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Recently, the role of intestinal microbiota in maintaining metabolic and immunological homeostasis has received increa-
sing attention. Many studies have reported a close association between intestinal ecosystem dysbiosis and the development
of several pathological processes, including autoimmune, metabolic, and malignant diseases. Because there is a steady
increase in the numbers of patients with liver diseases, future studies of the function of the gut-liver axis will be impor-
tant. The relationship between the liver and intestines occurs through bidirectional signal exchange via metabolic, epigene-
tic, and neuroendocrine mechanisms. The quantitative and qualitative characteristics of the intestinal microflora can affect
intestinal permeability and the translocation of endotoxins, as well as control the activity of Kupffer cells and the transcrip-
tional activation of many proinflammatory genes and cytokines in the liver through the production of various metabolites.
The normalization of intestinal microflora might be a promising method for the treatment and prevention of socially significant
liver diseases.
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B nocnenHue rogbl Bce 605ee NpucTanbHOe BHUMAHME YHeHbIX Y KNTUHULMCTOB NPUBNEKAeT BONPOC O POV KULLEYHOM
MMKPOOBUOTHI B NoAAepXaHUm MeTabosiMyeckoro U MMMYHOJIOrMYeCcKoro romeocTasa opraHuama. B coBpemMeHHol Hay4How
niTepaTtype MMeeTcs A0CTaTO4YHO MHOro CBeAeHUiA 0 TeCHOM accoumauumn Anc6rosa KMeyHrka ¢ pasBuTneM psaa nato-
JIOrMYEeCKUX MPOLLECCOB, BK/IOYAs ayTOMMMYHHbIE, MeTabonmyeckre 1 3/10ka4ecTBeHHble 3a6osieBaHnst. B CBA3M C HEYKJIOH-
HbIM POCTOM 4MCa NALMEHTOB C TSXXENbIMU 3260N1€BaHNAMM NEYEHM NePCNeKTUBHBIM CTAHOBUTCS N3y4eHre 0Cob6eHHOoCTe
GYHKUMOHMPOBAHUS OCU «KULLEYHUK-MNEeYeHb>. Hannyne nepekpecTHbIX B3aUMOOTHOLLEHWI MEX Y NeYeHbI0 U KULLIEYHNKOM
obecrneynBaeTcs ABYyHanpaBieHHbIM 0OMEHOM Pa3INYHbIMU CUFHANaMn NocpencTBOM MeTaboNnMyeckux, anMreHeTnHecknx
N HEeNPO3HOOKPUHHBLIX MExaHn3MOoB. KayecTBeHHbI COCTaB U KOJIMYECTBEHHbIE XapakTePUCTUKN KULLIEYHOW MUKPOdO-
pbl CNMOCOGHbBI OKa3biBaTb CYLLECTBEHHOE BIUSIHUE HE TOJIbKO Ha MPOHULAEMOCTb KULLIeYHOro 6apbepa 1 6akTepuanbHyio
TPaHCNOKaLMIO, HO TakXXe KOHTPOIMPOBATb akTUBHOCTb kneTok Kyndepa 1 ypoBeHb TPaHCKPUMLMK 60JbLIONO YMCHa FeHOB,
y4acCTBYIOLLMX B BOCMANMTENIbHOM OTBETE HA BakTepuasibHble CTUMYJbl. BOCCTaHOBNEHNE KULLEYHON MUKPOOMOTHI MOXET
paccmaTtpuBaTbCs B KQ4eCTBE NEePCNeKTUBHOMO NoAxoaa K ieHeHuo 1 NpoduiakTuke coumanbHO 3HaYNMbIX 3abosieBaHNin
neyeHu.

KnoyeBbie cioBa: MVIK,DOGVIOT& KyLeyHuka, metabosimyeckasi OCb «KULLIEYHUK-MEYEeHb», HeaslkoroibHasi XXnpoBasi 60-
JIe3Hb re4YeHu, Unppo3 rne4eHu, renatolesisiiosigapHasa kapumnHoma
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BA - bile acids

FXR - farnesoid X-receptors
NF-«B - nuclear factor-xB
NKT - natural killer T cells

TGR5 - G-protein-coupled receptor
TLR - Toll-like receptor
TNF-a - tumor necrosis factor alpha

Microbiome Project, which followed the Human

Genome program, made several discoveries
that radically changed the existing ideas about the
role of microorganisms in our lives [1]. The genetic
analyses of biomaterial samples demonstrated the
human intestine contains 500 to 1000 species of
microorganisms with total biomass of 1-3 % of total
body weight [2]. Furthermore, the human genome
contains approximately 22,000 genes that encode
proteins and the microbiome contains approximately
8 million unique bacterial genes [3].

