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Abstract

Background. Chronic heart failure (CHF) is a global health issue with high mortality rates. According to statistical data,
in Kazakhstan, 4.7% of the population suffers from CHF, which amounts to approximately 320,000 people. In the United
States, 6.7 million individuals are affected, with projections rising to 8.5 million by 2030. Despite advancements in treatment,
mortality rates remain high. Recent studies highlight the role of gut microbiota in systemic inflammation, a key factor in
cardiovascular diseases. Exploring the gut microbiota offers a novel perspective for understanding CHF pathogenesis and
potential therapeutic interventions.

Aim. The review aims to explore the role of gut microbiota in the development and progression of CHF and examine new
methods to improve the clinical status of patients through gut microbiota modulation.

Search strategy. A literature review was conducted using PubMed, Medline, Cochrane Central register of Controlled
Trials database, Web of Science, Scopus, https://elibrary.ru, and Google Scholar over the past 10 years, providing
information on the role of the gut microbiota in the development and progression of CHF. The review includes works
published in Russian and English

Results. Disruption of the intestinal barrier allows endotoxins and microbial metabolites to enter systemic circulation,
triggering systemic inflammation and endothelial dysfunction, exacerbating CHF. Gut hypoperfusion and increased
permeability further contribute to the disease's progression. Microbial metabolites, such as trimethylamine-N-oxide (TMAQ)
and short-chain fatty acids (SCFAs), influence systemic inflammation. Elevated TMAO levels are linked to cardiovascular
events, while SCFAs have protective effects but are reduced in CHF patients. Gut dysbiosis is prevalent in CHF, marked by
altered microbiota composition, including decreased beneficial bacteria and increased pathogenic species. These changes
correlate with systemic inflammation and disease severity.

Conclusions. The gut microbiota significantly impacts CHF pathogenesis through its influence on systemic inflammation
and metabolic pathways. Modulating gut microbiota presents promising therapeutic opportunities, including dietary
adjustments, probiotics, prebiotics, and fecal microbiota transplantation. Further research is essential to optimize
interventions and explore the gut-heart axis's role in CHF progression and comorbidities.

Keywords: cardiology, chronic heart failure, gut microbiome, TMAQO, SCFAs, systemic inflammatory response.
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BBepeHue. XpoHudeckas cepgedHas HepoctatouHocTb (XCH) npepcraBnsier cobont rmobanbHyw npobnemy
3[paBOOXPaHEHMS C BbICOKOW CMEPTHOCTbH. COrnacHo CTatucTuieckum aaHHbiM B Kasaxcrtane 4,7 % Hacenenus ctpagaet
ot XCH, uto coctaenset npumepHo 320 Thic. Yen. B CLUA ctpagatotr XCH 6,7 mnH yenosek, k 2030 rogy nporHosupyeTcs
yBenuuyeHue yncna nayneHtos fo 8,5 mnH. B uenom rnobansHas pacnpoctpaHeHHocTs XCH Bapbupyetcs ot 100 go 900
cnyyaeB Ha 100 TbiC. 4enOBEKO-NET B 3aBUCMMOCTM OT MCMOMb3yEMbIX AMArHOCTUYECKMX KPUTEPUEB W WUCCREayeMOon
nomynsumu. HecmoTpst Ha JOCTWxeHUs B NiedeHnn XCH, coxpaHsoTCs BbICOKas YacToTa rocnuTanuaaumi i CMEPTHOCT.
HoBble nccnenoBaHust yaensioT BHUMaHWE PONK KULIEYHOW MUKPOOMOTBI B Pa3BUTUM CUCTEMHOMO BOCMANeHusi, KOTOpoe
UrpaeT BaxHYK pOMnb B NaToOreHe3e CepaeyHO-cocyancThiX 3aboneBaHui. M3syyeHne MUMKPOBUOTHI OTKPbIBAET HOBbIE
nepcnexkT1Bbl B NOHUMaHun natoreHesa XCH u paspaboTke TepaneBTUYECKMX NOLXOA0B.

Llenb uccnegoBaHus. Viccnenoeatb ponb KMWEYHON MUKPOOMOTLI B pa3suTM 1 nporpeccupoBannn XCH, a Tarke
paccMOTPETb HOBbIE METOAbI KOPPEKLMM KITMHUYECKOTO COCTOSHWS NALMEHTOB NyTeM MOLYNALAM MAKPOBMOTSI.

