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ABSTRACT

BACKGROUND: Dysferlinopathy is heritable progressive muscular dystrophy caused by DYSF mutation. Currently, although
skeletal muscle pathology has been defined, only fragmentary and limited myocardium histopathology data are available.
AIM: The study aimed to analyze the pathomorphological status of the myocardium in Bla/J mice models of dysferlinopathy at
different ages.

MATERIALS AND METHODS: Data from two experimental groups were analyzed: Bla/J mice with DYSF knockout on 3, 6, and
12 months old and control wild-type Balb/C mice aged 6 months. The expressions and patterns of dyeing of protein dysferlin in
the immunofluorescent search method were analyzed. These were held such parameters of the histological characteristic of
the myocardium of three dyeing protocols (hematoxylin and eosin, iron hematoxylin by Rego, and hematoxylin-basic fuchsin-
picric acid by Lie), and morphometry of the parameters of the cardiomyocytes (length, width of cardiomyocytes, and nuclear
perimeter).

RESULTS: The immunofluorescent search method revealed high levels of dysferlin in the myocardium of the control group.
Statistical analysis showed significant differences between Bla/J and Balb/C mice: the increasing length and width of
cardiomyocytes in dysferlinopathy by 49.9% ((95% confidence interval, 45.9-57.4) and 35.6 (95% confidence interval, 32.9-
37.9)), respectively. Nucleus perimeter was significantly reduced in the dysferlinopathy group with disease duration of 6 months
(by 23.9 (95% confidence interval, 20.2-27.5) compared with the group with disease duration of 3 months and by 18.8% (95%
confidence interval, 8.5-19.7)) and the control group. Consequently, progressive hypertrophy of cardiomyocytes, increasing
deformation in cardiomyocytes, intercalated disk destruction, hypoxia features, and necrosis indication were observed,
resulting in fibrosis. A pattern of cardiomyocyte size reduction dependent on the aging process was observed.
CONCLUSIONS: Dysferlin deficiency leads to significant damage in the myocardium of Bla/J mice.
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AHHOTALMA

06ocHoBaHMe. [lucthepnmHonats — HacnefLCcTBEHHas MPOrpeccupylolias MbllleyHas AMCTpoduns, NMpUYMHOW pasBUTUSA
KoTopoii sBnsatTca MyTaumm B reHe DYSF. NatoMopdonornyeckme n3mMeHeHUs NONepeYHONo0CcaToii CKENETHON MyCKyaTypbl
LETaNbHO ONMCaHbl MPU CHUKEHUM 3KCMpeccun auchepnivHa UM NpKU ero MoSHOM OTCYTCTBUM, B TO BPEMS KaK AaHHble
0 rMCTONAToNIOrMK MUOKapAa Npy AucdepamHonaTMM GparMeHTapHbl U OrpaHUYeHbI.

Lienb uccnepaoBaHus — OLEHUTb CTPYKTYPHbIE M3MEHEHUS MUOKapAa B pa3Hble BO3pacTHbIe Nepuofbl y Mbllen nuHuv Bla/J,
ABNAOLLENC Mofenblo aucdepnuHonaTum.

Marepuanbl u MeToAbl. VccnenoBanu HokayTHy no redy OYSF nuHmio Mblwen Bla/J Ha cpokax 3, 6 u 12 Mec ¢ MoMeHTa
poxaeHus. KoHTponbHyto rpynny coctaBuim Mbilwm nnHuy Balb/C B Bo3pacte 6 Mec. poBoaunm UMMyHodyopecLeHTHYO
LEeTeKumto benka aucdepnnHa B MUOKapAE C OLEHKONM ero Hasuumus W pacnpesefieHns B KapamomuoumTax. AHanusuposanu
CTPYKTYPY MWOKapAa B napaduMHOBLIX Cpe3ax C MPUMEHEHUEM OKPACKU reMaTOKCWMIIMHOM U 303MHOM, XKEJie3HbIM
remMatokcuuHoM no Pero u TOOMK no Ju. Mpoenn MopdoMeTpuio AfnHbI, TOMLUMHBI KapAMOMMOLMTOB W U3MepUI
nepuMeTp UX AAep Y Mbilueii nuHum Bla/J.

