CNOPTUBHA MEANLUMUHA / SPORT MEDICINE

DOI 10.29254/2077-4214-2025-2-177-465-474
UDC 796;797;798;799;796.015.62
Hurenko O. O., Drozdovska S. B.

MECHANISMS OF GUT MICROBIOME AND CARBOHYDRATE METABOLISM
REGULATION IN WOMEN WITH METABOLIC SYNDROME THROUGH

SKELETAL MUSCLE ACTIVITY
National University of Ukraine on Physical Education and Sport (Kyiv, Ukraine)
olggurenko@gmail.com

Metabolic syndrome (MS) is a multifactorial condition that encompasses a combination of cardiometabolic disor-
ders, including insulin resistance, visceral obesity, elevated blood pressure, and atherogenic dyslipidemia. Its patho-
genesis is closely related to a systemic, low-intensity inflammatory response and changes in the intestinal microbio-
ta's structure. This study aimed to investigate the effect of physical training of different functional loads on metabolic
markers and intestinal bacterial composition in women with confirmed MS.

The study involved 68 female participants who were divided into three groups: two intervention groups (focusing
on strength and aerobic exercises) and one control group. The comprehensive assessment included biochemical,
clinical, and molecular genetic parameters. Microbiological analysis was performed using quantitative PCR targeting
16S rRNA to determine the taxa Actinobacteria, Firmicutes, and Bacteroidetes.

After eight weeks of physical activity, there was a significant improvement in the metabolic profile in the strength
training group: a decrease in HbA1c (-19%), fasting glucose (-15.1%), and HOMA-IR (-20.4%). This was accompa-
nied by an increase in Bacteroides and a decrease in Firmicutes, which reduced the Firmicutes/Bacteroides ratio by
43.5%. In addition, an increase in the population of Akkermansia muciniphila was noted, which is associated with
anti-inflammatory effects and improved metabolic response.

It has been established that physical activity indirectly affects the microbiome through the activation of AMPK-de-
pendent glucose transport pathways, modification of intestinal motility, mucus secretion, and metabolic substrates.
These effects may reduce the expression of pro-inflammatory mediators (TNF-a, IL-6, IL-18) by regulating TLR-de-

pendent signaling cascades.

Thus, physical exercise shows potential as an effective tool for non-pharmacological correction of IR, inflamma-
tion, and dysbiosis in the context of a comprehensive approach to treating MS.
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Connection of the publication with planned re-
search works.

The work is part of SRW National University of Phys-
ical Education and Sports of Ukraine “The influence of
exogenous and endogenous factors on the course of
adaptive reactions of the body to physical loads of vary-
ing intensity”, state registration number 012U108187.

Introduction.

Metabolic syndrome (MS) is a cluster of metabolic
disorders, including insulin resistance, atherogenic
dyslipidemia, central obesity, and hypertension,
pathophysiologically inducing a chronic proinflammatory
state [1].

Insulin resistance is a causal factor in the etiology
of diabetes mellitus, complications of which provoke
dysfunction in the kidneys, retina, cardiovascular
system, neurons, and liver, which is a potentially
disabling condition [2]. Type 2 diabetes mellitus
(T2DM) is a chronic metabolic disorder characterized
by hyperglycemia, insulin resistance, and insufficient
insulin secretion.

Studies [3] show that changes in the gut microbiome
determine the onset of T2DM through changes in
glucose metabolism and abnormal production of short-
chain fatty acids (SCFAs) such as acetic acid, propionic
acid, and butyric acid, which are directly related to the
development of dysbiosis [4].

The intestinal health of adults is characterized by
a high degree of microbial diversity, which affects the
epithelial barrier, the occurrence of inflammatory
conditions, and the utilization of nutrients by the host,
such as glucose utilization. In addition to diet and
antibiotic use, genetic and environmental factors have
a significant impact.

Dysbiosis and loss of diversity among intestinal
microbiota types have been linked to various
immunoregulatory  pathological mechanisms and
diseases, which may partially contribute to the risk of
developing disorders associated with obesity and type 2
diabetes mellitus [5].

One of the mechanisms by which physical
exercise can positively affect the body is through the
modulation of changes in the intestinal microbiome, an
environmental factor that has been linked to numerous
chronic metabolic diseases in recent years.

Muscle work affects [6] the cardiovascular system,
muscle strength, glucose metabolism, and the immune
system. The current scientific literature suggests
a relationship between physical activity, glucose
metabolism, and the state of the intestinal microbiome
[7].

A growing number of studies have shown a clear
link between dysregulated intestinal microbiota and the
development of IR and T2D, so understanding these in-
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teractions may lead to new therapeutic implications for
T2D [6].

The aim of the study.

Identification of physiological mechanisms involved
in the modulation of carbohydrate metabolism indica-
tors and the interaction of the microbiome with skeletal
muscle function in metabolic syndrome.

Object and research methods.

The study involved 68 women with clinically veri-
fied metabolic syndrome, who were stratified into three
groups: two intervention groups and one control group.
The experimental groups consisted of 50 individuals,
evenly distributed into two subgroups (n=25) according
to the type of physical activity: one with a predominant-
ly aerobic training regimen and the other with a pre-
dominantly strength training regimen. The control group
consisted of 18 women who did not undergo physical
intervention during the entire observation period.

The study included an analysis of clinical history, an-
thropometric parameters, biochemical indicators, and
molecular genetic testing. The composition of the intes-
tinal microbiota was assessed using real-time quantita-
tive PCR with specific primers for the 16S rRNA gene for
the main bacterial taxa.

The composition of the microbiota at the level of the
main bacterial types was determined using real-time
guantitative PCR with universal primers targeting the
bacterial 16S rRNA gene, as well as primers specific for
Actinobacteria, Firmicutes, and Bacteroidetes.

Biochemical studies were conducted in the clinical
diagnostic laboratory of the V.P. Komissarenko Institute
of Endocrinology and Metabolism. The research also in-
cluded clinical studies (biochemical blood analysis, gen-
eral blood analysis, urine analysis, carbohydrate and lipid
profile). Insulin was measured using the enzyme-linked
immunosorbent assay method.

Training sessions, which were predominantly aerobic,
took place three times a week, lasted 55 minutes, and
included moderate-intensity aerobic exercise. During
the training sessions, low-impact exercises were used, in
the pulse zone of 65-70% of HR max, not exceeding 140
beats per minute?, with a metabolic intensity of about
6.0 MET. The load parameters were varied by changing
the type of music, the focus of the exercises, the number
of participants working on muscle groups, the duration,
and the number of repetitions. The classes consisted of a
preparatory (warm-up), main (Zumba fitness exercises),
and final (stretching) parts.

During the health fitness classes, which were main-
ly strength-based, exercises were used that targeted
the main muscle groups using body weight (push-ups,
squats, low jumps) and exercises using weights (dumb-
bells, medicine balls, fitness bands). The class consisted
of four parts: a warm-up, the main part, strength training
(comprising 6-8 exercises), and a final part (stretching).

Nonparametric analysis methods were used for sta-
tistical data processing, in particular the Mann-Whitney
test, which allows assessing differences between inde-
pendent samples under conditions of normal distribu-
tion. The use of this test was justified by the absence
of normal distribution of several studied parameters,
which was confirmed by the results of the Shapiro-Wilk
test.

All stages of the study were conducted by the ethical
principles outlined in the World Medical Association’s

Declaration of Helsinki (1964, with subsequent revi-
sions) and were approved by the local bioethics com-
mittee. Prior to the start of the study, all participants
provided written informed consent to participate in the
research protocol.

Research results and their discussion.

It was found that physical work of a strength-orient-
ed nature influenced changes in the quantitative indi-
cators of the microbiome, with the average percentage
distribution of the main divisions being 96.7%, occupied
by Bacteroides and Firmicutes, or 74.3% and 22.4%, re-
spectively; 2.37% belongs to the Actinobacteria division.

In the group engaged in physical strength train-
ing, there was a significant increase (p=0.0001) in the
Bacteroides division by 18.4% (76.112.4%) along with
a decrease in Firmicutes by 36.8% (p=0.02), as well as
changes in the Firmicutes/Bacteroides ratio (p=0.016),
representing a decrease of 43.5% along with a decrease
in the pool of other microorganisms by 26.8% (p=0.007).

A significant reduction in HbAlc by 19% (p=0.01) was
observed, along with a 20.4% reduction in the HOMA
index (p=0.02) and a 15.1% reduction in fasting glucose
concentration (p=0.02).

When comparing carbohydrate metabolism indica-
tors between the two groups of participants, the HbAlc
level differed significantly in Group Il (P=0.01), with
average values of 4.630.32% compared to 5.511.01%,
corresponding to a decrease of 19% (P=0.01), and has a
negative correlation (r=-0.217) with an 18.4% increase in
Bacteroides phylum, while a slight increase in Actinobac-
teria (P=0.67) had a negative correlation with a decrease
in glucose concentration (P=0.02) and HOMA-iR index
(P=0.02).

During the initial assessment of carbohydrate metab-
olism indicators in women with MetS at the beginning
of the experiment, pathological changes were identified,
which were confirmed by laboratory tests and corre-
sponded to the presence of IR in both groups of sub-
jects. At the initial examination, 95% of participants in
groups | and Il had carbohydrate metabolism disorders.