Crparerusi noumcka. lMouck nutepaTypbl NPOBOAMICA C Mcnonb3oBaHnem pecypcoB PubMed, Medline, LieHTpanbHoro
peecTpa KOHTponupyembix ucnbiTaHuin Cochrane, Web of Science, Scopus, https://elibrary.ru u Google Scholar 3a
nocnegHue 10 neT, NpegocTaBnsoWMA MHEOPMALMIO O PONWN MUKPOBMOTLI KULIEYHWKA B Pa3BUTMM W MPOTPECCMPOBAHUM
XCH. O630p BkntoyaeT paboTbl, ONyBIMKOBAHHbIE HA PYCCKOM M @HIMMACKOM Si3bIKaX.

PesynbTatbl. HapyweHne 6apbepHOA (yHKLUMM KULIEYHWMKA COCOBCTBYET MPOHWKHOBEHWMK) SHOOTOKCMHOB M MUKPOOHbIX
MeTaboNUTOB B CUCTEMHBIN KPOBOTOK, YTO BbI3bIBAET CHCTEMHOE BOCMArNEHNe W SHOOTENMAMNbHYIO AMCKHYHKLMIO, YXYOLIAOLLYI0
TeyeHne XCH. Tvnonepdysns KuLLeYHWKa 1 YBENMWYEHWE €ro MPOHULAEMOCTU YCyrybnatoT NporpeccupoBaHie 3aboreBaHus.
MeTabonmutbl MukpobuoThl, Takne kak TpumetunamuH-N-okeug (TMAO) u kopoTkouenouyedHble xupHble kucnotbl (KLPKK),
Y4acTBYIOT B Pa3BUTUM CUCTEMHOTO BOCNaneHus. Boicokuin yposeHs TMAO accouumpoBaH ¢ CepaeyHo-CoCyaNCTbIMM COBbITUSAMM,
Torga kak KLPKK obnagator 3awmtHbiM 3dhhekToM, HO WX YpOBEHb CHKeH Yy nauweHtoB ¢ XCH. Y nauwextos ¢ XCH
HabntogaeTcst AMCOMO3 KMLIEYHWKA, XapaKTEPU3YIOLMIACS CHIKEHWEM YNCMa NOMEe3HbIX BaKkTepuii 1 YBEMMYEHEM NATOrEHHON
chropbl. 3TV M3MEHEHWS KOPPENUPYIOT C CUCTEMHbIM BOCTIANIEHWEM W TSHKECTBIO 3aboneBaHus.

BbiBopabl. KuweyHas mukpobuoTa urpaeT 3HauuTenbHyl ponb B natoreHese XCH uyepe3 BMMsiHME Ha CUCTEMHOE
BocnaneHue u Metabonuuyeckme npoueccsl. Moaynsaums MUKpoGUOTbI OTKPbIBAET MEPCNEKTVBHbIE TepaneBTUYECKUE
BO3MOXHOCTY, BKMKOYas AMETUYECKYHD KOPPEKLUMO, NpoBuoTHKM, NpebuoTKM 1 TPaHCTNAHTaUMIO KULLEYHON MUKPOBUOTSI.
Ons onTMMW3auMM NOLXOLOB W  [anbHENLIEro W3y4yeHust BIMSIHUS  «KALIEYHWK—cepaue» Tpebyetcs nposefeHve
LOMOMHUTENbHBIX NCCIEf0BaHMIA.

Kntoyesble cnosa: kapduosnoausi, XpoHuyeckas cepdeyHasi He0ocmamo4YHOCMb, Kulie4Hb Il Mukpobuom, TMA, TMAO,
KLPKK, cucmemHasi gocnanumerbHas peakyus.
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Kipicne. Cosbinmansl xypek xetkinikciaairi (CHXK) — xorFapbl eniM-xiTim kepceTkiluTepiMeH cunatTanatbiH xahaHablk
[eHcaynblK cakTay Maceneci. CtatucTukanblk ManiMeTTepre CalikeC, KasakcTaHga XanbikTbib, 4,7%-bl CHOK-meH
ayblpagpl, byn wamameH 320 MbiH, agamabl kypaiabl. AKLL-Ta 6,7 munnvoH agam ockl gepTke Wwangbikkad, an 2030
XbliFa Kapain Oyn kepcetkiw 8,5 munnuonra xetedi gen 6omkaHypa. 3amaHayu empaey OfiCTEpiHiH, XeTiCTikTepiHe
KapamacTaH, aypyxaHara XaTKbI3y XoHe eniM-XiTiM AeHreli ani ge xorapbl. COHFbl 3epTTeynep ilek MUKPOBMUOTaChIHbIH
Xynenik KabblHy, XYpek-kaH Tamblpnapbl aypynapbiHbiH MaHbi3abl (haKTOpbIHA aiHamnFaH peniH atan etyge. lwek
MukpoBuroTacklH 3epTTey CHOK naToreHesiH TyCiHy MeH xaHa eMaey SfiCTepiH i3aeyae xaHa 6aFbiT YCblHab!.
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Makcatbl. lwek MUKPOOMOTAChIHBIH CO3bINIMAnbI XYPeK XeTKINiKCI3Airi AamyblHAarbl peniH 3epTTen, NauueHTTepaiH
KMWHWKaMbIK XXaFganblH XaKcapTyablH XaHa dAiCTepiH KapacTbipy.

