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The transport function of the cardiovascular system is realized at the level of the
vessels of the hemomicrocirculatory system through the transvascular transport
pathways. Normal functioning of the transvascular transport system ensures
adequate functioning of the body. This issue is quite relevant, because the study of
the structural pathways of transvascular and, especially, transendothelial transport in
the norm opens up prospects for pharmacological correction of its disorders in various
pathological conditions. The aim of this studly is to investigate the formation of structural
pathways of transendothelial transport of different types of endothelium in the early
periods of human prenatal ontogeny. The structural features of the formation of the
transendothelial transport system in the process of link differentiation and specialization
of somatic, phenerated and sinusoidal endothelial cells of functionally different organs
in the early stages of human prenatal ontogeny were studied by transmission electron
microscopy and cryofractography. It has been determined that in the endothelial
cells of blood capillaries developing in the direction of somatic capillaries, the main
pathways of transendothelial transport are the system of micropinocytic vesicles. In the
endothelium of blood exchange microvessels, which gradually develop into capillaries
of the phenester type, the pathways of transendothelial transport are represented by
a system of micropinocytic vesicles, diaphragmatic phenesters and interendothelial
adhesive and gap contacts, which provide a fairly active two-way metabolism at
the blood-working cells interface. According to the ultrastructural analysis, the most
active transendothelial transport is carried out in endothelial cells that develop into
sinusoidal endothelium, which lines the sinusoidal capillaries of the liver lobules.
The pathways of transendothelial transport of sinusoidal endothelial cells include a
system of micropinocytic vesicles, a system of diaphragmatic fenestrae arranged in
clusters and open interendothelial contacts, which creates a morphological basis for
active transendothelial transport of substances from the blood to hepatocytes. Thus,
in the early periods of prenatal ontogeny, the systems of transendothelial transport of
capillary endothelial cells of functionally different organs are formed.

Key words: prenatal period of ontogeny, endothelium, capillaries, micropinocytic
vesicles, interendothelial contacts.

Introduction

The transport function of the cardiovascular system
is realized at the level of blood capillaries of the
hemomicrocirculatory system — through the blood-cellular
barrier by transvascular transport, bilateral transport of
substances occurs, which is necessary to maintain constant
homeostasis parameters [6, 11, 15] and normal functioning
of each organ and the body as a whole [9, 12, 13, 24]. The
pathogenesis of many pathological conditions, such as

inflammation [1, 19, 23], trauma [20], infectious diseases
[14, 16, 18, 26], hypertension [24], atherosclerosis [4, 22,
29], diabetes mellitus [8], is based on the dysfunction of
transvascular transport pathways, which leads to changes
in the degree of vascular wall permeability and the onset of
clinical symptoms [3, 5] and endothelial dysfunction [17, 25].

In the prenatal period of ontogenesis, the role of the intra-
organic bloodstream increases significantly, because the
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microcirculation system not only ensures the implementation
of the transport function of the cardiovascular system, but also
contributes to normal processes of organ and histogenesis,
and determines the performance of organ-specific functions
of developing organs. Disturbances in the transvascular
transport system during the prenatal period of ontogeny can
lead to abnormal developmental processes, which causes
degenerative phenomena in developing organs. Violation
of their functions often leads to the formation of various
malformations, sometimes incompatible with life [2]. The
intensity of transvascular transport processes is determined
by the type of blood capillaries in the hemomicrocirculatory
bed. It is generally accepted to define the following types
of blood capillaries by the structure of endothelial cells;
capillaries of somatic, fenestrated and sinusoidal types [10].
Somatic capillaries are characterized by high selectivity of
transvascular permeability. This type of capillaries is the
most common and is found in organs that do not require
intensive bilateral transport of substances to perform their
organ-specific functions, but ensure the preservation of
the parameters of the organ microregions [10]. Skeletal
muscle vessels are a classic model for studying somatic
capillaries. Fenestrated capillaries are inherent in organs
with a high intensity of transcapillary metabolism at the
blood-working elements of the organ, which is necessary
for the performance of their organ-specific functions, for
example, blood capillaries of the small intestine mucosa,
endocrine organs. Sinusoidal capillaries are found only in
liver lobules. Their structure promotes maximum contact
between blood and hepatocytes, which is the structural basis
for the liver’s detoxification function. Transvascular transport
pathways are determined by the structure of the wall of
the corresponding blood capillary, where endothelial cells
play a leading role [18, 20]. The transendothelial transport
pathways include the system of micropinocytic vesicles, their
derivatives, and interendothelial contacts [7, 17, 30]. The
structure of transendothelial transport pathways in the normal
postnatal period of ontogeny has been studied in detail [3,
28]. However, the issues of formation of transendothelial
transport pathways in the prenatal period of ontogeny, when
the processes of histo- and organogenesis determine the
normal development of individual organs and the organism
as a whole, are still insufficiently covered. The knowledge of
the structure of transport pathways through the vascular wall
in the normal state opens up wide opportunities to study the
factors that affect the structure and function of transvascular
and transendothelial pathways and is promising for the
development of pharmacological effects on this process.

The aim of this study is to investigate the formation of
structural pathways of transendothelial transport of different
types of endothelium in the early periods of human prenatal
ontogeny at the ultrastructural level.

