastructure of the quadriceps,
as well as the parameters reflecting quadricep mitochondrial function. Results: 3 mg/kg APB was shown to reduce creatine kinase
activity in the serum, intensity of degeneration and the level of fibrosis in the quadriceps of mdx mice, and improved tissue ultrastructure.
However, this effect of APB was not sufficient to improve grip strength and hanging time of mdx mice. The effect of 3 mg/kg APB
may be due to improve Ca®>" homeostasis in skeletal muscles, as evidenced by a trend toward decreased Ca®* overload of quadricep
mitochondria. High dose of APB (10 mg/kg body weight) showed less pronounced effect on the pathological phenotype of mdx mice.
Moreover, 10 mg/kg APB disrupted the ultrastructure of the quadriceps and caused a decrease in grip strength in WT mice. Conclusions:
APB is able to improve the phenotype in mdx mouse DMD model. However, the effect of APB is quite limited, which may be due to its

multitargeting of Ca®" channels in the membranes of muscle fibers and intracellular organelles, differentially expressed in DMD.
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1. Introduction

Duchenne muscular dystrophy (DMD) is the most
common X-linked recessive inherited muscle disorder, af-
fecting one in 3500 to 5000 males [1,2]. The disease is
caused by various mutations in the DMD gene, resulting in
the loss of the dystrophin protein, which plays an important
role in the formation of the dystrophin-associated protein
complex (DAPC) that structurally links the sarcolemma,
cytoskeleton and extracellular matrix [2]. This leads to the
disassembly of DAPC and, as a consequence, to the dis-
ruption of membrane integrity during muscle contraction
and relaxation cycles and eventually to the death of muscle
fibers.

Numerous studies on human biopsies and animal mod-
els, in particular dystrophin-deficient mdx mice, demon-
strate a chronic increase in Ca®* levels in dystrophin-
deficient muscles, which is primarily due to excessive Ca?*
influx from the extracellular matrix through membrane rup-
tures, as well as due to abnormal activity of sarcolemmal
channels [2-4]. These events lead to overactivation of
Ca?*-dependent proteases and proteolysis, oxidative stress

and muscle fiber necrosis. DMD is also accompanied by
disrupted sarcoplasmic reticulum (SR) Ca%* handling and,
along with this, excessive Ca2t overload of mitochondria,
resulting in mitochondrial dysfunction, causing a decrease
in the efficiency of ATP synthesis, overproduction of re-
active oxygen species (ROS) and the opening of the mi-
tochondrial permeability transition (MPT) pore mediating
cell death [2—4].

There are various approaches aimed at improving
Ca?* homeostasis in dystrophin-deficient muscle fibers and
based on modulation of Ca?* channels of the muscle fiber
membrane (transient receptor potential channels (TRPC),
voltage-gated calcium (Cay) channels, store-operated cal-
cium entry (SOCE) channels and others), sarcoplas-
mic reticulum (sarco/endoplasmic reticulum Ca?*-ATPase
(SERCA), inositol-1,4,5-triphosphate receptor (IP3R) and
ryanodine receptor (RyR)), and mitochondria (MPT pore
components) [3—5]. This often involves the use of target-
specific pharmacological modulators, whose combination
can lead to numerous side effects in the body. For this rea-
son, it is necessary to create universal agents capable of
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modulating the activity of a number of calcium channels
and Ca®* buffering systems.

Universal ion channel modulators include amphiphilic
boron chemicals, such as 2-aminoethoxydiphenyl borate
(APB), which, due to its structure, is able to modulate
various ion channels. It was initially used as an in-
hibitor of IPsR [6], but is now also known as an in-
hibitor of SERCA [7-9], SOCE channels (stromal interac-
tion molecule 1/Orail) [10-12], TRPC1/3/4/6/7 and tran-
sient receptor potential melastatin channels [13—16]. More-
over, APB is also considered as an inhibitor of mitochon-
drial calcium transport systems [17—19]. At the same time,
APB has been shown to activate transient receptor potential
vanilloid (TRPV) type 1-4 and TRPV6 channels [20-23].
APB is thought to exert a dose-dependent bimodal effect
on these transporters. In particular, the bimodal effect of
APB on SOCE is best known. Experiments in cell cultures
show that low doses of APB enhance SOCE and large doses
inhibit this process [10]. This APB-induced modulation of
cellular ion channels has beneficial effects in various in vivo
neurodegenerative and ischemic injury models [18,24-27].
In the context of DMD, APB-induced inhibition of overacti-
vated IP3R pathways in the SR has previously been shown
to reduce Ca" overload in cultured dystrophin-deficient
myotubes, increasing cell viability [28]. However, the ef-
fect of APB administration on dystrophin-deficient animal
models is still unknown.

