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MORPHOMETRIC ASPECTS OF THE STUDY OF THE DIAPHRAGM IN THE CONDITIONS OF POSTOPERATIVE
HYPERTENSION IN THE PULMONARY ARTERY SYSTEM

Hnatyuk M. S., Tatarchuk L. V., Stets N. Ya.

Abstract. Pulmonary artery hypertension occurs in various diseases of the heart, lungs, pulmonary vessels, chest
deformities, leads to the development of pulmonary heart, its decompensation. This pathology can be complicated
by diaphragm dysfunction. Pulmonary artery hypertension also develops during resection of significant volumes of
the lungs.

The aim of the research —morphometrically study the features of diaphragm remodeling in experimental animals
under conditions at postresection hypertension in the pulmonary artery system.

Morphological methods were used to examine the costal part of the diaphragm of 62 white male rats, divided
into three groups: the first group —_15 control animals, second — 35 rats with arterial post-resection pulmonary
hypertension and compensated pulmonary heart, third —12 animals with post-resection pulmonary hypertension
and decompensated pulmonary heart. Postresection hypertension in the pulmonary artery was modeled by
performing right-sided pulmonectomy in rats. A month after the specified surgical intervention, the rats were
euthanized by bleeding under the specified anesthesia. Histological preparations were prepared from the costal
part of the diaphragm, on which the cross-sectional area of the muscle fiber of the diaphragm, the area of its nuclei,
the nuclear-cytoplasmic index, and the volume of muscle fibers were determined. stroma, damaged muscle fibers,
stromal-myocyte relationships. Digital data were processed statistically.

It was established that right-sided pulmonectomy led to pulmonary artery hypertension, development of cor
pulmonale, its decompensation, and pronounced remodeling of the diaphragm. Morphological changes in the
diaphragm in the studied pathology were characterized by impaired lymph and blood circulation, hypertrophy,
dystrophy, necrobiosis of muscle fibers, changes in cellular structural homeostasis, cellular infiltration, and sclerosis.
The degree of diaphragm remodeling dominated in the combination of postresection pulmonary hypertension with
decompensation of the pulmonary cor pulmonale.
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Physical exercise induces a multilevel adaptation of skeletal muscle tissue, involving both functional and ultra-
structural components. The mitochondrial apparatus, microcirculatory network, and blood—tissue (histohistological)
barrier play a central role in these adaptive processes. Investigating the differences in response between trained and
untrained organisms allows for identification of the morphological reserve mechanisms that determine skeletal mus-
cle resistance to hypoxic stress. A comparative analysis at the subcellular level helps to elucidate both compensatory
and destructive shifts.
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Aim is to investigate the ultrastructural mechanisms of skeletal muscle adaptation to graded physical load de-

pending on the degree of training in rats.

The study was conducted on sexually mature male Wistar rats, divided into control, untrained, and trained groups
(daily swimming for 30 days). After graded physical loading (GPL), morphometric analysis of the gastrocnemius mus-
cle and myocardium was performed using transmission electron microscopy.

Trained rats demonstrated an increase in the number of functioning capillaries, expansion of the mitochondrial
pool, preservation of microcirculatory structure, and reduced edema following GPL. In contrast, untrained animals
exhibited destructive changes such as organelle vacuolization, histohistological barrier hyperhydration, impaired

oxygen diffusion, and disrupted energy supply.

Regular training promotes structural stability of skeletal muscle and facilitates the formation of an adaptive re-

serve that enhances resistance to physiological stress.

Key words: training status, muscle tissue, mitochondria, ultrastructure, blood—tissue barrier, angiogenesis, hy-

poxia.

Connection of the publication with planned re-
search work.

The material of this article was prepared within
the framework of the research project “The influence
of exogenous and endogenous factors on the course
of adaptive responses of the organism to physical
loads of varying intensity” (state registration number
012U108187).

Introduction.

Regular physical exercise initiates multilevel ad-
aptation of skeletal muscle tissue, manifested both in
functional indices and at the ultrastructural level [1-3].
Morphometric alterations of mitochondria, indices of
vascularization, and the state of the microcirculatory
bed are regarded as key markers of energetic efficiency
and structural remodeling of muscle under the influ-
ence of training stimuli [4-6]. The intensity and dura-
tion of exercise determine the specificity of mitochon-
drial apparatus remodeling and the extent of vascular
adaptations [7, 8]. Equally important is the response
of the macro- and microcirculatory compartments and
the histohematic barrier, which under physiological
stress reflects the degree of reserve capillarization, en-
dothelial permeability, and edematous tissue reactions
[9-11].

Current studies lack comprehensive comparative
analyses of ultrastructural changes in muscle tissue
under identical physiological interventions while ac-
counting for different levels of training status. The inter-
relation between mitochondrial remodeling, microcir-
culatory function, and morphofunctional resistance of
tissue to graded physical loading remains insufficiently
characterized. Within this context, the objective of our
study was to provide an integrated characterization of
the ultrastructural response of muscle tissue to physi-
ological exercise in trained and untrained conditions.

The aim of the study.

To comprehensively evaluate the adaptive ultra-
structural profile (mitochondrial apparatus, microcircu-
latory parameters) in trained versus untrained groups
of rats following standardized physical loading.

Object and research methods.

Experimental assessment of structural remodeling
in tissues in response to graded physical loading (GPL)
was performed in sexually mature male Wistar rats.
All experimental procedures were conducted in accor-
dance with the provisions of the European Convention
for the Protection of Vertebrate Animals Used for Ex-
perimental and Other Scientific Purposes (Strasbourg,

1986) and the principles of the Helsinki Declaration
(2000).

Animals were divided into three groups: control
(n=21), untrained (n=26), and trained (n=18), totaling
65 specimens. GPL consisted of 30-min swimming ses-
sions with additional weight loading equivalent to 7.0%
of body mass. Rats in the control group did not under-
go GPL; untrained animals were subjected to a single
GPL session; trained animals underwent daily GPL for
three weeks prior to examination.

For ultrastructural analysis, rats were decapitated
under light ether anesthesia, and tissue samples were
collected from the apical myocardium and gastroc-
nemius muscle. Fixation was performed immediately
using 2.5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4). Post-fixation was carried out with a Colfield
reagent based on 2% osmium tetroxide solution (pH
7.4) (Sigma, USA). Samples were dehydrated in graded
ethanol, absolute ethanol, and acetone, followed by
embedding in Epon—Araldite resin (Fluka, Switzerland)
[12]. Ultrathin sections (40-60 nm) were contrasted
with 1% uranyl acetate and 0.4% lead citrate (Sigma,
USA) according to Reynolds’ method [13]. Specimens
were examined using a transmission electron micro-
scope PEM-125K (Ukraine). Morphometric character-
istics of mitochondria — including total number (nMx),
number of structurally altered mitochondria with signs
of destruction (dMx), and mean mitochondrial diam-
eter (d) — were determined with Image Tool Version 3
(USA) across 100-130 fields.

The total number of functioning capillaries (FC)
was quantified according to the method of Hoppeler
et al. [14] on electron microscopy screens at low mag-
nification (x1600-2000). Electron micrographs were
also used to perform morphometric evaluation of the
mean arithmetic thickness of the histohematic barrier
(HHB) in myocardium and skeletal muscle (1), as well
as its individual layers, following a principle of random
sample selection (80 samples per condition) [14]. The
mean arithmetic thickness was employed to estimate
the tissue mass located between unit areas of external
and internal surfaces of tissue barriers, calculated ac-
cording to the following formula:

= (IxP)/2:(n+n),

where | is the distance between the terminal points
of the measuring line; P is the number of terminal
points of measuring lines located on the measured
barrier; n; is the number of intersections of measuring
lines with the internal surface of the barrier; and n. is
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the number of intersections of measuring lines with
the external surface of the barrier [15].

The results of calculations and measurements were
standardized in accordance with the provisions of the
international SI metrological system. To verify the hy-
pothesis of sample conformity to a normal distribution,
the Shapiro—Wilk test was applied as one of the most
efficient statistical criteria of normality. Data processing
and determination of intergroup statistical significance
were performed using IBM SPSS Statistics (version 26),
with a significance threshold of p=0.05. Statistical re-
sults were presented as “mean value + standard error
of the mean” (M + SEM).

Research results and their discussion.