IsgecTipy ctpateruacbl. PubMed, Medline, Cochrane optanbik 6GaxpinaHatbiH cbiHakTap Tisinimi, Web of Science,
Scopus, https://elibrary.ru xsHe Google Scholar pecypctapbl apkbinbl CoHFbl 10 Xbin apanbiFbiHaarbl afebueTtepre Lwony
xacangbl. Opbic XaHe afbiflbH TiNAepiHAe peleH3nsiNaHFaH Makananap apHambl ipikTey oHe WbIFapy KpUTepuinepi
HerisiHae kapangbl.

Hotuxkenep. lwek ToCKaybiMbIHbIH Oy3binybl 3HOOTOKCMHAEP MEH MWKpODTHIK MeTabonuTTepaiH Xyhenik KaH
aliHanbIMblHa €HyiHe, HaTWXeCiHOe Xyienik KabblHyFa XoHe SHOOTENU AMchyHKumscbiHa okenepi, 6yn CXOK-Hbl
HawapnaTagbl. lwekTeri rnonepdysns MeH OTKI3MLTIKTIH, XoFapbinaybl aypyablH, acKblHyblHa KOCbIMILA acep eTefi.
Mukpob6TbiK MeTabonutTep, Mbicansl, Tpumetunammut-N-okeng (TMAO) xaHe Kpicka TisbekTi Man Kpiwkbinaapsl (KTMK),
Xymenik kabbiHyFa acep etedi. TMAO geHremiHiH XoFapbinaybl XYpek-kaH Tamblpriapbl OKuUFanapbiMeH 6ainnaHbICThl, an
KTMK kopraHbic KacueTTepre ue, bipak CHOK naumeHTTepiHae TemeH aeHreiae aHbikranfad. CHOK naumeHTTepiHge iwek
amcbnosbl xui kesgeceqi, nangansl 6aktepusanapabiH, a3alobIMEH XHEe NaToreHdik TypnepaiH kebewiveH cunaTtTanagsi.
Byn e3repictep xyinenik kKabbIHYMEH %aHe aypyAblH ayblpnbiFbiMeH BannaHbICTbI.

KopbITbIHABI. lwek mMukpobuoTackl xyienik kabbiHy xaHe MeTtabonukanbik xongap apkbinbl CXXK naToreHesiHe
anTapnbikTan acep eteqi. lwek MukpobroTacsiH Mogynaupanay anetansik Ty3eTynep, npobuotukTep, NpebuoTukTep xoHe
HOXIC MMKPOBMOTACHIH TPaHCMNaHTaUusAnay CUSAKTbI NepcrnekTuBansl eMaey dAiCTepiH yCbiHaabl. byn 6arbiT 6oMbIHWA
KOCbIMLLIA 3epTTEYMEep XYPrisy KaxeT, COHbIMEH KaTap iluek-xypek ociHiH CXOK xoHe kaTtap XypeTiH aypynapabiH
[amyblHa biKnasnbIH 3epTTeY MaHbI3abl.

TyliHdi ce3pep: kapduosnoaus, co3biIMarbl XypeK xemkinikcizdiei, iwek mukpobuomacel, TMAO, KTMK, xytenik
KabbIHy peakyusicb.
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Introduction

Over the past few decades, cardiovascular diseases
(CVDs) have been recognized as the leading global cause
of death with the highest morbidity and mortality rates
worldwide [8,21,27,30,51,53]. According to the World
Health Organization, in 2019, approximately 17.9 million
deaths were attributed to cardiovascular diseases,
accounting for 32% of total mortality, and this number is
projected to increase [9,13,71]. Epidemiological data
indicate a steady increase in the prevalence of CHF,
reaching 1-2% in the general population and exceeding
10% among individuals over 70 years old [63].

