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Abstract
The aim of the study was to analyze the morphometric characteristics of the vascular bed in the rectus abdominis muscle 
and to evaluate the therapeutic efficacy of mesenchymal stem cell therapy in an experimental model of type 2 diabetes. The 
study was conducted on 30 rats divided into three groups: control, untreated diabetes, and diabetes treated with MSCs. 
Morphometric, histological, and statistical methods were employed. It was established that the progression of diabetes is 
accompanied by inward hypertrophic remodeling of the arteries: the Voganworth index increased to (38.5±3.41) %, while the 
vascular lumen narrowed to (18.9±1.23) μm. Significant endothelial destruction (31.6±3.40) % and mucoid swelling of the 
vascular wall were observed. The administration of MSCs led to a significant correction of the metabolic profile and initiated 
reverse remodeling processes. In the MSC-treated group, there was an expansion of the arterial lumen, a reduction in media 
thickness to (5.53±0.46) μm, and a 2.6-fold decrease in the volume of endothelial damage compared to the untreated dia-
betic group. Histological analysis confirmed the stabilization of the connective tissue matrix and regression of vascular wall 
edema under the influence of cell therapy. Mesenchymal stem cells exhibit a pronounced angioprotective effect, restoring 
the microvascular architecture and improving tissue insulin sensitivity, which highlights their potential for the treatment of 
diabetic myopathy.
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Introduction

Type 2 diabetes mellitus (T2DM) remains one of the 
most pressing medical and social challenges of the 21st 
century, reaching the proportions of a global non-com-
municable disease epidemic. According to the Interna-
tional Diabetes Federation (IDF), the prevalence of this 
pathology is steadily increasing, which is accompanied 
by a high risk of long-term disability [1]. One of the 
less explored yet clinically significant complications 

of T2DM is diabetic myopathy, characterized by pro-
gressive loss of muscle mass, reduced muscle strength, 
and degenerative alterations in skeletal muscle archi-
tecture [2, 3].

Traditionally, research focus has been primarily di-
rected toward diabetic neuropathy and lower extremi-
ty angiopathy. However, contemporary data highlight 
the existence of a specific phenomenon, diabetic my-
opathy. Chronic hyperglycemia triggers a cascade of 
metabolic disturbances, where the accumulation of 
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advanced glycation end products plays a pivotal role. 
These compounds modify the basement membrane 
proteins of capillaries and arterioles, leading to base-
ment membrane thickening and profound endothelial 
dysfunction [4, 5].

It is crucial to consider that skeletal muscle serves 
as the primary site for glucose disposal in both humans 
and animals. Under physiological metabolic condi-
tions, approximately 75–80% of postprandial glucose 
is cleared by skeletal muscle via insulin-dependent 
GLUT4 transporters [6]. However, in T2DM, a cascade 
of pathological alterations occurs, leading to a re-
duction in capillary bed density and impaired muscle 
perfusion [7]. This structural degradation physically 
limits the delivery of insulin and glucose to myocytes. 
Consequently, skeletal muscle microangiopathy should 
be regarded not merely as a secondary complication, 
but as a fundamental driver that exacerbates insulin 
resistance [8].

Skeletal muscle functions as an endocrine organ, 
secreting various biologically active substances known 
as myokines. In the context of diabetic muscle damage, 
the secretory balance of these factors is profoundly 
disturbed. A reduction in the secretion of vasoprotec-
tive myokines exacerbates endothelial dysfunction 
systemicly, transforming the management of diabet-
ic myopathy into a critical target for general internal 
medicine [9].

In recent decades, research has pivoted toward 
mesenchymal stem cells (MSCs) as a versatile tool in 
regenerative medicine. MSCs possess a unique hom-
ing ability to migrate to sites of injury and exhibit po-
tent paracrine activity. They secrete a broad spectrum 
of angiogenic factors, including vascular endothelial 
growth factor (VEGF), fibroblast growth factor (FGF), 
and insulin-like growth factor-1 (IGF-1), which stimu-
late endothelial cell proliferation and restore vascu-
lar wall integrity [10, 11]. However, the efficacy of cell 
therapy is heavily contingent upon the delivery route. 
Conventional intravenous administration is frequently 
hindered by the “pulmonary first-pass effect” (pulmo-
nary filter), where up to 80% of transplanted cells are 
sequestered in the lungs [12]. In the present study, we 
utilized the intracardiac injection technique, which 
bypasses the pulmonary circulation and delivers cells 
directly into the systemic arterial bed. This approach 
ensures maximum bioavailability of MSCs to the skele-
tal muscle microvasculature.