Skeletal muscles, as the primary effector during
physical exercise, undergo pronounced changes in
microcirculation and oxygenation, which underlie the
expected ultrastructural remodeling, particularly in
relation to training status. Ultrastructural examination
of muscle tissue revealed distinct features in animals
at rest compared to those subjected to one month of
swimming training. It was established that training led
toanincrease in the total number of mitochondria (MX)
in gastrocnemius muscle tissue; however, the number
of structurally altered organelles also increased (tables
1, 2). The observed changes were primarily manifested
as mild swelling and partial vacuolization. This applied
to both subsarcolemmal and intramyofibrillar subpop-
ulations of organelles compared with those identified
in untrained organisms.

Notably, in trained versus untrained rats, most in-
dices differed significantly. Specifically, the number of
subsarcolemmal mitochondria (SMt) increased 1.7-fold
relative to control values and nearly twofold compared
with untrained animals. With respect to IMt, increas-
es were also 1.7-fold relative to controls and 2.2-fold
compared with untrained rats. Thus, training per se en-
hances energy metabolism in skeletal muscle at rest,

Table 1 - Ultrastructural parameters of muscle tissue in untrained

and trained animals

with a slightly more pronounced positive influence on
the mitochondrial apparatus of the IMt.

IMt specialize in creatine phosphate synthesis [16],
vital for sustaining energy metabolism.

Occasionally, mitochondrial dimensions and longi-
tudinal associations increased, with some IMt exceed-
ing 1 um (vs. mean 0.7320.07 um). In Mt of trained
animals, moderate swelling (25-30% above controls)
was observed, likely reflecting glycolytic activation and
greater ATP synthesis via ATP-dependent potassium
channels [17, 18]. These changes may be interpreted
as compensatory-adaptive responses preventing exer-
cise-induced and secondary tissue hypoxia [19].

Another feature was a marked rise in functioning
capillaries in resting trained rats. Thus, regular muscu-
lar activity improves skeletal muscle microcirculation
and metabolism — an unequivocally beneficial training
effect.

In the next series of experiments, we examined
the dynamics of histohematic barrier (HHB) thickness
in control and trained animals at rest. Regarding HHB
hyperhydration — a parameter indicating, on the one
hand, enhanced permeability of cytoplasmic mem-
branes forming the HHB, and on the other, tissue
edema that hampers oxygen diffusion from blood to
oxygen-consuming structures — the following was es-
tablished: despite an increase in total HHB thickness in
both groups, trained rats showed only a non-significant
trend toward elevation. This pattern may arise from
muscular tension, accumulation of partially oxidized
metabolites during exercise, or limited stress respons-
es.

In summary, systematic training exerts a beneficial
effect on the morphofunctional status of skeletal mus-
cle tissue. At the same time, the issue arises regarding
the preservation or transformation of this effect under
conditions of GPL. The results in untrained animals
after GPL indicate a number of important changes.
Changes in the ultrastructure of muscle
tissue can be considered as evidence of
the formation of secondary tissue hy-

Untrained | Trained poxia, namely, signs of hypertrophy and
Parameter (n=26) (n=18) loosening of myofibrils appeared in the

Number of functioning capillaries 9.4+1.6 |[11.5+0.7* calf muscle (fig. 1). .
Thickness of the histohematic barrier 274+32 | 325+25%* Intracel|U|a_r V_acu.0|e formation was
Thickness of the histohematic barrier under GPL 500434+ | 410425+ also Present’ indicating focal edem? of
Change in the number of functioning capillaries under GPL| 11.3+2.0 [18.6+2.6+ the tissue and subsarcolemmal regions

Notes: * indicates statistically significant difference compared to the untrained group
(p<0.05); + indicates statistically significant difference compared to baseline within the

group (p<0.05).

Table 2 — Morphometric characteristics of gastrocnemius muscle

mitochondria under GPL (Mtm)

of fibers, which is generally regarded as
a marker of impaired intercellular ex-
change [20]. In addition, substantial al-
terations occurred in the mitochondrial
apparatus of muscle cells, manifested as
partial vacuolization and a pronounced

Total number of | Structurally Mean increase in organelle diameter, changes
Parameters mitochondria, altered mitochondrial | that may frequently lead to irreversible
its/10 A itochondria, di ter, : . . -

units/10 um* | mitochondria, % | diameter, km | i+, chondrial destruction (fig. 2). Thus,
Control (n = 21): GPL in untrained animals induced dete-
Subsarcolemmal (SMt) 9.8%2.5 3.7¢0.5 0.31+0.07 rioration of the ultrastructure and mor-

Intramyofibrillar (IMt) 6.4+1.2 0.74£0.3 0.62+0.06 . .
Untrained (n=26) phometric parameters of gastrocnemius

ntrained (n= H . . . .
subsarcolemmal 8.1£1.9 12.4+1.5%* 0.61:0.06+ | Muscle tissue and its mitochondrial ap-
intramyofibrillar 5.1+1.1 3.4+0.9* 0.75+0.03* paratus. . .

Trained (n=18): Pronounced mamfestahons of edema
Subsarcolemmal 16.62.8*# 13.8+1.8** 0.44+0.08*# | were also observed in the HHB of mus-
intramyofibrillar 11.3+1.7*# 9.8+2.3**# 0.7310.07*# | cle tissue, as evidenced by an increase

Notes: * p<0.05 vs. control; ** p<0.01 vs. control; # p<0.05 vs. untrained.

in both its overall thickness and the en-
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Figure 1 — Ultrastructure of gastrocnemius myofibrils in untrained
animals following GPL. Scale bar = 1 pm. Designations: MF —
myofibrils, Mt — mitochondria, E — edema, SL — sarcolemma.

largement of pericapillary spaces and capillary endo-
thelial lining.

In endothelial cells, initial signs of structural de-
struction were occasionally detected (see fig. 3).

Thus, the impact of GPL on the ultrastructure of
muscle tissue in untrained rats was accompanied by
impairment of the morphofunctional state, deteriorat-
ing both O, diffusion conditions and its utilization by
Mt, which ultimately resulted in compromised energy
metabolism.

Under GPL in untrained rats, the total number of
subsarcolemmal and intramyofibrillar mitochondria
did not change significantly; however, the proportion
of structurally altered organelles increased marked-
ly. At the same time, certain positive alterations were
also observed in the tissue. For instance, the number
of collapsed and empty capillaries in skeletal muscle
decreased, while the number of functioning capillaries
increased (by an average of 24%; p<0.05).

In addition, endothelial cells exhibited enhanced
pinocytotic activity and, in some cases, an increased

Figure 3 — Histohematic barrier in untrained animals following GPL.
Scale bar = 1 pm. Designations: C — capillary, En — endothelium,
PCS - pericapillary space.

Figure 2 — Ultrastructural features of gastrocnemius mitochondria
in untrained animals following GPL. Scale bar = 1 pm. Designations:
MF — myofibrils, Mt — mitochondria, E — edema.

number of free ribosomes. Both processes are regard-
ed in the scientific literature as indicators of intensified
cellular metabolism — specifically, protein synthesis and
metabolite transport within the endothelial layer of the
histohematic barrier (HHB). Together with the increase
in reserve capillaries during GPL, even in untrained or-
ganisms, these changes reflect an urgent adaptive re-
sponse to physical work [21].

Analysis of the impact of GPL on rats subjected to
one month of swimming training revealed multidirec-
tional changes indicative of both deepening of train-
ing-induced alterations and the development of com-
pensatory-adaptive responses. The first type of change
included various manifestations of edematous process-
es (fig. 4): increased hyperhydration of muscle tissue
overall, greater HHB hyperhydration, marginal edema
of the sarcolemma (commonly considered a sign of im-
paired exchange between muscle fibers), and the for-
mation of vacuoles of varying size that separated myo-
fibrils and even entire muscle fibers.

%

Figure 4 — Ultrastructure of gastrocnemius myofibrils after GPL in
trained animals. Scale bar = 1 um. Designations: MF — myofibrils,
E - edema, V — vacuoles, Mt — mitochondria, D — destruction.
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Figure 5 — Ultrastructure of gastrocnemius capillary after GPL in
trained animals. Scale bar = 1 pm. Designations: C — capillary,
En — endothelium, PCS — pericapillary space.

Compensatory-adaptive morphological changes
were also characteristic of the ultrastructure of blood
capillaries in the muscle tissue of trained animals
(fig. 5). When comparing edema of the histohematic
barrier (HHB), it was noted that its mean arithmetic
thickness was reduced in trained animals following
GPL: by 21.3% relative to the entire HHB, by 27.0% rel-
ative to the endothelial layer of untrained rats, and by
13.4% relative to pericapillary spaces (for each value
p<0.05).