Functional disorders in IR manifest themselves in
various forms long before its clinical manifestation or in
the context of metabolic syndrome with an increased
risk of macrovascular consequences, mediated by the
involvement of central pathobiochemical mechanisms
in insulin signaling.

Several mechanisms of the development of insu-
lin-resistant states have been described in the literature,
such as decreased insulin secretion by B-cells and im-
paired insulin response in target tissues [8].

At the same time, skeletal muscles, liver, and adipose
tissue are considered to be the central targets of glucose
utilization and are considered to be key in understanding
the formation of insulin resistance mechanisms [9].

The results of our study showed that when com-
paring differences in biochemical indicators before and
after the experiment, a significant decrease in HbAlc
by 19% (p=0.01) was established, along with a decrease
in the HOMA index by 20.4% (p=0.02) and fasting glu-
cose concentration which decreased by 15.1% (p=0.02)
under the influence of strength-oriented physical work
in Group Il.

Given the emphasis on the involvement of skeletal
muscles, which are mainly responsible for glucose utili-
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zation, it can be argued that the molecular mechanisms
involved fundamentally affect carbohydrate metabolism.

Studies show that insulin-stimulated glucose uptake
in muscles is susceptible to insulin resistance associat-
ed with impaired GLUT4 translocation. However, GLUT4
translocation to the plasma membrane and glucose
transport is stimulated by hypoxia or exercise through
AMP-activated protein kinase (AMPK)-mediated regu-
lation of GSV translocation [7], suggesting that defects
in glucose transport in insulin resistance are abnormal-
ities in the insulin signalling pathway rather than de-
fects in the transport system itself. In addition, insulin
resistance in skeletal muscle may be caused by defects
at the proximal level of insulin signaling, for example, in
the activity of the insulin receptor tyrosine kinase (IRTK),
insulin receptor substrate 1 (IRS1), and phosphoinositi-
de 3-kinase (PI3K). However, in individuals with obesity
and IR, IRTK tyrosine kinase activity is reduced in skeletal
muscle, confirming this assumption [9]. It has also been
found that IRS1 tyrosine phosphorylation and IRS1-relat-
ed PI3K activity are reduced in insulin-resistant skeletal
muscles [10].

Since the participants had carbohydrate metabolism
disorders, their microbiome underwent certain changes
due to altered homeostasis. Against the background of
the participants’ hyperglycemic state, we determined
the baseline profile of the gut microbiome in fecal sam-
ples and found a direct correlation between the increas-
ing level of Firmicutes and the increase in the F/B ratio,
with a correlation coefficient of r=0.1 for Group | and
r=0.9 for Group Il. This may indicate a certain degree of
dysbiosis and a decrease in bacterial diversity, which is
characteristic of individuals with MS[11].

According to the literature, individuals with MetS
show a decrease in the number of butyrate-producing
bacteria associated with insulin resistance, such as Ak-
kermansia and common Bacteroidetes, which are asso-
ciated with increased production of butyrate, which is a
beta-cell activator [12].

Considering the essence of the relationship between
MetS and the microbiome, the literature shows that the
development of MetS may be associated with the signal-
ing pathways of lipopolysaccharide (LPS) of Gram-nega-
tive bacteria, which induce complex-mediated TLR-4 in-
flammatory responses that potentiate the development
of diabetes mellitus through the indirect involvement
of pro-inflammatory pathways stimulated by dysbiosis
[13].

LPS signaling leads to the release of TNF, IL-1, and
IL-6 and systemic inflammation, developing endotox-
emia, which can contribute to metabolic diseases such
as MetS [14].

Toll-like receptor 4 (TLR-4) has been identified as an
LPS receptor, whose activation induces the transcription
of inflammatory cytokines such as TNF-q, IL-1, and IL-6,
which is enhanced through the NF-kB and MAPK path-
ways. It has been noted that these cytokines are signifi-
cantly elevated in patients with IR [15].

Bacteroides fragilis, Lactobacillus, and Bifidobacte-
rium are involved in the metabolism of secondary bile
acids. They induce cytokine secretion by intestinal ep-
ithelial cells via the MEK-ERK and p38 MAPK pathways
through the activation of G protein-coupled receptors
(GPR) [16]. The binding of SCFA to G protein-coupled re-
ceptors (GPCR) stimulates the activation of the RAS, PKA,

PI3K, ERK1/2, and ATF2 signaling cascades, which induce
the secretion and release of proinflammatory media-
tors such as IL-1, MCP1, IL-6, TNF-a, CXCL1, and CXCL2.
This activates inflammasome assembly and induces the
secretion of Thl-mediated proinflammatory cytokines
IL-18 and IL-1B through the activation of caspase 1. In
obese and IR individuals, higher Firmicutes abundance
increases LPS levels, which modulates the above-men-
tioned inflammatory pathways and induces the expres-
sion of nitric oxide synthase (iNOS), which is known to
impair insulin sensitivity [17].

In the absence of metabolic disorders, eubiosis en-
sures the production of butyrate in the intestine and
prevents inflammation by producing metabolites that
support the function of the intestinal barrier. Butyrate
inhibits inflammation of the intestinal mucosa by acti-
vating PPARy and inhibiting NF-kB and IFN-y, and induc-
es histone hyperacetylation by interacting with histone
deacetylase. In addition, it induces the activation of free
fatty acid receptor 2, which regulates the insulin signal-
ing pathway in adipose tissue. It also induces the secre-
tion of glucagon-like peptide 1 (GLP1) in the intestine,
which prevents fat accumulation and increases insulin
sensitivity. Low butyrate production due to dysbiosis in-
duces the production of inflammatory cytokines through
NF-kb activation [18].

Significant differences in the quantitative determi-
nation and ratio of Bacteroidetes and Firmicutes were
observed in individuals with insulin resistance, and some
studies interpreted these changes as dysbiosis. In addi-
tion, several studies have found a significant decrease
in Bacteroidetes and a correlated increase in Firmicutes
[19], which also confirms the data we obtained in our
experiment.

Most studies have focused on a significant increase
in the number of Firmicutes and an increase in the Fir-
micutes: Bacteroidetes ratio, which marks a difference
in the gut microbiome between individuals with IR and
healthy volunteers as a general trend.

Taking all aspects into account, it can be assumed
that the relationship between skeletal muscle func-
tion and the composition of intestinal microorganisms
is bidirectional, thus regulating hyperglycemia through
muscle function modulates the composition of the mi-
crobiome. Studies involving physical work with humans
have shown that regular physical activity modulates the
composition of the gut microbiome [12].

Based on the analysis of the results compared with
the initial data, it was determined that a significant in-
crease in the Bacteroides division, accompanied by a
decrease in Firmicutes, occurred under the influence
of strength training, while aerobic exercise only deter-
mined a tendency toward enrichment of the Bacteroides
division, accompanied by a slight decrease in Firmicutes,
which indicates the positive effect of strength training
on the correction of dysbiosis in conditions of hypergly-
cemia.

Studies involving humans have shown that the intro-
duction of physical work is associated with a decrease in
the Firmicutes/Bacteroidetes ratio. It has been proven
that Gram-negative representatives, such as Bacteroides
and Roseburia, exhibit a consistent increase in frequen-
cy along with an increase in physical work [20].

The fecal samples of participants who performed
strength-oriented physical work showed the presence of
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Akkermansia muciniphila, which has an inverse correla-
tion with fasting glucose levels and leads to an enrich-
ment of the diversity of the intestinal microbiome.

According to our results, studies emphasize that
strength training actually increased the relative abun-
dance of Akkermansia spp. and decreased the abun-
dance of proteobacteria associated with modulation of
inflammation in the colon [21], which is associated with
health-promoting and anti-inflammatory effects [22].

Given the presence of physical activity, high levels
of A. muciniphila have been previously reported in the
microbiome of athletes [12], while low levels have been
associated with metabolic disorders, including obesity,
metabolic syndrome, and type 2 diabetes [17].

Preclinical studies in rat models have shown that
physical exercise alters the composition of the intes-
tinal microbiota [18] and fecal SCFA concentrations by
increasing butyrate production.

Many animal intervention studies have demonstrat-
ed that physical exercise has a positive effect on the
microbiome composition, specifically by increasing Bac-
teroidetes and decreasing Firmicutes, as well as promot-
ing the Actinobacteria type towards the Bifidobacterium
genus [19].

In study [20], two weeks of training reduced the Fir-
micutes/Bacteroidetes ratio, mainly due to a significant
increase in the relative abundance of Bacteroidetes,
which is confirmed by our results. The increase in the
number of Bacteroidetes plays a crucial role in the met-
abolic conversion of complex carbohydrate polymers,
thereby improving glycemia in individuals with type 2
insulin resistance.

In our study, changes in insulin concentrations were
not statistically significant (P=0.06), but correspond to a
pronounced downward trend. Strength training was as-
sociated with a quantitative increase in Bacteroides and
Actinobacteria, which showed a negative correlation
with fasting glucose, HOMA-iR, and glycated hemoglo-
bin in women with metabolic syndrome.

