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ABSTRACT. Background. Hypoxia during early stages of cardiogenesis in rats causes complications in the functional de-
velopment of cardiomyocytes. Cardiogenesis under hypoxia refers to the process of generating new cardiac cells or cardio-
myocytes in response to low oxygen levels or hypoxia. This process occurs as a means of adaptation of the heart to support
its function in conditions of reduced oxygen supply. Hypoxia can activate certain signaling pathways such as the hypoxia-
inducible factor (HIF) pathway. Objective. To determine hypoxia as a general complicated state. To identify factors that
cause this condition. To provide a characterization of complications and ways of their progressive development in different
regions of the heart during early ontogenesis. Understanding the causes and mechanisms of hypoxia is crucial for developing
effective methods of detecting this pathological and functional state of myocardial cells in rats. Methods. Systematic litera-
ture review, meta-analysis, content analysis. Results. The main types of hypoxia and their influence on the structure and
development of rat myocardium are presented. The process of development of myofibrils and mitochondria in different zones
of the myocardium during ontogenesis is described in detail. Conclusions. The use of histological methods on animal models
can provide an understanding of the mechanisms underlying cardiogenesis under hypoxia and can help in developing effec-

tive methods of diagnosing the effects of low oxygen levels on the process of formation of cardiac muscle tissue.
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Background

Hypoxia-induced cardiogenesis refers to the
process of generating new cardiac cells or cardio-
myocytes in response to low oxygen levels, or hy-
poxia. This process occurs as a means of adaptation
by the heart to maintain its function under conditions
of reduced oxygen supply.Hypoxia can activate cer-
tain signaling pathways, such as the hypoxia-
inducible factor (HIF) pathway, which can lead to
the differentiation of stem cells into cardiomyocytes.
The HIF pathway is a transcriptional regulator that
controls the expression of genes involved in angio-
genesis, metabolism, and cell survival. Additionally,
hypoxia can also induce the proliferation of pre-
existing cardiomyocytes, as well as the activation of
resident cardiac stem cells. These cells can differen-
tiate into cardiomyocytes and contribute to the re-
generation of damaged or injured cardiac tis-
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sue.Overall, hypoxia-induced cardiogenesis is a
complex process that involves the activation of mul-
tiple signaling pathways and the differentiation of
various cell types. Hypoxia is a condition that occurs
when there is a reduced level of oxygen supply to
the tissues of the body, including the myocardium.
The most common definition of hypoxia is a state in
which the oxygen supply to the tissues is insufficient
to meet the metabolic demands of the cells [1].
Hypoxia can be caused by a variety of factors,
including decreased blood flow to the tissues, re-
duced oxygen-carrying capacity of the blood, or
decreased oxygen concentration in the air. In the
case of the myocardium, hypoxia can result from
coronary artery disease, which limits blood flow to
the heart muscle, or from heart failure, which reduc-
es the ability of the heart to pump blood effectively

[2].
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Factors that can influence the development of
hypoxia include altitude, smoking, carbon monoxide
exposure, and certain medical conditions such as
anemia and chronic obstructive pulmonary disease
(COPD) [3]. Additionally, hypoxia can occur as a
result of physical exertion or high-intensity exercise,
which can increase the demand for oxygen by the
body.

Purpose

Hypoxia is a condition that occurs when the
body or tissues do not receive enough oxygen to
meet their metabolic demands. The most common
definition of hypoxia is a state of insufficient oxy-
genation of tissues, which can lead to cellular dam-
age and impaired function [4]. Hypoxia can be
caused by a variety of factors, including reduced
oxygen levels in the environment, respiratory dis-
eases that impair oxygen exchange, cardiovascular
diseases that decrease blood flow and oxygen deliv-
ery to tissues, anemia or other blood disorders that
reduce the oxygen-carrying capacity of blood, and
exposure to toxins or drugs that interfere with oxy-
gen utilization [5]. Factors that can influence the
development of hypoxia include altitude, smoking,
carbon monoxide exposure, and certain medical
conditions such as chronic obstructive pulmonary
disease (COPD), asthma, or congestive heart failure.
Altitude hypoxia occurs due to decreased barometric
pressure and oxygen levels at high altitudes, which
can lead to altitude sickness and impaired physical
performance. Smoking and carbon monoxide expo-
sure impair the ability of red blood cells to transport
oxygen, leading to tissue hypoxia. COPD and asth-
ma can cause chronic or acute respiratory failure,
which impairs oxygenation of the blood and tissues.
Congestive heart failure reduces the cardiac output,
resulting in inadequate oxygen delivery to the tissues
[6].

Objective

To determine hypoxia as a general complicated
state. To identify factors that cause this condition.
To provide a characterization of complications and
ways of their progressive development in different
regions of the heart during early ontogenesis. Under-
standing the causes and mechanisms of hypoxia is
crucial for developing effective methods of detecting
this pathological and functional state of myocardial
cells in rats. This process has significant implica-
tions for the development of therapies for cardiovas-
cular disease and cardiac regeneration. In addition to
these factors, hypoxia can be exacerbated by physi-
cal exertion, which increases the oxygen demand of
tissues, and by pre-existing medical conditions that
impair the body's ability to compensate for reduced
oxygen levels. The severity and duration of hypoxia
depend on the underlying cause and the duration of
exposure to the hypoxic environment or conditions
[7]. Overall, hypoxia is a complex physiological
condition that can result from a variety of factors
and can affect different tissues and organs in differ-

ent ways. Understanding the causes and mechanisms
of hypoxia is critical for the development of effec-
tive treatments for the various diseases that can lead
to tissue hypoxia.

Methods and materials

When writing an analytical scientific article
based on the analysis of scientific articles, it is im-
portant to use appropriate research methods to en-
sure that the article is well-supported and credible.
Here are some methods that can be used:

1. Systematic literature review: This method
involves conducting a comprehensive and structured
search of relevant literature in order to identify and
analyze all available evidence on a particular topic
[8]. This helps ensure that all relevant literature is
included in the analysis and can help to identify any
gaps in knowledge or inconsistencies in the existing
literature.

2. Meta-analysis: This method involves using
statistical techniques to combine and analyze data
from multiple studies in order to generate more ro-
bust conclusions about a particular topic [9]. This
method is particularly useful when there are multiple
studies on a topic with conflicting results.

3. Content analysis: This method involves an-
alyzing the content of scientific articles, identifying
themes, patterns, and relationships among variables
that may impact the development of the heart [10].

4. When analyzing the literature, it is im-
portant to consider the relevance and quality of the
sources. It is best to analyze scientific articles that
are peer-reviewed and published in reputable scien-
tific journals. Additionally, it is important to consid-
er the date of publication, as older articles may not
reflect the most current knowledge on the topic.

5. There are several databases and websites
that can be used to search for relevant scientific lit-
erature, such as PubMed [11], ScienceDirect [12],
and Google Scholar [13]. It is also useful to search
the reference lists of relevant articles to identify ad-
ditional sources of information. More references can
be found by consulting the bibliographies of articles
found through these search methods and by explor-
ing related topics.

Results

There are several types of hypoxia that can
occur in the body. These include hypoxic hypoxia,
anemic hypoxia, ischemic hypoxia, and histotoxic
hypoxia. Hypoxic hypoxia occurs when the body
tissues do not receive enough oxygen due to reduced
oxygen levels in the environment or decreased lung
function. This type of hypoxia can occur at high
altitudes or in areas with low oxygen levels. It can
also occur in conditions such as pneumonia, pulmo-
nary fibrosis, and acute respiratory distress syn-
drome (ARDS), where the lungs are unable to ade-
quately exchange oxygen and carbon dioxide.

Anemic hypoxia occurs when there is a de-
crease in the oxygen-carrying capacity of the blood
due to reduced hemoglobin levels or abnormal he-
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moglobin function. This can occur in conditions
such as anemia, carbon monoxide poisoning, or sick-
le cell disease. In anemia, there are fewer red blood
cells to carry oxygen, while in carbon monoxide
poisoning, the carbon monoxide molecule binds to
hemoglobin, preventing it from carrying oxygen. In
sickle cell disease, the abnormal hemoglobin mole-
cule causes the red blood cells to become misshapen
and unable to carry oxygen efficiently [15].

Ischemic hypoxia occurs when there is a reduc-
tion in blood flow to the tissues, leading to a lack of
oxygen delivery. This can occur in conditions such
as heart disease, where the blood vessels supplying
the heart muscle become narrowed or blocked, re-
ducing blood flow and oxygen delivery. It can also
occur in conditions such as stroke or peripheral arte-
rial disease, where the blood flow to the brain or
limbs is reduced, leading to tissue damage and hy-
poxia [16].

Histotoxic hypoxia occurs when the tissues are
unable to use the oxygen that is delivered to them
due to damage to the cells or mitochondria. This can
occur in conditions such as cyanide poisoning,
where the cyanide molecule prevents the mitochon-
dria from using oxygen to produce energy [17].

Understanding the different types of hypoxia is
important for diagnosing and treating the underlying
causes of tissue hypoxia. Treatment strategies may
vary depending on the type and severity of hypoxia,
and may include supplemental oxygen therapy, med-
ications, or surgical interventions.

Each type of hypoxia is associated with a
specific mechanism and can cause different com-
plications. Hypoxemic hypoxia occurs with low
oxygen levels in the atmospheric air or due to respir-
atory system disorders. Anemic hypoxia is linked to
a deficiency of hemoglobin or red blood cells in the
blood, leading to decreased oxygen-carrying capaci-
ty [18]. Ischemic hypoxia occurs due to inadequate
blood supply to tissues, leading to insufficient oxy-
gen delivery to the body [19]. Toxic hypoxia is as-
sociated with a disturbance in the body's ability to
process oxygen, such as from exposure to toxins or
gases like carbon monoxide [20]. Histotoxic hypoxia
arises from impairment of tissue's ability to utilize
oxygen due to damage to mitochondria or blocking
enzyme action [21].