In this study, we evaluated for the first time in vivo the
effect of APB on the ultrastructure of dystrophin-deficient
skeletal muscles of mdx mice, as well as the main indica-
tors reflecting the severity of skeletal muscle pathology in
these animals, including mitochondrial dysfunction associ-
ated with Ca* overload. In addition, we assessed the effect
of APB on the ultrastructure and state of skeletal muscles
of healthy C57BL10 strain mice (wild type, WT). We found
that low dose APB (3 mg/kg/day) tended to improve some
parameters in mdx mice, but high dose (10 mg/kg/day) had
little effect on skeletal muscle health in mdx mice and ex-
hibited negative effects in wild-type animals, possibly due
to the known multiple targets of this agent in skeletal mus-
cle.

2. Materials and Methods

2.1 Experimental Animals

Male mice of the C57BL10 mice (wild type, WT)
and dystrophin-deficient C57BL/10ScSn-mdx (mdx mice)
were from the Russian Academy of Sciences’ Shemyakin
and Ovchinnikov Institute of Bioorganic Chemistry (Bio-
model, Pushchino, Russia). The following groups were
used in this experiment: (1) WT mice treated with vehi-
cle (WT, n = 10); (2) WT mice treated with 3 mg/kg APB
(WT+APB 3, n =7); (3) WT mice treated with 10 mg/kg
APB (WT+APB 10, n =9); (4) mdx mice treated with vehi-
cle (mdx, n = 10); (5) mdx mice treated with 3 mg/kg APB
(mdx+APB 3, n =7); (6) mdx mice treated with 10 mg/kg

APB (mdx+APB 10, n =9). Treatment of all mice began at
8 weeks of age. Fresh APB (Sigma-Aldrich, St. Louis, MO,
USA) solution in 5% DMSO in saline was administered in-
traperitoneally (150170 pL per animal) daily for 4 weeks.
Control WT and mdx mice received vehicle (5% DMSO in
saline). At the end of the treatment period, the mice were
sacrificed by cervical dislocation under anesthesia with zo-
letil (Valdepharm, Val-de-Reuil, France)/xylazine (Bioveta,
Ivanovice na Hane, Czech Republic) mixture. The blood
was collected in 1.5-mL Eppendorf tubes and left to coagu-
late at room temperature and centrifuged at 800 x g at 4 °C
for 10 min. The resulting serum was stored at —80 °C for
further analysis. Fresh samples of the quadriceps (vastus
lateralis) were taken for subsequent histological and elec-
tron microscopic analysis. Fresh samples of skeletal muscle
tissue (total quadriceps of both legs) were used for mito-
chondrial isolation.

2.2 Muscle Strength and Endurance Testing

The muscle strength of the animals evaluated using the
grip strength test (IITC Life Science, Woodland Hills, CA,
USA). Mice were familiarized with the test one week be-
fore sacrifice. Final testing was performed the day before
sacrifice. The results were presented as grams/animal body
weight. The average of three trials from each mouse was
used for analysis.

The endurance of mice was determined using a wire-
hanging test. Mice were familiarized with the test one week
before sacrifice. Final testing was performed the day be-
fore sacrifice (one hour after the grip strength test, in the
same sequence of animals). The testing was performed on a
setup consisting of a 3-mm thread string (38 cm long and 49
cm above the padded surface). The maximum wire-hanging
time was used to reflect endurance. Holding impulse (s x
g) = hanging time (s) x body weight (g) was used to correct
for the negative effects of body weight on the hanging time,
and reflected the minimal amount of sustained tension (im-
pulse) that a mouse developed for supporting itself on the
bar against gravity for a given time [29].

2.3 Creatine Kinase, Aspartate Aminotransferase (AST)
and Lactate Dehydrogenase (LDH) Assays

Creatine kinase, AST and LDH activities in mouse
serum were analyzed at 340 nm using commercially avail-
able kits (Vector-Best, Novosibirsk, Russia) and a Multi-
scan Go plate reader (Thermo Fisher Scientific, Waltham,
MA, USA).

2.4 Histological Analysis

Mouse quadriceps (vastus lateralis, five sam-
ples/group from random animals) were embedded in
paraffin after pre-treatment as described previously [30].
The blocks were then sectioned into 5 pm serial sections
using a Minux S710 rotary microtome (RWD, Shenzhen,
China). The resulting slides were stained with hematoxylin

&% IMR Press


https://www.imrpress.com

and eosin (H&E) to estimate the severity of histological
changes and with Sirius red to assess the level of fibrosis.
Images (muscle mid-belly region defined as shown earlier
[31]) were evaluated using the EVOS M5000 microscope
(Thermo Fisher Scientific, Waltham, MA, USA). Pic-
tures were taken in transmitted light channel and further
analyzed using ImageJ software version 1.53 (National
Institutes of Health, Bethesda, MD, USA). Degenerative
fibers (showing loss of striation/homogeneous appearance
of fiber content) and regenerative fibers (having basophilic
cytoplasm, large peripheral or central nuclei with promi-
nent nucleoli), as well as inflammatory foci per field
were scored in five high-power (40x) non-overlapping
fields in a blinded manner as described previously [32].
The same fields were observed to measure the minimal
Feret’s diameter using the XP-Pen graphic tablet (XP-PEN,
Shenzhen, China) and freehand selection tool of the Image
J software. The area of connective tissue (fibrosis) was
quantified using the XP-Pen graphic tablet (XP-PEN)
and frechand selection tool of the Image J software and
expressed as a percentage of the area of tissue stained with
Sirius red to the total area of the section. The average from
each mouse (at least 10 serial sections per animal) was
included in the analysis.