Heart failure (HF) is a multifaceted clinical condition caused
by various factors and underlying physiological mechanisms,
characterized by dyspnea or limited tolerance to physical
exertion due to impaired cardiac ventricular contractility [1]. HF
manifests as a syndrome with specific symptoms and
indicators resulting from heart function impairment, ultimately
leading to reduced life expectancy. The pathophysiology of HF
is typically described as myocardial dysfunction, which can be
systolic, diastolic, or both. This dysfunction is often a
consequence of underlying conditions such as coronary artery
disease, hypertension, diabetes, dyslipidemia, and obesity [49].
HF can manifest in acute and chronic forms. The acute form of
HF is associated with various markers of inflammation, while
chronic heart failure is characterized by an abnormal

inflammatory state involving pro-inflammatory agents that are
considered key in the development of this condition [7,61].

Despite comprehensive attention from researchers and
the effectiveness of modern treatment methods, there is still
a high prevalence and socioeconomic significance of this
disease. This trend highlights the need for comprehensive
management strategies that not only incorporate advances
in pharmacological therapy but also deepen our
understanding of the underlying mechanisms of heart
failure. One of the emerging approaches to understanding
this issue is exploring the role of gut microbiota and its
metabolites [29].

Currently, one of the new directions in studying the
development of chronic heart failure is the investigation of
the compositional makeup of the human gut and the
products of their metabolism. Many authors increasingly
mention the gut microbiota (GM) as one of the potentially
modifiable factors involved in the pathogenesis of various
diseases, including cardiovascular diseases [8,17,70]. The
gut microbiota is the collection of microorganisms colonizing
the gastrointestinal tract. The gut microbiota actively
participates in the production of various metabolites acting
as signaling molecules and regulators of vital processes
[28]. Nowadays, changes in the compositional makeup of
the microbiota and the role of gut flora metabolites in the
pathogenesis of chronic systemic diseases and the
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formation of various "axes" between the gut and the
function of other internal organs are being increasingly
studied [50,58]. Special attention is paid to the products of
the intestinal  flora metabolism  such  as
trimethylamine- N- oxide ~ (TMAOQ), lipopolysaccharide
(LPS), and short-chain fatty acids (SCFAs) in the
development of chronic systemic inflammatory reactions,
the various concentrations of which can act as independent
predictors or markers [45,60].

It is known that changes in the quantitative and
qualitative composition of the gut microbiota are associated
with the clinical course of various diseases - obesity,
diabetes mellitus, bronchial asthma, and other allergic
diseases, behavioral disorders, and nervous system
development, as well as in the development and course of
cardiovascular diseases [2,5,41].

The gut microbiota acts as one of the potentially
modifiable factors involved in the pathogenesis of HF
development. In everyday life, the microbiome contributes
to the absorption of essential nutrients, acting as a barrier,
participating in flora composition regulation, and
suppressing excessive growth and colonization of
potentially pathogenic bacteria. The composition of the gut
microbiota can be influenced by many factors, including
ethnic background, age, medication use, harmful habits,
diet, obesity, comorbidities, and even in some studies, a
correlation between emotional background and gut
microbiota status is described [24,32,34]. Accordingly,
potential therapeutic opportunities are opening up,
including diet correction, probiotic and prebiotic use, fecal
microbiota transplantation, and lifestyle changes
providing new possibilities for modulating the gut

2780 published articles were found through the search o
PubMed, Google Scholar, Scopus,
Web of Science over the past 10 years.

n

microbiota, thereby preventing the development or
correcting chronic systemic inflammatory processes that
affect multiple axes in the human body [19].

Aim of this review is to provide an understanding of the
role of the gut microbiota in the development and
progression of chronic heart failure (HF), as well as to
explore new methods of correcting the clinical status of
patients with HF.

Search strategy

The publication search was conducted using keywords
relevant to the topic, utilizing resources such as PubMed,
Medline, Cochrane Central register of Controlled Trials
database, Web of Science, Scopus, https://elibrary.ru, and
Google Scholar over the past 10 years, providing
information on the role of the gut microbiota in the
development and progression of CHF. However, articles
from earlier years were included in the literature review due
to their fundamental contribution to the study of this topic.

For this literature review, articles containing evidence-
based experimental and clinical data on the most contemporary
issues regarding the composition of the gut microbiome and its
relationship with the development of chronic heart failure were
used. The following keywords were used in the search process:
"cardiology", "chronic heart failure", "gut microbiome",
"trimethylamine N-oxide (TMAO)", "short-chain fatty acids
(SCFAs)", "metabolites”, "systemic inflammatory response”.

