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The interaction between the gut-microbiota-derived metabolites and brain has long been recognized
in both health and disease. The liver, as the primary metabolic organ for nutrients in animals or humans,
plays an indispensable role in signal transduction. Therefore, in recent years, Researcher have
proposed the Gut-Liver-Brain Axis (GLBA) as a supplement to the Gut-Brain Axis. The GLBA plays a
crucial role in numerous physiological and pathological mechanisms through a complex interplay of
signaling pathways. However, gaps remain in our knowledge regarding the developmental and
functional influences of the GLBA communication pathway. The gut microbial metabolites serve as
communication agents between these three distant organs, functioning prominently within the GLBA.
In this review, we provide a comprehensive overview of the current understanding of the GLBA,
focusing on signaling molecules role in animal and human health and disease. In this review paper
elucidate its mechanisms of communication, explore its implications for immune, and energy
metabolism in animal and human, and highlight future research directions. Understanding the intricate
communication pathways of the GLBA holds promise for creating innovative treatment approaches for

a wide range of immune and metabolic conditions.

The Gut-Brain Axis has been well defined over the past decades, it present
that the Gut-Brain axis offers a two-way regulatory communication path-
way utilizing metabolites, hormonal, and immunological channels'. Dys-
function of this axis can lead to pathophysiological outcomes. The gut plays
a vital role in absorbing nutrients, vitamins, minerals, and water, and also
functions as an excretory route for substances eliminated in bile. Upon
digestion, the liver is the primary organ to encounter the diverse array of
small molecules. Here, the delivery of nutrients is sensed from the intestine,
and this information is not only relayed to other organs but also utilized to
prompt adaptations in liver function, enhancing the efficient processing of
nutrients”. The regulation of liver function in response to nutrients absorbed
from the intestine includes endocrine and nervous system mechanisms, as
well as direct effects of substances on both liver parenchymal and non-
parenchymal cells’. Present evidence indicates that alterations in liver
hydration in reaction to nutrients and hormones constitute an autonomous
and robust signal that aids in adjusting metabolic liver function and gene
expression to variations in intestinal absorption’. Therefore, the concept of
the Gut-Liver-Brain Axis (GLBA) has been emerged and gained consider-
able attention in recent years, as researchers strive to unravel the intricate

connections between the gut, liver, and brain. This axis represents a dynamic
communication connection that integrates signals from the gastrointestinal
and metabolic systems with the central nervous system (CNS), impacting a
broad range of physiological processes, such as immune responses, meta-
bolic and neurodevelopmental pathways. At the core of this communication
network are signaling molecules, which serve as crucial mediators of inter-
organ communication.

Microbial metabolites, produced by the trillions of microorganisms
inhabiting the gut, have been demonstrated to regulate immune response,
regulate neurotransmitter synthesis, and influence neural development",
The bidirectional interaction of microbial and host metabolites manipulates
processes including the regulation of the nervous system’, anti-pathogens’,
nutrient metabolism’, neurological behavior® and immune regulation’. It
has been suggested that the microbiota has a broader impact on the reg-
ulation of systemic immunity, attributed to the translocation of microbial
products from the luminal side of the mucosa into the circulation'*". Pre-
vious studies have emphasized that changes in the makeup of gut bacterial
populations are associated with various inflammatory and metabolic dis-
eases in host, such as obesity, inflammatory bowel disease (IBD), and fatty
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liver disease'”™*. Numerous comprehensive reviews have detailed how the
innate immune system recognizes commensal bacteria and the way indi-
vidual consortia or species influence specific aspects of both innate and
adaptive immune responses, and the immune system'>"”. Consequently the
immune system influences the profile of the microbiota. Communication
between gut-microbes and the host immune process occurs via a diverse
range of signaling routes involving various types of molecules. A recent
article offers a unique perspective on tissue-specific immune cell adaptation
mediated by both the liver and central nervous system, which regulates the
levels of gut pTye, cells and prevents gut inflammation'. This study
underscores the critical role of the GLBA neural arc in defining the
immunoregulatory niche and fine-tuning immune responses in the intes-
tine. These pathways extend beyond the immune framework and encom-
pass microbial metabolites, inflammatory cytokines, and neurotransmitters.
These immune-related signaling pathways, together with immediate che-
mical crosstalk between the gut-microbe and host, impact various organs
including the gut, liver, and brain. These intricate interplays collectively
form what is defined as the GLBA. This axis is characterized as a complex,
bidirectional chemical communication network between specific host cel-
lular process and various microbiotas".

While numerous studies have illuminated the knotty and essential role
of gut flora and gut-derived metabolites in the pathological and physiolo-
gical conditions of their hosts, numerous aspects remain undiscovered. The
application of advanced omics technologies in the context of gut microbiota
research has unveiled fresh perspectives, uncovering crucial connections
between specific gut-derived metabolites and the health of animals or
humans. This review emphasizes the importance of comprehensively
understanding the crosstalk between host-microbiota metabolic, immune-
inflammatory, liver-energy metabolic and GLBA. This axes, which phy-
siologically link the gut, liver, and brain, are pivotal for advancing ther-
apeutic strategies targeted towards modifying the gut flora to tackle diseases
and enhance the overall health of animals and humans.

Communication signaling metabolites: gut SCFAs
SCFAs and energy metabolism

Recent studies indicate that an average human male body harbors around
3.8 x 10" individual microorganisms™, the gut microbiota of mice contains
approximately 1 x 10" to 1 x 10" microbes®', and the rumen microbiota of

cows contains approximately 1x 10" to 1x 10" microbes per gram of
rumen content™. Together, the host and its gut flora produce various small
molecules through the metabolism of xenobiotics and food. Many of these
molecules play crucial roles in facilitating communication between host cells
and their gut microbial symbionts'. Indeed, roughly 10% of metabolites
have been approximated to be present in circulatory system are estimate to
originate from gut microbes™.

