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Abstract

Redox homeostasis is essential for intestinal and systemic health and is regulated by
antioxidant defense systems and redox-sensitive signaling pathways such as the nuclear
factor erythroid 2-related factor 2 (Nrf2) and the nuclear factor ‘kappa-light-chain-enhancer’
of activated B-cells (NF-«B). Disturbances in this balance promote oxidative stress, chronic
inflammation, and disease progression. Increasing evidence indicates that microbiota-
derived metabolites act as key modulators of redox biology by shaping host gene expression
through receptor-mediated signaling, metabolic regulation, and chromatin-associated
mechanisms, including histone modifications, DNA methylation, and changes in chromatin
accessibility. This review discusses how major classes of microbiota-derived and microbiota-
modulated metabolites, including short-chain fatty acids (SCFAs), secondary bile acids,
tryptophan-derived metabolites, polyphenol metabolites, hydrogen sulfide, and lipid
mediators, influence redox-sensitive signaling and epigenetic regulation. We highlight their
effects on intestinal barrier integrity and immune cell function, with particular emphasis
on macrophage polarization and T-cell differentiation. Finally, we consider the emerging
translational relevance of the microbiota—-metabolite-epigenetic axis, while emphasizing
that biomarker development and therapeutic applications require further mechanistic
validation and clinical studies.

Keywords: epigenetic modification; methylation; acetylation; microbiota; metabolites;
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1. Introduction

The human gastrointestinal tract harbors a highly complex and dynamic microbial
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ecosystem that plays a fundamental role in maintaining host homeostasis. Beyond its
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thought to arise, at least in part, from impaired barrier function, dysregulated immune
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signaling, and changes in the production of bioactive microbial metabolites [1-5].
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physiological conditions [6]. However, excessive ROS production or impaired antioxidant
defense systems result in oxidative stress, which contributes to chronic inflammation,
cellular damage, and the development of a wide range of diseases [6]. In the intestinal en-
vironment, where host tissues are in constant contact with microbial signals and metabolic
products, tight regulation of redox balance is particularly critical [7]. Disruption of this
balance has been implicated in inflammatory disorders, metabolic dysfunction, and neu-
rodegenerative and age-related diseases, highlighting oxidative stress as a central mediator
linking environmental and microbial factors to disease pathogenesis [8-11].

A central mechanism by which the gut microbiota influences host physiology is the pro-
duction of bioactive metabolites that mediate host-microbiota interactions. Among these,
short-chain fatty acids (SCFAs), secondary bile acids, and tryptophan-derived metabo-
lites have emerged as key signaling molecules that modulate immune responses, cellular
metabolism, and stress adaptation pathways [4,12-14]. These metabolites act through
diverse mechanisms, including receptor-mediated signaling, modulation of intracellular
metabolic pathways, and transcriptional and chromatin-associated regulatory mechanisms.
Importantly, growing evidence indicates that microbial metabolites can also influence host
responses at the epigenetic level by affecting histone acetylation, chromatin accessibility,
and other transcription-associated regulatory processes [5,15].

In this way, epigenetic regulation may represent a mechanistic interface through which
microbiota-derived metabolites shape redox-sensitive signaling pathways and antioxidant
defense programs. SCFAs have been shown to inhibit histone deacetylases (HDACs) and
modulate chromatin accessibility, thereby linking microbial metabolism to transcriptional
control [13,16,17]. Similarly, other metabolite classes, including bile acid derivatives and
tryptophan metabolites, can affect transcriptional programs through ligand-activated tran-
scription factor signaling, nuclear receptor signaling, and chromatin-associated regulatory
mechanisms [4,14]. Despite these advances, the role of microbiota-derived metabolites as
modulators of epigenetic and chromatin-associated regulation of host redox homeosta-
sis remains incompletely integrated across metabolite classes, epigenetic mechanisms,
and redox-sensitive signaling pathways. Although previous work has highlighted the
interplay between gut microbiota, oxidative stress, and immune regulation [18], the inte-
gration of microbial metabolism, epigenetic control, and redox signaling into a coherent
mechanistic framework remains limited. This review, therefore, brings together evidence
from different metabolite classes and discusses how these microbial signals converge on
chromatin-associated regulation, redox-sensitive signaling, epithelial barrier function, and
immune regulation. To address this gap, this narrative review focuses on mechanistic and
conceptual evidence linking microbiota-derived and microbiota-modulated metabolites to
epigenetic regulation and redox homeostasis. Relevant literature was identified through
targeted searches of PubMed, Web of Science, and Google Scholar using combinations of
terms related to gut microbiota, microbial metabolites, epigenetic regulation, chromatin
accessibility, oxidative stress, redox homeostasis, Nuclear factor erythroid 2-related factor
2 (Nrf2), nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells (NF-«B), aryl
hydrocarbon receptor (AhR), intestinal barrier function, inflammation, and immune regu-
lation. Publications with emphasis on original research articles, mechanistic studies, and
relevant reviews were considered. The structure of the review follows the main metabolite
classes and highlights how they intersect with epigenetic regulation, redox-sensitive signal-
ing, and biological function. The guiding question of this review is how microbiota-derived
and microbiota-modulated metabolites influence redox homeostasis through epigenetic
and chromatin-associated mechanisms, while distinguishing mechanistically supported
pathways from context-dependent or still emerging concepts.
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2. Microbiota-Derived Metabolites: The Key Players

The microbial community of the distal gut is vast and diverse and forms a dynamic
ecosystem in close association with its host. Interactions among microbial taxa, as well as
between microbial communities and the host, play a crucial role in shaping host physiol-
ogy [19]. The microbiota contributes to protection against enteric infections [20-22], sup-
ports the development and regulation of the immune system and intestinal epithelium [23],
and contributes to nutrient metabolism, energy harvest, and metabolic homeostasis [24-26].
Disruptions of this balanced community can result in an altered state referred to as dys-
biosis. Host-microbiota interactions are partly mediated by small-molecule metabolites,
which act through diverse mechanisms, including as receptor ligands, enzyme inhibitors,
metabolic substrates, or metabolic precursors [27,28]. This microbial metabolome is shaped
by both the composition of the microbiota and the host’s diet [26,29,30].

Among microbiota-derived metabolites, SCFAs, such as acetate, propionate, and
butyrate, are of particular importance. These metabolites are generated by bacterial fermen-
tation of dietary fiber in the colon and represent central mediators of diet-microbiota—host
interactions [12,13,31,32]. As the most abundant and best-characterized microbiota-derived
metabolites, SCFAs provide an important conceptual framework for understanding how mi-
crobial metabolites influence host physiology, including redox-associated and epigenetically
regulated processes [13,33-36]. However, SCFAs should be viewed as one major component
of a broader metabolite network that also includes secondary bile acids, tryptophan-derived
metabolites, polyphenol-derived metabolites, hydrogen sulfide, and lipid mediators, all
of which can contribute to host signaling, immune regulation, and redox homeostasis in
a context-dependent manner [4,28]. Importantly, these metabolites rarely act in isolation.
Their biological effects are shaped by the surrounding metabolite milieu, the responding
cell type, and the inflammatory or metabolic state of the tissue, which may explain why
findings from simplified experimental models are not always directly comparable.

2.1. Short-Chain Fatty Acids (SCFAs)

SCFAs, particularly acetate, propionate, and butyrate, are key microbiota-derived
metabolites generated through the anaerobic fermentation of dietary fibers in the
colon [7,32]. They reach millimolar concentrations in the gut lumen and, to a lesser extent,
in systemic circulation, where they exert pleiotropic effects on host metabolism, immune
regulation, and cellular homeostasis [7,31,37]. SCFAs contribute to immune homeostasis,
influence energy metabolism, regulate mucosal immunity, shape T-cell polarization and
plasticity, and affect B-cell responses and antibody production [38,39].

A central mechanism by which SCFAs influence host physiology is through epigenetic
regulation. Butyrate and, to a lesser extent, propionate act as inhibitors of HDACs, leading
to increased histone acetylation and transcriptional activation of target genes [16,40,41].
Acetate is generally considered a weaker HDAC inhibitor but can contribute to histone
acetylation indirectly by serving as a precursor for acetyl-CoA generation, depending on
cellular context. In addition, SCFAs may affect acetyl-CoA-dependent chromatin regulation,
as butyrate has also been shown to promote p300 acetyltransferase activity, further linking
microbial metabolism to host chromatin remodeling and gene expression (Figure 1) [17,42].

In intestinal epithelial cells and immune cells, SCFA-mediated HDAC inhibition pro-
motes the expression of genes involved in barrier function, anti-inflammatory responses,
and cellular stress resistance. For example, butyrate enhances the differentiation of regula-
tory T cells (Tregs) through epigenetic upregulation of FOXP3 expression [40,43]. Beyond
chromatin remodeling, butyrate can also support induced Treg differentiation through
metabolic reprogramming, including enhanced fatty acid oxidation [44]. Similarly, SCFAs
have been shown to regulate histone acetylation at promoters of antioxidant genes, thereby
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modulating cellular redox responses. However, the extent to which these antioxidant effects
are directly epigenetically mediated versus secondary to metabolic or receptor-dependent
signaling remains cell type- and context-dependent.
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Figure 1. Major classes of microbiota-derived metabolites and their principal routes of host interaction.
Microbiota-derived and microbiota-modulated metabolites comprise several major functional classes,
including SCFAs, secondary bile acids, tryptophan metabolites, and other bioactive compounds such
as polyphenol-derived metabolites, HyS, and lipid mediators. Although these metabolite groups
differ in origin, chemical structure, and primary modes of action, they converge on shared host
processes through receptor-mediated signaling, epigenetic and chromatin-associated regulation,
redox signaling, and immunometabolic pathways. Collectively, these interactions influence barrier
integrity, immune homeostasis, mitochondrial function, inflammatory control, and redox balance,
thereby contributing to either tissue protection and homeostasis or, in a context-dependent manner,
disease-promoting responses. Abbreviations: H,S, hydrogen sulfide; SCFAs, short-chain fatty acids.
Created in Biorender. https://BioRender.com (accessed on 29 May 2026).