All peer-reviewed published articles with relevant
materials on the connection between the gut microbiota and
CHF were considered suitable for inclusion. The review
includes works published in Russian and English languages
and specific inclusion and exclusion criteria are depicted in
Figure 1.

2,688 articles were excluded

v

92 articles were included in the review, describing the
relationship between the gut microbiota and CVD.

A 4

from the review.

16 articles were excluded

Ll

y

76 articles were identified for use in data review.

i

Figure 1. Data review.

Results

The Role of Intestinal Barrier in Heart Failure
("Barrier Hypothesis").

The mucosal multilayered epithelium of the intestine,
together with the colonizing microbiome and some immune
cells in the lamina propria of the intestine, are collectively
referred to as the intestinal barrier, demonstrating some
fundamental evidence of maintaining intestinal homeostasis
[15]. The intestinal epithelium forms a critical protective
boundary - a single-cell layer that separates the body from
the contents of the intestines. This cellular barrier plays a
vital role in defending against pathogens and preventing
inflammatory responses, acting as the body's frontline
defense system in the gut. [33]. In addition, the integrity of
intercellular connections, the activity of cotransporters and
various receptors are actively involved in strengthening and
integrity of the intestinal barrier. [47].

125

Some studies emphasize the particular role of the
intestinal barrier function, whereby the influence of
mechanical and biological factors disrupts the barrier's
integrity, leading to the penetration of endotoxins and
microbial metabolites directly into the systemic circulation,
resulting in the development of endotoxemia and,
consequently, the amplification of cascades in the
progression of chronic systemic inflammation [42,52]. Thus,
the chain associated with disruption of the intestinal barrier
function creates a vicious cycle by developing multiple
complex immune-mediated pathways [50]. Microorganism
migration through the intestinal wall is accompanied by the
entry into the systemic circulation of endotoxins such as
lipopolysaccharide (LPS) found in the outer membrane of
many gram-negative bacteria, which in turn, through Toll-
like receptor 4 (TLR4) of macrophages, adipocytes, and
dendritic cells, induces the synthesis of pro-inflammatory
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molecules (IL-6, TNF-q, IL-1, CRP, efc.), participating in the
development of systemic inflammatory reactions and the
formation of endothelial dysfunction, which plays a
significant role in the development of cardiovascular
diseases [64].

It is assumed that with a decrease in cardiac perfusion
function, the hemodynamic balance is disturbed, leading to
hypoperfusion of the gastrointestinal tract and stasis of
blood flow, which causes hypoxia and stasis of the intestinal
wall, especially the villi, which are more prone to ischemia.
This condition of intestinal hypoperfusion leads to distortion
of the intestinal mucosa and, ultimately, worsens the
integrity of the intestinal barrier, resulting in the
development of edema-ascitic syndrome [50, 57, 59, 72].
The presence of edema-ascitic syndrome in patients with
HF, collagenous and thick mucous membrane deficiency,
has shown higher concentrations of endotoxins and pro-
inflammatory cytokines in the blood plasma, thereby leading
to further increased intestinal permeability [50,59].

In many works, thickening of the intestinal mucosa wall,
due to hypoxia, and the content of collagen proportionally
correlated with the severity of HF and were characteristic
features of this patient group [6,64].

On the other hand, with the development of
hemodynamic imbalance, there is an increase in intestinal
wall permeability, which creates an additional load on the
pump function of the heart, due to the activity of the sodium-
hydrogen exchanger-3 (NHE-3), when sodium and water
absorption occurs through the transporter, thereby
overloading the volume of the cardiac chamber, ultimately
leading to earlier progression of heart failure [56].

An interesting regularity is described in one of the literature
reviews, which note a correlation between the quantitative and
qualitative compositions of the gut microbiota, the occurrence
of small intestinal bacterial overgrowth (SIBO) syndrome, and
the integrity of the intestinal mucosa [3]. The article mentions
the work of E.C. Lauritano E.C. et al. [35], where increased
intestinal permeability was observed in 11 out of 20 patients
with SIBO, while in the control group; only 1 out of 21 patients
had increased permeability. The development of this syndrome
plays an important role in the growth of pathogenic microflora.
A specific feature was identified in intestinal dysbiosis with an
increase in the number of certain groups of microorganisms, in
particular, species of Shigella, Salmonella, Yersinia, and
Candida [55]. Moreover, in some studies, a significant
decrease in the composition of normal flora was noted,
including families Coriobacteriaceae, Erysipelotrichaceae, and
Ruminococcaceae, as well as Blautia, Collinsella, uncultured
Erysipelotrichaceae, uncultured Ruminococcaceae, described
in the works of Huang Z et al. when studying the microbial
composition of patients with HF with preserved ejection fraction
[26).