Short-chain fatty acids (SCFAs) are synthesized in the large bowel,
particularly in the rumen of ruminants, by the bacterial breakdown of
dietary starch and fiber, such as acetate, propionate, and butyrate, are key
metabolites formed through the digestion of dietary fiber by gut bacteria
(Table 1)**. Additionally SCFAs, including valerate, formate, and caproate,
are produced in smaller quantities”. Colonocytes quickly absorb SCFAs,
primarily through active transportation facilitated by monocarboxylate
transporters (MCTs) (Fig. 1). MCT1 mediates SCFA transport in a proton-
coupled, electroneutral fashion, whereas SCFA anion transport is facilitated
by the electrogenic, sodium-dependent MCT1°. SCFAs are additionally
taken up from the intestinal lumen via swapping with (ClI")*”" and
(HCO3")™. Following absorption, SCFAs participate the mitochondrial
citric acid cycle to produce ATP and cellular energy”. SCFAs provide as
energy substrates for hepatocytes. Furthermore, acetate serves as a precursor
for fatty acid synthesis in the liver"*”". Propionate is recognized as a substrate
for generating glucose in the liver, particularly in ruminants®, while glu-
coneogenesis from propionate is quantitatively less significant in the human
liver”. In fact, the majority of acetate, propionate, and butyrate produced in
the gut (64%, 91%, and 98%, respectively) remains within the gut, with only
a fraction reaching the systemic circulation and peripheral tissues of the
host™. Other origins of plasma acetate comprise endogenous synthesis from
amino acid metabolism and fatty acid oxidation**. Dairy cow milk fatty
acids also serve as an origin of butyrate, since part of the triacylglyceride
mixture in milk includes butyrate, which is subsequently secreted in
mammals through gastric lipase®. SCFAs have been associated with the
progression of diabetes and obesity”*". A prior study documented elevated
cecal SCFA levels, which led to increased hepatic lipogenesis in mice
exposed to subtherapeutic doses of antibiotics during early life””. SCFA levels
are recognized by free fatty acid receptors (FFARSs), which are specific G-
protein-coupled receptors (GPCRs) and play roles in lipid homeostasis and
glucose processing. A prior study has demonstrated that dietary addition of

Table 1 | Sources of metabolites and their role in immune development

Metabolites Involved Bacteria Immune development

Acetate most of the enteric bacteria, e.g., Akkermansia muciniphila, ~ Suppressing neutrophil and macrophage pro-inflammatory cytokine
Bacteroides spp., Bifidobacterium spp., Prevotella spp., production'”

Ruminococcus spp'*>'®
(Producer)

Propionate Bacteroides spp., Phascolarctobacterium succinatutens, Reduced production of pro-inflammatory cytokines such as IL-6 and IL-12;
Dialister spp., Veillonella spp., Bacteroides spp., suppresses dendritic cell maturation'®
Phascolarctobacterium succinatutens,

Dialister spp., Veillonella spp'*'*®
(Producer)

Butyrate Coprococcus comes, Coprococcus eutactus, The most potent anti-inflammatory SCFA,; inhibits the production of pro-
Anaerostipes spp., Coprococcus catus, Eubacterium inflammatory cytokines (TNF-a, IL-6) by acting as an HDAC (histone deacetylase)
rectale, Eubacterium hallii, Faecalibacterium inhibitor'®'1%?
prausnitzii, Roseburia spp'*®'®
(Producer)

Bile Acids Clostridium and Eubacterium™ .Regulating the differentiation of Treg cells and Th17 cells*’; exhibits anti-

(Convert primary bile acids to secondary bile acids)

85,86

inflammatory properties by activating TGR5 (BA receptor)

Polyamine (such as Bifidobacterium animalis subsp. lactis LKM512%

Suppress M1 macrophage activation by downregulating ornithine

Spermine) (Producer) decarboxylase expression and inhibiting the generation of inflammatory
cytokines®%
Tryptophan Clostridium sporogenes, Ruminococcus gnavus'® Reduce the hyperinflammation by an immunosuppressive effect
(Metabolize tryptophan)
LPS Gram-negative bacteria: such as Bacteroides fragilis and induced pro-inflammatory signaling

Escherichia coli

LPS lipopolysaccharide
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Fig. 1 | Effect of the short-chain fatty acids (SCFAs) on the metabolism. Short-
chain fatty acids (SCFAs)’s metabolism and function pathways with the physiolo-
gical state in Panel A and the pathological state in Panel B. SCFAs) formed through
intestinal food fermentation, activate monocarboxylate transporter (MCT) proteins,
facilitating entry into the bloodstream, thereby increasing systemic levels of SCFAs,
glucagon-like peptide-1 (GLP-1), and insulin. In the liver, SCFAs regulate lipid and
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energy metabolism. Butyrate, a specific SCFA, notably enhances GLP-1 secretion,
signaling satiety and stimulating insulin release after meals. This mechanism sup-
ports feelings of fullness and contributes to weight management by regulating
appetite and metabolic processes. The term ‘host’ refers to both animals and
humans; golden arrow indicates the direction of metabolite movement, while the
black arrow represents activation, promotion, or increase.

acetate, propionate, butyrate, or their mixture suppresses weight gain caused
by high-fat diet feeding through modulation of FFAR2 and FFAR3
expression®. This process ultimately decreases body weight by boosting
triglyceride breakdown and promoting the breakdown of free fatty acids in
adipose tissue. Furthermore, the microbial production of SCFAs, particu-
larly butyrate, increases Glucagon-like peptide-1 (GLP-1) levels. This
influences diabetes and obesity by acting as a signal of satiety and stimu-
lating insulin secretion when released in the gut after eating, leading to
increased feelings of fullness and reduced energy intake (Fig. 1)*'~*. A recent
study has verified a Gastric Inhibitory Polypeptide Receptor (GIPR)
antagonist linked to GLP-1 analogues facilitates weight reduction and
enhances metabolic indicators in obese male mice and cynomolgus
monkeys". Propionate production holds particular significance in human
health, as it promotes satiety, inhibits liver lipogenesis, reduces cholesterol
levels, and exhibits anticarcinogenic properties’. In a recent review, the
available evidence suggesting that SCFAs also facilitate metabolic commu-
nication between the gut flora and skeletal muscle, which SCFAs boost fatty
acid absorb and oxidation while inhibiting fat deposition in skeletal
muscle®.

SCFAs and immunity

SCFAs act as inhibitors of histone deacetylases (HDACs), regulating the
proliferation of both hematopoietic and non-hematopoietic cell lineages,
thereby impacting their roles in host immune response (Fig. 2)°. When
HDAC:s are inhibited by SCFAs, they facilitate the development of immune
tolerance and foster anti-inflammatory characteristics crucial for main-
taining physiological balance. This underscores the microbiome’s ability to
influence host physiology through epigenetic signaling”. Exposure of per-
ipheral blood mononuclear cells (PBMCs) and neutrophils to SCFAs, akin
to being exposed to broad-spectrum HDAC modulators, leading to pro-
inflammatory cytokine tumor necrosis factor (TNF) downregulation and
nuclear factor-kB (NF-kB) inactivation®”. Macrophages exhibit a

comparable response to acetate and butyrateso. In contrast, SCFAs such as
butyrate and propionate impede cell growth and foster the generation of
tolerogenic in dendritic cells (DCs)’". Cumulatively, these findings highlight
the role of SCFA-mediated HDAC inhibition in pro-inflammatory innate
immunity by influencing NF-«B activity.