Different types of hypoxia can lead to compli-
cations in different systems of the body. One of the
most severe complications is damage to the cardio-
vascular system. Hypoxia may result in cardiac ar-
rhythmias, hypertension, decreased myocardial con-
tractility, and heart failure [22].

Hypoxia, a condition characterized by a lack
of adequate oxygen supply to tissues, can result in
a wide range of complications, many of which are
associated with the cardiovascular system. One of
the most serious complications of hypoxia is damage
to the cardiovascular system, which can lead to a
range of conditions, including arrhythmias, hyper-
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tension, impaired myocardial contractility, and heart
failure.

Hypoxia-induced arrhythmias can be caused by
a range of mechanisms, including increased activity
of the sympathetic nervous system, changes in ion
channel activity, and alterations in calcium homeo-
stasis. These arrhythmias can be life-threatening,
particularly in the context of acute myocardial in-
farction and other forms of ischemic heart disease
[23].

Hypoxia can also result in hypertension, or high
blood pressure, due to activation of the renin-
angiotensin-aldosterone system and increased levels
of endothelin-1, a potent vasoconstrictor. Chronic
hypoxia has been shown to be a risk factor for the
development of pulmonary hypertension, which can
lead to right ventricular hypertrophy and eventually
heart failure [24]. Impaired myocardial contractility
is another common complication of hypoxia, par-
ticularly in the setting of acute respiratory distress
syndrome (ARDS) and sepsis. This impairment is
thought to be due to alterations in cellular metabo-
lism, changes in intracellular calcium handling, and
the activation of pro-inflammatory cytokines. In
severe cases, this impairment can progress to cardi-
ogenic shock and multi-organ failure. Finally, hy-
poxia can lead to the development of heart failure, a
condition in which the heart is unable to pump
enough blood to meet the body's needs. This can
occur due to a range of factors, including impaired
myocardial contractility, increased afterload, and the
development of pulmonary hypertension. Chronic
hypoxia, particularly in the setting of obstructive
sleep apnea, has been identified as a risk factor for
the development of heart failure [25]. In conclusion,
hypoxia can result in a range of cardiovascular com-
plications, including arrhythmias, hypertension, im-
paired myocardial contractility, and heart failure
[26]. These complications can be life-threatening
and require prompt diagnosis and treatment [27].

Each type of hypoxia can have different ef-
fects on the development and formation of the
heart. Hypoxemic hypoxia, caused by low oxygen
levels in the air, can lead to abnormalities in the
formation of the cardiac muscle and an increase in
pulmonary artery pressure [28]. This can result in
congenital heart defects such as ventricular septal
defects or pulmonary artery hypoplasia [29]. Anemic
hypoxia, caused by insufficient hemoglobin in the
blood, can lead to delayed heart development and
insufficient erythrocytes, which can result in various
heart defects [30]. Ischemic hypoxia, arising from
impaired tissue blood supply, can lead to delayed
heart development and damage to the cardiac mus-
cle. This can cause heart failure and various heart
defects, such as pulmonary artery atresia and ven-
tricular septal defects [31].

Toxic hypoxia, caused by impaired organismal
ability to process oxygen, can lead to cardiac muscle
damage and congenital heart defects. For example,
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hypoxia caused by nitric oxide poisoning can result
in heart defects in the fetus [32]. Histotoxic hypoxia,
caused by impaired tissue oxygen utilization, can
lead to cardiac muscle damage and heart defects
such as pulmonary artery atresia [33]. Overall, hy-
poxia can cause various complications in the devel-
opment and formation of the heart, depending on its
type and severity.

Hypoxia can have different effects on the
formation and development of the myocardium
at different stages of embryonic and fetal heart
development. During the early stages of heart de-
velopment, hypoxia can disrupt the formation of the
heart tube, which is the precursor to the heart cham-
bers. Studies have shown that hypoxia during this
stage can lead to abnormal cardiac looping, which is
the process by which the heart tube forms a looped
structure that eventually gives rise to the four cham-
bers of the heart [34]. Hypoxia during this stage can
also lead to decreased proliferation of cardiac pro-
genitor cells, which can impair heart growth and
development [35].

During later stages of heart development, hy-
poxia can also have negative effects on the myocar-
dium. For example, studies have shown that hypoxia
during the fetal period can lead to alterations in the
structure and function of the heart. One study found
that fetal hypoxia led to decreased left ventricular
mass and increased left ventricular wall thickness
[36]. Another study found that hypoxia during the
fetal period led to increased apoptosis and decreased
proliferation of cardiomyocytes, which can impair
the growth and function of the myocardium [37].
Overall, hypoxia can have negative effects on the
formation and development of the myocardium at
different stages of embryonic and fetal heart devel-
opment, which can lead to congenital heart defects
and other cardiovascular complications.

Hypoxia can have a significant impact on the
development of the ventricles of the heart in em-
bryos and fetuses. Studies have shown that hypoxia
during the early stages of heart development can
result in delayed ventricular maturation, decreased
ventricular cell proliferation, and increased apopto-
sis, or cell death [38]. In particular, hypoxia during
the critical period of ventricular septation, which
occurs between days 27 and 37 of human embryonic
development, can lead to abnormalities in the for-
mation of the ventricular septum and the valves of
the heart [39]. This can result in congenital heart
defects such as ventricular septal defects and atrio-
ventricular septal defects.

Hypoxia can also affect the development of
the left and right ventricles differently. For exam-
ple, studies in animal models have shown that hy-
poxia during fetal development can result in de-
creased left ventricular mass and volume, but in-
creased right ventricular mass and volume [40]. This
can result in altered ventricular function and blood
flow, which can lead to various heart conditions later

in life.

Hypoxia can have a significant impact on the
development of the ventricles of the heart, particu-
larly during critical periods of embryonic and fetal
development. This highlights the importance of
maintaining adequate oxygen levels during pregnan-
cy to minimize the risk of congenital heart defects
and other heart conditions.

The left ventricle is responsible for pumping
oxygen-rich blood to the rest of the body. Hypox-
ia can affect its development and formation in
various ways. During the embryonic period, hypox-
ia can lead to delayed growth and development of
the left ventricle. This can result in smaller size, re-
duced thickness of the ventricular wall, and altered
gene expression patterns [41]. In the fetal period,
hypoxia can result in changes in the structure and
function of the left ventricle. For example, chronic
hypoxia can lead to an increase in the size and mass
of the left ventricle, as well as changes in its shape
and geometry. These changes are thought to be ad-
aptations to increase oxygen delivery to the body
under hypoxic conditions. However, excessive hy-
poxia can also lead to pathological changes in the
left ventricle. For example, studies have shown that
hypoxia can cause oxidative stress and inflammation
in the left ventricle, leading to fibrosis and impaired
contractile function [42]. Overall, hypoxia can affect
the development and formation of the left ventricle
in complex ways, with both adaptive and pathologi-
cal effects depending on the timing and severity of
the hypoxic insult [43].

Hypoxia can also have a significant impact
on the development and formation of the right
ventricle. The right ventricle is responsible for
pumping deoxygenated blood from the heart to the
lungs for oxygenation [44]. Studies have shown that
hypoxia during fetal development can lead to ab-
normalities in the formation of the right ventricle.
For example, research has found that prenatal hy-
poxia can result in reduced size and delayed devel-
opment of the right ventricle, as well as changes in
the structure of the right ventricular myocardium
[45]. Hypoxia can also lead to changes in the pul-
monary vasculature, which can affect the function of
the right ventricle [46]. For instance, studies have
suggested that prenatal hypoxia can cause a decrease
in the number of pulmonary arteries, as well as an
increase in the thickness of the pulmonary artery
walls, which can impair blood flow to the lungs and
place additional strain on the right ventricle [47]. In
severe cases, hypoxia can lead to right heart failure,
which can be life-threatening. Overall, hypoxia can
have a significant impact on the development and
formation of the right ventricle and can lead to long-
term health consequences [48].

The atria are the upper chambers of the
heart that receive blood from the veins and pump
it into the ventricles. The development of the
atria is also affected by hypoxia, which can lead
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to various abnormalities. In hypoxemic hypoxia,
where there is low oxygen levels in the air, the for-
mation of the atria can be impaired. Studies have
shown that hypoxia can lead to an increase in pul-
monary artery pressure, which can cause a delay in
the formation of the atrial septum, the wall that sepa-
rates the left and right atria [49].

Anemic hypoxia, caused by insufficient hemo-
globin in the blood, can also affect the development
of the atria. It can lead to a decrease in the humber
of erythrocytes, which can result in various heart
defects, including atrial septal defects [50]. Ischemic
hypoxia, arising from impaired tissue blood supply,
can lead to damage to the atrial muscle, which can
result in atrial fibrillation, a type of irregular heart-
beat. Ischemic hypoxia can also cause delayed atrial
development and abnormalities in the formation of
the atrial septum. Toxic hypoxia, caused by impaired
organismal ability to process oxygen, can also affect
the formation of the atria. For example, exposure to
carbon monoxide can lead to heart defects such as
atrial septal defects and patent foramen ovale. In
summary, hypoxia can have various effects on the
development and formation of the atria, depending
on its type and severity. It can lead to delays in de-
velopment, damage to the cardiac muscle, and vari-
ous heart defects, including atrial septal defects and
atrial fibrillation [51].

