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Abstract

The modern metabolic paradigm considers skeletal muscles not only as an organ of locomotion but as a key metabolic unit
responsible for the regulation of glucose homeostasis in the body. The aim of the work is to establish the morphofunctional
features of changes in the rectus abdominis muscle of rats under conditions of 8-month modeling of alimentary obesity
caused by a high-fat diet and subsequent induction of diabetes mellitus. The study was conducted on 30 sexually mature
Wistar rats, divided into three groups of 10 individuals: a control group, a group with a high-fat diet, and a group with a diet
and induced diabetes mellitus. Histological examination of the muscles of rats in the high-fat diet and diet with diabetes
mellitus groups revealed pronounced signs of diabetic myopathy. In the alimentary obesity group, initial changes were ob-
served in the form of unevenness in the caliber of muscle fibers and signs of intracellular lipid accumulation. In the diet and
diabetes group, structural disorders became degenerative in nature, areas with pronounced myocyte atrophy, areas of fiber
architectonics disturbance, sarcolemma fragmentation, and focal infiltration were visualized. The nuclear apparatus of my-
ocytes in these groups showed signs of chromatin condensation and pyknosis, which indicates the activation of destructive
processes. Additionally, a significant decrease in the density of the capillary network in the endomysium was recorded, which
was accompanied by signs of endothelial dysfunction, creating conditions for chronic local energy deficiency of the tissue.
The study allowed us to establish the complex nature of structural and functional changes in the rectus abdominis muscle
under conditions of metabolic stress induced by a combination of a high-fat diet and type 2 diabetes.
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Introduction

Today, the problem of metabolic disorders, in par-
ticular the combination of obesity and type 2 diabetes
mellitus (T2DM), remains one of the most discussed
topics in world endocrinology and pathophysiology [1,
2]. According to current data, the prevalence of these

pathologies has become a pandemic, which causes in-
creased interest among researchers in the mechanisms
of the formation of the so-called diabetic heart and oth-
er organ complications against the background of insu-
lin resistance [3, 4].

A fundamental feature of modern pathogenesis is
the long latent period of disease development, caused
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by dietary factors. The transition from normal me-
tabolism to the stage of decompensation during the
consumption of a high-fat diet (HFD) occurs gradually,
which often complicates timely diagnosis [5]. In con-
trast to short-term experimental models, long-term
observation allows us to recreate the chronic course of
metabolic stress, which is as close as possible to patho-
physiological processes in the human body.

A critical point in the study of this pathology is
the synergism of obesity and induced hyperglycemia
[6]. Obesity, which develops due to excessive lipid con-
sumption, forms the basis on which further induction
of diabetes with streptozotocin (or its analogues) leads
to a more aggressive clinical course. In recent years,
the scientific literature has been actively discussing the
question of whether structural changes in tissues at the
stage of obesity are still reversible or not [7].

The use of an experimental model allows us to
clearly distinguish the effects of pure obesity from obe-
sity complicated by severe hyperglycemia. This is fun-
damentally important for understanding which molec-
ular mechanisms play a leading role at each stage. Most
existing works focus either on metabolic parameters or
on morphological changes [8, 9], while an integrated
approach over a long time period allows us to obtain a
more holistic picture.

The modern metabolic paradigm considers skele-
tal muscle not only as an organ of locomotion, but also
as a key metabolic unit responsible for the regulation
of glucose homeostasis in the body [10]. Under meta-
bolic stress, HFD and diabetes, muscle tissue undergoes
profound structural and functional transformations,
which becomes a critical factor in the progression of
insulin resistance [11, 12].

Skeletal muscle consumes up to 80% of insulin-de-
pendent glucose in the postprandial period. Chronic li-
pid overload leads to the accumulation of intracellular
lipid metabolites in myocytes. This process, known as
ectopic fat deposition, directly blocks the insulin signal-
ing pathway, which gradually reduces the translocation
of GLUT4 transporters to the cell membrane [13, 14].

Researchers indicate that prolonged hyperglyce-
mia on the background of HFD provokes not only a de-
crease in insulin sensitivity, but also atrophy of muscle
fibers, especially type II [12, 14]. Changes in protein me-
tabolism and activation of proteolytic pathways lead
to a decrease in muscle mass and a decrease in muscle
strength, which significantly worsens the quality of
life of patients and complicates glycemic control.