The investigation of these pathological processes 
in humans is constrained by ethical standards and the 
inherent difficulty of obtaining serial biopsy material 

at various disease stages. Consequently, the utilization 
of a long-term rat model, combining a high-fat diet 
(HFD) with low-dose streptozotocin (STZ) induction, 
provides a robust approximation of the clinical course 
of T2DM in humans. This experimental paradigm ena-
bles the assessment of not only the acute effects of hy-
perglycemia but also the chronic vascular remodeling 
that typically evolves over an extended period.

The aim of this study was to determine the mor-
phometric characteristics of small-caliber arteries in 
the rectus abdominis muscle during the treatment of 
diabetic myopathy with mesenchymal stem cells and 
to evaluate their impact on systemic insulin resistance.

Material and methods

The study was conducted on 30 male Wistar rats, 
aged 8 months. All experimental procedures were per-
formed in strict accordance with the ethical principles 
of animal experimentation, adhering to the provi-
sions of the European Convention for the Protection 
of Vertebrate Animals used for Experimental and 
Other Scientific Purposes (Strasbourg, 18.03.1986), the 
Directive 2010/63/EU of the European Parliament and 
of the Council on the protection of animals used for 
scientific purposes, and the Law of Ukraine “On the 
Protection of Animals from Cruelty.”

Experimental animals were divided into three 
groups (n=10 per group). The control group (CG) con-
sisted of healthy rats with a mean body weight of 
(220.00±15.00) g. In the second (HFD+DM) and third 
(HFD+DM+MSC) groups, a high-fat diet (HFD) was in-
itiated from one month of age to induce obesity. The 
dietary regimen was formulated such that animal fats 
accounted for 30–60% of the total caloric intake. To en-
hance palatability and ensure consistent consumption, 
the daily ration per individual was supplemented with 
bread (6.0 g), pearl barley (4.0 g), barley (15.0 g), and car-
rots (10.0 g), along with a crushed mixture of sunflower 
seeds, peanuts, and oilcake. At the end of the dietary 
induction period, the body weights in the HFD+DM 
(429.62±23.45) g and HFD+DM+MSC (421.42±20.36) g 
groups showed no significant difference between each 
other but were significantly higher compared to the CG 
(p<0.001).

In the 7th month of the experiment, T2DM was in-
duced in the HFD+DM and HFD+DM+MSC groups by a 
single intraperitoneal injection of streptozotocin (STZ) 
35 mg/kg body weight dissolved in 0.1 M citrate buffer 
(pH 4.5). Prior to STZ administration, animals were 
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fasted for 12 hours with ad libitum access to water. Both 
groups continued the high-fat diet for an additional 
month (until the end of the 8th month). In the HFD+ 
DM+MSC group, on the 7th day post-STZ induction, 
MSCs were administered via intracardiac injection at a 
dose of 1 × 106 cells suspended in 0.2 ml of isotonic saline 
0.9% NaCl. The procedure was performed under gen-
eral anesthesia induced by intraperitoneal ketamine 
90 mg/kg and xylazine 10 mg/kg. The MSC suspension 
was slowly infused into the left ventricular cavity using 
a fine-gauge needle, guided by anatomical landmarks 
to ensure systemic arterial distribution [13].

The development of T2DM was confirmed by meas-
uring blood glucose levels from the tail vein using an 
Accu-Chek glucometer (Roche Diagnostics, Germany) 
and by the presence of persistent hyperglycemia. To 
evaluate insulin sensitivity, an insulin tolerance test 
(ITT) was performed at the end of the 8th month. In-
sulin was administered intraperitoneally at a dose of 
0.75 U/kg, with blood glucose levels measured at 0, 30, 
60, 90, and 120 minutes post-injection.