Among the mechanisms of interaction between
skeletal muscle work and the microbiome, it has been
suggested that the connection is mediated by the po-
tential influence of physical work on intestinal integrity
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and intestinal wall permeability [21]. However, current
data suggest that high-intensity physical work, on the
contrary, increases the permeability of the intestinal
wall, which, by reducing the thickness of the mucus, po-
tentially allows pathogenic and conditionally pathogen-
ic microorganisms to influence systemic inflammation
through the production of lipopolysaccharide, which at-
tracts immune cells of the mucous membrane [22]. Ad-
ditionally, altered intestinal motility resulting from skel-
etal muscle activity, including reduced transit time and
enhanced gas movement, can lead to physical changes
in the gastrointestinal tract that impact pH, mucus se-
cretion, biofilm formation, and nutrient availability, with
subsequent effects on bacterial composition [23].

Conclusions.

After applying two health fitness programs with
different physical activity focuses, women with MetS
showed significant changes in carbohydrate metabo-
lism, which correlated with changes in the intestinal mi-
crobiome. Strength training significantly reduced HbAlc
levels, which correlated with an 18.4% increase in the
proportion of Bacteroides, while a slight increase in Ac-
tinobacteria (P=0.67) had a negative correlation with
a decrease in glucose concentration (P=0.02) and HO-
MA-iR (P=0.02). Accordingly, strength training had a po-
tential modulating effect on insulin resistance indicators,
thereby promoting changes in microbial diversity in indi-
viduals with metabolic syndrome. This mechanism me-
diates control over the pro-inflammatory state, which is
regulated by the transcription of TNF-a, IL-1, and IL-6,
which are determined in individuals with IR and MS. No
significant changes occurred in the group engaged in
aerobic physical work.

Prospects for further research.

Further research should focus on an in-depth study
of the molecular mechanisms of interaction between
skeletal muscle activity and the microbiome, analysis
of changes in the composition of the microbiome and
metabolome under the influence of different types of
physical activity, and the development of personalized
physical activity protocols that take into account the
characteristics of the microbiota.

MEXAHI3MU PErYNALUIT CKNALY MIKPOBIOMY KULLIKU TA MOKA3HUKIB
BYIMEBOAHOIO O6MIHY Y XIHOK 3 METABO/IIYHUM CUHAPOMOM
NPU POBOTI CKENETHUX M’A3IB

HauioHanbHui yHiBepcuTteT disnuHOro BUXoBaHHA i cnopTy YKpaiHu (m. Kuis, YKkpaiHa)
olggurenko@gmail.com

Memab6oniyHuli cuHOpom (MC) sensae coboro nonipakmopHuli CcMaH, WO OXOMNaAeE KOoMbBIHAYito
KapdiomemaboniyHUX MOpyuweHb, 8KAYAOYU pe3ucmeHmHicms 00 iHCyniHy, sicuepasnbHe OXCUPIHHA, nidsuuweHul
apmepiansHuli muck ma amepozeHHy Oucninidemito. Mozo namozeHes micHo noe’azaHuli i3 cucmemHorwo
HU3bKOIHMEHCUBHOK 3arasabHO 8i0n08i000 ma 3MiHaMU y cmpyKmypi KuwKosoi mikpobiomu. Memor 0aHoz2o
0ocnioxwceHHa 6yno docnidumu enaue hi3uYHUX MpPeHy8aHb Pi3HO20 (YHKUIOHA/IbHO20 HABAHMAM(EHHA HA
memaboniyHi mapkepu ma 6akmepianbHUl CKAA0 KUWEYHUKA Y HIHOK i3 niomeepdxceHum MC.

Y 0ocnidmceHHi 83aau y4acme 68 ocib xciHo4oi cmami, AKux 6ysa10 po3nodineHo Ha Mpu 2pynu: 08i iHmepseHyiliHi
(3 poKycom Ha cuaosi ma aepobHi ernpasu) ma 00HYy KOHMPOsbHY. KomrneKcHe OUiHIBAHHA 8KHOYAN0 BiOXiMIYHI,
KAIHIYHI ma moneKkynapHo-zeHemu4Hi napamempu. MikpobionoziyHuli aHani3 30ilicHO8asca MemoOoM KinbKiCHOI
/1P, opienmosaHoi Ha 16S pPHK 014 su3sHa4YeHHA makcoHie Actinobacteria, Firmicutes ma Bacteroidetes.
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Micna socbMumuMcHe8oi (hi3u4HOI aKmueHOCMIi crocmepieasnocad icmomHe MOoKpaweHHs mMemabosiyHo20
npodintoy epyni cunosux enpas: 3HuUMeHH HbA1c (-19%), entoko3u Hamuwe (—15,1%) ma iHdekcy HOMA-IR (-20,4%).
Lle cynposoodxcysanoca 3pocmaHHAM Bacteroides ma 3meHweHHAM Firmicutes, wjo 3HU3UAO CMiBBIOHOWEHHSA
Firmicutes/Bacteroides Ha 43,5%. Kpim moeo, 8id3HayeHo 36inbweHHA nonyasauii Akkermansia muciniphila, wo
aCOYilDEMbCA 3 AHMU3ANAAbHUMU egheKmamu ma rnoKpaweHoo memaboniyHoro 8idnosiooro.

BcmaHo8neHo, wo ¢izudHa akmusHicmes onocepedKoB8aHO 8MAUBAE HA MiKpobiom vyepe3 akmusayito AMPK-
3001EeHHUX WAAXI8 MPAHCIOPMY 2/1t0KO3U, MOOUGIKAUiH0 MOMOPUKU KUWEYHUKA, CeKpeyii cnusy ma memabosniyHux
cybcmpamis. Lli edpekmu moxcymeo 3HUXCY8AMU eKcrpecito npo3anasasHux mediamopis (TNF-a, IL-6, IL-18) wasxom
pezynayii TLR-3anexHUX cu2HasAbHUX Kackaoie.

TaKuM YuHOM, cunosi i3UYHi HOBAHMAMEHHA BUABAAIOMb MOMeHYian AK epekmusHull iHcmpymeHm 074
HemeOuKameHMOo3Hoi Kopekyii IP, 3ananeHHs ma 0ucbiody y KOHmMeKcmi KomMnaeKcHo20 nioxody 00 sikysaHHA MC.

Knrouoei cnoea: iHcyniHopeaucmeHmHicme, m’a308a poboma, mikpobiom, Kuwka, memabonidyHuli CUHOPOM.

3B’A30K ny6aiKauii 3 n1aHaMmn HayKOBO-A0CNig4HU-
MM pobotamm.

Po6oTa € ¢pparmeHTom HAP HauioHanbHoro yHisep-
cuteTy ¢isMYHOro BUXOBaHHA i cnopTy YKpaiHu «Bnauve
€K30reHHWX Ta eHAoreHHUX GakTopiB Ha nepebir agan-
TaUiMHMX peaKuir opraHiamy Ao ¢i3sMyHMX HaBaHTa-
YKeHb Pi3HOI IHTEHCMBHOCTI», HOMEpP AEepPrKABHOI pee-
cTpaLii 012U108187.

Bcrtyn.

MeTaboniuHnit cuHagpom (MC) yTBOpHOE KnacTep
MeTaboNiYHNX NOPYLLEHb, BKIOYAOUMN PE3UCTEHTHICTD
[0 iHCYNiHY, aTeporeHHy Aucainigemito, LeHTpanbHe
OXMPIiHHA Ta rinepToHito, NaTodizioNoriyHo iHAYKYHYM
XPOHiIYHMI Npo3ananbHUii cTaH [1].

IHCYNiIHOPE3UCTEHTHICTb — L& NPUUYNUHHKNI BaKTOp B
eTionorii BUHMKHEHHS LlYKPOBOro AiabeTy, ycKnagHeH-
HA AKOro MPOBOKYHOTb AUCOYHKLIT B HUPKAX, CiTKiBL,,
CcepueBO-CYAUHHIN cucTeMi, HEMpPOHaXx i NediHui, Wo €
NOTEHLIMHUM iHBaniansyumMm ctaHom [2]. Llykposuit
aiabet Il Tuny (U4 1) — ue XpoHiYHUI meTaboniuHni
po3naj, WO XapaKTepM3YETbCA rinepraikemieto, iHcyni-
HOPE3UCTEHTHICTIO Ta HE4OCTAaTHbO CEKPELLIEID iHCYNi-
HYy.

[ocnigxeHHA [3] NoKasylTb, WO 3MiHU Y MiKpO-
6ioMi KMLWIKK BM3HAYatoTb noyatoKk L Il yvepes 3miHn
B meTaboni3ami rnoKosn Ta aHOMasibHE BUPOOHULTBO
KOPOTKONAHLIOTOBUX KUPHUX KNCAOT (SCFA), Takux sk
OLTOBA KMCNOTa, NPONiOHOBA KMCNOTAa Ta Mac/asiHa KUC-
NnoTa, Wwo b6esnocepeHbO NOB’A3aHi 3 PO3BUTKOM AMC-
6io3y [4].