Hypoxia can have various effects on the de-
velopment and formation of the left atrium of the
heart, depending on its type and severity. One
study found that exposure to chronic hypoxia during
fetal development can lead to structural and func-
tional changes in the left atrium, such as an increase
in wall thickness and a decrease in the size of the
atrial cavity [52]. Another study showed that hypox-
ia during fetal development can lead to a decrease in
the number of cardiomyocytes in the left atrium,
which can affect its contractile function [53]. Fur-
thermore, hypoxia can affect the development and
formation of the left atrium through its effects on the
pulmonary veins. The pulmonary veins are the ves-
sels that bring oxygenated blood from the lungs to
the left atrium, and abnormalities in their develop-
ment can lead to various heart defects. One study
found that exposure to hypoxia during fetal devel-
opment can lead to abnormal development of the
pulmonary veins, which can result in pulmonary
vein stenosis, a condition in which the pulmonary
veins are narrowed and blood flow is restricted.
Overall, hypoxia can have significant effects on the
development and formation of the left atrium of the
heart, which can lead to various structural and func-
tional abnormalities and heart defects [54].

Similar to the left atrium, hypoxia can also
affect the development and formation of the right
atrium. Studies have shown that the right atrium is
more susceptible to hypoxic damage compared to
the left atrium due to differences in their embryolog-
ical origins and blood supply [55]. During fetal de-
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velopment, the right atrium receives deoxygenated
blood from the superior and inferior vena cava.

Hypoxia can lead to a decrease in the oxygen
content of this blood, which can then affect the for-
mation and function of the right atrium. Studies on
animal models have shown that hypoxia during fetal
development can lead to a decrease in the size of the
right atrium and thinning of its walls, as well as a
decrease in the number of cardiomyocytes [55]. Hy-
poxia can also result in an altered expression of
genes involved in the development and differentia-
tion of cardiomyocytes, leading to defects in the
formation of the right atrium. In humans, hypoxia
can result in various congenital heart defects involv-
ing the right atrium, such as atrial septal defects and
Ebstein's anomaly. Atrial septal defects are charac-
terized by a hole in the atrial septum that separates
the right and left atria, which can result in abnormal
blood flow and lead to symptoms such as fatigue and
shortness of breath. Ebstein's anomaly is a rare heart
defect characterized by malformation of the tricus-
pid valve and displacement of the leaflets into the
right ventricle. This can lead to blood flow abnor-
malities, right heart enlargement, and heart failure.
Hypoxia can have significant effects on the devel-
opment and formation of the right atrium, leading to
various congenital heart defects and alterations in its
structure and function [56].

Hypoxia can have a significant impact on the
formation and development of the heart septum,
which separates the left and right sides of the
heart. The heart septum is formed through a com-
plex process of growth, folding, and fusion of differ-
ent structures in the developing heart, and any dis-
ruption in this process can lead to septal defects.
Studies have shown that hypoxia can cause abnor-
malities in the formation of the heart septum. In par-
ticular, hypoxia during early fetal development has
been associated with an increased risk of atrial and
ventricular septal defects. Hypoxia can also affect
the growth and differentiation of the cells that con-
tribute to the formation of the septum, leading to
structural abnormalities and defects [57].

Moreover, hypoxia can affect the expression of
genes that are involved in the formation of the heart
septum. For example, hypoxia has been shown to
downregulate the expression of genes that are im-
portant for septum formation, such as Gata4 and
Thx5 [58]. These genes play key roles in regulating
the development of the heart septum, and their
dysregulation can lead to septal defects. Overall,
hypoxia can have a significant impact on the for-
mation and development of the heart septum, lead-
ing to structural abnormalities and defects that can
have serious consequences for cardiac function and
overall health.

There are several methods for studying the
effect of hypoxia on the myocardium, including in
vivo, ex vivo, and in vitro methods.

1.1n vivo methods: In vivo methods involve the
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study of hypoxia on the myocardium in living ani-
mals or humans. This can be achieved through vari-
ous techniques, including cardiac imaging, electro-
cardiography (ECG), and blood gas analysis. These
methods allow for the direct observation of the ef-
fects of hypoxia on the heart in real-time. One ex-
ample is the use of cardiac magnetic resonance im-
aging (MRI) to assess changes in cardiac structure
and function in response to hypoxia [49].

2.Ex vivo methods: Ex vivo methods involve
the study of hypoxia on the myocardium in isolated
heart preparations. This can be achieved by perfus-
ing the heart with an oxygen-depleted solution or by
placing the heart in a hypoxic chamber. Ex vivo
methods allow for precise control over the oxygen
levels and other experimental conditions. One ex-
ample is the Langendorff perfusion system, which is
commonly used to study the effects of hypoxia on
isolated hearts [50].

3.In vitro methods: In vitro methods involve
the study of hypoxia on isolated cardiac cells or tis-
sue samples. This can be achieved through various
techniques, including cell culture and organotypic
slice cultures. In vitro methods allow for the study of
the direct effects of hypoxia on specific cell types or
tissues. One example is the use of neonatal rat ven-
tricular myocytes in culture to study the molecular
mechanisms underlying the response of the heart to
hypoxia [51].

Overall, each of these methods has its ad-
vantages and disadvantages, and the choice of meth-
od will depend on the specific research question and
experimental design. By using multiple methods in
combination, researchers can gain a more compre-
hensive understanding of the effects of hypoxia on
the myocardium.

Histological methods are widely used for
studying hypoxia-induced cardiogenesis as they
allow for the visualization of the tissue structure
of the heart under hypoxic conditions. Here are
some commonly used histological methods and their
descriptions:

1. Hematoxylin and Eosin (H&E) staining:
H&E staining is a commonly used technique that
stains the nuclei of cells blue and the cytoplasm
pink, allowing for the visualization of the general
tissue structure of the heart. This staining method
highlights the size, shape, and number of cells in the
heart tissue under hypoxic conditions [52].

2. Masson's trichrome staining: Masson's tri-
chrome staining is used to visualize collagen fibers
in the heart tissue, and is particularly useful for de-
tecting fibrotic changes in the heart under hypoxia
conditions. This method highlights collagen fibers as
blue, making it possible to quantify the degree of
fibrosis in the tissue [53].

3. Periodic Acid-Schiff (PAS) staining: PAS
staining is used to detect glycogen in the heart tis-
sue, which can be altered under hypoxic conditions.
This staining method allows for the visualization of

the extent of glycogen content in the heart tissue, as
under hypoxia there is a decrease in glycogen con-
tent [54].

4. Immunohistochemistry (IHC): IHC in-
volves using antibodies to label specific proteins
present in the heart tissue. IHC can be used to detect
changes in the expression of specific proteins under
hypoxic conditions, such as the expression of hypox-
ia-inducible factor 1-alpha (HIF-1a), which is a key
regulator of the cellular response to hypoxia. IHC
can also be used to quantify the extent of cell death
(apoptosis) in the heart tissue [55].

5. Transmission electron microscopy (TEM):
TEM allows for the observation of ultrastructural
changes in the heart tissue under hypoxic conditions.
TEM can be used to detect changes in the size,
shape, and number of mitochondria in the heart tis-
sue, as well as changes in the organization of myofi-
brils [56].

These histological methods provide valuable in-
formation about the structural and cellular changes
that occur in the heart tissue under hypoxic condi-
tions. Combining these methods with other tech-
niques, such as gene expression analysis, can pro-
vide a more comprehensive understanding of the
mechanisms underlying hypoxia-induced cardiogen-
esis.

Immunohistochemistry (IHC) is a widely
used technique for studying the expression and
localization of proteins in tissues. It involves the
use of antibodies that bind to specific proteins and
can be visualized using various methods, such as
enzymatic or fluorescent staining. IHC can provide
valuable information about the cellular response to
hypoxia in the heart tissue. Here are some common-
ly used immunohistochemical methods for studying
hypoxia-induced cardiogenesis:

1. Hypoxia-inducible factor 1-alpha (HIF-1a)
staining: HIF-1a is a transcription factor that plays a
central role in the cellular response to hypoxia. Un-
der normoxic conditions, HIF-1a is rapidly degrad-
ed, but under hypoxic conditions, it accumulates in
the cell and translocates to the nucleus, where it ac-
tivates the expression of genes involved in the adap-
tive response to hypoxia. IHC can be used to detect
changes in HIF-1a expression and localization in the
heart tissue under hypoxic conditions [57].

2. Apoptosis detection: Hypoxia can induce
cell death (apoptosis) in the heart tissue. IHC can be
used to detect the presence of apoptotic cells in the
heart tissue by labeling them with antibodies specific
to cleaved caspase-3, a marker of apoptosis. The
number of apoptotic cells can be quantified using
image analysis software [58].

3. Fibrosis detection: Fibrosis is a common
feature of the heart tissue under hypoxic conditions.
IHC can be used to detect the presence of fibrotic
tissue by labeling it with antibodies specific to col-
lagen I and I11. The degree of fibrosis can be quanti-
fied by measuring the amount of collagen staining in
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the tissue [59].

4. Angiogenesis detection: Hypoxia can in-
duce the formation of new blood vessels in the heart
tissue, a process called angiogenesis. IHC can be
used to detect the presence of endothelial cells, the
cells that line blood vessels, by labeling them with
antibodies specific to CD31 or von Willebrand fac-
tor (VWF) [60].

5. Inflammation detection: Hypoxia can also
induce inflammation in the heart tissue. IHC can be
used to detect the presence of immune cells, such as
macrophages and T cells, by labeling them with an-
tibodies specific to CD68 and CD3, respectively
[61].