The statistical analysis of the microbial composition
based on 16S rDNA revealed a decrease in the number of
bacteria producing Eubacterium Rectale and Dorea
longicatena in twenty-two hospitalized patients with HF
[16,62].

Thus, another link in the chain of effects is revealed,
where correction at the stage of heart failure onset will allow
a comprehensive consideration of possible therapeutic
approaches, thereby having the opportunity to break the
vicious cycle of "gut-heart".

As previously mentioned, the current understanding of
the heart-gut axis is incomplete, and there remains a lack of
understanding of how gut dysbiosis and other related
metabolic disturbances in gut microbiota contribute to both
HF disease progression and the promotion of risk factors
such as atherosclerosis and hypertension [42,46].

Intestinal Metabolites as Biomarkers of Systemic
Inflammatory Response.

To date, the focus of study in the "gut-heart" axis has
shifted towards metabolites in the development of
neuroendocrine and metabolic disorders. In addition to the
migration of endotoxins through the thin mucosal barrier of
the intestine into the systemic circulation, the increasing
attention is being paid to microbial metabolism products
comprising the gut microbiome. The modern understanding
of the role of the intestinal microbiome in the pathogenesis
of HF is represented by the activity of such metabolites as
Trimethylamine-N-Oxide (TMAQ), short-chain fatty acids
(SCFAs), and bile acids, which constitute the main groups
of microbial products in the human intestine. Gut microbiota
can transform various dietary nutrients into trimethylamine
(TMA). [66,74].

Trimethylamine-N-Oxide (TMAO) is a metabolite of
exogenous choline, phosphatidylcholine (lecithin), and L-
carnitine, synthesized from trimethylamine (TMA), which is
produced as a result of the metabolism of choline-rich foods
such as egg yolk and red meat. TMA is secreted by the gut
microbiota and then enters the bloodstream, where it is
oxidized in the liver to TMAO. Previous studies have shown
that TMAO can accumulate in the heart, kidneys, and other
tissues, influencing various biological processes. These
include promoting platelet aggregation, enhancing foam cell
formation, triggering inflammatory responses, and impairing
reverse cholesterol transport. Most part of TMAO eliminates
by the kidneys, while the rest is reducing by the enzyme
TMAO reductase in the gut to TMA [68]. TMAO has several
ways which can cardiovascular system and heart function.
TMAO can directly influence myocardial hypertrophy and
fibrosis by activating the Smad3 signaling pathway [40].
Additionally, TMAO directly triggers an inflammatory
response by activating signaling pathways like NF-kB and
upregulating the expression of pro-inflammatory cytokines
and chemokines [54]. Moreover, TMAO can promote the
accumulation of mitochondrial reactive oxygen species
(mtROS) by inhibiting sirtuin 3 (SIRT3) and superoxide
dismutase 2 (SOD2). This, in turn, activates NLRP3
inflammasomes, leading to endothelial inflammation [12].
Additionally, TMAO has a significant impact on
mitochondrial function. Prolonged exposure disrupts cardiac
energy metabolism by impairing pyruvate and fatty acid
oxidation, ultimately contributing to ventricular remodeling
and the progression of heart failure [44]. The meta-analysis
reported by Heianza Y. and colleagues in 2017, included
with the results of 19 clinical trials, shows that elevated
levels of TMAO may increase the risk of cardiovascular
diseases, exacerbating atherosclerosis by activating
inflammatory processes and impairing endothelial function.
Elevated concentrations of TMAO and its precursors were
associated with increased risks of MACE and all-cause
mortality independently of traditional risk factors. These
results were consistent across all populations studied [22].
According to literature data, TMAO exerts a pro-atherogenic
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effect by affecting the reverse cholesterol transport from
macrophages. Another meta-analysis in 2020, represents
those random effects model analyses indicated that higher
TMAO level also was associated with greater risk of MACEs
in patients with heart failure and associated with poorer
long-term prognosis for patients with heart failure, even
after adjusting for renal dysfunction. However, the precise
mechanism of this action is not fully understood. Increased
circulating TMAO levels have been repeatedly associated
with an increased risk of cardiovascular events (death,
myocardial infarction, and stroke) [25,36,37,39]. However,
the exact mechanisms involving TMAO in HF
pathophysiology are not fully understood. W.H. Wilson Tang
in 2014 first described the relationship between TMAO
levels and mortality risk among HF patients [64,65]. Li X.
and colleagues in 2019 described that the gut microbiota
composition in people with heart failure differs from that in
healthy Individuals, also mentioning the role of elevated
TMAO levels in fibrosis, myocardial inflammation, and
diastolic dysfunction. They also noted that a decrease in the
number of microorganisms producing short-chain fatty acids
may serve as an early predictor of HF development [38,75].
In one meta-analysis of 12 studies, was shown that an
increase of Trimethylamine-N-Oxide levels may be a
prognostic indicator and some kind of new marker of an
unfavorable prognosis for patients with HF [73]. However,
the obtained data demonstrate a certain "window of
opportunity" for correcting the clinical condition and
improving the prognosis of HF patients. Elevated TMAO
levels in HF with reduced ejection fraction (HFrEF) have
been significant both for diagnosis and prognosis, as
observed by Salzano A et al. [58]. According to this, serum
TMAO levels can be a pharmacological and dietary target
for preventing HF progression [10,74].