300p0B’s KMLWEYHMKA A0POC/Oi NI0AMHN XapaKTe-
PU3YIOTbCA BUCOKUM CTyMeHemM MiKpOoBHOi pi3HOMaHIT-
HOCTI, WO BM/MBAE Ha eniTenianbHUI 6ap’ep, BUHUK-
HEHHA 3anajibHUX CTaHIB Ta BUKOPUCTAHHA MOXKMBHUX
peyvyoBMH rocrnofapaA, HanpuKaag yTuaisauia roKosu.
OKpim Ai€ETU Ta BUKOPUCTAHHA aHTUBIOTUKIB, 3HAYHUN
BMJINB MalOTb reHEeTUYHI Ta eKoIoriYHi haKTopu.

[Oncbio3 Ta BTpaTa Pi3HOMAHITHOCTI cepeg TunNiB
KULIKOBOI MiKpob6ioTh 6yan noB’sizaHi 3 pisHUMM imy-
HOPEryaaTOPHUMM MNATOJIONIYHMMM  MEeXaHi3mamm Ta
3aXBOPIOBAHHAMM, WO YAaCTKOBO MOXYTb CIPUATU PU-
3UKY PO3BUTKY PO3/1aAiB, NOB’A3aHUX 3 OXKUPIHHAM Ta
LyKpoBuM aiabetom Il Tuny [5].

O4uH i3 MmexaHiamiB 3a 4ONOMOroto AKoro ¢isnyHi
BMPaBN MOXYTb MO3UTUBHO BMIMBATM HA OPraHiam, no-
NArae y moaynauii 3miH mikpobiomy KMLWKK, AK GaKTopi
HABKO/IMWIHBLOIO CEPEfOBULLA, AKMUMA OCTaHHIMW pOKa-
MUK ByB NOB’A3aHUI 3 YUC/IEHHUMU XPOHIYHUMM MeTa-
60MiYHMMM 3aXBOPIOBAHHAMM.

M’a3oBa poboTa BnAMBaE [6] Ha cepLeBO-CYAUHHY
cucTemy, cuay m’asie, metaboniam rOKO3M Ta iMyHHY
cuctemy. CyyacHa HayKoBa fiTepaTtypa CBig4YUTb Mpo
3a/1EXKHICTb MiXK Qi3UYHOIO aKTUBHICTIO, MeTabonizmom
T/IIOKO3M Ta CTAHOM MiKpobiomy KuLwKn [7].

Oepnani 6inblia KinbkicTb AocnigXeHb nokasana
YiTKMIA 3B’A30K MiXK AMCPEeryiboBaHOK MiKpobioToto
KMLWEYHMKa Ta po3suTkom IP Ta UA2, TaKum 4ynHOmM
PO3YMIHHA LUMX B3AEMOLiM MOXe NPU3BECTU A0 HOBUX
TepaneBTUYHUX Hacniakis ana UA2 [6].

Merta gocnipKeHHs.

Bu3HaueHHA ¢i3ioN0oriyHMX MexaHi3miB, WO 3any-
YeHi y MOAyNAuito NOKAa3HUKIB BYrNeBOAHOTN0 06MiHy
Ta B3aemogii mikpobiomy 3 poboTOtO CKENEeTHUX M’s3iB
npu metaboniyHOMY CUHAPOMI.

O6’eKT i meTOAM AOCNIKEHHA.

Y pocnigeHHi 6pann yyactb 68 XKIHOK i3 KAiHiY-
HO BepudiKoBaHUM MeTaboNiUHUM CUHAPOMOM, AKUX
6yno cTpaTndikoBaHO Ha TpW Fpynu: ABi iHTEPBEHLN-
Hi Ta OZ4HY KOHTPONbHY. [0 eKcnepumMeHTanbHUX rpyn
yBiiwam 50 ocib, sAKi 3a TMNOMm ¢i3MYHOro HaBaHTaXKeH-
HA 6ynun piBHOMiIpPHO po3noaineHi Ha nigrpynu (n=25):
O4Ha 3 MepeBa*kHO aepobHUM, iHWA — 3 NepeBarkHO
CUIOBUM TPEHYBAJIbHUM pexXMmom. KOHTPObHY rpyny
CTaHOBMAM 18 KiHOK, AKi He 3a3HaBanu ¢isnyHOro
BTPYYaHHA MPOTArOM YCbOrO nepioay CrocTeperKeHHs.
KomnneKkc gocnigXeHHA BKAOYAB aHaNi3 KAiIHIYHOro
aHamHe3y, aHTPOMOMETPUYHUX NapameTpisB, Hioximiu-
HUX MOKA3HWUKIB, @ TAKOX MNPOBEAEHHSA MOJIEKYNAp-
HO-TeHeTMYHOro TecTtyBaHHA. OUiHKY CKAagy KMLWKOBOI
MiKpobioTK 34ilCHIOBANM 33 AOMNOMOTOK KifbKiCHOI
MNP y peanbHOMY 4aci 3 BUKOPUCTAHHAM crneundiyHmx
npanmepis ao reHa 16S pPHK ans ocHoBHUX 6akTepi-
ANIbHUX TAKCOHIB.

Bu3HauyeHHA cKnagy MikpobioTn Ha piBHi OCHOBHUX
TMnie 6GaKTepiil NpoBoAMAM 3a AOMOMOFOK KifbKic-
Hoi MJIP y peanbHOMYy 4aci 3 BUKOPUCTAHHAM YHiBep-
CaNbHUX NpalmepiB, HauUineHUX Ha 6aKTepianbHWUi
reH 16S pPHK, a Takox npalimepis, cneundiyHmx gna
Actinobacteria, Firmicutes i Bacteroidetes.

BioximiuHi gocniaxeHHA NPOBOAUANUCH B KNiHIKO-Ai-
arHOCTUYHI nabopaTtopii IHCTUTYTY eHAOKpUHOOrIT Ta
06bmiHy peyoBuH im. B.M. KomicapeHka. Y Komnaekc
OO0CNIAXKEeHb TAKOX BXOAMNM KNiHIYHI gocnigxeHHA (6i-
OXiMiYHMI aHani3 KPOBI, 3arasibHMI aHani3 KPOBI, ceui,
BYINEBOAHMI Ta AinigHnit npodinb). IHCyniH BUMIptO-
BaBCA 3a [0MOMOrO BUKOPWUCTAHHA MeTody iMyHO-
dbepmMeHTHOro aHanisy.

TpeHyBaHHA i3 NepeBayKHO aepoObHUM XapaKTepom
BMpaBs BiAbyBannNCb TPUYi Ha TUXKAEHb, TPMBaANM 55 xB
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Ta BK/OYAAM aepobHi ¢isnyHi BnpasBu i3 NoOmipHUM
piBHEM iHTEHCUBHOCTI. [POTArom TpeHyBaHb BUKOpPUC-
TOBYBA/MCA BNPABU 3 HU3bKUM yAAPHMUM BMIUBOM, Y
nyabCcoBi 30Hi 65-70% Big YCC max, Wwo He nepeBuLLy-
Bann 140 yaxs ™Y iHTEHCMBHICTb MeTabonizamy — 6113b-
Ko 6,0 MET. Bapiauia napameTpiB HaBaHTaXeHHA BiA-
6yBanacb LWAAXOM 3MiHU TUNY MY3MYHOTO CYNpOBOAY,
CNPAMOBAHOCTI BMPaB i KiJIbKOCTi y4acHUKIB y poboTi
M’A30BUX TFPYyM, TPMBANOCTI Ta KiNbKOCTI MOBTOPHMUX
BMNpaB. 3aHATTA CKNafanucb i3 Nigrotosyoi (Po3muH-
Ka), ocHoBHoOi (BnpaBu Zumba fitness), 3aka4YHOI
(cTpeTumHr) yacTuH.

Mig yac 3aHATb 0340p0OBYMM iTHECOM i3 NepeBa-
HO CWM/IOBUM XapaKTepoM BMpPaB BWMKOPWUCTOBYBaIN
BMNpaBK, CNPAMOBAHHI Ha TPeHYBaHHA OCHOBHMUX rpyn
M’53iB 3 OOTAXKEHHSAM MacK BIacHOrO Tifa (BiAKMMaH-
HAA, NPUCiAaHHA, HEBUCOKI CTPMOKM) Ta BNpasu 3 06-
TAMEHHAM Macu npegmertiB (raHTeni, HabMBHI Mm’sui,
biTHeC rymku). 3aHATTA CKNAAANOCh i3 HACTYMHUX 3-X
YaCTMH: PO3MMHKA, OCHOBHA YacTWMHA, CU/IOBE HaBaH-
Ta)KeHHs (6-8 BnpaB), 3aK/t04HA YAaCTUHA (CTPETYMHT).

Ona cTtatucTuyHoi 06pobKM [aHUX BUKOPUCTOBY-
Ba/NCA METOAM HenapamMeTPUUYHOro aHanily, 30Kpema
KpuTepin MaHHa-YiTHi, WO A03BONAE OLHUTU BigMIH-
HOCTi MiX He3aneXHMMW BUBIpKaMM 33 yMOB HOp-
ManbHOro po3noginy. 3acTocyBaHHA LbOro Tecty 6yno
0brpyHTOBAHE BiACYTHICTIO HOPMaNbHOCTI po3noainy
pAgay AOCNigXKyBaHMX NapameTpis, WO NigTBEpAKYyBa-
noca pesynbratamm Tecty Lanipo-Binka.

