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stabilization in such cases presents a significant clinical challenge and often requires additional supportive strategies.
Temporary mechanical circulatory support (MCS) has become an important component of modern CS management.
Understanding the characteristics of each MCS device is crucial for their effective use in various clinical scenarios,
which in turn contributes to improved medical care and increased patient survival.

The aim of the study — to explore the current options for temporary mechanical circulatory support, compare
their availability, advantages, and disadvantages based on contemporary literature, in order to optimize intensive
therapy in patients with acute heart failure.

We used bibliosemantic, comparative, and systems analysis methods. The results of this study are based on
an analysis of current literature, randomized clinical trials, and meta-analyses focused on modern methods of
temporary mechanical circulatory support.

The use of MCS devices in patients with progressive heart failure who do not respond to conventional intensive
care ensures hemodynamic support and stabilization and increases survival rates. Instead of perceiving these devices
as competing technologies, it is important to understand each device individually in order to benefit from their
unique properties in different clinical situations. Early use of MCS devices in CS is associated with better outcomes,
as they reduce the negative impact of systemic hypoperfusion on target organs and the effects of inotropes/
vasopressors on oxygen consumption and myocardial microcirculation.

Key words: cardiogenic shock, temporary mechanical circulatory support, intra-aortic balloon counterpulsation,
Impella, TandemHeart, extracorporeal membrane oxygenation.
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Muscular work is a key stimulus for multilevel remodeling of the human body, particularly in tissues forming the
oxygen transport system. These changes enable the organism to meet increased metabolic demands. Ultrastructural
adaptations provide the morphofunctional basis for efficient oxygen transport, diffusion, and utilization.

The aim is to summarize current data on the structural mechanisms of adaptation in the heart, lungs, skeletal
muscles, and vascular endothelium under physical activity of varying types, intensities, and durations, based on a
review of scientific literature.

This article summarizes key morphological and functional changes in the oxygen transport system during muscu-
lar work. Regular exercise induces mitochondrial hypertrophy and proliferation in skeletal muscles and cardiomyo-
cytes, reflecting enhanced aerobic metabolism. Capillary density increases around muscle fibers, improving oxygen
diffusion. Adaptations also include greater secretory activity of atrial cardiomyocytes, endothelial hyperplasia, and
remodeling of alveolar type Il cells involved in surfactant synthesis. These changes reflect integrated structural-func-
tional mechanisms. Special attention is paid to differences between adaptive responses in trained individuals and
destructive reactions under excessive or inappropriate loads in untrained organisms, emphasizing the need for per-
sonalized training programs.

ISSN 2077-4214. Bicuuk npo6nem 6ionorii i meauuunu — 2025 — Bun. 2 (177) / Bulletin of problems in biology and medicine — 2025 - Issue 2 (177) 25
https://www.pdmu.edu.ua/ 1a https://vpbim.com.ua/



OornAaaun NITEPATYPU / LITERATURE REVIEWS

Ultrastructural remodeling is both a marker and a mechanism of adaptation, enhancing oxygen transport sys-
tem efficiency. Continued research will facilitate the development of individualized approaches to physical training,

rehabilitation, and prevention.

Key words: muscular work, adaptation, oxygen transport system, skeletal muscles, mitochondria.

Connection of the publication with planned re-
search works.

This article is part of the research project “The im-
pact of exogenous and endogenous factors on the
course of adaptive reactions of the organism to physi-
cal loads of varying intensity” (state registration number
012U108187).

Introduction.

Muscular activity is one of the key factors modulat-
ing the morphofunctional state of the oxygen transport
system, enabling the organism to adapt to increased
metabolic demands [1-3]. Among the structures under-
going the most pronounced changes in response to sys-
tematic physical exercise, particular attention is given to
tissues directly involved in oxygen transport, diffusion,
and utilization — specifically, the myocardium, vascular
wall, erythron system, and skeletal muscles [4-6]. Micro-
scopic and ultrastructural remodeling of these tissues
plays a central role in enhancing the efficiency of oxygen
exchange under varying load intensities [7-9].

Contemporary research shows that prolonged mus-
cular activity induces key subcellular adaptations — mi-
tochondrial hypertrophy, increased capillary density,
erythrocyte membrane remodeling, and cytoskeletal
changes [10-12]. These form the morphological basis
for enhanced oxygen transport. Yet, their timing, re-
versibility, and exercise-type specificity remain unclear.
Studying the dynamics of these ultrastructural changes
under varying workloads is essential, as it advances our
understanding of morphological plasticity and supports
the design of more effective training, rehabilitation, and
prevention strategies for individuals facing high physical
demands.

The aim of the study.

To summarize current data on the structural mech-
anisms of adaptation in the heart, lungs, skeletal mus-
cles, and vascular endothelium under physical activity
of varying types, intensities, and durations, based on a
review of scientific literature.

Main part.

It is known that physical loads, whether short-term or
prolonged, lead to significant changes in the functioning
of various organs and systems — primarily muscular and
cardiovascular [13-15]. Importantly, no system remains
uninvolved in the formation of reactive and adaptive
processes in response to muscular work. Any function-
al shifts are accompanied by structural transformations
which, to a large extent, lead to functional remodel-
ing — so-called “structural-functional imprint,” a theory
proposed by F. Meerson in the 1980s [16]. All structural
changes in organs and tissues resulting from adaptation
to various factors —including physical exercise — such as
hypertrophy of motor neurons, myocardium, and skele-
tal muscles, follow a common principle. The functional
dominance of a particular system triggers the activation
of nucleic acid and protein synthesis in the cells forming
that system, leading to structural remodeling of tissues
and organs. As a result of transcription and the action of
an early-response gene cascade, genes responsible for

protein neosynthesis are activated, laying the founda-
tion for the formation of the structural imprint of adap-
tation as a specific response of the organism to stress,
whether exogenous or endogenous — including physical
load and its accompanying factors [17].

At the same time, a suppression of functions in other,
less involved systems develops, leading to reduced syn-
thesis of nucleic acids and proteins in their respective
cells. This reflects the preferential structural support
provided to dominant systems at the expense of others.
The outcome of adaptation is the organism’s readiness
to respond to specific stimuli. Moreover, each subse-
qguent encounter with such stimuli reactivates precise-
ly those processes that were previously engaged under
similar conditions [18]. Thus, adaptive mechanisms of
functional systems are formed with the involvement
of the organism’s morphofunctional structures, which
constitute the basis of long-term adaptation, including
to physical exercise. This is realized through enhanced
efficiency of various organs and systems, as well as the
body as a whole.

Such features are accompanied by various ultrastruc-
tural tissue changes, which, under short-term, abrupt, or
overly intense stimuli, may not be adaptive but instead
negative and destructive. For instance, despite numer-
ous studies on the effects of regular muscular activity on
myocardial structure and function, discrepancies persist
in the scientific literature regarding cardiac hypertrophy
in athletes and the functional-morphological shifts in the
hypertrophied heart.

According to current data [19, 20], the appropriate
response to prolonged enhancement of myocardial
contractility — particularly with systematic dynamic ex-
ercise — is hypertrophy and dilation of the heart cham-
bers. The variability of these adaptive processes is reg-
ulated autonomously. However, it has also been shown
that physical loads significantly influence ultrastructural
remodeling in atrial cardiomyocytes [21]. Under these
conditions, the secretory function of cardiomyocytes is
activated. Their secretory granules contain a polypep-
tide precursor of atrial natriuretic peptide (ANP), which
exhibits diuretic and natriuretic activity. ANP also serves
as an antagonist to the renin-angiotensin-aldosterone
system and plays a critical role in the regulation of cel-
lular and tissue interactions [22]. In animals with cardiac
hyperfunction, the relative volume of secretory granules
in typical cardiomyocytes of the left atrium increases,
while the volume of mitochondria and myofibrils re-
mains relatively unchanged. A similar increase in gran-
ules is observed in the right atrium, with minimal chang-
es in other ultrastructural parameters. This remodeling
indicates that moderate systematic physical loads are
accompanied by increased synthetic and secretory activ-
ity of cardiomyocytes. The highest secretory activity of
atrial cardiomyocytes during muscular work is observed
in experimental animals under parasympathetic domi-
nance in cardiac regulation [23].

Structural and functional remodeling in lung tissue
also plays a major role in the formation of adaptive pro-
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cesses during physical exercise, as the respiratory sys-
tem, together with the cardiovascular system, ensures
oxygen supply to the body. The heart and lungs are di-
rectly involved in meeting increased oxygen demands
during exertion, optimizing oxygen delivery and uptake,
and ultimately preventing tissue hypoxia. Pulmonary ad-
aptation is determined by the morphofunctional reserve
of the lungs, which is genetically and phenotypically
conditioned, and by the coordinated function of inte-
grated systems—nervous, endocrine, and immune [24,
25]. Stress factors, including physical exertion, serve as
a constant background for the function of these systems
and lung effector cells, which under normal conditions
ensure adaptive responses but can also be central to the
development of maladaptive processes.

