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ABSTRACT

Physical activity is recognized as the most important non-medicinal tool for the prevention of
cardiovascular diseases, however, the highest efficiency is demonstrated by the programs combining
various types of physical load. The present review summarizes the current scientific data on the effects
of combined physical activity, including the aerobic exercises of moderate and high intensity and the
muscle strengthening exercises, as well as the ones affecting the system of cardiometabolic regulation.
A disclosure is provided for the multi-level adaptation mechanisms, encompassing the physiological,
vegetative, hormonal, molecular and epigenetic levels. It was justified that combined training modalities
possess the synergetic effects, facilitating the decrease of blood pressure, the increase in the cardiac
rhythm variability, the improvement of insulin sensitivity, the decrease of chronic inflammation and the
activation of cardioprotective transcription programs. A detailed description was provided for the key
molecular pathways participating in the adaptational response (AMP-activated protein kinase, mTOR,
PGC-1a, autophagia and the unfolded protein response), as well as the role of exerkines — the signaling
molecules produced in response to physical load. Special attention was paid to the epigenetic
modifications, including the methylation of DNA, the regulation of microRNA and the telomere stability, as
the mechanisms of long-term protection from the cardiovascular diseases. The data provided emphasizes
the necessity of introducing the combined modalities of physical activity into the programs of individual
and populational prevention. Besides, further research is required on the optimal combination of intensity,
extent and patterns of physical load for various population categories for the purpose of maximizing
the protective adaptation of the cardiovascular system.
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INTRODUCTION

Cardiovascular diseases (CVD) remain one of
the leading causes of incapacitation, morbidity and
premature mortality, representing one of the most
severe problems for the modern public healthcare [1].
According to the data from the Global Burden of
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Disease research conducted in 2022, the global
number of fatal outcomes related to CVD, has
increased from 12.4 min in 1990 to 19.8 min in 2022 [2].
This dynamic change indicates the inextinguishable
growth of the CVD burden, with this group of diseases
continuing to take the first place among the causes of
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AHHOTALNA

dusnyeckasi akTUBHOCTb MpuU3HaHa BaXHENLLUUM HEMEQUKAMEHTO3HbIM WHCTPYMEHTOM MpoguiaKTu-
KW CepAeYHO-Ccocy[ncCTbIX 3abosieBaHWi, OgHaKo HanboIbLLYIO 3hEKTUBHOCTL JEMOHCTPUPYIOT MpO-
rpamMmbl, codYeTarolyme pasanyHble BUAbl (PU3NHECKUX Harpy3ok. B HacToswem ob3ope 06006LyeHb]
COBPEMEHHbIE Hay4YHbIE AaHHbIE O B/NSIHUA KOMOVHWPOBAaHHON (DU3NYECKON aKTUBHOCTH, BKJIHOYalO-
et aspObHble Harpy3ky YMEPEHHOW 1 BbICOKOM MHTEHCUBHOCTY U YIPaXKHEHVST Ha pa3BUTUE MbILLEY-
HOWVI CWUJIbl, HA CUCTEMY KapanomeTabonndeckon perynsumn. OnucaHbl MybTUYPOBHEBbLIE MEXaHN3Mb]
aganTauyuy, oxeaTblBaroLme hu3noorn4eckue, BereTatuBHble, rOPMOHaIbHbIE, MOIEKY/ISIPHbIE U SMU-
reHeTndeckme ypoBHU. OBOCHOBAHO, HYTO KOMOUHWPOBAHHLIE TPEHUPOBOYHbLIE PEXVMbI OKa3biBaroT
CUHEPreTn4eckKoe AencTBme, CrioCOOCTBYSI CHUXEHUIO apTepuabHOro AaB/eHVs], MOBbILLEHNIO Bapua-
6e/IbHOCTM Cepaey’YHOro pPUTMa, Yy4qLUEHWU WUHCYMHOYYBCTBUTE/IbHOCTY, CHUXEHUIO XPOHUYECKOIro
BOCnaneHnsi N aKkTUBaLumn KapamnorpOTEKTUBHbIX TPaHCKPUMLMOHHbIX nporpamMm. [etasbHo paccmar-
PUBAaKTCSI K/IOHYEBbIE MOJIEKY/ISIPHbLIE MyTH, y4YacTByrome B agantaymoHHom otsete (AMPK, mTOR,
PGC-1a, aytogparus, UPR), a TakXe pO/ib 3K3EPKUHOB — CUrHasIbHbIX MOJIEKYJ, MPOAYyLNPYEMbIX
B OTBET Ha (uan4ecKyro Harpy3ky. OTgeslbHOe BHUMaHWE Y[e/IEHO 3MUIreHETUHECKUM MoZupuKaLm-
M, Bkatodas metuamposanve [JHK, perynsayuio mukpoPHK v TenomepHyto cTtabusibHOCTb, Kak Mexa-
HM3MaM [OJIroBPEMEHHOM 3aLynTbl OT CEPAEYHO-COCY[NCTLIX 3aboneBaHuii. [pencTaBneHHbIe JaHHbIE
noa4YépKNBalOT HeEOOXOAMMOCTb BHEAPEHUS KOMOUHUPOBAHHbBIX PEXVMOB (BU3NYECKON aKTUBHOCTY
B nporpaMmbl MHANBUAYaIbLHON Y NOMySLUMOHHON rnpopunaktuky. Kpome Toro, Tpebyetcsi fasbHe-
Luee usyHeHne onTUMaabHOro COYeTaHns UHTEHCUBHOCTY, OO bEMA 1 HarpPaBAEHHOCTU (PU3NYECKUX Ha-
rpPY30K [J151 Pa3/INYHbIX KATErOpPUA HaceIeHUs C Lesbio MakCuMmusaymv agantaymoHHbIX BO3MOXKHOCTEN
cepaeyHo-cocyanCcTon CUCTEMBI.

KnroueBble cnoBa: usndeckasi akTUBHOCTb, CEPAEYHO-COCYAUCTasi CUCTeMa; [PODUNIaKTUKa;
usnonorndyeckas agantayvsi; anureHeTuka; ak3epknHsl; mTOR; AMPK; PGC-1a; BapunabessHOCTb cep-
[Ee4YHOro putma.
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mortality and loss of working capacity in the Russian
Federation [3].

Notably, the high incidence of CVD is observed
not only in the countries with high income level:
approximately 80% of all the fatal outcomes related
to CVD are registered in the countries with low and
medium income level, which emphasizes the omnitude
and the multi-aspect nature of this epidemiological
problem [4]. In Russia, from the middle of 60s of the
past century, a growth was observed in the general
mortality, especially the CVD-related one, unlike the
stable decrease in the Western countries. The main
factors of such growth became the urbanization, the
alcoholization and the spreading of risk factors (increased
blood pressure, smoking, hypercholesterolemia). From
2003, the mortality was beginning to decrease, mainly
due to the decreased spreading of risk factors and
improving the accessibility and the quality of medical
aid, however, Russia still remains a country with high
CVD-related mortality rates with significant regional
and gender-associated differences [5].

Cardiovascular diseases develop under the influence
of a whole spectrum of complex factors, among
which, special place is taken by the behavioral and
the modifiable determinants, including the insufficient
physical activity, the non-balanced nutrition, chronic
stress, abnormal sleep modes and the effects of
unfavorable factors from the environment. Insufficient
physical activity, in particular, is recognized as one
of the key global risk factors of CVD, associated with
significant increase of the relative risk of general and
cardiovascular mortality [6].

According to the actual global review [7], the
incidence of insufficient levels of physical activity is
26.3% of the general population. This problem takes
the central place in the list of modifiable behavioral risk
factors, according to the recommendations from the
American Heart Association (AHA), set forth in the Life’s
Essential 8 concept, along with the control of blood
pressure, lipid profile, glucose level, normalization of
the body weight and smoking cessation.

Despite the recognized efficiency of physical
activity in the context of preventing CVD, there still
remains a disputable issue on the optimal distribution
and combination of various types of physical load —
moderate, intensive or muscle strength oriented —
from the point of view of the cardioprotection. In one
of the most representative cohort studies based on
the data from the National Health Interview Survey
(NHIS) [8], it was found that the best decrease in the
risk of cardiovascular mortality was observed in cases

of combined use of all the three types of physical
activity. This emphasizes the necessity of adding the
strength exercises to the aerobic activity of moderate
and high intensity as a part of CVD prevention strategy.

Similar conclusions were reported by M. Hollings
et al. [9], pointing out the progressive muscular
exercises promote to the improvement of
cardiorespiratory stamina — one of the most
significant predictors of survival rate in patients with
ischemic heart disease. Thus, multicomponent physical
training sessions including the aerobic and strength
exercises play a key role in primary prophylaxis and
decreasing the global CVD burden.

We have arranged a comprehensive analysis of the
existing data on the effects of various types of physical
activity (moderate and high intensity aerobic, as well
as muscle-building exercises) on the cardiovascular
wellness with an accent to the mechanisms of
their action in a context of primary prevention of
cardiovascular diseases.

Methodology of searching and selecting

the research works

The analysis included the scientific literature
published from 2000 until 2024 in the international
databases — PubMed, Scopus, Web of Science, as
well as at the Google Scholar and eLIBRARY platforms.

To select the relevant sources, we used the
following key words and logical operators: “physical

o

activity” AND “cardiovascular adaptation”, “combined

exercise” AND “prevention of cardiovascular
disease”, “molecular mechanisms” OR “epigenetics”
AND “exercise”, “autonomic nervous system”

AND “training”, “exerkines” OR “PGC-1a” OR “AMPK”
OR “mTOR”.