Beyond histone acetylation, emerging evidence suggests that SCFAs may also influence
other epigenetic modifications, including DNA methylation and histone crotonylation.
These effects are less extensively characterized than HDAC inhibition and should therefore
be interpreted as emerging rather than established mechanisms. Notably, butyrate-derived
crotonyl-CoA has been implicated in histone crotonylation, a modification associated with
active gene transcription [45].

SCFAs play a crucial role in maintaining redox homeostasis by modulating both the
production of ROS and the cellular antioxidant defense systems. Butyrate has been shown
to activate the Nrf2 pathway, a master regulator of antioxidant responses, leading to the
upregulation of genes such as heme oxygenase 1 (HO-1), NAD(P)H quinone dehydroge-
nase 1 (NQOL1), and genes involved in glutathione synthesis and detoxification, including
glutamate—cysteine ligase catalytic subunit (GCLC)/Glutamate-cysteine ligase regulatory
subunit (GCLM) [7,46,47]. Given the central role of Nrf2 in coordinating antioxidant and
metabolic responses, this pathway provides an important mechanistic interface between
microbial metabolites and redox homeostasis [8]. Mechanistically, this effect is partly medi-
ated through epigenetic modulation, as HDAC inhibition facilitates chromatin accessibility
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at antioxidant response elements (AREs), enhancing Nrf2 target gene transcription. In
parallel, SCFAs can suppress pro-oxidant pathways, including NF-«B signaling, thereby re-
ducing inflammation-associated oxidative stress [48]. In mitochondria, SCFAs—particularly
butyrate—serve as an energy substrate for colonocytes and improve mitochondrial func-
tion and biogenesis. This contributes indirectly to redox balance by reducing electron
leakage and can support epithelial oxygen consumption and mitochondrial metabolism,
thereby contributing indirectly to redox balance [49-51]. However, mitochondrial effects
are context-dependent: while butyrate supports oxidative metabolism in differentiated
colonocytes, it may exert different or even growth-inhibitory effects in transformed cells or
under inflammatory conditions. However, the effects of SCFAs on oxidative stress appear
to be context-dependent, influenced by concentration, cell type, and disease state. Under
certain conditions, butyrate may also promote the expression of pro-inflammatory or T-cell
subset-specific programs [52,53].

In addition to their intracellular epigenetic effects, SCFAs signal through G-protein-
coupled receptors (GPCRs), including GPR41 (FFAR3), GPR43 (FFAR2), and GPR109A.
Activation of these receptors modulates immune and metabolic pathways that intersect
with redox regulation. For instance, GPR109A activation by butyrate has been linked to
anti-inflammatory signaling and protection against oxidative damage in colonic tissues [54].
The recognition of SCFAs by GPR41 and GPR43 further supports the view that these
metabolites act not only as metabolic intermediates but also as signaling molecules with
broad immunoregulatory effects [55-57]. Importantly, receptor-mediated signaling and
epigenetic modulation are not mutually exclusive but rather complementary. SCFAs can
simultaneously activate GPCRs and inhibit HDACs, resulting in coordinated regulation of
gene expression and cellular responses to oxidative stress.

SCFAs represent a critical link between the gut microbiota and host epigenetic regula-
tion of redox homeostasis. Through HDAC inhibition, modulation of histone modifications,
metabolic effects on acetyl-CoA and mitochondrial function, and activation of signaling
pathways such as Nrf2 and GPCR-mediated cascades, SCFAs orchestrate a complex net-
work that integrates metabolic, immune, and oxidative stress responses. These mechanisms
illustrate how diet-microbiota interactions can shape redox-associated gene regulation and
may provide entry points for therapeutic intervention.

2.2. Secondary Bile Acids

Secondary bile acids (SBAs), including deoxycholic acid (DCA) and lithocholic acid
(LCA), are microbiota-derived metabolites generated from primary bile acids through
bacterial deconjugation and enzymatic transformations such as 7x-dehydroxylation, dehy-
drogenation, and epimerization in the intestine (Figure 1). These transformations are carried
out by specialized members of the gut microbiota, including several anaerobic taxa within
the Firmicutes, particularly Clostridium cluster XIVa species, linking microbial composition
directly to the host bile acid pool and its downstream signaling effects [58,59]. Beyond
their classical role in lipid absorption, SBAs have emerged as modulators of host signaling
and transcriptional regulation. Several SBAs have been reported to influence chromatin-
associated processes. However, compared with SCFAs, the evidence that SBAs act as direct
epigenetic enzyme modulators is less extensive and is often indirect, receptor-mediated, or
disease-context dependent. LCA, DCA, and their derivatives have been shown to influence
gene expression programs related to metabolism, inflammation, detoxification, and stress
responses, partly through modulation of bile acid-responsive transcription factors and sig-
naling pathways. Some studies suggest that bile acids can affect histone acetylation, DNA
methylation, or chromatin accessibility, but these effects should be interpreted primarily as
chromatin-associated consequences of bile acid signaling or chronic exposure rather than as

https:/ /doi.org/10.3390/antiox15070897


https://doi.org/10.3390/antiox15070897

Antioxidants 2026, 15, 897

6 of 43

uniformly established direct HDAC or histone acetyltransferase (HAT) inhibition [60-62].
This distinction is important because many reported epigenetic changes occur in settings
of prolonged or high-level bile acid exposure, particularly in inflammatory or neoplastic
disease models. Therefore, such findings may reflect adaptive or pathological remodeling
of the cellular state rather than a direct and generalizable epigenetic action of secondary
bile acids.

In addition, bile acid signaling through nuclear receptors such as the farnesoid X recep-
tor (FXR) and the vitamin D receptor (VDR) has important transcriptional and epigenetic
consequences. Activation of these receptors leads to recruitment of chromatin-modifying
complexes, thereby altering gene expression programs related to inflammation, detoxifi-
cation, and oxidative stress [63,64]. Beyond these receptor-mediated effects on chromatin
regulation, emerging evidence also links bile acids to DNA methylation changes, par-
ticularly in the context of chronic exposure and disease states such as colorectal cancer,
where DCA has been associated with epigenetic dysregulation and aberrant gene silenc-
ing [65]. These observations suggest that bile acid-driven epigenetic regulation may occur
both through ligand-activated transcription factor signaling and through more persistent
changes in epigenetic state. However, such effects are often disease- and context-dependent
and may reflect long-term adaptive or pathological responses rather than direct epigenetic
targeting. At the functional level, these epigenetic and receptor-mediated effects are closely
linked to redox homeostasis. SBAs exert complex, often context-dependent effects on redox
homeostasis. On the one hand, hydrophobic bile acids such as DCA and LCA can induce
oxidative stress by promoting mitochondrial dysfunction, increasing ROS production, and
triggering lipid peroxidation [66,67]. These pro-oxidant effects are particularly evident at
high concentrations and have been implicated in mucosal damage and carcinogenesis in the
colon. On the other hand, bile acid signaling can also activate adaptive cytoprotective and
antioxidant pathways. For example, FXR activation has been shown to modulate oxidative
stress by regulating genes involved in glutathione metabolism and detoxification pathways.
Similarly, G protein-coupled bile acid receptor 1 (TGR5/GPBAR1), a G-protein-coupled
bile acid receptor, can induce anti-inflammatory and cytoprotective signaling that indirectly
reduces oxidative stress [68-70].

Interestingly, LCA has been reported to activate the Nrf2 pathway under certain
conditions, promoting the expression of antioxidant enzymes and contributing to cellular
resilience. This should be presented as a context-dependent adaptive stress response rather
than as a general antioxidant property of SBAs. These observations suggest that bile acids
can modulate both pro-oxidant and antioxidant pathways depending on bile acid species,
concentration, cell type, and exposure duration [71]. This dual behavior also helps to
explain why findings across studies are not always consistent. Hydrophobic bile acids
may induce oxidative stress and mitochondrial dysfunction in epithelial or transformed
cells, whereas receptor-mediated FXR, VDR, or TGR5 signaling can activate compensatory
cytoprotective programs in other settings. Thus, the biological outcome of SBA exposure
depends strongly on whether acute signaling responses, chronic stress adaptation, or
disease-associated tissue remodeling are being examined.

A key feature of SBA biology is the tight integration of receptor-mediated signaling
with epigenetic regulation. FXR and VDR function as ligand-activated transcription fac-
tors that recruit co-activators or co-repressors with histone-modifying activity, thereby
linking bile acid sensing directly to chromatin remodeling [72-75]. Moreover, crosstalk
between SBA signaling and inflammatory pathways such as NF-«kB further influences the
epigenetic control of redox-related genes. For instance, bile acid-mediated repression of
NEF-«B activity can reduce the transcription of pro-oxidant and pro-inflammatory genes,
while epigenetic modifications may contribute to the stabilization of these transcriptional
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changes over time [76-79]. Whether such transcriptional effects become stabilized through
durable epigenetic remodeling likely depends on cell type, disease context, and duration
of exposure.

