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SAZETAK

\

Crevna mikrobiota sve vise se prepoznaje kao znacajan regulator sistemskog metabolizma, imunskog od-
govora i funkcije nervnog sistema. Interakcije izmedu creva, jetre, imunskog i nervnog sistema mogu stoga
predstavljati medusobno povezanu biolosku mreZu od znacaja za neurodegeneraciju, neuroregeneraciju i
druga hronic¢na oboljenja. Cilj rada bio je da se prikaZzu dostupni dokazi o osovini creva—jetra—nervni sistem
i da se proceni njen potencijalni znacaj za neuroinflamaciju, neurodegeneraciju, regeneraciju perifernih
nerava, degeneraciju intervertebralnog diska, metabolicka oboljenja jetre i razvoj novih terapijskih pristu-
pa. Sproveden je narativni pregled literature kori$¢enjem baza PubMed/MEDLINE, Scopus, Web of Science
i Google Scholar. Pretraga je obuhvatila publikacije dostupne do maja 2026. godine, koje su se bavile oso-
vinom creva—jetra—nervni sistem, crevnom mikrobiotom, mikrobnim metabolitima, signalizacijom Zu¢nih
kiselina, disfunkcijom crevne barijere, neuroinflamacijom, neurodegeneracijom, regeneracijom perifernih
nerava, degeneracijom intervertebralnog diska i metabolickim oboljenjima jetre. U pregled su ukljucene
35 publikacije relevantne za predmet istrazivanja. Dostupni dokazi ukazuju na ulogu mikrobnih metaboli-
ta, ukljucujuci kratkolancane masne kiseline, metabolite triptofana i derivate zZucnih kiselina, u imunskoj,
metabolickoj i neuralnom signalizaciji. Disbioza i narusena funkcija crevne barijere mogu doprineti sistem-
skoj inflamaciji i poremecaju komunikacije izmedu creva i jetre. Postoje dokazi o povezanosti promena
crevne mikrobiote sa degeneracijom intervertebralnog diska. Prebiotici, probiotici, sinbiotici, transplanta-
cija fekalne mikrobiote, postbiotici, mikrobni metaboliti i pristupi usmereni na signalizaciju Zu¢nih kiselina
predstavljaju potencijalne terapijske strategije. Ipak, vec¢ina dokaza o neuroloskim i neuroregenerativnim
efektima potice iz eksperimentalnih istrazivanja, dok su direktni klinicki dokazi ograniceni. Osovina creva—
jetra—nerv predstavlja obedéavajuci bioloski i potencijalno terapijski okvir, ali su direktni klinicki dokazi o ne-
uroregenerativnoj efikasnosti i dalje ograniceni. Dalja mehanisti¢ka i kontrolisana translaciona istrazivanja
neophodna su za potvrdu uzrocnosti i terapijske primenljivosti.

Kljucne reci: osovina creva—jetra—nervni sistem, crevna mikrobiota, neurodegeneracija, regeneracija peri-
fernih nerava, TGR5

- J

Crevna mikrobiota prepoznata je kao znacajan
regulator fiziologije domacina zahvaljujuci produk-
ciji bioaktivnih metabolita, modulaciji imunoloskih

Uvod
Tradicionalno su neuroloski poremecaji prouca-
vani prvenstveno u kontekstu centralnog ili perifer-

nog nervnog sistema. Medutim, sve veci broj dokaza
ukazuje na to da je funkcija i homeostaza nervnog
sistema znacajno uslovljena njegovim interakcijama
sa perifernim organima, narocito gastrointestinalnim
traktom i jetrom. Ova saznanja dovela su do razvo-
ja koncepta osovine crevo—jetra—nervni sistem, kao
teorijskog okvira za razumevanje dvosmerne komu-
nikacije izmedu crevne mikrobiote, metabolickih i
imunoloskih procesa i nervnog sistema (1).

odgovora i odrzavanju integriteta epitelne barijere.
Promene u sastavu mikrobiote povezane su sa ne-
urodegenerativnim bolestima, kognitivnim padom i
hroniénom neuroinflamacijom, $to ukazuje na mo-
guénost da disbioza doprinosi ne samo nastanku, veé
i progresiji bolesti (2,3). Osovina mikrobiota—crevo—
nervni sistem danas se smatra vaznim putem kojim
periferni signali mogu uticati na funkciju nervnog si-
stema i ponasanje (1,4).
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ABSTRACT

The gut microbiota is increasingly recognized as an important regulator of systemic metabolism, immune
activity, and nervous system function. Interactions among the intestine, liver, immune system, and ner-
vous system may therefore represent a biologically interconnected network with relevance to neurode-
generation, neuroregeneration, and other chronic disorders. The aim of this review was to summarize
current evidence supporting the gut—liver—nerve axis and to evaluate its potential relevance to neuroin-
flammation, neurodegeneration, peripheral nerve regeneration, intervertebral disc degeneration, meta-
bolic liver disease, and emerging therapeutic strategies. A narrative literature review was conducted using
PubMed/MEDLINE, Scopus, Web of Science, and Google Scholar, covering publications available up to May
2026. Studies addressing the gut—liver—nervous system axis, gut microbiota, microbial metabolites, bile
acid signaling, intestinal barrier dysfunction, neuroinflammation, neurodegeneration, peripheral nerve re-
generation, intervertebral disc degeneration, and metabolic liver disease were identified and qualitatively
synthesized. A total of 35 publications were included in the final qualitative synthesis. Available evidence
indicates that microbial metabolites, including short-chain fatty acids, tryptophan-derived metabolites,
and bile acid derivatives, participate in immune, metabolic, and neural signaling. Dysbiosis and impaired
intestinal barrier function may contribute to systemic inflammation and altered gut—liver communication.
Emerging evidence also supports an association between gut microbiota and intervertebral disc degenera-
tion. Prebiotics, probiotics, synbiotics, fecal microbiota transplantation, postbiotics, microbial metabolites,
and bile acid-directed approaches represent potential therapeutic strategies, although neurological appli-
cations remain predominantly investigational. The gut—liver—nervous system axis represents a promising
biological and therapeutic framework, but definitive clinical evidence for neuroregenerative efficacy re-
mains limited. Further mechanistic and controlled translational studies are required to establish causality
and therapeutic applicability.

Keywords: gut—liver—nervous system axis, gut microbiota, neurodegeneration, peripheral nerve regener-
ation, TGR5 /

The gut microbiota has been identified as a

Introduction

Traditionally, neurological disorders have been
studied primarily within the context of the central
or peripheral nervous system. However, growing
evidence indicates that neural health is profound-
ly influenced by interactions with peripheral or-
gans, particularly the gastrointestinal tract and the
liver. These findings have led to the emergence of
the gut—liver—nervous system axis as a conceptual
framework describing the bidirectional communi-
cation among microbial, metabolic, immune, and
neural systems (1).

major regulator of host physiology through the
production of bioactive metabolites, modulation of
immune responses, and maintenance of epithelial
barrier integrity. Alterations in microbial composi-
tion have been associated with neurodegenerative
diseases, cognitive decline, and chronic neuroin-
flammation, suggesting that dysbiosis may contrib-
ute to both disease initiation and progression (2,3).
The microbiota—gut—brain axis is now recognized as
a critical pathway through which peripheral signals
influence neuronal function and behavior (1,4).
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Paralelni napredak u oblasti hepatologije uka-
zao je na znacaj osovine crevo—jetra. Putem portal-
ne cirkulacije, jetra je kontinuirano izloZzena produk-
tima crevne mikrobiote i metabolitima poreklom iz
creva. Poremecdaj ove medusobne povezanosti moze
doprineti razvoju sistemske inflamacije, metabolicke
disfunkcije i promena u imunoloskoj signalizaciji, sa
potencijalno znacajnim posledicama po funkciju ner-
vnog sistema (5,6).

Medu klju¢nim medijatorima koji povezuju ove
organske sisteme nalaze se Zucne kiseline, koje, po-
red svoje osnovne uloge u varenju i apsorpciji lipida,
deluju i kao signalni molekuli sposobni da regulisu
metaboli¢ke i inflamatorne puteve. Novija istrazi-
vanja pokazala su da su receptori za Zucne kiseline
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eksprimirani i u centralnom nervnom sistemu, gde
mogu ucestvovati u regulaciji neuroinflamatornih
odgovora i procesa povezanih sa preZivljavanjem ne-
urona (7,8).

Nastajuci koncept osovine crevo—jetra—nervni
sistem polazi od pretpostavke da mikrobni, hepatic-
ni, imunoloski i nervni putevi funkcionisu kao medu-
sobno povezana bioloska mreza, a ne kao izolovani
sistemi. Putem dvosmerne komunikacije koja uklju-
Cuje mikrobne metabolite, signalizaciju posredovanu
zuénim kiselinama, inflamatorne medijatore i nervne
puteve, promene koje nastaju u crevima mogu uticati
kako na neurodegenerativne, tako i na neuroregene-
rativne procese (slika 1).
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Slika 1. Osovina creva—jetra—nervni sistem: integrisani mehanisticki okvir

Sematski prikaz dvosmerne komunikacije izmedu crevne mikrobiote, jetre i nervnog sistema. Disbioza crevne mikrobiote
i povedana propustljivost crevne barijere podsti¢u translokaciju mikrobnih produkata, ukljucujuci lipopolisaharide (LPS), bak-
terijsku DNK i molekularne obrasce povezane sa patogenima (engl. Pathogen-Associated Molecular Pattern — PAMP), u portnu
cirkulaciju. Ovi signali aktiviraju hepaticke imunske puteve i uti€u na metabolizam Zu¢nih kiselina. Jetra, sa druge strane, oslobada
citokine, hemokine i signalne molekule izvedene iz Zucnih kiselina, koje uticu na funkciju centralnog i perifernog nervnog sistema.
Neuroloski ishodi posredovani su imunskom aktivacijom, odgovorima mikroglije, metabolickom regulacijom i neuroinflamator-
nim putevima, $to u kona¢nom ishodu utice na neurodegeneraciju, neuroregeneraciju, kognitivne funkcije i regeneraciju perifer-
nih nerava. Komunikacija se odvija putem neuralnih, imunskih, endokrinih i metabolickih puteva, uklju¢ujuci vagalnu signalizaciju

i sistemsku cirkulaciju.

Zajedno posmatrano, navedena zapazanja po-
drzavaju integrisani model u kojem su aktivnost
crevne mikrobiote, funkcija jetre i homeostaza ner-
vnog sistema tesno medusobno povezani. Osnovne
komponente predloZene osovine crevo—jetra—ner-
vni sistem i njihov znacaj za neurologiju prikazani
su u tabeli 1. Prema nasim saznanjima, mali broj
preglednih radova pokusao je da objedini mikrob-

ne, hepati¢ne i nervne mehanizme u jedinstveni
koncept osovine crevo—jetra—nervni sistem, isto-
vremeno obuhvatajudi procese neurodegeneracije i
neuroregeneracije. Cilj ovog preglednog rada jeste
analiza mehanisti¢kih puteva koji ¢ine osnovu ove
osovine i razmatranje njihovog znacaja za neurode-
generaciju, neuroregeneraciju i razvoj translacionih
terapijskih pristupa.
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Parallel advances in hepatology have highlight-
ed the importance of the gut—liver axis. Through the
portal circulation, the liver is continuously exposed
to microbial products and metabolites derived from
the intestine. Dysregulation of this relationship may
promote systemic inflammation, metabolic dysfunc-
tion, and altered immune signaling, all of which have
potential consequences for the nervous system (5,6).

Among the key mediators connecting these or-
gan systems are bile acids, which function not only as
digestive molecules but also as signaling mediators
capable of regulating metabolic and inflammatory
pathways. Recent studies have demonstrated that
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bile acid receptors are expressed within the central
nervous system and may influence neuroinflamma-
tory responses and neuronal survival (7,8).