Therefore, the investigation of cellular defense mech-
anisms in the lungs under normal conditions and during
adaptation to exertion remains one of the most pressing
biomedical challenges, as the lungs are an integral com-
ponent of the oxygen transport system. Physical loads
may result in hyperfunction, hypertrophy, and reduced
gas-exchange function of biological barriers [26, 27].

Given the wide variety of changes induced by the
type and intensity of physical activity and the organism’s
training status, no unified model of the structural-func-
tional changes resulting from exercise has yet been es-
tablished. At the same time, muscular work causes hy-
perplasia of mitochondria, ribosomes, polysomes, and
the Golgi complex in the perinuclear zone, indicating
hyperfunction of endothelial cells — particularly those in
the air-blood barrier — alongside activated micropinocy-
tosis in their cytoplasm [28].

Basement membrane “loosening” is observed, which
impairs gas exchange across the air-blood barrier. Con-
current ultrastructural changes are noted in type Il al-
veolar cells, primarily involving mitochondrial apparatus
alterations, such as mitochondrial hypertrophy, cristae
destruction, and matrix rarefaction. The cytoplasm dis-
plays large vacuoles containing fragments of osmiophilic
bodies. These changes are considered manifestations
of the ultrastructural basis of adaptive hyperfunction in
type Il alveolar cells, which are known to synthesize pul-
monary surfactant, preventing alveolar collapse [29, 30].

Naturally, under physical exertion, researchers focus
on structural and ultrastructural changes in muscle tis-
sue. Since athletic performance is largely limited by
energy metabolism, mitochondria in skeletal muscles
are key determinants of training effectiveness [31]. Ex-
perimental data show that prolonged physical loading
induces various ultrastructural modifications in muscle
tissue, differing significantly in nature. Typically, these
changes are destructive in untrained organisms and
adaptive in trained ones. In some muscle fiber regions,
slight separation and lysis of myofibrils occur. Partial my-
ofibril damage in untrained individuals — or occasional-
ly in trained ones — suggests that sarcomere remnants
persist as disorganized fine particulate material [32].
However, muscle fibers’ high plasticity allows adaptation
to diverse stimuli at both ultrastructural and molecular
levels [33-35]. The most significant improvement in ox-
ygen transport and utilization systems, associated with
structural remodeling under local tissue hypoxia, occurs
during endurance training (e.g., running, swimming).

Skeletal muscle tissue consists of two primary fiber
types — slow-twitch (ST) and fast-twitch (FT), which dif-

fer in contractile properties [36]. ST fibers (“red fibers”)
contract slowly and are rich in mitochondria and myo-
globin, with high oxidative enzyme activity, a dense
capillary network, and substantial glycogen storage. FT
fibers (“white fibers”) have fewer mitochondria, myoglo-
bin, and capillaries, but exhibit high glycolytic capacity,
elevated non-oxidative enzyme activity, and faster con-
traction speed [37].

Until recently, it was believed that the ratio of FT to
ST fibers was genetically predetermined and remained
unchanged throughout life. However, it has been shown
that prolonged intensive training (primarily aerobic) can
modify this profile. For example, endurance training re-
duces the expression of fast myosin chains, thus trans-
forming FT fibers with concurrent changes in mitochon-
drial structure and capillary density [38].

In trained organisms, both the number and volume
of mitochondria increase, with a positive correlation
between mitochondrial mass and oxygen consumption,
and a negative correlation with lactate levels. A signif-
icant increase in capillary density around all types of
muscle fibers and in the number of mitochondria in ST
fibers has also been documented. It is important to note
that the expansion of the capillary network correlates
with increased muscle perfusion only under high-inten-
sity loads [39].

When the potential for capillary growth is exhausted,
muscle fiber diameter begins to decrease [40, 41]. Thus,
excluding the destructive changes seen in untrained
states, muscular adaptation leads to cellular remodeling
aimed at improving mitochondrial oxygen supply. Local
tissue hypoxia is therefore a crucial stimulus for initiating
adaptive processes [42].

During exercise in a strained but compensated mode,
muscle fibers demonstrate increased blood supply, evi-
denced by a greater number of microvessels with ultra-
structural signs of active transcytosis and biosynthesis
[43]. Notably, in areas of reduced metabolic activity,
numerous micropinocytotic vesicles often fill the periph-
eral regions of endothelial cells, indicating intense tran-
sendothelial transport [44]. Extending beyond muscular
tissue, similar adaptation mechanisms can be assumed
for other tissues of the body. For example, considering
the liver as a highly metabolically active organ, as well
as the gastrointestinal tract in general, physical exercise
acts as a type of stressor for the body and may induce
structural changes in mucosal tissues.

Furthermore, it has been demonstrated that pro-
gressively increasing physical loads lead to a rise in both
the absolute and relative mass and linear dimensions of
the liver. Hepatic blood flow intensifies during dynamic
activity, as evidenced by the dilation of hepatic capillar-
ies. The size of hepatocytes and their nuclei increases, al-
though the number of nuclei remains unchanged. Mod-
erate physical exercise increases glycogen deposition in
the liver while decreasing fat inclusions in hepatocytes.

Optimal physical loads induce reactive morpho-
functional changes in the structural components of the
endocrine pancreas’s terminal regions, characterized
by cellular hypertrophy and accumulation of secretory
granules in the cytoplasm. With prolonged excessive
physical exertion, these morphofunctional changes in-
clude the emergence of dystrophic alterations, as previ-
ously mentioned [45].
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Training induces morphological changes at multi-
ple levels of the nervous system, particularly in cortical
centers and peripheral nerves. Enhanced motor activi-
ty increases afferent input via proprioceptive pathways
to the cerebral cortex, leading to longer dendrites and
greater spine density in pyramidal neurons. Dendritic
branching and new synaptic contacts support informa-
tion retention, with regular training promoting the for-
mation of new interneuronal connections.

Excessive physical loads and exhaustion of the ner-
vous system lead to functional disruptions in nerve cells,
evidenced by decreased numbers of ribosomes and mi-
tochondria, indicating insufficient energy metabolism
and reduced protein synthesis [45, 46]. Similar remod-
eling — with initial stimulation and activation of adaptive
processes followed by cellular dystrophy and atrophy
under excessive load — is characteristic of endocrine
glands.

It is important to note that the mitochondrial ap-
paratus in all tissues of the body undergoes significant
changes under the influence of physical activity. The
spatial arrangement of mitochondria is generally main-
tained, but their overall quantity significantly increases
compared to the tissues of intact animals; zones almost
completely filled with mitochondria are formed. This
increase results from activated mitochondrial morpho-
genesis, which is driven by the transcriptional processes
induced by physical exercise [47, 48].

Researchers note that not only does the number of
mitochondria increase, but their average size also ex-
pands compared to untrained organisms. This is due to
the emergence of large organelles (whose average area
is more than double that of controls), alongside a de-
crease in the number of smaller mitochondria [32, 48,
49]. These large (or megamitochondria) structures typi-
cally appear singly between sarcomeres in muscle tissue
but often form subsarcolemmal clusters between fibers,
a feature commonly observed in cardiomyocytes [49].

Mitochondrial hypertrophy, particularly in the gas-
trocnemius muscle after exercise, is accompanied by a
marked reduction in glycogen granules; that is, a meta-
bolic shift occurs from glycolytic to oxidative pathways in
these animals [32, 50]. Such metabolic shifts are directly
tied to energy metabolism levels and are reflected in mi-
crocirculatory processes during physical activity.

Distinct ultrastructural alterations in mitochondria
have been observed under exercise conditions [51]. Due
to invaginations on their surface, the organelles often
assume irregular shapes, as confirmed by morphometric
analyses. In some cases, mitochondria lack a clearly de-
fined outer membrane; cristae are typically fragmented,
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vacuolated, and sparse; the matrix is homogenized with
moderate electron density. Another feature of these or-
ganelles is the accumulation of calcium granules [52].
These changes may indicate a lack of development of
compensatory responses to training, whether acute or
prolonged. Researchers report that mitochondria, under
all conditions, function under stress, as evidenced by the
presence of numerous cristae, arranged predominantly
in parallel [53, 54]. However, it is believed that parallel
cristae have lower energy potential than arcuate ele-
ments [55].

The observed distribution of ultrastructural changes
in tissues under physical load of equal duration and in-
tensity reflects individual adaptive mechanisms of vary-
ing expressiveness and strength to prolonged exertion.
These differences necessitate further elucidation of the
mechanisms of adaptive remodeling both at the ultra-
structural level and in terms of parameters that reflect
the intensity of energy-generating processes in the or-
ganism.

Conclusions.

Systematic physical exercise induces distinct ultra-
structural remodeling in the oxygen transport system,
including mitochondrial hypertrophy, capillary remodel-
ing, enhanced secretory activity of cardiomyocytes, and
restructuring of alveolar cells. These adaptive changes
are tissue-specific and depend on the type, intensity, and
duration of muscular activity, as well as the individual’s
training status, emerging through complex intersystem
interactions. Morphofunctional remodeling functions
both as a marker and a mechanism for improving oxy-
gen transport and utilization under elevated metabolic
demand. However, excessive or unregulated loads may
provoke destructive changes, especially in untrained in-
dividuals, highlighting the need to respect adaptive lim-
its when designing training and rehabilitation strategies.
The mitochondrial apparatus plays a central role in these
morphological adaptations, serving as a key indicator of
both successful adaptation and maladaptive responses.
Overall, the findings underscore the high plasticity of
oxygen transport tissues and the importance of further
research into molecular mechanisms of adaptation and
individual variability in response to muscular work.