Human umbilical cord-derived mesenchymal 
stem cells were isolated and characterized at the 
Cell Culture Laboratory of I. Horbachevsky Ternopil 
National Medical University. The umbilical cord tis-
sue was obtained from a healthy donor following an 
uncomplicated physiological pregnancy and natural 
delivery, after obtaining informed consent for the use 
of postpartum biological material. The primary cul-
ture of MSCs was isolated from Wharton’s jelly using 
an enzymatic digestion method with 0.1% collagenase 
type I (Sigma-Aldrich, USA). The cells were cultured 
in DMEM/F12 Advanced medium (Gibco, USA) sup-
plemented with 10% fetal bovine serum (FBS) (Gibco, 
USA) at 37°C in a humidified atmosphere with 5% 
CO2. Passaging was performed using TrypLE Express 
Enzyme (Gibco, USA). MSCs were cryopreserved at the 
4th passage in a cryoprotective medium consisting of 
30% DMEM/F12 Advanced, 40% FBS, 20% conditioned 
medium, and 10% dimethyl sulfoxide (DMSO, Sigma, 
USA). For the experimental studies, 5th passage MSCs 
were used. After thawing, cells were re-cultured under 
standard conditions. The MSC suspension was pre-
pared using physiological saline 0.9% NaCl. To ensure 
maximum viability, the cell suspension was adminis-
tered within 3 hours of detachment from the culture 
flasks. 

The choice of intracardiac administration (specif-
ically into the left ventricular cavity) was dictated by 
the necessity to maximize the systemic bioavailability 
of the MSCs within the arterial bed, following a critical 

evaluation of alternative delivery routes. Convention-
al systemic venous administration results in a signifi-
cant proportion of MSCs (up to 80%) being sequestered 
in the pulmonary capillary network (the “pulmonary 
first-pass effect”), which drastically limits the number 
of viable cells reaching target tissues. Direct injection 
into the left ventricle bypasses pulmonary sequestra-
tion, ensuring immediate distribution throughout the 
systemic circulation a factor critical for the effective 
management of microangiopathies. The intraperito-
neal route was excluded due to the low rate of cellular 
absorption into the systemic bloodstream and poten-
tial inactivation within the abdominal mesothelium. 
Local injections directly into the m. rectus abdominis 
were deemed inappropriate, as they induce addition-
al mechanical trauma to already degenerated muscle 
tissue and fail to address the systemic vascular distur-
bances that are the primary etiology of diabetic myopa-
thy. Thus, left ventricular puncture using a fine-gauge 
(insulin) needle achieved direct contact between the 
stem cells and the endothelium of small-caliber arter-
ies under physiological pressure, while minimizing the 
volume of injected fluid and maintaining high animal 
survival rates.

The selection of the rectus abdominis muscle as the 
primary object of study was based on several critical 
factors. This muscle is a classic skeletal muscle with 
a predominance of type II (fast-twitch) fibers, which 
exhibit high sensitivity to both insulin action and is-
chemic injury. Consequently, data obtained from this 
model can be reliably extrapolated to the trunk muscu-
lature, which typically undergoes accelerated atrophy 
during the progression of diabetes. Furthermore, the 
rectus abdominis possesses a distinct anatomical lo-
calization and a strictly parallel fiber orientation. This 
structural consistency allows for the preparation of 
highly standardized cross-sections, which is essential 
for precise and reproducible morphometric measure-
ments. From a hemodynamic perspective, the rectus 
abdominis is supplied by the epigastric artery system, 
which are direct branches of major systemic vessels. 
Given the intracardiac route of MSC administration, 
this ensures efficient delivery of the cells from the aor-
ta into the microvascular bed of the target muscle un-
der optimal perfusion conditions.

Upon completion of the experiment, tissue sam-
ples from the right rectus abdominis muscle were har-
vested and fixed in a 10% neutral buffered formalin 
solution. Following a standardized dehydration proto-
col in a graded series of alcohols, the specimens were 
embedded in paraffin blocks. Histological sections 
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5–7 μm thick were prepared using a microtome. After 
deparaffinization, the sections were stained with he-
matoxylin and eosin, Masson’s trichrome (to evaluate 
connective tissue), and Alcian blue (to detect mucoid 
swelling and glycosaminoglycans).The morphometric 
analysis of small-caliber arteries within the muscle 
tissue was conducted using specialized image analysis 
software. The following parameters were evaluated: 
external and internal vascular diameters (μm); tunica 
media thickness (μm); media-to-lumen ratio, also re-
ferred to as the Voganworth index (calculated as the 
ratio of the media thickness to the lumen diameter, ex-
pressed as a percentage); endothelial cell height (μm); 
nuclear-cytoplasmic ratio in endothelial cells; relative 
volume of damaged endothelial cells (%). 