The emerging concept of the gut—liver—nerve
axis proposes that microbial, hepatic, immune, and
neural pathways operate as an interconnected bi-
ological network rather than as isolated systems.
Through bidirectional communication involving mi-
crobial metabolites, bile acid signaling, inflammatory
mediators, and neural pathways, alterations originat-
ing in the gut may influence both neurodegenerative
and neuroregenerative processes (Figure 1).

+ Cytokine release
|+ ROS/RNS production
)|+ Synaptic dysfunction

—

“—>

£ N

g 8 ‘

FXR * Neuronal loss | + Neuroprotection

+ Protein ipheral nerve repair

¢ i Clinical outcomes

Blle acids
Q00 |
)\ Enteric nervous system circulation —
\ *» Modulation of motility *
ﬂ; « Secretion

+ Sensory signaling

Regulation of metabolism,
inflammation, and immunity

+ Cognitive impairment
+ Peripheral nerve injury and recovery

‘] « Neurodegenerative diseases (e.g., AD, PD)

el lesssasasnassnasacanas Gut-Brain Axis (neural, immune, endocrine, metabolic pathways) )

« Vagus nerve + Immune sigi

* Microbial

« Endocrine factors

Gut-derived signals
@ SCFAs ity
@ Tryptophan metabolites =
@ LPS / Endotoxin

Liver-derived signals
Bacterial DNA QO Bile acids
@ Cytokines
@ Chemokines

Bacterial DNA / PAMPs

Other microbial products

Communication pathways L g
e ) 3@ Microglia

<« Bidirectional interaction g o

—> Direct effect

-=--->Indirect effect

95 Kupffer cell

@ Neuron @~ Hepatic stellate cell

Figure 1. The Gut—Liver—Nervous System Axis: Integrated Mechamstlc Framework

Schematic representation of the bidirectional communication among the gut microbiota, liver, and nervous system. Gut
microbial dysbiosis and increased intestinal permeability promote the translocation of microbial products, including lipopoly-
saccharides (LPS), bacterial DNA, and pathogen-associated molecular patterns (PAMPs), into the portal circulation. These signals
activate hepaticimmune pathways and influence bile acid metabolism. The liver, in turn, releases cytokines, chemokines, and bile
acid—derived signaling molecules that affect both central and peripheral nervous system function. Neural outcomes are mediated
through immune activation, microglial responses, metabolic regulation, and neuroinflammatory pathways, ultimately influencing
neurodegeneration, neuroregeneration, cognitive function, and peripheral nerve repair. Communication occurs through neural,
immune, endocrine, and metabolic pathways, including vagal signaling and systemic circulation.

Collectively, these observations support an in-
tegrated model in which gut microbial activity, he-
patic function, and neural homeostasis are closely
interconnected. The principal components of the
proposed gut—liver—nerve axis and their neurolog-
ical relevance are summarized in Table 1. To our
knowledge, few reviews have attempted to inte-
grate gut microbial, hepatic, and neural mecha-

nisms into a unified gut—liver—nerve axis framework
encompassing both neurodegeneration and neu-
roregeneration. The aim of this review is to examine
the mechanistic pathways underlying the gut—liver—
nerve axis and to discuss their relevance to neuro-
degeneration, neuroregeneration, and translational
therapeutic development.
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Tabela 1. Molekularni medijatori koji povezuju creva i nervni sistem

Pregled glavnih mikrobnih i hepatic¢kih signalnih molekula uklju¢enih u komunikaciju creva, jetre i mozga. Kratkolan¢ane
masne kiseline (SCFA), metaboliti poreklom iz triptofana, Zucne kiseline i lipopolisaharidi (LPS) predstavljaju klju¢ne medijatore
koji povezuju aktivnost crevne mikrobiote sa funkcijom nervnog sistema. Ovi molekuli dospevaju do ciljnih tkiva putem portnih,
sistemskih i nervnih puteva i stupaju u interakciju sa hepatocitima, imunskim celijama, mikroglijom, neuronima i krvno-mozda-
nom barijerom. Njihovi bioloski efekti uklju¢uju modulaciju neuroinflamacije, imunskog signaliziranja, sinteze neurotransmitera,
metaboli¢ke regulacije i preZivljavanja neurona. Dok SCFA i Zu¢ne kiseline pretezno ostvaruju neuroprotektivne i antiinflamatorne
efekte, prekomerna izloZzenost endotoksinima podstice neuroinflamaciju i neurodegeneraciju. Efekti metabolita triptofana zavise
od konteksta i pod uticajem su ravnoteze mikrobnih i domacinovih metabolickih puteva.

Metode

Strategija pretraZivanja literature

Sproveden je narativni pregled literature radi
analize savremenih dokaza o interakcijama izmedu
crevne mikrobiote, jetre, imunoloskog sistema i ner-
vnog sistema. Relevantna literatura identifikovana
je pretrazivanjem baza PubMed/MEDLINE, Scopus,
Web of Science i Google Scholar, obuhvatajuéi pu-
blikacije dostupne u periodu do maja 2026. godine.

Strategija pretraZivanja zasnivala se na kombi-
nacijama kljucnih reci i termina iz Medical Subject
Headings (MeSH) povezanih sa osovinom crevo—je-
tra—nervni sistem, ukljucujuci: ,,gut—brain axis”, ,,gut—

4

liver axis”, ,,microbiota”, ,,neurodegeneration”, ,,neu-
roregeneration”, ,,neuroinflammation”, ,bile acids”,
,TGR5”, ,FXR", ,,short-chain fatty acids”, ,,tryptophan
metabolism”, ,intestinal permeability”, ,,endotoxe-
mia”, ,peripheral nerve regeneration”, ,metabolic
dysfunction-associated fatty liver disease”, ,,cognitive
impairment” i ,intervertebral disc degeneration”. Za
preciziranje pretrage i identifikaciju relevantnih publi-

kacija koris¢eni su Bulovi operatori ,,AND” i ,,OR”.

Selekcija literature

Prioritet su imali recenzirani originalni nauc-
ni radovi, sistematski pregledi, meta-analize i vi-
sokokvalitetni narativni pregledi koji su obradivali
mehanisticke, translacione ili klinicke aspekte inte-
rakcije izmedu crevne mikrobiote, jetre i nervnog
sistema. Ukljuéene su eksperimentalne i klinicke
studije ukoliko su pruzale relevantne dokaze o mi-
krobnim, hepati¢nim, imunoloskim ili nervnim si-
gnalnim putevima.

Publikacije su odabrane na osnovu njihove na-
ucne relevantnosti u odnosu na ciljeve ovog pre-
gleda. Radovi koji nisu bili direktno povezani sa bi-
oloSkom komunikacijom izmedu crevne mikrobiote,
jetre, imunoloskog sistema i nervnog sistema nisu
uzimani u obzir. Kongresni apstrakti, uvodnici, ko-
mentari i publikacije bez dovoljno metodoloskih ili
naucnih podataka bili su iskljuceni. Ukljucene su is-
klju¢ivo publikacije napisane na engleskom jeziku.

U zavrsnu kvalitativnu sintezu uklju¢eno je uku-
pno 35 publikacija.
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Figure 2. Molecular Mediators Connecting the Gut and Nervous System

Overview of major microbial and hepatic signaling molecules involved in gut—liver—brain communication. Short-chain fatty
acids (SCFAs), tryptophan-derived metabolites, bile acids, and lipopolysaccharides (LPS) represent key mediators linking intesti-
nal microbial activity with neural function. These molecules reach target tissues through portal, systemic, and neural pathways
and interact with hepatocytes, immune cells, microglia, neurons, and the blood—brain barrier. Their biological effects include
modulation of neuroinflammation, immune signaling, neurotransmitter synthesis, metabolic regulation, and neuronal survival.
While SCFAs and bile acids predominantly exert neuroprotective and anti-inflammatory effects, excessive endotoxin exposure
promotes neuroinflammation and neurodegeneration. The effects of tryptophan metabolites appear context-dependent and are
influenced by the balance of microbial and host metabolic pathways.

Methods

Literature Search Strategy

A narrative literature review was conducted to
examine current evidence regarding the interac-
tions among the gut microbiota, liver, immune sys-
tem, and nervous system. Relevant literature was
identified through searches of PubMed/MEDLINE,
Scopus, Web of Science, and Google Scholar, cover-
ing publications available up to May 2026.

The search strategy incorporated combinations
of keywords and Medical Subject Headings (MeSH)
terms related to the gut—liver—nerve axis, including
gut—brain axis, gut-liver axis, microbiota, neurode-
generation, neuroregeneration, neuroinflamma-
tion, bile acids, TGR5, FXR, short-chain fatty acids,
tryptophan metabolism, intestinal permeability,
endotoxemia, peripheral nerve regeneration, meta-
bolic dysfunction-associated fatty liver disease, cog-
nitive impairment, and intervertebral disc degen-
eration. Boolean operators (“AND” and “OR”) were
applied to refine the searches and identify relevant
publications.

Literature Selection

Priority was given to peer-reviewed original
research articles, systematic reviews, meta-analy-
ses, and high-quality narrative reviews addressing
mechanistic, translational, or clinical aspects of gut
microbiota—liver—nervous system interactions. Both
experimental and clinical studies were considered
when they contributed meaningful evidence regard-
ing microbial, hepatic, immune, or neural signaling
pathways.

Publications were selected according to their
scientific relevance to the objectives of the review.
Articles not directly related to the biological commu-
nication between the gut microbiota, liver, immune
system, and nervous system were not considered.
Conference abstracts, editorials, commentaries, and
publications lacking sufficient methodological or sci-
entific detail were excluded. Only publications writ-
ten in English were included.

A total of 35 publications were included in the
final qualitative synthesis.
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Analiza i sinteza podataka

Odabrana literatura analizirana je kvalitativno,
sa posebnim naglaskom na bioloSke mehanizme
koji povezuju aktivnost crevne mikrobiote, hepatic-
nu signalizaciju, neuroinflamaciju, neurodegenera-
ciju i neuroregeneraciju. Posebna paznja posvecena
je putevima koji uklju¢uju mikrobne metabolite, si-
gnalizaciju Zuénih kiselina, imunolosku modulaciju,
poremedaj integriteta crevne barijere i sistemske
inflamatorne odgovore.

Rezultati su sintetizovani narativno i organizova-
ni u tematske celine koje obuhvataju komunikaciju
izmedu creva i mozga, interakcije na relaciji crevo—
jetra, neuroinflamatorne mehanizme, regeneraciju
perifernih nerava, degeneraciju intervertebralnog
diska, metaboli¢ku bolest jetre i potencijalne tera-
pijske primene. S obzirom na heterogenost dizajna
studija, ispitivanih populacija, intervencija, eksperi-
mentalnih modela i pracenih ishoda u dostupnoj li-
teraturi, kvantitativno objedinjavanje podataka nije
smatrano odgovarajuéim. Cilj ovog pregleda bio je
pruzanje integrisanog konceptualnog prikaza osovi-
ne crevo—jetra—nervni sistem i njenog potencijalnog
znacaja za neurolosko zdravlje, neurodegeneraciju i
neuroregeneraciju.

Osovina crevo—mozak i neurodegeneracija

Osovina crevo—mozak postala je jedno od zna-
¢ajnih podruéja savremenih istrazivanja, ukazuju-
¢i na postojanje dvosmerne komunikacije izmedu
gastrointestinalnog trakta i centralnog nervnog si-
stema. Ova kompleksna mreza obuhvata nervne,
imunoloske, endokrine i metaboli¢ke puteve putem
kojih crevna mikrobiota moze uticati na razvoj moz-
ga, njegovu funkciju i procese povezane sa razvojem
bolesti (1,4).

