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Summary. Diabetes mellitus today is one of the most 
common diseases of humankind. One of the risk factors for 
heart disease in diabetes is chronic hyperglycemia, which 
causes cardiovascular disease and myocardial injury. Ultra-
structural changes of endocrine cardiomyocytes of a heart 
in hyperglycemia in the experiment require more detailed 
study.

The aim of the study – to establish submicroscopic 
changes of atrial myoendocrine cardiomyocytes under the 
conditions of modeling of experimental hyperglycemia in 
rats of different age groups.

Materials and Methods. The study was performed on 
24 outbreeding nonlinear adult male rats. Experimental hy-
perglycemia was simulated by a single intraperitoneal injec-
tion of streptozotocin (Sigma, USA). Animals were divided 
into two age groups: of pre-reproductive and reproductive 
age. For electron microscopic studies, sections 0.4–0.6 μm 
thick were made on an ultramicrotome, and were studied 
using an electron microscope PEM-125K.

Results. Submicroscopic studies of the right and left 
atrial appendages (auricles of the heart) of the studied 
groups of animals after one month of experimental per-
sistent hyperglycemia showed changes in the structure 
of almost all organelles of endocrine cardiomyocytes. 
Changes in secretory cells of the right and left atrial ap-
pendages after two months of experimental persistent hy-
perglycemia showed an increase in destructive changes 
in the structural components of cells, which were more 
pronounced in the group of animals of pre-reproductive 
age. The diffuse collagenization of the stroma was a typi-
cal sign of ultrastructural changes in the atrial append-
ages after three months of experimental persistent hy-
perglycemia.

Conclusions. At experimental steady hyperglycemia 
at animals of different age groups stereotypical ultrastruc-
tural reorganization of secretory cardiomyocytes of right 
and left atrial appendages with development of compensa-
tory-adaptive and destructive changes is noted. In the dy-
namics of the experiment there is an increase in destructive 
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Резюме. Цукровий діабет на сьогодні є одним із 
найпоширеніших захворювань людства. Найважливі-
шими факторами ризику ураження серця при цукро-
вому діабеті є хронічна гіперглікемія, що спричиняє 
розвиток серцево-судинної патології та сприяє ушко-
дженню міокарда. Ультраструктурні зміни ендокрин-
них кардіоміоцитів серця при гіперклігемії в експери-
менті потребують більш детального вивчення.

Мета дослідження – встановити субмікроскопічні 
зміни передсердних міоендокринних кардіоміоцитів за 
умов моделювання експериментальної гіперглікемії у 
щурів різних вікових груп.

Матеріали і методи. Дослідження проведено на 24 не-
лінійних статевозрілих щурах-самцях. Експерименталь-
ну гіперглікемію моделювали шляхом одноразового вну-
трішньочеревного введення стрептозотоцину («Sigma», 
USA). Тварин розподіляли на дві вікові групи: щури доре-
продуктивного віку та репродуктивного віку. Для елек-
тронно-мікроскопічних досліджень брали зрізи товщиною 
0,4–0,6 мкм, виготовлені на ультрамікротомі, та вивчали 
за допомогою електронного мікроскопа ПЕМ-125К. 

Результати. Субмікроскопічні дослідження правого і 
лівого вушок серця дослідних груп тварин при одномі-
сячній експериментальній стійкій гіперглікемії показали 
зміни в будові практично усіх органел ендокринних кар-
діоміоцитів. Зміни ендокринних кардіоміоцитів правого 
і лівого вушок серця при двомісячній експериментальній 
стійкій гіперглікемії показали наростання деструктив-
них змін складових компонентів клітин, які були більш 
виражені у групі тварин дорепродуктивного віку. Вияв-
лена дифузна колагенізація строми була типовою озна-
кою ультраструктурних змін вушок серця при тримі-
сячній експериментальній стійкій гіперглікемії. 

Висновки. При експериментальній стійкій гіпер-
глікемії у тварин різних вікових груп відмічається сте-
реотипна ультраструктурна реорганізація секретор-
них кардіоміоцитів міокарда вушок серця з розвитком 
компенсаторно-пристосувальних і деструктивних 
змін. В динаміці експерименту спостерігається нарос-
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phenomena, the severity of which is higher in the group of 
rats of pre-reproductive age.

Key words: heart; myocardium; secretory cardiomyocytes; 
submicroscopic changes; hyperglycemia. 