Materials and methods
The work was performed on 12 human embryos
and fetuses aged 4-5 to 16 weeks of prenatal ontogeny.

The cadaveric material was obtained from obstetric
and gynecological departments of Kyiv hospitals after
spontaneous abortions, as a result of mental or mechanical
trauma, therapeutic abortions, and preterm births. The
material for the study does not contradict the basic bioethical
standards of the Helsinki Declaration of the World Medical
Association “Ethical Principles for Medical Research
Involving Human Subjects”, which was adopted by the 18th
General Assembly of the WMA in Helsinki in 1964 and revised
by the 59th General Assembly of the WMA in Seoul in 2008.
The work was approved at the meeting of the Bioethics
Commission of Bogomolets National Medical University on
April 2, 2024 (Protocol No. 2).

The age of the embryos and fetuses was determined
by measuring the parieto-coccygeal and parieto-calcaneal
sizes. In determining the age of the embryo and fetus, the
data of the mother’s history and medical examination were
also taken into account.

In accordance with the purpose of the study, blood
microvessels of functionally different organs (skeletal muscle,
small intestine and liver) were studied.

The material was processed by transmission electron
microscopy and cryofractography, which allow visualization
of transendothelial transport pathways. The material for
transmission electron microscopy was processed according to
the conventional method. Ultrathin sections were contrasted
with uranyl acetate and lead citrate. The preparations were
examined and photographed using UEMV-100 AK and JEM-
100B electron microscopes. For the cryofractor study, the
tissue blocks were fixed in 2.5 % glutaraldehyde solution,
impregnated in 25 % glycerol solution, successively frozen
in liquid Freon-22 and liquid nitrogen, and sectioned with
subsequent preparation of carbon-platinum replicas in the
BALZERS BAF-301 apparatus. The resulting preparations
were examined in a JEM-100B electron microscope.

Results

At 4-5 weeks of embryogenesis, the metabolic needs
of the cells of the forming organs are met by the pre-
vascular microcirculation pathways formed by interstitial
compartments of various shapes and sizes, which are limited
by the processes and bodies of mesenchymal cells and by
channels and gaps between the working cells of the organ.
Primary blood microvessels (protocapillary type vessels)
begin to form at 4-5 weeks of embryonic development due to
the expansion of intercellular channels and gaps in the areas
of aggregation of spindle-shaped mesenchymal cells. In the
lumen of many intercellular gaps, blood cells are detected,
resulting in the formation of blood islets (Fig. 1).

Mitosis of spindle cells is detected in some areas.
Spindle cells, which line the primary blood vessels, gradually
differentiate into stromal cells. One of the earliest signs of
spindle cell differentiation into stromal cells is the formation
of dense intercellular contacts between individual cells.
However, the primary protocapillaries at this stage of
development are not yet closed and freely communicate with
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Fig. 1. Spindle-shaped mesenchymal cells of the small intestine
of a human embryo of 4-5 weeks of prenatal ontogeny: 1 —
mesenchymal cell cytoplasm; 2 — mesenchymal cell nucleus;
3 — mesenchymal cell mitosis; 4 — glycogen granules; 5 — lipid
droplet. x2000.

Fig. 2. Primary microvessel of the protocapil
skeletal muscle of the human embryo at 4-5 weeks of prenatal
ontogeny: 1 — protocapillary lumen; 2 — primordial endothelial
cell nucleus; 3 — primordial endothelial cell cytoplasm; 4 —
mesenchymal cell cytoplasm; 5 — mesenchymal cell nucleus.
Arrows indicate clusters of electron-dense material on the basal
surface of the endothelial cell. x6600.

the interstitial space through intercellular gaps. Gradually,
the coastal cells differentiate into primordial endothelial
cells that line the primary protocapillaries. One of the signs
of structural differentiation of the primordial endothelial
cells is the appearance in their cytoplasm of single large
micropinocytic vesicles, which are prone to fusion to form
multivesicular complexes (Fig. 2).

Also, the primordial endothelial cells are interconnected
by dense interendothelial contacts, forming a continuous
cell layer. Morphologically, primordial endothelial cells are
continuous endothelial cells. Gradually, discretely formed
primary microvessels such as protocapillaries are widely
anastomosed to each other, forming a primary diffuse
protocapillary bed.

At 5-6 weeks of embryonic development, the diffuse
intra-organic protocapillary bed of the organ is connected
to the fetal main bloodstream, which is the beginning of the
circulatory phase of the development of the intra-organic
microcirculatory bed. Morphologic evidence of this process
is the appearance of adventitious and outflow vessels
in the diffuse protocapillary bed. The beginning of the
circulatory phase of the intra-organic microcirculatory bed
development causes the processes of link differentiation
of the vessels of the diffuse protocapillary bed. The supply
vessels gradually differentiate into arterioles and precapillary
arterioles. Drainage vessels give rise to the venular link of the
hemomicrocirculatory system and lymphatic microvessels.
The metabolic microvessels develop into blood capillaries,
the main metabolic link of the hemomicrocirculatory system.

In the endothelial cells of metabolic microvessels, in
parallel to the processes of link differentiation, structural
signs of specialization are revealed, which are due to the
peculiarities of the functional activity of the organ. The main
structural manifestation of endothelial cell specialization is
the restructuring of the micropinocytic vesicle system and
its derivatives, as well as changes in the morphology of
interendothelial contacts.