A perspective direction is to stimulate the gut microbiota
towards the formation of "beneficial" metabolic products. This
group includes SCFAs and secondary bile acids, which are
end products of dietary fiber fermentation. Short-chain fatty
acids (SCFAs) are organic acids produced by the gut
microbiota during the fermentation of dietary fiber. They play
a role in various physiological processes and are known to
have anti-inflammatory and metabolic properties. They are
the most common products whose formation depends on the
functioning of the gut microbiota in the intestinal lumen and
serve as the main source of nutrition for colonocytes. SCFAs
play a role in maintaining and altering the structure of the gut
microbiota and influence the body's immune and metabolic
processes. SCFAs are predominantly represented by
acetate, propionate, and butyrate [11].

Significantly low levels of SCFAs were established
among the first recruited patients with chronic heart failure,
which is also associated with changes in the intestinal
microbiome. Clinical application of SCFAs in various forms
may be beneficial in inflammatory bowel diseases, providing
protection of the intestinal mucosa and reducing intestinal
inflammation [67]. One of the interesting remarkable results
described in one article, which represents that the
application of SCFA, protects against myocardial ischemia
and reperfusion injury by inhibiting high mobility group box 1
protein in rats and particularly reduced infarct size [23].

Several studies have described the association of gut
microbiota metabolites with various pathologies, including

hypertension, atherosclerosis, HF, obesity, chronic kidney
disease, and type 2 diabetes. These metabolites can be
considered as biomarkers of gut dysbiosis and may serve
as early predictors of systemic inflammatory reactions [16].

Key Representatives of the Gut Microbiome.

The gut microbiome is dynamic and constantly evolving,
consisting of a multitude of bacteria from many taxonomic
classifications. The main types observed in the healthy
human intestine are predominantly constituted by the phyla
Firmicutes and Bacteroidetes, although there is also a
smaller contribution from other taxa such as Proteobacteria,
Actinobacteria, and Verrucomicrobia [4,28,62]. Within these
taxonomic groups, numerous genera and species perform
various functions in maintaining gastrointestinal balance.

Representatives of Bacteroides are known for their
important role in breaking down complex carbohydrates and
synthesizing vital metabolites, such as short-chain fatty
acids (SCFAs), especially butyrate [31]. Firmicutes carry out
diverse activities, with individual species showing
specialization in fermenting dietary fiber and producing
SCFAs [31]. The Prevotella genus, typically associated with
a plant-based diet, plays a significant role in carbohydrate
metabolism.  Conversely,  Proteobacteria  such as
Escherichia coli can induce inflammation with an increase in
their population [21,69]. Akkermansia muciniphila is known
for its involvement in mucin breakdown and maintaining
intestinal barrier integrity.

Several recent studies have identified the composition
of the gut microbiome and found its association with heart
failure (HF). Hayashi T. et al. in 2018 investigated the gut
microbial composition of HF patients and an age-, sex-, and
comorbidity-matched control group to assess differences
between the two groups [20]. They performed 16S rRNA
gene amplicon sequencing and found that HF patients had
significantly increased relative abundance of the
Bifidobacterium genus but decreased relative abundance of
the Megamonas genus compared to the control group.
Bifidobacteria are beneficial microbes with many
physiological advantages, such as reducing harmful
bacteria, modifying the host's immune system to prevent
infection, and lowering pH and ammonia concentration in
feces to improve gut environment. Megamonas, depleted in
HF patients, produces SCFAs like propionate and acetate
through glucose fermentation. Cui et al. evaluated and
compared the fecal gut microbiome of chronic HF patients
and healthy individuals from a control group using
metagenomic analysis and observed a decrease in the
abundance of Faecalibacterium Prausnitzii and an increase
in Ruminococcus gnavus [14].