Sve vedi broj dokaza ukazuje na to da prome-
ne u sastavu crevne mikrobiote, koje se zajednicki
oznacavaju kao disbioza, mogu doprineti patogene-
zi neurodegenerativnih poremecaja. Metagenom-
ske studije pokazale su postojanje specificnih mi-
krobnih obrazaca kod pacijenata sa bolestima kao
$to su Alchajmerova i Parkinsonova bolest, pri ¢emu
se Cesto uocava smanjenje zastupljenosti korisnih
bakterija koje produkuju kratkolan¢ane masne ki-
seline, uz povecanu zastupljenost proinflamatornih
mikroorganizama. Ove promene mogu doprineti si-
stemskoj inflamaciji, narusavanju integriteta crevne
i krvno-moZdane barijere i aktivaciji neuroinflama-
tornih odgovora (2,3).

Mikrobni metaboliti predstavljaju vaznu meha-

nisticku vezu izmedu creva i mozga. Kratkolanéane
masne kiseline, derivati Zuénih kiselina i drugi mi-
krobni produkti mogu modulirati imunolosku aktiv-
nost, funkciju mikroglije i neuronsku homeostazu.
Poremecaj ovih signalnih puteva povezan je sa in-
tenziviranjem neuroinflamacije i progresijom neu-
rodegenerativne patologije (1,2).

Klini¢ke studije dodatno podrzavaju povezanost
izmedu crevne mikrobiote i kognitivnog pada. Siste-
matski pregled koji je obuhvatio pacijente sa blagim
kognitivnim poremeéajem i demencijom pokazao je
konzistentne promene u sastavu crevnih mikrobnih
zajednica u poredenju sa kognitivno zdravim osoba-
ma, Sto ukazuje na potencijalnu ulogu mikrobioma
kako biomarkera, ali i kao terapijskog cilja kod neu-
rodegenerativnih bolesti [9].

Zbirno posmatrano, dostupni dokazi ukazuju na
to da crevna mikrobiota predstavlja aktivnog uce-
snika u neurodegenerativnim procesima, a ne samo
pasivnog posmatraca. lako se precizni uzro¢no-po-
sledi¢ni odnosi i dalje istrazuju, modulacija crevnog
mikrobioma nameée se kao perspektivan pravac
buducih preventivnih i terapijskih strategija usme-
renih na neurodegeneraciju (1-3,9).

Osovina crevo—jetra

Osovina crevo—jetra predstavlja visoko integri-
sani sistem dvosmerne komunikacije koji povezuje
crevnu mikrobiotu, intestinalnu barijeru, portnu
cirkulaciju i imunoloske odgovore jetre. S obzirom
na to da jetra najvedi deo krvi prima putem portne
vene, ona je kontinuirano izlozena mikrobnim pro-
duktima, metabolitima i jedinjenjima poreklom iz
hrane koja dospevaju iz gastrointestinalnog trakta
(5,6).

U fizioloSkim uslovima, intestinalna barijera
ogranicava translokaciju bakterija i njihovih kom-
ponenti u cirkulaciju. Medutim, disbioza i povecana
intestinalna permeabilnost mogu omoguditi prola-
zak lipopolisaharida, bakterijske DNK i drugih mo-
lekularnih obrazaca povezanih sa patogenima do
jetre, gde mogu aktivirati Kupfferove éelije i druge
imunoloske puteve. Ovaj proces moZze podstadi hro-
ni¢nu inflamaciju i doprineti oSteéenju i fibrozi jetre
(5,10).

Crevna mikrobiota takode reguliSe metabolizam
Zucnih kiselina, obradu nutrijenata i produkciju bio-
aktivnih metabolita koji uticu na hepati¢cnu home-
ostazu. Poremedaji ovih puteva dovedeni su u vezu
sa razvojem i progresijom razlicitih bolesti jetre,
narocito nealkoholne masne bolesti jetre (NAFLD).
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Data Analysis and Synthesis

The selected literature was analyzed qualitative-
ly, with emphasis placed on biological mechanisms
linking gut microbial activity, hepatic signaling,
neuroinflammation, neurodegeneration, and neu-
roregeneration. Particular attention was given to
pathways involving microbial metabolites, bile acid
signaling, immune modulation, intestinal barrier
dysfunction, and systemic inflammatory responses.

Findings were synthesized narratively and or-
ganized into thematic sections covering gut—brain
communication, gut-liver interactions, neuroinflam-
matory mechanisms, peripheral nerve regeneration,
intervertebral disc degeneration, metabolic liver dis-
ease, and potential therapeutic applications. Given
the diversity of study designs, populations, interven-
tions, experimental models, and outcomes across
the available literature, quantitative pooling of data
was not considered appropriate. The objective of
this review was to provide an integrated conceptual
overview of the emerging gut-—liver—nerve axis and
its potential relevance to neurological health, neuro-
degeneration, and neuroregeneration.

Gut—Brain Axis and Neurodegeneration

The gut—brain axis has emerged as a major focus
of neuroscience research, highlighting the bidirec-
tional communication between the gastrointestinal
tract and the central nervous system. This complex
network involves neural, immune, endocrine, and
metabolic pathways through which the gut microbi-
ota can influence brain development, function, and
disease processes (1,4).

Growing evidence suggests that alterations in
gut microbial composition, commonly referred to as
dysbiosis, contribute to the pathogenesis of neuro-
degenerative disorders. Metagenomic studies have
demonstrated distinct microbial signatures in pa-
tients with conditions such as Alzheimer’s disease
and Parkinson’s disease, often characterized by re-
duced populations of beneficial short-chain fatty
acid producing bacteria and increased abundance
of pro-inflammatory microorganisms. These chang-
es may promote systemic inflammation, disrupt in-
testinal and blood—brain barrier integrity, and facili-
tate neuroinflammatory responses. (2,3).

Microbial metabolites represent an important
mechanistic link between the gut and the brain.
Short-chain fatty acids, bile acid derivatives, and
other microbial products can modulate immune ac-
tivity, microglial function, and neuronal homeosta-

sis. Dysregulation of these pathways has been asso-
ciated with enhanced neuroinflammation and the
progression of neurodegenerative pathology (1,2).

Clinical studies further support the relationship
between gut microbiota and cognitive decline. A
systematic review of patients with mild cognitive
impairment and dementia reported consistent al-
terations in gut microbial communities compared
with cognitively healthy individuals, suggesting a
potential role for the microbiome as both a bio-
marker and a therapeutic target in neurodegener-
ative diseases (9).

Collectively, current evidence indicates that the
gut microbiota is an active participant in neurode-
generative processes rather than a passive bystand-
er. Although the precise causal relationships remain
under investigation, modulation of the gut micro-
biome has emerged as a promising avenue for fu-
ture preventive and therapeutic strategies targeting
neurodegeneration. (1,2,3,9)

Gut-Liver Axis

The gut-liver axis represents a highly integrat-
ed bidirectional communication system linking the
intestinal microbiota, intestinal barrier, portal circu-
lation, and hepaticimmune responses. Because the
liver receives the majority of its blood supply from
the portal vein, it is continuously exposed to micro-
bial products, metabolites, and dietary compounds
originating from the gastrointestinal tract (5,6).

Under physiological conditions, the intestinal
barrier limits the translocation of bacteria and their
components into the circulation. However, dysbiosis
and increased intestinal permeability can facilitate
the passage of lipopolysaccharides, bacterial DNA,
and other pathogen-associated molecular patterns
to the liver, where they activate Kupffer cells and
other immune pathways. This process promotes
chronic inflammation and contributes to hepatic in-
jury and fibrosis (5,10).

The gut microbiota also regulates bile acid me-
tabolism, nutrient processing, and the production
of bioactive metabolites that influence hepatic ho-
meostasis. Alterations in these pathways have been
implicated in the development and progression of
several liver disorders, particularly nonalcoholic fat-
ty liver disease (NAFLD). The contemporary “multi-
ple parallel hits” hypothesis proposes that gut-de-
rived inflammatory signals, metabolic dysfunction,
insulin resistance, and microbiome alterations act
simultaneously to drive liver disease progression
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Savremena hipoteza ,multiple parallel hits” pret-
postavlja da inflamatorni signali poreklom iz creva,
metabolicka disfunkcija, insulinska rezistencija i pro-
mene mikrobioma deluju istovremeno i zajednicki
doprinose progresiji bolesti jetre, umesto da postoji
jedan izolovani patogenetski mehanizam (11).

Sve vedi broj dokaza stoga identifikuje osovinu
crevo—jetra kao vazan regulator gastrointestinalnog
i sistemskog zdravlja. Pored njene ustanovljene ulo-
ge u bolestima jetre, poremecaji unutar ove osovine
mogu imati znacajne posledice po ekstrahepaticne
organe, uklju€ujuci nervni sistem, ¢ime se pruza me-
hanisticka osnova za Siri koncept osovine crevo—je-
tra—nervni sistem (5,6,10,11).

Zuéne kiseline i meduorganska signalizacija

Zutne kiseline se sve vise prepoznaju kao signal-
ni molekuli ¢ija funkcija znacajno prevazilazi njihovu
klasi¢nu ulogu u varenju i apsorpciji lipida. Interakci-
jom sa receptorima kao Sto su farnesoid X receptor
(engl. Farnesoid X Receptor — FXR) i receptor za zuc-
ne kiseline spregnut sa G-proteinom (engl. Takeda
G protein-coupled Receptor 5 — TGR5), Zucne kiseli-
ne ucestvuju u regulaciji metabolicke homeostaze,
imunoloskih odgovora i komunikacije izmedu creva,
jetre i nervnog sistema (8).

Sastav ukupnog pula Zuénih kiselina znacajno
je uslovljen crevnom mikrobiotom. Crevne bakteri-
je transformisu primarne Zucne kiseline sintetisane
u jetri u razlicite sekundarne Zucne kiseline, ¢ime
oblikuju signalna svojstva enterohepati¢ne cirkula-
cije. Ove mikrobne biotransformacije predstavljaju
vaznu funkcionalnu vezu izmedu aktivnosti crevne
mikrobiote i sistemske fizioloske regulacije (12).

Novija istrazivanja pokazala su da signalizacija
posredovana zu¢nim kiselinama utic¢e i na centralni
nervni sistem. Receptori za Zu€ne kiseline eksprimi-
rani su u razli¢itim neuronskim i glijalnim ¢elijskim
populacijama, gde ucestvuju u regulaciji neuroin-
flamacije, prezivljavanja neurona i metabolicke si-
gnalizacije. Posebno je aktivacija TGR5 receptora
povezana sa antiinflamatornim efektima u mozgu i
potencijalno doprinosi neuroprotektivnim odgovo-
rima u patoloskim stanjima (7).

Eksperimentalni dokazi dodatno ukazuju na to
da ursodeoksiholna kiselina (engl. Ursodeoxycho-
lic acid — UDCA) moZe ublaziti aktivaciju mikroglije
i inhibirati inflamatornu signalizaciju putem meha-
nizama posredovanih TGR5 receptorom. Ovi nala-
zi podrzavaju koncept prema kojem Zucne kiseline
predstavljaju znacajne molekularne glasnike unutar

mreZe crevo—jetra—mozak i mogu predstavljati per-
spektivne terapijske ciljeve kod neurodegenerativ-
nih i neuroinflamatornih poremecaja (7,13).

Regeneracija perifernih nerava

Periferni nervi poseduju izuzetnu sposobnost
regeneracije u poredenju sa centralnim nervnim si-
stemom. Nakon povrede aktivira se koordinisan niz
celijskih i molekularnih dogadaja koji omogucavaju
ponovni rast aksona, reinervaciju ciljnih struktura i
funkcionalni oporavak. Centralnu ulogu u ovom pro-
cesu ima transformacija zrelih Schwannovih éelija u
specijalizovane reparativne Schwannove celije, koje
uklanjaju celijski detritus, sekretuju neurotrofne
faktore i obezbeduju usmeravajuée signale za rege-
nerisuce aksone (14,15).