Yci eTanu gocnigKeHHs BUKOHYBAIMCb BiAMNOBIAHO
00 eTUYHMX NPUHUMNIB, BUKNALEHUX Y [eNbCiHCbKil
neknapauii BcecBiTHboi meanyHoi acouiauii (1964 p.,
3 HaCTYMHUMM peaakuiamu), Ta 6yaun cxsaneHi noKanb-
HMM KOMITETOM 3 NUTaHb bioeTnku. [lo noyaTky Aochi-
OXKEeHHA BCi yYacHUUi Hajann nucbmoBy iHGopMoBaHy
3rofly Ha y4acTb Yy AOCNIAHULBKOMY NPOTOKONI.

Pe3ynbTatu AocnigKeHHA Ta ix 06roBopeHHs.

BuasneHo, wo ¢isMyHa poboTa cMAOBOI CApAMO-
BAHOCTI BMN/IMHYNA HA 3MiHM KiNbKICHUX NOKAa3HUKIB Mi-
Kpobiomy, cepegHi BiACOTKOBI 3Ha4YeHHA PO3MOAiNeH-
HA OCHOBHWX BiAAiNiB ctaHoBMAN 96,7%, WO 3alimanu
Bacteroides Ta Firmicutes, abo 74,3% Ta 22,4% Biano-
BiAHO; 2,37% HanexXuTb Bigainy Actinobacteria.

Y rpyni wo 3anMmanaca ¢isnyHoto poboToto cuao-
BOI CMpPAMOBaHOCTI BigbynocA AOCTOBipPHE 3POCTAaHHA
(p=0,0001) Bigainy Bacteroides Ha 18,4% (76,1+12,4%)
OAHOYACHO 3i 3HWMXKeHHAM Firmicutes Ha 36,8%
(p=0,02), a Tako 3MiHM y chiBBiAHOWEHHI Firmicutes/
Bacteroides (p=0,016) W0 CTaHOBAATb 3HUXKEHHS Ha
43,5% pa3oMm 3i 3MEHLWEHHAM NyAy iHWKUX MiKpoopra-
Hi3miB Ha 26,8% (p=0,007).

Byno BCTaHOB/AEHO AOCTOBipHe 3HMMKeHHA HbAlc
Ha 19% (p=0,01), ogHo4YacHO 3 KoedilieHTOM iHAeKcy
HOMA Ha 20,4% (p=0,02) Ta KOHLEHTPaLLiElO FHOKO3U
HaTLLe, Wo 3HM3KnNacaA Ha 15,1% (p=0,02).

Mpn NopiBHAHHI MOKA3HWKIB BYr1eBoAHOrO 06Mi-
HY MiX OABOMa rpynamu y4YacHukKiB piseHb HbAlc Bi-
poriaHo BigpisHABcA B pyni Il cMnoBmMx HaBaHTaXeHb
(P=0,01), cepegHi 3HayeHHsA cTaHoBUAM 4,63+0,32%
nopisHAHO0 3 5,51+1,01%, W0 BiANOBIAAE 3HUIKEHHIO HA
19% (P=0,01), Ta mae HeraTuBHY Kopenauito (r=-0.217)
3 nigBuleHHAM ¢inymy Bacteroides Ha 18,4% , B ToM
yac fAK He3HauHe 36inblweHHA Actinobacteria (P=0,67)
Mano HeraTMBHY KOPEenAUito 3 3HUKEHHAM KOHLEH-

Tpauii raokosu (P=0,02) Ta nokasHukom HOMA-IR
(P=0,02).

MpX NepBUHHIM OUiHLi NOKa3HMKIB BYrNeBOAHOroO
06MiHY y »iHOK 3 MC Ha Mo4aTKy eKcnepumeHTy 6yau
BCTAHOBJ/IEHI NATO/NONYHI 3MiHM, WO NabopaTopHO Nia-
TBEPAKYIOTb Ta BiANOBIAAOTb HaABHOCTI IP y ABox rpy-
nax gocnigxysaHux. Mpu BuxigHomy obcTerkeHHi 95%
yyacHuub | Ta Il rpynu manu nopyLieHHs BYyri1eBogHOro
0bmiHy.

dDyHKUioHanbHi po3nagu npu IP npoABaAlOTbLCA B
pi3HUXx dopmax 3a40Bro Ao ii KniHiyHoro nponasy abo
B KOHTEKCTi MeTaboniyHOro CMHAPOMY 3 MiABULLEHMM
PU3MKOM MaKpPOCYAMHHUX HaCNiAKiB, WO onocepep-
KOBYETbCA 3a/ly4eHHAM LLeHTPasIbHMUX NaTo6ioXiMidyHNX
MeXaHi3MiB B CUrHani3au,ii iHCyniHy.

B niTepaTypi onuMcaHO AeKifibKa MexaHi3mis pos-
BUTKY IHCYNIHOPE3UCTEHTHMX CTaHiB, HaNnpuKnag, Taki
AK 3HUKEHHS CEKpeL,ii iHCcyniHy B-KAiTMHamu Ta nopy-
LWEeHHA peaKLii iHcyNiHY B TKaHMHax-MiweHnax [8].

Pasom 3 uum, cKeneTHi m’a3un, nedyiHka Ta Kuposa
TKaHMHa BBaKalOTbCA LEHTPAZIbHUMWU MilLEHAMU YyTU-
Ni3auii roKO3M | BBAXKAKOTLCA FOIOBHUMM Y PO3YMIiHHI
dbopmMyBaHHA MexaHi3MiB iHcyniHope3ucTeHTHOCTI [9].

Pe3ynbTaTm Haworo [ocnigXKeHHA NOKasanu, LWo
NpuY NOPIBHAHHI BiAMIiHHOCTEN Y BiOXiMiYHMX NOKA3HMK-
Kax [0 Ta Nicna ekcnepmmeHTy, 6ya0 BCTAHOBAEHO A0-
cToBipHe 3HM»KeHHA HbAlc Ha 19% (p=0,01), ogHouac-
HO 3 KoediuieHTom iHaekcy HOMA Ha 20,4% (p=0,02)
Ta KOHLEHTPALLIEI THOKO3M HaTLLe, WO 3HU3UAACcA Ha
15,1% (p=0,02) nig snavesom ¢pisnyHoOi poboTH CMNOBOI
cnpAmoBaHHocTi y Il pyni.

3BakalouM Ha aKuUEeHT 3 BOKy 3anyyeHHA poboTu
CKeneTHMUxX m’s3is, WO, B OCHOBHOMY, BiANoBiAatoTb 3a
YTUAi3aLLit0 IFOKO3M — MOXKHA CTBEPAKYBaTH WO 3a4ia-
Hi MOIEKYNIAPHI MexaHi3Mn dyHAaMeHTabHO BN/NBa-
I0Tb Ha BYI/1EBOAHUIN MeTaboni3m.

JocnigeHHA AeMOHCTPYHOTb, WO NOMIMHAHHA [to-
KO3M B M’A3aX, CTUMY/IbOBAHE iHCYNiHOM, CMPUNHAT-
INBe [0 PE3UCTEHTHOCTI A0 iHCyNiHY, NoB’A3aHOI 3 No-
pyweHHAM TpaHcnoKauii GLUT4. OgHak TpaHcaoKauia
GLUT4 oo nnasmaTnyHoi MembpaHu Ta TPaHCMOopPT Mto-
KO3M CTUMY/IIOOTLCA TiNOKCielo abo ¢pisnyHMmMM Bhpa-
Bamu 3a gonomoroto AMP-aKTMBOBaHOI NpPOTEiHKIHA3M
(AMPK)-onocepegKoBaHoi perynsauii TpaHcaoKauii GSV
[7], wo roBopuTb Npo Te, Wo AedeKTU TPaHCNoPTY rto-
KO3M B PE3UCTEHTHOCTI A0 iHCYyNiHY € aHOManiaAMKn B
WAAXY CUrHani3auii iHcyniHy, a He gedeKkTamu B camii
TPaAHCNOPTHIN cucTemi. Kpim Toro, pesucTeHTHICTb 40
iHCYNiHY B CKEZIeTHUX M’A3aX MOKe bYTW BUK/IMKaHa ae-
deKTammM Ha NPOKCMMANbHOMY PiBHI CUTHanNi3au,ii iHcy-
NiHY, HANPWKAag, y AiIANbHOCTI IHCYyNiHOBOTO peLenTopy
TUPO3uHKiHa3zu (IRTK), cybcTpaTy 1 peuentopy iHCyAiHy
(IRS1) Ta pochoiHo3UTMA-3-KiHazm (PI3K). Pasom 3 Tum,
y 0Cib 3 0XUMpiHHAM Ta IP aKTUBHICTb TUPO3UHKIHA3K
IRTK 3MeHLIyeTbCA B CKeNeTHUX m'szax, wo nigresep-
OXKYE Ue npunyuweHHs [9]. Takoxk 6yno BUABAEHO, WO
dochopuntoBaHHa TMpo3uHy IRS1 Ta aKTMBHIcTb PI3K,
nos'asaHa 3 IRS1, 3MeHLWYOTbCA B PE3UCTEHTHUX A0 iH-
CYNiHy ckeneTHux m'asax [10].