Compensatory-adaptive changes also included an
increase in the number of functioning capillaries after
GPL in trained animals, arising both from the recruit-
ment of reserve vessels and, likely, from activation of
primary angiogenesis induced by regular muscular
work.

This process is regulated and coordinated by two
types of signals — pro-angiogenic (stimulatory) and an-
ti-angiogenic (inhibitory). Endothelial cells, vascular
endothelial growth factor (VEGF), fibroblast growth
factor (FGF), and related mediators are involved. In
other words, training can initiate a cascade of process-
es ultimately enhancing oxygen supply to working mus-
cle during exercise and preventing the development of
secondary tissue hypoxia [22, 23]. The overall increase
in the number of functioning capillaries reached 76.8%.

Concurrently with angiogenesis, Mt remodeling and
morphogenesis were observed. As previously noted,
the total number of Mt markedly increased in trained
animals. Following GPL, a significant and intensive rise
in Mt number was detected in both SMt and IMt sub-
populations, with the latter demonstrating particular-
ly pronounced changes. Considering the specificity of
metabolic processes activated during muscular activity,
this dynamic is of particular significance. These findings
therefore indicate a favorable adaptive response of
skeletal muscle tissue in trained organisms to increased
physical workload.

Figure 6 — Ultrastructural disturbances of the gastrocnemius muscle
under additional GPL. Scale bar = 1 um. Designations:
Mt — mitochondria; MF — myofibrils; E — edema.

However, when analyzing the positive alterations in
the gastrocnemius muscle induced by training, it must
be emphasized that the observed morphofunctional
changes cannot be regarded solely as compensato-
ry-adaptive responses of the mitochondrial apparatus.
In response to prolonged training and under the influ-
ence of additional muscle work, a significant increase in
the number of structurally altered Mts was observed.
The main abnormalities consisted in the appearance of
partially or completely vacuolated organelles, as well
as Mts in the early stages of mitoptosis (fig. 6).

If we evaluate the ultrastructural damage to Mt in
trained and untrained organisms, we find that chang-
es were observed among subsarcolactic Mt — 3.5 times
relative to control values and 24.5% relative to trained
animals; among IMt — 24.5% relative to the control
group and 5.8 times relative to trained rats; more pro-
nounced changes were found in GPL specifically on the
IMt side. Thus, if we consider the state of MX as an in-
dicator of O, transport in muscle tissue, we can assume
that regular physical training leads to improvement
through the formation of certain adaptive mechanisms.

Conclusions.

It was established that training status determines
the nature of alterations in skeletal muscle tissue: in
trained rats, ultrastructure was preserved, angiogene-
sis and microcirculation were activated, and a morpho-
logical reserve was formed to enhance tissue resistance
to stress. In untrained animals, by contrast, destructive
changes were observed in skeletal muscle under com-
parable conditions.

Prospects for further research.

Investigating the dynamics of adaptive changes and
the sensitivity of different muscle fiber types to physi-
cal workload, as well as exploring markers of plasticity
to enable the personalization of adaptive strategies.
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YNbTPACTPYKTYPHUI NPO®I/Ib AAANTALLIT M’A30BOT TKAHMHU A0 $®I3UYHOIO
HABAHTAXKEHHA 3A YMOB TPEHOBAHOCTI

HauioHanbHuit yHiBepcuTteT disnuHOro BuxoBaHHa i cnopty YKpaiHu (m. Kuis, YkpaiHa)
lukjantseva@gmail.com

dizu4yHe HAOBAHMAXEHHSA CIIPUYUHAE bazamopisHegy adanmayito CKesemHoi M’3080i MKAHUHU, OXOM/YU AK
hyHKUioOHanbHI, makiynempacmpykmypHikomnoHeHmu. Ocobnugy posby yuxnpouyecaxsidiepaeMmimoxoHopianbHul
anapam, MIKpoOUUPKYAamopHa mepexca ma 2icmozemamuyHuli 6ap’ep. BusueHHs siomiHHocmeli adanmauitiHoi
8i0noeidi y mpeHoB8aHUX | HEMPEHOBAHUX OP2aHi3Mie 00380/AE€ BUABUMU MEXAHI3MU MOpPEOs02iYHO20 pe3epay,
wo eu3Ha4yae cmilikicmo M’A30801 MKAHUHU 00 2iMOKCUYHO20 HABAHMAMEHHA. [lopieHAAbHULU aHANI3 3MIiH Ha
cybKnimuHHomMy pigHi 0ae 3Mmoay demasnizyeamu K KOMMNEHCamopHi, MaK i 6ecmpyKkmueHi 3pyuleHHS.

Mema — docaidumu ynempacmpykmypHi mMexaHizmu adanmauii m’a3080f MKaHUHU wypie 00 003080HO20
Pi3U4HO20 HOBAHMAM(EHHSA 30AEHCHO 8i0 CMyreHs MPeHo8aHOCMI.

EkcniepumeHm rposodunu HA CmMamesospinux camuax uwypie niHii Bicmap. ®opmyeanu KOHMPOsbHY,
HempeHO8aHYy Ma MPEHOB8AHY 2pynu (Wo0eHHe naasaHHA npomsazom 30 OHis). [icna 00308aHO20 hi3u4YHO20
HasaHMaxeHHA (JPH) nposodunu mopgomempuyHUl aHAAMI3 YAbMPACMPYKMypU M’130801 MKAHUHU AUMKOB8020
M’A3a i MioKapoa 3 BUKOPUCMAHHAM MPAHCMICIUHOI enekmpoHHOI MiKkpocKomii.

TpeHoBaHI Wypu Xxapakmepusysanucs 3POCMAHHAM KiAbKOCMi GhyHKUYiOHYyo4YUX Kaninapie, 36inbuweHHAM
MimOoXOHOPIanbHO20 Nynay, Kpawum 36epexmeHHAM MIKpOUUPKYAAUii ma MeHW 8UpaMeHUMU Habpsaxkosumu
peakuiamu nicna A®H. Y HempeHo8aHUX mMBAPUH Criocmepi2anuca OecmpPyKMUBHi 3MiHU: 6aKyoni3auis
opeaHes, 2inepzidpamayia eicmozemamu4Ho20 6ap’epy, 3HUMCEHHA egpheKkmusHOCMi MpPaHCIopmy KUCHIO ma

eHepeo3a6e3nequHﬁ.

PezynapHe mpeHysaHHA 3a6e3nevye cmpykmypHy cmabinbHicme mM’A30801 MKAHUHU ma CrpUs€e ¢popmMy8aHHIO
adanmayitiHoz2o pe3epsy, wo nidsuwye it cmilikicmo 00 hiz3iono2iyHo20 HABAHMAM(EHHS.

Knto4oei cnoea: mpeHosaHicms, M’A3080 MKAHUHA, MIMOXOHOPIi, yaAbmpacmpykmypa, 2icmozemamuyHuli

bap’ep, aHziozeHes, 2iMoKcis.

3B’A30K ny6ikauii 3 nnaHOBMMM HAayKOBO-AOCAIA-
HUMK poboTamu.

Martepian cTatTi nigrotoBneHo B mexax HAP «Bnaus
€K30reHHuX Ta eHAoreHHUx ¢akTopis Ha nepebir agan-
TaUiMHWX peaKLin opraHiamy A0 GisMYHUX HaBaHTaXKeHb
Pi3HOI iHTEHCMBHOCTI» (HOMep AeprkaBHOI peecTpaLii
012U108187).

Bcryn.