In an in vivo study, SCFAs have the ability to influence peripheral
T cells, specifically regulatory T (T,) cells, by inhibiting HDACs, thereby
altering their function and frequency™. In animal studies, suppression of
HDACD9 resulted in heightened expression of forkhead box P3 (FOXP3), a
pivotal T cell transcription factor, along with increased Tg cell numbers.
This augmentation boosted the inhibitory capacity of Treg cells in normal
physiological settings and enhanced their ability to mitigate colitis in mice™.
Maternal consumption of diets enriched with SCFA transmitted the inhi-
bitory influence to offspring”, underscoring the epigenetic influence of
SCFAs on immune system development and disease protection. In ther-
apeutic contexts, HDAC inhibitors have demonstrated efficacy in various
animal models of inflammation, such as lipopolysaccharide (LPS)-stimu-
lated cytokine secretion from DCs, resulting in decreased levels of inter-
leukin (IL)-6, IL-1P, TNF-q, and interferon (IFN)-y, attributed to Nf-kB
impairment (Fig. 2)*. In addition, SCFAs serve to bolster mucosal immune
responses through fortifying the epithelial cells lining the mucosal layer™.
These studies have also elucidated additional mechanisms through which
SCFAs modulate host immunity, such as their interaction with GPCRs. For
instance, GPR43 is crucial for SCFA-mediated neutrophil chemotaxis and
for the proliferation and immunosuppressive activity of T, cells. GPR109A
mitigates the development of colitis by enhancing the secretion of anti-
inflammatory factors by monocytes and also prompting the differentiation
of Ty cells differentiation®. A recent review elucidated the molecular
mechanisms by which butyrate attenuates inflammatory responses IBD,
involving HDAC inhibitor activity, activation of PPARy, and GPRs
receptors. It emphasizing the importance of butyrate transporters in its
absorption by colonocytes for these effects at the colonic level™.
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Fig. 2 | Effect of the Short-chain fatty acids (SCFAs) on immune response. SCFAs
are crucial products of gut microbiota fermentation of indigestible polysaccharides
shown in the Panel A, pivotal for gut-brain communication and brain function.
SCFAs, primarily absorbed by colonocytes via H* dependent monocarboxylate
transporters (MCTs), exert dual effects. In the periphery, they mitigate systemic
inflammation by fostering T regulatory cell (T,.,) differentiation and modulating
interleukin secretion shown in the Panel B. Within the central nervous system
(CNS), SCFAs alleviate neuroinflammation by influencing glial cell morphology and

function, enhancing neurotrophic factors, promoting neurogenesis, supporting
serotonin synthesis, and maintaining neuronal homeostasis shown in the Panel C.
This integrated role underscores SCFAs’ impact on systemic and neuroin-
flammatory processes, essential for overall health and brain function. The term ‘host’
refers to both animals and humans.; golden arrow indicates the direction of meta-
bolite movement, while the black arrow represents activation, promotion, or
increase; the horizontal T arrow means inhibiting.

There is growing evidence that SCFAs entering the CNS possess
neuroactive properties. While the exact mechanisms by which SCFAs
affect the CNS are still not well understood, numerous animal studies
have demonstrated that they have a broad impact on critical neurolo-
gical and behavioral processes’**". A diverse microbes support the
upkeep and efficacy of microglia, while also aiding in their maturation
in homeostatic conditions”. Moreover, previous study documented
that the systemic inflammation may contribute significantly to
neuroinflammation®. Remarkably, in a prior investigation involving
germ-free mice, which commonly have immature microglia, the
addition of SCFAs promoted the development of these microglia to a
morphology akin to that found in control or specific pathogen-free
mice®, which probably engages FFAR’s pathway®. Moreover, a SCFA
mixture decreased the levels of cytokines released by THP-1 cells, and
SCFAs such as formate and valerate particularly inhibited the phago-
cytic activity of activated THP-1 cells®. Studies have shown that
treating microglia primary cultures with acetate reduces inflammatory
signaling by decreasing the expression of IL-1p, IL-6, and TNF-a, and
NEF-kB”. Likewise, acetate has been found to modulate inflammatory
cytokines and signaling pathways in astrocyte primary cultures®.
Clearly, further study is required to uncover the precise process by
which SCFAs could impact on neuroinflammation.

Communication signaling metabolites: Bile acids

Bile acids and metabolism

Bile acid (BA), produced in the liver and metabolized by intestine bacteria,
serve as bactericidal agents that preventing microbial proliferation and gut
dysbiosis. BA synthesis occurs through two primary signaling process, the
classical and the alternative pathway, which are present in both humans and
animals. The liver houses all the enzymes necessary for the classical BA
biosynthesis process, while other tissues, such as adrenal glands, macro-
phages, and the brain, possess different enzymes for metabolizing choles-
terol into oxysterols and BAs”. Following hepatic process, BAs are retained
in the gallbladder and released into the gut upon nutrient ingestion, facil-
itating the uptake of dietary vitamins and lipids (Fig. 3). In gut, 7a-dehy-
droxylation is a critical microbial process that converts primary bile acids
(such as cholic acid) into secondary bile acids (such as deoxycholic acid).
Clostridium and Eubacterium species are primarily involved in this reaction
(Table 1)”°. Approximately 95% of gut BAs undergo reabsorption and enter
the portal vein via enterohepatic circulation, ultimately returning to the liver
for recycling’'. BAs activate both the membrane Takeda G protein-coupled
receptor 5 (TGR5), and the nuclear farnesoid X receptor (FXR)”. In the
liver, FEXR simulation by BAs results in feedback inhibition of cholesterol
7alpha-hydroxylase (CYP7A1) gene transcription, while in the gut, FXR
triggers the secretion of fibroblast growth factor 19/15 (FGF19/15)”. FGF19
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Fig. 3 | Effect of the bile acids (BAs) on the metabolism. BAs, synthesized in the
liver and metabolized by gut bacteria, influence energy metabolism with the phy-
siological state in the Panel A and the pathological state in the Panel B. Stored in the
gallbladder, BAs are released post-nutrient intake to aid in absorbing dietary vita-
mins and lipids. BAs activate Takeda G protein-coupled receptor 5 (TGR5) on cell
membranes and nuclear farnesoid X receptor (FXR). FXR activation in the intestine
stimulates fibroblast growth factor 19/15 (FGF19/15) secretion and inhibits
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cholesterol 7alpha-hydroxylase (CYP7A1) gene transcription, crucial for BA
synthesis. TGR5 activation promotes glucagon-like peptide-1 (GLP-1) secretion
from intestinal L-cells, impacting insulin sensitivity and energy balance. The term
‘host’ refers to both animals and humans.; golden arrow indicates the direction of
metabolite movement, while the black arrow represents activation, promotion, or
increase; the horizontal T arrow means inhibiting.