Regenerativni odgovor takode u velikoj meri
zavisi od interakcije izmedu Schwannovih éelija i
imunoloskih ¢éelija. Nakon povrede nerva, makrofagi
infiltriraju osteceno tkivo i zajedno sa Schwannovim
¢elijama ucestvuju u uklanjanju mijelinskog detritu-
sa, modulaciji inflamacije i stvaranju mikrookruzenja
pogodnog za regeneraciju aksona. Ravnoteza izme-
du proinflamatorne i proregenerativne signalizacije
predstavlja jednu od klju¢nih determinanti uspesne
reparacije nerva (16).

Nastaju¢i dokazi ukazuju na mogucnost da
crevna mikrobiota uti¢e na regeneraciju perifernih
nerava putem svojih efekata na sistemski imunitet,
inflamatorne medijatore i mikrobne metabolite.
Promene u sastavu mikrobiote mogu menjati imu-
noloske odgovore domadina i potencijalno uticati
na Celijske mehanizme uklju¢ene u reparaciju ner-
va. lako je ova oblast jos u ranoj fazi razvoja, rastuce
interesovanje za odnos izmedu perifernog nervnog
sistema i mikrobioma prosirilo je tradicionalni po-
gled na regeneraciju nerva, koja se vise ne posmatra
iskljucivo kao lokalni tkivni proces (17).

Zajedno posmatrano, reparacija perifernih ne-
rava se sve vise razume kao sistemski fenomen koji
ukljuéuje kompleksne interakcije izmedu nervnih,
imunoloskih i metaboli¢kih puteva. Ova zapazanja
pruzaju osnovu za istrazivanje moguénosti da mo-
dulacija crevne mikrobiote unapredi regenerativne
ishode nakon povrede perifernog nerva (14-17).

Neuroinflamacija i imunoloska signalizacija

Neuroinflamacija se sve viSe prepoznaje kao
centralni mehanizam koji povezuje periferne fizio-
loske poremecaje sa neurodegenerativnim bolesti-
ma. Dok akutni inflamatorni odgovor moze imati
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rather than through a single pathogenic mechanism
(12).

Accumulating evidence therefore identifies the
gut-liver axis as a central regulator of both gastroin-
testinal and systemic health. Beyond its established
role in liver disease, disturbances within this axis
may have important consequences for extrahepat-
ic organs, including the nervous system, providing
a mechanistic foundation for the broader gut—liver—
nerve axis concept (5,11,6,10).

Bile Acids and Interorgan Signaling

Bile acids are increasingly recognized as signal-
ing molecules that extend far beyond their classi-
cal role in lipid digestion and absorption. Through
interactions with receptors such as the farnesoid X
receptor (FXR) and the G protein—coupled bile acid
receptor TGR5, bile acids regulate metabolic ho-
meostasis, immune responses, and interaction be-
tween the gut, liver, and nervous system (8).

The composition of the bile acid pool is strongly
influenced by the intestinal microbiota. Gut bacteria
transform primary bile acids synthesized in the liver
into a diverse range of secondary bile acids, thereby
shaping the signaling properties of the enterohepat-
ic circulation. These microbial biotransformations
create an important functional link between gut mi-
crobial activity and systemic physiological regulation
(12).

Recent studies have demonstrated that bile acid
signaling also affects the central nervous system.
Bile acid receptors are expressed in various neural
and glial cell populations, where they participate in
the regulation of neuroinflammation, neuronal sur-
vival, and metabolic signaling. In particular, activa-
tion of TGR5 has been associated with anti-inflam-
matory effects within the brain and may contribute
to neuroprotective responses under pathological
conditions (7).

Experimental evidence further suggests that
ursodeoxycholic acid (UDCA) can attenuate microg-
lial activation and suppress inflammatory signaling
through TGR5-mediated pathways. These findings
support the concept that bile acids serve as im-
portant molecular messengers within the gut-liv-
er—brain network and may represent promising
therapeutic targets for neurodegenerative and neu-
roinflammatory disorders (7,13).

Peripheral Nerve Regeneration
Peripheral nerves possess a remarkable regen-

erative capacity compared with the central nervous
system. Following injury, a coordinated sequence
of cellular and molecular events promotes axonal
regrowth, target reinnervation, and functional re-
covery. Central to this process is the transforma-
tion of mature Schwann cells into specialized repair
Schwann cells, which clear debris, secrete neuro-
trophic factors, and provide guidance cues for re-
generating axons (14,15).

The regenerative response is also critically de-
pendent on interactions between Schwann cells and
immune cells. Following nerve injury, macrophages
infiltrate the damaged tissue and cooperate with
Schwann cells to remove myelin debris, modulate
inflammation, and create a microenvironment con-
ducive to axonal regeneration. The balance between
pro-inflammatory and pro-regenerative signaling is
a key determinant of successful nerve repair (16).

Emerging evidence suggests that the gut micro-
biota may influence peripheral nerve regeneration
through its effects on systemic immunity, inflamma-
tory mediators, and microbial metabolites. Changes
in gut microbial composition can alter host immune
responses and potentially affect cellular mecha-
nisms involved in nerve repair. Although this field re-
mains in its early stages, growing interest in the re-
lationship between the peripheral nervous system
and the microbiome has expanded the traditional
view of nerve regeneration beyond local tissue pro-
cesses alone (17).

Taken together, peripheral nerve repair is in-
creasingly understood as a systemic phenomenon
involving complex interactions among neural, im-
mune, and metabolic pathways. These observations
provide a rationale for investigating whether mod-
ulation of the gut microbiota could enhance regen-
erative outcomes following peripheral nerve injury
(14-17).

Neuroinflammation and Immune Signaling
Neuroinflammation is increasingly recognized
as a central mechanism linking peripheral physio-
logical disturbances to neurodegenerative disease.
While acute inflammatory responses may serve pro-
tective functions, chronic activation of innate im-
mune pathways can promote neuronal dysfunction
and progressive neurodegeneration (18,19).
Microglia, the resident immune cells of the cen-
tral nervous system, play a pivotal role in this pro-
cess. Under pathological conditions, activated mi-
croglia release pro-inflammatory cytokines, reactive
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zastitnu ulogu, hronic¢na aktivacija urodenih imuno-
loskih puteva moze doprineti neuronskoj disfunkciji
i progresivnoj neurodegeneraciji (18,19).

Mikroglija, rezidentne imunoloske celije cen-
tralnog nervnog sistema, ima kljuénu ulogu u ovom
procesu. U patoloskim stanjima, aktivirana mikrogli-
ja oslobada proinflamatorne citokine, reaktivne vr-
ste kiseonika i druge medijatore koji mogu doprineti
ostecenju neurona. Dugotrajna aktivacija mikroglije
dovedena je u vezu sa patogenezom razli¢itih neu-
rodegenerativnih bolesti, ukljucujuci Alchajmerovu
bolest (20).

Sve vedi broj dokaza ukazuje na to da periferni
inflamatorni signali poreklom iz creva i jetre mogu
uticati na centralne imunoloske odgovore. Shodno
tome, neuroinflamacija se danas sve ¢e$¢e posma-
tra kao sistemski proces koji uklju¢uje kontinuiranu
komunikaciju izmedu perifernih organa i mozga,
pruzajuéi mehanisticku osnovu za koncept osovine
crevo—jetra—nervni sistem (18-20).

Degeneracija intervertebralnog diska

Degeneracija intervertebralnog diska (engl. in-
tervertebral disc degeneration, IVDD) predstavlja
multifaktorski proces koji karakteriSe progresivna
degradacija ekstracelularnog matriksa, celijska dis-
funkcija i hroni¢na inflamacija unutar mikrookru-
Zenja diska. Ove promene dovode do strukturne
degeneracije, pojave bola i narusavanja funkcije kic-
menog stuba (21,22). Proinflamatorni citokini imaju
vaznu ulogu u patogenezi IVDD, jer podsti¢u raz-
gradnju matriksa, ubrzavaju ¢elijsko starenje i naru-
Savaju tkivnu homeostazu. Zbog toga je inflamator-
na signalizacija postala jedno od centralnih podruéja
istrazivanja mehanizama degeneracije diska (21).

Novije studije Mendelove randomizacije identi-
fikovale su potencijalnu vezu izmedu sastava crevne
mikrobiote i predispozicije za razvoj IVDD. Ovi nalazi
pokazuju da mikrobni faktori mogu uticati na zdrav-
lije intervertebralnog diska putem sistemskih infla-
matornih, metabolickih i imunoloskih mehanizama,
podrzavajuci koncept prema kojem na degeneraciju
diska mogu uticati procesi koji prevazilaze lokalno
okruzenje kicmenog stuba (23,24).

Metabolicka disfunkcija povezana sa
masnom bolescu jetre i povezanost jetra—
mozak

Metaboli¢ka disfunkcija povezana sa masnom
bolescu jetre (engl. metabolic dysfunction-associa-
ted fatty liver disease, MAFLD) sve se viSe prepozna-

je kao sistemski poremecaj Cije posledice prevazilaze
samu jetru. Pored metabolickih i kardiovaskularnih
komplikacija, sve veéi broj dokaza ukazuje na to da
MAFLD moze doprineti kognitivnom osSteéenju i ra-
zvoju neurodegenerativnih bolesti (25,26).

PredloZeno je nekoliko mehanizama koji mogu
objasniti ovu povezanost, ukljucujuéi hroniénu in-
flamaciju niskog stepena, insulinsku rezistenciju,
oksidativni stres i izmenjenu produkciju metabolita
poreklom iz jetre. Ovi faktori mogu podstaéi neuro-
inflamatorne odgovore i nepovoljno uticati na funk-
ciju neurona (25,27).

Novija istrazivanja ukazala su na poveéanrizik od
kognitivnog pada i demencije kod osoba sa MAFLD,
naglasavajuci znacaj jetre kao aktivnog ucesnika u
odrzavanju zdravlja mozga. Ova zapaZanja dodatno
podrzavaju koncept osovine jetra—mozak i ukazuju
na mogucnost da hepati¢na disfunkcija uti¢e na ne-
uroloske ishode putem visestrukih medusobno po-
vezanih mehanizama (25-27).

Kratkolancane masne kiseline i mikrobni
metaboliti

Kratkolan¢ane masne kiseline (engl. short-cha-
in fatty acids, SCFA), prvenstveno acetat, propionat
i butirat, spadaju medu najvaznije metabolite koje
produkuje crevna mikrobiota. Nastaju fermentaci-
jom dijetetskih vlakana i ostvaruju razliCite efekte na
imunolosku regulaciju, metabolizam i funkciju ner-
vnog sistema (28).

U okviru nervnog sistema, SCFA doprinose odrza-
vanju integriteta krvno-mozdane barijere, modulaciji
aktivnosti mikroglije i regulaciji neuroinflamatornih
odgovora. Eksperimentalne studije pokazuju da pro-
mene u produkciji SCFA mogu uticati na predispozici-
ju za neuroloske poremecaje i tok bolesti (29).

S obzirom na to da SCFA predstavljaju jedan od
glavnih komunikacionih puteva izmedu crevnih mi-
kroorganizama i udaljenih organa, sve viSe se sma-
traju kljuénim medijatorima interakcija na relaciji
crevo—jetra—mozak i potencijalnim terapijskim cilje-
vima kod neurodegenerativnih bolesti (28,29).

Vise klasa mikrobnih i metabolita poreklom iz
jetre identifikovano je kao znacajni medijatori ko-
munikacije izmedu gastrointestinalnog trakta i ner-
vnog sistema. Ovi signalni molekuli ukljuéuju krat-
kolan¢ane masne kiseline, metabolite triptofana,
Zu¢ne kiseline i bakterijske endotoksine, pri ¢emu
svaki od njih ostvaruje specificne efekte na imuno-
losku regulaciju, neuronsku funkciju i neuroinflama-
torne puteve (slika 2).
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oxygen species, and other mediators that contribute
to neuronal injury. Sustained microglial activation
has been implicated in the pathogenesis of several
neurodegenerative disorders, including Alzheimer’s
disease (20).

Accumulating evidence suggests that periph-
eral inflammatory signals originating from the gut
and liver can influence central immune responses.
Consequently, neuroinflammation is now viewed
as a systemic process involving continuous commu-
nication between peripheral organs and the brain,
providing a mechanistic framework for the gut—liv-
er—nerve axis (18-20).