In skeletal muscle, as a result of the process of
specialization, continuous endothelial cells lining the metabolic
microvessels of the primary protocapillary bed develop in the
direction of somatic endothelial cells, which are inherent in
the blood capillaries of the secondary hemomicrocirculatory
bed. The formation of endothelial cytoplasm zonation
occurs — the perikaryon zone and peripheral cytoplasmic
compartments are determined, which gradually become
thinner and longer. In the process of formation of endothelial
cell zonation, redistribution of synthetic apparatus organelles,
which are concentrated in the perikaryon zone, is determined.
All classes of micropinocytic vesicles are located in the
peripheral cytoplasmic compartments. Free micropinocytic
vesicles dominate, their number increasing with fetal growth.
Gradually, free micropinocytic vesicles decrease in diameter.
Free large micropinocytic vesicles almost disappear and
the population of micropinocytic vesicles becomes more
homogeneous in size. On the luminal and basal surfaces of
the endothelial lining, diaphragmatic micropinocytic vesicles
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are detected, the cells of which are blocked by a single-
layer diaphragm. These vesicles are filled with medium
electron density content. The diameter of micropinocytic
vesicles attached to the luminal surface of the endothelial
lining is smaller than the diameter of micropinocytic vesicles
associated with the basal surface. According to the data of
cryofractography, micropinocytic vesicles attached to the
luminal and basal surfaces of endothelial cells have a flask-
shaped shape with an elongated elongated neck, which open
into the lumen of the vessel or the abluminal surface of the
endothelial cell, respectively (Fig. 3).

Fig. 3. Fragment of a blood capillary wall of a
muscle at 16 weeks of prenatal ontogeny: 1 — capillary lumen;
2 — endothelial cell cytoplasm. Arrows indicate micropinocytic
vesicles. Cryofractography, x10000.

Developing somatic-type endothelial cells are characteri-
zed by complicated interendothelial contacts. The junctions
between adjacent endothelial cells lengthen and acquire a
complex configuration. The interendothelial gaps are narrow
and virtually no dilatation is detected. Interendothelial gaps
are filled with a substance of medium electron density. Within
one interendothelial junction, the membranes of neighboring
endothelial cells approach, followed by their fusion and
formation of dense contacts such as obliteration zones.
Within one interendothelial gap, 5-10 obliteration zones
are formed. According to cryofractography, the variability
of the relationship between the membranes of neighboring
endothelial cells is determined within one interendothelial gap.
Tight contacts alternate with gap (communication) contacts.
A dense interendothelial contact is formed by a contact strip
or fibre, which on the P-surface of the chip is formed by a
comb consisting of globular lobules, and on the E-surface
- by complementary grooves. Dense contact is interrupted
by gap contact, which is formed by a miniature plaque of
intramembrane particles, which are formed by globules on
the P-surface of the chip and complementary dimples on the
E-surface. Thus, according to the data of cryofractography,
different types of relationships between the intramembrane
components of the membranes of contacting endothelial cells
are determined along one interendothelial junction.

The exchange microvessels of the primary protocapillary
bed of the small intestine gradually differentiate into
fenestrated blood capillaries. In the endothelial cells lining the
metabolic microvessels of the primary protocapillary bed, the
processes of specialization are determined in parallel with the
processes of link differentiation, which leads to the formation
of phenesterified endothelial cells. Intensive processes
of cytoplasmic zonation are determined in the endothelial
cells of the small intestine microvasculature: a small
perikaryon zone and long, thinned peripheral cytoplasmic
compartments are determined. At the early stages of link
differentiation, the peripheral cytoplasmic compartments
are uneven in thickness: alternation of thicker cytoplasmic
islands and thinned areas is determined. With the growth
of the fetus, the length of the thinned peripheral areas of
endothelial cells gradually increases. Organelles of the
synthetic apparatus are concentrated in the perikaryon zone.
Structural manifestations of specialization processes are
transformation of inter-endothelial contacts, qualitative and
quantitative changes in the micropinocytic transport system
and the appearance of diaphragmatic fenestrae. Developing
endothelial cells are characterized by polymorphism of
interendothelial contacts. Long, complexly configured
interendothelial gaps filled with a medium electron density
substance are predominantly formed between neighboring
endothelial cells. The interendothelial gap alternates between
narrowed and dilated areas. In some places, the membranes
of neighboring endothelial cells are quite tightly adjacent to
each other, but a very narrow interendothelial gap is preserved
between them. In some areas, neighboring endothelial cells
approach each other at a short distance with their lateral
surfaces and a short, straight, uneven interendothelial gap is
formed between them. The micropinocytic transport system
changes most intensively. With the growth of the fetus, a
progressive increase in the population of free micropinocytic
vesicles is determined, which are mainly concentrated
in the peripheral cytoplasmic compartments. The size of
micropinocytic vesicles gradually decreases. The population
of free micropinocytic vesicles becomes more homogeneous
in diameter. The micropinocytic vesicles attached to the
luminal and basal surfaces of the endothelial lining look like
rounded flasks with the neck covered by an electron-dense
single-layer diaphragm. The size of attached vesicles also
decreases with fetal age. The system of micropinocytic
vesicles is characterized by dynamic transformations that
lead to the appearance of diaphragmatic phenesters —
derivatives of micropinocytic vesicles. In the thinned areas of
the cytoplasm, a chain of several micropinocytic vesicles is
detected, forming transendothelial channels that open both to
the luminal and basal surfaces of the endothelium. Discrete
micropinocytic vesicles occupying the entire thickness of the
endothelial cytoplasm are detected in the thinnest peripheral
areas of the endothelial cytoplasm. The micropinocytic
vesicle cell is blocked by a single-layer diaphragm and
opens onto the luminal or basal surface of the endothelial
cell. In some areas, the micropinocytic vesicle has two cells,
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which are covered by a diaphragm and open to the basal
and luminal surface of the endothelium. Subsequently, the
structural transformation of such micropinocytic vesicles
leads to the appearance of diaphragmatic fenestrae. The
first diaphragmatic fenestrae in endothelial cells that develop
into fenestrated endothelial cells are detected at 8-12 weeks
of fetal development (Fig. 4).

