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Abstract: Objectives: Duchenne muscular dystrophy (DMD) is characterized by the development of cardiac pathology

secondarily expressed in mitochondrial dysfunction. DMD treatment includes support for mitochondrial function. The

purpose of this work was to evaluate the effects of the lipophilic cation MKT-077, capable of modulating mitochondrial

activity, on the structure and function of cardiac mitochondria in mdx and wild-type mice, as well as the state of this

organ. Methods: Animals were divided into 4 groups: wild type (WT), WT + 5 mg/kg MKT-077, mdx, mdx +

5 mg/kg MKT-077. MKT-077 was administered intraperitoneally daily for 28 days. Finally, we assessed the

parameters of the functioning of the cardiac mitochondria of mice, the expression of genes encoding proteins

involved in mitochondrial communication, as well as the histology and ultrastructure of the myocardium and heart

rate. Results: MKT-077 was shown to reverse mitochondrial hyperfunctionalization in mdx mice, reducing respiratory

parameters to WT levels. MKT-077 also inhibited mitochondrial respiration in the hearts of WT mice. MKT-077

administration was accompanied by a tendency to normalize calcium retention capacity in the cardiac mitochondria

of mdx mice. Myocardial ultrastructure and gene signature of mdx + MKT077 animals demonstrated increased

mitophagy. We noted changes in the sarcoplasmic reticulum (SR)/mitochondria contacts, accompanied by differential

changes in the level of genes encoding proteins involved in the communication of these organelles. This effect of

MKT-077 was accompanied by normalization of the relative heart weight of mdx mice, a decrease in the level of

fibrosis, and a tendency toward normalization of heart rate. Conclusion: MKT-077-induced reversal of cardiac

mitochondrial hyperfunctionalization inmdxmice may promote a healthy-like state of the myocardium in these animals.

Introduction

Duchenne muscular dystrophy (DMD) is an inherited
disorder caused by the loss of the dystrophin protein in
striated muscles [1]. DMD is caused secondarily by
dysfunction of the cell’s bioenergetic apparatus including
mitochondria, which produce metabolic energy in the form
of ATP, regulate ionic homeostasis, and perform a variety of
other functions [2,3]. Mitochondrial dysfunction in skeletal
muscle fibers is expressed in the early stages of DMD in the
suppression of oxidative phosphorylation (OXPHOS),
dysregulation of calcium homeostasis, and disruption of the
ultrastructure of organelles [2,3]. Cardiac mitochondria also

show similar pathological changes [4,5]. However, they are
more typical for the late stages of the pathology, while the
early DMD stages are characterized by signs of adaptation
of cardiac mitochondria. In particular, mitochondria from
cardiomyocytes of dystrophin-deficient mdx mice
demonstrate an increase in the OXPHOS efficiency,
improved calcium recycling, and an increase in the
resistance of organelles to the pathological phenomenon of
the mitochondrial permeability transition (MPT) pore [2,6].
All these changes are also accompanied by restructuring in
protein systems that regulate the calcium transport in
mitochondria [2]. It can be assumed that these phenomena
in the early stages of pathology are capable of compensating
for the dysfunction of the sarcoplasmic reticulum (SR)
characteristic of DMD [7], as well as masking metabolic
dysfunction, which has been suggested in several studies
[8,9]. However, along with this, cardiac mitochondria of
mdx mice exhibit changes in ultrastructure, as well as an
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increase in reactive oxygen species (ROS) production, leading
to oxidative stress conditions [2,6]. Moreover, skeletal muscles
of mdx mice show suppression of mitochondrial K+

homeostasis, which is due to the dysfunction of
mitochondrial potassium channels, contributing to ROS
overproduction and stress conditions [10]. All these events
contribute to the development of fibrosis, cardiac
hypertrophy, and electrophysiological disorders [6,10].

Improved mitochondrial function results in the
amelioration of dystrophin-deficient pathology in both
skeletal muscles and the heart, as demonstrated in mdx
mice. This can be achieved using modulators of
mitochondrial membrane channels and MPT pore [6,10–
12], mitochondrial biogenesis [13] mitophagy [14], and
antioxidants [15,16].