Intervertebral Disc Degeneration (IVDD)

Intervertebral disc degeneration (IVDD) is a mul-
tifactorial process characterized by progressive ex-
tracellular matrix degradation, cellular dysfunction,
and chronic inflammation within the disc microen-
vironment. These changes contribute to structural
deterioration, pain, and impaired spinal function
(21,22). Pro-inflammatory cytokines play a critical
role in IVDD by promoting matrix breakdown, ac-
celerating cellular senescence, and disrupting tissue
homeostasis. As a result, inflammatory signaling has
become a major focus of research into the mecha-
nisms underlying disc degeneration (21).

Recent Mendelian randomization studies have
identified potential associations between gut micro-
biota composition and susceptibility to IVDD. These
findings suggest that microbial factors may influ-
ence disc health through systemic inflammatory,
metabolic, and immune pathways, supporting the
concept that disc degeneration may be affected by
processes extending beyond the spine itself (23,24).

Metabolic dysfunction - associated
fatty liver disease and the Liver—Brain
Connection

Metabolic dysfunction — associated fatty liver
disease (MAFLD) is increasingly recognized as a sys-
temicdisorder with consequences extending beyond
the liver. In addition to its metabolic and cardiovas-
cular complications, growing evidence suggests that
MAFLD may contribute to cognitive impairment and
neurodegenerative diseases (25,26).

Several mechanisms have been proposed to ex-
plain this association, including chronic low-grade
inflammation, insulin resistance, oxidative stress,
and altered production of liver-derived metabolites.
These factors may promote neuroinflammatory

responses and adversely affect neuronal function
(25,27).

Recent studies have reported an increased risk
of cognitive decline and dementia among individu-
als with MAFLD, highlighting the importance of the
liver as a contributor to brain health. These obser-
vations reinforce the concept of a liver—brain axis
and suggest that hepatic dysfunction may influence
neurological outcomes through multiple intercon-
nected pathways (25-27).

Short-Chain Fatty Acids and Microbial
Metabolites

Short-chain fatty acids (SCFAs), primarily ace-
tate, propionate, and butyrate, are among the most
important metabolites produced by the gut microbi-
ota. Generated through the fermentation of dietary
fibers, SCFAs exert diverse effects on immune regu-
lation, metabolism, and neural function (28).

Within the nervous system, SCFAs contribute to
the maintenance of blood—brain barrier integrity,
modulation of microglial activity, and regulation of
neuroinflammatory responses. Experimental stud-
ies indicate that alterations in SCFA production may
influence susceptibility to neurological disorders and
affect disease progression (29).Because SCFAs rep-
resent a major communication pathway between
intestinal microorganisms and distant organs, they
are increasingly considered key mediators of gut—
liver—brain interactions and potential therapeutic
targets for neurodegenerative diseases (28,29).

Several classes of microbial and hepatic metab-
olites have been identified as critical mediators of
communication between the gastrointestinal tract
and the nervous system. These signaling molecules
include short-chain fatty acids, tryptophan-derived
metabolites, bile acids, and bacterial endotoxins,
each exerting distinct effects on immune regulation,
neuronal function, and neuroinflammatory path-
ways (Figure 2).

Tryptophan Metabolism

Tryptophan metabolism constitutes another
important mechanism through which the gut mi-
crobiota influences host physiology. Intestinal mi-
croorganisms regulate the conversion of tryptophan
into a variety of bioactive metabolites that affect im-
mune responses, intestinal homeostasis, and neural
signaling (30).

One of the most significant pathways involves
the synthesis and regulation of serotonin, a neu-
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Metabolizam triptofana

Metabolizam triptofana predstavlja jos jedan
znacajan mehanizam putem kojeg crevna mikrobio-
ta utic¢e na fiziologiju domacina. Crevna mikrobiota
ucestvuje u regulaciji konverzije triptofana u razlicite
bioaktivne metabolite koji uticu na imunoloske od-
govore, intestinalnu homeostazu i nervnu signaliza-
ciju (30).

Jedan od najznacajnijih puteva ukljucuje sintezu
i regulaciju serotonina, neurotransmitera koji ima
kljuénu ulogu u raspolozenju, kogniciji i gastrointe-
stinalnoj funkciji. Crevna mikrobiota moze uticati
na raspolozivost serotonina direktnim i indirektnim
mehanizmima, ¢ime utice na komunikaciju izmedu
gastrointestinalnog trakta i centralnog nervnog si-
stema (31).

Pored puteva povezanih sa serotoninom, mi-
krobni metaboliti triptofana mogu modulirati in-
flamatornu signalizaciju i ostvarivati interakcije sa
receptorima ukljuenim u neuroprotekciju i imuno-
losku regulaciju. Ovi mehanizmi dodatno naglasava-
ju znacaj mikrobnog metabolizma u regulaciji zdrav-
lja i bolesti mozga (30,31).

Poremecaj funkcije barijere i endotoksemija

Intestinalna barijera predstavlja klju¢nu barijeru
izmedu spoljasnje sredine i unutrasnje cirkulacije or-
ganizma. U fizioloskim uslovima, ova barijera ogra-
ni¢ava sistemsku diseminaciju mikroorganizama i
potencijalno Stetnih mikrobnih produkata, istovre-
meno omogucavajuci selektivnu apsorpciju hranlji-
vih materija (32).

Narusavanje integriteta barijere, koje se Cesto
oznacava kao povecana intestinalna permeabilnost,
omogucava translokaciju bakterijskih komponenti,
poput lipopolisaharida, u krvotok. Ovaj fenomen
doprinosi sistemskoj inflamaciji i doveden je u vezu
sa razli¢itim metaboli¢kim, hepati¢nim i neurolos-
kim poremecajima (32,33).

Koncept metabolicke endotoksemije opisuje
hroni¢no prisustvo niskih koncentracija bakterijskih
endotoksina u cirkulaciji. Takva dugotrajna izloze-
nost moze aktivirati urodene imunoloske puteve,
podstaci inflamatornu signalizaciju i doprineti dis-
funkciji vise organskih sistema, ukljucujudi jetru i
mozak (33).

Integrativna perspektiva osovine crevo—
jetra—nervni sistem

Sve veci broj dokaza koji povezuju crevnu mikro-
biotu sa neuroloskim i sistemskim bolestima doveo

je do razvoja sve integrativnijih modela interakcije
domadin—mikrobiom. Umesto da funkcioniSu kao
izolovani sistemi, creva, jetra, imunoloski sistem i
nervni sistem danas se sve vise razumeju kao delovi
dinamicke i medusobno povezane bioloske mreze
(34,35).

Produkcijom metabolita, modulacijom imuno-
loskih odgovora, regulacijom integriteta bioloskih
barijera i uticajem na neuroendokrinu signalizaciju,
crevna mikrobiota ostvaruje efekte koji znacajno
prevazilaze granice gastrointestinalnog trakta. Ove
interakcije mogu oblikovati fizioloSku homeostazu i
progresiju bolesti u razli¢itim organskim sistemima
(34).

Zajedno posmatrano, savremeni nalazi podr-
Zavaju koncept osovine crevo—jetra—nervni sistem,
u okviru koje se mikrobni, hepati¢ni, imunoloski i
nervni putevi medusobno prepliéu i zajednicki uti¢u
na procese neuroregeneracije i neurodegeneracije.
Ovaj integrativni okvir predstavlja osnovu za razvoj
novih translacionih strategija usmerenih na modula-
ciju medusobno povezanih bioloskih sistema, ume-
sto na izolovano delovanje na pojedinacne organe
(34,35).

Terapijska modulacija osovine crevo—jetra—
nervni sistem

Identifikacija medusobno povezanih mikrobnih,
hepati¢nih, imunoloskih i nervnih puteva pruza ra-
cionalnu osnovu za istrazivanje terapijskih strategija
koje osovinu crevo—jetra—nervni sistem posmatraju
kao integrisani bioloski sistem. Dostupni dokazi u
okviru ovog koncepta narocito ukazuju na terapijski
znacaj mikrobnih metabolita, signalizacije Zu¢nih ki-
selina, funkcije intestinalne barijere i inflamatornih
puteva. Medutim, vecina dostupnih dokaza i dalje
je pretezno mehanisticke ili pretklinicke prirode, dok
su direktni klini¢ki dokazi o neuroregenerativnoj efi-
kasnosti ograniceni.

Mikrobni metaboliti kao terapijski ciljevi

Mikrobni metaboliti predstavljaju vazne medija-
tore komunikacije izmedu gastrointestinalnog trak-
ta i udaljenih organa. Kratkolan¢ane masne kiseline,
metaboliti poreklom od triptofana i mikrobne modi-
fikacije Zucnih kiselina mogu uticati na imunolosku
regulaciju, intestinalnu homeostazu, sistemski me-
tabolizam i funkciju nervnog sistema. Dostupna lite-
ratura stoga ukazuje na mogucnost da ovi metaboliti
predstavljaju farmakoloski relevantne ciljeve za mo-
dulaciju neuroinflamatornih i neurodegenerativnih
procesa (28-31).
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rotransmitter that plays essential roles in mood,
cognition, and gastrointestinal function. The gut
microbiota can influence serotonin availability both
directly and indirectly, thereby affecting communi-
cation between the gut and the central nervous sys-
tem (31).

In addition to serotonin-related pathways, mi-
crobial tryptophan metabolites can modulate in-
flammatory signaling and interact with receptors in-
volved in neuroprotection and immune regulation.
These mechanisms further emphasize the impor-
tance of microbial metabolism in the regulation of
brain health and disease (30,31).

Barrier Dysfunction and Endotoxemia

The intestinal barrier serves as a critical interface
between the external environment and the internal
circulation. Under normal conditions, this barrier re-
stricts the systemic dissemination of microorganisms
and potentially harmful microbial products while al-
lowing selective nutrient absorption (32).

Disruption of barrier integrity, often referred
to as increased intestinal permeability, facilitates
the translocation of bacterial components such as
lipopolysaccharides into the bloodstream. This phe-
nomenon contributes to systemic inflammation and
has been implicated in a variety of metabolic, hepat-
ic, and neurological disorders (32,33).

The concept of metabolic endotoxemia de-
scribes the chronic presence of low concentrations
of bacterial endotoxins in the circulation. Such ex-
posure can activate innate immune pathways, pro-
mote inflammatory signaling, and contribute to dys-
function across multiple organ systems, including
the liver and brain (33).

Integrative Perspective of the Gut-Liver—
Nerve Axis

The growing body of evidence linking the gut
microbiota to neurological and systemic diseases
has led to the development of increasingly integra-
tive models of host—microbe interactions. Rather
than functioning as isolated systems, the gut, liver,
immune system, and nervous system are now un-
derstood to operate within a dynamic and intercon-
nected biological network (34,35).

Through the production of metabolites, mod-
ulation of immune responses, regulation of barrier
integrity, and influence on neuroendocrine signal-
ing, the gut microbiota exerts effects that extend far
beyond the gastrointestinal tract. These interactions

can shape both physiological homeostasis and dis-
ease progression across multiple organs (34).

Taken together, current findings support the
concept of a gut-liver—nerve axis in which microbi-
al, hepatic, immune, and neural pathways converge
to influence neuroregeneration and neurodegener-
ation. This integrative framework provides a foun-
dation for the development of novel translational
strategies aimed at targeting interconnected biolog-
ical systems rather than individual organs in isola-
tion (34,35).

Therapeutic Modulation of the Gut-Liver—
Nerve Axis

The identification of interconnected microbial,
hepatic, immune, and neural pathways provides a
rationale for investigating therapeutic strategies
that target the gut—liver—nerve axis as an integrat-
ed biological system. Current evidence within this
framework particularly supports the therapeutic
relevance of microbial metabolites, bile acid signal-
ing, intestinal barrier function, and inflammatory
pathways. However, the available evidence remains
predominantly mechanistic or preclinical, and direct
clinical evidence for neuroregenerative efficacy is
limited.