PerynapHe ¢isnyHe HaBaHTa*KeHHs iHiuitoe HaraTto-
piBHEBY afanTauito CKeneTHoi M’A30BOI TKAHWHMW, LWO
NPoABAAETLCA AK Y OYHKLIOHAZIbHUX MNOKA3HUKaX, TaK i
Ha YAbTPacTPYKTypHOMy piBHi [1-3]. MopdomeTpuuHi
3MiHW MITOXOHZAPIM, MOKa3HUKM BaCcKyNApKU3aLLi Ta CcTaH
MiKPOUMPKYNATOPHOrO pyc/ia po3rnafatoTbCaA AK KAHOYO-
Bi MapKepun eHepreTMyHoi epeKTUBHOCTI Ta CTPYKTYPHOI
nepebynosu M’A3iB MiL BNAMBOM TPEHYBA/IbHOrO CTU-
Myny [4-6]. IHTEHCMBHICTb i TPUBANICTb HaBaHTAXKEHHA
3YMOB/IOIOTb crneundiky pemoaentoBaHHA MITOXOHAPI-
aNbHOro anapaTy Ta MUBUHY cyauHHUX aganTauiii [7, 8].
BogHo4ac BaXK/IMBOIO 3a/IMLLAETLCA PeaKLif MaKpo- i Mi-
KPOLMPKYNATOPHOT NaHKK i rictorematuyHoro 6ap’epy,
AKa B ymoBax ¢isionoriyHoro crpecy Bigobparkae cTy-
niHb pe3epBHOI KaninAapmsauii, NPOHMKHOCTI eHAoTeNito
Ta HabpsaKoBOI peakuii TKaHMH [9-11].

Y cyyacHUX gocniaskeHHAx bpakye uinicHoro nopis-
HSIHHA YNbTPACTPYKTYPHUX 3MiH M’A30BOT TKaHWHM 3a
YMOB 0fHaKoBOi ¢i3ionoriyHoi iHTepBeHLii, ane 3 ypa-
XyBaHHAM pPi3HOro piBHA TPEHOBAHOCTI. 3aNMLWAETbCA
HeAO0CTAaTHbO BMBYEHOK B3AEMO3AJIEXKHICTb MiX CTPYK-
TYPHUMMK NepebynoBammn MITOXOHAPIN, CTAHOM MiKpoO-
LMpKynaLii Ta MopdodyHKLIOHAIbHOLO CTIMKICTIO TKAHU-
HW [0 0,030BaHOrO Gi3MYHOrO HaBaHTaXKEHHA. Y LibOMy
KOHTEKCTi MEeTOI HALIOro AOCNIAMKEHHA € KOMMJIEKCHA

XapaKTEePUCTUKA YNbTPACTPYKTYpHOI Bignosigi m’a3oBoi
TKaHMHKW Ha di3ionoriyHe HaBaHTaXKEHHA B YMOBaXx Tpe-
HOBAHOTO i HETPEHOBAHOrO CTaHy.

Merta gocnig)XeHHA.

KomnaeKcHO OLiHUTM afanTUBHUI yNbTPACTPYKTYpP-
HUIA Npodinb (MiToXxoHApianbHUA anapaTt, MUKPOLUMp-
KYNIATOPHI NapameTpu) y TPEHOBAHOI VS HETPEHOBAHOI
rpyn wypis nicna go0308aHOro ¢isM4YHOro HaBaHTaXKeH-
HA.

O6’eKT i meTOoAM AOCNIAKEHHA.

EKcnepumeHTanbHe BUBYEHHA CTPYKTYPHUX nepe-
6y[0B y TKAHWHAX OpraHiamy y BignoBigb Ha A030BaHe
disnyHe HaBaHTaxeHHA (OPH) npoBoagMAKn Ha cTaTeBO3-
pinnx wypax-camuax Ainii Bictap, Ha ycix eTanax gocni-
OXKEHHA BUKOHYBanu BignosigHo Ao MonoxeHb «EBpo-
NencbKoi KOHBEHLLT MPO 3aXMCT XpebeTHUX TBapUH, LIO
BMKOPWUCTOBYIOTbCA ONA €KCNEePMMEHTANIbHUX Ta iHLWNX
uine» (Ctpacbypr, 1986), Ta npuHumunis lenbciHcbKOT
[Oeknapauii (2000).

TBapuHu 6ynM posnogineHi Ha 3 rpynu HacTynmHUM
YMHOM — KOHTpOJIbHA (n=21), HeTpeHoBaHi (n=26), Tpe-
HOBaHi (N=18), 3aranbHa KinbKicTb — 65 0co0bMH. B AKoCTI
[O®H 3actocosyBanu 30-xB NaAaBaHHA (3 4O0AATKOBMM Ba-
roBMM HaBaHTaXKeHHAM 7,0% Big macy Tina wypa). LWypwm
KOHTPOAbHOI rpynu He oTpumysanu PH, y HeTpeHoBa-
HuX TBapuH O®PH 3acTtocoByBanu OAHOKPATHO, rpyna
TPEHOBaHWX TBapuH oTpumyBana APH woaHA npoTarom
3 TUXKHIB, MiCAA YOro NPOBOANAN OBCTEXKEHHA.

OnAa aHanizy ynbTPacTPYKTYpWU TKAaHWMH MioKapga i
CKeNeTHUX M’A3iB LWypiB AeKaniTyBaau nig, cnabkum
edpipHMM HapKo3oM, BigbUpPann 3paskM TKaHWH 3 Mio-
KapAa BepxiBKM cepus Ta AMTKoBoro m’asa. dikcauio
maTepiany npoBOAMAM 3riAHO i3 3ara/JibHONMPUNHATO
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METOAMKOI HEramHO, BHOCAYM 3Pa3KM TKAHUH B 3aby-
depeHnin 2,5% pos3umH rnroTaposoro anbaerigy (0,1 M
docoatHuii 6ydep, pH — 7,4). [oodikcauia maTtepiany
3giMicHlOBanacA 3a gonomoroto peaktusy Kondinga
(Ha ocHOBi 2% pO34YMHY 4YOTUPUOKMUCY OCMito, pH-7,4)
(Sigma, CLLUA). B noganbwomy NpoBOAWIN 3HEBOAHEH-
HA MaTepiany B CIMPTax 3pOCTatoyoi KOHLEeHTpaLji, ab-
CONIIOTHOMY CRMPTi | aLEeTOHi 3 HACTYMHOM 3a/IMBKOIO
B enoH-apangit (Fluka, Lseliuapia) [12]. YnabTpaToHKi
3pisn ToBWMHON 40-60 HM Ana KoHTpactyBanam 1%
pO34YMHOM ypaHinauetaty i 0,4% po34YMHOM UUTPaTy
cBUHUO (peaktnsum ¢ipmum Sigma, CLLUA) 3a meTogmKoto
PeliHonbaca [13]. MNepernsag npenapartiB 34ilcHIOBaNM
3a A ONOMOrO MPOCBIT/NIOYOr0 eNEKTPOHHOIO MIKPO-
ckona MEM-125K (YkpaiHa). MopdomeTpuryHi xapaKTe-
PUCTMKN MITOXOHAPIN (3aranbHa Kinbkicte MX — nMX;
KiNIbKICTb CTPYKTYPHO 3MiHEHUX (3 03HAKaMW AeCTPyKLil
Towo) MX — dMX; cepeaHilt giameTtp MX — d) BU3Ha4yanum
3a gonomoroto nporpamu Image Tool Version 3 (CLUA)
Ha 100-130 nonsx.

3aranbHy KinbKicTb QyHKLiOHYtOUMX Kaninapis (PK)
BM3HAYaNM 3rifHO 3 METOAMKOW, 3anpOrNOHOBAHO
Hoppeler Ta cniBaBT. [14] Ha eKpaHi eNIeKTPOHHOro Mi-
Kpockona npu manomy (x 1600-2000) 36inblueHHi. Ha
€NeKTPOHHUX MikpodoTorpadiax nNpPoBOAMAM TaKOXK
MOPPOMETPUYHY OLHKY cepefHboi apUdMeTUYHOT TOB-
WMHKU ricTorematnyHoro 6ap’epy (ITB) B mioKapai Ta
M’A3ax (T) Ta iX OKpeMumx Wapis 3a NPUHLMUNOM BUMNALKO-
BOro Big6opy 3paskis (No 80 npu KoxkHOMy BRAuMBI) [14].
Mo cepegHin apudmMeTUYHIlN TOBLLMHI OLiHIOBaAM Macy
TKAHMHM, KA 3HAXOAMUTLCA MiXK OAUHULAMM NOLLi 30B-
HilWHbOT i BHYTPILLHbOI MOBEPXOHb TKAHWMHHMX 6ap’epiB, i
BMpPaxoBa/n 3a Gopmysioto:

= (IxP)/2-(n +n),

ae | — BigCTaHb MiXK KiHLUEBMMM TOYKaMKU BUMIptO-
Ba/IbHOI NiHii; P — yncno KiHLeBMX TOYOK BMMIipIOBa/Ib-
HUX NiHilA, pO3TallOBaHMUX Ha BMMiptoBaHOMY bap'epi;
Ni — KiNbKiCTb NEpPeTUHIB BUMIpIOBA/IbHUX NiHIN 3 BHY-
TPilWHbOIO NoBepxHet bap'epy; ne — KiNbKicTb NnepeTu-

Tabnuua 1 — NapameTpu ynbTPaACTPYKTYPU M’ A30B0T TKAHUHU

Y HeTPeHOBaHMX i TPEHOBaHUX TBAPUH

HiB BMMIipHOBa/IbHUX JiHil i3 30BHILUHbOIO NOBEPXHEID
6ap'epy [15].