2.5 Transmission Electron Microscopy

Mouse quadriceps (vastus lateralis, three samples per
group from random animals, whose tissue was also col-
lected for histology) were processed as described previ-
ously [33]. Briefly, semi-thin sections were first ob-
tained to determine the mid-belly region and the trans-
verse orientation of the muscle (according to [31]) using
the EVOS M5000 microscope (Thermo Fisher Scientific).
Samples from the solid epon blocks were sectioned into
60—70 nm ultrathin sections using a Leica EM UC6 ul-
tramicrotome (Leica, Wetzlar, Germany) and then coun-
terstained with uranyl acetate and lead citrate. JEM-1400
(JEOL, Tokyo, Japan) electron microscope was used to im-
age the samples. The images were analyzed using ImageJ
1.53¢ (National Institutes of Health, Bethesda, MD, USA).
Morphometric analysis of mitochondria was performed by
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Fig. 1. The effect of 3 mg/kg or 10 mgkg 2-
aminoethoxydiphenyl borate (APB) on mouse muscle

strength and endurance. (A) Grip strength. (B) Wire-hanging
time. (C) The holding impulse. Data are expressed as mean +
SEM. WT, wild type.

manual contouring of cross sections of organelles along
their outer membrane and mitochondria-associated mem-
branes (mitochondria-associated membranes (MAM) con-
tacts) within 30 nm [34]. 150 cross-sectional profiles of
mitochondria (50 profiles/sample) were collected for each
group of mice. The average from each mouse was included
in the analysis.

Table 1. Comparison of histological parameters in quadriceps muscle.

Measurement WT WT+APB3 WT+APB 10 mdx mdx+APB 3 mdx+APB 10
Number of fibers/field ~ 57.73 £+ 6.93 72.20 +7.93 69.07 4 14.58 93.69 + 12.38  53.19 £ 8.99 81.17 £ 5.87
Central nuclei/field 0.584+0.17 090+021 082+0.14 69.43 4 12.27* 43.28 + 6.85*%%  67.22 + 4.63*
Peripheral nuclei/field 76.40 +9.64 92.81 £4.96 92.224+10.20 111.14 £16.27 56.91 +6.29%  103.05 £ 5.057
Number of fibers with 0.854+043 1.104+0.38 1.08+0.41 4931 +5.93* 23.10 £2.91* 40.48 +£2.977
centralized nuclei/field

Degenerating fibers/field 1.57 £0.52 151 £0.56 2.87 £0.67 4224 +£2.64* 12.75 4 1.23*% 2335 +£2.52 *#7
Regenerating fibers/field 1.17 +£0.59 0.73+£0.35 153+£0.35 944 4+3.33* 1044 4+ 1.78% 18.18 £ 1.92*%%Y
Inflammatory foci/field  0.13£0.09 0.124+£0.06 0.774+£020 2.74 £0.38* 0.93 £0.11*%% 143 £0.23**

Data were collected from 5 non-overlapping field from each sample and average of all samples within a group (mean + SEM,

n=5). * p < 0.05 versus WT group, * p < 0.05 versus mdx group, 7 p < 0.05 versus mdx+APB 3 group.
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2.6 Isolation of Skeletal Muscle Mitochondria and
Analysis

The quadriceps muscles of both legs (4-6 sam-
ples/group from random animals) were used to isolate mi-
tochondria by differential centrifugation [35]. The final
mitochondrial suspension contained approximately 20-30
mg mitochondrial protein/mL (determined by Bradford as-
say). Mitochondrial O2 consumption was monitored using
the Oxygraph Plus system (Hansatech Instruments, King’s
Lynn, UK). The respiratory buffer contained 120 mM KClI,
5 mM NaH5POy, 2.5 mM K-glutamate, 2.5 mM K-malate,
10 mM HEPES-KOH (pH 7.4). O consumption measure-
ments consisted of sequential addition of 200 uM ADP and
50 uM 2,4-dinitrophenol (DNP) to an oxygen chamber con-
taining 0.25 mg mitochondrial protein/mL in the incubation
medium. The Oz consumption rate was expressed as nmol
O4/min/mg mitochondrial protein. The respiratory control
ratio (RCR = state 3/state 4) was used as a quantitative in-
dicator of mitochondrial quality [36].