.,

_ -
Fig. 4. Fragment of the wall of a blood capillary of the fetal small
intestine of the human fetus at 11-12 weeks of prenatal ontogeny:
1 — capillary lumen; 2 — endothelial cytoplasm; 3 — endothelial
nucleus. Arrows indicate diaphragmatic fenestrae. x13300.

With the age of the fetus, the number of diaphragmatic
fenestrae gradually increases.

The highest rates of linkage differentiation are determined
in the exchange microvessels of the primary protocapillary
liver bed. In parallel with the processes of link differentiation,
the structural features of specialization are determined in the
primordial endothelial cells of the continuous type, which are
detected quite early - already at 5-6 weeks of embryogenesis.
In the cytoplasm of endothelial cells lining the sinusoids of
the liver lobule, the perikaryon zone and significantly thinned
peripheral areas are clearly distinguished. Organelles of
the synthetic apparatus are concentrated in the perikaryon
zone, and all classes of micropinocytic vesicles are detected
in the peripheral areas, which are significantly thinned.
With the growth of the fetus, the number of micropinocytic
vesicles increases and their size decreases. At early stages
of development, diaphragmatic fenestrae are detected in the
endothelial cells lining the sinusoids of the liver lobules. With
the age of the fetus, the size of the diaphragmatic fenestrae
decreases and their number increases. The dynamics of
fenestrae distribution in the cytoplasm of endothelial cells
was determined by cryofractography. At the early stages
of development, a chaotic distribution of phenesters is
determined. With the growth of the fetus, as the processes

of specialization deepen, the topography of the fenestrae
becomes more ordered — simultaneously with the chaotic
arrangement of the fenestrae, clusters of fenestrae are
already detected (Fig. 5).

ot W

! ! v . 4 4 el

s | ' # o v s
Fig. 5. Cluster arrangement of phenesters in the endotheliocyte
of sinusoidal type of the exchange microvessel of the human fetal
liver lobule at 7-8 weeks of prenatal ontogeny: 1 — phenester

cluster; 2 — single phenesters. Cryofractography. x18000.

Fenestrae clusters are of different shapes and are formed
by 10-20 fenestrae. In the process of cytodifferentiation,
the structure of interendothelial contacts increases. The
interendothelial gap has a composite configuration that
is uneven in width. Short dilated areas alternate with loci
of fusion of neighboring membranes with the formation of
spots and obliteration zones. Adhesive interendothelial
contacts are more often detected. In some areas of the
interendothelial junction, the membranes are approximated,
but the interendothelial gap is not reduced. With the age of
the fetus, few intercellular hatches are detected between
adjacent endothelial cells — open intercellular contacts or
open fenestrations.

Discussion

The intensity of bilateral transvascular transport is
determined by the morphology of the blood-cellular barrier,
the central role in the functioning of which belongs to the
endothelial cells of blood vessels [21, 24, 27]. In the early
stages of prenatal ontogeny, the primary protocapillary bed
is not yet closed, which allows direct contact of blood with
the interstitial environment. Gradually, the coastal cells
differentiate into primordial endothelial cells that line the
primary protocapillaries. Numerous, large micropinocytic
vesicles are already detected in the cytoplasm of the primordial
endothelial cells, and dense intercellular contacts are formed
between neighboring endothelial cells. These structural
features of the differentiation of primordial endothelial cells
indicate a decrease in the intensity of bilateral circulation
and the gradual formation of selectivity of transvascular
transport due to the development of micropinocytic vesicles.
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In the process of further specialization of endothelial cells of
metabolic microvessels, transendothelial transport pathways
are gradually formed and improved, which correlates with the
data of the study on the gradual structural formation of the
myocardial hemomicrocirculatory bed in the prenatal period
of development [31].

In somatic-type endothelial cells, which are characterized
by high selective permeability but not intense enough, the
main pathways of transendothelial transport according to
morphological studies are the system of micropinocytic
vesicles. Gradually, with the age of the fetus, the number
of all classes of micropinocytic vesicles increases, and
their size decreases and becomes more homogeneous.
Interendothelial contacts, among which dense contacts
dominate, due to their structure, do not take an active part
in metabolic processes between blood and the matrix of the
interstitial space.