The production and composition of SBAs are highly dependent on gut microbiota
structure, making them a dynamic interface between diet, microbiome, and host physi-
ology. Dysbiosis can shift the bile acid pool toward more hydrophobic and potentially
cytotoxic species, thereby enhancing oxidative stress and epigenetic dysregulation [80].
This is particularly relevant because changes in SBA composition are unlikely to act in
isolation, but rather within a broader metabolite environment shaped by the microbiota.
Importantly, there is significant interplay between SBAs and other microbiota-derived
metabolites, including SCFAs. While SCFAs generally exert anti-inflammatory and antiox-
idant effects through HDAC inhibition, SBAs can have both protective and deleterious
roles [66]. The balance between these metabolite classes is therefore critical for maintaining
redox homeostasis and epigenetic stability [81]. Secondary bile acids are key microbiota-
derived signaling molecules that influence host redox homeostasis through a combination
of epigenetic mechanisms and receptor-mediated pathways [66]. A better understanding
of how receptor signaling, chromatin regulation, and redox effects intersect in SBA biology
may provide new insights into microbiota—host interactions and identify novel therapeutic
targets for oxidative stress-related diseases [82].

2.3. Tryptophan Metabolites

Tryptophan metabolism represents a central regulatory axis linking the gut microbiota
to host cellular signaling, with emerging evidence highlighting its role in the regulation of
redox homeostasis and, in selected experimental and disease contexts, chromatin-associated
control of gene expression (Figure 1) [15,83]. Microbiota-derived tryptophan metabolites,
particularly indole derivatives, can act as endogenous ligands or modulators of AhR,
thereby influencing transcriptional programs that extend beyond classical xenobiotic re-
sponses to include immune regulation, barrier function, oxidative stress responses, and
context-dependent chromatin remodeling [15,83-85].

Gut microbial catabolism of tryptophan generates a spectrum of indole derivatives,
including indole-3-acetic acid (IAA), indole-3-aldehyde (IAld), indole-3-propionic acid
(IPA), indole-3-lactic acid (ILA), and tryptamine. Not all of these metabolites activate AhR
with the same potency or efficacy, and some may also signal through AhR-independent
pathways such as pregnane X receptor (PXR) or other host receptors. These metabo-
lites function as signaling molecules capable of modulating host gene expression, barrier
integrity, and immune responses, in part via AhR activation [86,87]. Importantly, the bio-
logical consequences of AhR activation are highly ligand-specific and context-dependent,
and different indole derivatives may induce distinct transcriptional outcomes depending
on cell type, tissue environment, inflammatory state, receptor expression, and exposure
duration [87-89]. This ligand- and context-dependency is a major reason why findings
from different studies are sometimes difficult to align. Experimental systems often differ
in the specific indole derivative used, its concentration, the responding cell type, and the
inflammatory background, which can shift AhR signaling from barrier-protective and
anti-inflammatory responses toward different or even opposing transcriptional programs.

AhR signaling has been increasingly linked to chromatin-associated regulation. Upon
ligand binding, AhR translocates to the nucleus, dimerizes with aryl hydrocarbon receptor
nuclear translocator (ARNT), and binds xenobiotic response elements/dioxin response
elements to regulate target gene transcription. This process can involve the recruitment or
displacement of chromatin-modifying co-regulators, including p300/CBP-containing HAT
complexes and HDAC-containing repressor complexes [90,91]. This enables ligand-specific
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and context-dependent transcriptional responses. In addition, AhR has been proposed to
function as a DNA methylation reader with preferential binding to unmethylated xenobiotic
response elements, adding a further layer of epigenetic selectivity to AhR-dependent
transcriptional control [92]. However, these findings should not be interpreted as evidence
that microbial tryptophan metabolites directly modify DNA methylation; rather, they
indicate that the methylation state of AhR-binding sites can influence AhR-dependent
transcription. Thus, current evidence supports a close connection between tryptophan-
derived metabolites, AhR-dependent transcription, and chromatin-associated regulation,
but the extent to which individual microbial indoles induce stable epigenetic changes
remains less clear.

Microbial tryptophan metabolites are not only signaling intermediates but also key
determinants of host transcriptional landscapes, supporting the concept that sustained
receptor activation may contribute to longer-lasting transcriptional reprogramming that
involves chromatin-level regulation [84].

Activation of AhR by microbial tryptophan metabolites modulates oxidative stress re-
sponses through transcriptional and potentially chromatin-associated mechanisms. These
metabolites attenuate oxidative stress and inflammation via AhR signaling, including
suppression of pro-inflammatory cytokines, support of epithelial barrier function, and mod-
ulation of ROS-associated pathways [15]. Current evidence therefore supports a functional
link between microbiota-derived tryptophan metabolites, AhR activation, inflammation,
barrier integrity, and redox regulation, although the precise contribution of direct epigenetic
mechanisms may vary by metabolite, model system, and tissue context [15].

At the chromatin level, AhR can recruit co-regulators such as p300/CBP, leading to
histone acetylation at selected AhR-responsive loci. Additionally, AhR has been shown
to interact with HDAC complexes, thereby restraining AhR-dependent transcription be-
fore ligand-induced activation or repressing selected inflammatory gene programs [91].
These chromatin-level changes provide a mechanistic basis for the sustained effects of
microbial metabolites on host redox balance. However, direct evidence that microbial
indole metabolites cause stable epigenetic imprinting remains limited and should be pre-
sented cautiously. Such interactions may enable ligand-specific chromatin remodeling and
sustained transcriptional responses [84]. AhR activation influences T cell differentiation
via transcriptional reprogramming, further supporting a role in durable changes in gene
regulation [93]. More recent work has reinforced that AhR signaling can induce long-lasting
changes in chromatin accessibility, consistent with sustained chromatin remodeling and
possible epigenetic imprinting in selected settings [93].

A central feature of redox regulation is the interplay between AhR and the transcrip-
tion factor Nrf2, a master regulator of antioxidant defense. This crosstalk is increasingly
recognized as transcriptionally and chromatin-associated, but it should not be described as
uniformly epigenetically controlled [94,95]. Nrf2 activity is tightly regulated by chromatin
accessibility and histone modifications at ARE-containing genes. Microbial metabolites can
influence this system via AhR-dependent mechanisms [48]. AhR activation may promote
chromatin accessibility at Nrf2 target genes through histone acetylation, and shared coac-
tivators such as CBP/p300 further connect both pathways at the level of transcriptional
regulation [94,95]. Sustained AhR signaling may also contribute to a permissive transcrip-
tional state for antioxidant gene induction, thereby facilitating subsequent Nrf2-mediated
induction [94].

Microbial metabolites enhance gut barrier integrity via Nrf2 activation, associated
with increased expression of antioxidant and tight junction genes. Although these findings
are not always framed explicitly in epigenetic terms, they are compatible with chromatin-
associated regulation of sustained antioxidant responses [15]. Importantly, Nrf2 target
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gene expression is influenced by chromatin accessibility and histone modifications such
as H3K27 acetylation and H3K4 methylation. Therefore, microbiota-derived signals may
shape antioxidant responses through chromatin-associated transcriptional regulation, but
direct evidence should be cited specifically for each metabolite and cell type.

Beyond receptor-mediated effects, tryptophan metabolites may also affect epigenetic
regulation more directly. However, this should be formulated cautiously because direct
epigenetic effects of indole metabolites are less well established than AhR-mediated tran-
scriptional effects. Kynurenine pathway metabolites regulate NAD™ levels and thereby
modulate the activity of sirtuins such as SIRT1 [96,97]. Indole derivatives may influ-
ence chromatin-associated regulation mainly through AhR-dependent co-regulator recruit-
ment, whereas direct effects on HDAC activity require metabolite- and model-specific
evidence [91,98]. Redox-sensitive epigenetic enzymes, including TET dioxygenases and
JmjC demethylases, can be indirectly modulated through ROS-dependent mechanisms [96].
These observations support the broader view that tryptophan metabolism forms part of
a metabolite-driven regulatory network capable of influencing chromatin regulation and
stress-responsive transcriptional programs [99].

In parallel, a major fraction of dietary tryptophan in the host is metabolized via the
kynurenine pathway, initiated by indoleamine 2,3-dioxygenase 1 (IDO1), indoleamine
2,3-dioxygenase 2 (IDO2), or tryptophan 2,3-dioxygenase (TDO). This pathway generates
metabolites such as kynurenine, kynurenic acid, 3-hydroxykynurenine, and quinolinic
acid, which play critical roles in immune regulation, neuronal biology, mitochondrial
metabolism, and redox biology [100]. Kynurenine itself acts as an endogenous AhR ligand,
thereby directly linking host metabolism to AhR-dependent transcriptional and chromatin-
associated regulation [93,101]. Through this mechanism, inflammatory signals that induce
IDO1 can reshape gene expression programs via AhR activation [101].