Pe3ynbTaT 064YnCaEHb Ta BUMiIptOBaHb Byno yHidi-
KOBAHO BiANOBIAHO A0 MONOXEHb Mi¥KHAapPOAHOT MeTpo-
norivyHoi cuctemun Sl. lna nepesipKu rinotesu npo Bia-
NoBiAHICTb BUOiIPKM HOPMA/IbHOMY 3aKOHY PO3Moginy
3acTocoBaHO KpuTepii LWWanipo—Binka, Ak oauH 3 Halie-
bEKTUBHILMX CTAaTUCTUYHUX KPUTEPIiB HOPManbHOCTI.
O6pobKy OTPUMMAHMX [aHMX Ta BM3HAYEHHA CTATUC-
TUYHOT 3HAYYLWOCTI MIXKIpynoBuX BigMiHHOCTEN 34ii-
CHIOBA/IM 33 gonomoroto nporpamum IBM SPSS Statistics
(Bepcin 26), npu noporoBomy 3HauyeHHi p=0,05. CtaTuc-
TUYHY 06POBKY OTPUMaHMX Pe3ynbTaTiB NPeacTaBAANN
Yy BUTNAAI «CcepefHE 3HAYEHHA + CTaHAAPTHA NOXMbKa
cepeaHboro» (M + SEM).

Pe3ynbTatv gocnigyKeHHA Ta ix 06roBopeHHs.

CKeneTHi M’A3M K OCHOBHUI BMKOHaBeUb poboTn
nig, yac ¢pisMyHMX BNpaB 3a3HalOTb BUPA3HUX 3MiH Mi-
KPOLMPKYAALIT Ta OKCUreHaLlii, Lo 3yMOB/OE OYiKyBa-
HY YNIbTPACTPYKTYpHY Nepebynosy, 0cobMBO 3a7eXKHO
Bif, piBHA TpeHoBaHOCTI. MpoBeaeHi AOCNIAKEHHA YNb-
TPACTPYKTYpU M'A30BOT TKAHWHW BUABUAWM NEBHi OCO-
6/1MBOCTI Y TBAPWH B CTaHi CNOKOO, TPEHOBAHMX NPOTA-
rom micsauA nnaBaHHAM. BcTaHOBMEHO, WO TPEHYBAHHA
npu3BOAMA0 A0 36inblUeHHA 3aranbHOI KifIbKOCTI Mmi-
TOXOHAPIN (MX) B TKAHMHI TMTKOBOTO M'si3a; NPU LibOMY,
OAHaK, 3pOCTaNa TaKOX KiNbKiCTb CTPYKTYPHO 3MiHEHMX
opraHen (Tabn. 1, 2). 3MiHM rOI0OBHMM YMHOM MoOANAra-
NI Yy HE3HAaYHOMY HabyxaHHi Ta YaCTKOBIl BaKyoi3aLii.
Lle cTocyeTbcs siKk cybcapKkonemasnbHoi, TaKk i iHTpami-
o¢ibpuaspHoi cybnonynauin opraHen BifAHOCHO ToOro,
LLLO BU3HAYEHO Y HETPEHOBAHMX OPraHi3miB.

3BepTae Ha cebe yBary, WO Y TPEHOBAHWX i HETPEHO-
BaHMX LLYpiB BiNblLUICTb MOKA3HUKIB AOCTOBIPHO Pi3HK-
JIUCb MixK coboto. TaK KinbKicTb cybcapkonemanbHux MX
3pocTana BiAHOCHO KOHTPO/IbHMX 3HaYyeHb y 1,7 pa3u, a
BiAHOCHO PiBHA HETPEHOBaHUX TBAPMH MaiKe y 2 pa3u.
UWogao iHTpamiodibpunapHux MX (IM®), To BigHOCHO
KOHTPOJIIO 3pPOCTaHHA CTaHOBW/IO TakoX 1,7 pasu, a
BiAHOCHO HETPeHOBaHMX LLypiB 2,2 pa3u.
OTKe, TPeHyBaHHA fAK Take, NPU3BOAUTb

[0 NONINWEHHA eHepreTMYHoro obmiHy

NapameTpu B':i?(’::;é) Lﬁ:::;)- y'M'H3OBil\/'I TKaHWHI y cTaHi cnokoto. Chipg,

KinbKicTb QYHKLiOHYOUMX Kaninapis 9.4+1.6 |11.5+0.7* I'I!LI,erCfMTVI, o BCE,HO CnpaBnHe, AELLo

ToBLMHA ricToremaTuyHoro 6ap’epy 274432 | 325+25%* 6|/1.bu.|VIM |:|03VITVIBHMVI BnNG lj‘a MlTOXQH-

ToBLWMHM ricToremaTuyHoro 6ap’epy nig snansom AOH 500+34+ | 410+25+ p,plan.lefM anapar .TKaHMHM BIAF.'PCHO H-
3MiHa KiNbKOCTi GYHKLiOHYOUYMX Kaninapis nig sBNAMBOm TpaMI'Od)If.SpVI'nFIpHOI cy§nonym=|u,|l MX.

TIoH 11.3+2.0 |18.62.6+ MixmiodibpuaspHi MX xapaktepusy-

NpUMITKKU: *— pi3HUUA AOCTOBIPHA MiXK TPEHOBAHUMM | HETPEHOBAHUMM TBAPUHAMM; + —

pi3HMUA AOCTOBIpPHA MiX A0 Ta nig snavsom APH.

Tabnunua 2 — MopdpomeTpUyHi XapaKTEPUCTUKU MITOXOHAPINA
TKaHWHU AMTKOBOro m’asa npu A®H (Mtm)

IOTbCA Cneuiani3alieto Ha CUHTe3i Kpea-
TMHdocoaTy [16], Wo € BaXkAnBMUM A1 3a-
6e3neyeHHA afleKBaTHOrO eHEepPreTUYHOro
meTaboniamy.

TR T Monekyan 6yno nokasaHo 36inblieH-
KicTb miToxOH- | /1BKICT CTPYK- | CePeAHin Ala-| g qiviiiiyx poamipie MX Ta ix npogonbHa
I'Iapame'rpu iii. o /10 TYPHO 3MIHEHUX [METP MITOXOH- . I o .
Apiit, oA, MiTOXOHAPIN, % | apili, mkm | ACOUIALIA — MaKCUMaNbHUI AjameTp AeA-
" (n=21) MK Kux IM® MX nepesuiyBas 1 MmKm (npu ce-
OHTPO/Ib (N= H . +
cybcapkonemanbHi 9.82.5 3.740.5 0.3120,07 | PeAHiX3HaYenHAx 0,7310,07 mkm). Takox
iHTpamiodibpunsapHi 6.4+1.2 0.7+0.3 0.62:0.06 | B MXTpeHoBaHWx TBapnH cnocTepiranoca
. o) o .

HeTpeHosaHi (n=26): nomipHe (ao 215-30@v3|p, cepgp,Hboro Adia-

cy6capkonemanbHi 8.1+1.9 12.4+1.5%* 0.61:0.06* | MeTpy MX 'y M'A30Biii TKAHWUHI KOHTPOAIO)

iHTpamiodibpunapHi 5.1+1.1 3.4+0.9* 0.75+0.03* HabyxaHHA opraHes, WO MOXKHa BBaXKaTu

TpeHoBaHi (n=18): NMoB’AI3aHUM 3 aKTMBALJE [MiKONi3y, a 3

cy6capKonemaani 16.6+2.8*# 13.8+1.8%* 0.44+0.08*# iHLUorO, BKa3ye Ha 3pOCTaHHF| aKTVlBHOCTi
iHTpamiodibpunapHi 11.3+1.7*# 9.8+2.3**# 0.73+0.07*#

Mpumitkn: * — gocToBipHiCTb 3 KOHTponem p<0,05; ** — AOCTOBIPHICTL 3 KOHTpONEM p

<0,01; # — pocToBipHicTb 3 HeTpeHoBaHMMK p<0,05.

cuHTe3y AT i3 3anydyeHHAM ATD-3anex-
HUX KanieBux KaHanis [17, 18]. TaKi 3miHK
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PUcyHOK 1 — YnbTpacTpyKTypa miodibpun 1MTKOBOro m’asa y HeTpe-
HOBaHUX TBapuH nicna APH. MacwTtab: 1 Mkm. Mo3HaueHHsa: M —
miodibpuan, MX — mitoxoHapii, H — Habpsk, C/1 — capkonemma.
MOHa Po3rAfaTh AK NPOABU PO3BUTKY KOMMNEHcaTop-
HO-MPUCTOCYBA/IbHUX 3MiH, CMPAMOBAHMX Ha nonepe-
OXKEeHHA PO3BMUTKY FiNOKCii HABaHTaXXeHHA 3 NpoABaMMu

BTOPWHHOT TKAaHMHHOI rinokcii [19].