OCKiNbKM y4aCHMKN Maiv NOPYLUEHHA BYI/IEBOAHO-
ro o6miHy, TaKMM YMHOM iX MiKpobiom 3a3HaB NEBHUX
3MiH BpaxoBYyH4YM 3MiHEHWUI romeocTas. Ha Tni rinep-
TNiKEMIYHOrO CTaHY YYacHMKIB MW BU3HAYMAM 6a30BUi
npo¢inb Mikpobiomy KuUWKK y deKanbHUX 3pasKax Ta
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BMABUAN MPAMY KOPENALLit0 3pOCTatoyoro piBHA Biaadiny
Firmicutes 3i 36inblueHHAM cniBBigHoweHHA F/B, Koe-
diuieHT Kopenauii ctaHosus r=0,1 gna Mpynu | Ta r=0,9
ana fpynu Il. Lle morKe BKasyBaTM Ha MEeBHY CTyMiHb
OMCbio3y Ta 3HMKEHHA pi3HOMaHITHOCTI 6aKTepin, wWo
XapakTepHo anas oci6 3 MC [11].

3a gaHumu nitepaTtypu, ocobu 3 MC aemoHCTpy-
I0Tb 3HUMEHHA KiNbKOCTi 6akTepil, Wo BMpPobAAOTbL
OyTMpaT, Wo noB’A3aHO 3 iHCYNiIHOPE3UCTEHTHICTHO,
Hanpuknag, Takux Ak Akkermansia Ta 3aranbHux
Bacteroidetes, wo nos’A3aHi 3i 36inbwEeHHAM BUPOOL-
HULTBA OyTUpaTy, SAKMN € aKTMBATOPOM beTa-KAiTUH
[12].

Po3rnagatoun cyTHicTb B3aemo3B’asKy MC Ta Mikpo-
biomy —y niTepatypi NoKasaHo, Wo po3sutok MC moxxe
6yTN NoB'A3aHWUIN 3 CUTHANbHUMM WAAXaMW Ainononica-
xapuay (LPS) rpamHeraTmBHmnx 6aKTepii, WO iHAYKYOTb
KOMMNIEKCHO-ONOCPeAKOBaHI 3anmanbHi peakuii TLR-4,
AKI NOTeHLiloBaTU PO3BUTOK LlYKPOBOro giabeTy yepes
onocepenKoBaHe 3ajlyYeHHA Npo3anajbHUX LIAAXIB
CTUMY/IbOBaHMX aAncbiosom [13].

CurHaninr LPS npussogutb a0 BuBinbHeHHA TNF,
IL-1 Ta IL-6 Ta cMCTEeMHOro 3ana/fieHHA, PO3BMBAETLCA
€HOOTOKCEMIAl WO MOXKe CnpuATM MeTaboniyHUM 3a-
XBOPIOBAHHAM, Taknum Ak MC [14].

Toll-noaibHuit peuenTop 4 (TLR-4) 6yB ineHTUdIKO-
BaHWI AK LPS peuenTtop, nicna akTuBaLii KOTPOro iH-
OYKYETbCA TPAHCKPUNLIA 3anasbHUX LIUTOKIHIB, TaKUX
AK TNF-a, IL-1 Ta IL-6, WO NOCMAIOETLCA Yepes WAAXU
NF-kB Ta MAPK. 3a3HauatoTb, WO AAHI LMTOKIHM 3Hau-
HO niaBuLLeHi y nauieHTis IP [15].

Bacteroides fragilis, Lactobacillus Ta Bifidobacterium
6epyTb y4acTb y MeTab0oi3Mi BTOPUHHMX S KOBUHUX KMC-
NoT. BOHM iHAYKYIOTb CEKpeL,ito LUTOKIHIB KULWKOBUMM
enitenianbHMMM KniTMHamu yepes wnaxnm MEK-ERK Ta
p38 MAPK yepes akTMBaL,it0 peLenTopiB, MOB'A3aHUX 3
G-6inkom (GPR) [16]. 3B'asyBaHHs SCFA 3 peuenTopa-
MK, nos'asaHnmm 3 G-6inkom (GPCR), cTUMyntoE aKTu-
BaLjito curHanbHoro Kackaay RAS, PKA, PI3K, ERK1/2 Ta
ATF2, aKi iHAYKYIOTb CEKpeL,ito Ta BUBINbHEHHA Npo3a-
nasbHUX meaiaTopis, Takmx Ak IL-1, MCP1, IL-6, TNF-q,
CXCL1 ta CXCL2. Le akTtuBye 36ipKy iHbnamacomu Ta
iHAYKYe cekpelito Thl, wo onocepenKoByOTb Npo3a-
nanbHi UMTOKIHK IL-18 Ta IL-1, yepe3 aKTMBaL,iO Kac-
nasu 1. Y nogein 3 oxknpiHHAM Ta IP 6inbll BUCOKA Kiflb-
KicTb Firmicutes nigsuuye piseHb LPS, wo moayntoe
BULLE3ragaHi 3ananbHi WAAXM Ta iHAYKYE €KCnpecito
CMHTa3n okcuay asoty (iNOS), Aka, Ak Bigomo, norip-
LWYE YYTAMBICTb A0 iHCyniHy [17].

3a BiacyTHOCTi meTaboniyHMX nopyweHb, eybios
3abe3neyye NpoAyKyBaHHS OyTUpPATy B KULLIEYHUKY, i
3anobirae 3ananeHHto WasSXom BUPOOHULUTBA meTabo-
NiTiB, AKI NiATPMMYOTb QYHKLiO KulwKoBoro 6ap'epy.
ByTupar iHribye 3ananeHHA cA1nM30B0oi 060ONOHKM KuLLey-
HUKa Wwnaxom aktmusauii PPARy Ta iHribyBaHHA NF-kB Ta
IFN-y Ta iHAYKYE rinepaueTnatoBaHHA MCTOHIB WIAXOM
B3aemog,ii 3 rictoHgeaueTunasor. OKpim Toro BigbyBsa-
€TbCA IHAYKLIA aKTUBALIT peuenTopa BibHUX XUPHUX
KUCNOT 2, AKNIA PEryato€ CUTHANbHUIA WAAX IHCYNIHY B
KUPOBIN TKAHWHI. BiH TaKoX IHAYKYE CEKpeLito rioKa-
roH-nogioHoro nentuay 1 (GLP1) y KuweYHUKY, AKKIA
3anobirae HaKOMMYEHH!O XUPY Ta NiABULLYE YYTAMBICTb
00 iHCyniHy. HU3bKKUI piBeHb BMpPOOHMUTBA OyTMpaTy

BHaCNigoK Amcbiosy iHAYKYe BUMPOONEHHA 3anajsibHUX
LMTOKIHIB Yepe3 akTmBauito NF-kb [18].

Y 0cib 3 iHCYNiIHOPE3UCTEHTICTIO BU3HAYANMCA 3HAY-
Hi PO36iXKHOCTI Yy KiNbKiCHUX BM3HAYEHHAX Ta CNiBBiA-
HolweHHi Bacteroidetes i Firmicutes, aeski gocnigxeH-
HA TPaKTyBa/X TaKi 3MiHU AK Aucbios. OKpim LbOro,
OEeKinbKa [OCNifXeHb BUABUAM 3HAYHE 3HWMKEHHA
Bacteroidetes Ta KopenboBaHe 36inblweHHs Firmicutes
[19], wo TaKoXK NiATBEPAKYIOTb AAHI AKI MW OTpUManm
Y XOZi HALLOro eKCNePUMEHTY.

Y 6inbwocTi AochigrKeHb akLeHTyBanAM yBary Ha
3HaYyHOMY 36inblIeHHiI KinbKocTi Firmicutes Ta 3pocTaH-
HA cniBBigHoweHHA Firmicutes: Bacteroidetes, wo
03HaMeHYBa10 Pi3HULIO B MiIKPOHiOMi KMLLIKM MiXK 0CO-
6amu 3 IP i 3g0poBMMM A0BPOBONLLAMMU, AK 3arasbHy
TeHAEHL,t0.

BpaxoBytouM BCi acMeKTU, MOXKHA MPUNYCTUTH,
o 3B’A30K MiXK pobOTOlD CKeNeTHUX M'A3iB Ta CKia-
OOM KULLKOBUX MiKPOOPraHi3amiB — ABOHanpaBieHN,
TAaKMM YMHOM perynsauia rinepraikemii yepes m’ssosy
poboTy moayntoe cknag mikpobiomy. JocniaKeHHs i3
3any4yeHHAM ¢i3nyHOT pobOTK 3a yyacTio Ntoaelt noka-
3a1M, WO perynapHa ¢isMyHa aKTUBHICTb MOZAY/IOKE
CKag Mikpobiomy Kuwkm [12].