Thus, the study of pathophysiological changes in
muscle tissue under chronic exposure to HFD and dia-
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betes has not only theoretical significance for basic sci-
ence, but also practical value for clinical medicine, as
it allows to substantiate new approaches to the correc-
tion of metabolic disorders through the preservation of
the functional state of skeletal muscles. The choice of
the rectus abdominis muscle as an object of study is due
to its high metabolic activity and sensitivity to system-
ic disorders of carbohydrate and lipid metabolism. In
addition, the analysis of this particular muscle allows
usto assess the features of the course of diabetic myopa-
thy in tissues prone to the accumulation of visceral fat.

The aim of the work is to establish the morpho-
functional features of changes in the rectus abdominis
muscle of rats under conditions of 8-month modeling
of alimentary obesity caused by a high-fat diet and sub-
sequent induction of diabetes mellitus.

Material and methods

Research on laboratory animals was conducted
in accordance with the provisions of the European
Convention for the Protection of Vertebrate Animals
used for Experimental and other Scientific Purposes of
18.03.1986, the Council of Europe Directive 2010/63/EU,
and the Law of Ukraine “On the Protection of Animals
from Cruelty to Animals”. A total of 30 sexually mature
Wistar rats were kept in an accredited vivarium at the
I. Horbachevsky Ternopil National Medical University.

The experimental animals were divided into
3 groups of 10 individuals. The age of the rats was
8 months. The control group (CG) included rats with
normal weight (220.00+15.00) g, which did not model
any pathology. In the second, obese group (HFD) and
the third, obese + diabetes group (HFD+DM), start-
ing from the first month after birth, they were fed a
high-calorie diet. In the total amount of calories, from
30% to 60% were from animal fats (lard), bread was
also added to the daily diet - 6.0 g, pearl barley - 4 g,
barley - 15 g, carrots - 10 g per individual. The lard was
crushed, and sunflower seeds, peanuts, and cake were
added to improve palatability and attract animals
(Figure 1). The diet was prepared in accordance with
the author’s certificate for the work [15]. The weight
of animals in these groups did not differ statistical-
ly between themselves and was (427.30+25.16) g and
(429.62+23.45) g, but was statistically significantly dif-
ferent from the CG (p<0.001). The general scheme of
the experiment is shown in Figure 2.

At the 7" month of the experiment, type 2 diabetes
mellitus was induced in the animals of the third group,
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Figure 1: Body habitus differences between control and
HFD-fed rats.

which had been on a high-fat diet for 6 months. Mod-
eling was performed by a single intraperitoneal injec-
tion of a streptozotocin solution at a dose of 35 mg/kg
of body weight. Before the drug administration, the an-
imals were fasted for 12 hours with free access to water.
The development of diabetes mellitus was confirmed

Control Group
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by measuring blood glucose levels from the tail vein us-
ing a glucometer and verifying the presence of persis-
tent hyperglycemia. The animals continued to receive
a high-fat diet for another month (until the end of the
8" month of the study).

At the end of the experiment, the rectus abdomin-
is muscle was harvested from the right side and fixed
in a 10% neutral formalin solution. After standard de-
hydration in ascending alcohol concentrations, the
tissue was embedded in paraffin. Histological sections
(5-7 um thick) were prepared using a microtome. Fol-
lowing deparaffinization, the sections were stained
with hematoxylin and eosin, as well as according to
the Masson and Heidenhain protocols, for further
light-optical analysis. For electron microscopic stud-
ies, small pieces of the rectus muscle were fixed in a
2.5% glutaraldehyde solution (SPI Supplies, USA) pre-
pared in Millonig’s phosphate buffer (pH 7.2-7.4) and
processed according to standard protocols.