Prospects for further research.

Future scientific work should focus on uncovering
the molecular-genetic mechanisms underlying the ul-
trastructural adaptation of oxygen transport system tis-
sues, investigating individualized responses to different
modes of muscular work, and determining the limits
of functional plasticity under conditions of excessive or
prolonged physical exertion.

YNBTPACTPYKTYPHI MEXAHI3MUW ALANTALIT KUCEHBTPAHCMOPTHOT CUCTEMM
A0 M’A30BOI POBOTH

HauioHanbHuit yHBepcuTeT disnuHOro BuxoBaHHaA i cnopty YKpaiHu (m. Kuis, YkpaiHa)

lukjantseva@gmail.com

®i3uyHi enpasu € 0OHUM i3 MPOBIOHUX YUHHUKIB, WO iHiuitoe bazamopisHesy mnepebyoos8y o0peaHi3my,
30KpeMa MKAHUH KuceHbmpaHcrnopmHoi cucmemu. Lli 3miHU 3a6e3nedytoms 8i0nogioHicmb Mix< 3pocmaroyumu
eHepeemuyHUMU nompebamu ma MOXAUBOCMAMU OpP2aHi3My 8 ymosax m’a3080i akmusHocmi. Ocobausy posb
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gidizparome ynbmpacmpykmypHi adanmauyii, ki ¢popmyrome Mop@hOo@dyHKYiIOHAbHY OCHO8Y 0714 egheKmu8HO20
mpaHcriopmy, Ougby3ii ma ymunizauyii KUcHo.

Mema — y3aeansHUmMu cy4yacHi 0aHi w000 cmpyKmypHUX MexaHiamie adanmayii cepys, nezeHb, cKeaemHux
M’s3ig8 i cyOuHHO20 eHOomenito 30 yMo8 i3UYHOI aKMUBHOCMI Pi3HO20 Mury, iIHMeHCUBHOCMi ma mpusasnocmi Ha
0CHo8i 0271A0y HayKosoi iimepamypu.

Y cmammi cucmemamu308aHO Kst0408i MOpghos102iYHi ma pyHKUIOHANbHI 3MIHU, WO 8UHUKAOMb Yy MKAHUHAX
KUCEHbMPAHCIOPMHOI cucmemu nid 8nausom mM’aA3080i pobomu. BcmaHo8aeHo, Wo pe2ynsapHi ¢isu4Hi enpasu
BUK/IUKAOMb 2inepmpoito ma 36inbWeHHs KinbKocmi mimoxoHOpili y ckenemHux m’a3ax i kapdiomioyumasx,
wo ceiduums npo akmusisayito npoyecie aepobHo2o eHepzao3abesneyeHHA. CrnocmepicaeMsbCca  MAKOM
pemMoOento8aHHA MIKPOUUPKYAAMOPHO20 Pycad, 30Kpema 3pOoCMaHHA WinbHOCMI Kaninapie HA8Kosno m’a308ux
B0/I0KOH, W0 3abe3ne4ye nokpauwjeHHs OugysiliHoi 30amHocmi MKAHUH 00 KUCHI. BcmaHoeneHo nocusneHHA
cekpemopHoi hyHKUii nepedcepOHuUX Kapdiomioyumis, a makox < 2inepraasito eHoomesnioyumis, AKi 6epyme y4yacme
y hopmyeaHHi aepocemamuyHo20 6ap’epy. 3HA4HIi 3MIHU MAKOX 30ahiKCOBAHO y nezeHesux anvseosnoyumax Il
muny, 8ionosidanbHux 3a NpodyKyito cypgpakmanHmy. Lli 3miHu ceid4ame npo 2auboKy iHmezpauito cCmpyKkmypHUX
i pyHKUiOHaNbHUX MexaHizmie adanmayii. Ocobausy yeazy rnpudineHo pizHUYi Mix adanmayiliHumu npoyecamu 8
YMO8ax mpeHo8aHOCMi ma 0ecmpyKmueHUMU Peakyiamu y pasi HaOMipHo20 a6o HeadeK8amHO20 HABAHMAXEHHSA
8 HempeHoB8AHOMY op2aaHi3mi. Lle niokpecnioe saxcausicme iHOUBIOyanizauii izuyHuUX npoepam 8i0nosioHo 0o

MOpPPOpYHKYiOHAN6HO20 cmamycy ocobu.

YnempacmpykmypHi nepebydosu € He auwe iHOUKamopom adanmayii, ane { aKmMusHUM MeXAHI3MOM
nidsuweHHA egekmusHocmi KuceHempaHcnopmHoi cucmemu. [lodanbwi 00CAiIOHEeHHA 8 UYboMy HANpAMI
CrpUAMUMYMb NepcoHanNi3ayii mpeHysanbHux, peabinimayiliHux i MPoginakMuYHUX NPo2pPam.

Knrouosi cnosa: m’sa3oea poboma, adanmayis, KUCEHbMPAHCIOPMHA cUCMeMa, CKesiemHi M’3U, MimoxoHOpii.

3B’A30K nyb6ikauii 3 nnaHOBMMM HayKOBO-AOCAIA-
HUMU poboTamu.

CratTta eyactmHoto HAP «Bnave eK3oreHHUX Ta eHao-
reHHMx pakTopis Ha nepebir aganTaLiMHUX peaKLiin op-
raHiamy Ao ¢isvyHMX HaBaHTaXKeHb Pi3HOI iIHTEeHCUBHOC-
Ti» (OeprKaBHUI peecTpaliiHmii Homep 012U108187).

Bcryn.

MsnAsoBa poboTa € OAHUM i3 KNOHOBUX YUNHHUKIB, LLLO
MmoZyntoe MopdodYyHKLIOHANbHUI CTaH KUCEHbTPaH-
CNOPTHOI cMcTeMu, 3abesneyytoum aganTalilo opraHis-
My 40 nigsuweHnx metaboniyHmx notpeb [1-3]. Cepes,
CTPYKTYP, LLO 3a3HatoTb HaWbisbW BMPAsHUX 3MiH Y
BiAMOBiAb HA cucTeMaTWyHi i3nyHi BNpasBu, ocobamee
3HaYeHHA MatoTb TKaHWHMK, Be3nocepesHbO 3anyyeHi B
TpaHCcnopTyBaHHI, Andysii Ta yTnAisauii KUCHIO — 30Kpe-
Ma, cepLeBuii M’A3, CyANHHA CTiHKa, CMCTEMA ePUTPOHY
Ta cKeneTHi m’asn [4-6]. MiKpOCKONiYHiI Ta yNbTPaCcTPyK-
TYpHi nepebynoBu UMX TKaHUH BiAirpatoTb NPOBIAHY
ponb y 3abe3neyeHHi nigsuLLeHoT eheKTUBHOCTI KUCHe-
BOro 06MiHy Npun HaBaHTaXKEHHAX Pi3HOI IHTEHCUBHOCTI
[7-9].

CyyacHi pocnigXeHHs 00BOAATb, WO TpuBaia m's-
30Ba aKTMBHICTb CMPUYMHAE 3HAYHI adanTauilHi 3MiHK
Ha PiBHi CYOKNITUHHMX CTPYKTYp — rinepTpodito mi-
TOXOHAPIN, 36iNblIEHHA LWiNbHOCTI Kaninapis, pemo-
JentoBaHHA MembpaH epuTpoumTiB | mogudikauio
LMTOCKeNeTHUX KomnoHeHTis [10-12]. Lli npouecu cny-
rytoTb  MOP®ONOriYHOK OCHOBOK  YHKLLIOHANIbHOTO
BAOCKOHANIEHHA KWCEHbLTPAHCNOPTHOI cuctemun. [lpoTe
3a/IMLLIAOTLCA HEeAOCTaTHbO 3'ACOBAHMMM YacoBi 3aKo-
HOMIPHOCTI i 0COBANBOCTI AMHAMIKM LUX 3MiH, IXHA 3BO-
POTHicTb abo cTabinbHICTb, @ TAKOXK 3aNEXKHICTb Big TUMY
bisnyHMX BNpaBs. Y 38’A3KY 3 LLUM aKTyaNbHUM € BUBYEH-
HA AWUHAMIKW YNbTPACTPYKTYPHUX 3MiH TKAHWH KUCEHb-
TPAHCMOPTHOI cMCTeMM Mif, BNAMBOM MSA30BOI Pob0oTH
pi3HOI cNpsiMOBAHOCTI Ta TPUBaAOCTI. Takui nigxia, Aos-
BOJIAE He /iLLe PO3LLMPUTU YABNEHHA NPO Mopdonoriy-
HY MNACTUYHICTb afanTUBHUX CUCTEM OpraHiamy, ane i
CNPUATU YAOCKOHANEHHIO TPEHYBa/IbHWUX MPOrpam, pea-
6iniTauiiHMx 3axoAiB Ta NPOdINAKTUKM GYHKLiOHANbHUX

NopyLUEeHb Yy CNOPTCMEHIB i 0OCib, L0 3a3HalOTb BUCOKMX
bi3MYHMX HaBaHTaXKEHb.