Pesynbtathl. [ucdhepnuH 6bin BbISBIEH TOMBKO B MUOKAapAe Mbilel KOHTposibHOW rpynnbl. Mpu 95% noBeputenbHOM
untepBane (M) nnuHa KapaMoMMOLMTOB MblLLeii ¢ HOKayToM reHa DYSF Bo Bcex Bo3pacTax Oblna CTaTUCTUYECKM 3HAYMMO
Donblue, YEM Y KMBOTHBIX KOHTPOJILHOM FpyMMbl, MaKcUManbHo Ha 49,9 (45,9-57,4)%; TonwmHa KapaMoM1ouuToB — Ha 35,6
(32,9-37,9)%; nepumeTp aaep KapaMOMMUOLMTOB Mblled nuHum Bla/J B BospacTe 6 Mec Obin MeHblue Ha 23,9 (20,2-27,5)%,
yeM y MbiLuei iuHum Bla/J TpéxmecsuHoro BospacTa, v Ha 18,8 (8,5-19,7)% MeHbLUe N0 CpaBHEHWIO C KOHTPONEM. Y MyTaHTHbIX
MbILLEN BbISBNIEHbI MPOrPECCUPYIOLLAs MO CPaBHEHMIO C HOPMOW rMNepTPodMs KapAMOMUOLMTOB, HapacTatwas AedopMaums
KapAvOMMOLMTOB, pa3pyLUeHWe UX BCTaBOYHbIX AUCKOB, MPU3HAKY TMMOKCUM U HEKPO3a C UCXOA0M B dubpo3. C yBennyeHnem
BO3pacTa XMBOTHbIX Pa3Mep KNETOK MUMOKapa YMEHbLUANCS.

3aknoueHune. [lepuumt benka avcdepnvHa NpUBOAMT K 3HAUMMbIM CTPYKTYPHBIM M3MEHEHWUSM MMUOKapLa Y Mbllen
nuHvu Bla/J.

KnioueBble cnosa: cepaLe; MUoKapa; Ml nuHuun Bla/J; aucdepnuHonatus.
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BACKGROUND

Dysferlinopathy is a hereditary progressive muscular
dystrophy characterized by distal, proximal, proximodistal,
and congenital variants of clinical phenotypes [1]. Its
worldwide prevalence is 1 per 200,000 newborns [2, 3].
Inheritance is predominantly autosomal recessive;
however, a dominant type has also been described [4, 5].
Dysferlinopathy is caused by mutations in DYSF, which
are localized to the short arm of the second chromosome
[4]. Dysferlin ensures the repair of the sarcolemma and
endoplasmic reticulum of muscle fibers of striated skeletal
muscles. However, the significance of this protein in the
cyto- and histophysiology of cardiomyocytes has not been
sufficiently studied.

In 1999, L.V. Anderson et al. [7] established that dysferlin
is expressed starting from weeks 5—6 of embryogenesis, is
detected in many tissues, and mainly affects the development
of muscle tissue [6, 7]. In dysferlin deficiency, the most
pronounced pathological changes occur in the striated skeletal
muscles. Extensive information has been accumulated on the
pathomorphological signs of dystrophy in skeletal muscles
of animals and humans [8-11]. In muscle fibers, ruptures
and invaginations of the sarcolemma, subsarcolemmal
accumulations of vesicles, vacuolization, mitochondrial
fusion, expansion of the sarcoplasmic reticulum cisterns, and
disorganization of myofibrils and T-tubules occur [8, 12]. These
changes are caused by inefficient intracellular regeneration,
resulting in necrosis, inflammation, lipoidosis, and fibrosis
of the muscle fibers [8, 13]. Over the past 20 years, studies
have highlighted the importance of dysferlin in myocardial
function [14-17]. The dystrophic process in skeletal muscles
is predominantly studied because of its priority involvement
and greater accessibility to histological examination. Data on
myocardial histopathology in dysferlinopathy are scattered
and limited because cardiomyopathy does not have obvious
clinical manifestations until the advanced stage of the disease
and myocardial biopsy is impractical.