In phenesterified endothelial cells, which are found in
organs with a high degree of transendothelial transport
activity and its high selectivity, the main pathways of
metabolism between blood and working cells of the
organ are a system of micropinocytic vesicles and their
derivatives — diaphragmatic phenesters. With the age
of the fetus, the number of micropinocytic vesicles and
diaphragmatic phenestra increases, which significantly
increases the intensity of transendothelial transport. Among
the interendothelial contacts, gap junctions and adhesive
contacts dominate, which by their structure can also be
permeable to certain substances.

The most intense bilateral metabolic processes are
determined in sinusoidal endothelial cells of the metabolic

References

[1] Ajoolabady, A., Pratico, D., & Ren, J. (2024). Endothelial
dysfunction: mechanisms and contribution to diseases.
Acta Pharmacol Sin, 45, 2023-2031. doi: 10.1038/s41401-
024-01295-8

[2] Akhtemiichuk, Yu. T., Slobodian, O. M., & Lavriv, L. P. (2014).
lMpeHaTanbHUn PO3BUTOK OpPraHiB CTPYKTYpP OpraHiamy
[Prenatal development of organs of body structures].
EkcnepumeHTanbHa i kniHiuyHa meguuunHa=Experimental
and Clinical Medicine, 64(3), 18-21.

[3] Black, S., Zemskov, E. A., Carvalho-de-Souza, J., & Chigna-
lia, A. (2022). Abstract 15352: Lung Endothelial Transportin
Glypican 1 Knockout Mice. Circulation, 146(1). doi: 10.1161/
circ.146.suppl_1.15352

[4] Bockus, L., & Kim, F. (2022). Coronary endothelial dysfunc-
tion: from pathogenesis to clinical implications. Open Heart,
9(2), e002200. doi: 10.1136/0penhrt-2022-002200

[5] Drera, A., Rodella, L., Brangi, E., Riccardi, M., & Vizzardi, E.
(2024). Endothelial Dysfunction in Heart Failure: What Is Its
Role? J Clin Med, 13(9), 2534. doi: 10.3390/jcm13092534

[6] Hnatjuk, M., Nesteruk, S., Tatarchuk, L., & Monastyrska, N.
(2023). Morphometric assessment of age-related structural
changes in the vessels of the microcirculatory bed of the
prostate gland under conditions of ethanol intoxication.
BicHuk meanyHux i 6ionoriyHnx pocnigxeHb=Bulletin of
Medical and Biological Research, 17(3), 8-15. doi: 10.61751/
bmbr.2706-6290.2023.3.8

microvessels of the liver lobules. In endothelial cells
developing towards sinusoidal endothelial cells, the earliest
processes of specialization are detected, which are quite
intense. The cytoplasm of sinusoidal endothelial cells
has a significantly developed micropinocytic transport
system. Diaphragmatic fenestrae are formed, the number
of which increases with fetal growth. The fenestrae are
initially irregularly arranged and then form discrete clusters.
Presumably, the clustering of the fenestrae is determined
by the organization of the elements of the endothelial
cytoskeleton. Other transendothelial transport pathways
include open interendothelial contacts or hatches, or open
fenestrations, which provide direct contact between blood
and the space of Disse.

Thus, the relation of transendothelial transport pathways
in different types of endothelium at the early stages of
human development was described for the first time at the
ultrastructural level. This study opens up the prospect of
pharmacological control of transendothelial and transvascular
transport processes in various pathological conditions.

Conclusions

1. In the early stages of prenatal ontogeny, structural
processes of link differentiation and specialization of
endothelial cells lining the metabolic microvessels determine
the structural formation of transendothelial transport
pathways.

2. In each type of endothelium, the structure of
transendothelial transport components is determined by the
peculiarities of the structure of the blood-cellular barrier and
is determined by the degree of functional activity of the organ.

[71Komarova, Y.A., Kruse, K., & Mehta, D. (2017). Protein Inter-
actions at Endothelial Junctions and Signaling Mechanisms
Regulating Endothelial Permeability. Circ Res, 120(1), 179-
206. doi: 10.1161/CIRCRESAHA.116.306534

[8] Kondrat, I. (2021). Age peculiarities of morphological changes
of testicular hemomicrocirculatory flow in streptozotocin
diabetes mellitus. ApxiB KkniHiyHOT MeanumHn=Archives of
Clinical Medicine, 1, 15-19. doi: 10.21802/acm.2021.1.11

[9] Kosharnyi, V. V., & Boyko, E. M. (2024). PemogentoBaHHA
reMoMiKpOUMPKYNATOPHOTO pycna 3afHixX KiHUiBOK
npy MOLUKOAXEHHI CTErHOBOro Ta CiAHWYHOro HepBa B
nigroctpomy nepiogi [Remodeling of the hemomicrocircu-
latory channel of the hind limbs in case of damage to the
femoral and sciatic nerves in the subacute period]. BicHuk
npobnem Gionorii i meguunHn=Bulletin of Problems in Biol-
ogy and Medicine, 4(175), 550-559. doi: 10.29254/2077-
4214-2024-4-175-550-559

[10] Lansdell, T. A., Chambers, L. C., & Dorrance, A. M. (2022).
Endothelial Cells and the Cerebral Circulation. Compr
Physiol, 12(3), 3449-3508. doi: 10.1002/cphy.c210015