A key feature of the kynurenine pathway is its role in de novo NAD" biosynthesis,
with quinolinic acid serving as a precursor for NAD* production [97]. NAD" is an essential
cofactor for sirtuins, a class of NAD*-dependent HDACs that regulate chromatin structure,
gene expression, and cellular stress responses [102,103]. Thus, the kynurenine pathway
connects metabolic flux to epigenetic regulation through modulation of NAD™ availability,
activation of sirtuin-mediated histone deacetylation, and regulation of genes involved in
oxidative stress and mitochondrial function. Changes in kynurenine pathway activity—
such as increased IDO1 expression during inflammation—can therefore lead to context-
dependent changes in NAD™ availability, sirtuin activity, and chromatin-associated stress
responses, affecting redox homeostasis and immune responses [104].

Although derived from distinct sources, indole and kynurenine metabolites converge
on a shared regulatory axis involving AhR, Nrf2, and metabolite-sensitive chromatin
regulators. Indole derivatives can activate AhR and support barrier-protective or cyto-
protective transcriptional programs, favoring transcriptional activation of cytoprotective
genes. Kynurenine pathway metabolites integrate inflammatory and metabolic signals,
regulating both AhR activity and NAD"-dependent epigenetic enzymes such as sirtu-
ins [100]. Both pathways intersect with the Nrf2 antioxidant system, which governs the
expression of genes encoding detoxifying and antioxidant enzymes (e.g., HO-1, NQO1).
AhR and Nrf2 share coactivators such as CBP/p300 and exhibit coordinated regulation of
overlapping gene networks. Recent structural studies have further improved the molecu-
lar understanding of ligand-dependent AhR activation and AHR-ARNT-DNA complex
formation, providing a stronger framework for interpreting ligand-specific downstream
transcriptional effects [105]. Emerging evidence suggests that AhR activation can enhance
chromatin accessibility at Nrf2 target genes, thereby facilitating antioxidant responses. In
parallel, Nrf2 activity is modulated by epigenetic mechanisms including histone acetylation
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and methylation, which can be influenced by both indole- and kynurenine-derived sig-
nals [106,107]. Taken together, tryptophan-derived metabolites represent a mechanistically
diverse signaling network that links microbial and host metabolism to redox regulation
through AhR-centered transcriptional control, with chromatin-associated mechanisms
likely contributing to the duration and specificity of these responses.

2.4. Other Metabolites

Beyond tryptophan-derived metabolites, a growing body of evidence highlights ad-
ditional classes of microbiota-derived and microbiota-modulated metabolites—including
polyphenol-derived compounds, hydrogen sulfide (H,S), and lipid mediators—as im-
portant, context-dependent regulators of host redox homeostasis. These metabolites act
through complementary mechanisms involving modulation of endogenous antioxidant
pathways, redox-sensitive signaling, mitochondrial function, inflammatory resolution, and,
in selected contexts, chromatin-associated regulation of gene expression [5,99,108].

Dietary polyphenols are extensively metabolized by the gut microbiota into bioactive
phenolic acids and smaller aromatic compounds, which often exhibit improved bioavail-
ability and distinct biological activities compared with their parent compounds [109,110].
Key metabolites include urolithins (derived from ellagitannins), phenylpropionic acids,
and catechol derivatives.

These microbiota-derived metabolites exert antioxidant effects primarily indirectly, via
activation of endogenous defense pathways such as the Nrf2 axis, modulation of inflamma-
tory signaling, and support of mitochondrial function. Direct radical-scavenging activity
may contribute in some settings but is unlikely to fully explain their in vivo effects because
circulating concentrations are usually low and metabolites differ substantially from their
parent polyphenols [111,112]. For example, urolithin A has been shown to improve mito-
chondrial quality control by inducing mitophagy and supporting mitochondrial function,
thereby contributing to cellular resilience [113,114].

Importantly, polyphenol metabolites also function as epigenetic modulators. Sev-
eral compounds inhibit HDACs and modulate DNA methyltransferase (DNMT) activity,
thereby influencing chromatin accessibility and gene expression [115,116]. However, these
effects are compound-, dose-, and model-dependent, and the evidence is stronger for some
parent polyphenols than for many microbiota-derived metabolites. Therefore, polyphenol-
associated epigenetic effects should be presented as plausible and context-dependent rather
than uniformly established mechanisms. This distinction is relevant because many studies
use purified compounds or parent polyphenols at concentrations that may not reflect the
metabolite profiles reached in vivo after microbial conversion.

H;S, produced by sulfate-reducing bacteria and microbial cysteine metabolism, is
a gaseous signaling molecule with concentration-dependent effects on redox homeosta-
sis [117,118]. Since both host and microbial pathways contribute to H,S pools, H,S should
be described as microbiota-derived and microbiota-modulated rather than exclusively
microbiota-derived.

At physiological levels, H,S exerts cytoprotective effects by scavenging ROS, en-
hancing glutathione (GSH) production, and activating Nrf2-dependent antioxidant re-
sponses [119,120]. A central mechanism is protein persulfidation, which modifies cysteine
residues and regulates protein activity under oxidative stress conditions [121].

HyS-mediated persulfidation of Keapl promotes Nrf2 stabilization and activation,
thereby enhancing transcription of antioxidant genes [122]. However, excessive H,S pro-
duction can impair mitochondrial respiration and promote oxidative stress, reflecting its
dual role in physiology and pathology [123]. Thus, differences in H,S source, local concen-
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tration, and exposure time may explain why protective and deleterious effects have both
been reported.

Lipid mediators—including eicosanoids, oxidized phospholipids, and specialized
pro-resolving mediators (SPMs) such as resolvins and protectins—represent a key interface
between redox biology and inflammation [124-126]. Most lipid mediators are generated
by host enzymatic or non-enzymatic oxidation of polyunsaturated fatty acids, but their
production, precursor availability, and signaling are influenced by the gut microbiota.
Therefore, they are best described as microbiota-modulated rather than directly microbiota-
derived metabolites.

The gut microbiota influences host lipid metabolism and thereby modulates the gener-
ation of these mediators [2]. Redox status plays a central role in lipid mediator formation,
particularly through the oxidation of polyunsaturated fatty acids. SPMs actively pro-
mote the resolution of inflammation while limiting oxidative damage, in part through
modulation of mitochondrial ROS production and activation of cytoprotective signaling
pathways [2,125]. In addition, oxidized lipid species can regulate transcription factors such
as Nrf2 and NF-«B, linking oxidative stress to inflammatory gene expression [127]. Thus,
lipid mediators should not be described uniformly as protective; their effects depend on
mediator class, biosynthetic pathway, concentration, tissue context, and inflammatory state.

Emerging evidence further suggests that lipid mediators influence epigenetic regula-
tion. For example, certain fatty acid derivatives can alter histone acetylation and chromatin
accessibility at inflammatory loci, thereby shaping long-term transcriptional responses [125].
However, direct epigenetic effects of microbiota-modulated lipid mediators remain less
well established than their roles in inflammatory signaling and resolution.

Polyphenol-derived metabolites, H,S, and lipid mediators represent complementary
layers of microbiota-host metabolic communication that converge on redox regulation.
While polyphenol metabolites primarily act as epigenetic and transcriptional modula-
tors, H,S functions as a redox-sensitive signaling molecule via persulfidation, and lipid
mediators serve as downstream effectors linking oxidative stress to inflammation and
its resolution.

Collectively, these metabolite classes (1) activate antioxidant pathways (e.g., Nrf2),
(2) modulate epigenetic regulators (HDACs, DNMTs, sirtuins), and (3) regulate inflam-
matory and barrier responses. Disruption of these pathways—through dysbiosis, dietary
imbalance, or chronic inflammation—can impair redox homeostasis and contribute to the
development of metabolic, inflammatory, and neoplastic diseases [99].

Microbiota-derived and microbiota-modulated metabolites beyond tryptophan—
including polyphenol derivatives, H,S, and lipid mediators—play essential roles in the
regulation of redox homeostasis. By integrating direct antioxidant effects with signaling
and epigenetic mechanisms, these metabolites form a complex regulatory network that
maintains cellular and tissue integrity. Since much of the available mechanistic evidence
is derived from gastrointestinal or intestinal epithelial and immune cell models, systemic
effects should be interpreted cautiously. Extraintestinal effects are discussed only where
supported by specific experimental or clinical evidence, and their generalizability across
tissues remains context-dependent. However, the level of evidence and translational ma-
turity differ substantially between metabolite classes. To support comparison across the
major microbiota-derived and microbiota-modulated metabolite groups, Table 1 summa-
rizes the predominant evidence base, main mechanistic support, and current translational
interpretation for each class (Table 1).
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Table 1. Selected major microbiota-derived and microbiota-modulated metabolite classes and their

predominant levels of supporting evidence.

Metabolite Class

Predominant Evidence
Base

Main Mechanistic Support

Translational Interpretation

Short-chain fatty

Strong in vitro and animal
evidence; supportive

HDAC inhibition, GPCR
signaling, Nrf2 activation,

Most mechanistically
established class; clinical
relevance supported, but

acids (SCFAs) L . barrier, and immune | .
human association studies. . therapeutic use requires
regulation. e 1o
context-specific validation.
In vitro and animal FXR, VDR, and TGR5 Biologically important but

Secondary bile acids

evidence; human
associations in metabolic,
inflammatory, and
neoplastic diseases.

signaling; mitochondrial stress
responses; context-dependent
chromatin-associated effects.

highly context-dependent;
both protective and
deleterious effects need to be
considered.