3a aHanisom pesynbraTiB NOPIBHAHO 3 BUXiAHUMU
OAHUMM BU3HAYEHO, LLLO AOCTOBIPHE 3pOCTaHHA Biaainy
Bacteroides oaHo4acHO 3i 3HM»eHHAM Firmicutes Big-
6ynoca nig snavsom $isMUYHUX HaBaHTaXKeHb CUNOBOI
CNPAMOBAHOCTI, B TOM Yac AK aepobHi BNpasu nuLue Bu-
3HauYMIM TeHAeHUilo 3b6arayeHHs Bigainy Bacteroides
pa3om i3 He3HaYHMM 3HUXKEHHAM MOKA3HUKIB BiAAiNy
Firmicutes, W0 CBiAYMTb NPO NO3UTUBHUI BNANB Pi3ny-
HUX HaBaHTA)KeHb CUJIOBOI CMPAMOBAHOCTI Ha KOpeK-
uito ancbiosy B ymoBsax rinepraikemii.

JocnigKeHHA 3a ydacTi fogei noKasyloTb, WO
BNpoOBagKeHHA ¢i3nyHoi poboTM acoLitoeTbeA 3i 3HK-
XeHHAM cniBBigHoweHHAa Firmicutes/Bacteroidetes,
[OBeZleHO, L0 FPamMHeraTMBHI NpeacTaBHUKM, TaKi AK
Bacteroides Ta Roseburia aemoHcTpytoTb nocnigosHe
36inblWeEHHA pa3oM 3i 36ifblIeHHAM YacToT ¢i3nyHOI
pob6oTu [20].

Y deKanbHMUX 3pa3Kax y4aCHUKIB AKi BUKOHYBaAU Oi-
3MYHY Pob6OTY CMAOBOT CcNpAMOBAHOCTI Byna BUABNEHA
npucyTHicTb Akkermansia muciniphila, wo mae 3sopoT-
HY KOpenAL,ilo 3 piBHEM [JIFOKO3M HATLLLEe Ta MPU3BOAMUTD
00 36arayeHHs Pi3HOMaHITHOCTI KMLLIKOBOro mMikpobio-
my.

BignoBigHO A0 Hawwux pe3ynbTaTi, AOCAIAXKEHHA
nigKpecnoTb, WO CUI0BI BNpasu AilicHO 36inbliyBa-
1 BiAHOCHY KinbKicTb Akkermansia spp. Ta 3ameHwyBa-
/N KinbKicTb npoTeobaKTepiil, noB'a3aHnx i3 moayna-
Li€l0 3anasieHHs y TOBCTIM Kuwuyi [21], wo nos’asaHo
3 034,0POBYMMM Ta NPOTU3ANaANbHUMKN edeKkTamu [22].

BpaxoBytoun HasBHICTb ¢i3MYHOI aKTMBHOCTI, BU-
COKa KinbKicTb A. muciniphila 6yna onucaHa paHiwe B
Mikpobiomi ocib wo 3aimatoTbea cnoptom [12], y ToM
Yyac AK HUM3bKi piBHi Byan nos'asaHi 3 meTaboNiYHUMMU
NOPYLEHHAMM, TAaKUMWU SIK OXKMUPIHHA, MeTaboniuyHuni
cuHgpom Ta agiabert Il Tuny [17].

JOKNiHIYHI AOCNiAKEeHHA HAa MOoAenAxX LWypiB NoKa-
3anu, Wo Gi3nyHi BNpaBM 3MiHIOIOTb CKNaa MiKpobioTu
KuwedHuKa [18] Ta deKanbHi KoHueHTpauii SCFA, wna-
XOM 36inblIeHHS BUPOOHMLTBA ByTUpaTy.
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baraTto iHTepBeHLUiHUX AOCNiAXKeHb Ha TBapuHax
nokasanu, wo ¢i3nyHi BNpaBuM cnpaBgi MO3UTUBHO
BM/INBAIOTb Ha CKAag Mikpobiomy came yepes 36i/b-
weHHA Bacteroidetes Ta 3meHweHHa Firmicutes, a
TaKoX 36inbweHHs Tuny Actinobacteria y 6ik poay
Bifidobacterium [19].

Y pocnipgxeHHi [20] 2 TUKHI TpeHyBaHb 3HU3UAU
cnisBigHoweHHA Mmix Firmicutes/Bacteroidetes, ne-
peBaKHO 3aBAAKW 3HAYHOMY 36ifblUEHHIO BifHOCHOI
KinbKocTi Bacteroidetes, wWo NiaATBEPAMKEHO i HAWMMMK
pe3ynbTaTamu. 36inblueHHA KinbKocTi Bacteroidetes Bi-
AOirpae BaxKAMBY posib y MeTaboniuHili KoHBepcii cknaa-
HUX BYIIeBOAHMX NOAIMepPiB, TAKUM YMHOM MOKPALLYE
rNiKemito y ocib 3 iHCy/liIHOPe3UCTEHTHICTIO TUNY.

Y HawoMmy [AOCNIAMEHHI 3MiHM B KOHUEHTpauiax
iHCyNiHy He nokasanu pgoctosipHocTi (P=0.06), ane
BiZANOBIAAOTb BMpPAXKEHIN TeHAEHUiT 40 3HUMKEHHA.
M’s30Ba poboTa cM0BOro cnpsamyBaHHA byna nos’s-
3aHa 3 KinbKicHMM 36inbweHHAM Bigainy Bacteroides
Ta Actinobacteria, W0 NoKa3aso 3BOPOTHIO KopensaLito
3 piBHeM rtoko3m Hatuwe, HOMA-IR Ta rnikoBaHoro re-
MOTN06iHY Y KiHOK 3 MeTaboniYHMM CUHAPOMOM.

Cepepn, mexaHi3miB B3aemog,ii mixk poboToto ckenet-
HMX M’53iB Ta MiKpobiomom Byno BMC/IOBAEHO Mpuny-
LWEeHHA, Wo 3B'A30K, onocepeaKoBaHU NOTEHLIMHUM
BNIMBOM i3nyYHOT po6OTM Ha LiNICHICTb KMULWKKM Ta Npo-
HUKHICTb KMLWKOBOI CTiHKM [21]. Pasom 3 umm, cydac-
Hi AaHi roBopATb Npo Te, Wo ¢isnyHa poboTa BMCOKOI
iHTEHCMBHOCTI HaBMaKKW NiABULLYE NMPOHUKHICTb CTIHKM
KMLIEYHMKA, WO 3MEHLYHYM TOBLLMHY CAU3Y, NOTEH-
LiMHO [03BONAE MAaTOFre@HHUMM Ta YMOBHO-MATOreHHUM
MIiKpOOrpaHi3amam BM/AMBATM Ha CUCTEMHe 3ananeH-
HA Yepe3 NpoayKLilo ninononicaxapuay, Wo 3any4vae
iMYHHi KNiTUHW cnu3oBoi 06010HKKM [22]. Kpim ToroO,
3MiHEHA MOTOPMKA KULIEYHWUKA, LLLO BUHUKAE B pPe3y/ib-
TaTi pobOTU CKEeNeTHUX M'A3IB, BKAOYAOUM CKOPOYEH-

HA TPAH3MTHOIO Yacy Ta NOJIMNWEHHA PyXy rasis, MoXxe
BUKAMKATU i3MYHI 3MIHM B LUJYHKOBO-KMLUKOBOMY
TPaKTi, AKi BNAMBaOTb Ha pH, ceKkpeuito caunsy, yTBO-
peHHA B6ionniBKM Ta AOCTYMHICTb MOMMBHUX PEYOBUH
3 NoganblUMM BNANMBOM Ha BaKTepianbHuii cknag, [23].

BucHOBKM.

Micna 3acTocyBaHHA ABOX MpoOrpam 0340pPOBYOro
¢diTHecy pisHoi cnpsimoBaHOCTi Gpi3nYHOT pobOTH Y HKiHOK
3 MC cnocTtepiranuca 4OCTOBiPHI 3MiHW BYrneBoaHOro
00OMiHY, WO KopentoBanun 3i 3MiHAMW KULIKOBOTO Mi-
Kpobiomy. Mig BNAMBOM BMpaB CMI0BOI CNPSAMOBAHOCTI
BiporigHo 3HMyBaBcA piseHb HbAlc, AKMI Kopentosas
3 NigBULLEHHAM YacTKM Bacteroides Ha 18,4%, B ToM
yac fAK He3HauHe 36inblweHHA Actinobacteria (P=0,67)
MaJio HeraTMBHY KOPEensALito 3 3HUMKEHHAM KOHLEH-
Tpauii raokosu (P=0,02) Ta nokasHukom HOMA-IR
(P=0,02). BignosigHo, ¢iznyHa poboTa cuaoBOi crpa-
MOBAHOCTI MaJjia MOTEHUiMHUIN MOAY/OYNN BNAUB
Ha MOKAa3HWKM [HCYNiIHOPE3UCTEHTHOCTI, TMM CaMUM
CNpAYN 3MiHAM MiKpPOBHOI pi3HOMaHITHOCTI y ocib
3 MeTaboNiYHUM CUHAPOMOM. TaKM MexaHi3m oro-
cepefKoOBYE KOHTPO/Ib 33 NMPO3anasbHUM CTaHOM, LLO
perynboBaHuin TpaHcKkpunuieto TNF-a, IL-1 Ta IL-6, fAki
BM3HayvatoTbcA y ocib 3 IP Ta MC. Y rpyni wo 3aimanaca
¢di3nyHoto poboToto aepobHOI cNPsAMOBAHOCTI AOCTO-
BipHMX 3MiH He Bigbynocs.