We recently showed that one of the pathways that
contributes to the amelioration of mitochondrial
dysfunction in skeletal muscles of mdx mice is the
modulation of mitochondrial calcium levels by
administration of the rhodacyanine dye MKT-077 [17].
MKT-077 is thought to act by inhibiting the activity of
glucose-regulated protein 75 (GRP75, also known as HSP70
or mortalin) which mediates calcium transport into the
mitochondria and, according to recent data, is involved in
the pathogenesis of DMD [18,19]. In addition, we have
identified an inhibitory effect of MKT-077 on mitochondrial
OXPHOS, which could be attributed to the agent’s known
ability to accumulate in mitochondria and impair function
[20–22]. Nevertheless, in our experiment, this approach
improved skeletal muscle structure and function in model
mdx mice [17]. However, nothing is known about the effect
of MKT-077 on cardiac pathology in mdx mice, which
would make it possible to assess the complex therapeutic
potential of this agent. Therefore, the aim of this work is to
study the effect of MKT-077 administration on the
functioning of cardiac mitochondria in mdx mice, their
ultrastructure, and the state of the heart of these animals.
Similar experiments were conducted on wild-type control
mice to assess possible side effects of MKT-077.

Materials and Methods

Animals
Male dystrophin-deficient C57BL/10ScSn-mdx mice (mdx)
and wild-type C57BL10 mice (WT) were obtained from the
Russian Academy of Sciences Shemyakin and Ovchinnikov
Institute of Bioorganic Chemistry («Bio-model», Pushchino,
Russia). Animals were housed under a controlled
temperature (22 ± 1°C) with a 12:12 h light-dark cycle (light
on 07.00–19.00 h local time). Water and food were available
ad libitum. The study with mice was in line with the
European Convention for the Protection of Vertebrates used
for experimental and other purposes (Strasbourg, 1986). All
mouse experimentation was approved by the Mari State
University Ethics Committee (protocol No. 01/2023 of
30.11.2023). The mice (WT = 22.7 ± 0.4 g and mdx = 23.7 ±
0.4 g) were randomly divided into the following groups: (1)
vehicle-treated WT mice (n = 10); (2) MKT-077-treated WT
mice (WT + MKT077, n = 8); (3) vehicle-treated mdx mice
(n = 10); (4) MKT-077-treated mdx mice (mdx + MKT077,

n = 10). The treatment of animals began at 8 weeks of age.
Fig. 1 shows the experimental design. MKT-077 (1-Ethyl-2-
[[3-ethyl-5-(3-methyl-2(3H)-benzothiazolylidene)-4-oxo-2-
thiazolidinylidene]methyl]-pyridinium chloride, also known as
FJ-776, Fig. 2) was from Chem Scene (CS-0003758,
Monmouth Junction, South Brunswick Township, NJ, USA).
A solution of MKT-077 in sterile saline (or sterile saline
alone in the case of control animals) was administered daily
for 4 weeks at a dose of 5 mg/kg body weight, which
corresponded to 150–200 μL of solution.

Electrocardiography (ECG)
Combined anesthesia was used to immobilize mice [23]. The
animal was kept at rest until it lost the righting reflex. ECG
recording was performed in standard lead II for 10 min
using a pulse monitor based on an ECG sensor (BiTronics
LAB, Moscow, Russia). ECG recording was initiated after
confirmation of the depth of surgical anesthesia by a
negative tail pinch reflex test [24].

Transmission electron microscopy
Left ventricular pieces (three samples per group from
different mice) were taken for electron microscopic
examination and processed as described in detail previously
[6,10]. 60–70 nm thick ultrathin sections were prepared by
use of a Leica EM UC6 ultramicrotome (Leica, Wetzlar,
Germany). Samples stained with uranyl acetate and lead
citrate were examined using a JEM-1400 electron microscope
(JEOL, Tokyo, Japan). The obtained images were analyzed
using ImageJ 1.53c (Wayne Rasband, National Institutes of
Health, Bethesda, Rockville, MD, USA). Morphometric

FIGURE 1. The experimental protocol for the study on WT andmdx
mice (with signs of cardiomyopathy). IP: intraperitoneal; ECG:
electrocardiography; TEM: transmission electron microscopy.

FIGURE 2. Structure of MKT-077.
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analysis of mitochondria-associated membranes (MAM
contacts) consisted of manual contouring of mitochondria
along their outer membrane (cross-sections) and SR
membranes in contact with mitochondria within 30 nm [25].
The results are presented as total MAM contact length/
mitochondrial perimeter (in %). For morphometry, 25 images
per animal were analyzed. The average values obtained from
each animal were used for statistical analysis.