A morphometric study of the muscle tissue was
performed on histological sections using image anal-
ysis software. To characterize trophic processes, the
following parameters were evaluated: average muscle
fiber diameter (um) and nuclear area (um?. The degree
of degenerative changes was determined by the rela-
tive volume of damaged muscle fibers (%). The state of
the microcirculatory bed was assessed by calculating
capillary density (the number of vessels per unit area
of muscle), which allowed for an analysis of tissue vas-
cularization levels under the experimental conditions.
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Figure 2: Schematic representation of the experimental study design. The study included three groups of rats: the
Control Group (standard chow diet), the Obesity Group (high-fat diet, HFD), and the Obesity + Diabetes Group
(HFD combined with diabetes induction at month 7).
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Statistical analysis was performed using
STATISTICA 10.0 software (StatSoft, USA). The nor-
mality of the sample distribution was verified using
the Shapiro-Wilk test. Intergroup differences were as-
sessed using one-way analysis of variance (ANOVA), fol-
lowed by Tukey’s post hoc test. For data confirming a
normal distribution, intergroup differences were eval-
uated using the parametric Student’s t-test for inde-
pendent samples. The nonparametric Mann-Whitney
U test was used for data that did not conform to a nor-
mal distribution. Results are presented as the arith-
metic meanz=standard deviation (M+SD). Correlations
between morphometric indicators and glycemia levels
were assessed using the Pearson correlation coefficient
(r) for normally distributed data. Differences were con-
sidered statistically significant at p<0.05.

Results

Analysis of the obtained glycemia data indicates
pronounced metabolic disorders in animals of the ex-
perimental groups compared to the control group. A
long-term high-fat diet was shown to lead to a signifi-
cant increase in blood glucose levels, even at the stage
of obesity modeling. The blood glucose concentration
in the control group was (4.45+0.36) mmol/l. In the
HFD group, this indicator was significantly higher
(7.60+0.59) mmol/l, whereas in the HFD+DM group,
the glycemia level reached (11.80+1.19) mmol/l. The
results of the statistical analysis, presented in Table 1,
confirm the significance of these differences between
all groups (p<0.001).

As the data indicate, the most pronounced hyperg-
lycemia was observed in the HFD+DM group. Glycemia
levelsin this group significantly exceeded those in both
the control group 7.36 mmol/l and the isolated obesity
group by 4.21 mmol/l. The administration of streptozo-
tocin at the 7% month of the experiment led to the de-
compensation of carbohydrate metabolism, confirm-
ing the efficacy of this type 2 diabetes mellitus model
against a background of alimentary obesity.

Histological examination of the rectus abdominis
muscle revealed a clear progression of pathomorpho-
logical changes. In the control group, the architecton-
ics of the muscle tissue were preserved, the fibers ex-
hibited a regular parallel orientation and were tightly
packed, forming the characteristic structure of skeletal
muscle (Figure 3). The muscle fiber nuclei were oval,
with distinct contours, and located primarily beneath
the sarcolemma, consistent with healthy myocytes. In-
terfibrous spaces were minimal, with no signs of ede-
ma, fatty infiltration, orinflammatory cell infiltration.

In the HFD group, against the background of in-
duced obesity, the initial signs of metabolic dystrophy
were observed. Morphologically, this manifested as
focal myosteatosis - the accumulation of lipid droplets
in the interfiber spaces - which indicates an early stage
of lipotoxic myocyte damage (Figure 4). The space be-
tween fibers appeared expanded, suggesting the pres-
ence of interstitial edema, a characteristic feature of
muscle tissue injury. While there were no pronounced
foci of complete fiber necrosis with nuclear disintegra-
tion, the observed patterns are indicative of early de-
generative changes.

The most pronounced destructive changes were
observed in the HFD+DM group. This group exhibit-
ed massive interstitial myosteatosis, accompanied by
significant muscle fiber deformation and severe micro-
circulatory disorders, particularly vascular congestion
with erythrocytes (Figure 5). Some muscle fibers ap-
peared fragmented or exhibited a loss of their regular
parallel orientation, likely resulting from the mechan-
ical pressure exerted by accumulated adipose tissue.

In the HFD+DM group, signs of progressive
dystrophic-destructive changes in muscle fibers were
also detected. These were characterized by pronounced
myocyte atrophy, manifested as significant heteroge-
neity in fiber diameter and the appearance of centrally
located nuclei, indicating deep degenerative process-
es within the muscle tissue architecture (Figure 6). In
several fibers, the migration of nuclei from the periph-
ery toward the center was observed - a classic histo-
logical marker of regenerative-degenerative processes

Table 1: Blood glucose levels and post-hoc comparison between experimental groups.