[11] Lutsyk, V. I., & Selskyi, P. R. (2023). MNopiBHANbHWUI aHani3
MOPdOMOriYHNX NOpYLUEHb FeMOMIKPOLMPKYNATOPHOrO
pycna Ta CKeneTHUX M’s3iB 3afHiX KiHLIBOK LypiB i3
GiOXiMiYHUMW 3MiHAMW HA CUCTEMHOMY PiBHi NpW rocTpii
iwemii-penepdyasii 3a ymoB roctpoi kpoBoBTpaTn [Com-
parative analysis of morphological disorders of the he-

Vol. 31, Ne2, Page 26-33

31



Ultrastructural patterns of formation of transendothelial transport pathways in the prenatal period of ontogeny

momicrocirculatory bed and skeletal muscles of the hind
limbs of rats with biochemical changes at the systemic
level in acute ischemia-reperfusion under conditions of
acute blood loss]. KniHiyHa aHaTtomia Ta onepaTuBHa
xipypria=Clinical Anatomy and Operative Surgery, 22(3),
22-31. doi: 10.24061/1727-0847.22.3.2023.27

[12] Maruhashi, T., Kajikawa, M., Kishimoto, S., Hashimoto,
H., Takaeko, Y., & Yamaiji, T. (2020). Diagnostic Criteria of
FlowMediated Vasodilation for Normal Endothelial Function
and Nitroglycerin-Induced Vasodilation for Normal Vascular
Smooth Muscle Function of the Brachial Artery. J Am Heart
Assoc, 9(2), e013915. doi: 10.1161/JAHA.119.013915

[13] Mitchell, J. A., Shala, F., Pires, M. E. L., Loy, R. Y., Ravendren,
A., Benson, J., ... & Kirkby, N. S. (2021). Endothelial cyclo-
oxygenase-1 paradoxically drives local vasoconstriction and
atherogenesis despite underpinning prostacyclin generation.
Sci Adv, 7(12), eabf6054. doi: 10.1126/sciadv.abf6054

[14] Pak, A. I., Shevchuk, O. O., Paliy, S. M., Selskiy, B. P.,
& Korda, M. M. (2021). EnpoTenianbHa AncdyHKUiA
npu COVID-19 (ornag nitepatypu) [Endothelial dys-
function in COVID-19 (literature review)]. YkpaiHcbkui
MeanyHmmn Yaconuc=Ukrainian Medical Journal, 3(143), 1-7.
doi: 10.32471/umj.1680-3051.143.208852

[15] Paltov, Ye. V., Masna, Z. Z., Chelpanova, I. V., & Voit-
senko, K. |. (2023). 3MiHK CTpyKTypHOi opraHisauii
KNMITUHHUX KOMMOHEHTIB y Llapax CiTKiBKM Ta naHkax ii
reMOMIKPOLMPKYNATOPHOrO pycra y XpPOHIYHWUIA nepiog
eKkcrnepuMeHTanbHOro onioigHoro BAAWBY Ta nig 4vac
KOPEKLii Lnx 3MiH Ha ynbTpacTpykTypHOMy piBHi [Changes
in the structural organization of cellular components
in the retinal layers and links of its hemomicocircula-
tory bed during the chronic period of experimental opioid
exposure and the correction of these changes at the
ultrastructural level]. KniHiyHa aHaToMmisi Ta onepaTuBHa
xipypria=Clinical Anatomy and Operative Surgery, 22(3),
32-47. doi: 10.24061/1727-0847.22.3.2023.28

[16] Pelle, M. C., Zaffina, I., Luca, S., Forte, V., Trapanese, V.,
Melina, M., ... &Arturi, F. (2022). Endothelial Dysfunction in
COQOVID-19: Potential Mechanisms and Possible Therapeutic
Options. Life, 12(10), 1605. doi: 10.3390/life12101605

[17] Pivtorak, K., Fedzhaga, I|., Marchuk, O., & Pivtorak, N.
(2023). The role of atherogenic dyslipidemia, endothelial
dysfunction and systemic inflammation in the develop-
ment of vascular complications in patients with NAFLD.
Atherosclerosis, 379, 155. doi: 10.1016/j.atherosclero-
sis.2023.06.527

[18] Pons, S., Fodil, S., Azoulay, E., & Zafrani, L. (2020). The
vascular endothelium: The cornerstone of organ dysfunction
in severe SARS-CoV-2 infection. Critical Care, 24(353), 1-8.
doi: 10.1186/s13054- 020-03062-7

[19] Ray, A., Ch Maharana, K., Meenakshi, S., & Singh, S.
(2023). Endothelial dysfunction and its relationship in vari-
ous disorders: Recent update. Health Sci Rev, 7, 100084.
doi: 10.1016/j.hsr.2023.100084

[20] Shmitt, R., Kaium, S., Pliss, A., Kuzmin, A. N., Mutaia, V. P. K.,
Kaliiappan, K., & Prasad, P. N. (2023). MitoxoHapianbHa
ONCAYHKLIS Ta anonTos y MiKpoCyAMHHUX eHaoTenianbHuX
KNMiTUHaX rofloBHOrO MO3Ky Micns BUMOYXOBOi YepenHo-
Mo3koBoi TpaBMu [Mitochondrial dysfunction and apoptosis
in microvascular endothelial cells of the brain after explosive
traumatic brain injury. Cell mol.]. KniTnHHa Ta MonekynsipHa
Hewnpobionoria=Cellular and Molecular Neurobiology, 43(7),
3639-3651. doi: 10.1007/s10571-023-01372-2