Tryptophan-derived
metabolites

In vitro and animal
evidence; growing human
observational evidence.

AhR-dependent
transcriptional regulation,
barrier protection, immune
modulation, AhR-Nrf2
crosstalk.

Strong conceptual relevance;
direct stable epigenetic effects
remain less consistently
demonstrated.

Polyphenol-derived

Experimental evidence for
selected metabolites;
human data are mainly

Nrf2 activation, mitochondrial
effects, context-dependent

Promising but heterogeneous;
effects depend on microbial

metabolites indirect or HDAC/DNMT modulation. conversmn,.bloa\.Iallablhty,
association-based. compound identity, and dose.
Strong mechanistic Persulfidation, Keap1/Nrf2 Dual protective or deleterious

Hydrogen sulfide evidence in experimental activation, mitochondrial effects; translational relevance

systems; limited direct
human validation.

effects depending on
concentration.

depends on local
concentration and source.

Lipid mediators

Experimental and clinical
association evidence;
microbiota influence is
often indirect.

Inflammatory resolution,
Nrf2 /NF-«kB regulation,
mitochondrial ROS
modulation,
chromatin-associated
inflammatory programs.

Relevant to inflammation and
resolution, but often
microbiota-modulated rather
than directly
microbiota-derived.

This table summarizes the predominant evidence supporting each metabolite class. Evidence for extraintestinal
effects varies between metabolites and tissues; therefore, the translational interpretation reflects the current
strength and specificity of the available data. Abbreviations: AhR, aryl hydrocarbon receptor; DNMT, DNA
methyltransferase; FXR, farnesoid X receptor; GPCR, G-protein-coupled receptor; HDAC, histone deacetylase;
NF-«B, nuclear factor kappa-light-chain-enhancer of activated B cells; Nrf2, nuclear factor erythroid 2-related
factor 2; ROS, reactive oxygen species; TGR5, G-protein-coupled bile acid receptor 1; VDR, vitamin D receptor.

3. Epigenetic Regulation of Redox Homeostasis

Redox homeostasis and epigenetic regulation are intimately connected. Cellular re-
dox conditions influence the activity of chromatin-modifying enzymes, while epigenetic
mechanisms determine how efficiently cells express antioxidant, inflammatory, metabolic,
and stress-response genes. This creates a bidirectional relationship in which redox changes
can reshape chromatin regulation, and chromatin regulation can, in turn, affect the cellular
response to oxidative stress and electrophilic injury [128]. This interplay is relevant at
several levels. Redox-dependent changes in metabolite availability can alter the activity
of enzymes that write, erase, or interpret epigenetic modifications. In addition, oxidative
conditions can modify catalytic cofactors and, in some cases, directly affect chromatin
regulators themselves through redox-sensitive post-translational modifications. Therefore,
redox imbalance is not only an endpoint of cellular dysfunction, but also a potential driver
of chromatin remodeling and persistent transcriptional reprogramming (Figure 2) [128,129].
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MICROBIATA-DERIVED
METABOLITES

In the context of microbiota—host interactions, this concept is particularly relevant because
microbiota-derived and microbiota-modulated metabolites can influence both the intra-
cellular redox environment and the availability of epigenetic cofactors, thereby linking
microbial metabolism to redox-sensitive gene regulation. However, in many studies, it
remains difficult to separate direct effects on epigenetic enzymes from indirect conse-
quences of altered metabolism, inflammatory signaling, or oxidative stress. This limitation
should be considered when interpreting metabolite-associated changes in chromatin state
Or gene expression.

REDOX-RESPONSIVE
TRANSCRIPTIONAL
PROGRAMS

PHYSIOLOGICAL
OUTCOME

METABOLIC COFACTORS EPIGENETIC ENZYMES &

& REDOX ENVIRONMENT CHROMATIN REMODELING

Acetate

Propinate

Microbiata metabolites

Butyrate

I
PN )
e o

1
w’ Tl

Lithocholic acid D

Secondary bile acids

~ o~

e

eoxycholic acid|

Indoles

o

Kynurenines

Lipid mediators

cooH
o

¢ ™ metabolies
!

Other metabolites

o

o« L1 Polyphenol  HS

oH

N ( N

Cofactors TGN '\
Jﬁ Shtline) oared
Y.
Acetyl- Acetyl- o 3
CoA CoA
Crotonyl-
GSH/

Altered REDOX state

Homeostasis

@ Antioxidant defense

Activation/Repression of
redox-sensitive
trancription factors

& @ @ &

|

Target gene programs

« Antioxidant genes
(e.g. HO-1, NQOT, GCLC)

. Barrierintegrity

.]':. Immune balance
6;!3 Mitochondrial fitness

Controlled ROS
signaling

) Writer

Chromatin modifications

. A Eraser

Oxidized Disease / Maladaptation

(pro-oxidant)

@ Histone acetylation

6 Chronic inflammation

Dynamic @ Histone crotonylation

« Inflammatory genes

bal
| Daence (e.g. IL-6, TNE IL-B1)

@ Histone lactylation

@ DNA methylation
Reduced Y .

| (antioxidant) @ DNA demethylation
: @ Histone demethylation

#Qxidative stress
0 Dysregulated immunity
@ Carcinogenesis

' Metabolic dysfunction

’/7/ Tissue injury

Detoxification pathways

o Mitochondrial stress
response

© Redox-associated histone
PTMs ¢

ROS

Barrier & tight junction
=~ ‘e Antioxidants

genes

Chromatin accessibility
Balanced .

TNAD o0 — 009
'y

TROS/RNS Cell proliferation/survival

LNAD+/NADH

LGSH/GSSG o Immune modulation

& A\

TNAD+/NADH
T GSH/GSSG )
FEEDBACK:
Outcomes feed back to microbiata composition, metabolite
production, redox balance, and epigenetic state

Figure 2. Integrated framework linking microbiota-derived metabolites, redox biology, epigenetic
regulation, and physiological outcomes. Microbiota-derived and microbiota-modulated metabolites,
including short-chain fatty acids (SCFAs), secondary bile acids, tryptophan metabolites, polyphenol-
derived metabolites, H;,S), and lipid mediators, influence host physiology through multiple intercon-
nected mechanisms. These metabolites shape the intracellular metabolic and redox environment by
affecting cofactors such as NAD™, SAM, 2-OG, acetyl-CoA, crotonyl-CoA, lactate, Fe(II), ascorbate,
and the glutathione redox couple (GSH/GSSG). In turn, these factors regulate epigenetic enzymes
and chromatin-remodeling processes, including histone acetylation, crotonylation, lactylation, DNA
methylation and demethylation, histone demethylation, redox-associated histone PTMs, and chro-
matin accessibility. These chromatin-associated changes modulate redox-responsive transcriptional
programs governed by transcription factors such as Nrf2, AhR, NF-«B, HIF-1&, AP-1, FOXO, p53, and
PPARYy. Depending on metabolite composition, concentration, cell type, tissue context, and disease
state, these mechanisms can promote homeostasis, including antioxidant defense, barrier integrity,
immune balance, mitochondrial fitness, and controlled ROS signaling, or contribute to maladaptive
outcomes such as chronic inflammation, oxidative stress, dysregulated immunity, carcinogenesis,
metabolic dysfunction, and tissue injury. These outcomes further feed back on microbiota com-
position, metabolite production, redox balance, and the epigenetic state, forming a dynamic and
bidirectional microbiota-metabolite-redox—epigenetic axis. Abbreviations: 2-OG, 2-oxoglutarate;
AhR, aryl hydrocarbon receptor; AP-1, activator protein 1; CoA, coenzyme A; Fe(1), ferrous iron; FOXO,
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forkhead box O; GSH, reduced glutathione; GSSG, oxidized glutathione; HIF-1«, hypoxia-inducible
factor 1-alpha; NAD*, nicotinamide adenine dinucleotide; NF-«B, nuclear factor kappa-light-chain-

enhancer of activated B cells; Nrf2, nuclear factor erythroid 2-related factor 2; PPARYy, peroxisome

proliferator-activated receptor gamma; PTMs, post-translational modifications; ROS, reactive oxygen

species; SAM, S-adenosylmethionine. Created in Biorender https://www.biorender.com/ (accessed
on 2 June 2026).

3.1. Histone Deacetylases (HDACs), Histone Acetyltransferases (HATs), and Chromatin Dynamics
in Redox Control

One of the clearest links between redox signaling and epigenetic regulation is detected

at the level of histone acetylation. The balance between HATs and HDACs is dynamic

and responsive to inflammatory and oxidative cues, allowing chromatin accessibility to

shift in parallel with stress signaling. In this way, histone acetylation provides a relatively

rapid interface through which redox changes can be translated into altered gene expression
(Table 2) [129].

Table 2. Selected epigenetic enzyme families, their functions, metabolic dependencies, mechanisms

of redox sensitivity, and relevance for antioxidant and stress-responsive gene regulation.