Most microorganisms that form the microbiota of the
gastrointestinal tract are bacterial cells, of which more
than 90 % belong to two taxa — Firmicutes and Bacteroi-
detes. Of note, the ratio between Firmicutes and Bacte-
roidetes is considered the most important indicator of the
functional state of the intestinal microbiota. Normally, the
composition of the intestinal microflora is dominated by
obligate anaerobes, whereas facultative anaerobes are
present at lower amounts, mainly in the proximal parts
of the small intestine. Furthermore, the distal parts of the
intestine contain significantly greater numbers of micro-
organisms compared with the proximal parts of the small
intestine [4, 5]. According to the type of interaction with
the gastrointestinal tract, all microorganisms that colonize
the intestine are usually divided into cavity (lumen) and
parietal (mucosa) microflora [6, 7]. The intestinal micro-
flora include obligate and transient microorganisms and
in general, the intestinal microbiome can be considered a
labile and potentially-modifiable population of various mi-
croorganisms that coexist within the gastrointestinal tract.
The targeted correction of the species composition of the
intestinal microflora and their interspecific relationships
might provide an innovative approach for the prevention
and treatment of many socially significant diseases, espe-
cially all-liver pathology.

According to modern concepts, the gut microbiota is
functionally considered an independent «organ» that has
a key role in food digestion as well as maintaining the im-
munological and metabolic homeostasis of the macroor-
ganism [8, 9]. Considering the large contribution of the
intestinal microbiota to the regulation of the metabolism
of organic substances and trace elements, the creation of
colonization resistance, maintenance of the integrity of the
intestinal barrier, provision of immunological tolerance, it
follows that dysbiotic disorders are closely associated with
a cascade of systemic pathological reactions underlying
the development of a wide range of diseases [10-12].

Given the discouraging global trend in the field of clin-
ical medicine with regard to the increase in the number of
patients with liver diseases, the study of the function of
metabolic «intestine-liver axis», has become particularly
important [13, 14]. There is a close interaction between
the liver and the intestine, related to their anatomical and
physiological features. Products synthesized by the liver
enter the intestinal lumen and are involved in the assimi-
lation of various nutrients. Furthermore, 70 % of the blood
passing through the portal vein system to the liver is pro-
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vided by the venous outflow from the intestine [15, 16].
Therefore, aviolation of the intestinal barrier allows the en-
try of various toxicants that can affect the liver. In turn, liver
dysfunction can cause severe intestinal disorders. Indeed,
concomitant dysbiotic changes in the intestinal microbiota
are observed in 25-75 % of patients suffering from chron-
ic liver diseases, which are commonly related to excessive
bacterial growth [17].

Recent studies of patients with verified liver diseases
reported that qualitative changes occur in the intestinal
microflora characterized by an increase in the number
of aerobic and «proinflammatory» microorganisms
(Enterobacteriaceae, Enterococcus, and Clostridium),
as well as a significant decrease in the number of «anti-
inflammatory»  microorganisms  (Lactobacillus and
Bifidobacterium) [18, 19]. Furthermore, Michail et al.
(2015) reported a study of children and adolescents with
non-alcoholic fatty liver disease where representatives
of the genera Gammaproteobacteria and Prevotella
predominated in the intestinal microbiome [20]. In
overweight adults or those with non-alcoholic fatty liver
disease, high numbers of microorganisms from the genera
Pasteurellaceae, Lactobacillaceae, Veillonellaceae,
as well as some genera of Lachnospiraceae (Dorea,
Robinsoniella, and Roseburia) were found in the intestinal
microflora [21]. A metagenomic study of fecal samples
from patients with cirrhosis of the liver with hepatocellular
carcinoma reported that the amount of Escherichia coli
was significantly higher compared with patients without
liver pathology [22]. Furthermore, patients with primary
liver cancer had a high proportion of representatives of
the genera Pasteurellaceae, Veillonellaceae, and some
genera of Lachnospiraceae in the intestinal microbiome
[23]. Currently, which qualitative changes occur in the
composition of the intestinal microbiota in patients with
liver diseases remain unclear and require further study.

Regarding the molecular and biochemical aspects of
the function of the metabolic «intestinal-hepatic axis», the
relationship between the liver and the intestine is provided
by the bidirectional exchange of various signals through
metabolic, epigenetic, and neuroendocrine mechanisms
[24, 25]. The qualitative composition of the intestinal
microflora and its quantitative characteristics can have a
significant impact on intestinal barrier permeability and
bacterial translocation, as well as controlling the activity of
Kupffer cells and the level of transcription of many genes
involved in the inflammatory response to bacterial stimuli
[26, 27].