MerTa gocnigeHHs.

Y3ara/ibHUTU CyYacHi OaHi LWOA0 CTPYKTYPHUX Mexa-
Hi3miB aganTauji cepua, NereHb, CKeNeTHUX m’asiB i cy-
OVHHOTO eHA0TeNio 32 YMOB $i3MYHOT aKTUBHOCTI Pi3HO-
ro TMny, iHTEHCUBHOCTI Ta TPMBANOCTI HAa OCHOBI OrALY
HAyKOBOI NliTepaTypu.

OCHOBHa YacTUHa.

Biaomo, o ¢i3nyHi HaBaHTaXKeHHA (AK KOpoTKoYac-
Hi, TaK i JOBroTpuBani) CynpoBOAMKYIOTbCA CYTTEBUMM
3MiHaMM y PpyHKLiOHYBaHHI OpraHiB Ta cucTem, B nepy
yepry m’a30BOi, cepueBo-cyauHHil Towo [13-15]. Mpu-
YOMY XKOAHA 3 CUCTEM He 3a/IMLLIAETHCA He 3a4iAHO0 Y
bopMyBaHHI peakTUBHMX | aganTauiiHMX MNpoLeciB y
BiANOBiAb Ha MA30BYy poboTy. byab-aKi dyHKUiOHaNbHI
3pYLIEHHA CYMPOBOAMKYIOTbCA CTPYKTYPHUMWU 3MiHa-
MM, AKi, 3HAYHOI Mipoto, | NpM3BOAATL A0 Nepebynosu
dYHKUIT — T.3B. «CTPYKTYPHO-PYHKLiOHANbHUIA cnig», Te-
opis Akoro 6yna coopmynboBaHa P.3.MeepcoHoMm e y
80-X poKax muHynoro ctonitra [16]. Bci cTPYKTYpHi 3MiHK
B OpraHax i TKaHWHax, WO € pe3yabTaToM aganTauii oo
Pi3HMX YNHHMKIB, B TOMY YMCAi | 40 Pi3nYHMX BNpaB., Big
rinepTpodii pyxoBux HelpoHiB Ao rinepTpodii miokapay
i m’sA3iB, NPOTiIKalOTb 32 OAHAKOBUM NpUHLMNOM. Buai-
JIEHO MOJIOXKEHHA MPO B3aEMO3B’A30K QYHKLUIi i reHe-
TUYHOrO anapaTy AMdepeHLiNoBaHMX KAITUH OpraHismy,
BiZMOBIAHO A0 AKOro QyHKLiA AOMiHYHOYOT CUCTEMU 3a-
KOHOMIPHO CMPUYNHAE AaKTMBI3ALID CUHTE3Y HYKNEiHO-
BUX KMCNOT i BiNKiB B KNiTUHAX, AKi CTBOPIOKOTb O3HAYEHY
cucTemy, 3aBAAKKM YoMy BiAOYBaETbCA CTPYKTYpPHA nepe-
6yfoBa TKAHMH i opraHis B Linomy. B pe3synbrati TpaH-
CKpUNUil i pobOTM KacKkady CUrHaNbHUX FeHiB paHHbOI
BiAMOBiAi BiAOYBAa€ETbCA aKTMBALLA FeHiB NpoTeiHOBOro
HEOCUHTE3Y, WO € OCHOBOI AN GOPMyBaHHA CTPYKTYpP-
Horo cnigy aganTauii Ak cneyumdiyHoi Bignosigi opraHis-
MY Ha CTpec, AKMM € eK30- abo 1 eHAOreHHWI BNAUB, B
TOMY Ymchi | Pi3MYHE HaBAHTAXKEHHSA 3 yCima AitoYnMmu
dakTopamm [17].

B TO e yac pO3BMBAETLCA rafbmMyBaHHA GYHKLUIN
iHWWX CUCTEM, He HACTINIbKM 3a4iaHMX B MPOLECI, WO
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CMPUYMHAE 3HUMKEHHA B iX KNITMHAX CUHTE3y HYKAei-
HOBMX KMCAOT i BiNKiB, TOBTO BUABNAETLCA NEepeBarkHe
CTPYKTYpHe 3abe3neyeHHA OOMIHYOUMX CUCTEM 33 pa-
XYHOK iHWwMxX. MiacymKom aganTauii € roToBHICTb opra-
Hi3My A0 BigNOBIAHMX BNAMBIB. [TpUYOMy KOXKHe HoBe
3ITKHEHHA 3 HUMW aKTUBI3Y€E came Ti Npouecu, ki byan
BNacTMBi AaHMm ymosam [18]. Takum ymHom, dopmy-
HOTbCA aJanTUBHI MexaHi3MWU PYHKLIOHANbHOI cucTemMm
i3 3a/ly4eHHAM [0 uboro npouecy mopdodyHKLioHaNb-
HUX CTPYKTYP OPraHiamy, WO CKA3afa€E OCHOBY A0BroO-
TpuBanoi aganTauii, 3okpema i Ao ¢i3nyHux Bnpas. Lie
peani3yeTbca 3a LOMNOMOroH0 NiABULLLEHHA ePEKTUBHOCTI
LiANbHOCTI Pi3HMX OPraHiB Ta CUCTEM, @ TAKOXK OpraHiamy
B LiOMY.

HasBHicTb TaKMx 0COBAMBOCTEN CYMPOBOAMKYETb-
CA PiI3HOMAHITHUMK 3MiIHAMUK YNBTPACTPYKTYPU TKAHWUH
opraHiamy, AKi nNpu HeTpuMBaNMX abo pPi3KUX, YM Ha-
OIHTEHCUBHUX BMN/MBAX Ha OpPraHiam MOXyTb OyTM He
a[anTUBHO-NPUCTOCYBANIbHUMMW, @ HEraTUBHUMMK | ae-
CTPYKTMBHUMMW. HanpuKnag, He3BaxKatoum HA YMC/AEHHI
poboTn, npuceayeHi Nnpobaemi BNANBY perynapHoi msa-
30B0Oi po60OTM Ha CTPYKTYpY i OYHKUii MioKapay, B Hay-
KOBIN niTepaTypi M HWUHI € NpPOTUPiYYA B MornAagax Ha
rineptpodito cepLeBoro m’asa y CNOpTCMEHIB, @ TaKOX
Ha PYHKLiOHaNbHI Ta MOPONOTiYHI 3pyLLUEHHS rinepTpo-
¢doBaHoro cepus.

3a cyyacHumm gaHumm [19, 20], ageKkBaTHO peak-
Li€l0 Ha AOBroTpMBase 3pOCTaHHA CKOPOT/IMBOI PYHKLT
MiOKapaa, 30Kpema, Npu CUCTEMATUYHUX AMHAMIYHUX
BMnpaBax, € rinepTpodia i Po3WMPEHHA Kamep cepus,
NPWYOMYy BapiaTUBHICTb UMX aAanTauilHMX NpoLecis
BM3HAYAETbCA QaABTOHOMHOK pEryaALieEld  CcepueBoro
m’sa3a. OgHaK Npu UbOMY NOKa3aHo, Wo ¢GisnyHi HaBaH-
TaXKeHHA CYTTEBO BM/IMBAlOTb Ha nepebynoBy ynbTpa-
CTPYKTYpU nepeacepaHnx Kapaiomiountis [21]. o Toro,
K B JAHWX YMOBaXx aKTMBI3YETbCA CceKpeTopHa QyHKLiA
KapgiomioumnTie. CEeKpeTopHi rpaHyaM MicTATb noninen-
TMA - NONepeaHUK HaTPiypeTUYHOro ropmMoHYy, AKOMY
BNACTUBA AiypeTuyHa Ta HaTpilypeTnyHa ¢yHKuia. BiH
TAQKOX € QHTArOHICTOM peHiH-aHrioTeH3NH-aNbaoCTe-
POHOBOI CUCTEMM i BiZirpae BaX/MBy ponb B perynauii
KNITUHHMX Ta TKAHWUHHUX B3aemosigHoweHb [22]. Mpwn
rinepdyHKLii cepua B TUNOBMX KapAiomioumTax TBapuH
B NiBOMY nepefcepAi BiAHOCHUN 06’em ceKpeTopHMUX
rpaHyn 3pOCTaE, BiAHOCHWN 06’em MITOXOHAPIN Ta mio-
dibpun maiirke He 3MiHIOETbCA. B npaBomy nepeacepAai
BiHOCHUI 06’EM CEKPETOPHUX FPaHyN TAKOXK 3POCTaE,
TOAj AK iHLWIi YNbTPACTPYKTYPHI NapameTpu 3MiHIOOTbCA
He3Ha4yHo. BusBneHa nepebynoBa yabTPaCTPYKTYp CBiA-
YMTb, WO NOMIPHI CUCTEMATMYHI Bi3NYHI HaBaAHTAXKEHHS
CYMPOBOAKYIOTbCA NOCUIEHHAM CUHTETUYHOI Ta CeKpe-
TOPHOI aKTMBHOCTI KapaiomiouuTiB. Hanbinbwa cekpe-
TOPHA aKTMBHICTb nepeacepaHUX KapaiomiouuTis npu
M’30Bilt pobOTI Mae MicLe Yy eKcnepuMeHTaIbHUX TBa-
PWH, Aie AOMIHYIOTb MAapacMMNaTUYHI BMJIMBU B perynauii
cepueBoi aisnbHocTi [23].