then acts via the portal circulation to suppress CYP7AL1, thereby regulating
BA synthesis. BAs from the intestine stimulate the secretion of FGF19/15,
which activates FGF receptors in hypothalamic AGRP/NPY neurons.
Subsequent intracellular signaling of FGF receptors inhibits AGRP/NPY
neurons, potentially improving glucose tolerance through modulation by
the autonomic nervous system’. Furthermore, activation of TGR5 by BAs
activates the secretion of GLP-1 from gut L-cells, influencing insulin sen-
sitivity and energy intake””. Previous studies shown that treatment with BA
blend or a TGR5-targeted BA mimic (INT-777), whether administered
peripherally or centrally, resulted in decreased appetite in wild-type mice.
Conversely, deletion of TGR5 specifically in neurons or agouti-related
peptide neurons throughout the body led to a notable increase in food
consumption”®. It demonstrated that post-meal BAs can penetrate the BBB
and trigger a negative-response mechanism regulating satiety during nor-
mal feeding through TGR5”. These data delineate a signaling pathway
whereby BAs elicit immediate effects during the transition from fasting to
feeding, promoting the onset of satiety, and reveal a function of physiolo-
gical feedback driven by BAs within the CNS.

Bile acids and immunity

Recently studies have utilized serum metabolomics, fecal metagenomics,
and proteomics to identify microbial determinants that predict vary
responses to anti-cytokine and anti-integrin therapies in patients with IBD.
They found that the elevated level of serum BAs such as ursodeoxycholic
acid (UDCA), and glycodeoxycholic acid (GDCA) was predictive of early
improvement in IBD host receiving anti-cytokine therapies™®”’. Studies have
indicated that derivatives of deoxycholic acid (DCA) and lithocholic acid
(LCA) serve as crucial communicating metabolites in regulating the dif-
ferentiation of Ty cells and Th17 cells, thereby influencing the modulation
of intestinal inflammation (Fig. 4)***". For example, 3-0oxo-LCA inhibits
Th17 cell differentiation by directly interacting with RORyt, a transcription
factor crucial for Th17 cell development. Conversely, isoallo-LCA enhances
the generation of T, cells by stimulating mitochondrial ROS production,
consequently elevating the levels of FOXP3, a key transcriptional regulator

of Tyeg cell development (Fig. 4)®, IsoDCA, another derivative of DCA,
boosted FOXP3 expression by suppressing the immunostimulatory func-
tions of DCs, consequently fostering the proliferation of peripheral T\ cells
in the colon®'. DCA was found to induce macrophage polarization towards
the M1 phenotype, potentially via TLR2 transactivation mediated by the M2
muscarinic acetylcholine receptor. This led to heightened production of
proinflammatory cytokines™. In response to BA-induced cytotoxicity, CD4
effector T cells (Teg) display anti-inflammatory characteristics, relying on
the constitutive androstane receptor (CAR) and the multidrug resistance
protein 1 (MDR1)-IL10 axis*. A study elucidation highlights the role of the
nuclear xenobiotic receptor CAR in regulating MDRI release, thereby
promoting the upregulation of detoxifying enzymes and drug transporters
in T cells within the small intestine lamina propria, alongside the essential
anti-inflammatory cytokine IL-10%. TGR5 acting as a BA receptor, exhibits
anti-inflammatory properties upon activation and promotes a tolerogenic
state in different systems to mitigate chronic inflammation®*’. Addition-
ally, TGRS5 agonists have been found to reduce immune cells migration into
the CNS*. In the gastrointestinal tract, TGR5 deficiency exacerbates liver
damage, leading to hepatic inflammation and disease®.

Communication signaling metabolites: gut bioactive
metabolites

Despite the presence of gut SCFAs, intestinal cells also generate a diverse
array of signaling molecules, such as dopamine, serotonin, gamma-
aminobutyric acid (GABA), trimethylamines, and vitamins. These mole-
cules play crucial roles in metabolism and signaling, influencing host
homeostasis, including the integrity of the blood-brain barrier (BBB) and
brain function. A previous study indicated that a high-salt diet triggers a
TH17 immune reaction in the gut, causing a rise in circulating plasma IL-
17%. Subsequently, IL-17 influences brain vascular endothelial cells, sup-
pressing their nitric oxide (NO) synthesis, which ultimately leads to
decreased cerebral perfusion and cognitive dysfunction. The gut, housing
numerous enteroendocrine cells (EECs), stands as the body’s largest
secretory organ. Its symbiotic relationship with gut microbiota is pivotal, as
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Fig. 4 | Bile acids (BAs) modulate host immunity in various ways. 3-oxo-
lithocholic acid (3-0xo-LCA) inhibits Th17 cell differentiation by directly targeting
RORt, crucial for Th17 development. Isoallo-lithocholic acid (isoallo-LCA) boosts
Theg cell generation via mitochondrial ROS, elevating FOXP3 levels, vital for T,y
function. Iso-deoxycholic acid (IsoDCA), a deoxycholic acid (DCA) derivative,
enhances FOXP3 expression by curbing dendritic cell (DC) immunostimulatory

functions, fostering peripheral T, cell proliferation in the colon. DCA drives

macrophage polarization towards the M1 phenotype, potentially via M2 muscarinic
acetylcholine receptor mediated TLR2 transactivation. Takeda G protein-coupled
receptor 5 (TGR5), a BA receptor, exhibits anti-inflammatory effects and promotes
tolerance to combat chronic inflammation across diverse systems. The term ‘host’
refers to both animals and humans.; golden arrow indicates the direction of meta-
bolite movement, while the black arrow represents activation, promotion, or
increase; the horizontal T arrow means inhibiting.

microbiota and their metabolites serve as stimuli for EECs, orchestrating the
release of gut peptides and hormones that, in turn, modulate diverse sig-
naling pathways”’.