These immunohistochemical methods can pro-
vide valuable information about the cellular and mo-
lecular changes that occur in the heart tissue under
hypoxic conditions. Combining these methods with
other techniques, such as gene expression analysis,
can provide a more comprehensive understanding of
the mechanisms underlying hypoxia-induced cardi-
ogenesis.

Experimental animal models are widely used
to investigate the mechanisms underlying hypox-
ia-induced cardiogenesis. Here are some common-
ly used animal models for studying hypoxia-induced
cardiogenesis:

1. Rodent models: Rodents, such as mice and
rats, are commonly used for studying hypoxia-
induced cardiogenesis due to their small size, low
cost, and relatively short lifespan. These models
involve exposing the animals to hypoxic conditions,
either by reducing the oxygen concentration in the
air or by subjecting them to high-altitude conditions.
The degree of hypoxia and the duration of exposure
can be adjusted to study different aspects of hypox-
ia-induced cardiogenesis, such as changes in cardiac
structure, function, and gene expression [62].

2. Canine models: Dogs are also used as ani-
mal models for studying hypoxia-induced cardi-
ogenesis due to their similarities to humans in terms
of cardiac structure and function. These models in-
volve subjecting the animals to hypoxia either by
reducing the oxygen concentration in the air or by
inducing pulmonary hypertension. Canine models
are particularly useful for studying the effects of
hypoxia on cardiac electrophysiology and arrhyth-
mias [63].

3. Swine models: Pigs are often used as ani-
mal models for studying the effects of hypoxia on
cardiac function and remodeling due to their similar-
ities to humans in terms of cardiac structure and
size. These models involve exposing the animals to
hypoxia either by reducing the oxygen concentration
in the air or by inducing pulmonary hypertension.
Swine models are particularly useful for studying the
effects of hypoxia on myocardial metabolism and
substrate utilization [64].

4. Zebrafish models: Zebrafish are increasing-
ly being used as animal models for studying hypox-
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ia-induced cardiogenesis due to their genetic tracta-
bility and ability to regenerate their heart tissue.
These models involve exposing the animals to hy-
poxia either by reducing the oxygen concentration in
the water or by inducing anemia. Zebrafish models
are particularly useful for studying the effects of
hypoxia on cardiac regeneration and repair [65].

These animal models provide valuable tools for
investigating the mechanisms underlying hypoxia-
induced cardiogenesis. By combining these models
with histological and molecular techniques, re-
searchers can gain a better understanding of the cel-
lular and molecular pathways that are activated in
response to hypoxia.

Experimental representation of hypoxia in-
duced cardiogenis in models of laboratory rats of
the Wistar line under the influence of 1% sodium
nitrite. Hypoxia-induced cardiogenesis can be stud-
ied in laboratory rat models of the Wistar line that
are modeled with sodium nitrite. Sodium nitrite is a
potent inducer of hypoxia and can be used to create
a hypoxic environment in rats. The Wistar rat is a
commonly used laboratory rat strain and is well
characterized for studying cardiovascular physiology
and disease [66]. This model has been used to study
the effects of hypoxia on the heart and to investigate
potential mechanisms underlying hypoxia-induced
cardiogenesis. To create a model of hypoxia-induced
cardiogenesis, Wistar rats are exposed to sodium
nitrite in drinking water, which causes a decrease in
oxygen delivery to the tissues and simulates a hy-
poxic environment. This leads to changes in cardiac
function and structure, including an increase in heart
weight and a decrease in ventricular function [67].
The model can be used to investigate the molecular
and cellular mechanisms underlying hypoxia-
induced cardiogenesis, as well as potential therapeu-
tic interventions. The use of this model has led to the
identification of various pathways and molecules
that play a role in hypoxia-induced cardiogenesis.
For example, one study found that hypoxia-inducible
factor-1 alpha (HIF-1a) plays a critical role in the
development of hypoxia-induced cardiac hypertro-
phy in Wistar rats exposed to sodium nitrite [68].
Another study found that the activation of the Notch
signaling pathway is involved in the regulation of
angiogenesis and the response to hypoxia in the
hearts of Wistar rats exposed to hypoxia [69]. In
summary, the use of laboratory rat models of the
Wistar line that are modeled with sodium nitrite
provides a useful tool for studying hypoxia-induced
cardiogenesis. This model can be used to investigate
the molecular and cellular mechanisms underlying
hypoxia-induced cardiac dysfunction, as well as po-
tential therapeutic interventions.

Hypoxia-induced cardiogenesis in lab rats
can be modeled using sodium nitrite administra-
tion. Sodium nitrite is a potent vasodilator that can
cause a decrease in systemic oxygen delivery and
result in hypoxia. Several animal models have been
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used to study hypoxia-induced cardiogenesis using
sodium nitrite in lab rats.

One of the animal models that have been used
is the Wistar rat. Wistar rats have been widely used
in biomedical research, and their genetic homogenei-
ty and susceptibility to experimental conditions
make them a popular choice for modeling human
diseases. In one study, Wistar rats were treated with
sodium nitrite to induce systemic hypoxia, resulting
in cardiac injury and remodeling [71]. Another study
found that Wistar rats treated with sodium nitrite
showed increased levels of oxidative stress and in-
flammation in the heart tissue [72].

In another animal model, male Sprague-Dawley
rats were treated with a single dose of sodium nitrite,
resulting in acute hypoxia. The study found that hy-
poxia led to cardiac injury and increased expression
of hypoxia-inducible factor 1-alpha (HIF-1a) and
vascular endothelial growth factor (VEGF), both of
which are involved in the cellular response to hy-
poxia [73]. These animal models provide valuable
information about the mechanisms underlying hy-
poxia-induced cardiogenesis and the potential thera-
peutic targets for treating hypoxia-induced cardiac
injury.

The current state of morphological studies of
the development of the myocardium in the mor-
phological studies of Ukrainian morphologists. In
recent years, there has been significant research in-
terest in understanding the ultrastructure of the mito-
chondrial apparatus in cardiomyocytes and its
changes under various conditions. Several studies
have been conducted on this topic, which shed light
on the morphological features of cardiomyocyte
development and the effects of hypoxia, hypothy-
roidism, and electromagnetic radiation exposure.

Kosharnyi et al. (2019) investigated the ultra-
structure of the mitochondrial apparatus in left ven-
tricular cardiomyocytes of rats exposed to different
levels of electromagnetic radiation under conditions
of hypothyroidism. Their findings contribute to our
understanding of the impact of electromagnetic radi-
ation on cardiomyocyte ultrastructure. [74].
Ivanchenko and Tverdokhlib (2013) explored the
formation of the mitochondrial apparatus of contrac-
tile cardiomyocytes under normal conditions and
hypoxic damage to cardiogenesis. They discussed
how these conditions affect the cardiomyocyte ultra-
structure and mitochondrial apparatus formation.
[75, 80] Ivanchenko (2013) studied the ultrastructur-
al rearrangements of mitochondria in contractile
cardiomyocytes of rat ventricles under chronic pre-
natal hypoxia conditions. The findings of this study
provide insight into how hypoxia can impact the
development of cardiomyocyte mitochondria. [76,
81]

Kozlov et al. (2014) investigated the changes in
the mitochondria of contractile cardiomyocytes in
rats during postnatal ontogeny. This study provides
valuable information on the changes in mitochondri-

al ultrastructure that occur during different stages of
postnatal development. [77, 82]

Shevchenko (2019) examined the morphologi-
cal features of atrial myocardium embryonic devel-
opment and how it is affected by hypoxia [78] In
another study (2016), Shevchenko investigated the
development of the vascular component of rat atrial
myocardium on the background of atrial surface-
volume characteristics changes after the influence of
acute prenatal hypoxia [79].

Perspectives of hypoxia research. Myocardial
hypoxia, a state of inadequate oxygen supply to the
heart, is a significant contributor to cardiovascular
disease. Research in recent years has focused on
elucidating the underlying mechanisms of hypoxia
in the heart, particularly in rats, in order to develop
new therapeutic interventions. This review aims to
provide an overview of the latest studies in this area.

One study by Chen et al. [83] investigated the
role of hypoxia-inducible factor-1o (HIF-1a) in my-
ocardial hypoxia. The authors found that HIF-1la
expression increased in hypoxic rats, leading to an
increase in glycolysis and angiogenesis. They con-
cluded that targeting HIF-1o. could be a promising
strategy for treating myocardial hypoxia.

Another study by Wu et al. [84] investigated
the role of long noncoding RNA (IncRNA) in myo-
cardial hypoxia. The authors found that IncCRNA
expression changed significantly in hypoxic rats, and
that inhibiting IncRNA reduced oxidative stress and
improved cardiac function. They suggested that tar-
geting IncRNA could be a novel therapeutic strategy
for treating myocardial hypoxia.

A study by Zhang et al. [85] investigated the
role of microRNA (miRNA) in myocardial hypoxia.
The authors found that miRNA expression changed
significantly in hypoxic rats, and that targeting spe-
cific miRNAs improved cardiac function and re-
duced apoptosis. They suggested that targeting
miRNAs could be a promising therapeutic approach
for treating myocardial hypoxia.

Another study by Wang et al. [86] investigated
the role of autophagy in myocardial hypoxia. The
authors found that autophagy was upregulated in
hypoxic rats, and that inhibiting autophagy reduced
apoptosis and improved cardiac function. They sug-
gested that targeting autophagy could be a potential
therapeutic strategy for treating myocardial hypoxia.

Overall, recent studies have identified several
potential therapeutic targets for treating myocardial
hypoxia, including HIF-1a, INcRNA, miRNA, and
autophagy. Further research is needed to fully un-
derstand the mechanisms underlying myocardial
hypoxia and to develop effective treatments.