This study aimed to evaluate the pathological
morphological changes in striated cardiac muscles in Bla/J
mice with dysferlinopathy at different age periods.

MATERIALS AND METHODS

Study design

In this observational, single-center, prospective, full-
design, controlled, non-randomized study, the myocardium of
DYSF-mutant mice was chosen, and the pathomorphological
changes in the myocardium of Bla/J mice were examined.
The study aimed to determine and compare the myocardial
structure of Bla/J mice with dysferlinopathy and Balb/C
mice without dysferlinopathy. This study included qualitative
(presence/absence of structural and metabolic changes)
and quantitative assessments of cardiomyocytes (length,

Tom 161, N2 3, 2023

DOl https://doiorg/10.17816/morph 627332

Mopdonoris

thickness, and nuclei perimeter of cardiomyocytes) on
paraffin sections of the myocardium of animals in the study
and control groups, followed by staining and morphometry.
Paraffin sections were prepared according to a classical
method [18]. Using the immunofluorescence method, the
myocardium of the left ventricle of both groups was examined
for the presence of dysferlin protein. For this purpose, heart
muscle fragments were placed in isopentane and cooled in
liquid nitrogen. The thickness of the cryosections was 10 pm.
The animals were sacrificed by decapitation.

Objects (participants) of the study

This study included mice of the Bla/J line, which
represents a model of dysferlinopathy (the line was created
by inserting a retrotransposon into intron 4), and wild-type
mice of the Balb/C line. The animals were 3—12 months old
(inclusive).

Conditions

This study was conducted at the Department of
Pathological Anatomy of the I.I. Mechnikov North Western
State Medical University (St. Petersburg).

Main research outcome

The study endpoint was the description of the pathological
characteristics of the myocardium in dysferlinopathy mice
and their comparison with those of healthy mice.

Analysis in subgroups

The study group included seven male Bla/J mice aged 3,
6, and 12 months (n = 3, 3, and 1, respectively) as a model
of dysferlinopathy. The control group included two healthy
male Balb/C mice aged 6 months. Comparisons were made
within each group and between each age subgroup of the
Bla/J and Balb/C lines.

Methods of outcome registration

Paraffin sections of the myocardium were stained with
hematoxylin and eosin and iron hematoxylin according to
Rego to assess the preservation of the striated muscle tissue
of the myocardium [19], and hematoxylin-basic fuchsin—
picric acid (HBFPA) according to Lee to identify signs of
hypoxic damage to cardiomyocytes [19].

The cardiomyocytes were characterized by morphometric
accounting of three parameters, namely, the distance
between the intercalated discs (length), thickness, and
perimeter of the nuclei (2D format in the AxioVision v. 4.9.1
program, USA).

Cryosections were performed using primary rabbit
monoclonal antibodies against dysferlin (ab124684, 1:200;
Abcam, UK). Alexa Fluor 647 was used as a secondary
antibody at a dilution of 1:200 (Invitrogen, USA), with nuclear
staining with DAPI (Servicebio, China). The preparations
were scanned using a Pannoramic 250 Flash microscope
(3DHISTECH, Hungary).
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Ethical considerations

The animal experiments were approved by the local
ethical committee of the Kazan (Volga Region) Federal
University (Protocol No. 14 of 02/08/2019). The maintenance
of mice and all manipulations were performed in accordance
with the principles of the European Convention for the
Protection of Vertebrate Animals Used for Experimental and
Other Scientific Purposes (Strasbourg, 2006).