MNepcneKTMBU NoganbLUKX AOCNIAXKEHD.

Mopanblii AOCNIAMKEHHA AOLINBHO CAPAMYBATU Ha
nornnbaeHe BUBYEHHA MOJIEKYNIAPHUX MEXaHI3MiB B3a-
EMOAIT Mi’K aKTUBHICTIO CKeNleTHUX m’A3iB Ta MiKpobi-
oMYy, aHani3 3MiH cKnagy mikpobiomy Ta metabonomy
nig BNAMBOM Pi3HUX TUMIB Qi3UYHOr0 HAaBAHTAMKEHHSA,
a TaKOX po3pobKa MepcoHanizoBaHMX MPOTOKONIB py-
XOBOi aKTMBHOCTI 3 ypaxyBaHHAM 0cobanBocTel mikpo-
6ioTu.
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MEXAHI3MMW PEFYNALIT CKNALY MIKPOBIOMY KULLIKU TA MOKA3HUKIB BYIJIEBOAHOIO OBEMIHY VY XIHOK
3 METABOJTIMHUM CUMHAPOMOM NPU POBOTI CKEJIETHUX M’A3IB

lypeHko O. O., Aipo3poscbKa C. b.

Pestome. MeTtaboniyHuii cuHapom (MC) € cknagHUM KAiHIYHUM GEeHOMEHOM, WO BKAKOYAE iHCYNIHOPE3UCTEHT-
HiCTb, rinepToHito, abAoMiHaNbHE OXUPIHHA Ta aTEPOreHHy AUcainigemito. Moro naTtodisionoris TicHo nos’A3aHa i3
CUCTEMHWUM 3aMa/IeHHAM Ta NOPYLIEHHAMM MIKPO6ioMy KULLKIBHMKA. MeToto focniasKeHHs 6yno BUBUMTH, AK di3ny-
Hi BNpaBwW Pi3HOT CMPAMOBAHOCTI BMN/IMBAIOTb HA CKAaA, KMLWKOBOI MiKPOBiOTM Ta MOKA3HWKK BYF1€EBOAHOIO OOMIHY Yy
XiHOK i3 MC.

Y pocnigxeHHi 6panu ydacTb 68 XKiHOK i3 KAiHiYHO niaTBepaKeHnm MC, po3aineHunx Ha ABi eKcnepmmMeHTanbHi
rpynu (aepobHe Ta cunose disyHe HaBaHTAXKEHHA) Ta KOHTPOAbHY rpyny. MPOTAromM AOCAIAMKEHHA aHaNi3yBanucs
KNiHiKo-nabopaTopHi, bioximiuHi Ta MiKpobionoriuHi NoKkasHUKK. Cknag MikpobioTv BU3Ha4Yav 3a A4ONOMOrOHO Kifb-
KicHoi M/1P i3 npamepamm go reHa 16S pPHK, 3okpema ao Actinobacteria, Firmicutes i Bacteroidetes.

Pe3ynbTaTu NoKasanu, WO CUN0BI Pi3MUHI HaBaAHTaXKEHHA 3Hauvylle BMAMHYAM Ha MiKpobioTy Ta Byr/1eBOAHUNA
0o6MmiH. Y rpyni cunosoro ¢iTHecy crnocTepiranoca gocrtosipHe 36inblweHHA Bacteroides Ha 18,4% Ta 3HWMKEHHA
Firmicutes Ha 36,8%, L0 CynpoBOAKYBaNOCA 3MEHLLEHHAM criBBigHoweHHA Firmicutes/Bacteroides Ha 43,5%. Taki
3MiHM Manu 3BOPOTHY KOpensLilo 3 piBHeM FikoBaHoro remornobiHy (HbAlc), akuii 3HM3MBCA Ha 19%, KOHLEHTpa-
Li€eto rtoKo3m HaTwe (-15,1%) Ta iHaekcom HOMA-IR (-20,4%). Aepob6Hi HaBaHTaXeHHSA He Aann A0CTOBIPHUX 3MiH.

MexaHiCTMYHO foBefeHo, Wo ¢isMyHa aKTUBHICTb CMIPUAE TPAHCIOKALLi IHOKO3HMX TpaHcnopTepis GLUT4 po
KNITUHHOT MembpaHu yepes akTnaauito AMPK, oM1HaOUM iHCYIIHO3aNEXKHUIA CUTHANbHUIA WASAX. TAKOXK BNpaBu Mo-
KYTb 3MiHIOBATU KMLLKOBY NEPUCTaNbTMKY, pH cepefoBuLla, CeKpeLLito Cn3y, Wo B KOMM/EKCI BM/IMBAE HA CTPYKTY-
py Mikpobiomy. OKpim Lboro, 3adikcoBaHo 3poctaHHa Akkermansia muciniphila, Wwo acouitoeTbca 3 NOKpalLeHHAM
TNKEMIYHOrO KOHTPOJIIO Ta 3HUMKEHHAM NpPOo3anasibHoro CTaTycy.

TakUM 4YMHOM, Qi3nyHa poboTa CMNOBOro TUMY CMPUAE HOPMAasi3aLil cknagy MiKpobioTn, 3MEHLIEHHIO Npo-
3aManbHOro CTaHy, MoAayAnAuii CUrHanbHUX WAAXiB, Nos’a3aHux i3 Toll-noaibHMmMKM peuenTopamn Ta LUUTOKiHaMMU
(TNF-a, IL-6, IL-1B), i BOAHOYAC — NOKPALLEHHIO YYTAMBOCTI A0 iHCyAiHy. Lle BKa3ye Ha noTeHLian CMI0BMX Brpas
AK TepaneBTUYHOI cTpaTerii B KomniekcHomy nigxoai ao Kopekuii IP Ta MC. Moganbli AocnigKeHHs matoTb 6yTH
CNPAMOBAHI Ha BMBYEHHA MOJIEKYNAPHUX MeXaHi3MiB B3aeMogii MikpobioTu 11 Gi3nUHOI aKTUBHOCTI Ta pPO3pOobKy
nepcoHanizoBaHMx GpiTHEC-NPOTOKOIB 3 ypaxyBaHHAM MiKpobiomHoro npodginto.

Knto4oBi cnoBa: iHCyNliHOpPE3UCTEHTHICTb, M'A30Ba pob0oTa, MiKpobiom, KMLWKA, MeTaboNiIYHUIN CUHAPOM.

MECHANISMS OF GUT MICROBIOME AND CARBOHYDRATE METABOLISM REGULATION IN WOMEN WITH
METABOLIC SYNDROME THROUGH SKELETAL MUSCLE ACTIVITY

Hurenko O. O., Drozdovska S. B.

Abstract. Metabolic syndrome (MetS) is a complex clinical condition that encompasses insulin resistance,
hypertension, abdominal obesity, and atherogenic dyslipidemia. Its pathophysiology is closely linked to systemic
inflammation and disturbances in the gut microbiome. The aim of this study was to investigate how physical
exercises of different orientations influence the composition of the gut microbiota and carbohydrate metabolism
markers in women with MetS.

The study involved 68 women with clinically confirmed MetS, divided into two experimental groups (aerobic
and strength training) and one control group. Clinical-laboratory, biochemical, and microbiological parameters were
analyzed. Microbiota composition was assessed using quantitative PCR with primers targeting the 16S rRNA gene,
including primers specific to Actinobacteria, Firmicutes, and Bacteroidetes.

The results revealed that strength-oriented physical activity had a significant impact on the gut microbiota
and carbohydrate metabolism. In the strength training group, a significant increase in Bacteroides by 18.4% and a
reduction in Firmicutes by 36.8% were observed, along with a 43.5% decrease in the Firmicutes/Bacteroides ratio.
These shifts correlated inversely with levels of glycated hemoglobin (HbAlc), which decreased by 19%, fasting
glucose levels (-15.1%), and the HOMA-IR index (-20.4%). No significant changes were found in the aerobic group.

Mechanistically, physical activity promotes the translocation of glucose transporters (GLUT4) to the cellmembrane
via AMPK activation, bypassing the insulin-dependent signaling pathway. Exercises also affect intestinal peristalsis,
pH levels, and mucus secretion, all of which influence microbiome composition. An increase in Akkermansia
muciniphilawas also observed, associated with improved glycemic control and reduced pro-inflammatory status.
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Thus, strength training contributes to the normalization of gut microbiota composition, reduction of
inflammatory status, modulation of signaling pathways involving Toll-like receptors and cytokines (TNF-a, IL-6, IL-
1B), and enhancement of insulin sensitivity. This highlights the therapeutic potential of resistance exercises as part
of a comprehensive strategy for correcting insulin resistance and metabolic syndrome. Further research should
focus on elucidating the molecular mechanisms of gut-muscle interaction and developing personalized physical
activity protocols based on individual microbiome profiles.

Key words: insulin resistance, muscle activity, microbiome, gut, metabolic syndrome.
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