3Ha4yHy ponb y GOpMyBaHHI aganTUBHUX npoLecis
npwv GisMYHMX BNpaBax BifirpatoTb CTPYKTYPHO-DYHKL,i0-
HanbHi NnepebynoBM B TKAHWHI IereHb, OCKIZIbKW AnXaib-
Ha cucTemMa Nopsaz i3 cepueBo-CYAMHHOK MPUMAtOTb
y4acTb y 3abe3neyeHHi opraHiamy KucHem. | came cepue
Ta /iereHi € TMMKW opraHamu, AKi NnpuiimatoTb 6esnoce-
pefHo yyacTb y 3abe3neyeHHi 3pocTaloyoro npu Ha-
BaHTAXEHHI KMCHEBOTO 3anuTy, Y ONTUMI3aLii 4OCTaBKM
KMUCHIO Ta MOTO CMOMKMBAHHA i, B pewTi pewT, y 3anobi-

raHHi PO3BUTKY TKAHMHHOI FiNokKcii. PO3BMTOK aganTaui-
MHUX NPOLLECIB Y NEreHAX BU3HAYAETbCA FEHOTMNOBO Ta
deHoTMNoBO 0bByMoBAEHUM MOPPODYHKLIOHANBHUM
pe3epBOM i BU3HAYaETbCA 36a/1aHCOBAHOI Aif/IbHICTIO
dyHKUioHanbHO i Mopd0onoriYHO NoB’A3aHUX MiXK coboto
iHTerpauinHMx cuctem - HepBOBOI, EHAOKPUHHOI Ta IMYH-
Hoi [24, 25]. CTpecopHi BNAMBK, B TOMY YMCAI | Gi3NYHI
HaBaHTAXXEHHA — NOCTIMHUI GOH, Ha AKOMY PYHKLOHY-
I0Tb iHTErpaTUBHI cUCTEMU | eDEKTOPHI KNITUHWN NereHis,
L0 3abe3neyytoTb B HOPMi PO3BUTOK afanTUBHUX peaK-
LiM i € O4HUM 3 LEHTPaNbHUX JIAHOK Npu GOpPMYyBaHHI
Ae3a[anTUBHUX NPOLECIB.

Tomy BUBYEHHA KNITUHHUX MEXaHi3MiB 3aXUCTy nere-
HiB B HOpMIi, NpM afanTaLii L0 HaBaHTaXeHb — Aotenep
€ OOQHMM 3 HaMaKTya/lbHiWMX MeauKo-6ioforiyHMX 3a-
BAaHb, OCKi/IbKM JIereHi HanexaTb A0 KUCEHbTPAHCNOoPT-
Hoi cuctemu. Mpu GiI3UYHNX HAaBAHTAXKEHHAX MOXKE MaTh
Mmicue rinepdyHkuia, rineptpodia i 3HMKEHHA ra3o006-
MiHHOI PYHKLT 6ionoriuHMx 6ap’epis opraHiamy [26, 27].

OgHak, 3 ypaxyBaHHAM 3HAaYHOTO Pi3HOMAHITTA 3MiH,
AKi 06YyMOBANIOIOTLCA TUMOM | IHTEHCUBHICTIO $isMyHOro
HaBaHTAXKEHHA Ta CTyNmeHem TPEeHOBAHOCTI OpraHiamy,
YiTKOI KapTMHM, IKa ONUCYE CTPYKTYPHO-OYHKLIOHANbHI
3MiHM Npu Gi3MYHUX BNpaBax, 40 TeNepillHbOro Yacy He
cbopmoBaHo. BogHouac nig BnanMBom masoBoi poboTtu
BiZl3HA4Ya€ETbCA rinepnnasia miToxoHapin, pubocom i no-
nicom, KomnaeKkcy fonbai B HABKONOAAEPHIN 30Hi, WO
CBiAYMTb NPO rinepdyHKLil0 eHaoTeniounTis, AKi BXO-
OATb, 30KpeMa, A0 CKaZy aeporematnyHoro 6ap’epy, B
X LMTONNA3Mi aKTUBYETbCA MiKponiHounTos [28].

CnocTepiraeTbca TaK 3BaHe «PO3nyleHHa» 6asasb-
HOI Memb6paHu, WO noripwye razoobmiHHY yHKL,0
aeporematuyHoro 6ap’epy. MapanenbHo BiA3HaYalOTb-
CA YNbTPACTPYKTYPHI 3MiHM anbeeonouuTis Il Tmny, AkKi
XapaKTepu3yloTbcA, B neplly 4vepry, 3miHamu 3 BOKy
MIiTOXOHApPiaNIbHOTO anapaTy, a came rinepTpodieto Mi-
TOXOHAPIN, AECTPYKLIEN X KPUCT i NPOCBITAEHHAM Ma-
TPUKCY; B LIUTOMNNA3MI BUABNAIOTLCA TraHTCbKI BaKyoni,
WO micTATb dparmeHTN ocmodinbHUX Tileub. B uinomy,
3a3HayeHi 3MiHM BBaKalOTb NMPOABOM Y/bTPACTPYKTYpP-
HOI OCHOBM afanTuBHOI rinepdyHKUii anbBeosounTis
TMNYy, AK BiAOMO, CUMHTE3YHUYMX MOBEPXHEBO-aKTUBHY
PeYOBUHY NereHb, WO NPOTUAIE CNagaHHIo anbBeon [29,
30].

MpupogHo, Wwo npu GisMHHOMY HaBaHTaXKEHHI 0CO-
6AuByYy yBary AOCAIAHVMKW MPUAINAIOTb 3MiHAM CTPYyK-
TYPU Ta YNbTPACTPYKTYpPU M’A30BIN TKaHWUHI. OCKiNbKu
CMOPTUBHUI pe3ynbTaT 3HAYHOK MIipoK NiMITYeETbCA
piBHEM eHepreTM4yHoro meTtaboniamy, TO MITOXOHAPIT,
LLLO 3HAXOAATHCA Y CKENETHUX M’A3aX, € BU3SHAYANbHUMM
NaHKamu edeKTUBHOCTI TpeHyBasbHOro npouecy [31].
Tak, npu TpuBanomy $isMHHOMY HaBaHTaXKEHHI 3MiHM
YNbTPACTPYKTYPU M'A30BOT TKAHWHM, LLLO MOKA3aHO eKc-
NepMMeHTaNbHO, CYTTEBO PI3HATLCA 33 0COBNMBOCTAMM
HaABHMX 3miH. OA4HaK yCi BOHM MaloTb, AK NpaBuno, ae-
CTPYKTMBHO CMpPAMOBaHi 3MiHM B HETPEHOBAaHOMY Op-
raHiaMmi Ta NPUCTOCYBaNbHI y TPeHOBaHOMY. B okpemmx
OiNAHKax M’'A3a BiAMIYAETbCA HE3HAYHE PO3XOAMEHHSN
Miodibpumn Ta ixHIiM nisuc. YacTKkoBe NOLUKOANKEHHA Mi-
00ibpun 3a BiACYTHOCTI TpeHyBaHHA, abo I iHKOAM B
TPEHOBAHOMY OpraHi3mi, CBigYMTb NPO Te, WO Ha Micu,
CapKOMepiB PO3TALLOBYIOTLCA iXHI 3a/IMWLKWN Yy BUMNALI
[eCTpyKTypoBaHoOro AapibHogucnepcHoro matepiany
[32]. OgHak, BMCOKMIA CTyNiHb NIACTUYHOCTI A03BOASAE
M’A30BMM BOJIOKHAM aZanTyBaTUCb A0 Pi3HOMAHITHMX
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BM/IMBIB AK Ha PiBHi KNITMHHOI yNAbTPACTPYKTYPU, TaK i Ta
Ha piBHi monekynapHux nepebynos [33-35]. Mpuyomy
Halbinbwe 3pocTaHHA GYHKLiIOHANbHUX MOX/IMBOCTEMN
KUCEHb-TPAHCMOPTHUX Ta KUCEHb-YTUAI3YIOUMX CUCTEM
Y BiANoBigb Ha SI0KaNbHY TKAaHMHY FiNOKCilo, NOB’A3aHMX
3i CTPYKTYpHMMM NepebynoBamu, BifbyBaeTbCA Npu Tpe-
HyBaHHi Ha BUTpUBaAicTb (bir, N1aBaHHA TOLLO).