Statistical analysis

The sample size was not precalculated. To analyze the
results, descriptive and analytical statistical tools were used,
implemented in Past v. 4.09 (Norway) [20]. To check the statistical
homogeneity of several samples, one-factor (Friedman test)
and two-factor (Kruskal-Wallis test) analyses of variance were
used. The central tendencies of the samples were presented as
means (M) and medians (Me), depending on compliance/non-
compliance with the normal distribution. The variance of central
tendencies was presented as 95% confidence intervals (Cls),
calculated using bootstrap and Monte Carlo methods. For the
subsequent identification of heterogeneous groups, multiple
comparison procedures were used, namely the Mann—-Whitney
test with Bonferroni correction, and the Spearman rank
correlation coefficient was applied for the correlation analysis.
The linear dependence of the variables was described using the
equation of paired linear regression (y=bx+a), where b (slope)
is the angular coefficient and a (intercept) is the free member
of the assessment line, for which 95% Cls were also calculated.
Statistical hypotheses were tested using p values and 95% Cl,
whereas absolute and relative effect sizes were assessed for
the differences studied [21, 22]. The relative effect sizes were
calculated using Cohen's dC method (Cohen). Cls for dC were
calculated using the EffectSizeCalculator.xls spreadsheet
and the Effect Size Generator.xls program. For the graphical
implementation of the data, the interactive program BoxPlotR
(http://shiny.chemgrid.org/boxplotr/) was used.

RESULTS

Main research results

At the age of 3 months, the cardiomyocytes of Bla/J
mice had a parallel orientation, were not deformed, and

[a] (6]
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had no signs of discomplexation. At the age of 6 months,
the arrangement of cardiomyocytes was not parallel, and at
the age of 12 months, signs of loss of tissue complexity and
wave-like deformity of muscle cells were observed, whereas
the thickness (diameter) of cardiomyocytes increased (Fig. 1).

The morphometric characteristics of cardiomyocytes
from the Bla/J and control groups differed significantly
with respect to several parameters (Fig. 2). The length of
cardiomyocytes in Bla/J mice at all stages was statistically
significant greater than that in the control group, with a
maximum at the age of 3 months (49.9% (95% Cl, 45.9-57.4),
p=5.4x10~8, Table 1). Moreover, the Bla/J line subgroups
differed significantly from each other, with a trend toward
a decrease in the length of cardiomyocytes with increasing
age. This phenomenon is described by the linear regression
equation: y=-6.51x+254.33 (95% Cl, slope -8.7; —4.2;
intercept, 240.8; 267.9; p=1.5x107%). Thus, the age of the
animals and length of the cardiomyocytes demonstrated a
linear relationship.

The thickness (diameter) of the cardiomyocytes of Bla/J
line mice of all age subgroups was statistically significantly
greater than that in the control group, with a maximum value at
the age of 6 months (35.6% (95% Cl, 32.9-37.9) p=8.4x10-%).
No statistically significant differences in this parameter were
found between the ages of the Bla/J line animals.

When assessing the perimeter of the nuclei of
cardiomyocytes, which is an indirect sign of synthetic
cell activity, this parameter significantly decreased in the
6-month-old Bla/J subgroup by 23.9% (95% CI, 20.2-27.5)
compared with the 3-month-old Bla/J subgroup (p=0.04)
and by 18.8% (95% Cl, 8.5-19.7) compared with the control
group (p=8.4x107%). The decrease in the perimeter of the
nuclei with increasing monitoring time in the experimental
group was described by the linear regression equation
y=—0.63x+101 (95% Cl, slope -1.1; -0.2; intercept 98.4; 104.6;
p=0.008). The nuclear perimeter and duration of observation
in the experimental group demonstrated a linear relationship.

Staining with iron hematoxylin in Bla/J mice aged >3
months revealed diffuse intermuscular fibrosis of the
myocardium, disappearance of cross-striations in some
cardiomyocytes, and destruction of intercalated discs
(Fig. 3a). In the control group (Balb/C), the myocardium
was intact, with parallel orientation of the cardiomyocytes,

Fig. 1. Axial section of myocardium in Bla/J mice 3 (a), 6 (b), 12 (c) months old. Hematoxylin and eosin dying; x200.
Puc. 1. MpogonbHble cpesbl MUOKapAa Mblwwer iy Bla/J B BospacTe 3 (a), 6 (b), 12 (c) Mec. OKpacka reMaToKCUIIMHOM 1 303uHoM; x200.