From the initial sample of more than 600 publications,
a total of 72 sources were selected, reflecting the most
significant and recent data on the topic.

A REVIEW OF THE ADVANTAGES

OF COMBINED PHYSICAL ACTIVITY COMPARING

TO THE ISOLATED EXERCISE PATTERNS

Modern cardiology and preventive medicine are
more and more actively investigating physical activity
as an integral part of the combined prevention of CVD.
The systematic participation in physical activity is
recognized as one of the most effective and accessible
instruments of modifying the risk factors, associated
with CVD and premature mortality. However, for
achieving the maximal therapeutic and preventive
effect, more and more attention is paid not only to the
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extent and the regularity of physical activity, but also
to its structure, intensity and diversity.

According to the recommendations on the
primary prophylaxis of CVD, presented in 2019 [10],
the adults are recommended to devote not less than
150 minutes a week to physical activity of moderate
intensity, or 75 minutes for high intensity, or their
equivalent combination. These recommendations,
being aimed at decreasing the risk of developing
CVD, reflect the universal approach to the prevention,
however, they insufficiently enlighten on the proven
benefits of supplementing the training program with
exercises aimed at strengthening the skeletal muscles.
According to the number of epidemiological and
interventional researches, specifically the combined
model of physical activity, including the aerobic
and strengthening components, is associated with
the most significant decrease in the risk of both the
cardiovascular and the total mortality [8, 11].

Physiological mechanisms lying at the roots of
such effects are various. Moderate physical activity
is generally associated with an increase of the total
energy usage, with the normalization of the lipid and
glycemic profile, with the decrease in the quantity of
visceral fat and with the improvement of the arterial
tone [12], while the highly intensive load significantly
effects the development of cardiorespiratory stamina,
which is an independent predictor of survival rate,
regardless of the gender, the age, the body mass index
and ethnicity [13, 14].

The clinical and populational research works
confirm that combining the exercises of various
intensity provides a synergetic effect. For example, even
moderate physical activity promotes to the decrease
of cardiometabolic risk, however, its combination with
intensive physical exercises demonstrates significantly
more pronounced decrease in the CVD mortality [15].
Moreover, the benefit remains even in case of a minimal
life style modification: for example, when changing
the sedentary behavior to mild activity during the day
combined with regular sessions of aerobic exercises [16].

The meta-analysis of interventional studies [17]
has shown that active physical load decreases
the levels of inflammatory markers, normalizes the
parameters of cardiac rhythm variability and promotes
to the decrease of blood pressure. These effects
are especially pronounced when combining the
aerobic and strength-building exercises, while the
strength exercises itself promote to the improvement
of metabolic homeostasis, to the decrease of insulin
resistance and to the increase of muscle mass, which

REVIEW

is of major importance at the elderly age. For this age
group, the additionally recommended are the balance
and coordination exercises, promoting to decreasing
the risk of falling and concomitant incapacitation [18].

From the point of view of pathophysiology, the
intensity of loading directly affects the degree of
intensity of the adaptational processes. The randomized
research works have found that intensive physical
activity promotes to more significant increase in the
heart rate and lactate level, while the moderate load
shows a stable effect on the vascular reactivity and
microcirculatory network. Besides, physical activity of
various intensity can variously affect the expression of
microRNA, participating in re-modeling of vessels and
in the arteriogenesis, which opens new perspectives in
a context of molecular medicine [19, 20].

Special attention should be paid to the data obtained
using the accelerometry method, indicating that
changing even 5 minutes of sedentary lifestyle to high
intensity activity may lead to the improvement of body
constitution, to the increase in the level of fat-free body
weight and to the improvement of cardiorespiratory
functions, especially in children and adolescents [21].
In younger adults with excessive body weight, it was
proven that moderate and high-intensity physical
activity is more effective than the mild one in terms
of improving the cardiometabolic wellness [22]. At the
same time, it should be taken into account that, for the
majority of the population, especially for individuals
from the older age group, high-intensity exercises
can be less acceptable, which is why specifically
the reasonable combination of exercises of various
intensity and patterns is the most practicable strategy.

As shown by the comparative research works,
moderate and intensive exercises similarly affect the
decrease of the total and cardiovascular mortality,
however, specifically the intensive physical activity, to
a greater extent, is associated with a decrease in the
oncological mortality [23]. This additionally underlines
the multisystemic effect of physical activity and the
topicality of the individualized approach to compiling
the training programs.

The combined training models demonstrate not only
the preventive, but also the therapeutic potential. A cohort
study based on the data from the National Health Interview
Survey in the USA (NHIS) [8] has demonstrated that the
most significant decrease of cardiovascular mortality
was observed among the individuals, combining aerobic
exercises of various intensity with strength exercises.
Detailed results were obtained during the controlled
clinical research [24], where the 12-weeks program,
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including the cardio- and strength-related components,
has lead to a significant decrease in the values of heart
rate at rest, the blood pressure, the body weight and
the fat mass, as well as to the improvement of maximal
oxygen consumption (VO, max).

Thus, the necessity of revising the existing guidelines
becomes evident with an accent to structural diversity
of physical activity. The inclusion of the provisions
concerning the significance of combined physical
activity into the official recommendations shall allow for
increasing the efficiency of both the primary and the
secondary prevention of CVD, as well as the degree of
patients’ compliance to healthy lifestyle. The formation
of a holistic approach based on the integration of
various types and levels of physical activity must
become an integral part of the modern programs of
preventing and rehabilitation for CVD.

Combined physical activity (aerobic+strength-
building) provides more intensive cardiometabolic and
preventive effects comparing to the isolated types
of exercises. Combining various types of exercises
promotes to synergetic effects on the cardiovascular
system, decreasing the mortality and improving
physiological adaptation.

HORMONAL ADAPTATION

TO PHYSICAL ACTIVITY: METABOLIC

AND ENDOCRINE EFFECTS

Physical activity causes a number of systemic
positive effects on the metabolic health of the human,
largely thanks to its regulating effects on the hormonal
homeostasis [25]. One of the key endocrine effects
of the regular motor activity is the increase in the
sensitivity of the target tissues to insulin, especially
when performing exercises aimed at developing
muscle strength and increasing the muscle mass [26].

It was found that regular physical activity promotes
to the modulation of the transduction of insulin signals
in the skeletal muscles [27], stimulating the biogenesis
of the mitochondria and the remodeling of muscle
tissue by means of the activation of a number of
molecular signaling pathways, including the endothelial
nitric oxide synthase (eNOS), the peroxisome
proliferator-activated receptor-gamma coactivator-1a

(PGC-1a) and the mitofusin [28-30]. These
mechanisms play the key role in increasing the oxidative
capabilities of the muscles, improving both the
metabolic flexibility and the insulin sensitivity [31].

Physiologically, eNOS increases the perfusion of
tissues, sensitive to insulin, such as the myocardium
and the skeletal muscles, by this enhancing the delivery

of glucose and other metabolites [32]. Moreover, during
the randomized controlled research, it was shown that
10-weeks strength-building training course promotes
to the improvement of localizing the neuronal nitric
oxide synthase (NNOS) in the skeletal muscles, which is
critically important for the effective vasoregulation [33].

Physical activity also activates the expression and
the translocation of GLUT4 (glucose transporter type 4),
providing an increased uptake of glucose by muscle
cells and facilitating its accumulation as glycogen
[34, 35]. Even a single training session (for example,
45-60 minutes of riding a bicycle at 60-70% of VO,
max) induces the translocation of GLUT4 to the cellular
membrane in the skeletal muscles in patients with
type 2 diabetes mellitus [36]. This mechanism forms
the basis of improving glycemic control in the given
category of individuals.

Special significance is gained by physical activity
aimed at developing the muscle strength, for it promotes
to the increase of muscle mass — the main glucose
depot in the organism — and to the improvement of
its metabolic quality [37, 38]. Thus, only two sessions
of progressive strength-building sessions a week, even
with no additional interventions in the diet, significantly
improve the sensitivity to insulin, decrease the fasting
glucose level and reduce visceral obesity in elderly
men with type 2 diabetes mellitus [39].

The efficiency of physical training is also observed in
persons with pre-diabetes, as well as among those who
are in the high-risk group in terms of developing type 2
diabetes. The network meta-analysis [40], including the
data from 13 randomized controlled studies, has shown
that 12-weeks programs of physical activity combining
aerobic and strength-building exercises significantly
decrease the level of glycated hemoglobin, (HbA1c) in
persons with impaired glucose tolerance. Moreover,
regular physical activity, both combined with controlling
the body weight and in the autonomous mode, was
proven to promote the prevention or significant delay
of the manifestation of type 2 diabetes mellitus [41, 42].

Special attention deserves the role of
catecholamines — adrenalin and noradrenalin —
in the regulation of the metabolism and the cardiovascular
functions in response to physical load. These hormones
are synthesized by the medullary substance of the
adrenal glands and they are released in response to acute
stress, including physical activity [43]. The stimulation
of B-adrenoreceptors with catecholamines increases
the rate and the strength of heart contractions, dilates
the arterioles in the skeletal muscles and enhances the
accessibility of metabolic substrates [44].
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Catecholamines also modulate the functions
of the immune system, in particular, the activity of
T- and B-lymphocytes, the synthesis of cytokines and
antibodies, which is of significant meaning both for
the immuno-metabolic regulation and for systemic
anti-inflammatory response [45]. Besides, they provide
the mobilization of fatty acids and glucose, required for
supporting the energy needs of the skeletal muscles
during the long-term physical activity [45, 46].