Lipid peroxidation in mitochondria was quantified
by the level of thiobarbituric acid-reactive substances
(TBARS, mainly malondialdehyde (MDA)) using a com-
mercially available kit (Agat-Med, Moscow, Russia).

Mitochondrial Ca?* transport was monitored using
the arsenazo III Ca%* probe (at 675 and 685 nm) and a Mul-
tiscan Go reader (Thermo Fisher Scientific, Waltham, MA,
USA) [33]. To quantify the free matrix calcium, 2 mg mi-
tochondrial protein/mL were resuspended in 210 mM man-
nitol, 70 mM sucrose, 2.5 mM K-glutamate, 2.5 mM K-
malate, 1| mM KH3PO,4, 10 uM EGTA, 10 mM HEPES-
KOH buffer (pH 7.4.) and supplemented with 50 uM arse-
nazo III. 0.1 mg/mL alamethicin (ALM) was added to in-
duce nonspecific permeability of mitochondrial membranes
and Ca?* release accompanied by a sharp increase in arse-
nazo III absorption [37].

Mitochondrial Ca?* retention capacity was estimated
using the same assay conditions, with the following excep-
tion: calcium chloride was added in pulses of 20 uM un-
til spontaneous release of the ion from the mitochondrial
matrix signaled the opening of the MPT pore. The maxi-
mum amount of Ca?* supplements absorbed was used to
calculate calcium retention capacity and normalized to the
amount of mitochondrial protein estimated by the Bradford
method (nmol Ca%*/mg protein).

All chemicals mentioned in this section were pur-
chased from Sigma Aldrich (Sigma-Aldrich, St. Louis,
MO, USA) unless otherwise stated.

2.7 Statistical Analysis

The data are presented as the mean = SEM. The statis-
tical significance of the differences between means was cal-
culated using one-way ANOVA followed by Tukey’s post-
hoc test for multiple comparisons using GraphPad Prism
8.0.1 (GraphPad Software Inc., San Diego, CA, USA). A
p value of <0.05 was considered statistically significant.

3. Results

3.1 Effect of APB Administration on the Somatic and
Biochemical Characteristics of Mice and Skeletal Muscle
Health

In this work we used two concentrations of APB: 3
and 10 mg/kg/day. These doses of APB showed positive
results in the treatment of Alzheimer’s [25] and Parkin-
son’s diseases [24,27], and improved cognitive function in
rats subjected to streptozotocin-induced diabetes [38]. mdx
mice demonstrate a mild phenotype of the disease, without
the fibro-fatty progression observed in DMD patients, but
associated with decreased muscle strength and endurance.
In particular, in our experiment, mdx mice exhibited re-
duced grip strength, wire hanging time, and holding im-
pulse compared to healthy WT animals (Fig. 1). This was
accompanied by a significant increase in the activity of cre-
atine kinase, AST and LDH enzymes in the blood serum
of dystrophin-deficient animals indicating the disruption of
muscle fiber membranes (Fig. 2). In addition, the quadri-
ceps of mdx mice showed significant increase in centrally
nucleated fibers, total central nuclei, degenerating and re-
generating fibers, and inflammation (Fig. 3A and Table 1).
We also noted a decrease in the mean minimal Feret’s di-
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Fig. 2. The effect of APB treatment on the level of enzymes
in the blood serum of mice. (A) Creatine kinase. (B) Aspartate
aminotransferase (AST). (C) Lactate dehydrogenase (LDH). Data
are expressed as mean == SEM.
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Fig. 3. The effect of APB treatment on histological changes in mouse quadriceps. (A) Representative images of hematoxylin and
eosin (H&E) stained cross-sections of mouse quadriceps muscles. Scale bar is 30 um. Black arrows indicate some centrally located
muscle fiber nuclei. (B) Mean minimal Feret’s diameter. (C) Fiber size distribution. Data are expressed as mean = SEM (n=5). * p <
0.05, ** p < 0.01, *** p < 0.001.
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Fig. 4. Representative images of Sirius red stained cross-sections of mouse quadriceps muscles. Scale bar is 75 um. Black arrows

indicate fibrotic regions. The diagram shows the percentage of fibrosis in the quadriceps. Data are expressed as mean + SEM (n = 5).

ameter of quadriceps muscle fibers in mdx mice compared
to WT mice due to an increase in the proportion of small
fibers (less than 30 um in diameter) (Fig. 3B,C) correspond-
ing to regenerating fibers. Activation of degeneration and
regeneration cycles was also accompanied by an increase
in the deposition of connective tissue in the quadriceps of
mdx mice, which corresponds to the development of fibro-
sis (Fig. 4).