DOl https://doiorg/10.17816/morph 627332
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Fig. 2. Morphometric characteristics of cardiomyocytes in Bla/J and Balb/C mice: @ — cardiomyocytes length; b — cardiomyocytes width
(diameter); c — cardiomyocytes nucleus perimeter; * p-value in «cardiomyocytes length» comparison of every group of Bla/J mice with
Balb/C mice, ** p-value in «cardiomyocytes width (diameter)» comparison of every group of Bla/J mice with Balb/C mice.

Puc. 2. MopdoMeTpuyeckue XxapaKTepUCTUKM KapAMoMMoLMTOB Mbilweid nium Bla/J u Balb/C: @ — pnuHa kapamommoumtos; b —
TOMNWMHA (AMaMeTp) KapAMOMMOLIMTOB; ¢ — MEpPUMETp SLep KapAMOMMOLMTOB; * 3HAYeHWe p MU CpaBHeHUM Kawpgon u3 rpynn Bla/J
¢ Balb/C no xapaKkTepucTuKe «AsMHa KapaMOMUOLMTOBY, ** 3HaueHWe p Npu cpaBHeHUM Kaxpoi u3 rpynn Bla/J c Balb/C no xapakTepu-
CTUKE «TOJILLMHA KapaMOMUOLMTOB.

Table 1. Differences in morphometric parameters of cardiomyocytes of compared Bla/J and Balb/C mice groups in different age
Ta6nuua 1. Paznnunsa MopdoMeTpuyeckux napamMeTpoB KapaMoMMOLMTOB Mbileit nuHuiA Bla/J v Balb/C pa3Hbix BospacTto

Absolute effect size. pum | Relative effect size. % Cohen's effect
(95% Cl) (95% Cl) size P

Cardiomyocyte length

Comparison groups

Bla/J 3 months and Bla/J 6 months 21.39 (5.7-37.1) 12.8 (6.9-19.5) -0.24 0.007
Bla/J 6 months and Bla/J 12 months 36.11(10.6—61.6) 37.9 (33.9-49.2) -0.42 0.005
Bla/J 3 months and Balb/C 113.7 (127.4-99.9) 49.9 (45.9-57.4) -1.50 5.4x10748
Bla/J 6 months and Balb/C 92.3 (78.1-106.6) 42.9 (37.4-51.1) -1.30 8.7x10%
Bla/J 12 months and Balb/C 56.2 (41.7-70.7) 34.6 (28.6—-44.7) -1.19 7.0x10°8
Cardiomyocyte thickness
Bla/J 3 months and Balb/C 22.1 (24.1-20.0) 34.0 (30.3-36.9) -1.9 1.3x1077"
Bla/J 6 months and Balb/C 22.6 (24.8-20.2) 35.6 (32.9-37.9) -1.9 8.4x1077
Bla/J 12 months and Balb/C 21.9 (24.3-19.4) 33.4(29.8-37.1) -2.3 6.6x107
Cardiomyocyte nucle
Bla/J 3 months and Bla/J 6 months 7.1(0.1-6.4) 23.9 (20.2-27.5) -0.1 0.04
Bla/J 6 months and Balb/C 3.1(24.8-20.2) 18.8 (8.5-19.7) -1.9 8.4x107%

Note: according to the Cohen verbal scale (absolute) dC values from 0.2 to 0.5 are interpreted as a “weak” effect. from 0.5 to 0.8 — as a “moderate”
effect and dC values >0.8 as a “strong” effect.

[pumeyarue: cornacHo BepbanbHoii Wwkane KosHa (abconioTHble) 3Hauenus dC ot 0,2 po 0,5 TpakTyloTes Kak «cnabbiii» addekT, ot 0,5 go 0,8 —
KaK «yMepeHHbli» 3 deKT 1 3Hauenns dC 0,8 — Kak «CUNbHbIN» IDdEKT.

preserved transverse striations, intercalated discs, and
without fibrosis (Fig. 3c).

Lee staining with HBFPA in 3-month-old Bla/J mice
revealed hypoxic changes such as diffuse fuchsinophile
staining of cardiomyocytes (Fig. 3b). In the control group
(Balb/C), no signs of hypoxic damage were observed in the
myocardium (Fig. 3d).