B CTPYKTypi TKAaHWUHM CKeNeTHUX M’A3iB BUPI3HAOTb
ABa TUNU BOJIOKOH — TaKi, WO MOBi/IbHO CKOPOYYHOTbCA
(NC), i Taki, wWo ckopouytoTbea Wwemako (LUC). Li Bonok-
Ha BifPi3HAOTLCA Pi3HOK CKOPOT/IMBOIO 34aTHICTIO [36].
MNC («4epBOHi BONOKHA») MatoTb: MOBiNbHY LWBUAKICTb
CKOPOYEHHA, 3Ha4yHYy Ki/IbKiCTb MITOXOHAPIN Ta Mio-
rnobiHy, BUCOKY aKTUBHICTb OKCMAATUBHUX GEPMEHTIB,
3HAYHO PO3BMHEHY KanifAPHY CiTKY, BUCOKMI MOTEHL-
aN HakonuueHHs rnikoreHy. LLUIC BosnoKkHa («6ini BoNoK-
Ha») MaloTb: MEHLUY KaniispHy CiTKy, MEHLLY KiNbKicTb
MITOXOHAPIM Ta MiOrnob6iHy, BUCOKY FiKONITUYHY 34aT-
HiCTb, BUCOKY aKTMBHICTb HEOKCUAAHTHUX GEepMeHTIB Ta
6inbluUy WBUAKICTb CKOpOYeHHA [37].

[0 HegaBHBLOTO Yacy BBaXKanoch, WO CMiBBigHOLIEH-
HA WC Ta MNC B OpraHiami reHeTU4YHO AeTepMiHOBaHO
M 3a/IMIAETLCA HE3MIHHMM MpOTAroM XuTTA. [poTe
Oyn0 NOKasaHo, WO TpWBaNi iHTEHCUBHI TPEeHYBAHHA
(ronoBHMM 4YMHOM aepobHOI CNPAMOBAHOCTI) 34aTHI
3MiHIOBATU Lel Npodinb — HaNPUKAaL, TPEHYBaHHA Ha
BUTPUBANICTb 34aTHI 3HMXYBATU EKCNPECito LIBUAKUX
NIAHLLIOTIB MiO3MHY, @ OT)Ke HanpautoBaHHA LLC 3i 3miHa-
MW B MITOXOHApIaAbHOMY anaparTi Ta WiAbHOCTI Kaninap-
HOI ciTKuM [38].

B TpeHoBaHOMY oOpraHi3mi crnocTepira€Tbca 36inb-
LLUEHHS KinbKocTi Ta 06’emy MiTOXOHAPIN, | BUSHAYAETLCA
NO3UTMBHA KOpenALia iXx Macu 3 BeIMYMHAMM CMOXKMBAH-
HA KMCHIO Ta HEraTMBHA — 3 BE/IMYMHOLO 1laKTaTy. [ToKasa-
HO TaKO 3HaYHe 3POCTaHHA KiNbKOCTI KanminAapis HaBKo-
Nno 6yab AKMX M'A30BMX BOJIOKOH Ta 3POCTaHHA KiIbKOCTi
miToxoHApin y BonokHax MNC. Cnig 3BepHyTH yBary, Wo
6inblMi PO3Mip KanifApHOro pycna Bignosigae iHTEH-
cnoiKauil M'A30BOro KPOBOTOKY Ti/IbKM MPU HaZMIPHUX
HaBaHTaXeHHAxX [39].

AKLLO BMCHAMXKYHOTbCA MOMAMBOCTI 3POCTAHHA Ka-
nifApHOro pycna, BiAOYBAETbCA 3MEHLUEHHS PO3MipiB
m’30BOro BosiokHa [40, 41]. TobTo, AKLWO He 6bpatu Ao
yBarun AeCTpyKTUBHI 3MiHM B HETPEHOBAHOMY OpPraHi3mi,
afjanTauis 4o M'A30BOI A4iANbHOCTI NPU3BOAUTL A0 Nepe-
6yn0BM M'A30BUX KAITMH, CMPAMOBAHUX Ha CTBOPEHHS
YMOB 419 KPaLLLoro 3abesneyeHHs MITOXOHAPIN KUCHEM,
TOMY NOKaZibHa TKaHWHHA TiMOKCIA € BAaXK/IMBUM CTUMY-
JIOM, KOTPWUI BiANOBigae 3a GOPMyBaHHA afaNTUBHUX
npouecis [42].

®PyHKLiOHYBaHHA M’A30BMX BOJOKOH Yy M’A3i npu
bi3MYHOMY  HaBaHTa)KEHHI B HaMpy)XeHomy, npoTe
KOMMEHCOBAHOMY, PEXUMi CYNnpOBOAKYETbCA, AK 3a-
3HAYaNoCsA, MNOCUNEHUM KPOBOMOCTAYaHHAM, Mmopdo-
JIOFIYHMMM O3HAaKaMM 4Yoro € 36inblUeHHA YMcna Kpo-
BOHOCHMX MIKPOCYAMH, YNIbTPACTPYKTYpPa AKUX CBIAYNTD
NPO aKTUBHI TPaAHCUMTO3HI Ta BGIOCMHTETMYHI npouecu
[43]. TobTo, nopaa 3 AiNAHKAMWU 3HUMKEHUX OOMIHHUX
NnpoLueciB BU3HAYAETbCA, HAMPUKAAZ, 3HAYHA KiNbKiCTb
MIKPONIHOUMTO3HUX MNYXMUPLIB, AKi MOAEKYAU MOXKYTb
MaMKe MOBHICTIO 3anoBHIOBATU NepudepudHi AinaHKK
€HAO0TeNioumTIB, WO CBiAYMTb NPO HaMNPy»KeHi npouecu
TpaHceHAOTeNIaIbHOTO NepeHocy peyvoBuH [44]. Biaii-
WOBLWIKX BiA aganTauil cyTo M’I30BOi TKAHWUHU, MOXKHa
NPUNYCTUTU NOAIOHI MexaHi3MK i WoA0 iHWKMX TKAHWH

opraHiamy. fKWO PO3MAHYTU, HANPUKAAL, TKAHWUHY
neyiHKM AK BUCOKOMeTaboniyHOro opraHa, Ta TPaBHOroO
TPaKTy B3ara/i, NOKa3aHo, Wo ¢i3nyHe HaBaHTAXKEHHA
BUCTYMa€ CBOro poAy CTPeCOBMM YMHHUKOM ANf Opra-
Hi3MY, MOKe BUKANKATW 3MiHM Bya0BuM cain3oBux o6oso-
HOK.

OKpim LbOro, NoKasaHo, WO NOCTYNOBO 3pOCTatoui
disnyHi BNpaBm nNpmusBogATb A0 36inbweHHA abcontoT-
HOT i BigHOCHOI Macu neyviHkW i Ti NiHiMHUX po3mipiB.
IHTEHCMBHICTb KpoBOObGiry B nediHui npu AMHaMIYHIN
po60oTi 36inblUYETLCA, NPO WO CBiAYMTb PO3LIMPEHHA
KPOBOHOCHMX KaninAapis. Po3mipu renatouunTis i ix agep
36iNbLUYIOTHLCSA, Y TOM Yac K KibKiCTb AAEepP HE 3MIHIOETb-
ca. Mpun nomipHil m’a30Bi poboTi 3poCTaE BiAKNAAAHHA
TNiKOTeHy B MeyYiHLi, 3MEeHLWYTbCA }XUPOBI BKIOYEHHA
B renatoumTax.

OnTManbHi Gi3nyHi BNpaBu BUKAMKAOTb PEAKTUBHI
MopdOodYHKLIOHANbHI 3MiHW CTPYKTYPHUX KOMMOHEHTIB
KiHLEBUX BiaAainiB eHAOKPUHHOI TKAaHWHM NigLWAYHKOBOI
3a/103U, AKi XapaKTepusyTbCcA rinepTPodieto KAITUH i
HarpOMaAsKeHHAM B LMTOM/IA3Mi CEKPETOPHUX TPaHy.
Mpu TpuBanux HagMipHWUX Gi3UYHMX HaBaHTAXKEHHAX
MOopdObYHKLIOHANbHI 3MiHM XapaKTepusyrTbCaA, AK MU
B)Ke 3a3Hayanu BuLle, NOABOI AMUCTPOdIUHUX 3MiH [45].