APB at a concentration of 3 mg/kg significantly re-
duced the level of creatine kinase in the blood serum of
mdx mice (Fig. 2), which may reflect the preservation of
the integrity of the membranes of some muscle fibers. At
the same time, the level of other enzymes (AST and LDH)
did not change, although the level of LDH in APB-treated
mdx mice tended to decrease. Fig. 3 and Table 1 show that 3

mg/kg APB caused a decrease in centrally nucleated fibers,
total central and peripheral nuclei, degenerating fibers and
inflammation in the quadriceps of mdx mice. The mean
minimal Feret’s diameter of quadriceps muscle fibers in
APB-treated mdx mice did not change (Fig. 3B). However,
3 mg/kg APB caused a slight rightward shift in the distribu-
tion of myofiber sizes in the quadriceps of mdx mice due to
a significant decrease in the proportion of fibers less than 20
pm in diameter (Fig. 3C), which may indicate a mitigation
of the degeneration of dystrophin-deficient fibers. This ef-
fect of 3 mg/kg APB was also accompanied by a statistically
significant decrease in the level of fibrosis in the quadriceps
of mdx mice (Fig. 4). However, these events were not suffi-
cient to improve grip strength and hanging time of mdx mice
(Fig. 1). A high dose of APB (10 mg/kg) had no effect on
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the muscle strength of mdx mice (Fig. 1), serum enzyme
levels (Fig. 2) and fiber size (Fig. 3). At the same time,
histological measurements of H&E-stained quadriceps sec-
tions showed a reduction in degenerating fibers and inflam-
matory foci in the quadriceps of mdx mice, but the effect
was less pronounced than in the case of administration of 3
mg/kg APB. The effect of 10 mg/kg APB was also accom-
panied by a significant increase in the level of regenerating
fibers (Table 1) and a slight tendency to reduce fibrosis in
the quadriceps of mdx mice (Fig. 4). We noted some nega-
tive effects of 10 mg/kg APB on muscle health in WT mice.
In particular, this dose of APB caused a statistically signifi-
cant decrease in grip strength of WT mice and showed a ten-
dency to decrease wire-hanging time and holding impulse
of these animals (p = 0.4 vs. WT in both cases) (Fig. 1),
although we did not detect changes in serum enzyme levels
(Fig. 2) and significant morphological changes (Figs. 3,4,
Table 1). One should also note that both WT and mdx mice
treated with 10 mg/kg APB showed a tendency towards a
decrease in body weight in the last week of the experiment

(Fig. 5).

3.2 Effect of APB Administration on the Ultrastructure of
Skeletal Muscles

Skeletal muscles of mdx mice, as well as biopsies from
DMD patients, are known to show significant ultrastruc-
tural abnormalities. Fig. 6 and Supplementary Fig. 1 show
electron microscopic images of the quadriceps of the ex-
perimental groups of mice. The quadriceps of healthy WT
mice had normal architecture. The bands were clear and the
myofilaments were aligned with each other. The sarcoplas-
mic reticulum was represented mainly by small flattened
cisterns. Subsarcolemmal mitochondria, located on the pe-
riphery of the muscle fiber, formed large clusters and had a
spherical or elongated shape. We did not observe structural
disturbances in the cristae or damage to the outer and inner
mitochondrial membranes.

The WT+APB 3 and WT+APB 10 groups showed en-
larged spaces between myofibrils containing dilated and
swollen sarcoplasmic reticulum cisterns surrounding the
mitochondria. This was accompanied by a dose-dependent
increase in SR/mitochondrion contact area in the quadri-
ceps of WT mice (Fig. 7A). We also noted a decrease in
the number of subsarcolemmal mitochondria in the quadri-
ceps of WT+APB 10 mice (Fig. 7B). However, the size of
the mitochondria did not change (Fig. 7C).

The mdx, mdx+APB 3 and mdx+APB 10 groups
demonstrated similar destructive changes in the ultrastruc-
ture of the quadriceps, usually of a local nature and de-
tected in certain areas of the muscle fiber adjacent to the
unchanged areas. The sarcomeres had changes in orga-
nization. In particular, the Z-disk was often positioned
obliquely relative to the longitudinal axis of the fiber and
was sometimes interrupted. Myofilaments lost their pre-
cise orientation due to rupture of myofibrils. Myofibril di-
ameter is often thinned without disrupting sarcomere orga-
nization. Destructive changes were also found in the sar-
coplasm, sarcoplasmic reticulum and mitochondria. The
spaces of sarcoplasm between myofibrils were greatly ex-
panded. The sarcoplasm showed increased glycogen and
secondary lysosome content, as well as proliferation and
expansion of the SR cisternae surrounding the mitochon-
dria. Subsarcolemmal mitochondria in the quadriceps of
mdx mice formed numerous clusters. These areas contained
enlarged, swollen, and dilated sarcoplasmic reticulum cis-
terns that occupied most of the subsarcolemmal space. Mi-
tochondria were predominantly spherical in shape and their
diameter was approximately 1.6-fold smaller than that of
the WT group (Fig. 7C). Normal mitochondria alternated
with mitochondria with destroyed cristae and areas of sharp
matrix clearing. The outer membrane of some mitochondria
had cracks and ruptures.