The intestinal tract harbors abundant levels of polyamines, sourced
from both dietary intake and the endogenous synthesis by host and
microbial cells. Polyamines are essential for cellular process in host, and
disrupted concentrations of ornithine decarboxylase and polyamines are
associated with cellular expansion abnormalities when concentrations are
low and resulting in toxicity and cancer development at high
concentrations”. Spermine can suppress M1 macrophage activation by
downregulating ornithine decarboxylase expression and inhibiting the
generation of inflammatory cytokines, without affecting the production of
anti-inflammatory IL-10 and transforming growth factor-p (TGFB)™.
Combining arginine with Bifidobacterium animalis subsp. lactis LKM512
increased circulating and colonic polyamine levels, which were associated
with lower concentrations of IL-6 and TNF in the colon™. Collectively, it
hypothesis that dietary manipulation and supplementation with beneficial
bacteria could potentially modulate colonic polyamine metabolism, thereby
promoting host health.

Polysaccharide A (PSA) is synthesized and secreted by Bacteroides
fragilis, which primarily inhabiting the surface colonic mucosa. PSA plays a
critical role in the development and effective colonization of Bacteroides
fragilis, facilitating communication with other microbiota and the host™.

PSA has the ability to activate macrophages, influencing the secretion of
cytokines through various molecular signaling networks, such as NF-kB,
mitogen-activated protein kinases (MAPKs), and Toll-like receptors
(TLRs)”. Research conducted on an animal model demonstrated that PSA
extracted from Tinospora cordifolia could enhance NO production™. This
upregulation promotes the formation of NO boosts microbicidal cap-
abilities of macrophages. The study also suggested that TCPs could boost the
expression of inflammatory such as TNF-a, IFN-vy, and IL-12 by triggering
macrophages through the TLR4 signaling pathway, thereby demonstrating
an anti-tumoral response”. In animal models of abscess formation and
colitis, PSA demonstrates its anti-inflammatory properties by stimulating
IL-10 generation in activated CD4 + T cells”. In neuroinflammation, the
effects of PSA on Ty, cells rely on the upregulation of CD39 production,
enabling the translocation of T cells to the CNS”. The absence of CD39 in
Tieg cells was correlated with a failure to inhibit experimental colitis, while
elevated CD39 production in patients with IBD was linked to condition
improvement”. Taken together, these studies suggest that PSA could serve
as a promising immunomodulatory microbial-associated molecular pattern
(MAMP) for treating autoimmune diseases in humans.

Vitamins are essential organic nutrients vital for regular cellular
function. Certain commensal bacterial species possess the ability to syn-
thesize key vitamins, particularly those from the vitamin B and vitamin K
groups. This microbial synthesis has been suggested as a significant source of
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these vitamins'”. Specifically, the invariant major histocompatibility com-
plex class I-related protein presents vitamin intermediates from the
B12 synthesis pathway to mucosa-associated invariant T cells. These T cells
which produce IFN-y and IL-17, and are triggered by microbial metabolites
originating from the B12 metabolic pathway'”'. These findings suggest that
metabolites derived from vitamin metabolic processes of commensal bac-
teria, rather than just the end product vitamins, may represent a previously
overlooked class of molecules that modulate immune cells response or serve
as signals for immune cells to detect commensal bacteria.

The body requires 20 essential amino acids, which must be obtained
from the diet and absorbed through specialized transport proteins in the gut.
Amino acids play multiple roles in the body, they are essential for protein
creation, act as precursors in metabolic processes (glutamine in the citric
acid cycle), and function as signaling molecules for cell-to-cell commu-
nication (like the neurotransmitter glycine)'”’. Additionally, certain mem-
bers of the human gut microbiota, such as Clostridium sporogenes and
Ruminococcus gnavus, can decarboxylate tryptophan to produce the neu-
rotransmitter tryptamine'”. Recent studies have demonstrated that amino
acid metabolism and signaling processes are essential in controlling
pathogen infections and regulating inflammatory response by the stimu-
lation of innate and adaptive immune reaction'”. This study also highlights
how certain amino acids affect immunity. For instance, the availability of
tryptophan, regulated by the Indoleamine 2,3-dioxygenase-1 (IDO1), as
pathways that regulate immune response and influence inflammation and
adaptive immunity. Furthermore, amino acids such as glutamine, serine,
cysteine, methionine, and phenylalanine are also implicated in pathogen
evolution and in maintaining equilibrium of immune response. Generally, a
surplus of amino acids and hyperactivation of mTOR seem to create an
environment favorable for virus infection, while amino acid deprivation and
GCN2 activation limit viral enter'”. However, the pathway by which
commensal bacteria influence host amino acid process across different
compartments remain unknown. Further functional analyses are needed to
comprehend how disruptions in amino acid balance influenced by com-
mensal bacteria affect the immune system.

Endotoxins are bacterial components that become toxic to animals
upon release, with LPS being the most abundant. The primary source of
endotoxin in healthy humans is gut-resident Gram-negative bacteria, such
as Bacteroides fragilis and Escherichia coli'”. Limited amount of endotoxins
are believed to cross the intestinal wall, with most being removed by the liver;
however, small yet significant levels of LPS are detectable in the blood of
most humans. LPS can serve as a potential activator of monocytes, binding
to TLR4 to initiate downstream activation of NF-«kB and Interferon Reg-
ulatory Factor (IRF) transcription factors, leading to the production of
inflammatory cytokines and chemokines'”. Generally, gut dysfunction and
increased intestinal permeability, often referred to as a leaky gut, can permit
LPS to enter the gut wall, promoting local expression and elevated LPS levels
in the bloodstream then activate the peripheral innate immune system.

In understanding the collective impact of gut-derived metabolites on
the immune system involves recognizing that the initial detection of
infection is orchestrated by innate pattern recognition receptors (PRRs).
These receptors encompass TLRs, NOD-like receptors, RIG-I-like recep-
tors, and C-type lectin receptors'”. They detect microorganism-associated
molecular patterns (MAMPs) of microorganism, such as formyl peptides,
lipopolysaccharide, and peptidoglycan. Triggering PRR signaling pathways
induces the generation of antimicrobial peptides (AMPs), chemokines, and
cytokines'*. Any disturbances or modifications in these signaling processes
may significantly contribute to the development of various diseases.