MpoTArom TpeHyBaIbHOIO NPOLLECY MPOXOAATb 3MiHU
Ha Pi3HUX MOPPOOriYHMX PiBHAX HEPBOBOI CUCTEMMU, A
caMe — Yy KipKOBUX LEeHTpax i nepudepunyHii HepBoOBii
cuctemi, NigBueHa pyxoBa AisnbHICTb 36inbluye Haa-
XOOKeHHA adepeHTHUX IMNyAbciB NO mponpiouenTus-
HUX LUAAXaX A0 KOPW KiHLLEBOro MO3KY, LU0 BigOMBAETHCA
Ha 6ynoBi NipamigHUx KNiTUH. A came - 36inblyeTbeA
[OBXWHA AEHAPUTIB i KINbKICTb LUMMNKMKIB MO iX AOBXKMWHI.
Po3pocTaHHA AeHAPUTIB 3 yTBOPEHHAM HOBUX KOHTAKTIB
MiXK HEPBOBMMMU KNiTUHaMK cnpusie 36epiraHHIo iHdop-
MmaLujii. PerynapHi TpeHyBaHHA NoOB’A3aHi 3 yTBOPEHHAM
HOBWX Mi*KHEMPOHaIbHUX 3B’A3KIB.

Mpy HagMipHUX Gi3UYHMX HaBaHTaXKEHHAX, NPU BUC-
Ha*eHHi HePBOBOI CUCTEMM, HEPBOBI KNITUHM 3a3HaOTb
3MiH, AKi Be4yTb A0 NopyLUeHb iX QyHKLiN. Lie nos’a3aHo
i3 3MEHLUEHHAM KiNbKOCTi pubocom i MiTOXOHAPIN, Wo
BKa3ye Ha HeafeKBaTHICTb eHepreTMYyHoro metabonis-
MY Ta CMOBIIbHEHHS CUHTETUYHMUX NPOLLECIB, NPUHANM-
Hi BigHOCHO 6inkiB [45, 46]. AHanoriyHi nepebyaosu 3
NepBiCHOK CTUMYANALLIEID Ta aKTMBALLIEIO NpoLuecis agan-
Tauii Ta anctpodieto i aTpodiero KNITUH NPU HAZMIPHUX
HaBaHTAXXEHHAX NPUTaMaHHi 3a7103aM BHYTPILIHbLOI ce-
Kpew,ii.

Cnig, 3a3Ha4YnTM, WO B YCiX TKAHUHAX OpPraHi3my CyTTe-
Bi 3MiHM nig BNAMBOM Gi3VYHOro HaBaHTaXKeHHA 3a3Ha€E
MIiTOXOHAPIaNbHMI anapaT. NpocTopoBe po3TallyBaHHA
MITOXOHAPIV AK NpaBuio 36epiraeTbca, NpoTe 3arasom
X KiNbKiCTb 3HAYHO 36iNbLUYETLCA, HiXK Y TKAHWHAX IHTaK-
THUX TBapWH; GOPMYIOTbCA AINAHKM MaiKe MNOBHICTIO
3aMoBHEHI MiToxoHApiAsmMM. Take 36inblueHHs BiabyBsa-
€TbCA BHACNIAOK aKTMBALLT MopdoreHesy MiTOXOHAPIMN,
06YMOBIEHOrO aKTUBALLIEID TPAHCKPUMLIMHUX npouecis
nig sBnaneom $isMyHOro HaBaHTaxeHHsn [47, 48].

JocnigHWKKM 3a3HaYatoTb, WO 36iNblUYETLCA HE Tiflb-
KM KiNbKIiCTb, a 11 cepeiHA NAOLLA OpraHen y nopiBHAHHI
3 HETPeHOBaHWMM opraHiamamu. OcTaHHE obymoBsne-
HO MOABOIO BE/JIMKMUX 33 PO3MipamMun opraHen (cepeaHs
naowga 6inbl HiXK yABIYi NepeBULLYE Lel e NoKasHUK
Y KOHTPOi), Ha TAi 3BMEHLLEHHA Yncna HangpibHiWmnx mi-
TOoXoHAPIN [32, 48, 49]. 3a3HauatoThb, WO BeAUKi (abo me-
ramitoxoHapii) opraHenu nicaa GpisMUHOro HaBaHTaXKeH-
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HA PO3TalLOBYIOTbCA, AK MPABWJIO, NMOOAUHOKO, MOMIX
CapKomepiB y M’30Bili TKaHUHI. Ane 34e6i1bloro BoHK
YTBOPIOIOTb MiZLCAPKONEMA/IbHI CKYNYEeHHA MOMIXK BOJIO-
KOH, fIK Lie XapaKTepHo Ana Kapaiomiouwntis [49].

FinepTpodia MIiTOXOHAPINA, 30Kpema y NUTKOBOMY
M’A3i, nicna GisMYHOro HaBaHTAXKEHHA CYNPOBOANKYETb-
CA 3HAYHMM 3HUMKEHHAM KiNbKOCTI FPaHyn [NiKoreHy;
TO6TO Yy UMX TBAPUH BiAOYBAETLCA 3MiHA MNiKONITUYHOTO
LWNAXY MeTabonisamy Ha OKUC/IOBa/IbHO-BiAHOBHMUI [32,
50]. Taki 3miHn meTaboniyHMx npouecis besnocepegHbO
noB’A3aHi 3 piBHEM eHepreTMyHoro metabonismy, WO
Ma€ BigobpakaTnca, 30Kkpema, Ha npoLecax Mikpoump-
Kynauii KpoBi Npu GisMyHOMY HaBaHTaXKeHHI.

BiamiyatoTb AOCUTbL Pi3KO BUpPaXKeHi 3MiHM ynbTpa-
CTPYKTYPU MITOXOHAPIA Npu Pi3MYHOMY HaBaHTaXKEHHI
[51]. BHacnigok iHBariHaLjih Ha cBOIN NOBEpPXHi opraHe-
I YacTo HabyBatoTb HeMpaBWUAbHOT popmMu, WO NiaTeep-
OXKYETbCA | pe3ysbTaTamu MOPPOMETPUYHOTO aHani3y.
MNopeKkyan opraHenn He MaltTb YiTKO CTPYKTYpPOBaHOI
30BHIiLIHbOT MeMBpaHu; KPUCTU, K NpaBuao, pparmeH-
TOBaAHIi, BAaKy01i30BaHi, YACNO iX HE3HAYHE; MATPUKC ro-
MOreHi30BaHMIN, NOMIPHOT e/IeKTPOHHOI WinbHocTi. Llle
OOHIED OCOBAMBICTIO TAKMX OpraHeN € HAKOMWUYEHHS B
HUX rpaHyn KanblLito [52]. Taki 3MiHM MOXKYTb BYTU CBIA-
YEHHAM BiZICYTHOCTI PO3BMTKY KOMMNEHCAaTOPHUX peaki-
Ui y BignoBsigb Ha TpeHyBaHHA — rocTpe, abo TpuBane.
JocnigHnkM BigmivatoTb, WO GYHKLIOHYBAHHA MITOXOH-
Apiiy byab-aKomy BUNaAKY BiAOYBaETLCA Y HAMNPYKEHO-
MY PeXXMMi, CBIAYEHHAM YOrO € i HAABHICTb B HUX BENNU-
KOi KiZIbKOCTi pO3TalLOBaHMX, B OCHOBHOMY MapasesibHo,
KpucT [53, 54]. BogHouac, BBaKatoTb, WO MapanesibHoO
pPO3TalOBaHi KPUCTU MalOTb MEHLLY eHepreTuyHy no-
TYXHIiCTb MOPIBHAHO 3 AYronofibHMMK enemeHTamum
[55].

BcTaHOBNEHWI PO3MOAIN 3MiH YNBTPACTPYKTYPU TKa-
HWH Nig BNAMBOM i3MYHOrO HaBaHTAXKEHHA OA4HAKOBOI
TPMBANOCTI Ta iIHTEHCMBHOCTI, CBIAYMTb MPO iHAUBIAY-
ANbHI NPUCTOCYBANbHI MexaHi3MK Pi3HOI BUPA3HOCTI Ta
CMAN OO0 TPMBANOrO HaBaHTaXKeHHA. Taki BigMiHHOCTI
BMMaratTb NPOACHEHHA MexXaHi3MiB aganTauinHuX ne-

pebyaoB Ha PiBHI AK YbTPACTPYKTYPW, TaK i NOKA3HUKIB,
L0 BiAOOParKYyOTb HaNpPYKeHICTb 30Kpema eHeproreHe-
pytoUmnx npouecis B opraHiami.

BucHOBKM.