Histological analysis
Heart tissue samples (four samples per group from different
mice) were taken for histological analysis and processed as
described in detail previously [6]. 5 μm thick sections (at
least 15 samples per heart) were prepared using a Minux
S710 rotary microtome (RWD, Shenzhen, China). The
preparations were stained with Sirius red (GC307014,
Servicebio, Wuhan, China) to assess the level of fibrosis.
EVOS M5000 imaging system (Thermo Fisher Scientific,
Waltham, MA, USA) and ImageJ version 1.53 (National
Institutes of Health, Bethesda, MD, USA) were used for
visualization and analysis of the preparations. The
connective tissue area (fibrosis) was expressed as a
percentage of the Sirius red-stained area to the total
myocardial area.

Quantitative real-time PCR (qRT-PCR)
Deep frozen heart samples (about 100 mg, six samples per
group from different mice) were used to obtain total RNA.
RNA was extracted using the ExtractRNA kit (#BC032,
Evrogen, Moscow, Russia). The qPCRmix-HS SYBR mixture
(PK147L, Eurogen, Moscow, Russia) and the DTLite5
amplifier (DNA-Technology LLC, Moscow, Russia) were
used for qRT-PCR. Gene-specific primer selection and
analysis were performed using Primer-BLAST [26].
Assessment of gene expression levels (normalized to the
Rplp2 mRNA level), was carried out using comparative CT

method [27]. The following primers were utilized: Hspa9
forward, 5′-GACAAGGATGCCCAAGGTTC-3′; Hspa9
reverse, 5′-GTAAAGACGCCTCCCAGAGT-3′; Itpr1
forward, 5′-GCAACTGCTGGAGGAGAATG-3′; Itpr1
reverse, 5′-GTTCAAGCTCCTGCTCTGTG-3′; Itpr2 forward,
5′-CAGTCGATTTGGACAGCCAG-3′; Itpr2 reverse, 5′-GG
CCACGACATCCTGTAACT-3′; Itpr3 forward, 5′-CCCT
CCAAAGATGAGTCGCT-3′; Itpr3 reverse, 5′-CAG
ACCACAGATGAAGCACG-3′; Parkin forward, 5′-AG
CCAGAGGTCCAGCAGTTA-3′; Parkin reverse, 5′-GAGGG
TTGCTTGTTTGCAGG-3′; Pink1 forward, 5′-TTGCCCCA
CACCCTAACATC-3′; Pink1 reverse, 5′-GCAGGGTACA
GGGGTAGTTCT-3′; Vdac1 forward, 5′-CTCGCCGAACA
CTGGGAAA-3′; Vdac1 reverse, 5′-CCCAGCGATGT
CAAAGTCCA-3′; Rplp2 forward, 5′-CGGCTCAACAAGGT
CATCAGTGA-3′; Rplp2 reverse, 5′-AGCAGAAACAGCCA
CAGCCCCAC-3′.

Isolation of cardiac mitochondria and functional assessment of
organelles
Mitochondria were isolated from the total mouse heart using
differential centrifugation [10]. The Bradford assay revealed
on average 15–20 mg mitochondrial protein/mL in the

resulting suspension. Mitochondrial O2 consumption was
recorded using an Oxygraph Plus system (Hansatech
Instruments, King’s Lynn, UK) in a buffer consisting of
120 mM KCl, 2.5 mM K-malate + 2.5 mM K-glutamate as
substrates, 5 mM NaH2PO4 and 10 mM HEPES-KOH (pH
7.4). Each experiment consisted of a sequential addition
of 0.1 mg mitochondrial protein/mL, 100 μM ADP, and
50 μM 2,4-dinitrophenol (2,4-DNP). Mitochondrial O2

consumption was expressed as nmol O2/min/mg protein.
The respiratory control ratio (RCR = State 3/State 4) was
used as a quantitative indicator of mitochondrial quality. The
ability of mitochondria to absorb and retain Ca2+ was
assessed using the arsenazo III indicator and a Multiscan Go
spectrometer (Thermo Fisher Scientific) in a buffer consisting
of 210 mM mannitol, 70 mM sucrose, 10 μM EGTA, 50 μM
arsenazo III, 1 mM KH2PO4, 2.5 mM K-malate + 2.5 mM K-
glutamate as substrates and 10 mM HEPES-KOH (pH 7.4)
[10]. Each experiment consisted of a sequential addition of 5
μM calcium chloride (Са2+) pulses to buffer supplemented
with mitochondria (0.25 mg protein/mL). Са2+ was added
until spontaneous release from the mitochondria, reflecting
MPT pore induction.