Metabolites and barriers

First barrier: gut mucosa and epithelial barrier

The gut mucosa lining serves as the initial cellular barrier, separating the
host from intestinal microorganisms and facilitating symbiotic interactions
with beneficial microbes'”. This barrier includes occluding junctions within
the gut epithelium, antimicrobial peptides, secretory IgA, and a mucin-
based gel layer that prevents direct contact between larger particles and gut

microbes (Fig. 5)''°. Situated beneath the mucus layer, the gut epithelial
barrier acts as a semi-permeable physical and biochemical barrier. It facil-
itates a harmonious balance of interaction and spatial separation between
gut bacteria and the host. Epithelial cells possess the ability to detect enteric
bacteria and their metabolites by utilizing PRR, notably nucleotide-binding
domain leucine-rich repeat-containing proteins and TLRs. Upon activation,
these receptors govern the inflammatory response and influence epithelial
barrier function via diverse intracellular signal transduction pathways.
Among these pathways, the MYD88/NF-«B signaling pathway has garnered
significant interest, as it was confirmed to modulate intestinal tight junction
integrity following the interaction of bacterial membrane component LPS
with TLR4"". SCFAs, such as butyrate, significantly contribute to main-
taining gut epithelial barrier integrity and supporting host immunity.
Butyrate has been shown to enhance barrier function by increasing trans-
epithelial electrical resistance (TEER), reducing permeability to molecules
like 4 kDa FITC-dextran and insulin, although higher doses can induce
apoptosis' °. Butyrate has also been reported to promote tight junction
assembly by increasing AMP-activated protein kinase'”. In animal gut
epithelial cells, SCFAs have been shown promote barrier integrity through
increasing claudin 1 protein expression (rat and piglet) or upregulating the
expression of Muc2, Ocln and TJP1 (also known as Zo1) genes (in mice)'".
Similar to SCFAs, tryptophan metabolites or indole derivatives have been
shown to increase the expression of occludin, ZO-1 and claudins, resulting
in improved barrier function.

Second barrier: gut vascular barrier

Beyond the mucosal layer, the gut vascular barrier consists of endothelial
cells that form a secondary line of defense against the dissemination of
microorganisms, toxins, proteins, bacterial metabolites, and cytokines into
the host circulation and distant organs from the gut. Gut microbe-derived
metabolites play crucial roles in regulating vascular endothelium and pos-
sess anti-inflammatory effects. For instance, SCFAs have been shown that
mitigate TNF-a and LPS-induced endothelial activation by suppressing the
synthesis of proinflammatory cytokines such as IL-6 and IL-8'". Addi-
tionally, BAs derivatives regulate gut vascular barrier permeability via the
FXR receptor''“. Indoles, from tryptophan metabolism contribute to overall
vascular homeostasis and protect against endotoxin translocation into the
peripheral circulation'"”. Additionally, hydrogen sulfide governs endothelial
homeostasis, and its dysregulation is implicated in the underlying
mechanisms of endothelial disorder across various pathological
conditions'"*. Thus, the breach of the gut vascular barrier is likely crucial to
GLBA pathophysiology. Certain gut luminal composition, such as live
pathogenic and commensal microbiota, crosses the intestine barrier and
enters into the circulation system. In this process, intestine cytokines,
metabolites, bacterial PAMPs, and diet-derived HDL and other small-
moleculars, is transfered to the liver through the portal blood. While some of
these substances undergo initial processing during transit, the liver ulti-
mately metabolizes and detoxifies them. In advanced chronic liver disease,
hepatic encephalopathy stands out as a prevalent and severe complication—
a neuropsychiatric syndrome arising from the systemic buildup of gut-
derived neurotoxins, notably ammonia, in individuals with compromised
liver function'”’. Utilizing rifaximin, a nonabsorbable antimicrobial agent
highly concentrated in the gastrointestinal tract, has proven effective in
sustaining remission from hepatic encephalopathy in patients experiencing
recurrent overt disease'*'*’. This underscores a robust connection between
the intestine bacteria and liver disease, particularly those affecting the brain,
empbhasizing the intricate interplay along the GLBA. Moreover, the asso-
ciation between the intestine bacteria and brain function gains conviction
from the occurrence of microbial dysbiosis and intestine inflammation in
neurological disease, which are also linked to immune system imbalances.

Third barrier: the blood brain barrier

There are a numerous reviews defining the function, anatomy, and mod-
ulation of BBB'"'"*, In current review, our focus is primarily on the effects
of metabolites one the BBB. Only few of molecular can cross the BBB
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Fig. 5 | Effects of metabolites on the barriers. Metabolites such as butyrate bolster
gut barrier function by enhancing trans-epithelial electrical resistance (TEER)
through mechanisms like stimulating claudin 1 in gut epithelial cells (rats, piglets) or
upregulating Muc2, Ocln, and TJP1 genes in mice. Short-chain fatty acids (SCFAs)
uphold barrier integrity by mitigating TNF-a and LPS-induced endothelial activa-
tion, reducing IL-6 and IL-8. Bile acid (BA) derivatives modulate gut vascular barrier
permeability via FXR. In the CNS, LPS activates TLR4 on microglia, prompting
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cytokine synthesis, affecting the blood-brain barrier (BBB) and neuronal apoptosis.
SCFAs interact with GPCRs, safeguarding the BBB against oxidative stress in gut and
brain endothelial cells. SCFAs inhibit HDAC, boosting brain-derived neurotrophic
factor for neuronal health. The term ‘host’ refers to both animals and humans.; the
dash arrow is used to represent detrimental, while the black arrow represents acti-
vation, promotion, or increase; the horizontal T arrow means inhibiting.

without transporters. The intact BBB prevents most blood substances from
leakage into the brain, protecting the CNS from pathogens, toxins, ion
dysregulation, and immune cells that could cause neuronal degeneration
and dysfunction'”. Increasing studies indicate that gut microorganism and
their metabolites significantly impact on BBB integrity. Following dys-
function of the gut vascular barrier, gut microbes and their derived toxic
metabolites can translocate into the circulation system, lead to an inflam-
matory reaction and compromising BBB integrity. The gastrointestinal tract
has numerous bacteria that produce LPS, which is turn trigger gut immune
cells to secret inflammatory cytokines. Previous studies suggest that LPS
disrupts the BBB through the activation of microglia, which then impair

endothelial cells'. Additionally, LPS impact on membrane transporters,
the extracellular matrix, and the basal lamina. LPS also activates TLR4 on
microglia, leading to the synthesis of chemokines and inflammatory cyto-
kines in the CNS, and increase neuronal apoptosis, thereby impacting the
BBB and CNS function'”.