The level of catecholamines production directly
correlates with the level of physical training: among the
individuals training the stamina, the findings include
higher capabilities to adrenalin secretion, which was
denominated as the phenomenon of “sports-related
adrenal cortical hyperplasia” [44]. Moreover, regular
physical activity induces the adaptation of the
sympathoadrenal system, increasing the sensitivity
of peripheral adrenoreceptors and the efficiency
of response reactions to physical load [47], which
additionally contributes to the improvement of the
regulation of blood pressure, of glycemic control and

REVIEW

of the lipid metabolism. Table 1 summarizes the main
hormonal effects of physical activity [26-47].

Thus, hormonal adaptations induced by regular
physical activity, are implemented by means of
the multi-level mechanisms — from the molecular
activation of insulin-dependent signaling pathways to
systemic modulation of catecholamine activity and
vascular regulation. These processes not only promote
to the improvement of metabolic and hormonal status,
but also play the key role in the prevention and control
of chronic non-infectious diseases, including type 2
diabetes mellitus and CVD. Thus, the integration of
aerobic and strength-building components of physical
activity into the structure of everyday activities is
a justified strategy of preserving the hormonal balance
and metabolic wellness at all the stages of life.

Regular physical activity promotes to the
improvement of hormonal background and metabolic
wellness due to the increase of sensitivity to insulin and
due to the activation of anabolic signaling pathways.
These adaptations decrease the risk of developing

Table 1
Hormonal effects of physical activity
Hormonal effect Mechanism of action el .pl_1yS|caI Source
activity
Activation of signaling pathways
Increasing the sensitivity to insulin in the m.us.clel's (eNOS, PGC-1a, Strength-building, [26-31]
mitofusin); stimulation of biogenesis | aerobic
in mitochondria
Improvement of circulation Increased activity of eNOS Aerobic, [32, 33]
in the target organs and nNOS strength-building ’
Translocation of GLUT4, Incre_zased expression of GLUT4 Aerobic, especially
. and its translocation to the cell . L . [34-36]
increased glucose usage with high intensity
membrane
Increasmg thg muscle mass and Growth of muscle mass, |np_rea§ed Strength-building [37-39]
metabolic activity of the muscles the reserves for glucose utilization
Decreased insulin resistance Combined adaptation: decrease Combined (aerobic+ [40]
in pre-diabetic individuals of fat mass, improvement of HbA1c strength-building)
Prophylaxis of type 2 diabetes Physical load, decrease in the body | Aerobic, [41, 42]
among the persons of the risk group weight, dietary intervention strength-building ’
. . . Activation of the adrenal glands and
Stimulation of the secretion . .
. of the sympathetic nervous system Intensive [43-45]
of catecholamines . .
in response to physical load
Improvement of the functions
. . . Increased heart rate, force . .
in the cardiovascular system via . o Aerobic, intervallic [44]
of contractions, vasodilation
the B-receptors
Increased lipolysis and oxidation Incrggseq catecholamine response; Intensive 45, 46]
of fats mobilization of energy substrates
Increasing the sensitivity Long-term adaptation of the Regular aerobic and [47]
of the adrenoreceptors sympathoadrenal system strength-building
Note. eNOS/nNOS — endothelial/neuronal nitrogen oxide synthase; PGC-1la — peroxisome proliferator-activated
receptor-gamma coactivator-1a, regulator of mitochondrial biogenesis; GLUT4 — glucose transporter, type 4;

HbA1c — glycosylated hemoglobin.
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metabolic syndrome and type 2 diabetes mellitus,
especially when adding the strength-building exercises.

VEGETATIVE ADAPTATION TO REGULAR

PHYSICAL ACTIVITY

Physical activity acts as an important stimulus for
vegetative restructurisation, facilitating the development
of stable neurophysiological changes, directed at
increasing the efficiency of cardiovascular, metabolic
and respiratory regulation. The adaptational processes
in the vegetative nervous system play the key role in
providing the homeostatic resistance of the organism to
physical load of various intensity and duration.

The vegetative nervous system functions by means
of two complementary segments — the sympathetic
and the parasympathetic nervous systems. The
activation of sympathetic nervous system initiates the
so-called “fight or flight” reaction, accompanied by
the acceleration of the cardiac rhythm, by elevation of
blood pressure, by vasoconstriction and the decrease
in the gastro-intestinal motor activity. On the contrary,
the parasympathetic nervous system implements the
reparative processes at rest, decreasing the frequency
of heart contractions, facilitating the vasodilation,
activating the secretion and the peristaltic motions in
the digestive tract [48].

One of the key markers of vegetative tone used in
clinical practice and sports medicine is the variability
of the cardiac rhythm — the reflection of the degree
of variation of the intervals between the consecutive
heart contractions [49]. The low level of cardiac
rhythm variability is significantly associated with
elevated risk of sudden cardiac death, cardiac failure,
hypertension and metabolic disorders, including
type 2 diabetes mellitus.

One of the most important adaptations to regular
physical activity, regardless of its modality, is the
increase of parasympathetic tone with a simultaneous
decrease in the activity of the sympathetic segment.
These changes, occurring with preserved normal
functions of the sinusal node, are due to the increased
vagus modulation of the heart rate, facilitating its
decrease at rest and the increase in the cardiac
rhythm variability [50]. Such a parasympathetic shift
is considered as the marker of high-level functional
adaptation of the cardiovascular system and of
decreasing the risk of developing CVD [51].

It was found that regular physical activity, especially
of aerobic type, leads to an increase in the cardiac
rhythm variability, both among the individuals with
already diagnosed CVD and among the healthy

individuals, which confirms its multi-purpose effects
on the vegetative balance [52]. At the same time,
neurophysiological adaptations occur also at the
level of central regulation, in particular, in the rostral
ventrolateral part of the medulla oblongata, playing
the key role in the modulation of the sympathetic
tone. These changes promote to the decrease of
hyperactivation in the sympathetic nervous system,
which is especially characteristic for persons with
chronic stress and cardiometabolic disorders [53].

Moderate and intensive physical activity improves
the sensitivity of the sympathetic nervous system
to physiological stimuli, increasing the efficiency of
responses upon physical loading due to more rational
use of energy resources and due to the mobilization
of catecholamines [54, 55], which is accompanied by
an increase in the cardiac output, by vasodilation in
the skeletal muscles, by the improvement of glucose
transport and by an increased lipolysis.

Interestingly, but even at rest after regular aerobic
exercises, a decrease is observed in the sympathetic
activity, while when using the submaximal physical
lead, a more energy efficient regulation of the
vegetative is achieved, which indicates increase of the
total vegetative efficiency [54, 55].

The vegetative adaptation is also characteristic for
the strength-building exercises. Systematic exercises
aimed at developing muscle strength, promote to the
activation of the pituitary-hypothalamic-adrenal axis,
providing a modulation of the production of cortisol,
with the findings also including a decrease in its levels
at rest and the suppression of the chronic inflammatory
response [55]. The decrease in the levels of cortisol
has a positive effect, for its chronic hyper-secretion
correlates with the development of insulin resistance,
arterial hypertension and atherogenic dyslipidemia —
the main components of metabolic syndrome [56].

Regular muscle core strengthening exercises
improve the sensitivity of p-adrenoreceptors in
the skeletal muscles, enhancing the effect of
catecholamines and facilitating the finer regulation
of the vascular tone and metabolic processes [47].
Besides, strength-building activities promote to the
increase in the cardiac rhythm variability, which indicates
the restoration of the vegetative balance, similar to the
one observed in cases of aerobic activities [57].

Thus, regardless of the type of physical activity,
its regular conduction forms a favorable vegetative
adaptation, including the increase of the vagus effects
in the heart, the decrease of the sympathetic activation,
the improvement of hormonal and neurovascular
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regulation. The totality of such changes promotes to
decreasing the risk of cardiometabolic disorders, to the
improvement of the general stress resistance and to
the increase of the functional reserves of the organism.

MOLECULAR ADAPTATION

TO PHYSICAL ACTIVITY

Physical activity is a potent trigger for a wide
spectrum of molecular adaptational processes, which
mediate the positive effects of the motor activity in
terms of general wellness. These processes include
the activation of multiple intracellular signaling
cascades, regulating the cellular homeostasis, energy
metabolism, tissue plasticity and stress resistance.
The special role in the modulation of the adaptive
responses is played not only by the type and the
intensity of physical load, but also by the accessibility
of nutritive substrates, determining the metabolic
direction of cellular regulation [58].

One of the key mechanisms activated in response
to physical activity is the activation of autophagia —
the evolutionary conservative pathway of disposal and
reprocessing of organelles and proteins. Autophagia
provides metabolic flexibility and maintenance of
cellular homeostasis, playing the critical role in the
adaptation to physiological stress related to muscle
contractions [59]. Besides, mitochondrial biogenesis,
autophagia and mitophagy (selective degradation of
mitochondria) form the coordinated response in the
tissues with high energy consumption, such as the
skeletal muscles and the myocardium, facilitating
the increase in the resistance to further load and the
improvement of tissue metabolism [60].

In the settings of physical activity, a coordinated
activation is observed in the mTORC1 (mechanistic
target of rapamycin complex 1) and AMPK (5’ adenosine
monophosphate-activated protein kinase) pathways,
which reflects the complex integration of anabolic and
catabolic signals. Such a convergence of molecular
cascades is especially important when combining the
strength-building and aerobic exercises, explaining the
phenomenon of the so-called “simultaneous training
effect” [61].

At the level of transcriptional regulation, physical
activity induces the expression of genes, controlling
muscle hypertrophy, angiogenesis and remodeling
of muscle fibers. It was noted that physical exercises
activate both the myogenic and the angiogenic
transcription programs, promoting to the complex
tissue adaptation, directed at the optimization of
delivering oxygen and substrates [62].