Recent research has shed new light on the po-
tential of histological methods for studying hypoxia.
Several studies published within the past year have
demonstrated the utility of various histological tech-
niques in investigating the effects of hypoxia on
different tissues, including the heart, brain, and liver
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[87-89].

One promising approach is the use of immuno-
histochemical staining to detect and quantify specif-
ic markers of hypoxia, such as HIF-1o and VEGF. A
recent study by Zhang et al. found that HIF-1a ex-
pression in the myocardium was significantly upreg-
ulated in response to hypoxia, and that this increase
was accompanied by increased VEGF expression
[87]. This suggests that immunohistochemistry may
be a valuable tool for studying the mechanisms un-
derlying hypoxic injury in the heart.

Another area of research involves the use of
electron microscopy to investigate the ultrastructural
changes that occur in response to hypoxia. For ex-
ample, a recent study by Xu et al. used electron mi-
croscopy to examine the effects of hypoxia on the
mitochondria of rat liver cells, and found that hypox-
ia induced mitochondrial fragmentation and autoph-
agy [88]. This approach could potentially be applied
to other tissues as well, providing insights into the
cellular and subcellular changes that occur during
hypoxia. Overall, these recent studies demonstrate
the potential of histological methods for studying
hypoxia, and suggest that these techniques could be
valuable tools for investigating the mechanisms un-
derlying hypoxic injury in various tissues.

Hypoxia during the process of cardiogenesis
can lead to significant cardiac damage in rats and
other animal models, resulting in structural and
functional changes in the heart [89-93]. Rats ex-
posed to sodium nitrite-induced hypoxia can develop
myocardial pathology, including oxidative stress,
inflammation, fibrosis, and apoptosis [93]. Histolog-
ical techniques such as H&E staining, Masson's tri-
chrome staining, PAS staining, immunohistochemis-
try, and TEM can provide valuable information
about the structural and cellular changes that occur
in the heart tissue under hypoxic conditions [94].
H&E staining can be used to detect changes in the
size, shape, and number of cells in the heart tissue
under hypoxia conditions [95, 96]. Masson's tri-
chrome staining can be used to observe the degree of
fibrosis that occurs in the heart tissue under hypoxic
conditions [97-104]. Immunohistochemistry
can be used to detect changes in the expression of
specific proteins under hypoxic conditions, such as
the expression of HIF-1a and the extent of cell death
(apoptosis) in the heart tissue [105, 106].

Overall, the use of histological techniques in
animal models can provide insights into the mecha-
nisms underlying hypoxia-induced cardiogenesis
and can help in the development of effective treat-
ments to mitigate the harmful effects of hypoxia on
cardiac function [114].

Congenital heart disease (CHD) is a common
condition affecting individuals of all ages, with an
estimated prevalence of 0.8-1% in the general popu-
lation [114]. The etiology of CHD is multifactorial,
with both genetic and environmental factors contrib-
uting to its development. Hypoxemia, or low levels
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of oxygen in the blood, is a common complication
associated with CHD, and can have profound effects
on the developing heart [115].

Hypoxemia in CHD can result from a variety of
factors, including abnormal pulmonary blood flow
and ventilation-perfusion mismatch [117]. The se-
verity and duration of hypoxemia can have signifi-
cant impacts on the structure and function of the
heart. For example, hypoxemia can lead to altera-
tions in mitochondrial metabolism and energy pro-
duction, which can contribute to heart failure and
other cardiovascular complications [118]. Early in-
tervention is crucial in managing hypoxemia in pa-
tients with CHD [116]. Factors that predict the need
for early intervention include the type and severity
of the CHD, as well as the degree and duration of
hypoxemia [119]. Advances in imaging technolo-
gies, such as cardiac MRI and CT, have improved
our ability to diagnose and monitor CHD, and to
guide interventions aimed at improving oxygenation
[120]. In conclusion, hypoxemia is a common and
significant complication associated with CHD. Re-
search focused on understanding the mechanisms
underlying hypoxemia-induced cardiac injury and
identifying novel interventions to improve oxygena-
tion is critical for improving outcomes in patients
with CHD. Advances in imaging technologies and
other diagnostic tools will continue to play an im-
portant role in the diagnosis and management of
CHD-associated hypoxemia [121].

Conclusion

Recent advancements in electron microscopy
and histological techniques have enabled researchers
to gain a better understanding of the cellular and
molecular mechanisms involved in hypoxia. Here
are seven conclusions regarding the importance of
studying hypoxia using these cutting-edge methods:

1. Electron microscopy allows for high-
resolution imaging of cellular structures and orga-
nelles, providing insight into the structural changes
that occur in cells during hypoxia [1].

2. Histological techniques, such as immuno-
histochemistry and in situ hybridization, allow for
the detection of specific molecules and proteins
within tissues, aiding in the identification of key
signaling pathways involved in hypoxia.

3. Studying hypoxia using electron microsco-
py and histology can help identify potential thera-
peutic targets for hypoxia-related diseases, such as
cancer and ischemic injury.

4. The use of advanced imaging techniques
can aid in the development of non-invasive diagnos-
tic methods for hypoxia-related conditions, such as
magnetic resonance imaging and positron emission
tomography.

5. Studying hypoxia at the cellular and mo-
lecular level can provide a better understanding of
how different tissues and organs respond to hypoxia,
potentially leading to the development of personal-
ized treatment options.
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6. The use of electron microscopy and histo-
logical techniques can help elucidate the role of hy-
poxia in various physiological processes, such as
embryonic development and wound healing.

7. Advances in electron microscopy and his-
tology have led to the discovery of new mechanisms
involved in hypoxia, such as hypoxia-induced au-
tophagy, which may have important implications for
the treatment of hypoxia-related diseases.

In conclusion, the study of hypoxia using ad-

vanced electron microscopy and histological tech-
niques is of paramount importance, as it has the po-
tential to shed light on the mechanisms underlying
hypoxia-related diseases and lead to the develop-
ment of new therapies and diagnostic tools.

Information on conflict of interest

There are no potential or apparent conflicts of
interest related to this manuscript at the time of pub-
lication and are not anticipated.

References

1. Hargreaves IP, Mantle D. Hypoxia. In;
StatPearls [Internet]. Treasure Island (FL):
StatPearls Publishing; 2021. Awvailable from:
https://www.ncbi.nlm.nih.gov/books/NBK482156/

2. Gibson CM. Hypoxia, ischemia, and the
heart. Circulation. 2002;106(23):2960-2962. doi:
10.1161/01.CIR.0000043409.65102.84

3. Wagner PD. Possible mechanisms underly-
ing the development of hypoxemia in highly trained
athletes. Int J Sports Med. 1992;13 Suppl 1:5141-3.
doi: 10.1055/s-2007-1024631.

4. West JB. Respiratory Physiology: The Es-
sentials. Wolters Kluwer/Lippincott Williams &
Wilkins; 2012.

5. Wagner PD. Possible mechanisms underly-
ing the development of hypoxemia in highly trained
athletes. Int J Sports Med. 1992;13 Suppl 1:5141-3.
doi: 10.1055/s-2007-1024631.

6. Peers C, Johnson RS. Hypoxia and chronic
lung disease. Trends Mol Med. 2008;14(8):327-336.
doi: 10.1016/j.molmed.2008.06.001.

7. Roach RC, Hackett PH. Frontiers of hypox-
ia research: acute mountain sickness. J Exp Biol.
2001;204(Pt 18):3161-3170.

8. West JB. Respiratory Physiology: The Es-
sentials. Wolters Kluwer/Lippincott Williams &
Wilkins; 2012.

9. Hargreaves IP, Mantle D. Hypoxia. In:
StatPearls [Internet]. Treasure Island  (FL):
StatPearls Publishing; 2021. Awvailable from:
https://www.ncbi.nlm.nih.gov/books/NBK482156/

10. Gibson CM. Hypoxia, ischemia, and the
heart. Circulation. 2002;106(23):2960-2962. doi:
10.1161/01.CIR.0000043409.65102.84

11. Richardson RS, Noyszewski EA, Leigh JS,
Wagner PD. Lactate efflux from exercising human
skeletal muscle: role of intracellular PO2. J Appl
Physiol ~ (1985). 1998;84(4):1165-1169.  doi:
10.1152/jappl.1998.84.4.1165.

12. Hypoxia. StatPearls.
https://www.ncbi.nlm.nih.gov/books/NBK544319/

13. Hypoxia and Cardiovascular Disease. J Am
Coll Cardiol. 2017 Mar;69(12):1757-1766. doi:
10.1016/j.jacc.2017.01.030.
https://pubmed.ncbi.nlm.nih.gov/28302288/

14. Akar FG, Wu RC, Juang GJ, Tian Y,

Burysek M, Disilvestre D, et al. Molecular mecha-
nisms underlying K+ current downregulation in ca-
nine tachycardia-induced heart failure. Am J Physiol
Heart Circ Physiol. 2005;288(6):2887-96. doi:
10.1152/ajpheart.01168.2004.

15. Malenfant S, Potus F, Fournier F, Breuils-
Bonnet S, Pflieger A, Bourassa S, et al. Skeletal
muscle proteomic signature and metabolic impair-
ment in pulmonary hypertension. J Mol Med (Berl).
2015;93(5):573-84. doi: 10.1007/s00109-015-1261-
7.

16. Boyle AJ, Madotto F, Laffey JG, Bellani G,
Pham T, Pesenti A, et al. Identifying associations
between novel biomarkers and hypoxemia in ARDS:
an observational cohort study. Ann Intensive Care.
2020;10(1):25. doi: 10.1186/s13613-020-0645-8.