Quadriceps muscle of mdx+APB 10 mice exhibited
few mitochondrial clusters under the sarcolemma. How-
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Fig. 5. The effect of APB treatment on body weight gain in experimental groups of mice. Data are expressed as mean & SEM.
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Fig. 6. Representative transmission electron micrographs of mouse quadriceps sections. Mitochondria of the subsarcolemmal

population are highlighted with red arrows. Scale bar is 1 pm. High magnification images of subsarcolemmal mitochondria are shown

in Supplementary Fig. 1.

ever, the mdx+APB 3 group did not differ from the WT and
mdx groups in the number of mitochondria (Fig. 7B). The
quadriceps of mdx mice treated with 10 mg/kg APB showed
the most pronounced destructive changes. The muscle mi-
tochondria in these animals were at different stages of de-
structive changes: from swelling, compaction of their in-
ternal space, deformation and fragmentation of the cristae
to ruptures of the outer membrane. The sarcoplasmic retic-
ulum was significantly hypertrophied and this was accom-
panied by an increase in the area of SR/mitochondrion con-
tacts. However, low concentration of APB (mdx+APB 3
group) did not aggravate muscle dystrophy. Moreover, 3

mg/kg APB promoted a decrease in the SR/mitochondrion
contact area (Fig. 7A), a phenomenon previously consid-
ered as evidence of improvement in both mitochondrial and
cellular calcium homeostasis [30].

3.3 Effects of APB Administration on the Functioning of
Skeletal Muscle Mitochondria

Ultrastructural abnormalities in dystrophin-deficient
muscles are known to be accompanied by the development
of mitochondrial dysfunction. This is expressed in the sup-
pression of oxidative phosphorylation, an increase in ROS
production and a decrease in the resistance of mitochon-
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of mitochondria per plate. (C) Mitochondrial perimeter. Data are

expressed as mean + SEM (n = 3).

dria to MPT pore opening. All these events contribute to
the development of skeletal muscle pathology, including in
mdx mice [3]. It has previously been shown that reducing
Ca?* overload in dystrophin-deficient muscles is also ac-
companied by improved mitochondrial health [39]. In this
work we compared the functional state of skeletal muscle
mitochondria isolated from APB treated mice and control
animals.

Fig. 8 shows typical polarographic curves demonstrat-
ing oxygen consumption by mitochondria isolated from
mouse quadriceps. Data reflecting the efficiency of respira-
tion and oxidative phosphorylation in quadriceps mitochon-

dria are summarized in Table 2. Mitochondria isolated from
the quadriceps of mdx mice exhibited a reduction in state 3
respiration rate (ADP-stimulated) as well as maximal res-
piration rate in the presence of the protonophore uncoupler
2,4-DNP (3Upnp state) compared to WT animals. These
changes were also accompanied by a decrease in the res-
piratory control ratio (RCR), indicating mitochondrial cou-
pling of respiration to phosphorylation and organelle qual-
ity. APB at both tested concentrations had no effect on the
studied parameters of mitochondrial respiration in both WT
and mdx mice.

One of the triggers for the destruction of skeletal mus-
cles in DMD is oxidative stress, which is expressed, among
other things, in the development of lipid peroxidation in
the mitochondria [3]. Indeed, mitochondria from mdx mice
exhibited increased levels of lipid peroxidation products
(mainly malondialdehyde) (Fig. 9). APB at both doses had
no effect on this parameter.

DMD is associated with mitochondrial calcium over-
load and decreased organelle resistance to calcium-
dependent MPT pore opening [3,4]. Indeed, addition of the
known pore-forming agent alamethicin to isolated quadri-
ceps mitochondria from mdx mice resulted in increased
absorption of the Ca?*-sensitive dye arsenazo III, indi-
cating the release of Ca?* from the mitochondrial matrix
(Fig. 10A,B). No Ca?* release was observed in quadriceps
mitochondria from WT mice. This result indicates a state of
chronic Ca?* overload in the skeletal muscle mitochondria
of mdx mice. As aresult, the quadriceps mitochondria from
mdx mice also absorbed smaller amounts of external Ca?*
(Fig. 10C). The mdx+APB 3 group showed a tendency (p
= 0.4 vs. mdx group) to decrease the amount of Ca?* re-
leased from the mitochondrial matrix, which was also ac-
companied by a tendency (p = 0.2 vs. mdx group) to in-
crease the calcium retention capacity (CRC), reflecting the
ability of skeletal muscle mitochondria of these animals to
absorb external Ca?*. At the same time, 10 mg/kg APB, on
the contrary, tended to increase (p = 0.3 vs. mdx group) the
Ca?* overload of quadriceps mitochondria in mdx mice, ac-
companied by a tendency (p = 0.3 vs. mdx group) to a corre-
sponding reduction in CRC. One should note that mitochon-
dria from mdx mice treated with 3 mg/kg APB exhibited sta-

Table 2. Respiration of isolated mouse quadriceps mitochondria from control mice and APB-treated animals.