Enzyme/Enzyme

Key Cofactors or

Redox-Sensitive

Major Consequences

Relevance to Redox

Family Epigenetic Function  Metabolic . Regulat(.’ry for Gene Regulation = Homeostasis
Dependencies Mechanism
Inactivation by
Histone 61::;)1‘((;5;111(1);11}3 id Derepression of Links oxidative stress
Class I HDACs d — 2 P stress-responsive and  directly to chromatin
eacetylation; Zn**-dependent products such as . .
(HDAC1/2/3) transcriptional deacetvia 4-HINE and 15d-PGJ2 cytoprotective genes,  relaxation and
[130,131] P cacetylases . e including HO-1 and induction of defense
repression via modification of HSP70 athwavs
conserved cysteine ’ P ¥
residues.
Alters stress
adaptation, Couples
NAD"-dependent Activity changes mitochondrial meteﬁ)olic /redox
Class IIl HDACs deacetylation of NAD*; with ce}lllular egner programs, status to
(Sirtuins) [128,129] histones and NAD*/NADH ratio &Y inflammatory .
. . and redox state. . . transcriptional
non-histone proteins signaling, and reculation
antioxidant & '
responses.
. Increased
HATS (e i,nd(l)ieifit;}_] modulated transcription of Supports rapid
& . . Y o accessible chromatin ~ transcriptional
p300/CBP- Histone acetylation; A tive/inflammatory . ) . .

g . - cetyl-CoA . . regions, including responses during
containing chromatin opening signaling and inflammatory and oxidative and
complexes) [129,130] met.abo.l l.t N stress-response inflammatory stress.

availability. genes
Sensitive to Changes in Connects
redox-dependent methylation capacity  glutathione/redox
DNMTs [128,132] DNA methylation SAM chanees Ll:r)1 methvl may affect long-term  balance with stable
8 Habili Y gene repression transcriptional
donor availability. programs. regulation.
. Alters DNA
Inhibited by methylation
oxidation of Fe(Il); Central
landscapes and
Active DNA Fe(Il), 2-OG, O influenced by oxygen expression of redox-sensitive node
TET1/2/3 [133-135] demethylation via . e availability and P - linking metabolism
A ascorbate . differentiation-,
oxidation of 5mC metabolite antioxidant-. and to DNA
competition by L demethylation.
: adaptation-related
succinate/fumarate.

genes.
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Table 2. Cont.

Key Cofactors or

Redox-Sensitive

Enzy‘rme/Enzyme Epigenetic Function ~ Metabolic Regulatory Major Consequer&ces Relevance t.o Redox
Family . . for Gene Regulation = Homeostasis
Dependencies Mechanism
Activity reduced by Changes histone

Histone lysine

Fe(II), 2-0G, O,

oxidative stress;
sensitive to hypoxia

methylation states
and chromatin

Integrates oxygen,
iron redox state, and

JmjC histone demethylation . P metabolism with
and metabolite accessibility at . .
demethylases I, . chromatin regulation.
competition. stress-relevant loci.
[132,136]
data
data
Redox-sensitive Promotes Example of
Histone demethylase with transcription of i eIIf otic enzymes
KDM2B/Ndy1 [137]  demethylation at Fe(1l), 2-OG functional impacton  antioxidant genes a}c)ti%/ elv sha irzl
specific loci antioxidant gene such as NQO1, redox li,omegstagsis
expression. PRDX4, and AASS. ’
Poly-ADP- Activated in stress iﬁﬁf;i?;?%ﬁi Links redox stress,
PARPs [128,129] ribosylation; NAD* contexts and coupled damage responses, energy metabolism,

chromatin-associated
stress responses

to NAD*
metabolism.

and transcriptional

and chromatin
function.

control.

Abbreviations: 2-OG, 2-oxoglutarate; AASS, aminoadipate-semialdehyde synthase; DNMT, DNA methyltrans-
ferase; Fe(Il), ferrous iron; HAT, histone acetyltransferase; HDAC, histone deacetylase; HSP70, heat shock
protein 70; JmjC, Jumonji C domain-containing; KDM2B, lysine demethylase 2B; NAD*, nicotinamide ade-
nine dinucleotide; NQO1, NAD(P)H quinone dehydrogenase 1; PARP, poly(ADP-ribose) polymerase; PRDX4,
peroxiredoxin 4; SAM, S-adenosylmethionine; TET, ten-eleven translocation.

Oxidative stress has been shown to disturb this balance. In inflammatory contexts,
altered HAT and HDAC activity can reshape transcriptional programs, including NF-«B-
dependent inflammatory genes, but the outcome is context-dependent and may either
amplify or restrain inflammation depending on cell type, stimulus, and chromatin state.
This context dependency is important because increased histone acetylation is often in-
terpreted as transcriptionally activating, but its functional consequences depend on the
genomic locus, the transcription factors recruited, and the inflammatory environment.
Thus, changes in HAT or HDAC activity cannot be interpreted in isolation from the broader
signaling context. At the same time, some HDACs are direct targets of redox-derived elec-
trophiles. Class I HDACs, particularly HDAC1, HDAC?2, and HDACS, are sensitive in this
regard. Reactive lipid peroxidation products such as 4-hydroxy-2-nonenal and 15-deoxy-
A12,14-prostaglandin J2 can modify conserved cysteine residues in HDAC1, HDAC2, and
HDACS, leading to loss of activity and derepression of cytoprotective genes such as HO-1
and heat shock protein 70 (HSP70) [129].

A different situation applies to class III HDACs, the sirtuins, which are NAD"-
dependent deacetylases and deacylases rather than zinc-dependent HDACs. Their activity
depends on NAD" availability and the NAD* /NADH ratio, linking them directly to mito-
chondrial function, energy metabolism, and cellular redox state. Thus, changes in oxidative
metabolism, inflammation, or nutrient availability can influence sirtuin-dependent chro-
matin regulation and stress-response programs. A related principle applies to poly(ADP-
ribose) polymerases (PARPs), which also consume NAD* and participate in DNA damage
responses, chromatin remodeling, and stress-associated transcriptional regulation. Together,
these relationships show that redox control of histone acetylation is mediated not only
through signaling pathways, but also through core metabolic cofactors and redox-sensitive
enzyme regulation [128,129].

3.2. DNA Methylation and Redox-Sensitive Methylation Capacity

DNA methylation represents a second major interface between redox biology and
epigenetic control. Although often discussed as a relatively stable epigenetic modification,
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DNA methylation remains closely connected to metabolism through its dependence on
S-adenosylmethionine (SAM), the universal methyl donor for DNA and histone methyl-
transferases. SAM synthesis is influenced by one-carbon metabolism, methionine cycle
activity, and glutathione-dependent redox balance, which creates a direct biochemical
connection between oxidative conditions and cellular methylation capacity [128,138]. Since
glutathione synthesis and SAM generation are metabolically linked through sulfur amino
acid metabolism, oxidative stress can shift methyl donor availability and thereby influence
DNA and histone methylation potential.

This connection is functionally relevant, since oxidative stress has been associated
with broader changes in DNA methylation patterns as well as with concurrent alterations
in histone modifications. Such changes may include both global alterations in methylation
capacity and locus-specific DNA methylation changes at genes involved in inflammation,
antioxidant defense, mitochondrial function, and stress adaptation. These observations
support the view that redox imbalance can actively reshape the epigenetic state of the cell
rather than simply arise downstream of transcriptional dysregulation [129]. However, the
direction and functional consequence of redox-associated DNA methylation changes are
highly context-dependent and may vary according to cell type, duration of oxidative stress,
inflammatory state, and availability of methyl donors and reducing equivalents. More-
over, most studies report associations between oxidative stress and altered methylation
patterns, whereas direct causal links between specific microbiota-derived metabolites, DNA
methylation changes, and redox outcomes remain less well established.

3.3. Redox-Sensitive Demethylation: TET and JmjC Enzymes

A particularly important mechanistic bridge between redox metabolism and epigenetic
regulation is formed by the Fe(Il)- and 2-oxoglutarate-dependent dioxygenases, including
the TET family of DNA cytosine dioxygenases and the JmjC-domain histone demethylases.
These enzymes require molecular oxygen, reduced iron, and 2-oxoglutarate (2-OG) for catal-
ysis, making them highly sensitive to oxygen availability, iron redox state, and metabolic
cofactor levels [129,135,136,139]. The TET enzymes mediate the stepwise oxidation of
5-methylcytosine to 5-hydroxymethylcytosine, 5-formylcytosine, and 5-carboxylcytosine,
thereby contributing to active and passive DNA demethylation pathways. Because these
reactions depend on catalytic Fe(Il), oxidizing conditions may impair TET activity, at
least in part, by reducing the availability of catalytically active Fe(II) and altering the
redox environment required for dioxygenase activity (Table 2). This provides a plausible
mechanism by which oxidative stress may alter DNA methylation landscapes and down-
stream transcriptional programs involved in differentiation, adaptation, and antioxidant
defense [129,135,136,139].

TET activity is also shaped by metabolite availability. 2-OG supports catalysis, whereas
succinate and fumarate can restrain Fe(II) /2-OG-dependent dioxygenase activity by an-
tagonizing 2-OG-dependent enzymatic reactions. Conversely, reducing cofactors such as
ascorbate can support TET function by helping maintain iron in the reduced Fe(II) state
and by promoting TET-dependent cytosine oxidation (Table 2) [129,135,136,139].

A similar biochemical mechanism applies to the JmjC-domain histone demethylases,
which remove methyl groups from histone lysine residues through related Fe(II) /2-OG-
dependent mechanisms (Table 2). Since these enzymes are sensitive to oxygen tension and
redox conditions, they have been discussed as potential chromatin-based oxygen sensors.
This is particularly relevant in situations where hypoxia and oxidative stress coexist, such as
in inflamed or metabolically compromised tissues [136,140]. Hypoxia can limit JmjC activity
by reducing oxygen availability, whereas oxidative stress may interfere with demethylase
activity by altering Fe(Il) availability, ascorbate-dependent redox buffering, or the broader
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intracellular redox state. These mechanisms may contribute to the accumulation of specific
histone methylation states under pro-oxidant or hypoxic conditions [129,132,136,141].