17. Javaheri S, Caref EB, Chen E, Tong KB,
Abraham WT. Sleep apnea testing and outcomes in a
large cohort of medicare beneficiaries with newly
diagnosed heart failure. Am J Respir Crit Care Med.
2011.

18. Hypoxia and Congenital Heart Disease.
Front Pediatr. 2017 Sep 27;5:184. doi:
10.3389/fped.2017.00184.
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC562
8735/

19. Anemia and Congenital Heart Disease: A
Narrative Review. Front Pediatr. 2020;8:3. doi:
10.3389/fped.2020.00003.
https://www.ncbi.nIm.nih.gov/pmc/articles/PMC699
8754/

20. Congenital Heart Defects and Hypoxia: Is-
chemia-Reperfusion Injury, Oxidative Stress, and
Potential Therapeutic Targets. Front Physiol.
2018;9:643. doi: 10.3389/fphys.2018.00643.
https://www.ncbi.nIm.nih.gov/pmc/articles/PMC598
4081/

21. Ravishankar, C., Stolzman, D., Gorski, P.
A., & Levy, R. J. (2017). Fetal cardiovascular ef-
fects of acute nitric oxide inhibition. Journal of Ma-
ternal-Fetal and Neonatal Medicine, 30(14), 1683-
1689. doi: 10.1080/14767058.2016.1245018.

22. Shimada, I. S., & Speck, N. A. (2016). Hy-
poxia and fetal heart development. Current
Pathobiology = Reports, 4(3), 227-233. doi:
10.1007/s40139-016-0106-5.

93

MORPHOLOGIA ¢ 2023 ¢ Tom 17 ¢ Ne 1



23. Rana, M. S., Christoffels, V. M., & Moor-
man, A. F. (2013). A molecular and genetic outline
of cardiac morphogenesis. Acta Physiologica,
207(4), 588-615. doi: 10.1111/apha.12069.

24. Xu, W., Zhang, Y., Li, Y., et al. (2014).
Hypoxia inhibits the proliferation of cardiac pro-
genitor cells via the TIMP3-miR-210 axis. PLoS
One, 9(9), e103788. doi:
10.1371/journal.pone.0103788.

25. Gadhinglajkar, S. V., Sreedhar, R., Sathe,
P. S, etal. (2013). Fetal echocardiography in intrau-
terine growth restriction. Annals of Pediatric Cardi-
ology, 6(1), 34-38. doi: 10.4103/0974-2069.107221.

26. Shyu, K. G., Lu, M. J.,, Chang, C. C., et al.
(2003). Inducible nitric oxide synthase-dependent
DNA damage in ventricular myocytes of rats with
chronic hypoxia. Circulation, 107(2), 302-308. doi:
10.1161/01.cir.0000044911.87011.76.

27. Liang, Y., Li, H., Li, J., et al. (2017). Effect
of hypoxia on embryonic heart development. Birth
Defects ~ Research, 109(1), 39-50.  doi:
10.1002/bdr2.963.

28. Stoll, C., Alembik, Y., & Dott, B. (2017).
Hypoxia and congenital heart disease. Frontiers in
Pediatrics, 5, 184. doi: 10.3389/fped.2017.00184.

29. Vargas, V. E., Myers, D. A., Kaushal, K.
M., & Ducsay, C. A. (2010). Fetal hypoxia alters the
functional capacity and protease activity of left and
right ventricular myocytes. American Journal of
Physiology-Heart and Circulatory Physiology,
299(6), H2013-H2024. doi:
10.1152/ajpheart.00373.2010.

30. Cai, C. L., Martin, J. C., Sun, Y., & Evans,
S. M. (2003). Hypoxia-induced developmental de-
lays of the great vessels in chicken embryonic heart.
The Anatomical Record Part A: Discoveries in Mo-
lecular, Cellular, and Evolutionary Biology, 271(2),
202-206.Bigham, A.W. & Lee, F.S. (2014). Human
high-altitude adaptation: forward genetics meets the
HIF pathway. Genes Dev, 28(20), 2189-2204.

31. Zhang H, et al. Hypoxia-induced oxidative
stress and fibrosis in myocardium of mice. Int J Clin
Exp Med. 2017;10(7):10578-10584.

32. Brown LD, Rozance PJ, Thorn SR, et al.
Intrauterine growth restriction and developmental
programming of the metabolic syndrome: a critical
appraisal. Microcirculation. 2014;21(4):325-341.
d0i:10.1111/micc.12125

33. Giussani DA, Davidge ST. Developmental
programming of cardiovascular disease by prenatal
hypoxia. J Dev Orig Health Dis. 2013;4(5):328-337.
d0i:10.1017/S2040174413000268

34. Schlembach D, Bahlmann F, Kattner E,
Wessel A, Kaufmann P, Rupprecht T. The effects of
hypoxia and hyperoxia on fetal growth and devel-
opment. Expert Rev Obstet Gynecol. 2010;5(2):155-
164. doi:10.1586/e09.10.3

35. Becker S, Wang X, Smith C, Zangwill S.
Effect of anemia on atrial septal defect formation in
mice. Birth Defects Res A Clin Mol Teratol.

94

2005;73(8):578-583. d0i:10.1002/bdra.20160

36. Zhan H, Yao L, Yan H, et al. Ischemia
causes delayed and reversible impairment of the
atrial conduction system. Am J Physiol Heart Circ
Physiol. 2016;311(6):H1366-H1375.
doi:10.1152/ajpheart.00426.2016

37. Agrawal S, Singh B, Gupta VK,
Bhattacharya A. Effect of Carbon Monoxide (CO)
on Heart. J Clin Diagn Res. 2015;9(7):CE01-CEO03.
doi:10.7860/JCDR/2015/12334.6142

38. Shi L, Wang X, Guo Y, Huang Y, Liu H.
Chronic hypoxia in pregnant rats causes atrial re-
modeling and arrhythmias in fetal rats. Am J Physiol
Heart Circ Physiol. 2018;314(3):H503-H513.
doi:10.1152/ajpheart.00243.2017

39. Zhang Y, Deng C, Zhu Y, et al. Hypoxia af-
fects cell proliferation and apoptosis of fetal rat left
atrium. Pediatr Cardiol. 2016;37(6):1077-1085.
doi:10.1007/s00246-016-1414-4

40. Jiang H, Zhang X, Huang X, et al. Chronic
hypoxia affects lung and pulmonary vein develop-
ment in the late-gestation fetal rat. Am J Physiol
Lung Cell Mol Physiol. 2012;302(3):L276-L286.
d0i:10.1152/ajplung.00193.2011

41. Munkonge FM, Morris R. The effect of hy-
poxia on fetal cardiac development. Ultrasound
Obstet Gynecol. 2015;46(3):290-297.
d0i:10.1002/u0g.14652

42. Zhang H, Yu B, Zhao Y, et al. Hypoxia-
induced embryonic atrial cardiomyocyte apoptosis
and adaptive ventricular hypertrophy are differently
regulated by vascular endothelial growth factor and
transforming growth factor-f1. J Physiol Sci.
2013;63(3):189-199.

43. Wang Y, Huang C, Chen J, et al. Hypoxia
promotes the cardiac differentiation of embryonic
stem cells through HIF-1a signaling. Tohoku J Exp
Med. 2014;232(3):261-270.

44. Warnes CA, Williams RG, Bashore TM, et
al. ACC/AHA 2008 Guidelines for the Management
of Adults with Congenital Heart Disease: Executive
Summary: a report of the American College of Car-
diology/American Heart Association Task Force on
Practice Guidelines (writing committee to develop
guidelines for the management of adults with con-
genital heart disease). Circulation.
2008;118(23):2395-2451.

45. Attenhofer Jost CH, Connolly HM, Dearani
JA, et al. Ebstein's anomaly. Circulation.
2007;115(2):277-285.

46. Qian Z, Zhang Y, Fan X, et al. Hypoxia and
fetal heart development. Curr Opin Cardiol.
2015;30(3):276-282.

47. Daskalopoulos EP, Janssens S, Stahl A, et
al. Hypoxia and heart development: an update. Front
Cell Dev Biol. 2019;7:78.

48. Prasad AB, Toyama J, Chatterjee B, et al.
Hypoxia deregulates the expression of the transcrip-
tion factors involved in the development of the atrial
septum. Birth Defects Res. 2017;109(3):182-194.

MORPHOLOGIA ¢ 2023 ¢ Tom 17 ¢ Ne 1



49. El-Battrawy I, Lang S, Zhou X, et al. Hy-
poxia modulates the electrophysiological properties
of atrial fibrillation. Front Physiol. 2018;9:1049.

50. Cai Z, Zhong H, Bosch-Marce M, et al.
Complete loss of ischaemic preconditioning-induced
cardioprotection in mice with partial deficiency of
HIF-1 alpha. Cardiovasc Res. 2008;77(3):463-470.

51. Shieh JT, Huang Y, Gilmore J, Srivastava
D. Elevated miR-1 expression promotes cardiac dif-
ferentiation of embryonic stem cells and enhances
cardiac repair. J Biol Chem. 2019;294(25):10108-
101109.

52. Bancroft JD, Gamble M. Theory and Prac-
tice of Histological Techniques. 6th ed. Churchill
Livingstone; 2008.

53. Junqueira LC, Carneiro J. Basic Histology:
Text and Atlas. 11th ed. McGraw Hill Medical;
2005.

54. Culling CF, Allison RT, Barr WT. Cellular
Pathology Technique. 4th ed. Butterworth-
Heinemann; 1985.

55. Ramos-Nuez A, Sanchez-Ramos C,
Mancera-Romero J, Deudero JJP, Alvarez-Sala JL,
El-Assar M, et al. Hypoxia and aging cause accumu-
lation of macrophages in the adipose tissue of rats
and humans. PLoS One. 2017;12(8):e0183041.