. Mean difference
Comparison groups (mmol/L)
Control vs. HFD -3.15
Control vs. HFD+DM -7.36
HFDvs. HFD+DM -4.21
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t-value p-value

-8.86 <0.001

-20.7 <0.001

-11.8 <0.001
© 2026 The Authors
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Figure 3: Histological structure of the rectus abdominis muscle of the control group. Hematoxylin and eosin stain-
ing. Magnification: x 100.

Figure 4: Myosteatosis in the rectus abdominis muscle of HFD group rats. Masson’s trichrome stain. Magnifica-
tion: x 400.

© 2026 The Authors Romanian Journal of Diabetes, Nutrition and Metabolic Diseases :: www.rjdnmd.org 49



http://www.rjdnmd.org

Kritsak M ef al. Morphometric and structural changes in the rectus abdominis muscle of rats under conditions of experimental obesity and diabetes mellitus

i 2 N e e R
Figure 5: Pronounced interstitial myosteatosis and microcirculatory disorders in the HFD+DM group. Note the
accumulation of adipose tissue (1). Hematoxylin and eosin staining. Magnification: x 200.

-

Figure 6: Signs of atrophy and degeneration of muscle fibers in the HFD+DM group. Heidenhain’s hematoxylin
stain. Magnification: x200.
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occurring during chronic muscle damage. Additional-
ly, dark areas within the fibers indicated the presence
of dystrophic changes, which are frequently observed
under conditions of metabolic stress.

The cumulative effect of glucose and lipotoxicity
in the HFD+DM group leads to significantly more pro-
found structural damage in the rectus abdominis mus-
cle compared to the isolated obesity group. These mor-
phological data, combined with indicators of severe
hyperglycemia, suggest the development of decompen-
sated carbohydrate and lipid metabolism, which serves
as a key pathophysiological mechanism for muscle
damage under experimental diabetes mellitus.

Electron microscopic examination of the rectus
abdominis muscle in the HFD+DM group revealed
profound ultrastructural changes (Figure 7). Evidence
of severe mitochondrial dysfunction was established,
characterized by the destruction of internal cristae and
uneven density of the mitochondrial matrix. Concur-
rently, significant intracellular accumulation of lipid
droplets was observed, physically disorganizing the

% 1’“‘%‘ E
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structure of sarcomeres and myofibrils. These findings
confirm the structural disorganization of myocytes at
the organelle level, which correlates with the severity
of hyperglycemia and indicates the progression of ir-
reversible degenerative processes in the muscle tissue.

Morphometric analysis of the rectus abdominis
muscle revealed clear dynamics in the average diame-
ter of muscle fibers (Figure 8). In the control group, the
average fiber diameter was (55.8+2.24) pm. In the HFD
group, a statistically significant decrease in fiber diam-
eter to (53.0+1.70) um was observed (p=0.004 vs. CG),
indicating the onset of muscle atrophy at the stage of
metabolic disorders induced by the high-fat diet. The
most pronounced degenerative changes were recorded
in the HFD+DM group, where the average fiber diame-
ter decreased significantly to (41.8+1.31) pm (p<0.001 vs.
both CG and HFD).

The diagram clearly demonstrates the high homo-
geneity of indicators within each group, as well as a
pronounced shift in the distribution of values toward
smaller diameters in animals with diabetes mellitus.

) A 4 'f;«

Figure 7: Ultrastructural changes in the rectus abdominis muscle of the HFD+DM group. Note the marked mito-
chondrial dysfunction (cristalolysis, matrix swelling) and massive intrasarcoplasmic accumulation of lipid inclu-
sions, leading to myofibril fragmentation. Transmission electron microscopy, magnification: x 12 000
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Figure 8: Dynamics of the average rectus abdominis muscle fiber diameter across the experimental groups.

These results confirm the progressive nature of the
pathological process, wherein the synergy of insulin
resistance and hyperglycemia leads to profound atro-
phy of muscle fibers.