тання деструктивних явищ, вираження яких є вищою 
в групі щурів дорепродуктивного віку.

Ключові слова: серце; міокард; секреторні кардіоміо-
цити; субмікроскопічні зміни; гіперглікемія.

INTRODUCTION
Diabetes mellitus (DM) is currently one of the most 

common diseases of humankind, leading to disability 
and mortality in many countries around the world. 
According to the WHO, the number of patients with 
diabetes is growing every year and currently stands at 
more than 180 million people, according to experts in 
the coming years the number of patients will be about 
300 million people [1–3]. One of the most important 
risk factors for heart disease in DM is chronic hyper-
glycemia, which causes cardiovascular disease and 
contributes to myocardial injury [4–8], and the degree 
of structural and functional changes in the components 
of the organ depends on various factors, including neu-
rohumoral regulation [9, 10]. It is known that in DM the 
renin-angiotensin system is activated, the antagonist 
of which is the atrial natriuretic peptide synthesized by 
atrial cardiomyocytes, in turn, this interaction affects the 
heart [11–15]. The pathomorphology of structural com-
ponents of the organ in experimental hyperglycemia is 
described in details in the scientific literature [16, 17], 
but more attention has been paid to the structure of the 
myocardium, while ultrastructural changes of endocrine 
cardiomyocytes in the experimental hyperclycemia re-
quire more detailed study and in the future will predict 
the pathogenesis of heart disease in diabetes.

The aim of the study – to establish submicrosco-
pic changes of atrial myoendocrine cardiomyocytes 
under the conditions of modeling of experimental hy-
perglycemia in rats of different age groups.

MATERIALS AND METHODS
An experimental study was performed on 24 out-

breeding nonlinear adult male rats. The animals were 
kept in a vivarium under natural light and with free ac-
cess to water and food. The research was performed 
in accordance with the international principles of the 
European Convention for the Protection of Vertebrate 
Animals Used for Experimental and Other Scientific 
Purposes (Strasbourg, 1986) and the General Ethi-
cal Principles for Animal Experiments (Kyiv, 2001). 
Manipulations with animals were performed under 
thiopental anesthesia. Animals were divided into two 
age groups: I – rats of pre-reproductive age (imma-
ture, 1.5–2 months, with a body weight of 90 g±10 
g), II – rats of reproductive age (mature, 5–6 months, 
with a body weight of 190 g±10 d). Experimental hy-
perglycemia was simulated by a single intraperitoneal 
injection of streptozotocin (Sigma, USA). The injec-

tion of the drug was preceded by a 12-hours animals 
starvation. Removal of animals from the experiment 
was carried out by decapitation on the 1st, 2nd and 
3rd month of the experiment. Pieces of heart tissue 
were fixed in 2.5–3 % solution of glutaraldehyde with 
phosphate buffer (pH 7.2–7.4). Postfixation was per-
formed with 1 % osmium tetroxide solution, followed 
by dehydration in ethanol of increasing concentration 
and embedded into a mixture of epoxy resins. For 
electron microscopic studies, sections 0.4–0.6 μm 
thick made on an LKB-3 ultramicrotome were con-
trasted with uranyl acetate and lead citrate according 
to the Reynolds method. The sections were studied 
using an electron microscope PEM-125K at different 
magnifications [18, 19].

RESULTS AND DISCUSSION
Submicroscopic studies of the right and left atrial 

appendages of the studied groups of animals after 
one month of experimental persistent hyperglycemia 
showed changes in the structure of almost all orga
nelles of endocrine cardiomyocytes. In the cytoplasm 
of cardiomyocytes of the atrial appendages, a large 
number of mature granules and granules in the stage 
of formation were noted, the main part of which had 
the form of membranous structures. A small number 
of nonmembranous forms of granules were observed, 
their clusters were located mainly in the perinuclear 
region of the cytoplasm. "Immature" granules were also 
found, they were located both around the nucleus and 
in groups between myofibrils, mitochondria and around 
hemocapillaries (Fig. 1).

