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ABSTRACT

Aim: To establish the features of morphofunctional organization of the rat urinary bladder in modeled hyperglycemia, taking into account the complex of
structural-metabolic changes in the organism in the dynamics of its development.

Materials and Methods: The work was performed in compliance with the rules of humane treatment in experiments on 80 one-year-old male Wistar rats.
Streptozotocin diabetes was modeled in 50 animals by single intraperitoneal administration of streptozotocin with material collection on days 14, 28, 42,
56, and 70 of the experiment. Histological, electron microscopic, biochemical, massometric methods, measurement of consumed water and daily diuresis,
morphometric methods, cluster analysis, and statistical methods were applied.

Results: Urothelial cells form four clusters with histometric and ultrastructural characteristics. Chronological features of streptozotocin diabetes development
were confirmed by blood glucose level, glycosylated hemoglobin content, urine glucose concentration, its pH, massometric indicators of body weight and
urinary bladder weight, and volumes of consumed liquid and diuresis. Disruption of structural-functional balance between urothelial cell clusters is detected
from day 14 until the end of the experiment. On days 14-28 of streptozotocin diabetes development, compensatory hypertrophy of smooth myocytes of the
bladder wall with ultrastructural signs of their functional stress was detected, as well as the first signs of diabetic microangiopathy in the bladder wall. From
day 56, generalization of sludge syndrome, dystrophic changes in endotheliocytes, and basement membrane edema are observed. Against the background of
pronounced microangiopathy, diuresis and polydipsia decrease, desquamation of urothelial cells intensifies, and dehydration of smooth myocytes and urothelial
cells occurs, which is pronounced on day 70 of the experiment.

Conclusions: In the dynamics of induced hyperglycemia development, disruption of structural-functional balance between urothelial cell clusters was detected,
leading to imbalance between proliferative potentials of basal urothelial cells and integrity of the urothelial cellular barrier, as well as stages of differentiation
of intermediate urothelial cells. Diabetic microangiopathy intensifies until day 70 of the experiment. Overall, during this period, diabetic cystopathy remains

compensated (percentage of smooth myocyte area is 1.16 times greater than control and percentage of collagen fiber area is 1.23 times less than control).
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INTRODUCTION

The prevalence of diabetes mellitus has pandemic
characteristics [1,2]. Almost half a billion people in the
world live with diabetes mellitus, and it is predicted
that their number will increase by 25% by 2030 and by
51% by 2045 [3]. Diabetes mellitus increases the risk of
developing urological disorders, while urological pa-
thology can cause decompensation of diabetes course
[4]. In the lower urinary tract, complex interaction of
neuronal, myogenic, and urothelial dysfunction causes
the development of functional disorders, among which
disorders of accumulation and emptying of the urinary
bladder occupy a leading place [5]. Diabetic cystopathy
is one of the specific complications of diabetes mellitus

1556

Wiad Lek. 2026;79(7):1556-1562. doi: 10.36740/WLek/225987 (DOl

and significantly reduces the quality of life of patients
from both social and economic points of view, and
complicates the course of diabetes mellitus itself, which
indicates the social significance of further research on
this scientific topic [6,7].

Works in which the results of morphological and
morphometric studies of structural components of
the urinary bladder are correlated against the back-
ground of streptozotocin diabetes development with
biochemical indicators of urine, which is aggressive to
the urothelium, are few [8,9]. Diabetic cystopathy is
associated primarily with dysfunction of the detrusor
muscle of the urinary bladder, which leads to chang-
es in its contractile ability, but research results are
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ambiguous [10,11]. Changes in the urinary excretory
capacity of the urinary bladder occur with structural
reorganization of its muscular coat, but information
on this issue is contradictory [12-14]. The connection
between urodynamic disorders in diabetes mellitus and
microvascular complications has been clinically proven
[15,16]. However, these results are not confirmed by
morphological changes in vessels and their metric
characteristics. Therefore, the study of reorganization
of urothelial cells, smooth myocytes, collagen fibers,
and blood vessels of the urinary bladder wall during the
development of diabetic cystopathy requires compre-
hensive research using morphological, morphometric,
biochemical methods and multidimensional statistics
methods.

AIM

To investigate light-optical, morphometric, and ultra-
structural reorganization of urothelial cells and their
cluster structures, smooth myocytes, and collagen
fibers at stages of experimental streptozotocin diabetes
course; to trace chronological features of microvessel
changes during the development of diabetic microan-
giopathy in the urinary bladder wall.