REVIEW

The most important role in regulating the cellular
response to physical activity is played by the unfolded
protein response (UPR), activated in the settings of
increased synthetic load. This mechanism allows
the cells to manage the stress in the endoplasmatic
reticulum, maintaining proteostasis in the conditions
of intensified metabolism [63].

The recognized central element of molecular
adaptation to physical activity is the Peroxisome
Proliferator-Activated Receptor Gamma Coactivator 1a
(PGC-1a) — the key regulator of mitochondrial
biogenesis. The activation of PGC-1a promotes
to the increase in mitochondrial density, to the
improvement of the oxidative capabilities of muscle
cells and to the resistance to tiredness [64].
The PGC-1a regulation is also associated with the
modulation of the expression of genes encoding the
antioxidant enzymes, which is important in a context
of protection against oxidative stress.

The molecular responses to physical activity
demonstrate a complex and multicomponent
pattern, which requires a comprehensive analysis.
Understanding the integration of the AMPK, mTOR,
MAPK (mitogen-activated protein kinases) and UPR
signaling pathways along with the transcription
factors, activated upon moderate and high intensity
physical activity, is critically important for unveiling
the mechanisms of cellular adaptation [65]. The
mTOR pathway has demonstrated, along with the
metabolic functions, an important role in regulating
the neuroplasticity, the cognitive abilities and the
structural re-organization of neuronal networks in the
brain in response to physical load [66], which opens
new perspectives of using physical activity as the
non-medicinal mean of improving the cognitive status
in cases of neurodegenerative and vascular diseases.

The regulation of the expression of genes
sensitive to physical activity, including the epigenetic
modification, remains an object of active research.
Special interest is aroused by the exerkines — the
signaling molecules produced by skeletal muscles
in response to contractions and showing systemic
endocrine-like effects. The exerkines are considered
as potential therapeutic agents for cardiovascular,
metabolic and neurodegenerative diseases [67].

Thus, physical activity initiates a wide spectrum of
molecular mechanisms, promoting to the structurally
functional remodeling of tissues, to the increase
of metabolic efficiency and stress-resistance. The
variety of adaptive responses confirms the necessity
of personalized approach in selecting the type and the
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intensity of physical exercises for preventive purposes
and for the correction of chronic diseases. The
molecular mechanisms of adaptation to physical activity
are provided in Table 2 [59-61, 63, 64, 66, 67]. Physical
activity also stimulates the key molecular pathways
(AMPK, mTOR, PGC-1a, autophagia), promoting to
the improvement of the energy metabolism, stress
resistance and tissue remodeling (Table 3) [61, 63,
64, 66, 67] — the processes lying in the foundation of
metabolic flexibility and of the cardioprotective effect
of working out.

EPIGENETIC ADAPTATIONS IN RESPONSE

TO PHYSICAL ACTIVITY

Modern research works strongly confirm that
regular physical activity provides a significant
epigenetic effect, playing the key role in regulating
the genetic expression without changing the primary
DNA sequence. These molecular modifications
promote to the long-term remodeling of cellular
functions, forming the basis for stable improvement
of the cardiometabolic profile and of the general
physiological status.

Table 2
Molecular mechanisms of adaptation to physical activity
Molecular pathway Main effects Source

Autophagia Removal of damaged qrganelles and proteins, maintaining [59]
the cellular homeostasis

Mitochondrial biogenesis Increasg in the number of mitochondria, improvement of oxidative [60]
metabolism

mTORCH Stlmulatlon of proteln synthesis, muscle growth, participation [61]
in neuroplasticity

AMPK Actl\{atlon of catabolism, energy mobilization, stimulation [61]
of mitophagy

PGC-1a Reglulatlon (?f mitochondrial genes, antioxidant protection, [64]
angiogenesis

UPR (unfolded protein response) | Adaptation to metabolic stress, control of proteostasis [63]

Exerkines Secretion of myokllnes, systemic regulation of metabolism [67]
and vascular functions

mTOR and cognitive function Memory improvement, neurogenesis, synaptic plasticity [66]

Note. AMPK — AMP-activated protein kinase, the energy sensor in the cell, activated in the settings of energy deficit;
mTORC1 — the main component of the mTOR signaling pathway, regulating the cell growth, protein synthesis and metabolism;
PGC-1a— the main regulator of mitochondrial biogenesis and oxidative metabolism in the skeletal muscles; UPR —the response
to unfolded proteins, a cellular mechanism of adaptation to stress in the endoplasmatic reticulum; exerkines — the common
name for signaling molecules, including the myokines, excreted into systemic circulation in response to physical activity.

Table 3
The main signaling pathways of adaptation to physical activity
Il Activation conditions Main effects Source
pathway
AMPK Physical load and energy deficit Activation of catabolism, stimulation 61]
(increased levels of AMP/ATP) of mitophagy, enhanced oxidation of fats
Sufficient energy status, Stimulation of protein synthesis, growth
mTOR : . A . [61, 66]
especially after exercises of muscle mass, participation in neuroplasticity
Increased metabolic activity and | Increased mitochondrial biogenesis,
PGC-1a . . . . . . [64]
aerobic exercises angiogenesis, antioxidant protection
Stress in the EPR after intensive Maintaining the proteostasis and adaptation
UPR . . X [63]
workout intensive to metabolic stress
Exerkines Contraction of skeletal muscles Systemic regulation of metabolism, vascular [67]

function, anti-inflammatory effects

Note. AMPK — AMP-activated protein kinase (energy sensor of the cell); mTOR — the mechanistic target of rapamycin, regulating
the growth and the metabolism; PGC-1a — peroxisome proliferator-activated receptor-gamma coactivator-1a, regulator of
mitochondrial biogenesis; UPR — unfolded protein response, mechanism of controlling the proteostasis in the EPR after stress;
exerkines — signaling molecules excreted by skeletal muscles in response to the contraction; EPR — endoplasmic reticulum.
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The epigenetic mechanisms induced by physical
activity include the methylation of DNA, the post-
translational modifications of histones, the changes
within the structure of the chromatin, as well as the
regulation of the expression of non-coding RNA,
including the microRNA and the long non-coding
RNA [68]. These processes promote the activation
of protective transcriptional programs aimed at the
suppression of inflammatory and proliferative signals,
which is of special importance in the prevention of such
chronic diseases as atherosclerosis, type 2 diabetes,
oncological and neurodegenerative disorders [69].

Physical activity, especially when performed
on a regular basis, induces the stable epigenetic
remodeling in the cells of the cardiovascular system.
These modifications promote to the suppression of
atherogenic genes, to decreasing the expression
of pro-inflammatory cytokines, to the improvement of
endothelial functions and to the enhancement of
antioxidant protection [68]. Thus, the epigenetic
regulation is considered as one of the central
mechanisms, mediating the cardioprotective effects of
physical activity.

Data are being accumulated that show that
intensive physical activity is capable of preventing
DNA damage, of modulating the expression of genes
controlling the telomere length and slowing down the
epigenetic aging of the organism [70]. These effects
are in part caused by the stabilization of methylation
in the promotor areas of the genes participating in the
regulation of cellular proliferation and apoptosis.

Special interest has the phenomenon of
transgenerational epigenetic transition: according to the
latest data, physical activity of the parents can affect the
epigenetic markers in the germinal cells and, respectively,
the expression of genes in the progeny [71]. These
changes induced by favorable environmental factors
(including the physical load), can be transitioned to the
next generations, providing an inheritable resistance
to metabolic disorders, cardiovascular and oncology
diseases. Such an inter-generational transfer of adaptive
phenotypes gives the physical activity the status of not
only individual, but also the potentially inter-generational
preventive instrument.

Despite the progress in studying the molecular
biology of adaptation to physical activity, the
insufficiently clear issue is the degree of participation
of various types of activity (aerobic, strength-building,
intervallic) in the modulation of specific epigenetic
targets, however, the aggregate data indicate that each
type of physical activity is capable of inducing a unique

REVIEW

epigenetic effect, regulating the specific cascades of
transcriptional and post-transcriptional changes [72].

Thus, physical activity represents a potent
exogenous factor forming a long-term epigenetic
remodeling at the level of separate cells, tissues and
the organism in general. These changes form the
basis of not only the short-term functional adaptation,
but also the long-term protection from chronic
diseases, facilitating the increase in life expectancy
and improving its quality.

Physical activity induces stable epigenetic changes,
including the methylation of DNA, modifications of
histones and regulation of the microRNA, which
promotes to the suppression of inflammation and
slowing down the ageing process. These effects
provide a long-term protection against cardiovascular
and metabolic diseases, also capable of being
transferred to the progeny. The epigenetic mechanisms
of adaptation to physical activity are provided
in Table 4 [68, 70, 71].

CONCLUSION

The present review summarizes the accumulated
scientific data supporting the high efficiency of
combined physical activity, including the aerobic
exercises of moderate and high intensity combined with
the exercises aimed at improving muscle strength. Such
a multicomponent strategy demonstrates significant
superiority over the isolated types of physical activity
by the spectrum of positive physiological adaptations,
especially in terms of the cardiovascular system.

Systematic implementation of various forms of
physical activity allows for achieving a synergetic effect,
expressed as an increase in the cardiorespiratory
stamina, improvement of neurovegetative balance,
metabolic resistance and decreased inflammatory
background. These adaptations play the key role
in decreasing the risk of developing cardiovascular
diseases and increasing the quality of life in various
age groups and clinical groups.

The obtained results are of major importance both
for developing the personalized preventive programs
and for compiling the populational strategies of
improving the wellness. The integration of various types
of physical activity into everyday practice shall be
considered a central element of combined interventions
in the field of public healthcare and cardiology prevention.