Microbial Metabolites as Therapeutic
Targets

Microbial metabolites represent important me-
diators of communication between the gastroin-
testinal tract and distant organs. Short-chain fatty
acids (SCFAs), tryptophan-derived metabolites, and
microbial modifications of bile acids may influence
immune regulation, intestinal homeostasis, system-
ic metabolism, and neural function. The existing lit-
erature suggests that these metabolites may there-
fore represent pharmacologically relevant targets
for modulation of neuroinflammatory and neurode-
generative processes (28-31).

SCFAs, particularly acetate, propionate, and
butyrate, are generated predominantly through
microbial fermentation of dietary fibers and partic-
ipate in metabolic and immune regulation. Within
the nervous system, SCFAs have been associated
with maintenance of blood—brain barrier integrity,
modulation of microglial activity, and regulation of
neuroinflammatory responses (28,29). These ob-
servations provide a mechanistic basis for investi-
gating interventions capable of restoring or modify-
ing microbial metabolite production. Nevertheless,
the available evidence does not currently establish
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SCFA, narodito acetat, propionat i butirat, nasta-
ju pretezno kao rezultat mikrobne fermentacije dije-
tetskih vlakana i uéestvuju u regulaciji metabolizma
i imunoloskih odgovora. U nervnom sistemu pove-
zane su sa odrzavanjem integriteta krvno-mozdane
barijere, modulacijom aktivnosti mikroglije i regula-
cijom neuroinflamatornih odgovora (28,29). Ova za-
pazanja pruzaju mehanisticku osnovu za istrazivanje
intervencija koje bi mogle obnoviti ili modifikovati
produkciju mikrobnih metabolita. Ipak, trenutno
dostupni dokazi ne potvrduju postojanje specificne
terapije zasnovane na SCFA koja bi se mogla smatra-
ti dokazanom neuroregenerativnom terapijom.

Metabolizam triptofana predstavlja jo$S jedan
proces potencijalno podlozan terapijskoj modulaci-
ji. Intestinalni mikroorganizmi uéestvuju u stvaranju
bioaktivnih metabolita triptofana koji mogu uticati
na imunoloske odgovore, intestinalnu homeostazu
i nervnu signalizaciju. Modulacija raspolozivosti se-
rotonina zavisna od mikrobiote, kao i drugih puteva
povezanih sa triptofanom, dodatno pokazuje na koji
nacin mikrobni metabolizam moze uticati na komuni-
kaciju na relaciji crevo—mozak (30,31). Stoga ovi pute-
vi mogu predstavljati potencijalne ciljeve buducih far-
makoloskih i mikrobiomski usmerenih intervencija.

Signalizacija Zucnih kiselina i putevi TGR5/
FXR

Zugne kiseline predstavljaju dodatnu farmako-
loski relevantnu vezu izmedu creva, jetre, imuno-
loskog i nervnog sistema. Primarne Zucne kiseline
sintetisane u jetri podlezu opseZnoj mikrobnoj tran-
sformaciji u crevima, pri éemu nastaju sekundarne
Zuéne kiseline sa razli¢itim signalnim svojstvima.
Ovi metaboliti stupaju u interakciju sa receptorima,
ukljuéujuci FXR i TGR5, ¢ime uticu na metabolicku
homeostazu, imunoloske odgovore i meduorgansku
komunikaciju (7,8,12).

Potencijalni neuroloski znacaj signalizacije
Zu¢nih kiselina podrzan je dokazima da su njiho-
vi receptori eksprimirani u neuronskim i glijalnim
populacijama i da mogu ucestvovati u regulaciji
neuroinflamacije i neuronske homeostaze (7). Ek-
sperimentalni nalazi dalje ukazuju na mogucnost
da ursodeoksiholna kiselina modulira mikroglijalnu
inflamaciju putem mehanizama povezanih sa TGR5
receptorom nakon cerebralne ishemije (13). Ovi na-
lazi opravdavaju daljaistrazivanja signalizacije Zuc¢nih
kiselina kao potencijalnog terapijskog cilja, narocito
kod neuroloskih stanja koja karakterise perzistentna
neuroinflamacija.

Medutim, navedene nalaze trenutno treba tu-
maciti prvenstveno kao mehanisticke i pretklini¢ke
dokaze. Da li farmakoloska modulacija FXR, TGR5
ili specificnih metabolita Zuénih kiselina moze pro-
izvesti klinicki znacajne neuroregenerativne efekte,
tek treba da bude utvrdeno.

Mikrobiom i regeneracija perifernih nerava

Potencijalni terapijski zna¢aj mikrobioma preva-
zilazi centralni nervni sistem. Regeneracija perifer-
nog nerva zavisi od koordinisanih interakcija izme-
du Schwannovih celija, makrofaga, inflamatornih
medijatora i neurotrofne signalizacije. Reparativne
Schwannove ¢elije podrzavaju regeneraciju aksona
uklanjanjem celijskog detritusa, produkcijom neu-
rotrofnih faktora i obezbedivanjem usmeravajucih
signala, dok makrofagi uéestvuju u uklanjanju detri-
tusa i remodelovanju regenerativnog mikrookruze-
nja (14-16).

Nastajuci dokazi ukazuju na mogucénost da crev-
na mikrobiota indirektno uti¢e na ove procese pu-
tem sistemske imunoloske regulacije, inflamatornih
medijatora i mikrobnih metabolita. Odnos izmedu
perifernog nervnog sistema i crevne mikrobiote sto-
ga predstavlja novu oblast interesovanja u regene-
rativnim neuronaukama (17). lako su direktni dokazi
o terapijskoj efikasnosti i dalje ograniceni, ovaj kon-
cept ukazuje na moguénost da modulacija sistem-
skih mikrobnih i imunoloskih puteva u buduénosti
predstavlja dopunu lokalnim regenerativnim strate-
gijama.

Translacijska perspektiva

Zajedno posmatrano, literatura uklju¢ena u ovaj
pregledni rad identifikuje nekoliko komponenti oso-
vine crevo—jetra—nervni sistem koje su potencijalno
pogodne za ciljanu terapiju. Mikrobni metaboliti,
narocCito SCFA i metaboliti poreklom od triptofana,
predstavljaju potencijalne medijatore signalizacije
na relaciji crevo-mozak i sistemske komunikacije,
dok putevi Zuénih kiselina koji uklju¢uju FXR i TGR5
predstavljaju jasnije definisan farmakoloski signalni
sistem. Mikrobiom dodatno moze uticati na regene-
raciju perifernih nerava putem imunoloskih i meta-
boli¢kih mehanizama.

Medutim, trenutni dokazi ne bi trebalo da se
tumace kao potvrda da manipulacija mikrobiomom
ili modulacija Zu¢nih kiselina predstavljaju ustanov-
liene terapijske postupke za neurodegenerativne ili
neuroregenerativne poremecaje. Vecina dostupnih
dokaza i dalje je mehanisticke, opservacione ili pret-
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a specific SCFA-based intervention as an effective
neuroregenerative therapy.

Tryptophan metabolism represents another
potentially modifiable pathway. Intestinal microor-
ganisms participate in the generation of bioactive
tryptophan-derived metabolites that can influence
immune responses, intestinal homeostasis, and
neural signaling. Microbiota-dependent modulation
of serotonin availability and other tryptophan-re-
lated pathways further illustrates how microbial
metabolism may affect gut—brain communication
(30,31). These pathways may therefore represent
candidate targets for future pharmacological and
microbiome-directed interventions.

Bile Acid Signaling and TGR5/FXR Pathways

Bile acids provide an additional pharmacolog-
ically relevant link between the gut, liver, immune
system, and nervous system. Primary bile acids syn-
thesized in the liver undergo extensive microbial
transformation within the intestine, generating sec-
ondary bile acids with distinct signaling properties.
These metabolites interact with receptors including
FXR and TGR5, thereby influencing metabolic ho-
meostasis, immune responses, and interorgan com-
munication (7,8,12).

The potential neurological relevance of bile
acid signaling is supported by evidence that bile
acid receptors are expressed in neural and glial
populations and may participate in the regulation
of neuroinflammation and neuronal homeostasis
(7). Experimental findings further indicate that ur-
sodeoxycholic acid can modulate microglial inflam-
mation through TGR5-associated mechanisms fol-
lowing cerebral ischemia (13). These observations
support further investigation of bile acid signaling
as a potential therapeutic target, particularly in neu-
rological conditions characterized by persistent neu-
roinflammation.

At present, however, these findings should be
interpreted primarily as mechanistic and preclinical
evidence. Whether pharmacological modulation
of FXR, TGRS5, or specific bile acid metabolites can
produce clinically meaningful neuroregenerative ef-
fects remains to be established.

Microbiome and Peripheral Nerve
Regeneration

The potential therapeutic relevance of the mi-
crobiome extends beyond the central nervous sys-
tem. Peripheral nerve regeneration depends on

coordinated interactions among Schwann cells,
macrophages, inflammatory mediators, and neuro-
trophic signaling. Repair Schwann cells support axo-
nal regeneration by clearing cellular debris, produc-
ing neurotrophic factors, and providing guidance
signals, while macrophages contribute to debris
clearance and remodeling of the regenerative mi-
croenvironment (14-16).

Emerging evidence suggests that the gut mi-
crobiota may influence these processes indirectly
through systemic immune regulation, inflammatory
mediators, and microbial metabolites. The relation-
ship between the peripheral nervous system and
gut microbiota has therefore become an emerging
area of interest in regenerative neuroscience (17).
Although direct therapeutic evidence remains lim-
ited, this concept suggests that modulation of sys-
temic microbial and immune pathways could poten-
tially complement local regenerative strategies.

Translational Perspective

Taken together, the literature included in this
review supports several potentially targetable com-
ponents of the gut-liver—nerve axis. Microbial me-
tabolites, particularly SCFAs and tryptophan-derived
metabolites, represent candidate mediators of gut—
brain and systemic signaling, whereas bile acid path-
ways involving FXR and TGR5 provide a more defined
pharmacological signaling system. The microbiome
may additionally influence peripheral nerve regener-
ation through immune and metabolic mechanisms.

However, the current evidence should not be
interpreted as demonstrating that microbiome ma-
nipulation or bile acid modulation is an established
treatment for neurodegenerative or neuroregen-
erative disorders. Most available evidence remains
mechanistic, observational, or preclinical. The ma-
jor translational challenge is therefore to determine
whether modulation of these pathways can pro-
duce reproducible changes in validated neurological
outcomes.

Future studies should combine microbiome
profiling with metabolomic, inflammatory, and neu-
rological endpoints and should distinguish correla-
tions between microbial composition and disease
from demonstrable causal therapeutic effects. Such
an approach may facilitate the development of tar-
geted strategies that modulate specific microbial
metabolites, bile acid receptors, or immune path-
ways rather than attempting nonspecific modifica-
tion of the entire microbiome.
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klinicke prirode. Osnovni translacioni izazov stoga
predstavlja utvrdivanje da li modulacija ovih puteva
moze dovesti do doslednih i klini¢ki znacajnih po-
boljsanja relevantnih neuroloskih ishoda.

Buduca istrazivanja trebalo bi da kombinuju
profilisanje mikrobioma sa metabolomskim, infla-
matornim i neuroloskim parametrima, uz jasno ra-
zlikovanje korelacija izmedu sastava mikrobiote i bo-
lesti od dokazanih uzro¢no-posledi¢nih terapijskih
efekata. Takav pristup mogao bi omoguciti razvoj
ciljanih strategija usmerenih na specificne mikrobne
metabolite, receptore za Zuéne kiseline iliimunolos-
ke puteve, umesto neselektivne modulacije celoku-
pnog mikrobioma.