Histological analysis of the rectus abdominis mus-
cle revealed a progressive increase in the proportion of
damaged fibers in response to metabolic disorders. In
the control group, the relative volume of damaged fib-
ers was minimal at (1.38+0.33)%, corresponding to the
baseline level of physiological tissue turnover. In the
HFD group, a statistically significant increase in this
indicator was observed (6.34+0.69)%, whereas in the
HFD+DM group, the level of damage reached critical
values of (17.7+1.71)% (p<0.001 vs. control).

Regression analysis demonstrated a strong positive
correlation between glycemia levels and the percent-
age of damaged muscle fibers (r=0.978; p<0.001; df=28)
(Figure 9). These data confirm that hyperglycemia is
a critical factor driving destructive changes in myofi-
brils. The visualization of the Pearson correlation anal-
ysis clearly demonstrates a close relationship between
blood glucose levels and the extent of morphological
tissue damage, highlighting the pathogenic role of met-
abolic stress in the development of atrophic processes
in skeletal muscles.

Morphometricanalysis of the nuclear area revealed
minor variationsin mean values across the experimen-
tal groups (63.1+0.60) pm? in the CG, (63.9+0.78) pm?
in the HFD group, and (60.1#1.19) ym? in the HFD+DM
group. Despite the relative stability of this parameter,
Pearson correlation analysis revealed a moderate neg-
ative relationship between blood glucose levels and
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nuclear area (r=-0.646; p<0.001; df=28). This indicates
that increasing blood glucose levels are associated
with a tendency toward a decrease in the nuclear area
of muscle fibers. These data support the hypothesis
that chronic hyperglycemia is linked to degenerative
changes in the cellular nuclear apparatus, which may
be attributed to chromatin condensation or other
pathological mechanisms (Figure 10).

Analysis of capillary density revealed a progressive
decline in microcirculatory intensity under conditions
of metabolic disorders. In the control group, the aver-
age capillary density was (1732+93.4) cap/mm?. In the
HFD group, a decrease in this parameter to (1680+60.0)
cap/mm?* was observed a 3.1% reduction compared
to control (p>0.05). The most pronounced changes
were recorded in the HFD+DM group, where capillary
density decreased to (1490+70.0) cap/mm?, represent-
ing a 14.1% reduction compared to the control group
(p<0.001). A graphic representation of these changes
is shown in Figure 11. These data indicate that chronic
hyperglycemia and obesity-related metabolic stress sig-
nificantly impair muscle tissue vascularization, likely
contributing to the observed myofibril atrophy and de-
generative changes.

Discussion

Our results indicate that the combination of a
high-fat diet and streptozotocin-induced diabetes leads
to the development of pronounced morphofunctional
changesin the rectus abdominis muscle. These changes

© 2026 The Authors
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Figure 9: Correlation between blood glycemia levels
and the percentage of damaged muscle fibers.

are manifested by fiber atrophy, a decrease in capillary
bed density, and degenerative alterations in the nucle-
ar apparatus of the cells.

Our data on the reduction in muscle fiber diameter
in the HFD+DM group (41.8+1.31) um compared to the
control group (55.842.24) um are consistent with the
findings of other authors, who link insulin resistance
with impaired protein synthesis in myocytes [15, 16].
In particular, it is known that chronic hyperglycemia
activates the ubiquitin-proteasome degradation sys-
tem, which is a key mechanism of muscle atrophy. It is
worth noting that even isolated exposure to a high-fat
diet causes a significant reduction in fiber diameter
(53.0£1.70) um, indicating that lipotoxicity acts as an
independent factor of damage even prior to the onset
of overt hyperglycemia.

The significant destruction of muscle tissue ob-
served in the HFD+DM group, as evidenced by the high
relative volume of damaged muscle fibers, is primarily
attributed to the absence of pharmacological interven-
tion or insulin therapy, which is characteristic of this
experimental model. In a state of persistent, uncom-
pensated hyperglycemia, degenerative processes with-
in myocytes proceed unchecked, leading to a critical
accumulation of damaged fibers.

The morphometric analysis is strongly supported
by the identified pathomorphological changes. The

© 2026 The Authors
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transition from focal myosteatosis, characteristic of
isolated obesity, to massive interstitial lipid accumu-
lation and pronounced myocyte atrophy signifies deep
metabolic decompensation. The detected ultrastruc-
tural disorganization warrants special attention, mi-
tochondrial cristalolysis and myofibril fragmentation
indicate that under conditions of untreated diabetes
mellitus, energy deficiency and lipotoxicity trigger ir-
reversible degenerative processes.