MATERIALS AND METHODS

The study was conducted on 80 one-year-old male
Wistar rats weighing 214-256 g. The animals were
divided into three groups: intact/normal (10 animals);
experimental (50 rats in which streptozotocin diabetes
was modeled by single intraperitoneal administration
of Sigma (USA) streptozotocin in 0.1 M citrate buffer
(6 mg/100 g animal body weight)); control (20 ani-
mals - only citrate buffer was administered). Material
collection for morphological and biochemical studies,
determination of rat body weight and their urinary
bladder weights were performed in the morning on an
empty stomach on days 14, 28,42, 56, and 70 of the ex-
periment. Euthanasia was performed under thiopental
anesthesia. The work performed does not contradict
the basic bioethical norms of the Helsinki Declaration
adopted by the General Assembly of the World Medi-
cal Association, the Council of Europe Convention on
Human Rights and Biomedicine, relevant provisions of
WHO, the International Council of Medical Scientific
Societies, the International Code of Medical Ethics, and
Directive 2010/63/EU of the European Parliament and
Council of Europe on the protection of animals used for
scientific purposes. Histological sections were stained
with hematoxylin and eosin and by Masson’s trichrome
method. Semi-thin sections were stained with 1%

methylene blue solution. Electron micrographs were
digitized on an Epson Perfection V550 Photo scanner
at 1200 dpi resolution. Blood glucose level (mmol/L)
was studied by glucose oxidase method. Glycosylated
hemoglobin (HbA1C) content in blood (%) was deter-
mined using the “ACCENT-200 HbA1c DIRECT" kit (PZ
Cormay S.A., Poland). Urine pH was measured with a
portable “Checker 1” pH meter (Hanna Instruments,
Italy).

RESULTS

Using Ward's cluster analysis method (Euclidean metric),
it was determined that the cluster structure of transi-
tional epithelium cells of the urinary bladder consisted
of 4 clusters, with cell percentages equal to 10.96,39.47,
34.21,and 15.35%, respectively. It was established that
normally, the percentages of cells falling into clusters
1 and 4 and clusters 2 and 3 did not differ significantly
from each other (p>0.05). Cluster 1 is represented by
basal urothelial cells that were poorly differentiated, as
indicated by their high nuclear-cytoplasmic ratio (NCR)
(0.81£0.30). They are the smallest in area (42.2+5.09)
um? and nuclear area (18.3+4.79) um?> Their features
include attachment to the basement membrane of the
urothelium and paucity of organelles. We determined
that cluster 4 is formed by umbrella cells that had the
lowest NCR (0.49+0.18) and were highly differentiat-
ed. These are the largest cells by area (115.6+11.18)
um? and their nuclear area (36.7+7.84) um> They had
plague and hinge-like regions, junctional complexes,
many urothelial vesicles and primary and secondary
lysosomes, and a well-developed Golgi complex. We
found that clusters 2 and 3 are urothelial cells of the
intermediate layer of the transitional epithelium of the
urinary bladder. Cluster 3 cells characterized the final
stage of intermediate urothelial cell differentiation,
while cluster 2 represented the initial stage, which was
argued by the following: cluster 3 urothelial cells were
located under umbrella cells, while cluster 2 cells were
closer to the basement membrane of the urothelium;
the NCR of cluster 3 cells was (0.62+0.20), while cluster 2
was (0.79+0.28), indicating a higher degree of differen-
tiation of cluster 3 cells; in terms of cell size (85.4+7.48)
um?and their nuclei (31.7+6.58) um?, cluster 3 urothelial
cells were more mature cells than cluster 2, which were
smaller - (62.5+6.21) pm” and (26.8+5.05) um?, respec-
tively; according to ultrastructural cell structure, cluster
3 cells differed little from umbrella cells, i.e., belonged
to highly differentiated cells, while cluster 2 belonged
to moderately differentiated cells.

In the experiment, we established that blood glucose
level increased until day 42 (by 4.75 times, p<0.01),
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Fig. 1. Urinary bladder wall at different stages of experimentally induce hyperglycemia. A - Day 14 of the experiment: (1) umbrella urothelial cells.
B - Day 28 of the experiment: (1) umbrella urothelial cells; (2) vacuolated epithelial cells of the intermediate and basal layers. C - Day 56 of the experi-
ment: (3) loci of desquamation; (4) basal layer of the transitional epithelium. Staining: hematoxylin and eosin. Magnification: (A, B) x400; (C) x200.

reaching a level of (24.98+2.16) mmol/L, and did not
change until the end of the experiment (p>0.05). Urine
glucose content increased 21.38-fold (p<0.01) by day
42 of the experiment and did not change thereafter
(p>0.05). HbA1C contentin blood increased significant-
ly already on day 14 of the experiment (by 3.48 times,
p<0.01),and by day 70 became 5.34 times greater than
control (p<0.01). The most acidic urine reaction was
determined on day 56 of the experiment. Body weight
of diabetic rats gradually decreased and by day 70 of
the experiment became 1.46 times less than control
(p<0.01). The amount of water consumed by diabetic
rats and daily diuresis increased by day 28 of the experi-
ment by 7.61 and 18.54 times respectively (p<0.01),and
by the end of the experiment decreased somewhat but
remained greater than control, by 5.84-4.90 and 13.64-
11.10 times respectively (p<0.01).