Bududi pravci

Sve veci broj dokaza koji podrzavaju postojanje
interakcija izmedu crevne mikrobiote, jetre i ner-
vnog sistema ukazuje na nekoliko vaznih pravaca
buducih istrazivanja. lako su povezanosti izmedu
mikrobne disbioze i neurodegenerativnih poreme-
¢aja konzistentno opisivane, uzro¢ni mehanizmi koji
povezuju specificne mikrobne zajednice sa nastan-
kom i progresijom bolesti jo$ uvek nisu u potpunosti
razjasnjeni. Neophodne su longitudinalne studije na
ljudima koje objedinjuju profilisanje mikrobioma i
klinicke ishode radi boljeg razumevanja ovih odnosa
(2,3,9).

Mikrobni metaboliti predstavljaju posebno per-
spektivne ciljeve bududih istrazivanja. Kratkolanéane
masne kiseline i metaboliti poreklom od triptofana
izdvojili su se kao znacajni medijatori komunikacije
na relaciji crevo—-mozak, ali njihova precizna ulo-
ga u neuroprotekciji, neuroinflamaciji i reparaci-
ji nervnog tkiva jo$ uvek nije dovoljno razjasnjena
(28—31). Bolje razumevanje ovih puteva moglo bi
omoguciti razvoj terapijskih intervencija zasnovanih
na mikrobiomu, usmerenih na obnovu metabolicke
homeostaze.

Signalizacija Zucnih kiselina predstavlja jos jed-
nu oblast intenzivnog razvoja. Savremena saznanja
o receptorima FXR i TGR5 ukazuju na to da Zucne
kiseline mogu predstavljati znacajne molekularne
veze izmedu hepati¢nih i neuroloskih procesa (7,8).
Eksperimentalni dokazi o antiinflamatornim efekti-
ma ursodeoksiholne kiseline putem mehanizama
posredovanih TGR5 receptorom opravdavaju dalja
translaciona i klinicka istraZivanja, posebno kod ne-
urodegenerativnih bolesti koje karakteriSe hroni¢na
aktivacija mikroglije (13).

Buduce studije trebalo bi takode da ispitaju

ulogu osovine crevo—jetra—nervni sistem u regene-
rativnoj medicini. Preliminarni dokazi ukazuju na
moguénost da mikrobni i imunoloski posredovani
mehanizmi uti¢u na regeneraciju perifernih nerava
preko efekata na funkciju Schwannovih ¢elija, aktiv-
nost makrofaga i inflamatornu signalizaciju (14-17).
Razumevanje ovih interakcija moZe identifikovati
nove strategije za unapredenje regeneracije akson
nakon povrede.

Konacno, sve veéi broj dokaza koji povezuju
MAFLD, sistemsku inflamaciju, kognitivno osteéenje
i demenciju ukazuje na to da jetru treba posmatra-
ti kao aktivnog ucesnika u neuroloskim bolestima,
a ne isklju¢ivo kao metabolicki organ (25-27). Inte-
grativni pristupi koji objedinjuju hepatologiju, neu-
ronauke, imunologiju i istraZivanja mikrobioma bice
od klju¢nog znacaja za prevodenje koncepta osovine
crevo—jetra—nervni sistem u klinicki relevantne dija-
gnosticke i terapijske primene.

Zakljucak

Osovina crevo—jetra—nervni sistem predstavlja
kompleksnu biolosku mreZu koja integriSe mikrobne,
metabolicke, imunoloske i nervne signalne puteve.
Savremeni dokazi ukazuju na to da crevna disbioza,
poremecéen metabolizam Zuénih kiselina, narusen
integritet bioloskih barijera i hroni¢na inflamacija
mogu doprineti neurodegenerativnim procesima,
ali istovremeno uticati i na regenerativne procese
unutar nervnog sistema. lako su ostvareni znacajni
pomaci u razumevanju osnovnih mehanizama, ne-
ophodna su dalja translaciona i klini¢ka istrazivanja
radi utvrdivanja uzro¢no-posledi¢nih odnosa i iden-
tifikacije efikasnih terapijskih intervencija. Ciljana
modulacija osovine crevo—jetra—nervni sistem moze
u buduénosti pruziti nove moguénosti za prevenciju
i leenje razlicitih neuroloskih poremecdaja.
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Future Directions

The growing body of evidence supporting inter-
actions among the gut microbiota, liver, and nervous
system highlights several important directions for
future research. Although associations between mi-
crobial dysbiosis and neurodegenerative disorders
have been consistently reported, the causal mecha-
nisms linking specific microbial communities to dis-
ease initiation and progression remain incompletely
understood. Longitudinal human studies integrat-
ing microbiome profiling, and clinical outcomes are
needed to clarify these relationships (2,3,9).

Microbial metabolites represent particularly
promising targets for future investigation. Short-
chain fatty acids and tryptophan-derived metabo-
lites have emerged as key mediators of gut—brain
communication, yet their precise roles in neuro-
protection, neuroinflammation, and neural repair
require further elucidation (28-31). Improved un-
derstanding of these pathways may facilitate the de-
velopment of microbiome-based therapeutic inter-
ventions aimed at restoring metabolic homeostasis.

Bile acid signaling constitutes another rapidly ex-
panding area of research. Recent findings regarding
FXR and TGR5 receptors suggest that bile acids may
function as important molecular links between he-
patic and neurological processes (7,8). Experimental
evidence demonstrating anti-inflammatory effects of
ursodeoxycholic acid through TGR5-mediated path-
ways warrants further translational and clinical inves-
tigation, particularly in neurodegenerative diseases
characterized by chronic microglial activation (13).

Future studies should also examine the role
of the gut—liver-nerve axis in regenerative medi-
cine. Preliminary evidence suggests that microbial
and immune-mediated mechanisms may influence
peripheral nerve regeneration through effects on
Schwann cell function, macrophage activity, and in-
flammatory signaling (14-17). Understanding these
interactions may identify novel strategies to en-
hance neural repair following injury.

Finally, increasing evidence linking MAFLD, sys-
temic inflammation, cognitive impairment, and de-
mentia suggests that the liver should be considered
an active participant in neurological disease rather
than merely a metabolic organ (25-27). Integrative
approaches combining hepatology, neuroscience,
immunology, and microbiome research will be es-
sential for translating the gut-liver—nerve axis con-
cept into clinically meaningful diagnostic and thera-
peutic applications.

Conclusion

The gut-liver—nerve axis represents a complex
biological network integrating microbial, metabol-
ic, immune, and neural signaling pathways. Current
evidence indicates that gut dysbiosis, altered bile
acid metabolism, impaired barrier function, and
chronic inflammation contribute to neurodegener-
ation while also influencing regenerative process-
es within the nervous system. Although important
mechanistic insights have been established, further
translational and clinical studies are required to clar-
ify causality and identify effective therapeutic inter-
ventions. Targeting the gut—liver—nerve axis may of-
fer promising opportunities for the prevention and
treatment of neurological disorders.

References

1. Cryan JF, O’Riordan KJ, Cowan CSM, Sandhu KV, Bastiaans-
sen TFS, Boehme M, et al. The Microbiota-Gut-Brain Axis.
Physiol Rev. 2019;99(4):1877-2013. do0i:10.1152/phys-
rev.00018.2018

2. FuY, Gu Z, Cao H, Zhang C, Wang H, Shen Z, et al. The role
of the gut microbiota in neurodegenerative diseases tar-
geting metabolism. Front Neurosci. 2024;18:1432659.
doi:10.3389/fnins.2024.1432659

3. LiuX, LiuY, LiuJ, Su X, Wang X, Zhang Y, et al. Correlation be-
tween the gut microbiome and neurodegenerative diseas-
es: a review of metagenomics evidence. Neural Regen Res.
2024;19(4):833-45. doi:10.4103/1673-5374.382223

4. Sampson TR, Mazmanian SK. Control of brain development,
function, and behavior by the microbiome. Cell Host Mi-
crobe. 2015;17(5):565-76. doi:10.1016/j.chom.2015.04.011

5. Albillos A, de Gottardi A, Rescigno M. The gut-liver axis in
liver disease: Pathophysiological basis for therapy. J Hepatol.
2020;72(3):558-77. d0i:10.1016/j.jhep.2019.10.003

6. Tripathi A, Debelius J, Brenner DA, Karin M, Loomba R,
Schnabl B, et al. The gut-liver axis and the intersection
with the microbiome. Nat Rev Gastroenterol Hepatol.
2018;15(7):397-411. doi:10.1038/s41575-018-0011-z

7. Romero-Ramirez L, Mey J. Emerging Roles of Bile Ac-
ids and TGR5 in the Central Nervous System: Molecu-
lar Functions and Therapeutic Implications. Int J Mol Sci.
2024;25(17):9279. d0i:10.3390/ijms25179279

8. Fiorucci S, Distrutti E. Bile Acid-Activated Receptors, Intes-
tinal Microbiota, and the Treatment of Metabolic Disor-
ders. Trends Mol Med. 2015;21(11):702-14. doi:10.1016/j.
molmed.2015.09.001

9. Tana C, Moffa S, Tana M, Ucciferri C, Moffa L, Schiavone C,
et al. Gut Microbiota, Mild Cognitive Impairment and De-
mentia: A Systematic Review. Neurol Int. 2025;17(10):155.
doi:10.3390/neurolint17100155

10. Schnabl B, Brenner DA. Interactions between the intes-
tinal microbiome and liver diseases. Gastroenterology.
2014;146(6):1513-24. doi:10.1053/j.gastro.2014.01.020

11. Tilg H, Adolph TE, Moschen AR. Multiple Parallel Hits Hy-
pothesis in Nonalcoholic Fatty Liver Disease: Revisited Af-
ter a Decade. Hepatology. 2021;73(2):833-42. doi:10.1002/
hep.31518

12. Ridlon JM, Harris SC, Bhowmik S, Kang DJ, Hylemon PB. Con-
sequences of bile salt biotransformations by intestinal bac-

97



Zdravstvena zastita 55(2), 2026

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

OO

ver disease: Pathophysiological basis for therapy. J Hepatol.
2020;72(3):558-77. doi:10.1016/j.jhep.2019.10.003

Tripathi A, Debelius J, Brenner DA, Karin M, Loomba R, Schnabl
B, et al. The gut-liver axis and the intersection with the micro-
biome. Nat Rev Gastroenterol Hepatol. 2018;15(7):397-411.
d0i:10.1038/s41575-018-0011-z

Romero-Ramirez L, Mey J. Emerging Roles of Bile Acids and TGR5
in the Central Nervous System: Molecular Functions and Thera-
peutic Implications. IntJ Mol Sci. 2024;25(17):9279. doi:10.3390/
ijms25179279

Fiorucci S, Distrutti E. Bile Acid-Activated Receptors, Intestinal Mi-
crobiota, and the Treatment of Metabolic Disorders. Trends Mol
Med. 2015;21(11):702-14. doi:10.1016/j.molmed.2015.09.001
Tana C, Moffa S, Tana M, Ucciferri C, Moffa L, Schiavone C, et
al. Gut Microbiota, Mild Cognitive Impairment and Dementia:
A Systematic Review. Neurol Int. 2025;17(10):155. doi:10.3390/
neurolint17100155

Schnabl B, Brenner DA. Interactions between the intestinal micro-
biome and liver diseases. Gastroenterology. 2014;146(6):1513-
24. doi:10.1053/j.gastro.2014.01.020

Tilg H, Adolph TE, Moschen AR. Multiple Parallel Hits Hypothesis
in Nonalcoholic Fatty Liver Disease: Revisited After a Decade. He-
patology. 2021;73(2):833-42. doi:10.1002/hep.31518

Ridlon JM, Harris SC, Bhowmik S, Kang DJ, Hylemon PB. Con-
sequences of bile salt biotransformations by intestinal bacteria.
Gut Microbes. 2016;7(1):22-39. doi:10.1080/19490976.2015.11
27483

Zhang F, Deng Y, Wang H, Fu J, Wu G, Duan Z, et al. Gut microbio-
ta-mediated ursodeoxycholic acids regulate the inflammation of
microglia through TGR5 signaling after MCAOQ. Brain Behav Im-
mun. 2024;115:667-79. doi:10.1016/j.bbi.2023.11.021

Jessen KR, Mirsky R. The repair Schwann cell and its function in re-
generating nerves. J Physiol. 2016;594(13):3521-31. d0i:10.1113/
JP270874

Chen ZL, Yu WM, Strickland S. Peripheral regeneration. Annu
Rev Neurosci. 2007;30:209-33. doi:10.1146/annurev.neu-
ro0.30.051606.094337

Cattin AL, Burden JJ, Van Emmenis L, Zhao FE, Ghidenelli M,
Pellegrinotti V, et al. Macrophage-Induced Blood Vessels Guide
Schwann Cell-Mediated Regeneration of Peripheral Nerves. Cell.
2015;162(5):1127-39. doi:10.1016/j.cell.2015.07.021

Ronchi G, Cescon M, Gambarotta G, Haastert-Talini K. Perip-
heral nervous system and gut microbiota: Emerging evidence
on increased mechanistic understanding to reveal innovative
strategies for peripheral nerve regeneration. Neural Regen Res.
2026;21(4):1560-61. doi:10.4103/NRR.NRR-D-24-01310

Heneka MT, Golenbock DT, Latz E. Innate immunity in Alzheimer’s
disease. Nat Immunol. 2015;16(3):229-36. doi:10.1038/ni.3102
Ransohoff RM. How neuroinflammation contributes to neurode-
generation. Science. 2016;353(6301):777-83. doi:10.1126/scien-
ce.aag2590

Block ML, Zecca L, Hong JS. Microglia-mediated neurotoxici-
ty: uncovering the molecular mechanisms. Nat Rev Neurosci.