Statistical analysis of the obtained data was per-
formed using STATISTICA 10.0 software (StatSoft, 
USA). The normality of the data distribution was ver-
ified using the Shapiro-Wilk test. For normally dis-
tributed data, intergroup differences were assessed 
using the parametric Student’s t-test for independent 
samples. The results are expressed as the arithmetic 
mean±standard deviation (M±SD). To compare mean 
values across the three groups, one-way analysis of var-
iance (ANOVA) was employed, followed by the Tukey 
post-hoc test for multiple comparisons. Correlations 
between morphometric parameters were assessed 
using the Pearson correlation coefficient (r) for nor-
mally distributed data or the Spearman rank correla-
tion coefficient (ρ) for non-normally distributed data. 
Differences were considered statistically significant 
at p<0.05.

Results

Analysis of the glycemic curves during the ITT re-
vealed significant disparities in metabolic responses 
across the experimental groups (Figure 1). In the HFD+ 
DM group (untreated diabetes), a pathological curve 
profile was observed, characteristic of pronounced sys-
temic insulin resistance. Despite the administration 
of exogenous insulin, blood glucose levels remained 
persistently elevated throughout the testing period. 
At the 60th minute, the glycemic reduction was only 
15.6% from the baseline, which differed significantly 
from the control group (p<0.001). The administration 
of MSCs in the HFD+DM+MSC group led to a substan-
tial modification of the metabolic profile. A dynamic 
decrease in glucose levels was recorded as early as the 
30th minute, reaching a nadir at the 60th minute (6.69± 
0.68) mmol/L. This shift indicates a partial restoration 
of peripheral insulin sensitivity, particularly within 
skeletal muscle tissue. Glycemic values in the HFD+ 
DM+MSC group at the 30, 60, and 90-minute marks 
were significantly lower than those in the HFD+DM 
group (p<0.001 according to Tukey’s post-hoc test), 
confirming the high therapeutic efficacy of the int-
racardiac cell delivery method. By the end of the test 
(120 min), the MSC group exhibited a gradual recovery 
of glucose levels, reflecting the physiological termina-
tion of insulin action and the adequate engagement of 
counter-regulatory mechanisms.

The restoration of insulin sensitivity following 
MSC administration correlates with the improve-
ment of morphometric parameters within the muscle 

Figure 1: Dynamic changes in blood glucose levels during the insulin tolerance test. CG – Control Group; 
HFD+DM – High-Fat Diet and Streptozotocin-induced diabetes group; HFD+DM+MSC – group treated with 
mesenchymal stem cells via intracardiac injection. Data are presented as M±SD. * – p<0.001 compared to the 
HFD+DM group.
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microcirculatory bed. Our morphometric analysis 
of the small-caliber arteries in the rectus abdominis 
muscle revealed profound structural disorganization 
of the vascular wall under conditions of long-term 
T2DM induced by a high-fat diet (Table 1). In the con-
trol group (CG), the external diameter of the arter-
ies was (34.2±1.07) μm. The development of T2DM 
against the background of alimentary obesity did not 
lead to significant changes in the total arterial caliber, 
which measured (33.5±1.04) μm in the HFD+DM group 
(p=0.358 vs. CG). A similar trend was observed in the 
HFD+DM+ +MSC group, where the outer diameter was 
(33.8±0.86) μm (p=0.684 vs. CG; p=0.844 vs. HFD+DM) 
(Figure 2A). According to the one-way ANOVA results, 
no statistically significant intergroup differences were 
found for this specific parameter (F-test, p=0.447).

Analysis of the HFD+DM group demonstrated 
the development of pronounced internal vascular re-
modeling, characterized by a critical narrowing of 
the arterial lumen (Figure 2B). The internal diameter 
of the arteries in this group significantly decreased to 
(18.9±1.23) µm, representing a 30.2% reduction com-
pared to the control group (27.1±1.06) µm (p<0.001). 
Such structural narrowing under diabetic conditions 
indicates persistent angiospasm and the accumulation 
of extracellular matrix components within the vascu-
lar intima.