Taking into consideration the high clinical and social
significance of the data compiled in the present review,
it is deemed appropriate to draw the attention of the
professional medical communities and of the persons
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Table 4
Epigenetic mechanisms of adaptation to physical activity
Eplgene_tlc Mechanism description Physiological effects Source
mechanism
Addition of methyl groups to cytosine Decreased expression
Methylation of DNA | residues in the promotor areas of pro-inflammatory and atherogenic [68, 70]
of the genes genes, slowing down ageing
Modification Acetylation, methylation and other Remodeling of chromatin, regulation [68]
of histones post-translational changes in the histones = of DNA accessibility for transcription
Non-coding RNA Regulation of transcrlptlon and translation Decreased inflammation; regulation
. by means of microRNA and long . : : [68, 71]
(miRNA, IncRNA) . of angiogenesis, metabolism
non-coding RNA
. Changes at the mRNA level, Plasticity of cell response
Methylation of RNA affecting the stability and translation to work-out, increased adaptation [68]
. Preserving the telomere length, . .
Telomere regulation preventing the chromosomal instability Slower cell ageing, genome protection [70]
Transgenerational Inheritable changes in gene expression Transfer disease resistance [71]

epigenetics

without changing the DNA sequence

to progeny

Note. miRNA (microRNA) — microRNA, non-coding RNA (regulating the expression of genes at the post-transcription level;
IncRNA — long non-coding RNA (taking part in the regulation of transcription and chromatin organization); mRNA (messenger
RNA) — matrix RNA (transfers the information on the protein sequence from the DNA to the ribosomes).

responsible for managerial decisions, to the necessity
of encouraging and implementing the multi-level
models of physical activity in various contexts — from
individual prevention to population-scale programs.
The promising direction of further research is the
clarification of the optimal ratio of intensity, volume
and structural composition of various types of physical
activity with taking into consideration the gender,
the age, the functional status and the presence of
comorbidities for the maximization of the preventive
potential with regard to the cardiovascular outcomes.
As for the practical aspect, the obtained data
underline the necessity of recommending combined
physical activity for the general population: patients
should combine aerobic exercises (of moderate and
high intensity) with strength-building sessions not less
frequent than two times a week, while the physicians
should personalize the recommendations with taking
into consideration the age, the general fitness level and
the presence of chronic diseases, using the objective
adaptation markers (for example, variability of cardiac
rhythm and carbohydrate metabolism parameters) for
monitoring the efficiency of the intervention.

ADDITIONAL INFORMATION

Author contributions. A.R. Magomedov:
conceptualization and study design, overall scientific
supervision, manuscript editing, and approval of the
final version of the article; P.V. Rykova: methodology,
data acquisition and systematization, drafting

sections on physiological and molecular adaptation,
and contribution to manuscript writing; B.A. Anokhin:
literature analysis, contribution to sections on hormonal
and epigenetic adaptation, and reference formatting;
A.Kh. Melikian: preparation of tables and illustrative
materials, formatting of bibliographic references;
M.A. Agaronian, A.G. Sarkisyan, E.S. Shimko: analytical
data processing, drafting of the “Introduction” and
“Conclusion” sections; A.Yu. Yusupova, E.R. Irgalieva:
scientific editing and critical manuscript review,
verification of factual accuracy; E.M. Bokova:
preparation of the English version of the abstract,
keywords, and article title translation; R.S. Mokaev,
D.V. Leonova, A.Sh. Kendzhametov: technical
support with document formatting, verification of
references, and coordination of the final manuscript
version. The authors made a substantial contribution
to the conception of the work, acquisition, analysis,
interpretation of data for the work, drafting and revising
the work, final approval of the version to be published
and agree to be accountable for all aspects of the work.

Funding sources. No funding.

Disclosure of interests. The authors have no
relationships, activities or interests for the last three
years related with for-profit or not-for-profit third
parties whose interests may be affected by the content
of the article.

Statement of originality. The authors did not use
previously published information (text, illustrations,
data) while conducting this work.

www.clinpractice.ru 63



Data availability statement. The editorial policy

regarding data sharing is not applicable to this work.

Generative Al. Generative Al technologies were

not used for this article creation.

Provenance and peer-review. This paper was

submitted to the journal on an initiative basis and
reviewed according to the usual procedure. Two

external

reviewers and the scientific editor of the

publication participated in the review.

64

REFERENCES

Koconanos B.l1., ipmoHoBa M.B. AHanu3 BbICOKOW cepae4Ho-
COCYAMUCTON 3ab60SIEBAEMOCTN 1 CMEPTHOCTU B3POCNIOro Ha-
CeneHnsl Kak Meanko-couuanbHoi npobnembl 1 MOUCK NyTen
ee peweHus // Ypanbckuii meguumHckuii xypHan. 2021. T. 20,
Ne 1. C. 58-64. [Kosolapov VP, Yarmonova MV. The analysis
of high cardiovascular morbidity and mortality in the adult
population as a medical and social problem and the search
for ways to solve it. Ural Medical Journal. 2021;20(1):58-64].
doi: 10.52420/2071-5943-2021-20-1-58-64 EDN: HCWKUA
Mensah GA, Fuster V, Murray CJ, Roth GA; Global Burden
of Cardiovascular Diseases and Risks Collaborators.
Global Burden of Cardiovascular Diseases and Risks,
1990-2022. J Am Coll Cardiol. 2023;82(25):2350-2473.
doi: 10.1016/j.jacc.2023.11.007
KoHueBass A.B., MykaHeeBa
N  Ap. OKOHOMMKA NPOMUNAKTUKW  CepAedYHO-COCYANC-
Tbix 3abonesaHuii B Poccuiickon ®depepauun // Poc-
cuickui  kapamonorndeckun xypHan. 2023. T. 28, Ne 9.
C. 5521. [Kontsevaya AV, Mukaneeva DK, Ignatieva VI, et al.
Economics of cardiovascular prevention in the Russian
Federation. Russian Journal of Cardiology. 2023;28(9):5521].
doi: 10.15829/1560-4071-2023-5521 EDN: KNLBZO

Bhattarai S, Aryal A, Pyakurel M, et al. Cardiovascular
disease trends in Nepal: An analysis of global burden of
disease data 2017. Int J Cardiol Heart Vasc. 2020;30:100602.
doi: 10.1016/j.ijcha.2020.100602

CemeHos B.IO., Camopopckas W.B. [duHamuka My>XCKOM
N XKEHCKON CMEePTHOCTW OT 6onesHell cMcTeMbl KPOBOOO-
paweHns B Poccuitickon ®epepaunn (2013-2022 rr.) //
Poccuickui kapguonorndeckuii xypHasn. 2025. T. 30, Ne 5.
C. 30-35. [Semenov VYu, Samorodskaya IV. Changes of
male and female cardiovascular mortality in the Russian
Federation over 2013-2022. Russian Journal of Cardiology.
2025;30(5):30-35].  doi:  10.15829/1560-4071-2025-6086
EDN: STSCBP

CaHep X. lMpodunaktuka ceppeyHo-cocyamucTbix 3abonesa-
HU NocpeacTBOM (PU3NYECKON aKTUBHOCTA U TPEHUPOBOK:
Harpyska kak nekapcTso // Kapgwuonorusi u ceppeqHo-Cco-
cyauctasi xupyprus. 2013. T. 6, Ne 6. C. 17-23. [Saner Kh.
Prevention of cardiovascular diseases through physical activity
and exercises: Exercise stress as a medicine. Russian Journal
of Cardiology and Cardiovascular Surgery. 2013;6(6):17-23].
EDN: RSYZIR

Lépez-Bueno R, Nunez-Cortés R, Calatayud J, et al. Global
prevalence of cardiovascular risk factors based on the
Life’s Essential 8 score: An overview of systematic reviews
and meta-analysis. Cardiovasc Res. 2024;120(1):13-33.
doi: 10.1093/cvr/cvadi76

Lépez-Bueno R, Ahmadi M, Stamatakis E, et al. Prospective
associations of different combinations of aerobic and muscle-
strengthening activity with all-cause, cardiovascular, and
cancer mortality. JAMA Intern Med. 2023;183(9):982-990.
doi: 10.1001/jamainternmed.2023.3093

Hollings M, Mavros Y, Freeston J, Fiatarone Singh M.
The effect of progressive resistance training on aerobic

O0.K., WrHateeBa B.U.,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

REVIEW

fitness and strength in adults with coronary heart disease:
A systematic review and meta-analysis of randomised
controlled trials. Eur J Prev Cardiol. 2017;24(12):1242-1259.
doi: 10.1177/2047487317713329

Arnett DK, Blumenthal RS, Albert MA, et al. 2019 ACC/AHA
Guideline on the Primary Prevention of Cardiovascular Disease:
Executive summary: A Report of the American College of
Cardiology / American Heart Association Task Force on Clinical
Practice Guidelines. Circulation. 2019;140(11):e563-e595.
doi: 10.1161/CIR.0000000000000677

Liu Y, Lee DC, Li Y, et al. Associations of resistance
exercise with cardiovascular disease morbidity and
mortality. Med Sci Sports Exerc. 2019;51(3):499-508.

doi: 10.1249/MSS.0000000000001822

Julian V, Ciba I, Olsson R, et al. Association between metabolic
syndrome diagnosis and the physical activity-sedentary profile of
adolescents with obesity: A complementary analysis of the beta-
JUDO study. Nutrients. 2021;14(1):60. doi: 10.3390/nu14010060
Ross R, Arena R, Myers J, et al. Update to the 2016 American
Heart Association cardiorespiratory fitness statement. Prog
Cardiovasc Dis. 2024;83:10-15. doi: 10.1016/j.pcad.2024.02.003
Kokkinos P, Faselis C, Samuel IB, et al. Cardiorespiratory
fitness and mortality risk across the spectra of age,
race, and sex. J Am Coll Cardiol. 2022;80(6):598-609.
doi: 10.1016/j.jacc.2022.05.031

Kraus WE, Powell KE, Haskell WL, et al; 2018 Physical
Activity Guidelines Advisory Committee. Physical activity,
all-cause and cardiovascular mortality, and cardiovascular
disease. Med Sci Sports Exerc. 2019;51(6):1270-1281.
doi: 10.1249/MSS.0000000000001939

Alves AJ, Viana JL, Cavalcante SL, et al. Physical activity in
primary and secondary prevention of cardiovascular disease:
Overview updated. World J Cardiol. 2016;8(10):575-583.
doi: 10.4330/wjc.v8.i10.575

Batacan RB, Duncan MJ, Dalbo VJ, et al. Effects of high-intensity
interval training on cardiometabolic health: A systematic review
and meta-analysis of intervention studies. Br J Sports Med.
2017;51(6):494-503. doi: 10.1136/bjsports-2015-095841
Paterson DH, Jones GR, Rice CL. Ageing and physical activity:
Evidence to develop exercise recommendations for older
adults. Can J Public Health. 2007;98(Suppl 2):S69-108.