CuctemaTuyHi  isnYHi HaBaHTaXKeHHA CNPUYUHA-
I0Tb BMpParKEHe YNbTPACTPYKTYpPHE PEeMOAENtOBAHHA B
CUCTEMI TPAHCMOPTY KWUCHIO, BKAOYatoumn rineptpodito
MIiTOXOHAPIW, PeMoAeNntoBaHHA Kaminsapis, NOCUAEHHSA
CEKPEeTOPHOI aKTUBHOCTI KapaiomiouuTie i nepebynosy
ANbBEONAPHUX KANITUH. Ui aganTuBHIi 3MiHM € TKaHWH-
HO-cneundiYHMMM Ta 3aneaTb Bif, TUNY, iIHTEHCMBHOC-
Ti 1 TPMBaNOCTi M’A30BOT AiANbHOCTI, @ TAKOX Bif, PiBHA
TPEHOBAHOCTI iHAMBIAA, NPOABAAKYUCL Y pe3ynbTaTi
CKNAAHUX MIKCUCTEMHUX B3aemogii. MopdodyHKuio-
Ha/ibHe pPemMOoAEeNtoBaHHA BUCTYMAE AK MapKepoMm, TaK
i MexaHi3MOM MOKpaLeHHA TPaHCNOPTY Ta yTuAisauil
KUCHIO B YMOBax MNiABULLEHOTO MeTaboniyHoro HaBaH-
Ta)KeHHA. BogHoyac HagmipHi abo HEKOHTPO/bOBa-
Hi HaBaHTaXEHHA MOXYTb CMPUYUHUTU LECTPYKTUBHI
3MiHM, 0cOBAMBO Yy HETPEHOBaHMX OCib, WO niakpec-
NIIOE HeOobXiAHICTb BpaxyBaHHA afanTaliiHUX MeX npu
po3pobui TpeHyBanbHUX i peabiniTauinHux cTpaTerii.
LeHTpanbHy ponb y umx MopdosoriyHux agantauisx
BiZlirpae miToXoHApianbHUI anapat, AKUA € KAHOYOBUM
iHOMKATOPOM AIK YCMiWHOT aganTauii, Tak i NOTEeHWIAHMX
Ae3apanTauiiHMX npoueciB. 3araJiom OTpuMMaHi pe-
3yNbTaTU NiAKPECNoTb BUCOKY MAACTUYHICTb TKAHWH
CUCTEMMW TPAHCMOPTY KMCHIO Ta BaKAUBICTb NOAANbLINX
O0CNiAXKEeHb MOJIEKYIAPHUX MeXaHi3MiB aganTauii 1 iH-
OMBiAyanbHOT BapiaTUBHOCTI Y BiANOBiAb Ha M'A30BY Ai-
ANBHICTb.

MepcnekTMBM NOAANBLUNX AOC/NIAMKEHD.

MaibyTHi HayKoBi poboTn MatoTb BYTM CnpsMoBaHi
Ha PO3KPUTTA MONEKYNAPHO-TEHETUYHUX MEXaHi3MiB,
L0 NexaTb B OCHOBI YAbTPACTPYKTYPHOI aganTau,ii TKa-
HUH CUCTEMM TPAHCMOPTY KUCHIO, BUBYEHHA iHAMBIAY-
aNlbHUX peaKL,ii Ha Pi3Hi pexxMmmn m’a30B0i A4ifIbHOCTI, a
TAKOX BM3HAYEHHA MeX OYHKLiOHaAbHOT NAaCTUYHOCTI
3a YMOB HagMipHoro abo Tpusanoro ¢isnyHOro HaBaH-
TaXKEHHA.
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YNbTPACTPYKTYPHI MEXAHI3MU AAANTALLT KWNCEHBTPAHCMOPTHOI CUCTEMW 10 M’A30BOI POBEOTU

KopmaH LW.-A. C., lyk’aHuesa I. B.

Pestome. Y cTaTTi Ha OCHOBI OMNAA4Y Cy4aCHUX HAYKOBUX NepLUOAKEpEeN CUCTEMATU30BaHO BiLOMOCTI WOoA0 Y/b-
TPACTPYKTYPHUX MeXaHi3MiB aganTaLii cuctemm TpaHcnopTy KucHio (CTK) go perynapHoi m’a30B0i AisabHOCTI. ABTO-
PY aKUEHTYHOTb yBary Ha TOMY, LLLO CUCTEMATUYHI Qi3MYHI HAaBAHTAXKEHHA BUCTYMAOTb NOTYXXHUM GaKTOPOM pemo-
OentoBaHHA CTPYKTYp Ta OyHKLiM CTK, A0 AKOI HanexaTb cepue, NereHi, CkeneTHi M’A3u, epuUTPOLUTU Ta CYAUHHUIM
eHgoTenin. Ui aganTauiliHi 3MiHW NpoABAAIOTLCA K HA KNITUHHOMY, TaK i Ha CyOKNITUHHOMY piBHAX, 3abe3neyytoum
nigBULLEHHA ePEKTUBHOCTI 4OCTaBKM Ta YTUAI3aLLIT KUCHIO Nig Yac ¢i3MYHOro HaBaHTaXeHHA. 30Kpema, cnocTepira-
€TbcAa rinepTpodis Ta nponibepalis MiTOXOHAPINM, 36iNblUeHHA KaninAPHOI WiNIbHOCTI, aKTUBaLLis CEKPETOPHOI PYHK-
uii KapgiomiouunTiB Ta CTPYKTypHa nepebyaosa anbeeosioumTis |l TMNY, BianNoBiganbHUX 32 CUHTE3 cypdaKTaHTy. Y
CYAMHHOMY eHAOoTenii BiA3HaYalTbCA rinepnnasis KAiTMH Ta NOCUNEHHA TPAHCLMTO3Y — NPOLECiB, AKi 3abe3neyyoTb
iHTerpoBaHy BiANOBiAb Ha MiABULLEHUI MNONUT TKAHWUH Ha KUceHb. OQHUM 3 KHOYOBUX BUCHOBKIB pob0TH € BUAB-
NIeHHA cneundivyHOCTI aganTauiHUX 3MiH 3a/1eXKHO Bif, PiBHA TPEHOBAHOCTI opraHiamy. Y TpeHoBaHMX ocib nepesa-
YKaloTb KOMNEHCATOPHI M dYHKLioHaNbHI NepebynoBu, TOAI AK Y HETPEHOBAHUX — MPU HAAMIPHUX HaBaHTAXKEHHAX
— MOYTb BUHMKATN AECTPYKTUBHI 3MiHW Ha PiBHI MITOXOHAPIN i KNITUHHUX CTPYKTYP. Y LbOMY KOHTEKCTI BaXKaMBa
pOoAb BiABOAUTLCA MIKPOLMPKYASATOPHOMY PYCAY, AK KPUTUUYHO BaXKAUBIM NaHLi ANs NiATPUMaHHA afanTUBHOIO MNo-
TeHujany CTK. YnbTpacTpyKTypHi nepebynoBu, AK 3a3HAYEHO B CTaTTi, He AuLe BigobpaxkatloTb piBeHb aganTay,i,
ane I BUCTYNatoTh ii akTUBHUMM ebeKToOpaMm, CNPUAOYM ONTUMI3aLLT ra300OMiHY 32 yMOB i3MYHOTO HaBaHTaXKeH-
HA. ABTOPU TaKOXK MiAKPECIOI0Tb NePCNEeKTUBHICTb NOAANbLINX AOCNIAXKEHb MOJIEKYNAPHO-TEHETUYHUX MEXAHI3MIB
LMX 3MiH, IX 3BOPOTHOCTI, @ TAKOX MOX/IMBOCTEN BUKOPUCTAHHA Cy4acHUX METOAIB in vivo-Bi3yanisaLii Ta omiKc-Tex-
HONOri ANA BUCOKOTOYHOTO KapTyBaHHA afanTaLiMiHMUX NPOLECIB.

Knrouosi cnoBa: m’s3o0Ba poboTa, aganTtauis, KACEHbTPAHCNOPTHA CUCTEMA, CKeNeTHi M’A3Kn, MiTOXOHAPII.

ULTRASTRUCTURAL MECHANISMS OF ADAPTATION OF THE OXYGEN TRANSPORT SYSTEM TO MUSCULAR
WORK

Korman Sh.-A. S., Lukyantseva H. V.

Abstract. Based on a review of contemporary primary scientific sources, the article systematizes current
knowledge on the ultrastructural mechanisms of adaptation of the oxygen transport system (OTS) to regular
muscular activity. The authors emphasize that systematic physical exercise acts as a powerful driver of structural
and functional remodeling within the OTS, which encompasses the heart, lungs, skeletal muscles, erythrocytes,
and vascular endothelium. These adaptive changes occur at both the cellular and subcellular levels, enhancing
the efficiency of oxygen delivery and utilization during physical exertion. Specifically, the adaptations include
mitochondrial hypertrophy and proliferation, increased capillary density, activation of the secretory function of
cardiomyocytes, and structural remodeling of type Il alveolar cells responsible for surfactant synthesis. In the
vascular endothelium, cellular hyperplasia and intensified transcytotic activity are observed — processes that reflect
an integrated response to elevated tissue oxygen demands. One of the key findings highlighted in the article is the
specificity of adaptive changes depending on the training status of the organism. In trained individuals, compensatory
and functional remodeling predominates, whereas in untrained individuals, excessive physical loads may lead to
destructive alterations at the mitochondrial and cellular levels. In this context, the role of the microcirculatory bed
is emphasized as a critically important component for maintaining the adaptive potential of the OTS. As stated
in the article, ultrastructural remodeling serves not only as a marker of adaptation but also as an active effector
mechanism that facilitates the optimization of gas exchange under physical stress. The authors further underline the
relevance of future studies aimed at elucidating the molecular-genetic basis of these adaptations, their reversibility,
and the potential of modern in vivo imaging methods and omics technologies for high-resolution mapping of these
processes.

Key words: muscular work, adaptation, oxygen transport system, skeletal muscles, mitochondria.
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