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ABSTRACT

The human gastrointestinal microbiota has emerged as a critical determinant of systemic health,
functioning as a metabolically dynamic organ that produces a vast repertoire of bioactive compounds.
This review presents a comprehensive synthesis of current insights into the role of gut microbiota-derived
metabolites in regulating host metabolism, neurotransmission, and immune responses. Key microbial
metabolites, such as Short-Chain Fatty Acids (SCFAs), secondary bile acids, Branched-Chain Amino
Acids (BCAAs), tryptophan catabolites, and polyamines, modulate host physiology through diverse
mechanisms including receptor-mediated signaling, epigenetic regulation, and neuroimmune interactions.
The SCFAs influence metabolic homeostasis via G-protein-coupled receptors and histone deacetylase
inhibition, while microbial transformation of bile acids affects lipid metabolism and endocrine signaling
through FXR and TGR5 pathways. Additionally, gut microbes generate neuroactive molecules such as
GABA, serotonin, and dopamine precursors that engage the gut-brain axis and impact cognitive and
emotional states. Tryptophan metabolism along the kynurenine and indole pathways further connects
microbial activity to neuroinflammation and immune tolerance via Aryl Hydrocarbon Receptor (AhR) and
NMDA receptor modulation. Microbial-derived metabolites also shape mucosal and systemic immunity
by promoting regulatory T-cell differentiation, modulating cytokine production, and activating pattern
recognition receptors (PRRs) such as Toll-like and NOD-like receptors. Finally, parallels between
gut-derived metabolic modulators and plant-based nanoparticle therapeutics highlight emerging
translational avenues for microbial-mimetic interventions. By elucidating the biochemical networks
underpinning host-microbe interactions, this review underscores the potential for microbiota-targeted
strategies in the treatment of metabolic, neuropsychiatric, and inflammatory disorders.
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INTRODUCTION
The human gastrointestinal tract harbors a highly diverse microbial ecosystem composed of bacteria,
archaea, viruses, and eukaryotic organisms collectively referred to as the gut microbiota. These microbes
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engage in symbiotic interactions with the host, influencing a wide range of physiological processes,
including digestion, nutrient absorption, and immune development. Over the past decade,
high-throughput sequencing and systems biology have provided compelling evidence that alterations in
gut microbial composition and function are closely associated with diseases such as obesity, diabetes, and
inflammatory bowel disease (IBD)".

The functional impact of gut microbiota is largely mediated through its metabolic capacity to produce a
wide spectrum of bioactive compounds. These metabolites, including Short-Chain Fatty Acids (SCFAs), bile
acids, tryptophan derivatives, and neurotransmitter precursors, exert local and systemic effects on the host
by modulating receptor signaling pathways, gene expression, and epigenetic modifications’.

The SCFAs, mainly acetate, propionate, and butyrate, are produced during the fermentation of dietary
fibers by gut commensals and act through G-Protein-Coupled Receptors (GPCRs) such as GPR41 and
GPR43 to regulate glucose and lipid metabolism. Beyond energy regulation, these SCFAs also influence
inflammation and epithelial integrity, making them key players in host-microbiome communication®’.

Additionally, microbial metabolites can transform host-derived bile acids into secondary bile acids, thereby
influencing host lipid digestion and acting as signaling molecules through nuclear receptors like FXR and
TGR5®. Other metabolic byproducts, such as polyamines and Branched-Chain Amino Acids (BCAAs)
contribute to mTOR pathway activation and energy metabolism, with implications in insulin sensitivity and
metabolic health®.

This review synthesizes current knowledge on the molecular mechanisms by which gut microbiota-derived
metabolites influence host metabolism, neurotransmission, and immunity. Understanding these
biochemical pathways provides essential insight into the therapeutic modulation of the microbiome in
chronic diseases.

GUT MICROBIAL METABOLITES AND HOST METABOLISM

Short-Chain Fatty Acids (SCFAs) and energy regulation: Short-chain fatty acids-primarily acetate,
propionate, and butyrate-are the main products of anaerobic fermentation of dietary fibers by commensal
gut bacteria such as Faecalibacterium prausnitzii, Roseburia spp., and Bacteroides spp. These metabolites
play key roles in energy homeostasis by serving as substrates for ATP generation and by modulating
metabolic signaling pathways in the liver, adipose tissue, and skeletal muscle””.