In streptozotocin diabetes, structural-functional bal-
ance between cells was disrupted due to an increase
in the percentage of cluster 1 cells (p<0.001) and a
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decrease in clusters 3 and 4 (p<0.01) with no changes
in the proportion of cluster 2 cells (p>0.05), which
indicated disorganization (imbalance) of systemic
mechanisms of urothelial functioning, which occurred
from the first terms of the experiment. It was established
that the cause of these changes is desquamation of
urothelial cells, which led to disruption of morpho-
logical stratification of the urothelium, which became
one- or two-layered.

We established that by day 28 of the experiment, hy-
pertrophy of smooth myocytes developed, which was
morphometrically confirmed by an increase in their area
percentage by 1.31 times (p<0.001), and ultrastructur-
ally by signs of functional stress (light myocytes with
clearly expressed myofilaments that had large nuclei
with numerous protrusions and invaginations of the
nuclear envelope; in the cytoplasm - a large number
of free ribosomes and glycogen inclusions located
near the nuclear poles; increased size and content of
mitochondria detected near nuclei or in sarcoplasm).
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Simultaneously, the percentage of collagen fiber area
decreased by 1.92 times (p<0.001), which is a compen-
satory reaction that provided the possibility of bladder
wall stretching.

We established that diabetic microangiopathy of the
urinary bladder was determined by sludge, the degree
and prevalence of which corresponded to HbA1C con-
tent. By day 28 of the experiment, arteriole dilation was
revealed, on day 42 - spasm, and from day 56 - their
secondary expansion. Dystrophic changes in capillary
endotheliocytes were determined from day 28 of the
experiment, and on day 42 became significant (their
cytoplasm thickened, heterochromatin shifted margin-
ally, organelle content decreased, microvilli appeared,
cytoplasm thickening and microclasmatosis occurred).
From day 56, dystrophic changes in endotheliocytes
dynamically increased, which caused plasma perme-
ation of perivascular connective tissue. The thickness
of capillary basement membrane of the suburothelial
hemomicrocirculatory bed gradually increased and on
day 70 thickened by 3.22 times, and from day 56 the
basement membrane became lamellar.

Results of comprehensive assessment of urinary blad-
der reorganization in streptozotocin diabetes showed
that on days 14-28 of the experiment, primary increas-
ing hyperglycemia triggered a cascade of changes
that caused: minor glucosuria; expansion of arteriole
lumen; hemoglobin glycosylation (HbA1C). This caused
sludge formation in venules; increasing dystrophic
changes in endotheliocytes; disruption of basement
membrane structure. Large volume of urine led to sig-
nificant polydipsia, desquamation of umbrella cells and
reorganization of cluster structures of the urothelium,
compensatory hypertrophy of smooth myocytes, and
an increase in their area percentage. Vacuolar dystro-
phy developed and urothelial cell sizes increased (Fig.
1A, 1B). Arteriole expansion, polydipsia, and sludge in
venules caused the development of interstitial edema.

On days 42-70 of the experiment, persistent high
hyperglycemia caused: pronounced glucosuria;
narrowing of arteriole lumen; sludge formation in
capillaries, and from day 56 - generalization of sludge
syndrome; significant dystrophic changes in capillary
endotheliocytes and lamellation and thickening of
their basement membranes. Diuresis and polydipsia
decreased. Plasma permeation increased. Against the
background of pronounced microangiopathy, myocyte
dehydration occurred with a decrease in their area and
an increase in the content of dark involutive types and
anincrease in collagen fiber area; desquamation of cells
of all urothelial layers developed, and in combination
with glucosuria - their dehydration and size reduction
(Fig. 10Q).

DISCUSSION

Taking into account our own results and literature
data, it can be stated that normally, the levels of cell
proportions in clusters 1 and 4 indicate structural-func-
tional balance between proliferation of basal cells and
integrity of the urothelial cellular barrier, and the levels
of cell proportions in clusters 2 and 3 indicate balance
between initial and final stages of differentiation of
intermediate urothelial cells [17]. Basal urothelial cells
are cambial committed cells that differentiate into cells
of other layers of transitional epithelium [18]. Cluster
4 urothelial cells form the urothelial cellular barrier
[19,20]. A number of authors identify an additional
type of urothelial cells located under umbrella cells and
capable of quickly replacing them in case of damage
[21,22] - these were cluster 3 cells.