SCFAs have been extensively shown to modulate the BBB, including
the beneficial action of SCFAs on pan-barrier homeostasis'”'** and as
positive regulators of mitochondrial function*'””. Mitochondrial disorder
has been well known in certain brain disorders'”’. SCFAs stimulate GPCRs
on gut epithelial cells and brain endothelial cells, shielding the BBB from
oxidative stress. SCFAs can traverse the BBB by the bloodstream to directly
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Table 2 | Targeting metabolites and their therapeutic potentials for specific diseases

Targeted metabolite Therapeutic potentials disease Reference
SCFAs (acetate, butyrate, and propionate) non-alcoholic fatty liver disease (NAFLD), insulin resistance, and type 2 diabetes 142
Butyrate Inflammatory Bowel Disease (IBD) 139,140
Ursodeoxycholic acid (UDCA) Cholestatic liver diseases; Non-Alcoholic Steatohepatitis (NASH); non-alcoholic fatty 144
liver disease (NAFLD)
Arachidyl-amido cholanoic acid NASH 145
Tauro-B-muricholic acid (T-BMCA), Glyco-ursodeoxycholic Obesity and NAFLD 149
acid (GUDCA)
Deoxycholic Acid (DCA), Lithocholic Acid (LCA) Fatty liver disease 150
Omega-3 fatty acids NAFLD 151
Tryptophan IBD 153
Indoleamine 2,3-dioxygenase 1 (IDO1) Colorectal cancer (CRC) 154

on influence its function. For example, germ-free mice fed with butyrate
notably improved BBB function by upregulating tight junction proteins. In
vitro studies also shown that butyrate and propionate could protect the BBB
from LPS-induced disorder”. SCFAs also have been found in cerebrospinal
fluid in appreciable concentrations, indicating that they can reach the brain.
In addition, SCFAs can reach the interior of cells and suppress the activation
of HDAC, which normally inhibits the transcription of brain-derived
neurotrophic factor'*". Overall, SCFAs play an important role in regulating
various barriers supports the potential microbial signals to coordinate inter-
barrier functions, facilitating communication along the GLBA.

Dietary intake, liver enzyme flavin monooxygenases (FMO) and
microbial activity are the crucial factors in the synthesis of trimethylamine
N-oxide (TMAO)'*. The detection of TMAO in brains suggests its ability to
cross the BBB"'. Increased plasma concentrations of TMAO have been
associated with a high risk of colorectal cancer and the progression of
cardiovascular disease and atherosclerosis, primarily through impacts on
cholesterol metabolism'*. However, a study showed that physiologically
relevant levels of the methylamine TMAO improved BBB integrity and
inhibit it from inflammatory destruction by facilitating the tight junction
regulator annexin A1""'. However, the trimethylamine (TMAO precursor)
has been verified to impair BBB function and disrupt tight junction
integritylif),liﬂ.

Blood BAs can cross the BBB and may exert direct effects through their
receptors in the brain or indirectly via activation of intestinal receptors. This
activation can lead to the expression of signaling molecules such as GLP-1
and fibroblast growth factor, influencing neuronal activity in various brain
regions or through the vagus nerve'”’. The major primary BAs are cheno-
deoxycholic acid and cholic acid, which are mainly conjugated with the
glycine or taurine'™. Lots of intestine bacterial strains contribute to keep
cholesterol balance via converting primary BAs into secondary BAs using
dehydroxylation by dehydratase enzymes'”. However, the specific
mechanisms by which BAs affect the BBB remain unclear.

Similarly, the influence of amino acid metabolites on BBB integrity and
function is not thoroughly understood. Tryptophan serves as a precursor to
numerous microbial and host metabolites such as kynurenic acid, which
exhibits anti-inflammatory properties in the gut and is regarded as
neuroprotective™. In contrast, quinolinic acid, a neurotoxin and a mod-
ulator of the BBB, is implicated in the development of psychiatric disorders
and neurodegenerative diseases'*’. Therefore, tryptophan and its derivatives,
such as kynurenic acid and quinolinic acid, may playcritical roles in BBB
protection and brain health. However, achieving a deeper understanding
and exercising caution are essential in harnessing their therapeutic potential
while mitigating the risks associated with potentially harmful effects.

Currently, some evidences verified the existence of hepatic barrier in
the gut-liver-axis'”, but the structure and function of hepatic barriers are
still unclear, as well as the effect of metabolites on the hepatic barrier are
remain unknown. In the future, further research is needed to better
understand the hepatic barrier and advance the development of GLBA.

Disease and therapeutic implications: targeting
metabolites

Gut-liver-brain axis related metabolic and inflammatory disease
Mounting evidence suggest the dysbiosis of the microbial population plays a
significant role in the onset of different inflammatory and liver diseases. It
has been well documented that a leaky gut is associated with conditions like
fatty liver and IBD in humans. In recent years, it has also been recognized
that postpartum dairy cows usually experience a chronic low-grade
inflammatory condition'”. Additionally, these cows often experience
intestinal disorders linked to high gut permeability, such as subacute
ruminal acidosis, which elevate circulatory concentration of LPS and other
inflammatory stimuli'*. These molecules are considered driving factors in
the development of common postpartum dysbiosis affecting energy and
lipid metabolism in the liver, including fatty liver. The connections between
gut dysbiosis, brain diseases, and liver diseases indicate that the pathophy-
siology of liver and inflammatory diseases is often associated with gastro-
intestinal issues. Over the past decades, numerous comprehensive reviews
have covered GLBA related diseases. In this review, we focus on the potential
therapeutic use of metabolites, based on research published in the last
10 years.