This finding was further supported by metabolomic
analysis, which revealed gut microbial dysbiosis with
decreased butyrate concentration but increased TMAO
concentration in patients with ischemic heart disease [76].
Additionally, Kamo T. et al. in 2017 performed 16S rRNA
gene sequencing from fecal samples and assessed
differences in gut microbiome composition between HF
patients and healthy individuals and also compared the
composition of gut microbiota of 12 HF patients younger
than 60 years of age with that of 10 HF patients 60 years of
age or older. They found that the relative abundance of
Eubacterium rectale and Dorea longicatena was lower in
HF patients than in healthy individuals. Also
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Faecalibacterium prausnitzii and Clostridium clostridioforme
were less abundant in older HF patients than in younger
patients. Eubacterium rectale and Dorea longicatena
directly or indirectly produce the short-chain fatty acid
butyrate as a major fermentation product. Butyrate exerts a
variety of beneficial effects on the host, including acting as
an energy source for intestinal epithelial cells, maintaining
epithelial barrier integrity, and reducing both intestinal and
systemic inflammation. [31,76].

Composite analysis of the gut microbiome in HF
showed a predominance of Firmicutes and Bacteroidetes
and a decrease in the abundance of Actinobacteria,
Fusobacteria, and Proteobacteria. At the genus level,
significantly high numbers of Streptococcus (7.0%),
Megamonas (11.05%), and Gemmiger (3.2%) were
observed in the patient group compared to the control
group. At the class level, noteworthy changes included a
significant increase in the number of Clostridia and
Coriobacteria along with a decrease in the number of
Bacilli. At the family level, significant changes occurred
among members of Ruminococcaceae; Rikenellaceag;
Oscillospiraceae;  Streptococcaceae; Coriobacteriaceae;
Tannerellaceae; Bacteroidaceae; Lachnospiraceae;
Veillonellaceae; Prevotellaceae (p<0.0001).

However, attention should also be paid to the role of
external and internal factors in the development of this
theory, such as various infections, medication use, diet, and
acid-base imbalance, which contribute to shifting the degree
of gut dysbiosis [48]. For example, in one study, it was
found that medication groups such as alpha-glucosidase
inhibitors and statins increased the level of molecular
hydrogen in the intestinal lumen, suppressed oxidative
stress reaction, thus providing additional
pharmacotherapeutic effects [18]. However, a study by
Maier L. et al. described that 24% of medications (out of
1000 studied) had the ability to alter the activity of one of
the gut microbiota "representatives" in either a beneficial or
detrimental direction [43]. These studies highlight important
aspects of individual and more detailed approaches in
patient therapy, emphasizing that the human microbiome
can variably affect the effectiveness of medication use.

Conclusion

Based on the results of recent studies on the gut
microbiota and its relationship with the human body, it can
be concluded that the gut microbiome plays a significant
role in the pathogenesis of systemic inflammatory reactions
in patients with heart failure (HF), which allows us to view it
as a new link and target in correcting the clinical status and
treatment of HF patients. Thus, observing the complex
interaction between the gut microbiota and the
pathogenesis of HF can provide valuable insights into

1) prospective prevention and treatment schemes,

2) novel use of the gut microbiota as biomarkers, and

3) our understanding of HF.

Potential therapeutic opportunities include dietary
interventions, such as incorporating supplements containing
probiotics and prebiotics, in addition to fecal microbiota
transplantation, antibiotics, and lifestyle modifications,
which may contribute to modulating the gut microbiota.
Furthermore, integrating such interventions into clinical
practice can help revolutionize the quality of care provided
to patients, thereby improving treatment outcomes for those

suffering from such complex conditions. It is also important
to acknowledge that understanding how medications affect
the gut microbiota and the subsequent effects of such
interventions can update strategies to ensure optimal
treatment regimens. Further research is needed to
understand how gut bacteria influence the body, how they
can be controlled, and how they improve treatment
outcomes for patients. More randomized controlled trials
may shed light on the function of the gut microbiota in the
genesis and progression of HF, as well as its interaction
with cardiovascular medications. Additional research can
explore the role of the gut microbiota in the etiology of
various comorbidities exacerbating HF, while maintaining
an understanding of the many processes involved in HF
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