Statistical analysis
Statistical analyses were performed in GraphPad Prism 8.0.1
(GraphPad Software Inc., San Diego, CA, USA). Tests for
significance among groups were performed using a 1-way
analysis of variance with post hoc Tukey correction.
Significance was set at p < 0.05.

Results

Effect of MKT-077 on mitochondrial function and
ultrastructure
MKT-077 is known to have direct or indirect (via GRP75
modulation) effects on mitochondrial function [20,28,29]. In
this work we assessed the effects of daily intraperitoneal
administration of 5 mg/kg MKT-077 for 4 weeks on cardiac
mitochondrial function in mdx mice and healthy WT
animals (Fig. 1). We have previously shown that cardiac
mitochondria from mdx mice up to 12 weeks of age are
characterized by an increase in the OXPHOS intensity
[6,10]. Indeed, Table 1 shows that cardiac mitochondria of
mdx mice exhibit an increase in State 3 respiration rate
(phosphorylating state), as well as in the State 3UDNP (with
2,4-DNP uncoupler), which allows one to estimate the
maximum rate of electron transport along the mitochondrial
electron transport chain. These events are also accompanied
by a tendency to increase the RCR, reflecting OXPHOS
coupling efficiency and the quality of organelles. MKT-077
significantly reduces the mitochondrial respiration rates in
mdx mice in all functional states. Moreover, MKT-077-
treated WT animals show a similar pattern. All this
indicates that MKT-077 suppresses oxygen consumption by
cardiac mitochondria. At the same time, it can be seen that
despite the decrease in the rate of ADP-stimulated
respiration in MKT-077-treated animals, the RCR does not
change significantly, which is due to the corresponding
reduction in State 4 respiration rate.
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It is known that MKT-077 is able to modulate
mitochondrial calcium homeostasis [28]. This has been
demonstrated by our group in the skeletal muscle
mitochondria of mdx mice and may be due to MKT-077-
induced blockade of GRP75 activity [17]. Therefore, in the
next part, we assessed the effect of the administration of this
agent on the ability of the cardiac mitochondria of
experimental animals to transport and accumulate Ca2+ in
the matrix. Fig. 3 shows that mdx mitochondria can
accumulate a greater amount of externally added Ca2+

compared to WT mitochondria, which is accompanied by a
1.5-fold increase in Ca2+ retention capacity (CRC)
compared to WT mitochondria. This agrees with previous
data [6,10] and indicates an increase in mdx cardiac
mitochondria resistance to MPT pore opening, whose
induction is involved in cell death [30]. MKT-077 does not
affect the CRC of WT cardiac mitochondria, but in the case
of MKT-077-treated mdx mice, we found a tendency toward
a decrease in the ability to accumulate and retain Ca2+ in
the matrix, which is also expressed in a tendency toward a
decrease in the CRC parameter to the level of WT mice.

We also assessed the effect of MKT-077 administration
on the ultrastructure of cardiomyocytes, with a particular
focus on the mitochondrial apparatus. Fig. 4 shows typical
electron micrographs of cardiomyocytes from experimental

animals. In the WT group, the contractile apparatus of
cardiomyocytes is represented by parallel-oriented bundles
of myofibrils. All components are clearly visible in the
structure of sarcomeres. Myofibrils are usually located along
the long axis of the cell. Mitochondria, located in regular
rows along the myofibrils, have a round or ellipsoid shape
in cross-section. The bulk of mitochondria have a clearly
defined outer membrane and numerous parallel-oriented
cristae. In certain areas of the cardiomyocyte, mitochondria
are in a state of moderate swelling, their matrix becomes
clearer and slightly increases in volume. Numerous lipid
inclusions are found in the sarcoplasm of cardiomyocytes.
The SR forms flattened cisterns. The WT + MKT077 group
exhibits features in the morphological organization of
cardiomyocytes that distinguish them from the control WT
group. Myofibril bundles generally retain a parallel
orientation and transverse striation. The cisterns of the SR
expand and are filled with an electron-transparent
substance. Small lipid inclusions are few in number.
Mitochondrial changes are polymorphic. Some of them
contain an unevenly contrasted matrix, others are electron-
dense with numerous cristae. Mitochondria with numerous
electron-dense granules with a diameter of 20–50 nm are
found in some areas of cardiomyocytes. Altered
mitochondria, with focal lysis of cristae, are quite frequently