Parallel to the lumen narrowing, compensatory 
hypertrophy of the muscular coat (tunica media) was 
observed. In diabetic animals, the media thickness in-
creased to (7.28±0.84) µm, which is more than double 
the values observed in the control group (3.51±0.22) µm 
(p<0.001). Density distribution plots (Figure 2C) clearly 

visualize a population shift of the vessels toward patho-
logical wall thickening. The M/L ratio, also known as 
the Voganworth index, serves as a primary marker of 
vascular resistance. In the HFD+DM group, this index 
surged to (38.5±3.41) % (Figure 2D). Such a significant 
increase indicates a sharp decline in vascular wall elas-
ticity and the establishment of persistent microcircu-
latory hypertension, which further exacerbates tissue 
ischemia in diabetic myopathy.

The administration of MSCs led to a significant 
attenuation of the observed vascular disorders. In the 
HFD+DM+MSC group, the internal diameter expand-
ed to (22.8±1.16) µm (p<0.001 compared to the untreat-
ed diabetic group). Although this parameter did not 
fully return to the levels observed in healthy animals, 
such positive dynamics indicate a substantial restora-
tion of vasodilatory capacity. Concurrently, cell thera-
py resulted in a reduction of media thickness to (5.53± 
0.46) µm, which was statistically significant compared 
to the HFD+DM group (p<0.001). This reduction sug-
gests that MSCs possess the capacity to suppress the 
excessive proliferation of vascular smooth muscle cells 
(VSMCs), likely mediated through paracrine regula-
tory mechanisms and the modulation of the local cy-
tokine profile.

The most dynamic changes were observed during 
the analysis of endothelial cells, which are the prima-
ry targets of chronic hyperglycemia. In the HFD+DM 
group, pronounced edema of the endothelial layer was 
detected. The endothelial cell height increased signifi-
cantly to (2.46±0.17) µm, compared to (1.55±0.16) µm in 
the control group (p<0.001). These swollen cells pro-
trude substantially into the vascular lumen, creating 

Table 1: Morphometric parameters of rectus abdominis muscle arteries and endothelial cell characteristics in ex-
perimental groups.

Note: Data are presented as mean±standard deviation (M±SD): * – p<0.05, ** – p<0.01, *** – p<0.001 compared to the 
Control group; # – p<0.05, ## – p<0.01, ### – p<0.001 compared to the HFD+DM group. Statistical significance was 
determined using one-way ANOVA followed by Tukey’s HSD post-hoc test.

Parameter Control Group (n=10) HFD+DM (n=10) HFD+DM+MSC (n=10)

External diameter of arteries (µm) 34.2±1.07 33.5±1.04 33.8±0.86

Internal diameter (µm) 27.1±1.06 18.9±1.23*** 22.8±1.16***, ###

Media thickness (µm) 3.51±0.22 7.28±0.84*** 5.53±0.46***, ###

Media-to-lumen ratio (%) 12.9±1.11 38.5±3.41*** 24.3±1.48***, ###

Endothelial cell height (µm) 1.55±0.16 2.46±0.17*** 1.80±0.17**, ###

Nuclear-to-cytoplasmic ratio 0.31±0.02 0.20±0.02*** 0.28±0.01**, ###

Relative volume of damaged 
endothelial cells (%) 2.28±0.23 31.60±3.40*** 12.0±2.01***, ###
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additional mechanical resistance to blood flow. These 
morphological shifts were accompanied by a signif-
icant decrease in the nuclear-cytoplasmic ratio to 
(0.20±0.02) (p<0.001). Such a decrease in this index 
confirms that the expansion of cell volume occurs pre-
dominantly due to the cytoplasm, reflecting the devel-
opment of vacuolization and hydropic degeneration 
(cellular edema) within the endothelial lining.