Sieland J, Niederer D, Engeroff T, et al. Changes in
miRNA expression in patients with peripheral arterial
vascular disease during moderate- and vigorous-intensity
physical activity. Eur J Appl Physiol. 2023;123(3):645-654.
doi: 10.1007/s00421-022-05091-2

Pope ZC, Gabriel KP, Whitaker KM, et al.
between objective activity intensity and heart rate
variability: Cardiovascular disease risk factor mediation
(CARDIA). Med Sci Sports Exerc. 2020;52(6):1314-1321.
doi: 10.1249/MSS.0000000000002259

Leppéanen MH, Nystrom CD, Henriksson P, et al. Physical activity
intensity, sedentary behavior, body composition and physical
fitness in 4-year-old children: Results from the ministop trial. Int
J Obes (Lond). 2016;40(7):1126-1133. doi: 10.1038/ij0.2016.54
Cao'Y, Zhu L, Chen Z, et al. The effect of different intensity physical
activity on cardiovascular metabolic health in obese children
and adolescents: An isotemporal substitution model. Front
Physiol. 2023;14:1041622. doi: 10.3389/fphys.2023.1041622
Wang Y, Nie J, Ferrari G, et al. Association of physical
activity intensity with mortality: A national cohort study of
403681 US adults. JAMA Intern Med. 2021;181(2):203-211.
doi: 10.1001/jamainternmed.2020.6331

Alemayehu A, Teferi G. Effectiveness of aerobic, resistance,
and combined training for hypertensive patients: A randomized
controlled trial. Ethiop J Health Sci. 2023;33(6):1063-1074.
doi: 10.4314/ejhs.v33i6.17

Point6epr E., CnactHukoBa W.[., Oopow >K.B., Omutpune-
Ba O.l0. BnusiHne usnyeckont Harpy3ku Ha OCHOBHbIE KOM-
NOHEHTbl MeTabonuyeckoro cuHgpoma // [lpogunakTnye-
ckas meguymHa. 2016. T. 19, Ne 3. C. 28-33. [Roytberg GE,

Association

https://doi.org/10.17816/clinpract678330


https://doi.org/10.52420/2071-5943-2021-20-1-58-64
https://elibrary.ru/hcwkua
https://doi.org/10.1016/j.jacc.2023.11.007
https://doi.org/10.15829/1560-4071-2023-5521
https://elibrary.ru/knlbzo
https://doi.org/10.1016/j.ijcha.2020.100602
https://doi.org/10.15829/1560-4071-2025-6086
https://elibrary.ru/stscbp
https://elibrary.ru/rsyzir
https://doi.org/10.1093/cvr/cvad176
https://doi.org/10.1001/jamainternmed.2023.3093
https://doi.org/10.1177/2047487317713329
https://doi.org/10.1161/CIR.0000000000000677
https://doi.org/10.1249/MSS.0000000000001822
https://doi.org/10.3390/nu14010060
https://doi.org/10.1016/j.pcad.2024.02.003
https://doi.org/10.1016/j.jacc.2022.05.031
https://doi.org/10.1249/MSS.0000000000001939
https://doi.org/10.4330/wjc.v8.i10.575
https://doi.org/10.1136/bjsports-2015-095841
https://doi.org/10.1007/s00421-022-05091-2
https://doi.org/10.1249/MSS.0000000000002259
https://doi.org/10.1038/ijo.2016.54
https://doi.org/10.3389/fphys.2023.1041622
https://doi.org/10.1001/jamainternmed.2020.6331
https://doi.org/10.4314/ejhs.v33i6.17

REVIEW

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Slastnikova ID, Dorosh ZhV, Dmitrieva OYu. Effect of physical
exercise on the major components of metabolic syndrome.
Russian Journal of Preventive Medicine. 2016;19(3):28-33].
doi: 10.17116/profmed201619328-33 EDN: WFEYBD

Zouhal H, Jayavel A, Parasuraman K, et al. Effects of exercise
training on anabolic and catabolic hormones with advanced
age: A systematic review. Sports Med. 2022;52(6):1353-1368.
doi: 10.1007/s40279-021-01612-9

HOemnpgosa T.HO., TutoBa B.B. [lMpeumyliectBa Guanyeckmx
HarpysoK pas/iMyHOi WHTEHCWMBHOCTM AN MauMeHTOB C ca-
XapHbIM Avabetom 1 TnNa v UX BAMSIHWE Ha YrneBOAHbI 00-
MeH // Oxuperne n metabonnsm. 2020. T. 17, Ne 4. C. 385-392.
[Demidova TYu, Titova VV. Advantages of physical activity
of varying intensity for patients with type 1 diabetes and its
influence on glucose metabolism. Obesity and metabolism.
2020;17(4):385-392]. doi: 10.14341/0met12394 EDN: LYWMKF
Mesquita PH, Lamb DA, Parry HA, et al. Acute and chronic
effects of resistance training on skeletal muscle markers
of mitochondrial remodeling in older adults. Physiol Rep.
2020;8(15):14526. doi: 10.14814/phy2.14526

Vettor R, Valerio A, Ragni M, et al. Exercise training boosts
eNOS-dependent mitochondrial biogenesis in mouse heart: role
in adaptation of glucose metabolism. Am J Physiol Endocrinol
Metab. 2014;306(5):E519-528. doi: 10.1152/ajpendo.00617.2013
He W, Wang P, Chen Q, Li C. Exercise enhances mitochondrial
fission and mitophagy to improve myopathy following
critical limb ischemia in elderly mice via the PGCla/
FNDC5/irisin  pathway.  Skelet Muscle.  2020;10(1):25.
doi: 10.1186/s13395-020-00245-2

Houzelle A, Jorgensen JA, Schaart G, et al. Human skeletal
muscle mitochondrial dynamics in relation to oxidative capacity
and insulin sensitivity. Diabetologia. 2021;64(2):424-436.
doi: 10.1007/s00125-020-05335-w

Hulett NA, Scalzo RL, Reusch JE. Glucose uptake by
skeletal muscle within the contexts of type 2 diabetes and
exercise: An integrated approach. Nutrients. 2022;14(3):647.
doi: 10.3390/nu14030647

Jensen L, Andersen LL, Schreder HD, et al. Neuronal nitric
oxide synthase is dislocated in type | fibers of myalgia muscle
but can recover with physical exercise training. Biomed Res Int.
2015;2015:265278. doi: 10.1155/2015/265278

Holten MK, Zacho M, Gaster M, et al. Strength training increases
insulin-mediated glucose uptake, GLUT4 content, and insulin
signaling in skeletal muscle in patients with type 2 diabetes.
Diabetes. 2004;53(2):294-305. doi: 10.2337/diabetes.53.2.294
Klip A, McGraw TE, James DE. Thirty sweet years
of GLUT4. J Biol Chem. 2019;294(30):11369-11381.
doi: 10.1074/jbc.REV119.008351

Richter EA. Is GLUT4 translocation the answer to
exercise-stimulated muscle glucose uptake? Am
J  Physiol  Endocrinol  Metab.  2021;320(2):E240-E243.
doi: 10.1152/ajpendo.00503.2020

Srikanthan P, Karlamangla AS. Relative muscle mass is inversely
associated with insulin resistance and prediabetes. Findings
from the third National Health and Nutrition Examination
Survey. J Clin Endocrinol Metab. 2011;96(9):2898-2903.
doi: 10.1210/jc.2011-0435

Haines MS, Dichtel LE, Santoso K, et al. Association between
muscle mass and insulin sensitivity independent of detrimental
adipose depots in young adults with overweight/obesity. Int J Obes
(Lond). 2020;44(9):1851-1858. doi: 10.1038/s41366-020-0590-y
Huschtscha Z, Parr A, Porter J, Costa RJ. The effects of
a high-protein dairy milk beverage with or without progressive
resistance training on fat-free mass, skeletal muscle strength
and power, and functional performance in healthy active older
adults: A 12-week randomized controlled trial. Front Nutr.
2021;8:644865. doi: 10.3389/fnut.2021.644865