License: This is an open access article
under the terms of the Creative Commons
Attribution 4.0 License, which permits
use, distribution and reproduction in any
medium, provided the original work is
properly cited.

© 2025 Health Care.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

2007;8(1):57-69. doi:10.1038/nrn2038

Risbud MV, Shapiro IM. Role of cytokines in intervertebral
disc degeneration: pain and disc content. Nat Rev Rheumatol.
2014;10(1):44-56. doi:10.1038/nrrheum.2013.160

Adams MA, Roughley PJ. What is intervertebral disc degenerati-
on, and what causes it? Spine (Phila Pa 1976). 2006;31(18):2151-
61. doi:10.1097/01.brs.0000231761.73859.2¢c

Zheng D, Wu Z, Li L, Cheng S, Chang J. Genetic analysis of the cau-
sal relationship between gut microbiota and intervertebral disc
degeneration: a two-sample Mendelian randomized study. Eur
Spine J. 2024;33(5):1986-98. doi:10.1007/s00586-023-08059-8
Geng Z, Wang J, Chen G, Liu J, Lan J, Zhang Z, et al. Gut micro-
biota and intervertebral disc degeneration: a bidirectional
two-sample Mendelian randomization study. J Orthop Surg Res.
2023;18(1):601. doi:10.1186/s13018-023-04081-0

Kaya E, Yilmaz Y. Association of Metabolic Dysfunction-Associa-
ted Fatty Liver Disease with Cognitive Impairment and All-Cau-
se Dementia: A Comprehensive Review. Turk J Gastroenterol.
2024;35(2):76-82. doi:10.5152/jg.2024.23629

Bao X, Kang L, Yin S, Engstrom G, Wang L, Xu W, et al. Associa-
tion of MAFLD and MASLD with all-cause and cause-specific
dementia: a prospective cohort study. Alzheimers Res Ther.
2024;16(1):136. doi:10.1186/s13195-024-01498-5

Medina-Julio D, Ramirez-Mejia MM, Cordova-Gallardo J, Pe-
niche-Luna E, Cantu-Brito C, Mendez-Sanchez N. From Liver to
Brain: How MAFLD/MASLD Impacts Cognitive Function. Med Sci
Monit. 2024;30:e943417. doi:10.12659/MSM.943417

Dalile B, Van Oudenhove L, Vervliet B, Verbeke K. The role of
short-chain fatty acids in microbiota-gut-brain communication.
Nat Rev Gastroenterol Hepatol. 2019;16(8):461-78. doi:10.1038/
s41575-019-0157-3

Dong Y, Cui C. The role of short-chain fatty acids in central nervo-
us system diseases. Mol Cell Biochem. 2022;477(11):2595-607.
doi:10.1007/511010-022-04471-8

Agus A, Planchais J, Sokol H. Gut Microbiota Regulation of Tryp-
tophan Metabolism in Health and Disease. Cell Host Microbe.
2018;23(6):716-24. doi:10.1016/j.chom.2018.05.003

O’Mahony SM, Clarke G, Borre YE, Dinan TG, Cryan JF. Seroto-
nin, tryptophan metabolism and the brain-gut-microbiome axis.
Behav Brain Res. 2015;277:32-48. doi:10.1016/j.bbr.2014.07.027
Bischoff SC, Barbara G, Buurman W, Ockhuizen T, Schulzke ID,
Serino M, et al. Intestinal permeability--a new target for disea-
se prevention and therapy. BMC Gastroenterol. 2014;14:189.
d0i:10.1186/5s12876-014-0189-7

Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, et al.
Metabolic endotoxemia initiates obesity and insulin resistance.
Diabetes. 2007;56(7):1761-72. doi:10.2337/db06-1491

Cryan JF, Dinan TG. Mind-altering microorganisms: the impact
of the gut microbiota on brain and behaviour. Nat Rev Neurosci.
2012;13(10):701-712. doi:10.1038/nrn3346

Mayer EA, Tillisch K, Gupta A. Gut/brain axis and the microbiota. J
Clin Invest. 2015;125(3):926-38. doi:10.1172/JCI76304

98



Health Care 55(2), 2026

13.

14.
15.

16.

17.

18.
19.
20.
21.

22.

23.

OO,

teria. Gut Microbes. 2016;7(1):22-39. doi:10.1080/1949097
6.2015.1127483

ZhangF, DengY, WangH, FuJ, Wu G, Duan Z, et al. Gut micro-
biota-mediated ursodeoxycholic acids regulate the inflam-
mation of microglia through TGRS signaling after MCAO.
Brain Behav Immun. 2024;115:667-79. doi:10.1016/].
bbi.2023.11.021

Jessen KR, Mirsky R. The repair Schwann cell and its function
in regenerating nerves. J Physiol. 2016;594(13):3521-31.
doi:10.1113/JP270874

Chen ZL, Yu WM, Strickland S. Peripheral regeneration. Annu
Rev Neurosci. 2007;30:209-33. doi:10.1146/annurev.neu-
ro.30.051606.094337

Cattin AL, Burden JJ, Van Emmenis L, Zhao FE, Ghidenelli
M, Pellegrinotti V, et al. Macrophage-Induced Blood Ves-
sels Guide Schwann Cell-Mediated Regeneration of Pe-
ripheral Nerves. Cell. 2015;162(5):1127-39. doi:10.1016/].
cell.2015.07.021

Ronchi G, Cescon M, Gambarotta G, Haastert-Talini K. Pe-
ripheral nervous system and gut microbiota: Emerging ev-
idence on increased mechanistic understanding to reveal
innovative strategies for peripheral nerve regeneration.
Neural Regen Res. 2026;21(4):1560-61. doi:10.4103/NRR.
NRR-D-24-01310

Heneka MT, Golenbock DT, Latz E. Innate immunity in
Alzheimer’s disease. Nat Immunol. 2015;16(3):229-36.
doi:10.1038/ni.3102

Ransohoff RM. How neuroinflammation contributes to
neurodegeneration.  Science.  2016;353(6301):777-83.
doi:10.1126/science.aag2590

Block ML, Zecca L, Hong JS. Microglia-mediated neurotoxici-
ty: uncovering the molecular mechanisms. Nat Rev Neuros-
ci. 2007;8(1):57-69. doi:10.1038/nrn2038

Risbud MV, Shapiro IM. Role of cytokines in intervertebral
disc degeneration: pain and disc content. Nat Rev Rheuma-
tol. 2014;10(1):44-56. doi:10.1038/nrrheum.2013.160
Adams MA, Roughley PJ. What is intervertebral
disc degeneration, and what causes it? Spine (Phi-
la Pa 1976). 2006;31(18):2151-61. doi:10.1097/01.
brs.0000231761.73859.2¢

Zheng D, Wu Z, Li L, Cheng S, Chang J. Genetic analysis of the
causal relationship between gut microbiota and interverte-
bral disc degeneration: a two-sample Mendelian random-
ized study. Eur Spine J. 2024;33(5):1986-98. doi:10.1007/
s00586-023-08059-8

License: This is an open access article
under the terms of the Creative Commons
Attribution 4.0 License, which permits
use, distribution and reproduction in any
medium, provided the original work is
properly cited.

© 2025 Health Care.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

GengZ, Wang J, Chen G, LiuJ, Lan J, Zhang Z, et al. Gut micro-
biota and intervertebral disc degeneration: a bidirectional
two-sample Mendelian randomization study. J Orthop Surg
Res. 2023;18(1):601. doi:10.1186/s13018-023-04081-0
Kaya E, Yilmaz Y. Association of Metabolic Dysfunction-As-
sociated Fatty Liver Disease with Cognitive Impairment and
All-Cause Dementia: A Comprehensive Review. Turk J Gas-
troenterol. 2024;35(2):76-82. doi:10.5152/tjg.2024.23629
Bao X, Kang L, Yin S, Engstrom G, Wang L, Xu W, et al. Asso-
ciation of MAFLD and MASLD with all-cause and cause-spe-
cific dementia: a prospective cohort study. Alzheimers Res
Ther. 2024;16(1):136. doi:10.1186/s13195-024-01498-5
Medina-Julio D, Ramirez-Mejia MM, Cordova-Gallardo J,
Peniche-Luna E, Cantu-Brito C, Mendez-Sanchez N. From
Liver to Brain: How MAFLD/MASLD Impacts Cognitive
Function. Med Sci Monit. 2024;30:e943417. doi:10.12659/
MSM.943417

Dalile B, Van Oudenhove L, Vervliet B, Verbeke K. The role
of short-chain fatty acids in microbiota-gut-brain communi-
cation. Nat Rev Gastroenterol Hepatol. 2019;16(8):461-78.
doi:10.1038/s41575-019-0157-3

DongYY, Cui C. The role of short-chain fatty acids in central ner-
vous system diseases. Mol Cell Biochem. 2022;477(11):2595-
607. doi:10.1007/s11010-022-04471-8

Agus A, Planchais J, Sokol H. Gut Microbiota Regulation of
Tryptophan Metabolism in Health and Disease. Cell Host Mi-
crobe. 2018;23(6):716-24. doi:10.1016/j.chom.2018.05.003
O’Mahony SM, Clarke G, Borre YE, Dinan TG, Cryan JF. Se-
rotonin, tryptophan metabolism and the brain-gut-microbi-
ome axis. Behav Brain Res. 2015;277:32-48. doi:10.1016/].
bbr.2014.07.027

. Bischoff SC, Barbara G, Buurman W, Ockhuizen T, Schulzke

JD, Serino M, et al. Intestinal permeability--a new target
for disease prevention and therapy. BMC Gastroenterol.
2014;14:189. doi:10.1186/s12876-014-0189-7

Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D,
et al. Metabolic endotoxemia initiates obesity and insulin re-
sistance. Diabetes. 2007;56(7):1761-72. doi:10.2337/db06-
1491

Cryan JF, Dinan TG. Mind-altering microorganisms: the im-
pact of the gut microbiota on brain and behaviour. Nat Rev
Neurosci. 2012;13(10):701-712. doi:10.1038/nrn3346
Mayer EA, Tillisch K, Gupta A. Gut/brain axis and the microbi-
ota. J Clin Invest. 2015;125(3):926-38. d0i:10.1172/JCI76304

99