Mechanism of action: Short-Chain Fatty Acids (SCFAs)-mainly acetate, propionate, and butyrate-are
produced through anaerobic fermentation of dietary fibers by gut commensals such as Faecalibacterium
prausnitzii, Roseburia spp., and Bacteroides spp. These metabolites are central to energy regulation, serving
both as substrates for host cellular metabolism and as signaling molecules’”.

The SCFAs activate specific G-protein-coupled receptors, including GPR41 (FFAR3), GPR43 (FFAR2), and
GPR109A, thereby modulating insulin sensitivity, lipid metabolism, and inflammatory responses.
Additionally, butyrate inhibits Histone Deacetylases (HDACs), affecting gene transcription related to
immune tolerance and epithelial maintenance’”.

Figure 1 illustrates this mechanism by showing how gut microbiota ferment dietary fiber into
SCFAs-acetate, propionate, and butyrate-which then activate G-protein-coupled receptors (GPR41, GPR43,
GPR109A) on host cells’®. This receptor activation modulates energy balance, immune signaling, and lipid
metabolism. In addition, butyrate’s role as a Histone Deacetylase (HDAC) inhibitor is depicted,
emphasizing its contribution to gene regulation and epithelial integrity.
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Fig. 1: Microbial SCFA signaling and gene regulation

Gut-derived SCFAs activate GPR41, GPR43, and GPR109A on host epithelial and immune cells, influencing
metabolic homeostasis and inflammation. Butyrate also acts as an HDAC inhibitor, enhancing epithelial
integrity and gene regulation””.

Acetate reaches peripheral tissues and contributes to cholesterol biosynthesis in the liver. Propionate
supports hepatic gluconeogenesis, while butyrate is a key energy source for colonocytes and enhances
mucosal barrier function””.

Bile acid biotransformation and lipid metabolism: Gut microbiota plays a pivotal role in modifying
host-synthesized primary bile acids (cholic acid and chenodeoxycholic acid) into secondary bile acids (such
as deoxycholic acid and lithocholic acid) through deconjugation and dehydroxylation reactions. These
reactions are catalyzed by enzymes like bile salt hydrolases and 7a-dehydroxylases'.

These bile acid derivatives interact with host nuclear receptors such as farnesoid X receptor (FXR) and
G-protein-coupled bile acid receptor 1 (TGR5), modulating lipid metabolism, glucose regulation, and
inflammatory responses'.

These metabolites interact with host nuclear receptors such as farnesoid X receptor (FXR) and
G protein-coupled bile acid receptor 1 (TGR5), regulating glucose metabolism, lipid homeostasis, and
inflammation. Figure 2 illustrates these processes, showing how microbial conversion of primary to
secondary bile acids enables interaction with FXR and TGR5 receptors'®. This signaling cascade integrates
bile acid metabolism with host lipid regulation and immune modulation.

Gut microbiota converts primary bile acids to secondary bile acids, which activate host FXR and TGR5
receptors. This interaction regulates lipid digestion, bile acid homeostasis, and immune modulation™.

Impaired microbial bile acid metabolism has been linked to metabolic disorders, including Non-Alcoholic
Fatty Liver Disease (NAFLD) and insulin resistance.

Branched-Chain Amino Acids (BCAAs) and insulin resistance: Branched-Chain Amino Acids (BCAAs)-
leucine, isoleucine, and valine-are essential amino acids whose circulating levels can be influenced by gut
microbiota. Specific microbial populations can either produce or degrade BCAAs, thereby impacting host
metabolic signaling™.
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Elevated BCAA levels have been shown to activate the mTORC1 pathway, disrupting insulin signaling and
contributing to insulin resistance, particularly in metabolic syndrome and type 2 diabetes''. Gut microbes
such as Prevotella copri and Bacteroides vulgatus have been implicated in increasing systemic BCAA
concentrations'’. This pathway is visually summarized in Fig. 3, which depicts how leucine stimulates
mTORC1 activation, linking microbial BCAA metabolism to host metabolic dysregulation. Reducing
BCAA-producing microbes or increasing BCAA-catabolizing bacteria through dietary or probiotic
interventions may thus offer therapeutic potential in managing insulin resistance and related metabolic
disorders'".

Leucine activates mTORC1 via the Rag GTPase complex. Gut microbial activity that enhances BCAA
availability contributes to metabolic dysregulation and insulin resistance".

Modulating the gut microbial composition to favor BCAA catabolism may provide novel strategies to
counteract metabolic diseases.