The therapeutic effect of MSCs was further evi-
denced by the stabilization of the endothelial barrier. 
In the treatment group (HFD+DM+MSC), the endothe-
lial cell height decreased to (1.80±0.17) µm. Notably, the 
statistical significance of this reduction compared to 
the untreated diabetic group was p=0.007, highlight-
ing the robust anti-edema effect of MSC therapy. Fur-
thermore, the nuclear-cytoplasmic ratio in this group 
recovered to (0.28±0.01), indicating the normalization 
of intracellular metabolism and a marked reduction in 

cytoplasmic vacuolization (Figure 3A). These findings 
suggest that MSCs facilitate the structural repair of the 
endothelial lining, thereby restoring its functional in-
tegrity within the microcirculatory bed.

The assessment of the relative volume of damaged 
endothelial cells served as the most representative in-
dicator of the severity of diabetic angiopathy. In the 
HFD+DM group, massive cellular damage was record-
ed, reaching (31.60±3.40) %. Nearly one in every three 
cells exhibited signs of irreversible destruction, includ-
ing nuclear pyknosis, cytoplasmic fragmentation, and 
complete detachment from the basement membrane 
(desquamation). These structural alterations create a 
pro-thrombotic environment conducive to platelet ad-
hesion and the progression of microthrombosis within 
the skeletal muscle vasculature.

The administration of MSCs resulted in a near-
ly threefold reduction in the volume of damaged 

A

C

B

D

Figure 2: Distribution of morphometric parameters of the rectus abdominis muscle arteries across experimental 
groups: A – external diameter; B – internal diameter; C – media thickness; D – media-to-lumen ratio. Data are visu-
alized using raincloud plots, showing individual data points, density distribution, and group trends.
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endothelium, decreasing it to (12.0±2.01) % (p<0.001). 
Visualization of these data using violin plots (Figure 3B) 
clearly demonstrates a significant shift in the cell pop-
ulation toward a healthy phenotype. Furthermore, the 
variability (spread of values) was markedly narrowed 
in the treatment group compared to the untreated di-
abetic group. Although the percentage of damaged 
cells remained higher than that of the control group 
(2.28±0.23) %, the substantial regenerative potential of 
MSCs confirms their potent angioprotective role. This 
recovery of the endothelial lining serves as a struc-
tural basis for the improved microcirculation and en-
hanced insulin sensitivity observed in the earlier func-
tional tests.

In summary, the study results indicate that di-
abetes mellitus induces complex remodeling of the 
microvascular bed, characterized by a combination 
of medial hypertrophy and profound endothelial de-
struction. Systemic administration of MSCs effectively 
counteracts these pathological processes by alleviating 
endothelial cell edema, reducing the rate of cellular 
apoptosis, and promoting the restoration of the arte-
rial lumen.

These quantitative findings strongly correlate with 
the histological evidence presented in the micropho-
tographs (Figure 4), where the restoration of vascular 
wall integrity under the influence of cell therapy is 
clearly visualized. This structural recovery provides a 
morphological explanation for the metabolic improve-
ments observed in the insulin tolerance tests.

Histological examination of the control group spec-
imens revealed the typical architecture of the micro-
vascular bed and skeletal muscle tissue (Figure 5). The 
small-caliber arteries of the rectus abdominis muscle 

were characterized by thin vascular walls with an or-
ganized arrangement of smooth muscle cells within 
the tunica media and a flattened morphology of the 
endothelial cells. The endomysium and interfibrillar 
spaces were minimal, showing no signs of edema or 
connective tissue disorganization. This histological 
profile served as the morphological baseline for the 
subsequent assessment of pathological changes in the 
diabetic group and the therapeutic efficacy of MSCs.

Discussion

The results of this study demonstrate a complex 
cascade of structural and metabolic impairments with-
in the microcirculatory bed of skeletal muscles under 
diabetic conditions and highlight the multifaceted 
therapeutic potential of mesenchymal stem cells. Our 
findings not only verify the clinical efficacy of cell ther-
apy but also provide deeper insights into the specific 
mechanisms of vascular remodeling associated with 
insulin resistance.