Although most products of the intestinal microbio-
ta can have a regulatory effect on the liver under normal
and pathological conditions, interactions between the
intestinal-liver communication system often occur via in-
testinal lipopolysaccharide, an obligate structural and
functional component of the cell wall of all Gr- bacteria,
the level of which was increased significantly in the por-
tal and systemic blood flow in various liver diseases [28].
Toll-like receptor (TLR) 4, the main signaling cell receptor
for lipopolysaccharide, is expressed on the plasma mem-
brane of Kupffer cells. The interaction of lipopolysaccha-
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ride with TLR4 activates inflammatory signaling pathways
(NF-xB pathway, MAP-kinase pathway, AP-1) and nuclear
transcription factors to promote the intensive production
of proinflammatory cytokines (TNF-q, IL-1, IL-6). In addi-
tion, it blocks the transmission of insulin signals and con-
tributes to the emergence of insulin resistance [29, 30].
Under the conditions of inflammation and oxidative stress,
the increased production of inflammatory mediators caus-
es chronic damage and the compensatory proliferation of
hepatocytes. In addition, the state of insulin resistance ini-
tiates the release of free fatty acids from adipocytes, the
accumulation of which contributes to liver steatosis [31].
Ultimately, these pathogenetic pathways can lead to cel-
lular dysplasia and the development of carcinogenesis in
the hepatic parenchyma. Park et al. (2010) provided data
indicating the development of hepatocellular carcinoma
under obese conditions as a direct consequence of TNF-a
and IL-6 hyperproduction [32]. Another study provided
evidence that proinflammatory cytokines in the liver trig-
gered the oncogenic transcription factor STAT3, which
enhanced proliferative and dysplastic changes in liver
cells [33].

Another important element in the «gut-liver»
communication axisis bile acids (BA), which are cholesterol
metabolites. BA that function as signaling molecules to
control metabolic homeostasis are a promising target for
the development of innovative targeted drugs [34]. In the
liver, primary BA (in particular, cholicand chenodeoxycholic
acids) are actively conjugated with amino acids (glycine,
taurine) and released by hepatocytes into the bile. In the
small intestine, about 95 % of BA are reabsorbed, and
the rest is metabolized by the intestinal microbiota to
secondary BA (in particular, deoxycholic and lithocholic
acids) [35].

In disorders of the composition of normal intestinal mi-
croflora, bacterial cells use dietary choline for the synthe-
sis of trimethylamine, which is rapidly metabolized by liver
flavin monooxygenases to trimethylamine oxide that in-
creases the permeability of the intestinal barrier and varies
lipid metabolism (in particular, by reducing the formation
of phosphatidylcholine, reducing the acceptor properties
of high-density lipoproteins and increasing the secretion
of very low-density lipoproteins) [36, 37].

Previously, BA were considered to only have sur-
face-active properties, but after the discovery of farne-
soid X-receptors (FXR) at the end of the last century, their
range of functions was significantly expanded. In particu-
lar, primary and secondary BA interact with a wide range of
nuclear and membrane-bound receptors in the intestine
and liver, thereby directly participating in the regulation of
many molecular and biochemical processes [38].

Thus, FXR receptor in the liver activated by binding to
BA inhibits 7-alpha-hydroxylase, an enzyme that catalyz-
es the main stages of the conversion of cholesterol to BA.
A marked decrease in the activity of this enzyme reduced
the levels of primary BA, and increased the intensity of li-
pogenesis and gluconeogenesis [39, 40]. This effect can
be explained by another cascade reaction: the activation
of FXR inhibits the sterol regulatory element-binding pro-
tein 1 (SREBP-1c), which is responsible for the synthesis
of cholesterol and BA, and the capture and catabolism of
fatty acids [41]. Taken together, the liver eventually deve-
lops dyslipidemia, insulin resistance, and steatosis.