HacTynHa npuctocyBanbHa O3Haka NONArae y Ao-
CTOBIPHO 36iNbleHiN KiNbKOCTI  QYHKLiOHYOUMX Ka-
ninApiB B CTAHi CNOKOK Yy TPEHOBAHMUX LWypiB. Taknum
YMHOM, perynapHa m’A3oBa poboTta NpU3BOANUTL 40 MO-
KpaLLLeHHA MIKpOLUMPKYAALIT y M'A30BIM TKaHWUHI, TO6TO
00 iHTeHcUdiKauii meTabonismy TKAHWHMU, LLLO € NO3UTUB-
HUM PaKTOPOM B YMOBaAX TPEHYBAHHSA.

Y HacTynHin cepii Hawwux AocnigXeHb MW BMBYA-
M 0Cc06/IMBOCTI AMHAMIKM TOBLUMHM FiCTOreMaTUYHOro
6ap’epy Y KOHTPONbHUX Ta TPEHOBAHWUX TBAPWUH Yy CTaHi
cnokoto. B acnekTi rineprigpaTtauii ricroremaTMyHOro
6ap’epy (TB) — napameTpa, KUK, 3 04HOTO BOKY, CBia-
YUTb MPO NiIABULLEHHA MPOHUKHOCTI LUTONAA3MaTUYHUX
MembpaH KNiThH, Wwo ¢opmytoTb M, a 3 iHWOro — BKasye
Ha PO3BUTOK HABPAKY, WO YCKNAAHIOE ANdY3it0 KMCHIO 3
KPOBi 40 KMCEHbCMOMKMBAOUMX CTPYKTYp, — Byno BCTa-
HOB/IEHO HacTynHe. He3Baatoun Ha 3binblueHHA 3a-
ranbHOi TOBWMHM [TH y TBapWH, 3a3Ha4€HUI NOKa3HUK
Y TPEHOBAHWX LLYPiB AEMOHCTPYE MLe TeHAEHLiI0 A0
NiaBULLEHHA, AKA He A0CATNa CTAaTUCTUYHOI 3HAYYLLOCTI.
TaKka AMHaAMIKa MOXKe BUHWKATU 32 PaXyYHOK HaMpy»KeH-
HA M’A30BOI TKAHWMHW, HAKOMWYEHHA HELOOKUCIEHMUX
npoayKTiB 0O6MiHY BHAcNigoK ¢i3nyHMX BNpaBs, obmexe-
HUX NPOABIB CTpec-peaLiii ToLLO.

TakKMM YMHOM, BCTAHOB/MIEHO MO3UTUBHUIA BMAUB
CMCTEMATUYHOTO TPeHyBaHHA Ha MopdOdyHKLiOHaNb-
HWI cTaH M’A30BOI TKAHWHWU. BogHOYAC NOCTAE NUTAHHA
wozo 36eperkeHHs abo TpaHcdhopmalLii Lboro edpeKTy 3a
ymoB O®PH. Pe3ynbtat y HETPEHOBAHUX TBAPUH Micnsa
O®PH BKasyloTb Ha HU3KY BaKAMBUX 3MiH. 3MiHU yNb-
TPACTPYKTYpU M'A30BOT TKAHUHWU MOXKHa PO3rNALATU AK
cBigYeHHA GopMyBaHHA BTOPMHHOI TKAHMHHOI MiNOKCil, a
came y IMTKOBOMY M’5i3i BUHWKA/IM 03HaKK rinepTpodii
Ta po3puxaeHHsa miodibpun (puc. 1).

Bynv HaABHI TaKOX YTBOPEHHA BHYTPILUHbOKAITUH-
HUX BaKyoJiel, WO BKa3ye Ha BOTHULIEBUIM HAabPSK TKa-
HUHW | cybcapKonemanbHUX AIAHOK BOMIOKOH, WO Npu-
MHATO BBaXaTW O3HAKOK MNOPYLIEHHA MiXKAITUHHOrO
06miHy [20]. Okpim uboro, BiabyBanmcb cyTTEBi 3MiHU B

PUCYHOK 2 — YNbTPACTPYKTYpPU MITOXOHAPII AMTKOBOro m’asa y
HeTpeHOoBaHMUX TBapuH nicaa AdPH. MacwTtab: 1 MKm. Mo3HayeHHs:
M® — miogibpunu, MX — mitoxoHapii, H — Habpsk.
MITOXOHAPIaNbHOMY anapati M’A30BUX KNITUH Y BUMALI
YaCTKOBOI BaKyoi3al,ii Ta 3HaYHOro 36inblIeHHA giame-
TPy OpraHes, WO 4acTO MOXe NPU3BOAWUTM [0 He3BO-
POTHLOI pPylHaLT MiTOXOHAPIN (pUC. 2). TaKUM YMHOM,
O®H y HeTpeHOBaHMX TBAPWH CNPUYMHAIO NOTipLUEHHA
YNbTPACTPYKTYPU Ta MOPDOMETPUYHUX MAPaMETPIB TKa-
HWUHW IMTKOBOrO M’si3a Ta MOro MiTOXOHAPianbHOro ana-

paTa.

[o Toro , cnocrepiraincb AOCUTb 3HAYHI MPOABU
Habpaky y ITB mM’A30BOi TKAHWHM, CBIAYEHHAM YOro €
3POCTaHHSA AK MOro 3ara/ibHoi TOBLMHMK, TaK i NepuKani-
NAPHUX NPOCTOPIB Ta eHAO0TENIaNIbHOI YCTINIKM KaninAapis.

B eHAoTenianbHUX KNITMHAX MOAEKyaAM crnoctepira-
JIMCb MOYATKOBI 03HAKM AEeCTPYKLIi (ans. puc. 3).

Takum ynHom, Bname APH Ha yabTpacTpyKTypy m’'a-
30BOi TKAHVMHW Y HETPEHOBAHMX LLYPiB CyNPOBOAKYETHCA
nopyLUeHHAM MOPPOPYHKLLIOHANBHOTO CTaHY TKAHWHM,
noripwyroum aK ymosu guoysii 0,, Tak i ioro cnoxu-
BaHHA MITOXOHAPIAMMU, LLO NPU3BOAMUTL A0 MOTipLIEeHHA
eHepreTMyHoro metabonismy.

Micna A®PH y HeTpeHOBAHMUX LLypiB 3arajibHa Kilb-
KicTb cybcapkonemasnbHUX Ta iHTpamiodibpunapHmx
MX pocToBipHO He 3MiHIOBaslacs, ane 3HAYHO 3pOCTaB
BiCOTOK CTPYKTYPHO 3MiHEeHMX opraHen. OgHak npwu
LbOMY B TKaHMHI BifbOyBanuch i AeAKi NO3UTUBHI 3MiHM.
Hanpuknag, 8O TakKUX HaNeXUTb 3MEHLUEHHA KiNbKo-
CTi 3anycTinnx Ta cnasaux Kaninapis y m’ssi, a KinbkicTb
bYHKLIOHYOUYMX Kaninapis 36inblwyBanacs (3pocTaHHsA B
cepefHboMy aocarano 24%; p<0,05).