[21] Skotland, T., & Sandvig, K. (2021). Transport of nanopar-
ticles across the endothelial cell layer. Nanotoday, 36,
101029. doi: 10.1016/j.nantod.2020.101029

[22] Souilhol, C., Serbanovic-Canic, J., Fragiadaki, M., Chico,
T. J., Ridger, V., Roddie, H., & Evans, P. C. (2020). Endo-
thelial responses to shear stress in atherosclerosis: a novel
role for developmental genes. Nat Rev Cardiol, 17(1), 52-63.
doi: 10.1038/s41569-019-0239-5

[23] Sun, H. J., Wu, Z. Y., Nie, X. W., & Bian, J. S. (2020). Role
of Endothelial Dysfunction in Cardiovascular Diseases: The
Link Between Inflammation and Hydrogen Sulfide. Front
Pharmacol, 10, 1568. doi: 10.3389/fphar.2019.01568

[24] Sydorchuk, A. R. (2021). 38’30k eHaoTenianbHOT yHKUIT,
TOBLMHKN “iHTUMa-megia” 3 OKPEMUMU KNiHIYHMMK Ta
MeTaboniYHMMKN NapameTpamm y XBOpuX Ha apTepianbHy
rinepTeHsito 3 ypaxyBaHHAM reHeTUYHuX npeaukTie [Rela-
tionship between endothelial function, thickness of “intima-
media” with some clinical and metabolic parameters in
hypertensive patients depending on genetic predictors].
BykoBMHCbKUIN MeaunyHuin BicHMk=Bukovinian Medical
Bulletin, 25, 4(100), 95-99. doi: 10.24061/2413- 0737.
XXV.4.100.2021.16

[25] V'unytska, L. V., Havrylenko, T. I., Pidhaina, O. A., Rasput-
niak, O. V., Lomakovskyi, O. M., & Zavadetska, O. P.
(2023). OncoyHkuis enpgoTenito npu crtpeci [Endothe-
lial dysfunction in stress]. YkpaiHCbkuin peBMaTonoriyHuni
XypHan=Ukrainian Rheumatology Journal, 94(4), 52-59.
doi: 10.32471/rheumatology.2707-6970.94.18340

[26] Varga, Z., Flammer, A. J., Steiger, P., Haberecker, M.,
Andermatt, R., Zinkernagel, A. S., ... & Moch H. (2020).
Endothelial cell infection and endotheliitis in COVID-19.
Lancet, 395(10234), 1417-1418. doi: 10.1016/s0140-
6736(20)30937-5

[27] Vozna, Kh. |., Moskaliuk, V. D., & Sorakhan, V. D. (2015).
EHpoTenin: dyHKLioHanbHi BNacTUBOCTI Ta MOro ANCKYHKLISA
(Ornsg nitepatypu 3 maTepianamMmu BNaCHUX SOCTiAXEHb)
[Endothelium: functional properties and its dysfunction (Re-
view of literature with materials of own research)]. KniniuHa
Ta ekcnepumeHTanesHa natonoria=Clinical and Experimental
Pathology, 14(1), 51, 209-214.

[28] Williams, I. M., & Wasserman, D. H. (2021). Capillary
Endothelial Insulin Transport: The Rate-limiting Step for
Insulin-stimulated Glucose Uptake. Endocrinology, 163(2),
1-9. doi: 10.1210/endocr/bqab252

[29] Xu, S., llyas, |., Little, P. J., Li, H., Kamato, D., Zheng, X, ... &
Weng, J. (2021). Endothelial Dysfunction in Atherosclerotic
Cardiovascular Diseases and Beyond: From Mechanism
to Pharmacotherapies. Pharmacol Rev, 73(3), 924-967.
doi: 10.1124/pharmrev.120.000096

[30] Yau, J., Chukwu, P., Jedlicka, S. S., & Ramamurthi, A.
(2024). Assessing trans—endothelial transport of nanopar-
ticles for delivery to abdominal aortic aneurysms. J Biomed
Mater Res, 112(6), 881-894. doi: 10.1002/jbm.a.37667

[31] Zagoruyko, G. E., Martsinovsky, V. P., Husakovska, T. M.,
Filatova, V. L., & Zagoruyko, Yu. V. (2022). KiHeTuka
PO3BUTKY MIKPOLIMPKYATOPHOrO pycria Miokapaa KoMnekcy
(NWw + MLM) y npoueci paHHbOro MocTHaTanbHOro
oHTOreHesy wwypis Bictap [Kinetics of the development of
the microcirculatory tract of the myocardial complex (LV +
IVS) in the process of early postnatal ontogenesis of rats
Wistar]. BicHuk npobnem Gionorii i meguunHn=Bulletin
of Problems in Biology and Medicine, 3(166), 104-114.
doi: 10.29254/2077-4214-2022-3-166-104-114

32

ISSN 1818-1295 elSSN 2616-6194 Reports of Morphology



Shevchenko O. O., Pivtorak V. I., Levon M. M., Haidai O. S., Kobzar O. B., Humenchuk O. Y., Horach N. V.