Huang L, Fang Y, Tang L. Comparisons of different exercise
interventions on glycemic control and insulin resistance in
prediabetes: A network meta-analysis. BMC Endocr Disord.
2021;21(1):181. doi: 10.1186/s12902-021-00846-y

www.clinpractice.ru

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Knowler WC, Barrett-Connor E, Fowler SE, et al.; Diabetes
Prevention Program Research Group. Reduction in the incidence
of type 2 diabetes with lifestyle intervention or metformin. N Engl
J Med. 2002;346(6):393-403. doi: 10.1056/NEJMoa012512
Arsenault BJ, Després JP. Physical activity for type 2 diabetes
prevention: Some is better than none, more is better, and
earliest is best. Diabetes Care. 2023;46(6):1132-1134.
doi: 10.2337/dci22-0065

Kjaer M. Adrenal medulla and exercise training. Eur
J Appl Physiol Occup Physiol. 1998;77(3):195-199.
doi: 10.1007/s004210050321

Zouhal H, Jacob C, Delamarche P, Gratas-Delamarche A.
Catecholamines and the effects of exercise, training
and gender. Sports Med. 2008;38(5):401-423.
doi: 10.2165/00007256-200838050-00004

Kruk J, Kotarska K, Aboul-Enein BH. Physical exercise
and catecholamines response: Benefits and health risk:
Possible mechanisms. Free Radic Res. 2020;54(2-3):105-125.
doi: 10.1080/10715762.2020.1726343

Masuo K, Lambert GW. Relationships of adrenoceptor
polymorphisms with obesity. J Obes. 2011;2011:609485.
doi: 10.1155/2011/609485

Leosco D, Parisi V, Femminella GD, et al. Effects of exercise
training on cardiovascular adrenergic system. Front Physiol.
2013;4:348. doi: 10.3389/fphys.2013.00348

Li YW, Li W, Wang ST, et al. The autonomic nervous system:
A potential link to the efficacy of acupuncture. Front Neurosci.
2022;16:1038945. doi: 10.3389/fnins.2022.1038945

Schippers A, Aben B, Griep Y, van Overwalle F. Ultra-
short term heart rate variability as a tool to assess
changes in valence. Psychiatry Res. 2018;270:517-522.
doi: 10.1016/j.psychres.2018.10.005

MycTosonT B.W., KntoyHnkos M.C., Hukonos P.B., n gp. XapakTe-
pUCTMKA OCHOBHbIX NokasaTtenei BapuabenbsHOCTU cepaeqHoro
puTMa y CMOPTCMEHOB LMKIIMYECKUX 1 SKCTPEMaSbHbIX BUAOB
cnopta // KpemneBckasi meguuymHa. KIMHUHECKUI BECTHUK.
2021. Ne 1. C. 26-30. [Pustovoit VI, Klyuchnikov MS, Nikonov RV,
et al. Characteristics of the main indicators of heart rate variability
in cyclical and extreme sports athletes. Kremlin medicine. Clinical
Bulletin. 2021;(1):26-30]. doi: 10.26269/ns60-0r26 EDN: OGBBLV
Myers J, Prakash M, Froelicher V, et al. Exercise capacity and
mortality among men referred for exercise testing. N Engl J Med.
2002;346(11):793-801. doi: 10.1056/NEJM0a011858

Jarczok MN, Weimer K, Braun C, et al. Heart rate variability
in the prediction of mortality: A systematic review and meta-
analysis of healthy and patient populations. Neurosci Biobehav
Rev. 2022;143:104907. doi: 10.1016/j.neubiorev.2022.104907
GBD 2019 Diseases and Injuries Collaborators. Global burden
of 369 diseases and injuries in 204 countries and territories,
1990-2019: A systematic analysis for the Global Burden of
Disease Study 2019. Lancet. 2020;396(10258):1204-1222.
doi: 10.1016/S0140-6736(20)30925-9

Carter JB, Banister EW, Blaber AP. Effect of endurance
exercise on autonomic control of heart rate. Sports Med.
2003;33(1):33-46. doi: 10.2165/00007256-200333010-00003
Katayama K, Saito M. Muscle sympathetic nerve activity
during exercise. J Physiol Sci. 2019;69(4):589-598.
doi: 10.1007/s12576-019-00669-6

Whitworth  JA, Wiliamson PM, Mangos G, Kelly JJ.
Cardiovascular consequences of cortisol excess. Vasc Health
Risk Manag. 2005;1(4):291-299. doi: 10.2147/vhrm.2005.1.4.291
Caruso FR, Arena R, Phillips SA, et al. Resistance exercise
training improves heart rate variability and muscle performance:
A randomized controlled trial in coronary artery disease
patients. Eur J Phys Rehabil Med. 2015;51(3):281-289.

Gibala MJ. Nutritional strategies to support adaptation to
high-intensity interval training in team sports. Nestle Nutr Inst
Workshop Ser. 2013;75:41-49. doi: 10.1159/000345817

Rocchi A, He C. Regulation of exercise-induced autophagy
in skeletal muscle. Curr Pathobiol Rep. 2017;5(2):177-186.
doi: 10.1007/s40139-017-0135-9

65

2025

Vol 16 h2


https://doi.org/10.17116/profmed201619328-33
https://elibrary.ru/wfeybd
https://doi.org/10.1007/s40279-021-01612-9
https://doi.org/10.14341/omet12394
https://elibrary.ru/lywmkf
https://doi.org/10.14814/phy2.14526
https://doi.org/10.1152/ajpendo.00617.2013
https://doi.org/10.1186/s13395-020-00245-2
https://doi.org/10.1007/s00125-020-05335-w
https://doi.org/10.3390/nu14030647
https://doi.org/10.1155/2015/265278
https://doi.org/10.2337/diabetes.53.2.294
https://doi.org/10.1074/jbc.REV119.008351
https://doi.org/10.1152/ajpendo.00503.2020
https://doi.org/10.1210/jc.2011-0435
https://doi.org/10.1038/s41366-020-0590-y
https://doi.org/10.3389/fnut.2021.644865
https://doi.org/10.1186/s12902-021-00846-y
https://doi.org/10.1056/NEJMoa012512
https://doi.org/10.2337/dci22-0065
https://doi.org/10.1007/s004210050321
https://doi.org/10.2165/00007256-200838050-00004
https://doi.org/10.1080/10715762.2020.1726343
https://doi.org/10.1155/2011/609485
https://doi.org/10.3389/fphys.2013.00348
https://doi.org/10.3389/fnins.2022.1038945
https://doi.org/10.1016/j.psychres.2018.10.005
https://doi.org/10.26269/ns60-0r26
https://elibrary.ru/ogbblv
https://doi.org/10.1056/NEJMoa011858
https://doi.org/10.1016/j.neubiorev.2022.104907
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.2165/00007256-200333010-00003
https://doi.org/10.1007/s12576-019-00669-6
https://doi.org/10.2147/vhrm.2005.1.4.291
https://doi.org/10.1159/000345817
https://doi.org/10.1007/s40139-017-0135-9

60.

61.

62.

63.

64.

Roberts FL, Markby GR. New insights into molecular
mechanisms mediating adaptation to exercise: A review
focusing on mitochondrial  biogenesis, mitochondrial
function, mitophagy and autophagy. Cells. 2021;10(10):2639.
doi: 10.3390/cells10102639

lannamytonHos P.B., KawTtaHoB A.[., KyctaBuHoBa E.B.,
n ap. OcHOBHble CMOCO6bI aganTaunn MbILLEYHbIX BOMOKOH
K Harpyske n nytu ux peanusauuv // OnepatusBHas xvpyprus
n KanHn4eckas aHatomusi ([MpOroBCKuUM Hay'YHbIA KypHas).
2019. T. 3, Ne 4. C. 28-33. [Gallyamutdinov RV, Kashtanov AD,
Kustavinova EV, et al. Primary methods of adaptation of muscle
fibers to physical activity and the ways of their implementation.
Russian  Journal of Operative Surgery and Clinical
Anatomy. 2019;3(4):28-33]. doi: 10.17116/operhirurg2019304128
EDN: NBZDWY

Palstra AP, Rovira M, Rizo-Roca D, et al. Swimming-
induced exercise promotes hypertrophy and vascularization

of fast skeletal muscle fibers and activation of
myogenic and  angiogenic  transcriptional  programs
in adult zebrafish. BMC Genomics. 2014;15(1):1136.

doi: 10.1186/1471-2164-15-1136

Hart CR, Ryan ZC, Pfaffenbach KT, et al. Attenuated
activation of the unfolded protein response following exercise
in skeletal muscle of older adults. Aging (Albany NY).
2019;11(18):7587-7604. doi: 10.18632/aging.102273

Vega RB, Konhilas JP, Kelly DP, Leinwand LA.
Molecular mechanisms underlying cardiac adaptation
to exercise. Cell Metab. 2017;25(5):1012-1026.
doi: 10.1016/j.cmet.2017.04.025

AUTHORS’ INFO

The author responsible for the correspondence:
Abduragim R. Magomedov;

address: 4 Mitrofan Sedin st, Krasnodar,
Russia, 350063;

ORCID: 0009-0008-9366-5648;

e-mail: ktrnkzhvnkv@gmail.com

Co-authors:

Polina V. Rykova;

ORCID: 0009-0000-5613-0160;
e-mail: polina.rykoval23@yandex.ru

Bogdan A. Anokhin, MD;
ORCID: 0009-0000-4512-1621;
e-mail: bogdananohini11@gmail.com

Arthur Kh. Melikian, MD;
ORCID: 0009-0003-2690-8148;
e-mail: bibbobbub@mail.ru

Minas A. Agaronyan;
ORCID: 0009-0007-8446-0424;
e-mail: Minas8434@gmail.com

Arina G. Sarkisyan;
ORCID: 0009-0001-4729-3424;
e-mail: sarkisyan.arina@bk.ru

Ekaterina S. Shimko;
ORCID: 0009-0008-4748-1362;
e-mail: kateshimko@yandex.ru

Ayshat Yu. Yusupova;
ORCID: 0000-0002-6835-5751;
e-mail: ayshat.yusupova.01@list.ru

Elvina R. Irgalieva;
ORCID: 0009-0001-3549-4173;
e-mail: elvina.i.r@mail.ru

66

65.