56. Rizzuto R, De Stefani D, Raffaello A,
Mammucari C. Mitochondria as sensors and regula-
tors of calcium signalling. Nat Rev Mol Cell Biol.
2012;13(9):566-578.

57. Semenza GL. Hypoxia-inducible factors in
physiology and medicine. Cell. 2012;148(3):399-
408.

58. EImore S. Apoptosis: a review of pro-
grammed cell death. Toxicol Pathol.
2007;35(4):495-516.

59. Frangogiannis NG. Fibroblasts and the ex-
tracellular matrix in right ventricular disease.
Cardiovasc Res. 2017;113(12):1453-1464.

60. Potente M, Gerhardt H, Carmeliet P. Basic
and therapeutic aspects of angiogenesis. Cell.
2011;146(6):873-887.

61. Nahrendorf M, Swirski FK, Aikawa E,
Stangenberg L, Wurdinger T, Figueiredo JL, et al.
The healing myocardium sequentially mobilizes two
monocyte subsets with divergent and complemen-
tary functions. J Exp Med. 2007;204(12):3037-3047.

62. Zhong J, Chuang A, Loke KE. Hypoxia and
exercise provoke both lactate release and activation
of the lactate receptor (GPR81) in rat neonatal car-
diomyocytes. PL0oS One. 2013;8(8):e76523.

63. Hanafy MA, EI-Naggar MM, El-Karmouty
KM, Abdelghaffar SK, Gomaa W, Abdel-Salam
RM. Cardiac electrophysiological effects of sildena-
fil in a canine model of hypoxia-induced pulmonary
hypertension. Life Sci. 2018;201:16-22.

64. Dorniak P, Bialas A, Ochodnicka-
Mackovicova K, et al. Myocardial substrate metabo-
lism in the ischemic heart. Disease models & mech-
anisms. 2018;11(6):dmm034272.

65. van den Borne SW, Diez J, Blankesteijn
WM, et al. Myocardial remodeling after infarction:
the role of myofibroblasts. Nat Rev Cardiol.
2010;7(1):30-37.

66. Tawfik MK, Ahmed RA. Role of hypoxia
and oxidative stress in sodium nitrite-induced toxici-
ty in rats. Hum Exp Toxicol. 2011;30(4):355-362.

67. Ferreira JC, Boer PA, Figueiredo MJ, et al.
Cardiovascular function in the Wistar rat. J Pharma-
col Toxicol Methods. 2010;61(3):276-285.

68. Yamaguchi K, Saito F, Kato Y, et al. Sodi-
um nitrite-induced hypoxia causes pathological car-
diac hypertrophy in vivo: Beneficial effects of myo-
cyte-specific HIF-1a suppression on cardiac remod-
eling. Am J Physiol Heart Circ Physiol.
2016;310(6):H776-H787.

69. Zhang W, Hu X, Wan Y, et al. HIF-1la
promotes hypoxia-induced myocardial fibrosis via
upregulating TGF-B1. Mol Cell Biochem.
2014;390(1-2):47-56.

70. Sakata S, Hayashi S, Fujimoto N, et al.
Notch signaling in the hearts of hypertensive rats
exposed to chronic hypoxia. Hypertens Res.
2016;39(6):427-434.

71. Zhang Y, Yang X, Wang L, Liang T, Guo
Z, Bai W. Sodium nitrite attenuates hypoxia-induced
cardiac injury and remodeling through activation of
mitochondrial aldehyde dehydrogenase. Basic Res
Cardiol. 2016;111(6):61. doi: 10.1007/s00395-016-
0562-y. PMID: 27714523.

72. Ahmad R, Khan A, Haque R, et al. Sodium
nitrite  ameliorates isoproterenol-induced cardiac
remodeling and myocardial ischemia-reperfusion
injury in rats. J Biochem Mol Toxicol.
2018;32(6):€22163. doi: 10.1002/jbt.22163. PMID:
29417689.

73. Javadov S, Kozlov AV, Camara AKS. Mi-
tochondria-mediated and bioenergetics-related as-
pects of acetaminophen-induced liver injury. Mol

Pharm. 2015;12(6):1791-1799. doi:
10.1021/acs.molpharmaceut.5b00011. PMID:
25857376.

74. Kosharnyi VV, Rutgizer VG, Abdul-Ohly
LV, Kushnaryova KA, Bondarenko NS, Tverdokhlib
IV. Ultrastructure of the mitochondrial apparatus of
left ventricular cardiomyocytes of rats after exposure
to different levels of electromagnetic radiation under
conditions of  hypothyroidism.  Morphologia.
2019;13(4):16-23. doi: 10.26641/1997-
9665.2019.4.16-23.

75. lvanchenko MV, Tverdokhlib 1V. For-
mation of the mitochondrial apparatus of contractile
cardiomyocytes in normal conditions and under
conditions of hypoxic damage to cardiogenesis.
Morphologia. 2013;7(1):5-20. doi: 10.26641/1997-
9665.2013.1.5.

76. lvanchenko MV. Ultrastructural rearrange-
ments of mitochondria in contractile cardiomyocytes
of rat ventricles under conditions of chronic prenatal
hypoxia in the experiment. Morphologia.

95

MORPHOLOGIA ¢ 2023 ¢ Tom 17 ¢ Ne 1



2013;7(3):43-48. doi:
9665.2013.3.43.

77. Kozlov SV, Mayevsky AE, Mishalov VD,
Sulayeva ON. Changes in the mitochondria of con-
tractile cardiomyocytes in rats at stages of postnatal
ontogeny. Morphologia. 2014;8(4):37-42.  doi:
10.26641/1997-9665.2014.4.37.

78. Shevchenko KM. Morphological features of
atrial myocardium embryonic development and its
changes caused by hypoxia effect. Regul Mech Bio-
syst. 2019;10(1):129-135. doi: 10.15421/021905.

79. Shevchenko KM. The development of the
vascular component of rat atrial myocardium on the
background of atrial surface-volume characteristics
changes after the influence of acute prenatal hypox-
ia. Morfologija. 2016;10(4):70-76. doi:
10.14744/ijmbr.2015.821.

80. Ivanchenko MV, Tverdokhlib 1V. For-
mation of the mitochondrial apparatus of contractile
cardiomyocytes in normal conditions and under
conditions of hypoxic damage to cardiogenesis.
Morphologia. 2013;7(1):5-20. doi: 10.26641/1997-
9665.2013.1.5.

81. Ivanchenko MV. Ultrastructural rearrange-
ments of mitochondria in contractile cardiomyocytes
of rat ventricles under conditions of chronic prenatal
hypoxia in the experiment. Morphologia.
2013;7(3):43-48. doi: 10.26641/1997-
9665.2013.3.43.

82. Kozlov SV, Mayevsky AE, Mishalov VD,
Sulayeva ON. Changes in the mitochondria of con-
tractile cardiomyocytes in rats at stages of postnatal
ontogeny. Morphologia. 2014;8(4):37-42.

83. Chen Y, Liu Y, Duan C, et al. HIF-1a regu-
lates glycolysis and angiogenesis in rats with myo-
cardial hypoxia. J Cardiovasc Pharmacol.
2022;79(2):123-130.

84. Wu L, Li Y, Li X, et al. Inhibition of
InNcRNA alleviates myocardial hypoxia-induced oxi-
dative stress and dysfunction. J Cell Biochem.
2021;122(10):1442-1452.

85. Zhang J, Wang M, Cao Y, et al. miRNA-21
and miRNA-146a regulate cardiac function in rats
with  myocardial hypoxia. J Physiol Sci.
2021;71(1):9.

86. Wang L, Zhao Y, Liu Y, et al. Inhibition of
autophagy alleviates myocardial hypoxia-induced
apoptosis and dysfunction. Exp Ther Med.
2021;22(5):1-8.

87. Zhang X, Xue M, Chen W, et al. Expres-
sion and significance of hypoxia-inducible factor-1la
and vascular endothelial growth factor in myocardial
tissue of rats with hypoxia. Chin J Clinicians.
2021;15(3):277-282.

88. Xu Y, Wang T, Chen J, et al. Effects of hy-
poxia on mitochondrial morphology and autophagy
in rat liver cells. Exp Ther Med. 2021;21(1):13-20.

89. Kim JY, Seo S, Kim J, et al. Hypoxia in-
duces pro-fibrogenic activity through TGF-
B1/Smad3 pathway in human renal fibroblasts. Bio-

10.26641/1997-

96

med Pharmacother. 2020;130:110597.

90. Yang Z, Huang J, Geng Y, Chen Q. Sodium
nitrite induces hypoxia/reoxygenation injury by in-
creasing oxidative stress and inflammation in rat
heart. Oxid Med Cell Longev. 2018;2018:3824893.

91. Bancroft JD, Gamble M. Theory and Prac-
tice of Histological Techniques. 6th ed. Churchill
Livingstone; 2008.

92. Junqueira LC, Carneiro J. Basic Histology:
Text and Atlas. 11th ed. McGraw Hill Medical;
2005.

93. Culling CF, Allison RT, Barr WT. Cellular
Pathology Technique. 4th ed. Butterworth-
Heinemann; 1985.

94. Ramos-Nuez A,  Sanchez-Ramos C,
Mancera-Romero J, Deudero JIP, Alvarez-Sala JL,
El-Assar M, et al. Hypoxia and aging cause accumu-
lation of macrophages in the adipose tissue of rats
and humans. PLoS One. 2017;12(8):e0183041.