MICROBIOTA AND NEUROTRANSMISSION

Gut-brain axis and signaling: The gut-brain axis (GBA) is a bidirectional communication network linking
the enteric and central nervous systems through neural, endocrine, immune, and metabolic pathways. Gut
microbiota play a central role in modulating this axis, influencing brain development, behavior, and
neuroinflammation™.

Microbial metabolites produced in the gut can impact the brain directly by crossing the blood-brain
barrier or indirectly by activating the vagus nerve or immune mediators. Disruption of this microbial
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Fig. 4: Neuroactive compounds synthesized by gut microbes

network, termed dysbiosis, has been associated with neurological conditions such as anxiety, depression,

and neurodevelopmental disorders™™.

In animal models, alteration of the gut microbiota has been shown to modify hippocampal
neurotransmitter levels and behavioral responses, highlighting the influence of gut microbes on brain
function™.

Production of neuroactive compounds: Gut microbes are capable of producing neuroactive molecules
that modulate neurotransmission.

Gamma-Aminobutyric Acid (GABA) is synthesized by Lactobacillus and Bifidobacterium via glutamate
decarboxylation. The GABA is the main inhibitory neurotransmitter in the central nervous system and
modulates stress response and mood'®.

Serotonin (5-HT) production is influenced by microbial regulation of enterochromaffin cell function and
Tryptophan Hydroxylase 1 (TPH1), the rate-limiting enzyme for serotonin biosynthesis in the gut'™.

Figure 4 illustrates the chemical structures of GABA, serotonin, and dopamine, highlighting the role of gut
microbes in generating these key neuroactive compounds'. This visual representation reinforces how
microbial activity contributes to shaping the neurochemical environment of the host and supports gut-
brain axis communication.

Gut microbiota modulates the synthesis of GABA, serotonin, and dopamine precursors. These molecules
influence mood, cognition, and behavior by acting on the enteric nervous system or signaling to the
CNS™.

Catecholamines such as dopamine and norepinephrine can be produced by bacteria, including Escherichia
coli and Bacillus spp., impacting autonomic regulation and behavioral responses”.

These neuroactive compounds may signal locally via the enteric nervous system or systemically through
neuroimmune pathways.

Tryptophan metabolism and kynurenine pathway: Tryptophan metabolism represents a critical link
between the gut microbiota and host neurophysiology. The amino acid tryptophan can be metabolized
via:
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Gut microbes such as Clostridium sporogenes and Bacteroides spp. convert tryptophan into indole
derivatives like indole-3-acetate and indole-3-aldehyde, which modulate epithelial barrier function and
immune activity via the Aryl Hydrocarbon Receptor (AhR)™.

Meanwhile, host immune cells metabolize tryptophan into kynurenine through the enzyme indoleamine
2,3-dioxygenase (IDO), a pathway upregulated during inflammation. Kynurenine and its downstream
products-quinolinic acid and kynurenic acid-can influence NMDA receptor activity, oxidative stress, and
neuroinflammation.

Figure 5 depicts the biosynthetic pathway of serotonin from tryptophan, involving enzymatic steps
catalyzed by Tryptophan Hydroxylase (TPH1) and aromatic L-amino acid decarboxylase. This pathway
illustrates how gut microbial modulation of host enzymes can influence serotonin availability and
signaling™.

Tryptophan is processed by gut microbes into indole derivatives and by host cells via the kynurenine
pathway. These metabolites affect neurotransmission and immune signaling through receptors such as
AhR and NMDA"™.

Altered balance between these metabolic routes has been associated with psychiatric disorders such as
depression, schizophrenia, and cognitive decline™.

GUT MICROBIOTA AND IMMUNE MODULATION

SCFAs and regulation of mucosal immunity: Short-Chain Fatty Acids (SCFAs), especially butyrate and
propionate, are prominent immunomodulatory metabolites produced by gut microbes. These SCFAs
influence immune homeostasis by promoting regulatory T cell (Treg) development, modulating cytokine
profiles, and enhancing mucosal tolerance®.

Butyrate acts via two main mechanisms: Inhibition of Histone Deacetylases (HDACs) and activation of
GPR43 on T cells and denderitic cells, leading to increased expression of Foxp3, a master regulator of
Tregs®'. This interaction is essential for the suppression of intestinal inflammation and the maintenance
of epithelial integrity®.
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Figure 6 illustrates the kynurenine pathway of tryptophan metabolism, highlighting key intermediates such
as kynurenic acid and quinolinic acid. These neuroactive and immunomodulatory metabolites are
produced downstream of IDO activity and play distinct roles in modulating NMDA receptor activity,
oxidative stress, and neuroinflammation®.