OKpiMm LLbOro B eHA0TeNIT HasiBHE NOCU/IEHHA MiHOUMK-
TO3Y, a NOAEKYAM 3POCTAHHSA KiZIbKOCTi BiIbHUX pUbOCOM.
O6buapa Ui Nnpouecy B HayKOBIl NiTepaTypi po3rnsaatoTb
AK NOKA3HMKK iHTEHCUiKaLii 06MiHHMX NpoueciB y KAi-
TUHI — CMHTE3y bBinKa i TpaHcnopTy meTaboniTis B eHA0-
TenianbHomy wapi M. Nopsag, i3 36inbweHHAM KifbKoCTi
pesepBHuX Kaninapis npu APH HaBiTb y HETpeHOBaHOMY
OpraHi3mi, e BKa3ye Ha Hara/ibHy afanTUBHY peakLito
Ha ¢isnyHy poborty [21].

Mpw aHanisi snansy APH Ha wypis, KOTpi micaub Tpe-
HYBa/IMCA NAaBaHHAM, 6y/10 BUABNEHO Pi3HOCMPAMOBAHI
3MiHW, IKi CBiAYaTb NPO NOMNMOGAEHHA 3MiH, BUK/IMKAHUX
TPEHYBAHHAM, @ TAKOX BKa3ylTb HA PO3BUTOK KOMMEH-
CaTOPHO-NPUCTOCYBaIbHUX peakKLii. OTXke, fO nepLlioro
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PucyHoK 3 - lFictorematnuHuii 6ap’ep y HETPEHOBaHUX TBAPUH Micns
A®PH. MacwTab: 1 mKm. I103Haqg|-u-m: K.._ Kanin_ﬁp, eH — eHAoTenNil,
NKN — NepuKaninApHuii npocrip.

TUMY 3MiH HanexaTb Pi3HOMaHITHI NpoABM HAaBPAKOBUX
npouecis (puc. 4) — 36inbleHHA rineprigpaTauii m’as3o-
BOI TKAHWHM B3arani, 36inbweHHA rineprigpaTtayii TH,
Kpa€eBWI HabPAK capKonemu, Lo NPUNHATO BBAXKaTW 03-
HaKO MOpYyLUEHHA 0OMIHY MiXK M’A30BMMM BOSIOKHaMMU,
YTBOPEHHA Pi3HOrO PO3Mipy BaKyosiel, AKi po3cyBanu

oKpeMi Miodibpuan Ta Linkom M’A30Bi BOJIOKHA TOLLLO.

KomneHcaTtopHo-npucTocyBanbHi MOPONOTiyHi
3MiHW BYNM XapPaKTEPHMUMM TAKOXK 418 YIbTPACTPYKTYPU
KPOBOHOCHMX KaminAapis mA30BOI TKAHWUHU TPEHOBaHMX
TBapuH (puc. 5). AKWO NOPIBHATU HabpsK rictorema-
TUYHOro 6ap’epy, TO Big3HAYAETHLCA, WO MOro cepesHA
apudMeTUYHa TOBLLUMHA BMABAANACL MEHLIOK Yy Tpe-
HOBaHMX TBapuH nicna APH, npuyomy BeanumHu bynu
MeHWwmMmMmKn Ha 21,3% BigHocHo uinoro b, Ha 27,0%
BiZlHOCHO eHAOTeNiaNbHOro Wapy HETPEHOBAHMX LLYPIB
Ta Ha 13,4% BigHOCHO NMepwuKaninapHUx npocTopis (anA
KOXKHOT BennunHm p<0,05).

J[10 KOMNEeHCaTOPHO-NPUCTOCYBANbHUX 3MiH CAlif BiA-
HecCTU i 36iNblUEHHS KiIbKOCTi GYHKLIOHYOUYMX Kaninapis
nicna J®H y TpeHoBaHMX TBapUH, WO BUHUKAE AK 3a pa-

G 2T % @ 7 7

i

PUCYHOK 5 — YnbTpacTpyKTypa Kaninapa amtkosoro m’sasa nicna APH
y TpeHoBaHuxX TBapuH. MacwTab: 1 mKm. Mo3HaueHHs: K — Kaninap,
€H — eHAOoTeNil, NKN — NepuKaninapHuii NpocrTip.

PUCYHOK 4 — YnbTpacTpyKTypa miodibpun nutkosBoro m’asa nicna
A®PH y TpeHoBaHMX TBapuH. MacwwiTtab: 1 mkm.
Mo3HauyeHHs: M® — miodibpunu, H — HabpsK, B — Bakyoni,

MX — mitoxoHApii, [l — aecTpyKuis.

XYHOK BiZIKPUTTA pe3epBHUX CYAMH, TaK i, BiporigHo, 3aB-
OAKW aKTMBALii NEePBUHHOrO aHrioreHesy mnig BNJAMBOM

perynspHoi m’a30B0i po60oTH.

Cnif, 3a3HaYUTY, LLLO L NPOLLEC PErYNOETLCA Ta KO-
OPAMHYETLCA ABOMA TUMAMM CUTHANIB — MPOAHFIOreHH-
HUX (CTUMYNIOOUYMX) | @aHTMAHFIOTeHHUX (rafibMiBHUX).
[o npouecy 3anyyatoTbca eHAoTenianbHi KNITUHK, daK-
TOp pOCTy cyAuHHOro eHgotenito VEGF, daKktop pocty
¢dibpobnactis Towo. |HWUMKM cnoBamn, TPEHYBAHHSA
3[,aTHe 3anyCcKaTW KacKag, NpoLECiB, AKMI B KiHLi KiHLiB
CNpPUAE NOKPALLEHHIO NOCTa4YaHHA KMCHEM MPaLLIo0Y0ro
Mm’A3a B ymoBax $isMyHMX BMpPaB i NMepeLllKoaKae pos-
BUTKY BTOPWUHHOT TKAHWHHOI rinokcii [22, 23]. 3aranbHe
3POCTaHHA KiNbKoCTi QyHKLIOHYOUMX Kaninapis gocara-
no 76,8%.

OpHOYACcHO 3 MpoLecamMu aHrioreHesy crnocTepira-
€TbCA TAaKOX MepebyaoBa Ta mopdoreHe3 MITOXOHAPIN
(MX). Ak 3asHayanoca Bulle, Y TPEHOBAHWUX TBApPWH
3HaYyHO 3pocTana 3aranbHa Kinbkictb MX. Micna OAPH
OOCTOBipHE Ta AOCUTb iHTEHCMBHE 36inblUEHHA Ki/lbKO-
cTi MX BigbyBanocs sK y cybnonynauii cybcapkosiemHux

b he

PUcyHOK 6 — MopyLueHHA ynbTPacTPyKTypu IMTKOBOro m’a3a npu
poaatkosomy APH. Macwtab: 1 mkm. Mo3HayeHHA: MX — MiTOXOH-
Apii, M® — miodibpunu, H — Habpsak.
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(CC) MX, Tak i iHTpamiodibpunapHux (IM®P) MX, wo oco-
6/1MBO MOMITHO B OCTaHHbOMY BMMaAKy. Bpaxosyrouu
cneundiky meTaboniyHMX NpoLeciB, AKi aKTUBYHOTbCA
nig, Yac m’A30BOi AiANbHOCTI, Taka AMHaMika HabyBsae
0c06MBOT 3HAYYLLOCTi. TaKUM YMHOM, BUSIBJIEHI 3MiHU
CBigYaTh NPO CNPUATAMBY afanTaliHy peakuio m’s3o-
BOT TKAHWHM TPEHOBAHOrO OpraHi3aMy Ha nigsuiLeHy oi-
3MYHy poboTy.

MpoTe, aHani3yroun NO3UTUBHI 3MiHWM B IMTKOBOMY
M’A3i Nig BNAMBOM TPeHyBa/bHUX BMPaB, CAif, 3a3Haun-
TV, WO BUABAEHI MOpdOdYHKLiOHaNbHI NepeTBOpPeHHs
HEe MOXYTb PO3MAAATUCA BUKJIOYHO AK MPOABM KOM-
neHCcaToOPHO-NPUCTOCYBa/IbHUX PeaKL,in 3 BOKY MiTOXOH-
ApianbHoro anapaty. Ak y BiANoBigb Ha TpMBane TPeHy-
BaHHA, TaK i Nig, BNIMBOM A043aTKOBOI MA30BOI poboTwn
dIKCYETbCA ICTOTHE 3POCTAHHSA Ki/IbKOCTi CTPYKTYPHO 3Mi-
HeHux MX. OCHOBHI NOPYLUEHHA NOAAraAM y NOABI YacT-
KOBO ab0 MOBHICTIO BaKy0/1i30BaHMX OpPraHes, a Takox
MX, wo nepebyBatoTb Ha PaHHIX CTafifgX MITOMNTO3Y
(pumc. 6).