Fig. 1. Fragment of myoendocrine cell of the right atrial appendage of 
a rat of reproductive age after one month of experimental persistent 
hyperglycemia. Nucleus (1), vacuolated mitochondria (2), focal homo
genization and enlightenment of the mitochondrial matrix (3), secretory 
granules (4). Electron micrograph. x21 000.
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The karyoplasm of secretory cardiomyocytes of 
rats of both groups was electron-light, due to the pre-
dominance of euchromatin, it had one or two nucleoli. 
Some nuclei contained shallow invaginations, as a 
result of which the karyolema had a wavy contour. Mi-
tochondria underwent significant changes, they were 
heteromorphic, densely packed, some of them were 
hypertrophied, swollen with an electron-enlightened 
matrix and damaged crystae (Fig.2). The contractile 
apparatus of endocrine cardiomyocytes was characte
rized by typical sarcomeres, the myofilaments of which 
maintained a parallel orientation. However, there were 
also myofibrils with sarcomeres of different lengths 
and disruption of myofilament ordering. Most cells had 
extended Z-lines (Fig. 3). In some cardiomyocytes 
there were changes of the contracture type, there 
were also areas of defibering of myofilaments and their 
lysis (Fig. 4). Most of cells contained sharply dilated 
tubules of the endoplasmic reticulum, elements of the 

Golgi complex are hyperplastic. There was moderate 
intracellular edema, mainly in peripheral areas of cells. 
Due to edema, the intercellular lumens were increased, 
the structure of the intercalated discs was disrupted.

Submic roscop ic  changes  o f  endocr ine 
cardiomyocytes of the right and left atrial appendages 
after two months of experimental persistent 
hyperglycemia showed an increase in destructive 
changes in all cell organelles, which were more 
pronounced in the group of animals of pre-reproductive 
age. In animals of both age groups in the secretory 
apparatus of the cells of the atrial appendages was 
visually less granules compared to the previous study 
period (Fig. 5). "Immature" and nonmembranous forms 
of granules predominated, most of which contained 
osmiophilic, dense contents. There are a small number 
of mature granules, they did not form clusters but were 
evenly distributed in the cytoplasm. Topographically, the 
secretory granules were shifted to the subsarcolemmal 

Fig. 2. Fragment of myoendocrine cell of the right atrial appendage 
of a pre-reproductive rat after one month of experimental persistent 
hyperglycemia. Diffuse arrangement of secretory granules (1), 
destruction of mitochondrial crystae (2). Electron micrograph.  
x17 000.

Fig. 3. Fragment of myoendocrine cells of the right atrial appendage 
of pre-reproductive rats after one month of experimental persistent hy-
perglycemia. Nucleus with invaginations of karyolemma (1), compact 
arrangement of mitochondria (2) between the strands of myofibrils (3), 
secretory granules (4). Electron micrograph. x18 000.

Fig. 4. Fragment of myoendocrine cells of the right atrial appendage 
of pre-reproductive rats after one month of experimental persistent 
hyperglycemia. Enlightenment of the cytoplasm due to lysis of 
myofilaments (1), hyperplasia of the Golgi complex (2), expansion of 
the perinuclear space (3). Electron micrograph. x.17 000.
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 Fig. 5. Fragment of the myoendocrine cell of the right atrial appendage 
of a rat of reproductive age after two months of experimental persistent 
hyperglycemia. Abnormal intensive contraction of several sarcomeres 
of myofibrils (1), accumulation of mitochondria (2), secretory granules 
(3). Electron micrograph. x12 000.
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area in comparison with the previous term of the 
experiment. The nuclei of endocrine cardiomyocytes 
underwent significant ultrastructural changes. Thus, 
the karyolemma of the nuclei produced a significant 
number of invaginations, the karyoplasm was 
dominated by heterochromatin, which was located 
mainly in the areas under the karyolemma. Some 
nuclei have been pyknotically altered, with areas of 
karyolemma stratification, especially in cardiomyocytes 
changes with contracture type (Fig. 6).

Myofibrils were characterized by pronounced 
destructive changes, in particular, there were zones 
of myofibril overextension, areas of defibering, 
lysis and homogenization of myofilaments, Z-lines 
had a fragmented appearance due to splitting and 
displacement of myofibrils relative to each other. 
Sarcomeres in the area of ​​the intercalated discs 
were destructively altered, poorly contoured (Fig. 7).  
Elements of the energy apparatus of cells were also with 

signs of pronounced destructive changes. Mitochondria 
were significantly swollen, with damage to the outer 
membrane, reduction of cristae, and an enlightened 
matrix. Mitochondria with electron-dense myelin-like 
inclusions were present between myofibrils (Fig. 8). The 
structural components of the Golgi complex, located 
both around the nucleus and under the sarcolemma, 
were hyperplastic. The tubules of the endoplasmic 
reticulum were dilated, sometimes fragmented.