TABLE 1

Oxygen consumption rates and RCR of mouse cardiac mitochondria

Group O2 consumption rates, nmol O2/min per 1 mg of protein RCR

State 2 State 3 State 4 State 3UDNP

WT (n = 6) 29.7 ± 1.9 44.6 ± 0.5 34.9 ± 2.5 41.1 ± 0.9 1.3 ± 0.1

WT + MKT077 (n = 4) 24.5 ± 2.4 36.2 ± 2.1* 24.2 ± 2.4* 32.0 ± 1.4* 1.5 ± 0.1

mdx (n = 6) 41.8 ± 4.0 64.6 ± 6.2* 41.0 ± 2.9 55.9 ± 5.5* 1.6 ± 0.1

mdx + MKT077 (n = 4) 26.8 ± 3.4# 39.7 ± 3.7# 25.8 ± 2.4# 34.8 ± 3.6# 1.5 ± 0.1
Note: Mitochondrial respiration in State 3 induced by 100 μM ADP. The 3UDNP state is initiated by 50 μM DNP. Mean values ± standard error of the mean
(SEM) are shown. *p < 0.05 vs. WT group, #p < 0.05 vs. mdx group.

FIGURE 3. Effect of MKT-077 on mitochondrial calcium homeostasis. (А) Changes in [Ca2+] in the medium upon the pulse addition of 5 μM
Ca2+ to cardiac mitochondria. (B) CRC of the cardiac mitochondria. Mean values ± SEM are shown (n = 4). NS is not significant.
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detected in the WT + MKT077 group. The perimeter of
mitochondria in the heart of WT + MKT077 mice does not
change, but their number is increased (Fig. 5).

Electron microscopic analysis revealed similar
destructive changes in the mdx and mdx + MKT077 groups.
They are usually local in nature and occur in individual
areas of the cardiomyocyte, adjacent to unchanged areas
(Fig. 4). The arrangement of myofibrils and mitochondria is
less ordered. Myofibrils have a looser structure.
Mitochondria are not arranged correctly along the
myofibrils but are redistributed into clusters of varying sizes.
The number of these organelles in the heart of mdx mice is
increased compared to the WT group, with MKT-077
administration leading to a further significant increase in
their number (Fig. 5B). The mitochondrial perimeter in the
heart of mdx mice is reduced and MKT-077 has no effect

on this parameter (Fig. 5A). There is a significant expansion
of sarcoplasm between the myofibrils. The sarcoplasm
shows proliferation and dilation of the SR cisterns and an
increase in glycogen content. Mitochondria are at different
stages of destructive changes from swelling, compaction of
their internal space, deformation, and fragmentation of
cristae to ruptures of the outer mitochondrial membrane.
There are specific morphological features that distinguish
the mdx + MKT077 mice from the mdx group.
Micromitophagosomes containing fragments of cristae
surrounded by multilayer membranes and at different stages
of formation are observed inside and in close proximity to
mitochondria. This may indicate increased mitophagy in the
hearts of mdx mice treated with MKT-077. A similar
pattern was previously observed in skeletal muscle
mitochondria from MKT-077-treated mice and was

FIGURE 4. Images of mouse cardiomyocytes obtained by electron microscopy. The same mitochondria at low (left side) and high (right side)
magnification are marked with an asterisk. Red circles in the lower right panel indicate micromitophagosomes.
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accompanied by an increase in the Pink1 expression [17],
which may indirectly reflect increased mitophagy in the
skeletal muscles, and this phenomenon was most
pronounced in WT mice. The same picture is observed in
the heart. In particular, we note an increase in the Pink1
mRNA level, which is statistically significant in WT mice,
whereas the mdx + MKT077 animals show only a tendency
to increase in the Pink1 expression (Fig. 6A). It is
interesting to note that the level of Parkin, encoding the E3
ubiquitin ligase recruited by Pink1 in the first steps of
mitophagy, on the contrary, significantly decreases in both
groups of animals (Fig. 6B). It should be noted here that
multiple cellular systems are involved in the initiation and
development of mitophagy [31], as well as autophagy in
general [32], and they are significantly altered in DMD
conditions [14], so further studies are required to deeply
understand the effect of MKT-077 on this process in healthy
and dystrophin-deficient cells.