In the experiment, we established that blood glucose
levelincreased until day 42 (by 4.75 times, p<0.01), reach-
ing a level of (24.98+2.16) mmol/L, and did not change
until the end of the experiment (p>0.05). Authors who
used Wistar rats indicate the same dynamics of hyper-
glycemia development [23]. In contrast, in experiments
involving Sprague-Dawley rats, blood glucose levels of
21-28 mmol/L are observed already on days 3-14 from
induction of streptozotocin diabetes [24].

The decrease in body weight of experimental ani-
mals is associated with protein metabolism disorders.
We used one-year-old rats, in which the insignificant
natural increase in body weight could not affect the
experiment results, based on the fact that in recent
years there have been data proving the dependence of
body weight decrease in animals with streptozotocin
diabetes on sex, rat line, and especially on age[25,26].
It was found that the urinary bladder weight of diabetic
rats increased by day 70 by 1.57 times (p<0.01).

On days 14-28 of the experiment, the area of urothelial
cells (p<0.001) and their nuclei (p<0.01) of all clusters
increased due to the development of vacuolar dys-
trophy triggered by hyperglycemia, which led to an
18.54-fold increase (day 28) in daily urine volume. The
development of vacuolar dystrophy can be explained
by the fact that as a result of a multiple increase in
diuresis rate, urine against the background of minor
glucosuria became of low specific gravity. The move-
ment of such (hypotonic) urine into the depth of the
urothelium was facilitated by desquamation of its cells
and wedge-shaped ruptures that sometimes reached
the basement membrane of the urothelium. Water
transport to urothelial cells occurred passively - as
a result of diffusion along a concentration gradient.
On days 42-70 of the experiment, persistent signifi-
cant glucosuria against the background of decreased
polyuria increased urine specific gravity, which led to
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dehydration of urothelial cells, decrease in their area
and nuclei (p<0.01), and ultrastructural reorganiza-
tion (ruptures of junctional complexes; osmiophilic
cytoplasm matrix; fusion of vacuoles into balloons that
compressed the nucleus and organelles; short cisterns
of granular endoplasmic reticulum and Golgi complex;
small mitochondria with crest destruction and dark
matrix; secondary lysosome disintegration; decreased
content of urothelial vesicles).

From day 42 of the experiment, the percentage of
collagen fiber area increased and smooth myocyte area
decreased, but even on day 70, the myocyte area pro-
portion remained greater than control (by 1.16 times,
p<0.001), indicating their hypertrophy, while collagen
fibers were less (by 1.23 times, p<0.001), and there
was no basis to speak of diffuse fibrosis of the bladder
wall. This indicates that diabetic cystopathy remained
compensated during our experiment. From day 56,
the content of dark myocytes of involutive type with
paucity of organelles, subsarcolemmal vesicles, and
myofilaments increased. Myocytes with sarcolemma
sequestration and individual areas of interstitial sub-
stance fibrosis were detected. The obtained results are
consonant with data from other researchers [27].

It is known that primary hyperglycemia causes re-
lease of vasodilators, and high hyperglycemia causes
vasoconstrictors [28,29]. Secondary expansion of
microvessels is due to disruption of their sympathetic
innervation.

Such dynamics of morpho-functional changes was
traced when studying the effect of experimental strep-
tozotocin diabetes on seromucous cells of the subman-

dibular salivary gland.The authors state that the reaction
of glandulocytes of seromucous acini to hyperglycemia
development is typical and non-specific. Alterative
changes have a pronounced dystrophic character in early
stages and increase until day 42 of the experiment. On
day 70, histological adaptation of seromucous cells was
observed, which is confirmed by the development of
atrophic changes, decrease in cell area, and normaliza-
tion of the relative area of their granules [30].

CONCLUSIONS

In the dynamics of experimental streptozotocin dia-
betic cystopathy development, two periods can be
distinguished. The first lasts during days 14-28 and
manifests as increasing hyperglycemia and glucosuria,
pronounced polyuria and polydipsia, reorganization
of cluster structures of urothelial cellular composition,
desquamation of umbrella cells and wedge-shaped
ruptures of the urothelium, increase in area and
vacuolar dystrophy of urothelial cells, compensatory
hypertrophy of smooth myocytes of the bladder wall,
and development of initial signs of diabetic microan-
giopathy. The second period covers days 42-70 and
is characterized by high stable hyperglycemia and
glucosuria, decrease compared to day 28 in polyuria
and polydipsia, dehydration of urothelial cells (with
corresponding qualitative and morphometric chang-
es) and smooth myocytes (with decrease in their area
proportion and prevalence of dark involutive types),
occurring against the background of pronounced dia-
betic microangiopathy.
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