The SCFAs produced by gut bacteria stimulate regulatory T cell differentiation by activating GPR43 and
inhibiting HDACs, leading to Foxp3 expression and immune tolerance in the gut®.

In addition to Tregs, SCFAs enhance the production of immunoglobulin A (IgA) by intestinal B cells and
influence dendritic cell (DC) maturation toward a tolerogenic phenotype, reinforcing immune tolerance®.

Histamine and immune cell signaling: Certain microbes, such as Morganella morganii and Lactobacillus
reuteri, generate histamine from histidine via histidine decarboxylase. This microbial histamine can signal
through host histamine receptors H1R-H4R, differentially modulating inflammatory responses in the gut™.

Histamine can exert anti-inflammatory or pro-inflammatory effects depending on the receptor subtype
it engages and the cellular context. For example, H2R activation on dendritic cells may suppress Th1
responses, while H1R engagement promotes allergic inflammation®.

Tryptophan-derived Indoles and the Aryl Hydrocarbon Receptor (AhR): Gut microbiota metabolizes
dietary tryptophan into indole derivatives, such as indole-3-acetate and indole-3-aldehyde, which serve
as ligands for the Aryl Hydrocarbon Receptor (AhR). The AhR is expressed in various immune cells and
epithelial cells, where its activation regulates mucosal immunity and epithelial regeneration®.

The AhR signaling induces the production of Interleukin-22 (IL-22), a cytokine critical for epithelial barrier
repair and antimicrobial peptide expression. It also supports the differentiation of intraepithelial
lymphocytes and innate lymphoid cells that help maintain gut integrity®.

Figure 7 depicts how microbial metabolism of tryptophan through the kynurenine and indole pathways
results in the production of neuroactive metabolites such as quinolinic acid and indole derivatives. These
metabolites interact with NMDA receptors and the aryl hydrocarbon receptor (AhR), triggering microglial
activation and neuroinflammatory responses. The figure highlights the dual role of gut-derived
metabolites in both neurotransmission and neuroimmune regulation, offering insight into how microbial

imbalance can contribute to psychiatric and neurodegenerative disorders®#.

Microbial tryptophan metabolism generates indole derivatives that bind AhR. Activated AhR translocates
to the nucleus, promoting IL-22 expression, enhancing epithelial barrier function, and antimicrobial
defense®?.
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Fig. 7: AhR activation by microbial indoles

Defective AhR signaling has been linked to impaired barrier integrity and increased susceptibility to colitis
and enteric infections®.

The host immune system senses microbes via pattern recognition receptors (PRRs) that recognize
Microbial-Associated Molecular Patterns (MAMPs). These include:

Pattern recognition receptors (PRRs) and microbial sensing:

+ TLRs: Toll-like receptors detect components such as lipopolysaccharides (TLR4), flagellin (TLR5), and
unmethylated CpG DNA (TLR9)*

* NLRs: NOD-like receptors, such as NOD2, detect intracellular bacterial peptidoglycans and activate
immune responses through pathways like RIP2 and NF-«xB*’

Activation of PRRs triggers downstream signaling cascades that result in pro-inflammatory cytokine
production, antimicrobial peptide release, and immune cell recruitment®,

As illustrated in Fig. 8, Short-Chain Fatty Acids (SCFAs) promote regulatory T cell (Treg) differentiation
through a dual mechanism involving the activation of G-protein coupled receptor 43 (GPR43) and
inhibition of Histone Deacetylases (HDACs). Activation of GPR43 by SCFAs initiates intracellular signaling
that supports Treg expansion, while HDAC inhibition leads to enhanced expression of the transcription
factor Foxp3, an essential marker of Treg identity and function. Together, these pathways reinforce
mucosal immune tolerance and suppress inflammatory responses®®®.

The MAMPs like LPS, peptidoglycan, and CpG DNA are recognized by PRRs (e.g., TLRs, NOD2). These
activate MyD88 or RIP2, leading to NF-kB-driven transcription of inflammatory and antimicrobial
genes®?,

Balanced PRR signaling supports immune homeostasis, while overactivation or defects in these pathways
contribute to autoimmune disorders, chronic inflammation, and epithelial dysfunction®.