According to previous scientific data, quantitative and
qualitative changes in the intestinal microbiota of patients
with liver diseases induce a secondary increase in the lev-
el of toxic unconjugated BA in the intestinal lumen, which
damages the intestinal epithelium, increasing the perme-
ability of the protective barrier [42]. As a result, a large
amount of intestinal lipopolysaccharide enters the liver
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through the portal bloodstream, which triggers a cascade
of pathological reactions including the hyperproduction
of inflammatory mediators [43]. Indeed, the excessive
production of TNF-a interacted with its corresponding
membrane receptors on hepatocytes and inhibited the re-
sponse to insulin, which also inhibited the activity of FXR
[44]. According to the feedback principle, this activates
the formation of BA with a predominance of cholic acid,
an agonist of FXR and the BA membrane receptor TGR5 (a
G-protein-coupled receptor). A secondary decrease in the
activity of FXR and TGRS contributed to an increase in the
synthesis of fatty acids in the liver and a decrease in their
catabolism, which led to the development of steatosis and
the progression of non-alcoholic fatty liver disease [45].

TGR5 (also known as GP-Bar1) is widely expressed on
the surface of the epithelium of the small intestine, Kupffer
cells, endotheliocytes of the liver sinusoids, and the epi-
thelium of the bile tubules. When this transmembrane re-
ceptor was activated, the response to insulin in the tissues
and the production of glucagon-like peptide-1, GLP-1,
were increased, which stimulated the formation and se-
cretion of insulin by pancreatic cells [46]. It was assumed
that the activation of TGR5 inhibited the inflammatory
response of macrophages to lipopolysaccharide and re-
duced the migration of these cells to the hepatic paren-
chyma, but we still do not have a complete understanding
of these processes [47].

In the context of this review, the results of a study by
Ma et al. are particularly interesting and informative [48].
They showed that a modification of the intestinal microflo-
ra in a mouse model of liver cancer to increase the propor-
tion of commensal bacteria contributed to an increase in
a hepatic-selective antitumor effect, which was confirmed
by a significant increase in the number of NKT cells in the
hepatic parenchyma. NKT cells accumulated in the liver
had high phenotypic activity when stimulated by antigen
and produced more interferon-y compared with other
immunocompetent clones. Further study demonstrated
the survival and accumulation of NKT cells in the liver was
regulated by the expression of chemokine type 6 receptor
(CXCR®6) on sinusoidal liver cells. Of note, the only ligand
of the CXCR6 receptor is the protein chemokine CXCL16
[49], which was increased in association with an increase
in the primary BA concentration. The authors of that study
demonstrated that antibiotic therapy with vancomycin
contributed to the elimination of Gram-positive bacteria
from experimental mice, which mediated the metabolism
of primary BA to secondary BA, which led to an increase in
the number of NKT cells and a decrease in tumor growth
in the liver. The introduction of secondary BA to mice with
modified intestinal microbiota inhibited the accumulation
of NKT cells in the hepatic parenchyma and increased the
growth rate of the malignant liver tumor. Thus, this study
allowed us to establish the following significant associa-
tions: the levels of primary BA (chenodeoxycholic acid) di-
rectly correlated with the expression of CXCL16, whereas
there was an inverse correlation with secondary BA.

The substrates for gut microbiota markedly influence
the content of short-chain fatty acids. Intestinal bacteria
synthesize three main short-chain fatty acids: acetic
(acetate), propionic (propionate), and butyric (butyrate)
[84, 37]. The most important short-chain fatty acid
for the normal function of hepatocytes is propionate,
which is transported to the liver where it is involved in
gluconeogenesis and the synthesis of biogenic amines
(hypolipidemic, hypoammonemic effect), improves
microcirculation in the intestinal mucosa, and blocks
the attachment of conditionally pathogenic microflora to
colonocytes. Thus, a decrease in the proportion of specific
short-chain fatty acids can aggravate inflammatory and
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dysmetabolic processes in the hepatic parenchyma, as
well as accelerate the risk of undesirable side effects in
liver diseases (in particular, hepatic encephalopathy) [40,
43].

Because of the lack of effective screening programs for
high-risk groups and late diagnoses, the steady increase
in the number of liver diseases continues to be an urgent
and socially significant problem. In addition, the current
treatment methods are often ineffective because of our
poor understanding of the molecular and biochemical
mechanisms related to the occurrence and development
of liver pathology. Recent studies have reported a close
interaction between the liver and intestine, termed the
«intestinal-hepatic axis», but the interactions between
its biochemical and molecular pathways are extremely

complex and poorly understood. Nevertheless, many
researchers agree that disorders of the intestinal
microbiota contribute to chronic inflammation, the
progression of changes in the hepatic parenchyma and its
replacementwithfibroustissue orfataccumulation,andthe
direct inhibition of antitumor immune responses. Further
research should significantly expand our understanding
of the pathogenetic role of intestinal microflora and its
metabolites in the occurrence and development of various
liver diseases, as well as helping develop novel targeted
therapies for liver disease.
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