. State 2 State 3 State 4 State 3Upnp RCR
Animals
nmol Oz/min per 1 mg of protein relative units

WT (n=06) 341+1.6 2067+41 371421 2798+62 57+£02
WT+APB 3 (n=4) 340+12 1869+79 372405 280.8+£15.7 50+£02
WT+APB10(n=4) 36.6+£0.6 1892+84 37609 246.8+10.8 50+03
mdx (n = 6) 338+1.6 181.1£51* 373+£1.7 2198+7.1% 49 £0.1*
mdx+APB 3 (n=15) 295+13 160.1 £6.5% 324+28 213.9+9.5% 51+£0.5
mdx+APB 10 (n=6) 353+23 173.6+7.1* 373+17 2114+ 13* 4.7+ 0.2%

The data are presented as means += SEM. * p < 0.05 versus WT group. Data are expressed as mean
+ SEM. RCR, respiratory control ratio.
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Fig. 9. The effect of APB treatment on lipid peroxidation in mi-
tochondria. Data are expressed as mean £ SEM. TBARS, thio-
barbituric acid-reactive substances.

tistically lower calcium overload and, accordingly, higher
CRC, compared to mitochondria from mdx mice treated
with 10 mg/kg APB. In WT mice, APB dose-dependently
reduced the CRC of quadriceps mitochondria (Fig. 10C).
Moreover, we noted a tendency (p = 0.6 vs. WT group)
to increase calcium overload of quadriceps mitochondria in
mice of the WT+APB 10 group.

4. Discussion

Dysregulation of Ca?* channels in the sarcolemma
and intracellular organelles is one of the important sec-
ondary consequences of DMD and loss of the dystrophin

10

protein in striated muscles. This event promotes Ca?*
overload of muscle fibers, leading to increased activity of
Ca?*-dependent proteases and massive proteolysis of cel-
lular proteins, overproduction of ROS and oxidative stress,
chronic inflammation, necrosis, inhibition of regenerative
capacity and fibrosis [3-5].

In this study, we assessed the effect of intraperitoneal
administration of the Ca?* channel modulator APB on the
severity of muscle pathology in mdx mice. APB has pre-
viously been shown to increase the survival of cultured
dystrophin-deficient myotubes by eliminating excess cyto-
plasmic Ca?* overload [28]. The obtained data indicate
that APB at a dose of 3 mg/kg body weight also slightly
alleviated the muscle pathology in mdx mice. This effect
was expressed in an improvement in the ultrastructure of the
quadriceps muscle (Figs. 6,7) and a decrease in the level of
creatine kinase in the blood serum of mdx mice (Fig. 2A). 3
mg/kg APB also reduced the number of degenerating fibers
and inflammation in the quadriceps of mdx mice (Table 1)
and this was accompanied by a trend towards an increase
in fiber size (Fig. 3) and a statistically significant reduc-
tion in fibrosis (Fig. 4). All of this may indicate increased
preservation of functional muscle fibers and improved mus-
cle health in mdx mice. One could assume that the effect of
APB may also be due to some normalization of Ca%* lev-
els in the sarcoplasm of dystrophin-deficient muscles. One
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Fig. 10. Effect of APB on mitochondrial Ca>" homeostasis. (A) Mitochondrial Ca®" load assay. 0.1 mg/mL alamethicin (ALM)
was added to induce maximal Ca®" release from the mitochondrial matrix. Data are expressed as mean £ SEM (n = 3). (B) Maximal
arsenazo absorbance (Ag75—Agss) induced by ALM addition to isolated quadriceps mitochondria. Data are summarized from (A) and
expressed as mean = SEM (n = 3). (C) Calcium retention capacity (CRC) of isolated quadriceps mitochondria assessed by the addition
of external Ca®* pulses (per 20 uM). Data are expressed as mean + SEM.

of the markers of Ca?t overload of muscles in DMD is APB indicated further worsening of muscle ultrastructure

excessive accumulation of Ca®t in mitochondria [30,40], (Figs. 6,7). We also found a trend toward further Ca®* over-
since under physiological conditions these organelles act  load of quadriceps mitochondria in mdx mice treated with
only as auxiliary calcium depots, while the main calcium- 10 mg/kg APB and a decrease in their ability to accumu-

storing function is assigned to the SR [41,42]. We found late external Ca?* supplements (Fig. 10). All these events
that quadriceps mitochondria of mdx mice treated with 3 may indicate an exacerbation of Ca?" overload in muscle
mg/kg APB tended to decrease Ca?t overload (Fig. 10). fibers of mdx mice. One should note that the aggravation of
Furthermore, electron microscopy data show that 3 mg/kg ~ mitochondrial Ca?* homeostasis in mdx+APB 10 mice was
APB promoted a decrease in the area of SR/mitochondrion  particularly evident when compared with the mdx+APB 3
contact interactions (Fig. 7A), which may also reflect im- group (Fig. 10).