66.

67.

68.

69.

70.

REVIEW

MoTrPAC Study Group; Lead Analysts; MolrPAC Study
Group. Temporal dynamics of the multi-omic response to
endurance exercise training. Nature. 2024;629(8010):174-183.
doi: 10.1038/s41586-023-06877-w

Chen K, Zheng Y, Wei JA, et al. Exercise training improves
motor skill learning via selective activation of mTOR. Sci Adv.
2019;5(7):eaaw1888. doi: 10.1126/sciadv.aaw1888

Chow LS, Gerszten RE, Taylor JM, et al. Exerkines in health,
resilience and disease. Nat Rev Endocrinol. 2022;18(5):273-289.
doi: 10.1038/s41574-022-00641-2

Yang Q, Chen S, Wang X, et al. Exercise mitigates endothelial
pyroptosis and atherosclerosis by downregulating NEAT1 through
N6-methyladenosine modifications. Arterioscler Thromb Vasc
Biol. 2023;43(6):910-926. doi: 10.1161/ATVBAHA.123.319251
Grazioli E, Dimauro |, Mercatelli N, et al. Physical activity
in the prevention of human diseases: Role of epigenetic
modifications. BMC  Genomics. 2017;18(Supp!l  8):802.
doi: 10.1186/s12864-017-4193-5

Sellami M, Bragazzi N, Prince MS, et al. Regular, intense exercise
training as a healthy aging lifestyle strategy: Preventing DNA
damage, telomere shortening and adverse DNA methylation
changes over a lifetime. Front Genet. 2021;12:652497.
doi: 10.3389/fgene.2021.652497

71. Denham J. Exercise and epigenetic inheritance of disease risk.
Acta Physiol (Oxf). 2018;222(1). doi: 10.1111/apha.12881

72. Petracci |, Gabbianelli R, Bordoni L. The role of nutri(epi)
genomics in achieving the body’s full potential in
physical activity. Antioxidants (Basel).. 2020;9(6):498.
doi: 10.3390/antiox9060498

OB ABTOPAX

ABTOP, OTBETCTBEHHbIN 32 NEPENUCKY:
MaromepnoB A6ayparum PadmkoBuy;
agpec: Poccus, 350063, KpacHogap,

yI.

um. MutpodpaHa CeguHa, a. 4;

ORCID: 0009-0008-9366-5648;
e-mail: ktrnkzhvnkv@gmail.com

CoaBTOpbI:

PbikoBa MNonuHa BanepbeBHa;
ORCID: 0009-0000-5613-0160;
e-mail: polina.rykoval23@yandex.ru

AHoxuH BorpaH AnekcaHapoBuY;
ORCID: 0009-0000-4512-1621;
e-mail: bogdananohini11@gmail.com

MenuksaH ApTtyp XaunkoBuy;
ORCID: 0009-0003-2690-8148;
e-mail: bibbobbub@mail.ru

ArapoHsiH MnHac ApmeHoBMY;
ORCID: 0009-0007-8446-0424;
e-mail: Minas8434@gmail.com

CapkucsH ApuHa MarmkoBHa;
ORCID: 0009-0001-4729-3424;
e-mail: sarkisyan.arina@bk.ru

Lumko EkaTtepuHa CepreeBHa;
ORCID: 0009-0008-4748-1362;
e-mail: kateshimko@yandex.ru

HOcynoBa AiwaTt KOHycOBHa;
ORCID: 0000-0002-6835-5751;
e-mail: ayshat.yusupova.01@list.ru

WUpranuesa dnbBuHa PannbeBHa;
ORCID: 0009-0001-3549-4173;
e-mail: elvina.i.r@mail.ru

https://doi.org/10.17816/clinpract678330


https://doi.org/10.3390/cells10102639
https://doi.org/10.17116/operhirurg2019304128
https://elibrary.ru/nbzdwy
https://doi.org/10.1186/1471-2164-15-1136
https://doi.org/10.18632/aging.102273
https://doi.org/10.1016/j.cmet.2017.04.025
https://doi.org/10.1038/s41586-023-06877-w
https://doi.org/10.1126/sciadv.aaw1888
https://doi.org/10.1038/s41574-022-00641-2
https://doi.org/10.1161/ATVBAHA.123.319251
https://doi.org/10.1186/s12864-017-4193-5
https://doi.org/10.3389/fgene.2021.652497
https://doi.org/10.1111/apha.12881
https://doi.org/10.3390/antiox9060498
https://orcid.org/0009-0008-9366-5648
mailto:ktrnkzhvnkv@gmail.com
https://orcid.org/0009-0000-5613-0160
mailto:polina.rykova123@yandex.ru
https://orcid.org/0009-0000-4512-1621
mailto:bogdananohin111@gmail.com
https://orcid.org/0009-0003-2690-8148
mailto:bibbobbub@mail.ru
https://orcid.org/0009-0007-8446-0424
mailto:Minas8434@gmail.com
https://orcid.org/0009-0001-4729-3424
mailto:sarkisyan.arina@bk.ru
https://orcid.org/0009-0008-4748-1362
mailto:kateshimko@yandex.ru
https://orcid.org/0000-0002-6835-5751
mailto:ayshat.yusupova.01@list.ru
https://orcid.org/0009-0001-3549-4173
mailto:elvina.i.r@mail.ru
https://orcid.org/0009-0008-9366-5648
mailto:ktrnkzhvnkv@gmail.com
https://orcid.org/0009-0000-5613-0160
mailto:polina.rykova123@yandex.ru
https://orcid.org/0009-0000-4512-1621
mailto:bogdananohin111@gmail.com
https://orcid.org/0009-0003-2690-8148
mailto:bibbobbub@mail.ru
https://orcid.org/0009-0007-8446-0424
mailto:Minas8434@gmail.com
https://orcid.org/0009-0001-4729-3424
mailto:sarkisyan.arina@bk.ru
https://orcid.org/0009-0008-4748-1362
mailto:kateshimko@yandex.ru
https://orcid.org/0000-0002-6835-5751
mailto:ayshat.yusupova.01@list.ru
https://orcid.org/0009-0001-3549-4173
mailto:elvina.i.r@mail.ru

REVIEW

Eset M. Bokova;
ORCID: 0009-0004-0326-0577;
e-mail: dalismirnova688@gmail.com

Rashid S. Mokaev;
ORCID: 0009-0003-7849-3853;
e-mail: borka22817@gmail.com

Darya V. Leonova;
ORCID: 0009-0003-3697-5782;
e-mail: dashadasha101220@mail.ru

Adil Sh. Kendzhametov;
ORCID: 0009-0008-8069-0895;
e-mail: kendzhametov2016@gmail.com

BokoBa dcet MaromegoBHa;
ORCID: 0009-0004-0326-0577,
e-mail: dalismirnova688@gmail.com

MokaeB Pawnp Cepreesuy;
ORCID: 0009-0003-7849-3853;
e-mail: borka22817@gmail.com

JleoHoBa [lapbsi BUKTOpPOBHaQ;
ORCID: 0009-0003-3697-5782;
e-mail: dashadasha101220@mail.ru

KeHnp)xxameTtoB Agunb LLleBkeTOBMY;
ORCID: 0009-0008-8069-0895;
e-mail: kendzhametov2016@gmail.com

www.clinpractice.ru

67

2025

Vol 16 h2


https://orcid.org/0009-0004-0326-0577
mailto:dalismirnova688@gmail.com
https://orcid.org/0009-0003-7849-3853
mailto:borka22817@gmail.com
https://orcid.org/0009-0003-3697-5782
mailto:dashadasha101220@mail.ru
https://orcid.org/0009-0008-8069-0895
mailto:kendzhametov2016@gmail.com
https://orcid.org/0009-0004-0326-0577
mailto:dalismirnova688@gmail.com
https://orcid.org/0009-0003-7849-3853
mailto:borka22817@gmail.com
https://orcid.org/0009-0003-3697-5782
mailto:dashadasha101220@mail.ru
https://orcid.org/0009-0008-8069-0895
mailto:kendzhametov2016@gmail.com

	КЛИНИЧЕСКАЯ ПРАКТИКА, 2025, Том 16, № 2
	Combined Physical Activity in the Prevention 
of Cardiovascular Diseases: From Physiological 
to Molecular Adaptation Mechanisms 
	Abstract
	For citation: 

	INTRODUCTION 

	Комбинированная физическая активность в профилактике сердечно-сосудистых заболеваний: от физиологических 
к молекулярным механизмам адаптации 
	Аннотация
	Для цитирования: 
	Methodology of searching and selecting 
the research works  

	A REVIEW OF THE ADVANTAGES 
OF COMBINED PHYSICAL ACTIVITY COMPARING TO THE ISOLATED EXERCISE PATTERNS 
	HORMONAL ADAPTATION 
TO PHYSICAL ACTIVITY: METABOLIC 
AND ENDOCRINE EFFECTS
	VEGETATIVE ADAPTATION TO REGULAR PHYSICAL ACTIVITY
	MOLECULAR ADAPTATION 
TO PHYSICAL ACTIVITY
	EPIGENETIC ADAPTATIONS IN RESPONSE 
TO PHYSICAL ACTIVITY
	CONCLUSION
	Additional information
	References
	Authors’ info
	Об авторах