DOl https://doi.org/10.17816/morph.627332

During an immunofluorescent reaction test with
antibodies to dysferlin in the myocardium of Bla/J mice at
3, 6, and 12 months of age, the protein was not detected
(Fig. 4a presents the results of a study on the myocardium
of animals at the age of 3 months). In the control group,
the result was positive (Fig. 4b); dysferlin was presented as
inclusions in the sarcoplasm and area of intercalated discs.
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Fig. 3. Myocardium of Bla/J (@, b) and Balb/C (c, d) mice: @ — 12 months old, intermuscular fibrosis; b — 6 months old, multiple
fuchsinophilic insertions in cytoplasm; ¢ — 6 months old, no fibrosis features; d — 6 months old, no fuchsinophilic insertions in cytoplasm.
Iron hematoxylin dying (a, c); hematoxylin-basic fuchsin-picric acid dying (b, d); a, c — x200; b, d — x400.

Puc. 3. Muokapa Mbiweit nudmm Bla/J (a, b) n Balb/C (c, d): @ — 12 Mec, MexKMblLLeyHbIi prbpo3; b — 6 Mec, MHOXKECTBEHHble QYKCUHO-
(buUnbHbIe BKIKYEHUS B LIUTON/A3ME; € — 6 Mec, 0TCYTCTBUE NpU3HaKoB $nbpo3a; d — 6 Mec, oTcyTcTBUE YKCUHODUIBHBIX BKITHOUYEHUI
B KapamoMuoumTax. OKpacKa xenesHbiM rematokcunnHoM no Pero (a, c); okpacka FO®MK no Jiu (b, d); a, ¢ — x200; b, d — x400.

o] (6]

Fig. 4. Immunofluorescent reaction with dysferlin antynody: @ — cross section of Bla/J mice cardiomyocytes; b — axial section Balb/C
mice, the product of the reaction has perinuclear localisation and intercalated disks sites (=) and in endothelium (*). Green spectrum
fluorescence is auto fluorescence of the cytoskeleton, red spectrum fluorescence is fluorescence of the detection system, blue spectrum
fluorescence is nuclear coloring with DAPI; @ — x400; b — x1000.

Puc. 4. /IMMyHodnyopecLieHTHas peakums ¢ aHTUTENaMu K AUcQepinHy: @ — nornepeyHoe CeyYeHWe KapaMOMMUOLMTOB MblLeid u-
Hu Bla/J; b — npoponbHOe ceyenmre KapaMOMUOLMTOB MbiLueii IMHUK Balb/C, npofyKT peakLymm NnoKanusoBaH NepuHyKIeapHo B 06nacTyu
BCTaBOYHBIX AMCKOB (—>) W B aHAoTenmoumTax (*). CBeyeHWe B 3eNEHOM cneKTpe — ayTodnyopecLieHUMs BenkoB LMTOCKeNeTa, CBeYeHm e
B KpPaCHOM CrMEeKTpe — CBEYEHME CUCTEMBI [LETEKLIMM, CBEUEHWUE B CUHEM CMeKTpe — fokpacka saaep DAPI; @ — x400; b — x1000.

DOl https://doi.org/10.17816/morph.627332
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DISCUSSION

Summary of main research result

In the myocardium of Bla/J mice, signs of tissue disruption
were detected, with a tendency for the pathological changes
to increase from 3 to 12 months. In the control group (with
dysferlin), no such changes were revealed; therefore, the
absence of dysferlin was the main factor in the development
of pathomorphological changes in the myocardium.

Discussion of the main research result

In Bla/J line mice, the myocardium was characterized by
a wave-like deformity of cardiomyocytes, disruption of the
parallel orientation of cardiomyocytes, and hypoxic damage,
which were not previously detected in the myocardium of
animals of other artificial mouse lines with dysferlinopathy (A/J,
C57BL/6J, and SJL/J lines) [23]. In addition, the disappearance
of intercalated discs in animals with dysferlinopathy and a
significant increase in the distance between intercalated discs
were observed compared with animals in the control group.
Similar changes, characterized by the destruction of up to
one-third of the intercalated discs of cardiomyocytes, were
previously revealed in the myocardium of C57BL/6J mice at
the late stages of dysferlinopathy [24].