proved Ca?*t homeostasis in dystrophin-deficient muscle
fibers of mdx mice. We have previously observed a similar
effect from additional allogeneic mitochondria injected into
the skeletal muscles of mdx mice, which can act as scav-
engers of excess Ca?* in pathological tissue [30]. How-
ever, the effect of 3 mg/kg APB was insufficient to signif-
icantly improve quadriceps mitochondrial function in mdx
mice. In particular, we did not detect any improvement in
either the efficiency of oxidative phosphorylation (Table 2)
or the intensity of oxidative stress in mdx mice treated with
3 mg/kg APB (Fig. 9). Moreover, this dose of APB failed
to improve the impaired muscle strength and endurance of
mdx mice (Fig. 1).

The results obtained indicate that low doses of APB
can slow the progression of DMD. However, the effect of
APB is not significant even in mdx mice exhibiting a rel-
atively mild disease phenotype. The reason for this lim-
ited effect of APB may be its well-known multitargeting
behavior. Indeed, on the one hand, low concentrations of
APB have previously been shown to exert a cytoprotective
effect on cultured dystrophin-deficient myotubes by reduc-
ing their cytoplasmic calcium overload, apparently due to
the inhibition of the overactivated IP3R pathway of Ca%*
release from the SR of dystrophin-deficient muscles and
the improvement of the calcium-buffering capacity of the
SR [28]. Importantly, recent data have demonstrated that
High dose of APB (10 mg/kg) also had no effect on  a similar effect can be achieved with the specific pharma-

muscle strength in mdx mice (Fig. 1) and showed a less pro- cological IP3R inhibitor xestospongin C, which improved
nounced positive effect on histological parameters in these  the state of dystrophin-deficient cells by normalizing mito-
animals, expressed as a decrease in the level of degenerat- chondrial Ca?* homeostasis and membrane potential [39].
ing fibers and inflammatory foci in the quadriceps (Table 1), On the other hand, a series of studies by Iwata and col-
but without a statistically significant decrease in the level leagues [43,44] showed that high concentrations of APB,
of fibrosis (Fig. 4). Moreover, electron microscopic im- on the contrary, promote excessive Ca?* influx from the

ages of the quadriceps of mdx mice treated with 10 mg/kg extracellular space into dystrophin-deficient muscle fibers
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through APB-sensitive TRPV2 channels overexpressed in
the sarcolemma of mdx mice and other model systems, as
well as patient biopsies. This may contribute to a further in-
crease in Ca’T levels in dystrophin-deficient muscles and
aggravation of the pathology. One should also keep in
mind the numerous other targets of APB, including SERCA
[7-9], SOCE channels [10-12], TRPC1/3/4/6/7 [13-16],
and even mitochondrial electron transport chain complexes
[19]. Perhaps this is why the complex multicellular or-
ganism of mdx mice, demonstrating differential expression
of APB-sensitive proteins, also showed an ambiguous re-
sponse to APB administration. It is important to note that
APB had no effect on elevated serum AST levels in mdx
mice, which is both a marker of heart muscle injury typical
of DMD [45] and liver damage described in a number of
cases [46]. This may indicate a limited effect of APB only
on the skeletal muscles of mdx mice. However, this phe-
nomenon requires further study of the effects of APB on
other tissues, including non-muscle tissues and other skele-
tal muscle groups, such as the diaphragm, which is most
susceptible to destructive changes in mdx mice [47].

One could also assume that multitargeting feature of
APB also caused the dysregulation of Ca?* homeostasis in
the quadriceps of WT mice. This assumption may be in-
directly supported by the decreased Ca®* -buffering capac-
ity of quadriceps mitochondria from WT mice treated with
10 mg/kg APB, as well as significant disruption of the ul-
trastructure of mitochondria, SR, their contact interactions,
and skeletal muscles as a whole. All these events were ac-
companied by a reduction in muscle function in these ani-
mals.

5. Conclusions

The calcium channel modulator APB has previously
been shown to improve the survival of cultured dystrophin-
deficient myotubes [28]. Our results demonstrate that
intraperitoneally administered APB also has the ability
to ameliorate the disease phenotype in the dystrophin-
deficient mdx mouse model. However, the effect of APB
is quite limited, possibly due to its known multitargeting
behavior. This problem may be addressed by the com-
bined use of APB and other Ca?* transport modulators,
such as ryanodine receptor inhibitors, which may result in
the suppression of both IP3R- and RyR-mediated Ca?™ re-
lease from the sarcoplasmic reticulum into the cytoplasm
and prevent its Ca%* overload. It is also possible to design
more selective APB analogues that can effectively prevent
or at least reduce Ca?* overload of muscle fibers.
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APB, 2-aminoethoxydiphenyl borate; AST, aspartate
aminotransferase; DMD, Duchenne muscular dystrophy;
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SR, sarcoplasmic reticulum; WT, wild type.
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