The development of systemic insulin resistance, as 
observed in the HFD+DM group via the ITT, represents 
a pivotal link in the pathogenesis of diabetic compli-
cations [14]. Current literature suggests that a high-fat 
diet triggers the activation of pro-inflammatory kinas-
es, which subsequently impair insulin receptor signal-
ing by inducing inhibitory phosphorylation of insulin 
receptor substrates [14, 15]. Our findings regarding the 
pathological glycemic curves strongly correlate with 
these established data, reinforcing the premise that 
skeletal muscle serves as the primary site for glucose 
disposal. Therefore, muscle-specific insulin resistance 

A B

Figure 3: State of the endothelial lining in the rectus abdominis muscle arteries under experimental diabetes and 
MSC administration: A – nuclear-to-cytoplasmic ratio of endothelial cells; B – relative volume of damaged en-
dothelial cells (%). Data are presented as box-and-whisker plots, where the central line represents the median, and 
individual points represent specific observations within each group. The violin contours indicate the distribution 
density of the data.
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Figure 4: Morphology of the rectus abdominis muscle in experimental diabetes and MSC therapy. A – HFD+DM 
+MSC group: preserved skeletal muscle architecture (2) and ordered structure of the artery (1) within the perimy-
sium. Masson’s trichrome stain, 100x magnification. B – HFD+DM group (Diabetes): pronounced mucoid swelling 
of the arterial wall, deformation of edematous endothelial cells (1). Alcian Blue stain, 400x magnification.

A
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Figure 5: Normal histological architecture of the rectus abdominis muscle (Control group). The specimen demon-
strates typical organization of the microcirculatory bed and skeletal muscle tissue. (1) muscular-type artery with a 
thin wall, organized smooth muscle cells in the media, and a wide, non-deformed lumen; (2) skeletal muscle fibers 
with peripheral nuclei and minimal endomysial space. Hematoxylin and eosin stain. Magnification ×200.

is a critical determinant of the overall metabolic prog-
nosis in type 2 diabetes.

The improvement in ITT parameters following 
MSC administration in our study signifies a robust 
systemic metabolic effect. These findings align with 
recent reports indicating that MSCs secrete exosomes 
enriched with specific microRNAs that upregulate the 
expression of the GLUT4 glucose transporter in skeletal 
myocytes [16]. Consequently, MSCs should be viewed 
not merely as structural protectors but as active parac-
rine and endocrine modulators capable of neutralizing 
the “metabolic chaos” induced by a high-fat diet.

The central finding of our study was the dramatic 
increase in the Voganworth index to 38.5% in the dia-
betic group. This indicates hypertrophic vascular re-
modeling, which is considered the most prognostically 
unfavorable structural alteration of the microvascula-
ture. Our data align with clinical evidence suggesting 
that an elevated M/L ratio in resistance arteries serves 
as an independent risk factor for major cardiovascular 
complications [17]. The observed twofold thickening of 
the tunica media (7.28±0.84) µm not only reduces the 

vessel’s compliance but also creates a physical barrier 
that restricts the effective exchange of metabolites and 
hormones between the blood and the skeletal muscle 
interstitium. 

Comparing our findings with existing literature, 
it can be argued that medial hypertrophy in diabetes is 
driven by the activation of the protein kinase C signal-
ing pathway. This pathway stimulates the excessive pro-
duction of extracellular matrix components, particu-
larly type IV collagen and fibronectin. Our histological 
results, specifically Alcian blue staining, provide direct 
evidence of this process. The intense accumulation of 
acidic glycosaminoglycans within the arterial walls 
of the HFD+DM group indicates pronounced mucoid 
swelling of the connective tissue. Such “hyalinization” 
and structural disorganization of microvessels have 
been recognized in classical pathology as the definitive 
morphological substrate of diabetic angiopathy [18, 19].

The observed capacity of MSCs to reduce medial 
thickness and expand the vascular lumen (Figure 2) 
underscores their ability to modulate the phenotype 
of VSMCs. Our findings are consistent with reports 
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suggesting that MSC-derived paracrine factors facili-
tate a phenotypic switch in VSMCs, transitioning them 
from a proliferative (synthetic) state to a contractile 
phenotype [20]. Clinically, this modulation is manifest-
ed as a significant reduction in vascular wall stiffness 
and improved arterial compliance, which counteracts 
the progression of diabetic microangiopathy.