Effect of MKT-077 on the area of MAM contacts and the
expression level of genes encoding proteins associated with
their formation
Regulation of the functional activity of mitochondria is
ensured by the transport of calcium from the SR to the
mitochondria through mitochondria-associated membranes
(or MAM contacts) [33]. The main proteins that form
MAM contacts are the voltage-dependent anion channel

(VDAC) of the outer mitochondrial membrane, the
inositol-1,4,5-triphosphate receptor (IP3R) of the
sarcoplasmic reticulum, and the glucose-regulated protein
75 (GRP75) that binds them [33]. One should note that
GRP75 directly regulating Ca2+ transfer from SR to
mitochondria is one of the targets of MKT-077 in
mammalian cells [28]. Therefore, in this work, we also
assessed the possible effects of MKT-077 administration on
changes in the area of MAM contacts and the expression
level of genes encoding proteins involved in the formation
of MAM contacts in the cardiomyocytes of experimental
mice. Cardiomyocytes of mdx mice show significant
proliferation and expansion of the SR cisterns that surround
mitochondria (Fig. 4), which is accompanied by an increase
in the MAM contact area (Fig. 7) and is consistent with
known data [34]. MKT-077 treatment is accompanied by an
increase in the area of MAM contacts in cardiomyocytes of
WT mice, which corresponds to data obtained on the
skeletal muscles of these animals [17]. At the same time, we
note a tendency toward a decrease in the area of MAM
contacts in the case of MKT077-treated mdx mice (p = 0.09
vs. mdx group). We assessed how morphological changes in
MAM contacts relate to the expression of genes encoding
proteins associated with their formation. One can see that
the hearts of mdx mice show a reduced level of the HSPA9
gene expression encoding GRP75 (Fig. 8A). A similar
pattern is observed for the Itpr2 gene encoding IP3R2 of SR

FIGURE 5. Electron micrograph (Fig. 4) profiles: mitochondrial perimeter (A) and number of mitochondria per plate (B). Mean values ± SEM
are shown (n = 3).

FIGURE 6. The relative expressions of Pink1 (A) and Parkin (B) in mouse hearts. Mean values ± SEM are shown (n = 6). NS is not significant.
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(Fig. 8C), the predominant isoform found in the heart [35].
The expression of the Itpr1 and Itpr3 genes, encoding the
IP3R1 and IP3R3 isoforms, respectively, does not change in
the myocardium of mdx mice (Fig. 8B,D). On the other
hand, we note an increase in the VDAC1 expression in mdx
mice (Fig. 8E). One could assume that these changes may
contribute to structural rearrangements in MAM contacts in
cardiomyocytes of mdx mice, which were recently described
in detail in the work of Angebault et al. [34].

MKT-077 treatment does not affect the level of all three
IP3R isoforms, but causes an increase in HSPA9 gene
expression in the mdx hearts, and, on the contrary,
decreases VDAC1 expression. In wild-type mice, MKT-077
does not affect the expression of IP3R2 and IP3R3, as well as
VDAC1. At the same time, we note an increase in the
expression of IP3R1 and, conversely, a decrease in the
expression of the HSPA9 gene in the heart of WT +
MKT077 mice. These results may indicate a differential
effect of MKT-077 on the IP3R-GRP75-VDAC1 axis in the
heart of experimental mice, contributing to morphological
changes in MAM contacts. However, these data require
confirmation at the protein level using Western blotting and
more advanced techniques such as proximity ligation assay,
which allows to assessment of the interaction of these and

many other proteins in this region of the cell (according to
the proteomic data, the MAM contact region contains up to
1000 proteins [36].

Effect of MKT-077 on histopathology and cardiac function in
mdx mice
Finally, we assessed the effect of MKT-077 on cardiac health
and function in mice. It is known that DMD (including
mdx mice) is characterized by cardiac hypertrophy, as well
as fibrosis leading to changes in the functioning of this
organ [37]. One can see that mdx mice exhibit an increase
in both absolute and relative heart weight (Fig. 9A,B).
Histological images show that this is also accompanied by a
slight increase in fibrous tissue deposition in the
myocardium of mdx mice (Fig. 10). We note an increase in
heart rate in mdx mice compared to the WT group, which
agrees with known data (Fig. 11) [38]. MKT-077 reduces the
relative heart weight of mdx mice, which is accompanied by
alleviation of fibrosis and a tendency (p = 0.08 vs. mdx
group) to normalize the heart rate of these animals.