AKLLO OLIHUTK YNbTPACTPYKTYPHI NowkKoaKeHHA MX
Yy TPEHOBAHOM Ta HETPEHOBAHOMY OpraHi3mi, TO BUAB-
NAETHCA, LLO 3MIHW BUABNANUCH cepes, cybcapKoneMHNUX

MX —vy 3,5 pa3u BiAHOCHO KOHTPONbHMUX 3HAYEeHb Ta HA
24,5% BiAHOCHO TPeHOBaHWX TBapWH; cepeq, IM® MX
— Ha 24,5% BiAHOCHO KOHTPO/LHOI rpynu Ta y 5,8 pasu
BiflHOCHO TPEHOBaHMX LLypPiB; BCTAHOB/MEHO biNblWw BU-
pakeHi 3miHn npu OAPH came 3 6oky IMO MX. Takum
YMHOM, AKLLO PO3rNAAaTH cTaH MX fiIK MOKa3HUK YMOBM
TpaHcnopTy O, B M'A30BIN TKaHMHI, TO MOXHa BBaXKaTH,
o BiAbyBaETbCA NoAiNWeHHA 3 GOPMYBAHHAM AEAKMX
afanTUBHUX MEeXaHi3MiB 3aBAAKM perynsapHum oisny-
HUM TPEHYBaHHAM.

BUCHOBKM.

BcTaHOBNEHO, L0 TPEHOBAHICTb BM3HAYa€E XapaKTep
3MiH Yy M’A30Bili TKAaHMHI: Yy TPEHOBaHMX LWypiB 36epira-
Nlacb YNbTPACTPYKTypa, aKTMBI3yBABCA aHrioreHes i Mmi-
KpouupKkynsauina, ¢opmysaBca mMopdOnoriyHUi peseps
NiABULLEHHA CTIMKOCTI TKAHWHM [0 cTpecy. Y HeTPeHOoBa-
HUX TBAPUH B CKENETHUX TKAHMHAX 32 aHA/IOFNYHUX YMOB
BUABNANNCD AECTPYKTUBHI 3MiHW.

MepcnekTMBM NOAANbLUNX AOCNIAMKEHD.

BUBYEHHA AMHAMIKM aZanTauiiHUX 3MiH Ta YyT/IMBO-
CTi pi3HUX TMNiB M’A30BUX BOJIOKOH A0 $i3nyHOi poboTH,
a TaKOX AOCAIAKEHHA MapKepiB NAACTUYHOCTI A1a nep-
CoHani3auii aganTauilfHMX cTpaTerii.
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VNILTPACTPYKTYPHUIM MPO®INb AOANTALIT M’A30BOI TKAHMHU 00 ®I3UYHOTO HABAHTAMKEHHA 3A
YMOB TPEHOBAHOCTI

KopmaH LW.-A. C., lyk’aHuesa I. B.

Pestome. ®i3nyHe HaBaHTaXEHHA € OAHUM i3 NPOBiAHMX GaKTOPIB, WO BU3HaYae MopdodyHKLiOHaNbHY nepe-
6ynoBYy CKeNeTHOi M’'A30BOT TKAHWHWU. YIbTPACTPYKTYPHI 3MiHU B MITOXOHApPiaNbHOMY anapaTi, MiKpOLMPKYAATOp-
HOMY pycni Ta rictoremaTMyHomy H6ap’epi BigobparkatoTb piBeHb aganTaLii opraHiamy go ¢isionoriyHoro crpecy, a
CTYNiHb TPEHOBAHOCTI BUCTYNAE KAOHOBUM MOANPIKATOPOM LMX 3MiH. MeToto focnigKeHHs byno 3’'AcyBaHHA 0co-
6MBOCTEN YNbTPACTPYKTYPHOT aAanTaLii M’A30B0T TKAHWHM LLYPIB A0 A030BaHOrO ¢i3MYHOro HaBaHTaxKeHHa (ADH)
3a/1e}KHO Bif, CTyneHa TPeHOoBaHOCTI. Y poboTi BUKOPMCTaHO CTaTeBO3pPIiNNX cCamML,iB LLypiB NiHii BicTap, po3noaineHux
Ha KOHTPOJIbHY, HETPEHOBAHY Ta TPeHOBaHy (WwoaeHHe 30-xBUAMHHE NiaBaHHA npoTtarom 30 AHis) rpynu. Mop-
dbomMeTpUYHMIN aHani3 M’A30BOT TKAaHUHM JIMTKOBOrO M’si3a Ta MioKapAa BMKOHaHO 3a AOMOMOrOH TPaHCMICiMHOT
€/1eKTPOHHOT MiKpOoCcKonii.

BcTaHOBNEHO, L0 Y TpeHoBaHMX wypis nicns APH cnocTepiranoca AocToBipHe 36i/blUEHHSA KiNbKOCTi cybcapKo-
NleManbHUX Ta iHTPamiodibpuUAAPHNUX MITOXOHAPIN, 3POCTAHHSA Ki/IbKOCTI PYHKLLIOHYOUMX Kaninsapis, a TAaKOX MeHLa
BMpPaKeHICTb HABPAKOBMX 3MiH ricToremaTnyHoro 6ap’epy. Pasom i3 TUM, HaBiTb y TPEHOBAHWUX TBAPUH PEECTPYBa-
/I0Cb 3POCTAHHA YACTKM CTPYKTYPHO 3MIHEHMX MITOXOHAPIN, LLO MOXKe CBIAYMTU MPO HaMNPyKEHHA aganTauiiHmx
pe3epsiB. Y HeTpeHOBaHUX TBapuH Bnaue JPH cynpoBoaKyBaBcA CYTTEBUMU AECTPYKTUBHUMM 3MiHAMM: BAKYO/Ii-
3aLieto opraHen, NopyLeHHAM CapKOMNAa3MaTUYHMX MemMbpaH, rineprigpaTaLieto Ta NOTOBLLEHHAM ricToremaTuy-
Horo 6ap’epy. TakKMM YNMHOM, perynapHe ¢isnyHe TpeHyBaHHA GopMye MOPDONOTIYHNIN pe3epB CKeNeTHOI M'A30BOi
TKaHWHU, AKUI CnpUse 36eperkeHH!o il CTPYKTYPHO-PYHKLIOHA/IbHOI LjiliCHOCTI B yMoBax Gpi3MYHUX BNPaB Ta 3HUXKYE
PU3UK PO3BUTKY BTOPUHHOI TKAHMHHOT FiNOKCil.

KnouoBi cnoBa: TpeHoBaHICTb, M'A30Ba TKaHMHA, MITOXOHAPII, ybTPACTPYKTypa, ricToremMaTuiHunii 6ap’ep, aHri-
oreHes, rinokKcis.

ULTRASTRUCTURAL PROFILE OF SKELETAL MUSCLE ADAPTATION TO PHYSICAL LOAD UNDER CONDITIONS OF
TRAINING

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

Abstract. Physical exercise is one of the key factors driving the morphofunctional remodeling of skeletal
muscle tissue. Ultrastructural changes in the mitochondrial apparatus, microcirculatory network, and blood—tissue
(histohistological) barrier reflect the organism’s level of adaptation to physiological stress, with the degree of training
acting as a crucial modifier of these processes. The aim of this study was to investigate the features of ultrastructural
adaptation of rat skeletal muscle tissue to graded physical load (GPL) depending on training status.

The study involved sexually mature male Wistar rats divided into control, untrained, and trained groups (30
minutes of daily swimming for 30 days). Morphometric analysis of the gastrocnemius muscle and myocardium was
performed using transmission electron microscopy. In trained rats after GPL, a significant increase was observed
in the number of subsarcolemmal and intramyofibrillar mitochondria, the number of functioning capillaries,
and reduced severity of edema-related changes in the blood—tissue barrier. However, even in trained animals,
an increased proportion of structurally altered mitochondria was noted, indicating a certain tension in adaptive
reserves. In untrained animals, GPL led to pronounced destructive changes: organelle vacuolization, disruption of
sarcoplasmic membranes, hyperhydration, and thickening of the histohistological barrier.

Thus, regular physical training forms a morphological reserve in skeletal muscle tissue, which helps preserve its
structural and functional integrity during exercise and reduces the risk of secondary tissue hypoxia.

Key words: training status, muscle tissue, mitochondria, ultrastructure, blood—tissue barrier, angiogenesis,
hypoxia.
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