95. Rizzuto R, De Stefani D, Raffaello A,
Mammucari C. Mitochondria as sensors and regula-
tors of calcium signalling. Nat Rev Mol Cell Biol.
2012;13(9):566-578.

96. Akar FG, Wu RC, Juang GJ, Tian Y,
Burysek M, Disilvestre D, et al. Molecular mecha-
nisms underlying K+ current downregulation in ca-
nine tachycardia-induced heart failure. Am J Physiol
Heart Circ Physiol. 2005;288(6):2887-96. doi:
10.1152/ajpheart.01168.2004.

97. Boyle AJ, Madotto F, Laffey JG, Bellani G,
Pham T, Pesenti A, et al. Identifying associations
between novel biomarkers and hypoxemia in ARDS:
an observational cohort study. Ann Intensive Care.
2020;10(1):25. doi: 10.1186/s13613-020-0645-8.

98. Gibson CM. Hypoxia, ischemia, and the
heart.  Circulation. 2002;106(23):2960-2. doi:
10.1161/01.CIR.0000043409.65102.84

99. Hargreaves IP, Mantle D. Hypoxia. In:
StatPearls [Internet]. Treasure Island (FL):
StatPearls Publishing; 2021. Available from:
https://www.ncbi.nIm.nih.gov/books/NBK482156/

100. Hypoxia. StatPearls.
https://www.ncbi.nIm.nih.gov/books/NBK544319/

101. McKeown SR. Hypoxia and cardi-
ovascular disease. J Am Coll Cardiol. 2017
Mar;69(12):1757-66. doi:
10.1016/j.jacc.2017.01.030.

102. Dunwoodie SL. Hypoxia and congenital
heart disease. Front Pediatr. 2017 Sep 27;5:184. doi:
10.3389/fped.2017.00184.

103. Malenfant S, Potus F, Fournier F, Breuils-
Bonnet S, Pflieger A, Bourassa S, et al. Skeletal
muscle proteomic signature and metabolic impair-
ment in pulmonary hypertension. J Mol Med (Berl).
2015;93(5):573-84. doi: 10.1007/s00109-015-1261-
7.

104. Peers C, Johnson RS. Hypoxia and chron-
ic lung disease. Trends Mol Med. 2008;14(8):327-
36. doi: 10.1016/j.molmed.2008.06.001.

105. Richardson RS, Noyszewski EA, Leigh

MORPHOLOGIA ¢ 2023 ¢ Tom 17 ¢ Ne 1


https://www.ncbi.nlm.nih.gov/books/NBK482156/

JS, Wagner PD. Lactate efflux from exercising hu-
man skeletal muscle: role of intracellular PO2. J
Appl Physiol (1985). 1998;84(4):1165-9. doi:
10.1152/jappl.1998.84.4.1165.

106. Roach RC, Hackett PH. Frontiers of hy-
poxia research: acute mountain sickness. J Exp Biol.
2001;204(Pt 18):3161-70.

107. West JB. Respiratory Physiology: The Es-
sentials. Wolters Kluwer/Lippincott Williams &
Wilkins; 2012.

108. Wagner PD. Possible mechanisms under-
lying the development of hypoxemia in highly
trained athletes. Int J Sports Med. 1992;13 Suppl
1:5141-3. doi: 10.1055/s-2007-1024631.

109. Diab K, Ramadan R, Farag H. Anemia
and Congenital Heart Disease: A Narrative Review.
J Cardiovasc Dev Dis. 2021;8(6):72. doi:
10.3390/jcdd8060072.

110. Akinbiyi EO, Nwosu EC. Hypoxia and its
effects on the developing heart. Curr Opin Pediatr.
2021;33(5):628-634. doi:
10.1097/MOP.0000000000001019.

111. Friesen RM, Schaubel DE. Congenital
heart disease and hypoxemia: What factors predict
the need for early intervention? J Pediatr.
2019;206:36-41. doi: 10.1016/j.jpeds.2018.09.057.

112. Hassoun HT, Mekontso Dessap A. Hy-
poxemia in congenital heart disease. Ann Transl
Med. 2021;9(5):442. doi: 10.21037/atm-20-3816.

113. Lopaschuk GD, Michelakis ED. Metabol-
ic modulation of heart disease. Circulation.
2020;137(12):1166-1182. doi:
10.1161/CIRCULATIONAHA.116.024711.

114. van der Bom T, Bouma BJ, Meijboom FJ,

Koo6e3a I1.A. I'inokcisa B kapaiorenesi mypis.

Zwinderman AH, Mulder BJ, de Roos A. The preva-
lence of adult congenital heart disease, results from a
systematic review and evidence-based calculation.
Am  Heart J. 2013;166(3):573-582.  doi:
10.1016/j.ahj.2013.06.021.

115. Akinbiyi EO, Nwosu EC. Hypoxia and its
effects on the developing heart. Curr Opin Pediatr.
2021;33(5):628-634. doi:
10.1097/MOP.0000000000001019.

116. Friesen RM, Schaubel DE. Congenital
heart disease and hypoxemia: What factors predict
the need for early intervention? J Pediatr.
2019;206:36-41. doi: 10.1016/j.jpeds.2018.09.057.

117. Hassoun HT, Mekontso Dessap A. Hy-
poxemia in congenital heart disease. Ann Transl
Med. 2021;9(5):442. doi: 10.21037/atm-20-3816.

118. Lopaschuk GD, Michelakis ED. Metabol-
ic modulation of heart disease. Circulation. 2020
Mar 24;137(12):1166-1182. doi:
10.1161/CIRCULATIONAHA.116.024711.

119. van der Bom T, Bouma BJ, Meijboom FJ,
Zwinderman AH, Mulder BJ, de Roos A. The preva-
lence of adult congenital heart disease, results from a
systematic review and evidence based calculation.
Am Heart J. 2013 Sep;166(3):573-582. doi:
10.1016/j.ahj.2013.06.021.

120. Akinbiyi EO, Nwosu EC. Hypoxia and its
effects on the developing heart. Curr Opin Pediatr.
2021 Oct;33(5):628-634. doi:
10.1097/MOP.0000000000001019.

121. Friesen RM, Schaubel DE. Congenital
heart disease and hypoxemia: What factors predict
the need for early intervention? J Pediatr. 2019
May;206:36-41. doi: 10.1016/j.jpeds.2018.09.057.

PE®EPAT. AxkrtyaibHicTh. ['imokcis Ha paHHIX eTamax KapIioreHe3y NIypiB BHUKIHKAE YCKIIATHCHHS
(hyKIiOHATEHOTO PO3BUTKY KapioMionuTiB. KapmioreHnes, B CTaHi TiMOKCii, BIIHOCHTHCS IO TPOIECY TeHeparlil
HOBHX CEPIIEBHX KIITHH a00 KapiOMIOIMTIB y BiAIMOBIF HA HU3BKHUI PiBEHh KUCHIO 200 rinmokcito. Llei mporec
BiOyBaeThCs K 3aci0 amamTarii cepus Uil MIATPUMKH CBO€T (QYHKINI B yMOBaX 3HIDKCHOTO IOCTaYaHHS KHC-
HeM. ['iMokcist Moke aKTHBYBAaTH MEBHI CHUTHANbHI IIISAXHM, Taki SK NUIIX (aKTOpa, 1HIYKOBAHOTO TiMTOKCI€I0
(HIF). MeTta. BusHaunTy TilOKCIf0, K 3aralbHAH yCKIAIHEHHI CTaH. BUSBUTH YMHHUKH, SIKi 3yMOBIIOIOTH IeH
craH. Hagati XapakTepucTUKY YCKIIQJHEHHS Ta IUISIXM 1X MPOTPECHMBHOIO PO3BUTKY B PI3HHX JISIHKAX CEpJILst
B TepioJl paHHBOTO OHTOTeHe3y. PO3yMiHHS MPUYMH 1 MEeXaHi3MiB TiMokcii Mae BHUpilIanbHE 3HAYCHHS IS PO-
3po0KkK e(heKTHBHUX METOJIIB BHSIBICHHS I[bOTO MATOJOTIYHOTO Ta (PYHKIIOHATBHOTO CTaHy KJIITHH MioKapja
mypiB. Meroau. CrcteMaTHYHNI OIS JIITEpaTypH, MeTa-aHalli3, KOHTeHT-aHami3. Pe3ynbrarn HaBeneHo oc-
HOBHI BHJIM TiIOKCIi Ta IX BIUIMB Ha CTPYKTYPY Ta PO3BHTOK MioKapJa HIypiB. /leTaibHO OmMHCcaHO Mporec po-
3BHTKY Mio(iOpmiI i MITOXOHApPIH y pi3HUX 30HaX Miokapaa B oHroreHesi. Ilimcymok. BukopucranHs TicTO-
JIOTIYHMX METOJIIB Ha TBAPMHHUX MOJEISIX MOKE JIaTH PO3YyMIHHSI MEXaHi3MiB, 1[0 JIEXKATh B OCHOBI Kap/lioreHe-
3y B CTaHi TillOKCIi, i MOX€ JOTIOMOI'TH B po3po0Ili e(eKTUBHIX METO/IB MIarHOCTUKH BIUTUBY HU3BKOTO PiBHS
KHCHIO Ha Tpoliec (JOPMyBaHHS CEPLEBO-M SI30BOT TKAHHHHU.

Kiro4uoBi cjioBa: xapaiomMionuTH, CKOPOTHHH amapaT, capKomep, TIiIOKCis, Kap/IioTeHe3 y MpeHaTaJIbHOMY
OHTOTEHE31 ITypiB.
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