Discussion

DMD is characterized by significant dysfunction of the
bioenergetic apparatus of striated muscles, represented by
mitochondria. This also applies to the cardiac muscle.
Currently, supporting mitochondrial function is considered
one of the strategies for the treatment of DMD, which has
been confirmed both in animal models and in humans
[2–5]. In particular, we have recently shown that
rhodacyanine dye MKT-077 at a dose of 5 mg/kg body
weight is able to alleviate mitochondrial dysfunction and
skeletal muscle pathology in mdx mice by blocking the
activity of GRP75 preventing mitochondrial calcium
overload [17]. In this work, we assessed the effect of MKT-
077 on mitochondrial function and cardiac pathology in
mdx mice, as well as the state of the heart and cardiac
mitochondria in healthy WT mice. It was found that the

FIGURE 7. % of MAM surface area per mitochondrion perimeter in
each microscopic field calculated from electron micrograph profiles
(Fig. 4). Mean values ± SEM are shown (n = 3). NS is not significant.

FIGURE 8. The relative expressions of Hspa9 (A), Itpr1 (B), Itpr2 (C), Itpr3 (D), and VDAC1 (E) in mouse hearts. Mean values ± SEM are
shown (n = 6).
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same dose and administration regimen of MKT-077 causes
depression of cardiac mitochondrial respiration in virtually
all functional states and this effect is detected in both WT

and mdx mice (Table 1). This is largely consistent with
previous data showing suppression of OXPHOS in mouse
skeletal muscle mitochondria induced by MKT-077

FIGURE 9. Absolute (A) and relative (B) weight of mouse hearts. Mean values ± SEM are shown (n = 8–10). NS is not significant.

FIGURE 10. Typical histological images of heart tissue (sections of the left ventricle are shown) in experimental groups of mice. Areas of
connective tissue are marked with black dotted lines. Mean values ± SEM are shown (n = 4). NS is not significant.
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administration [17]. One should note that the cardiac
mitochondria of mdx mice, in contrast to skeletal muscle
mitochondria, exhibit hyperfunctionalization, which is
expressed in an increase in the OXPHOS intensity, and in
this case MKT-077 reduces the respiratory parameters of
cardiac mitochondria to the level of WT animals. Moreover,
hyperfunctionalization of cardiac mitochondria in mdx mice
is characterized by an increased ability to accumulate Ca2+,
and MKT-077 treatment is accompanied by a tendency to
normalize this parameter to the level of WT mice (Fig. 3).
All this may indicate that the hearts of MKT-077-treated
mdx mice demonstrate restoration of mitochondrial
function to the level of healthy group. Here, it is important
to note early data demonstrating suppression of
mitochondrial respiration in the liver of rats treated with
15 mg MKT-077/kg body weight for 5 days [22]. However,
this effect was observed only in rat liver mitochondria but
not in kidney and cardiac mitochondria. Experiments on
isolated liver mitochondria revealed a possible MKT-077-
induced inhibition of the activity of mitochondrial
respiratory chain complexes, which may result in
suppression of OXPHOS [20]. One could assume that the
decrease in OXPHOS efficiency in the mitochondria of the
mouse heart that we identified is due to similar mechanisms
and, in contrast to the previous work [22], is associated with
a longer administration of MKT-077 to mice for 28 days
(the summary dose of MKT-077 in our work is almost twice
as high as in the work [22].

MKT-077 was initially introduced into biology and
experimental medicine as a promising anti-cancer drug. In
particular, in vitro experiments have shown that MKT-077
treatment of cancer cells leads to their death through
suppression of mitochondrial respiration and disruption of
mitochondrial ultrastructure [20,21]. It was later shown that
MKT-077 administration also resulted in a decrease in
mitochondrial DNA levels in rat hearts [22], which may
indicate mitochondrial degradation and possibly mitophagy.
Indeed, in this work, we also note changes in the
ultrastructure of mitochondria in cardiomyocytes of both
WT and mdx mice. In particular, the myocardium of MKT-
077-treated mice shows the appearance of
micromitophagosomes, which may reflect an increase in
mitophagy (Fig. 4). In this case, we also note an increase in
Pink1 mRNA levels in the hearts of MKT077-treated mice,
which is statistically significant in WT animals and may
indirectly indicate an increase in mitophagy (Fig. 6). This
phenomenon, apparently also observed in the skeletal
muscles of MKT-077-treated mice [17], may lead to the
elimination of damaged organelles from the heart of mice,
which are known to be efficient ROS producers [39]
contributing to the development of oxidative stress, which is
especially important in the case of mdx mice.