Modulate SCFAs production

SCFAs, previously noted for their roles in maintaining glucose homeostasis,
food intake, energy metabolism and influence gut and brain barriers. Reg-
ulation of the SCFAs production were suggested to as one method to therapy
GLBA related diseases. Decrease dietary fiber intake significantly reduces
the presence of the immune-boosting Faecalibacterium prausnitzii and the
production of the SCFA butyrate, both of which support digestive health"”.
For example, most research has focused on the effects of butyrate, suggesting
its potential use as a prebiotic and/or probiotic treatment to support the
management of IBD (Table 2)"“’. Importantly, higher diets rich in fiber diets
have been observed to increase the variety and abundance of the intestine
microbes, boost the abundance of beneficial taxa, and enhance butyrate
production. Butyrate, known for its neuroprotective roles and improves
neuronal plasticity'”’. In contrast, an animal-based diet high in fat and low in
fiber reduced the composition of beneficial metabolites and enhanced bile-
tolerant microorganisms'*'. In addition, studies provides strong evidence for
the beneficial role of primary saccharolytic-derived microbial fermentation
products—specifically the SCFA acetate, butyrate, and propionate—in the
prevention of obesity, non-alcoholic fatty liver disease (NAFLD), insulin
resistance, and type 2 diabetes mellitus (Table 2)"**.

BAs-targeting therapy

The metabolism of BAs in the gut-liver axis is primarily regulated by two key
receptors: TGR5 and FXR. Stimulation of FXR suppress BA synthesis and
uptake, increase BA secretion, thus mitigating the excessive buildup of BAs
associated with hepatic disease'”’. Currently, the most commonly utilized
FXR agonists are mainly BAs derivatives, and steroidal or nonsteroidal
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compounds'”’. Ursodeoxycholic acid (UDCA), a key derivative of bile acids
and an FXR agonist, is employed in the treatment of cholestatic liver dis-
eases. It has also been considered as a potential therapy for Non-Alcoholic
Steatohepatitis (NASH) and NAFLD', However, the precise mechanisms
by which UDCA mitigates primary biliary cirrhosis and hepatic BAs
remains large gap knowledge, as UDCA does not directly impact TGR5 and
EXR signaling pathways. Once entering the liver, UDCA undergoes
extensive conversion into its conjugated forms, TUDCA and GUDCA,
which have been suggested to be FXR antagonists. Additionally, TUDCA
provide cytoprotection by effectively blocking ER stress, a key factor in
NASH. Hence, additional research is needed to explore the therapeutic
impact of UDCA on NASH.

Arachidyl-amido cholanoic acid (Aramchol), a novel fatty acid-BA
conjugate targeting SCD1 in hepatic stellate cells, has shown potential in
reducing fibrosis without worsening NASH in a phase IIb clinical trial and is
now undergoing a phase III trial. Aramchol meglumine, a more soluble
formulation, will be utilized in upcoming trials. Addionally, another pro-
mising compound, Amilo-5MER, has recently initiated its first human
study'*.

In a phase III trial, obeticholic acid, a steroidal FXR agonist, has been
effective in reducing fibrosis and key features of NASH, but it is associated
with side effects like itching, altered cholesterol levels, and hepatotoxicity .
Similarly, EDP-305, another potent FXR agonist, has demonstrated
reductions in hepatic ALT levels and lipid levels in a phase IIa trial but has
similar side effects including pruritus, nausea, and headaches'*.

Targeting intestinal FXR shows promise for treating obesity'*’ and
NAFLD'*. Natural FXR antagonists like T-BMCA and GUDCA are quickly
hydrolyzed by BSHs, prompting the development of small molecule FXR
inhibitors like GlyMCA, which resists BSH hydrolysis and improves
metabolic conditions in mice'”. Strategies to enrich gut-specific FXR
antagonists include using Tempol, metformin, theabrownin, and caffeic
acid phenethyl ester to reduce BSH activity, while ensuring these antagonists
act only in the gut to avoid side effects like cholestasis and HCC.

TGRS, another BA receptor, regulates BA balance by the gut-liver axis.
TGR5 agonists such as DCA, LCA, and semi-synthetic BAs like INT-767
and INT-777, activate cAMP, stimulate GLP-1 secretion, and improve
hepatic glucose and lipid metabolism in fatty liver disease'”’. Omega-3 fatty
acids, a type of N-3 PUFA, reduce liver fat and influence BA metabolism but
did not show improvement in histological activity in NAFLD patients in a
completed phase II clinical trial (NCT00681408)"". In contrast, dietary
docosahexaenoic acid, another polyunsaturated fatty acid, demonstrates
superior effects in attenuating blood lipid levels, mitigates liver damage,
oxidative stress, and fibrosis formation in NAFLD compared to dietary
eicosapentaenoic acid'”.

Targeting tryptophan metabolism application
The microbiota influences the levels of three primary tryptophan metabo-
lites— kynurenine, serotonin, and indole derivatives—in the intestine,
which are associated with intestinal inflammatory condition and IBD.
Studies in animal and humans show that supplementation with xanthurenic
or kynurenic acids can mitigate the severity of colitis by affecting intestinal
epithelial cells and T cells, involving activation of the Aryl hydrocarbon
Receptor (AhR) and the reconfiguration of cellular energy metabolism'*’.
Hence, interventions targeting tryptophan metabolism can help repair
dysfunctions within intrinsic metabolic pathways in IBD. The kynurenine
pathway of tryptophan metabolism represents a particularly promising
target for immunotherapy. Indoleamine 2,3-dioxygenase 1 (IDO1) which is
frequently overexpressed in colorectal cancer (CRC), has been extensively
studied. Phase I human trials have confirmed the safety and tolerability of
orally administered small molecule inhibitors targeting IDO1'*.
Understanding the signaling pathways involved in GLBA commu-
nication provides opportunities for therapeutic intervention in various
diseases. The new study also confirmed that targeting the GLBA neural arc
may offer potential for developing treatments for inflammatory disease'*. To
concluded, targeted modulation of the gut microbial metabolite production

and ameliorate metabolic and inflammatory disease, offer novel approaches
for managing gastrointestinal and psychiatric disorders by restoring
endogenous metabolism and immune balance.

Conclusion

In summary, metabolites play a crucial role in communication between the
liver and brain by interacting with GPCRs on the host gut epithelium, the
BBB, and with immune cells. They also regulate appetite and energy
metabolism. The GLBA is essential for the maintaining metabolic home-
ostasis and relies on molecular communication signals between the CNS,
the peripheral nervous system (PNS) and the gut, liver, and gut microbes.
Peripheral signals such as gastric distension and activation of nutrient-
sensitive gut receptors initiate hormone release, which modulates food
intake and satiety. Despite ongoing research into its mechanisms, the
GLBA’s contributions to energy metabolism, immune function, and barrier
integrity remain incompletely understood. Nevertheless, the influence of
GLBA-associated metabolites on organ functions in both health and disease
holds promise for future exploration and therapeutic strategies.
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