Significant thickening of cardiomyocytes was detected in
all age groups of the Bla/J mice. Cardiomyocyte hypertrophy
was probably caused by the remodeling of the cardiomyocyte
T-system in the form of shortening of T-tubules and their axial
reorientation and separation from sarcomeres [15, 25]. This
pathological process causes a change in calcium homeostasis
in cardiomyocytes, which determines the functioning of the
calcium—calmodulin signaling pathway [26, 27]. Myocardial
hypertrophy was also observed in dysferlin-deficient mice of
the B6.129-Dysf™keam/ ) line at the age of 3 months, with a
significant increase in the ratio of myocardial mass to body
weight in contrast to the control group (the differences in the
body weights of both groups were not significant). In addition
to the organ level, hypertrophic changes were observed in
isolated cardiomyocytes of 3-month-old dysferlin-deficient
mice in contrast to the control group [28]. Therefore,
as dysferlinopathy progresses in mice, cardiomyocyte
hypertrophy develops with age.

Intermuscular fibrosis in Bla/J mice was detected at
the age of 3 months, in contrast to dysferlin-deficient
B6.129-Dysf™#<am/ ) mice, in which fibrosis was detected
only in the 20th month of life and was manifested by a
threefold increase in the collagen level in the stroma
compared to the control [15, 28]. A/J mice also did not show
significant fibrosis [14]. Specifically, the proportion of collagen
increased from 2% to 3% from month 2 to 18 of observation,
and did not differ from the control group of A/HeJ mice [14].
Further studies on the variability in the severity of myocardial
fibrosis among different strains of dysferlin-deficient mice
are required.
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Dysferlin in the myocardium of the control group of Balb/C
mice was located at the perimeter of the nuclei, area of
intercalated discs, and endothelial cells, which corresponds
to previous information [12, 14, 15, 25]. Several researchers
have also reported the presence of dysferlin in the tubular
system of cardiomyocytes and near L-type calcium channels
and ryanodine receptors [12, 25]. Dysferlin was not detected in
the myocardium of Bla/J mice, which was presumed to be the
cause of a cascade of pathological changes in the myocardium.

The results of the cardiac pathology studies in patients
with limb-girdle muscular dystrophy R2 showed some
parallel results in the present study. In particular, cases of
dilated cardiomyopathy have been described, characterized by
hypertrophy of cardiomyocytes in combination with an increase
in nuclear size, interstitial fibrosis, or only variability in the size
of cardiomyocytes and disorganization of their location [29, 30].
However, diffuse fibrosis and fatty infiltration of the myocardium
can be detected in patients with dysferlinopathy even without
clinical and instrumental signs of cardiomyopathy [16]. Thus,
structural abnormalities may be noted in the myocardium of
patients with dysferlinopathy, which were accompanied by
functional changes in some cases [30].

Study limitations. Only one model of dysferlinopathy
was evaluated, i.e., the Bla/J line, which complicates the
extrapolation of the results to other models. In addition,
the sample size required to achieve the required statistical
power for the results was not calculated. In this regard, the
sample collected was not representative, which does not
allow extrapolation of the results and their interpretation to
the general population.

CONCLUSIONS

Myocardial structural impairment in dysferlin-deficient Bla/J
mice increases with age and is accompanied by cardiomyocyte
hypertrophy and myocardial fibrosis. Dysferlin deficiency is a
key factor in the pathomorphogenesis of cardiomyopathies
in experimental animals, particularly the Bla/J line. The
involvement of the myocardium in the pathological process
of dysferlinopathy was confirmed by the detection of
cardiomyocyte hypertrophy in dysferlin-deficient strains of
mice and patients with limb-girdle muscular dystrophy R2. The
variability in the severity of fibrotic changes in the myocardium
of dysferlin-deficient mice and patients casts doubt on the
obligatory nature of this morphological feature. These results
expand our understanding of the mechanisms underlying the
development of cardiomyopathy in dysferlinopathy.
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