At the same time, certain JmjC demethylases themselves participate in the regulation
of redox homeostasis. Lysine demethylase 2B (KDM2B), also known as Ndy1, has been
reported to promote cellular resistance to oxidative stress and to support the expression of
antioxidant and metabolism-associated genes, including NQO1, peroxiredoxin 4 (PRDX4),
and aminoadipate-semialdehyde synthase (AASS), thereby contributing to cellular protec-
tion against oxidative stress (Table 3) [125,129,137].

Table 3. Selected redox-sensitive epigenetic enzyme families linking metabolic state, chromatin

regulation, and stress-responsive gene expression.

Histone Biochemical Association with Connection to Functional Current Level of

Modification Source/Donor Chromatin State Redox Biology Relevance Evidence
Generally Sensitive to Regulates
associated with oxidative effects on  inflammatory, Stron

Histone acetylation ~ Acetyl-CoA open chromatin HATs/HDACs and metabolic, and [130 ]%2 142]
and active acetyl-CoA stress-response T
transcription. availability. genes.

Often associated

Links short-chain

May regulate

Histone with active acyl metabolism to  metabolism- and Moderate to
. Crotonyl-CoA . .
crotonylation promoters and transcriptional stress-associated strong [143]
enhancers. regulation. gene programs.
Connects gly- Implicated in

Histone lactylation

Lactate-derived
donor pools

Associated with
transcriptionally
active states in

colytic/inflammatory immune and

metabolism to

stress-related

Emerging [138]

Histone

chromatin transcriptional
selected contexts. .
regulation. responses.
May alt . . I
ay ater Directly reflects Links oxidative

histone-DNA

redox environment

stress buffering to

glutathionylation Glutathione 1nteract19ns and and glutathione chromatin Emerging [138]
chromatin
. status. structure.
behavior.
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Abbreviations: CoA, coenzyme A; DNA, deoxyribonucleic acid; HAT, histone acetyltransferase; HDAC, histone

deacetylase; JmjC, Jumonji C domain-containing; SAM, S-adenosylmethionine.

3.4. Histone Modifications Beyond Acetylation: Acylations and Redox-Associated
Post-Translational Modifications (PTMs)

Although histone acetylation is the best-established example of metabolically linked
chromatin regulation, the spectrum of relevant histone modifications is broader. Histone
acylations, including crotonylation and lactylation, connect intermediary metabolism to
chromatin state because they depend on intracellular acyl-CoA or metabolite-derived donor
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pools. However, for several of these newer modifications, their functional role in redox
regulation is still emerging, and in many cases it remains difficult to distinguish causative
effects from broader changes in cellular metabolism. Histone crotonylation, in particular,
has been associated with active promoters and enhancers and linked to genes involved in
metabolism and stress responses [45,138].

Histone crotonylation is supported by crotonyl-CoA availability and can be catalyzed
by p300/CBP-containing acetyltransferase complexes, which also possess crotonyltrans-
ferase activity. This provides a direct biochemical route through which changes in acyl-
CoA metabolism can influence transcriptional activity [45]. A related principle applies
to acetyl-CoA, which supplies the substrate for HAT-mediated histone acetylation and
thereby links glycolysis, fatty acid metabolism, and the tricarboxylic acid cycle to chromatin
accessibility. Lactate has likewise emerged as an epigenetically relevant metabolite, espe-
cially in inflammatory and immune contexts, where lactate-derived histone lactylation can
contribute to transcriptional regulation during hypoxia, bacterial challenge, macrophage
activation, and cellular stress adaptation [138,144]. However, histone lactylation remains
an emerging field, and its functional consequences are likely to be cell type-, locus-, and
disease-context dependent.

Oxidative stress can also generate less conventional histone post-translational modifica-
tions, including carbonylation, glutathionylation, and nitrosylation. These redox-associated
histone modifications broaden the mechanisms through which oxidative stress can influ-
ence chromatin architecture, because they may alter histone-DNA interactions or protein
recruitment independently of classical acetylation and methylation pathways [129,138].
Unlike enzymatically regulated histone acylations, several redox-associated PTMs may
arise through direct chemical modification by reactive oxygen, nitrogen, or electrophilic
species. Their effects on gene expression are therefore often context-dependent and may
reflect both regulated redox signaling and oxidative damage.

Together, these findings indicate that chromatin can integrate metabolic and redox
information through multiple layers of histone modification. While acetylation and crotony-
lation provide relatively well-characterized links between acyl-CoA metabolism and tran-
scriptional activation, lactylation and redox-associated histone PTMs represent emerg-
ing mechanisms that may contribute to stress-responsive and inflammation-associated
gene regulation.

3.5. Metabolites as Epigenetic Cofactors

A central conclusion emerging from this field is that many epigenetic enzymes depend
directly on metabolite availability. NAD* regulates sirtuins and PARPs, SAM supports
methylation reactions, and 2-OG is required for TET and JmjC enzymes. In parallel, redox-
sensitive systems involving glutathione, catalytic iron, and reducing cofactors such as
ascorbate influence the biochemical environment in which these enzymes operate. This
makes the epigenetic machinery highly responsive to metabolic flux and redox conditions
(Table 4) [129]. If chromatin regulation depends strongly on metabolite availability and
redox-sensitive cofactors, then microbiota-derived metabolites should not be considered
only as extracellular signaling molecules. They may also influence the intracellular bio-
chemical conditions that determine chromatin state, enzymatic activity, and transcriptional
responsiveness. In this sense, the epigenetic machinery can be regarded as a metabolic inte-
gration platform through which redox-relevant microbial signals acquire more sustained
biological effects [138].
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Table 4. Selected metabolites and cofactors that act as substrates, cofactors, inhibitors, or biochemical

constraints for epigenetic enzymes and thereby connect metabolic state to chromatin regulation.
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Table 4. Cont.
Epigenetic Main Target Effect of Altered Potential
Metabolite/ . Functional Relevance to Key
Processes Enzymes or Redox/ Metabolic . . .
Cofactor Consequences Microbiota-Derived References
Influenced Pathways State .
Metabolism
. Oxidative shift
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PTMs

- and inflammation.
enzyme function.

Abbreviations: 2-OG, 2-oxoglutarate; CoA, coenzyme A; DNMT, DNA methyltransferase; DNA, deoxyribonucleic
acid; Fe(II), ferrous iron; GSH, reduced glutathione; GSSG, oxidized glutathione; HAT, histone acetyltransferase;
JmjC, Jumonji C domain-containing; MAT1A, methionine adenosyltransferase 1A; NAD™, nicotinamide ade-
nine dinucleotide; NADH, reduced nicotinamide adenine dinucleotide; PARP, poly(ADP-ribose) polymerase;
PTMs, post-translational modifications; SAM, S-adenosylmethionine; SCFA, short-chain fatty acids; TET, ten-
eleven translocation.

3.6. Functional Implications for Stress Adaptation and Disease

The close coupling between redox control and epigenetic regulation has important
implications for both physiology and disease. Under physiological conditions, it allows
cells to adjust antioxidant defenses, inflammatory programs, metabolic pathways, and
repair mechanisms in a flexible and context-dependent manner. Such redox-sensitive
chromatin regulation can support cellular adaptation by enabling transient transcriptional
responses to oxidative, electrophilic, metabolic, or inflammatory stress. Under chronic
stress conditions, however, the same mechanisms may contribute to more persistent and
maladaptive transcriptional states that stabilize inflammation, impair tissue function, or
promote degenerative and neoplastic processes [136,145,146].

This distinction between adaptive and maladaptive chromatin remodeling is particu-
larly relevant in tissues exposed to fluctuating microbial, dietary, and inflammatory cues,
such as the intestinal mucosa [5,145,146]. In this environment, metabolites derived from
or modulated by the microbiota can influence redox balance, mitochondrial metabolism,
inflammatory signaling, and the availability of epigenetic cofactors [7,145,146]. As a re-
sult, microbial metabolites may help maintain stress resilience and barrier integrity under
homeostatic conditions [7,147], but may also contribute to epigenetic dysregulation when
dysbiosis, chronic inflammation, or sustained oxidative stress persist [5,148].

Taken together, these findings identify epigenetic regulation as a central mechanistic in-
terface between metabolism and redox biology [145,146,149]. This framework is particularly
relevant to understanding why microbiota-derived and microbiota-modulated metabolites
may influence host redox homeostasis not only through receptor-mediated signaling, but
also by shaping chromatin organization, enzyme activity, and the transcriptional potential
of stress-responsive genes [5,145,146]. Thus, the microbiota—metabolite-redox—epigenetic
axis provides a useful conceptual framework for understanding how environmental and
metabolic signals are converted into either protective adaptation or disease-promoting
transcriptional programs [5,145,148].