One of the specific targets of MKT-077 in mammalian
cells is the GRP75 protein mediating communication
between the SR and mitochondria via MAM contacts
formed with the participation of this protein [28]. We have
found that MKT-077 administration is accompanied by
changes in the expression of genes encoding GRP75, as well
as the IP3R isoforms of SR and mitochondrial VDAC1 that
contact this protein in both the hearts of WT and mdx mice

(Fig. 8). These events are accompanied by ultrastructural
rearrangements in the myocardium, leading to changes in
the area of MAM contacts (Fig. 7), which are consistent
with our recent data obtained on skeletal muscles of MKT-
077-treated mice [17]. In this case, we also presumably
observe extensive adaptation of cardiomyocytes in WT mice,
expressed in an increase in the area of MAM contacts,
which can be considered as a response to MKT-077-induced
disruption of SR-to-mitochondria Ca2+ transfer, and a
similar picture is found in control mdx mice (Fig. 7) with
chronic dysregulation of Ca2+ homeostasis. Moreover,
considering the known involvement of MAM contacts in
the regulation of mitochondrial function [33], one could
assume that this action of MKT-077 contributes to the
above-described changes in mitochondrial functioning and
suppression of respiratory function.

The obtained results indicate that MKT-077
administration suppresses mitochondrial function in mice
hearts. In the case of mdx mice, whose cardiac mitochondria
exhibit hyperfunctionalization, we observe normalization of
respiratory parameters to the level of WT animals and a
tendency toward normalization of calcium homeostasis.
This effect of MKT-077 is also accompanied by the
elimination of cardiac hypertrophy in mdx mice, as
evidenced by the normalization of the relative heart weight
of the animals (Fig. 9B), as well as the level of fibrosis
(Fig. 10). Moreover, the positive effect of MKT-077 is
accompanied by an improvement in cardiac function, in
particular, we note a tendency towards normalization of
heart rate in treated mdx mice (Fig. 11). Thus, one could
assume that MKT-077-induced elimination of mitochondrial
hyperfunctionalization in the mdx heart may contribute to a
healthy-like state of the myocardium of these animals. On
the other hand, the duration of this positive effect is still
unclear. Firstly, mitochondrial hyperfunctionalization in
mdx mice hearts can be considered as an adaptive response
of the organ, contributing to the maintenance of cardiac
function and its elimination can potentially exacerbate the
development of pathology and this requires further
verification in a longer experiment, possibly on larger
cohorts. Secondly, it has previously been shown that
discontinuation of MKT-077 administration results in the
elimination of the mitochondrial effects of this agent in rats
[22], which is likely due to its susceptibility to rapid
metabolism [40]. This suggests a continuous regimen of

FIGURE 11. Effect of MKT-077 on the heart rate of mice. Mean
values ± SEM are shown (n = 4). NS is not significant.
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MKT-077 administration or the use of its more stable
analogues.

Other important limitations of our study include the lack
of detailed mechanistic explanations for how MKT-077 exerts
its effects. The mitochondria-protective effect of MKT-077, as
well as the possible targets of this agent, were first described
earlier in vitro on nerve cell cultures [28,29], but to date,
nothing is known about the effects of this agent on cultured
cardiomyocytes and about the differences in the degree of
MKT-077 accumulation in WT and mdx cardiomyocytes.
Such experiments will allow us to describe in more detail
the mechanism of action of MKT-077. Moreover, our
studies focused on striated muscle and did not address the
potential impact of MKT-077 on non-target tissue, which
should also be assessed to identify undesirable effects in
other tissues and organs.

Conclusion

The obtained data demonstrate changes in mitochondrial
function and the nature of their interaction with SR, as well
as the contribution of these secondary changes to cardiac
pathology in mdx mice. The rhodacyanine derivative MKT-
077 promotes a healthy-like state of the myocardium in mdx
mice, apparently through modulation of mitochondrial
function. These results, along with our recent data
demonstrating mitochondrial dysfunction amelioration and
slowing of skeletal muscle pathology development in MKT-
077-treated mdx mice, provide evidence for the therapeutic
effect of this compound and overall support the efficacy of a
mitochondria-targeted approach for the treatment of
secondary manifestations of DMD.
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