Microbial metabolite-induced biochemical shifts in host serum profiles: Gut microbial metabolites
exert systemic effects on host physiology, including alterations in serum biochemical parameters such as
glucose levels, urea, creatinine, liver enzymes, and electrolyte balance. These changes mirror findings from
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studies involving bioactive compounds derived from natural sources. For instance, administration of
Azadirachta indica-derived silver nanoparticles in animal models led to significant modulation of serum
transaminases, urea, and creatinine, suggesting possible overlap with microbial metabolite-mediated
hepatic and renal responses.

Such biochemical shifts support the concept that gut-derived metabolites can interact with systemic
organs beyond the intestine, modulating metabolic markers through receptor-mediated or epigenetic

1.29

pathways. This has parallels with findings by Arowora et al., where distinct patterns in serum biochemical

responses reflected the systemic absorption and activity of nanoparticle-bound phytochemicals.

Microbial metabolites such as butyrate and indoles are also known to influence electrolyte balance and
blood pH regulation, an effect similarly observed in altered sodium and potassium profiles following
nanoparticle administration. These shared mechanistic features underline the potential of both microbial
metabolites and phyto-nanoconjugates as modulators of systemic homeostasis®.

Translational implications

From gut-derived metabolites to therapeutic nanoagents: The growing understanding of gut-derived
biochemical modulators can be leveraged for developing novel therapeutic agents that mimic or enhance
microbial signaling. Recent animal studies involving plant-based nanoparticles demonstrate comparable
effects on immune and metabolic markers, indicating a promising translational pathway.

For example, gut microbial products such as SCFAs and polyphenolic metabolites influence hepatic
enzyme activity and antioxidant responses-outcomes similarly mirrored in the serum biochemical

landscape reported by Arowora et al.*®

. The observed reduction in ALT, AST, and bilirubin levels upon
nanoparticle treatment reinforces the notion that biochemical modulators-whether microbial or synthetic-

can induce hepatoprotective effects.

These mechanistic parallels are visually summarized in Fig. 9, which demonstrates how gut microbial
metabolites and Azadirachta indica silver nanoparticles converge on similar physiological targets,
particularly in liver and kidney function, as well as systemicimmune modulation. The diagram underscores
a shared ability to reduce key serum biomarkers like ALT, AST, urea, and creatinine, biomarkers that signal
organ integrity and metabolic health.
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Figure 9 illustrates the comparative mechanisms by which gut microbial metabolites (e.g., SCFAs) and
Azadirachta indica-derived silver nanoparticles exert systemic biochemical effects. Both pathways influence
liver and kidney function as well as immune modulation through shared mechanisms such as GPCR
activation, antioxidant response, and serum biochemical regulation (L ALT, AST, urea, creatinine).

In summary, the study by Arowora et al?® exemplifies how non-microbial agents can elicit host
biochemical responses that resemble those of gut metabolites, providing a model system for further
research into metabolite-mimicking therapeutics.

CONCLUSION

In conclusion, the gut microbiota functions as a metabolically active organ, orchestrating host
physiological processes through its diverse array of bioactive metabolites. These microbial products
influence key pathways in metabolism, neurotransmission, and immunity via complex biochemical and
signaling mechanisms. The integration of microbial signals with host gene expression and epigenetic
regulation underscores their systemic impact. Unraveling these interactions deepens our understanding
of host-microbe symbiosis and its role in health and disease. This knowledge paves the way for
microbiota-based diagnostics and therapeutic interventions. Continued research in this field holds
immense promise for precision medicine and holistic disease management.

SIGNIFICANCE STATEMENT

Disruptions in gut microbial composition and function have been increasingly linked to metabolic,
neurological, and immune-related disorders, yet the biochemical mechanisms underpinning these
associations remain insufficiently understood. This study delineates how gut microbiota-derived
metabolites, including short-chain fatty acids, bile acids, and tryptophan catabolites, modulate host
metabolic regulation, neurotransmitter activity, and immune homeostasis through receptor signaling,
epigenetic modification, and neuroimmune crosstalk. These findings offer critical insights into the
molecular dialogues between the gut and host systems, advancing our understanding of the microbiota
as a central regulator of systemic health. The implications are far-reaching, supporting the development
of microbiome-targeted interventions, such as dietary modulation, probiotics, and metabolite-mimicking
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therapeutics, for personalized treatment of chronic metabolic, neuropsychiatric, and inflammatory

diseases. This interdisciplinary synthesis opens new frontiers in microbiome science and translational

medicine.
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