YNbTPACTPYKTYPHI 3AKOHOMIPHOCTI ®OPMYBAHHA WNAXIB TPAHCEHAOOTENIANIbHOIO TPAHCIMNOPTY B
NMPEHATAINNIbHOMY MEPIOAI OHTONEHE3Y

LllesyeHko O. O., lliemopak B.l., Jlleeon M. M., atidatii O. C., Ko63ap O. b., lymenyyk O. 10., lopay H. B.

Peanizauis mpaHcriopmHoi goyHKUiT cepuyeso-cyduHHOI cucmemu 8idbysacmbCsi Ha PieHi CyOUH 2eMOMIKPOUUPKYIISMOPHO20
pycna 3a 00roMo20K0 WIIsiXie mpaHCcCyOUHHO20 mpaHcrnopmy. HopmarnbHe yHKUiOHy8aHHS cucmemMu mpaHCcCcyOUHHO20
mpaHcriopmy 3abe3snedye adekeamHe QyHKUiOHy8aHHS opaaHiamy. Lle numaHHs € documb akmyarnbHUM, MOMY W0 8UBYEHHS
CMPYKMypHUX Wiisixie mpaHccyOuHHO20 i, ocobnueo, mpaHceHOomerianbHO20 mpaHCcropmy 8 HOpMi 8i0Kpueae rnepcrekmusu
hapmaKkonoeiyHo20 KopeaysaHHs Uio2o rnopyweHb npu pi3HUX namorno2idyHux cmaHax. Memor daHo2o 00CNiOXEeHHS € BUBYEHHS
opMyBaHHA CMPYKMypHUX WIISXie mpaHceHOomenianbHO20 mpaHcrnopmy pi3HUX murie eHOomernito 8 paHHIi rnepioou
rnpeHamarsnbHo20 OHmoeeHe3y ModuHU. Memodamu mpaHcMiciliHOI ennekmpoHHOI Mikpockorii ma Kpiogppakmoepadpii susyeHi
cmpykmypHi ocobriueocmi cmaHo8MeHHs1 cucmemu mpaHceHoomeriarbHO20 mpaHCcrnopmy 8 npoueci 1aHKkoeoi dughepeHuyjauji
ma cneyjanizauii eHdomerioyumie coMamu4yHo20, heHeCmposaHo20 ma CUHyCOiOHO20 murig QOYHKUIOHaNIbHO Pi3HUX Op2aHis
Ha paHHiXx cmadisix npeHamarnbHO20 OHMoz2eHe3y MoOUHU. BudHayeHo, wo e eHOomernioyumax KpPOBOHOCHUX Karlinspise, sKi
po3susaromMbCsl y HanpsIMKy Karifspie comMamu4yHo20 mury, OCHOBHUMU wirsixamu mpaHceHOomernianbHo20 mpaHcriopmy €
cucmema MiKpOMiHOUUMO3HUX 8e3uKyn. B eHOomenii KpOBOHOCHUX OBMIHHUX MIKPOCYOUH, SKi MOCmyrnoeo po3eusarkmbscs y
Kaninspu ¢heHecmposaHo20 mury, Wisixu mpaHceHOomerianbHO20 mpaHcropmy rnpedcmasseHi CucmemMoro MiKPOMHOUUMO3HUX
8e3uKyi, diachpazmosaHuMu ¢heHecmpamu i MixxeHoomesnianbHUMU ad2e3U8HUMU | WINTUHHUMU KOHMaxkmamu, wo 3abe3nedyyoms
documb akmugHUli 080CMOPOHHIL OOMIH PE4YO8UH Ha MEXIi KpO8-poboyi KimuHU op2aHy. 3a OaHuMu yrbmpacmpyKmypHO20
aHanidy Halbinbw akmueHUl mpaHceHoomenianbHUl mpaxcriopm 30iliCHIEMbCS 8 eHoomerioyumax, Wo po3eusaromscsi 8
eHdomennili CUHYCOIOHO20 mury, Kompul 8UCMEISE CUHYCOIOHI Kaninapu neviHKosux yacmoyok. [Jo winsixie mpaHceHdomeniansHO20
mpaHcrnopmy eHoomerioyumie CUuHycoiOHO20 murly 8iOHOCSMb cucmeMy MIKPOniHOUUMO3HUX 8€3UKYI1, cucmemy diaghpacmosaHux
eHecmp, Kompi podmawosaHi knacmepamu, i 8i0kpumi mixeHdomenianbHi KoHmMakmu. Lle ece cmeoptoe mopghonoziyHull
basuc 0nsi akmueHo20 mpaHceHOomeniaibHO20 MpPaHCIopmy Peyos8UH i3 Kposi 00 eernamoyumie. Takum YUHOM, 8 paHHI nepiodu
rnpeHamarsnbHO20 OHMoz2eHe3y hopMyrombCsi cucmemMu mpaHceHOomerniansHO20 mpaHcrnopma eHoomernioyumise Kaninspis
hyHKUIOHabHO Pi3HUX op2aHis.

KntovoBi cnoBa: npeHamansHull nepiod oHmoaeHesy, eHoomenit, Kaninspu, MiKpOrmniHOUUMO3Hi 8e3UKyrnu, MixxeHOomerniarnbHi
KOHmaxkmu.
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