Furthermore, the presence of centrally located nu-
clei and significant fiber diameter heterogeneity serve
as classic markers of chronic damage, which, in the
absence of insulin therapy and dietary intervention,
leads to the depletion of the regenerative potential of
skeletal muscle. Collectively, these morphological find-
ings confirm the development of diabetic myopathy in
the HFD+DM group.

The results of the capillary density analysis war-
rant special attention. We observed a progressive de-
cline in this parameter from (1732+93.4) cap/mm?in the
control group to (1496+73.2) cap/mm? in the HFD+DM
group. This reduction in vascular density creates con-
ditions conducive to chronic muscle tissue hypoxia.
Similar studies have demonstrated that decreased cap-
illary density correlates with lower levels of vascular
endothelial growth factor (VEGF), which accounts for
impaired tissue perfusion [17]. In our study, we observed
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Figure 11: Dynamics of changes in capillary density in the rectus abdominis muscle across experimental groups.

that microcirculatory alterations are most pronounced
under conditions of combined metabolic stress, con-
firming the synergistic impact of obesity and diabetes
mellitus on vascular integrity.

A compelling aspect of our research is the negative
correlation identified between blood glucose levels
and nuclear area (r=-0.646; p<0.001). We hypothesize
that the reduction in nuclear area observed amidst
hyperglycemia reflects chromatin condensation, a
morphological marker of impaired transcriptional
activity. Similar alterations in the nuclear apparatus
have been previously documented in studies of diabet-
ic cardiomyopathy, however, this mechanism remains
under-investigated in the skeletal muscles of the ante-
rior abdominal wall. Consequently, further clarifica-
tion via immunohistochemical methods, particularly
focusing on the assessment of apoptosis markers, is
warranted to elucidate the precise nature of these de-
generative changes.

When comparing our data with the findings of
other researchers, it becomes evident that the patho-
genesis of diabetic myopathy is multifaceted. The
combination of muscle fiber atrophy and a decline in
capillary density creates a self-perpetuating cycle of
tissue hypoxia and metabolic dysfunction, which fur-
ther accelerates the loss of muscle mass [18]. The strong
correlation between glycemia levels and the percentage
of damaged fibers (r=0.978; p<0.001) convincingly sug-
gests that chronic hyperglycemia acts as the primary
trigger for the destructive changes observed in this ex-
perimental model.

A limitation of our study is the exclusive focus on
morphometric indices. We identify further research
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prospects in evaluating the state of the muscle mito-
chondrial apparatus, as mitochondrial dysfunction
serves as the cornerstone for the development of in-
sulin resistance in skeletal muscle. Consequently, our
findings support the hypothesis that metabolic stress,
induced by a high-fat diet and diabetes mellitus, trig-
gers profound structural remodeling that significantly
diminishes the adaptive potential of skeletal muscle.

Conclusion

The combined effect of a high-fat diet (HFD) and
streptozotocin-induced diabetes mellitus leads to criti-
cal structural destruction of the rectus abdominis mus-
cle. This is manifested by an increase in the relative
volume of damaged fibers to (17.7+1.71)%, which is ap-
proximately 12.8 times higher than that of the control
group. The morphological substrate of muscle tissue
damage in this combined pathology is characterized by
massive interstitial myosteatosis and pronounced my-
ocyte atrophy, accompanied by significant fiber diame-
ter heterogeneity and the displacement of nuclei to the
center of the sarcoplasm. At the ultrastructural level,
uncompensated diabetes induces profound mitochon-
drial dysfunction specifically, cristalolysis and matrix
edema alongside intrasarcoplasmic lipid accumulation.
These changes culminate in myofibril fragmentation
and the physical disorganization of sarcomeres.The
identified pathomorphological alterations indicate a
synergistic effect of glucotoxicity and lipotoxicity. In
the absence of pharmacological intervention, this met-
abolic synergy leads to the depletion of the regenerative

© 2026 The Authors
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potential of the rectus abdominis muscle and the pro-
gression of irreversible degenerative processes.
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