The diffuse collagenization of the stroma was a typi-
cal sign of ultrastructural changes in the right and left 
atrial appendages after three months of experimental 
persistent hyperglycemia (Fig. 9). A large number of 
synthetically active fibroblasts with hypertrophied nuclei 
was observed, in which euchromatin predominated, 
and karyolemma formed numerous intussusception.

In the cytoplasm of secretory cardiomyocytes, 
mostly small granules were present, which were 
located irregularly in the swollen cytoplasm. Mature 

Fig. 6. Fragment of the myoendocrine cell of the right atrial appendage  
of pre-reproductive rats after two months of experimental persistent 
hyperglycemia. Pycnomorphic nucleus with a predominant content of 
heterochromatin in the karyoplasm (1) secretory granules (2), clusters 
of mitochondria (3). Electron micrograph. x15 000.

Fig. 7. Fragment of myoendocrine cell of the right atrial appendage of a 
pre-reproductive rat after two months of experimental persistent hyper-
glycemia. Intercalated disk (1), secretory granules (2), bands of myofibril 
with abnormal intensive contraction (3). Electron micrograph. x15 000.

Fig. 8. Fragment of myoendocrine cell of the right atrial appendage of a 
pre-reproductive rat after two months of experimental persistent hyper-
glycemia. Myelin-like structures (1), myofibrils (2), secretory granules 
(3). Electron micrograph. x45 000.

Fig. 9. Fragments of myoendocrine cells of the right atrial appendage 
of pre-reproductive rats after three months of experimental persistent 
hyperglycemia. Nucleus (1), layers of collagen fibers (2). Electron mi-
crograph. x15 000.
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forms of granules are more numerous in comparison 
with the content of such granules in the previous terms 
of research, and nonmembranous organelles were 
practically absent. During this period of the experiment, 
the increasing of destructive changes in the nuclei, 
contractile and energy apparatus of endocrine cardio-
myocytes, as well as in the hemomicrocirculatory bed 
were also revealed. Endotheliocytes were in a state 
of significant edema, the number of organelles and 
micropinocytic vesicles was reduced, the basement 
membrane was thickened, damaged in some areas, 
the lumens of most hemocapillaries were narrowed. 
The nuclei of cardiomyocytes had significant enlight-
enment of the karyoplasm. Mitochondria were sharply 
swollen, there was a complete leaching of their matrix 
and the destruction of the outer membrane. Reduction 
and fragmentation of endoplasmic reticulum tubules 
were noted. In some cardiomyocytes, mitochondria, 
myofibrils, and other organelles were represented by 
heterogeneous mass without structural organization 
(Fig. 10).

CONCLUSIONS
1. At experimental persistent hyperglycemia 

in animals of different age groups stereotypical 
ultrastructural reorganization of contractile, nuclear 
and energy apparatus of secretory cardiomyocytes 
of myocardium of the right and left atrial appendages 
with development of compensatory-adaptive and 
destructive changes is noted. In the dynamics of 
the experiment there is an increase in destructive 
phenomena, the severity of which is higher in the group 
of rats of pre-reproductive age;

2. In hyperglycemia lasting one month in animals 
of both groups in myoendocrine cells there is an 
increase in the number of secretory granules mainly 

due to mature forms and granules in the stage of 
formation, indicating activation of synthesis and 
accumulation of atrial natriuretic peptide and inhibition 
of its excretion;

3. At two-month hyperglycemia, the reorganization 
of endocrine cardiomyocytes of the right and left atrial 
appendages of the heart is to reduce the total number of 
granules, the relative increase in granules in the stage 
of excretion, their diffuse location, indicating activation 
of atrial natriuretic peptide excretion from cells;

4. At three-month hyperglycemia, submicroscopic 
organization of the secretory apparatus of atrial 
appendages of the heart is characterized by chaotic 
location of smaller granules, reducing the number 
of nonmembranous forms, indicating disruption of 
compensation and inhibition of atrial natriuretic peptide 
from cells.

Fig. 10. Fragment of myoendocrine cell of the right atrial appendage 
of pre-reproductive rats after three months of experimental persistent 
hyperglycemia. Enlightenment of the cytoplasm due to lysis of myofibrils 
(1), secretory granules (2). Electron micrograph. x18 000.
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