The assessment of the endothelium revealed pro-
nounced hydropic dystrophy (cellular edema), ac-
companied by a critical reduction in the nuclear-cy-
toplasmic ratio. These morphological alterations are 
consistent with the dysfunction of Na+/K+-ATPase 
pumps, triggered by the chronic cellular energy defi-
ciency characteristic of diabetes. The high prevalence 
of destructively altered endothelial cells (31.6%) ob-
served in our study indicates a profound compromise 
of the blood-tissue barrier. Such extensive damage not 
only increases vascular permeability but also initiates 
a cascade of pro-inflammatory and pro-thrombotic 
events, further exacerbating the impaired microcircu-
lation in skeletal muscles.

MSC therapy facilitated the stabilization of the 
endothelial layer (Figure 3), which is consistent with 
the “endothelial niche” hypothesis. According to this 
concept, MSCs selectively migrate to sites of vascular 
injury and secrete potent pro-survival factors, such as 
angiopoietin-1 and Vascular Endothelial Growth Factor 
A, which effectively prevent endothelial cell apoptosis.
The application of complementary staining methods 
provided a comprehensive visualization of the mi-
crovascular pathology. Alcian blue staining revealed 
mucoid swelling, a direct consequence of plasmarrha-
gia – the leakage of plasma proteins and fluids into the 
vessel wall through the compromised endothelial bar-
rier. This process, as documented in the literature, rep-
resents a critical stage in the development of diabetic 
hyalinosis [21], which our therapy was able to partially 
reverse or arrest.

Masson’s trichrome staining in the MSC-treated 
group demonstrated a significant restoration of col-
lagen homeostasis. In contrast to the chaotic intersti-
tial fibrosis observed in untreated diabetic animals, 
an organized and ordered perimysium structure was 
restored following MSC administration. This struc-
tural improvement is critically important for muscle 
function, as excessive connective tissue fibrosis limits 
the mechanical extensibility of muscle fibers. Further-
more, the reduction of periarterial and interstitial col-
lagen deposition lowers the physical resistance to oxy-
gen diffusion, facilitating more efficient gas exchange 
between capillaries and myocytes. Consequently, the 

normalization of the connective tissue framework 
serves as a key factor in improving the functional state 
of the skeletal muscles under diabetic conditions.

Despite the fact that complete morphological re-
covery to the baseline levels of the control group was 
not achieved, the positive dynamics of key indices – spe-
cifically the Voganworth index and the volume of en-
dothelial destruction – indicate that MSCs are capable 
of shifting the vascular system from a state of “destruc-
tive remodeling” to a state of “functional adaptation.” 
This fundamental shift highlights the potential of cell 
therapy to arrest the progression of microvascular de-
cay. Our findings pave the way for the development of 
novel cellular support protocols for patients suffering 
from diabetic angiopathy of the lower extremities and 
abdominal wall, potentially reducing the risk of is-
chemic complications and improving the quality of life 
in chronic diabetes.

Conclusions

Combined metabolic pathology (HFD+DM) induc-
es persistent systemic insulin resistance and profound 
disorganization of the skeletal muscle microcircula-
tory bed. Systemic administration of MSCs provides 
effective metabolic correction, restoring peripheral 
insulin sensitivity and normalizing the glycemic pro-
file, as evidenced by the insulin tolerance test at the 60th 
minute (6.69±0.68) mmol/L.

A key morphological marker of diabetic angiopathy 
in the rectus abdominis muscle is inward hypertroph-
ic remodeling. In the diabetic group, the Voganworth 
index increased to (38.5±3.41) %, a threefold increase 
compared to the control group. MSC therapy effective-
ly initiates reverse remodeling, significantly reducing 
media thickness to (5.53±0.46) µm and restoring arteri-
al luminal diameter.

Chronic hyperglycemia triggers a cascade of 
destructive endothelial changes, including pro-
nounced intracellular edema, increasing cell height to 
(2.46±0.17) µm and mucoid swelling. The destruction of 
(31.6±3.40) % of endothelial cells in the diabetic group 
signifies a critical breach of the blood-tissue barrier. 
MSC administration demonstrates a potent angio-
protective effect, reducing endothelial destruction 
2.6-fold.

Beyond vascular repair, cell therapy stabilizes 
the connective tissue framework of the muscle and 
reduces mucoid swelling. This restoration of the mi-
croenvironmental architecture provides the necessary 
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morphological basis for the regression of diabetic myo-
pathy and improvement of muscle functional capacity.
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