4. Linking Microbial Metabolism, Epigenetics, and Redox Signaling

Microbiota-derived metabolites influence host cells through overlapping receptor-
mediated, metabolic, redox-sensitive, and chromatin-associated mechanisms [128,129,138,
145,146]. Since these processes interact rather than operate independently, their biological ef-
fects are best understood within an integrated regulatory framework. In this framework, mi-
crobial metabolites act as upstream inputs that shape signaling pathways, redox state, cofac-
tor availability, and chromatin-associated regulation, thereby influencing stress-responsive
transcriptional programs and biological outcomes in a context-dependent manner.
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Together, these considerations support an integrated view of microbial metabolite
signaling, in which metabolic cues, epigenetic regulation, and redox-responsive pathways
are closely linked. This framework is particularly useful for interpreting the metabolite—
epigenetic—redox axis, crosstalk between Nrf2, NF-«kB and AhR, and the consequences of
these interactions in different cells and contexts [99].

4.1. The Metabolite-Epigenetic—Redox Axis

The metabolite-epigenetic—redox axis describes how chemically diverse microbial
metabolites converge on host stress-response programs through distinct but interconnected
mechanisms. At the initial level, metabolites act through membrane or nuclear receptors, in-
tracellular metabolism, or the availability of epigenetically relevant cofactors. These inputs
shape chromatin accessibility and transcriptional responsiveness and thereby influence
antioxidant defense, inflammatory activation, epithelial barrier integrity, and immune cell
function [99,138,150,151].

Epigenetic regulation is the central intermediate layer of this axis. As described
in Chapter 3, the epigenetic machinery is sensitive to the cellular redox status and the
metabolic state. DNA methyltransferases, histone acetyltransferases, deacetylases, and
demethylases all depend on specific metabolic substrates, cofactors, or catalytic conditions,
meaning they are responsive to metabolite availability and redox imbalance. Therefore,
histone acetylation, DNA methylation, TET- and JmjC-dependent demethylation, and
emerging histone acylations provide multiple routes through which microbial metabolites
may influence the accessibility, amplitude, and persistence of stress-responsive gene pro-
grams [132,138,151,152]. Redox signaling constitutes the functional output layer of this
system, but it also feeds back into the system. Cellular redox homeostasis is shaped by the
coordinated regulation of antioxidant defenses, mitochondrial function, inflammatory me-
diators, and detoxification pathways [9,10,153]. Meanwhile, oxidative stress can modulate
the activity of epigenetic enzymes through changes in cofactor availability and oxidative
post-translational modifications of chromatin-associated proteins and histones. Experi-
mental studies have demonstrated that oxidative stress alters global histone modification
patterns and DNA methylation. Specific redox-dependent chromatin changes include the S-
glutathionylation of histone H3 and histone carbonylation [132,154]. Conversely, epigenetic
regulatory mechanisms can alter the expression of antioxidant and stress-response genes.
Redox-derived electrophiles, for example, can inactivate class | HDACs and derepress cyto-
protective genes such as HO-1 and HSP70, whereas redox-sensitive histone demethylase
pathways can promote antioxidant gene expression and cellular protection against oxida-
tive stress. This reciprocal organization is a defining feature of redox-sensitive epigenetic
regulation [132].

Importantly, the metabolite—epigenetic—redox axis is not a linear cascade, but rather a
dynamic, bidirectional system. Microbial metabolites shape the metabolic and signaling
context in which chromatin regulation occurs, while redox perturbations feed back into the
epigenetic machinery and thereby alter how cells transcriptionally respond to microbiota-
derived metabolic signals. This helps to explain why the same metabolite class may
have protective or detrimental effects, depending on concentration, cellular state, tissue
environment, and disease context. Taken together, the metabolite—epigenetic-redox axis
provides a conceptual bridge between the descriptive catalogue of microbial metabolites
and the mechanistic complexity of host stress responses [138,150,151].
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4.2. Crosstalk Between the Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2), the Nuclear Factor
Kappa-Light-Chain-Enhancer of Activated B Cells (NF-xB), and the Aryl Hydrocarbon
Receptor (AhR)

A central integrative layer of this network is the crosstalk between Nrf2, NF-«kB, and
AhR, which links antioxidant defense, inflammatory signaling, and microbial metabolite
sensing (Figure 3).
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Figure 3. Context-dependent integration of microbiota-derived metabolite signaling by AhR, Nrf2,
and NF-«kB through epigenetic regulation. Microbiota-derived metabolites, including short-chain
fatty acids (SCFAs), tryptophan metabolites, polyphenol-derived metabolites, and secondary bile
acids, influence host responses through distinct but partially overlapping mechanisms. These signals
converge on the transcriptional hubs AhR, Nrf2, and NF-kB, whose interplay is shaped by chromatin
accessibility, histone acetylation, HDAC inhibition, and cofactor recruitment. The functional outcome
depends on contextual modifiers such as ligand identity, cell type, chromatin state, and disease setting.
Under permissive conditions, this network promotes antioxidant defense, barrier integrity, reduced
inflammatory signaling, and tissue resilience, whereas under context-dependent or dysregulated
conditions it may contribute to cytokine production, barrier disruption, oxidative tissue injury, and
persistent inflammation. Abbreviations: AhR, aryl hydrocarbon receptor; HDAC, histone deacetylase;
NF-«B, nuclear factor kappa-light-chain-enhancer of activated B cells; Nrf2, nuclear factor erythroid
2-related factor 2; SCFAs, short-chain fatty acids. Created in Biorender https://BioRender.com
(accessed on 29 May 2026).

Among these pathways, Nrf2 is a central regulator of antioxidant defense, and sev-
eral microbiota-derived metabolites have been shown to enhance redox-protective gene
programs through Nrf2-dependent mechanisms [155].

NF-kB is a major transcriptional regulator of inflammatory gene expression. It controls
the induction of cytokines, chemokines, and other mediators required for host defense, but
can also amplify tissue injury when activation becomes excessive or persistent [153]. In
many contexts, Nrf2 and NF-«B are functionally antagonistic, with Nrf2-driven antioxidant
responses limiting ROS-dependent inflammatory amplification, whereas NF-«B activation
promotes a pro-oxidant milieu that reinforces inflammatory injury [156,157]. This relation-
ship extends beyond indirect redox effects. Experimental work has shown that NF-kB p65
can cooperate with HDACS3 to repress Nrf2-ARE activity, thereby suppressing antioxidant
gene expression and promoting oxidative stress-associated injury [158]. Conversely, Nrf2
activation can restrain inflammatory signaling and oppose NF-kB-driven transcriptional
programs, making the balance between these pathways a key determinant of whether ox-
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idative stress is resolved through adaptive cytoprotection or progresses toward persistent
inflammation and tissue damage [157].

AhR has a particularly important role within this network because it functions as a
metabolite-responsive transcription factor. Many microbiota-derived tryptophan metabo-
lites act as endogenous AhR ligands, allowing microbial metabolism to directly influence
host transcriptional programs. However, AhR activity extends well beyond canonical xeno-
biotic signaling. It intersects with both antioxidant and inflammatory pathways and has
been implicated in the regulation of barrier integrity, immune differentiation, and oxidative
stress responses. A growing number of studies support the view that AhR cooperates
with Nrf2 in the induction of cytoprotective programs, while its relationship with NF-«B is
more context-dependent and can be either restraining or permissive depending on ligand
identity, cell type, and inflammatory state [159]. This variability should be considered when
comparing studies, because different AhR ligands or inflammatory models may produce
distinct, and sometimes not directly comparable, transcriptional outcomes.

Beyond functional overlap, recent work suggests that AhR-Nrf2 cooperation may
involve a more structured, chromatin-associated transcriptional mechanism. The recently
described AHR-NRF2-JDP2 gene battery proposes that the transcriptional regulator JDP2
facilitates the movement of AhR-Nrf2 complexes between xenobiotic and antioxidant
response elements in a spatiotemporal manner during ligand-induced transcriptional acti-
vation. This model provides a plausible, chromatin-based mechanism through which AhR-
Nrf2 cooperation could contribute to more sustained cytoprotective gene expression [95].

The interaction between AhR and NF-«B is particularly context-dependent. In in-
testinal epithelial cells, microbial tryptophan metabolites can activate AhR and thereby
attenuate inflammatory transcriptional programs linked to NF-«B, glycolysis, and hypoxia-
associated signaling. It has been shown that ILA reduces inflammatory chemokine pro-
duction and alters epithelial-macrophage crosstalk, thereby limiting recruitment of in-
flammatory macrophages and supporting intestinal homeostasis [158,160]. Further related
work indicates that ILA can improve barrier integrity via the AhR/Nrf2/NF-«B axis by
suppressing NF-kB-dependent inflammatory responses and promoting Nrf2-activated
barrier-protective programs [161]. These findings are important because they show that
AhR does not simply act as an isolated metabolite sensor, but can integrate microbial
metabolite signals in a way that simultaneously restrains inflammation, promotes antioxi-
dant defense, and strengthens epithelial barrier function.

Microbiota-derived metabolites can also shift the balance among Nrf2, NF-kB, and
AhR through epigenetic and chromatin-associated mechanisms. Butyrate, a SCFA produced
by commensal bacteria, provides a particularly clear example. Experimental studies have
shown that butyrate suppresses NF-kB-dependent inflammatory responses through histone
deacetylase inhibition, while at the same time reshaping chromatin accessibility and barrier-
associated transcriptional programs. In intestinal epithelial cells, butyrate has been shown
to inhibit the HDAC8/NF-«kB pathway, enhance the Chloride anion exchanger/Down-
regulated in adenoma (DRA) expression, and improve epithelial barrier integrity [162]. In
monocytes and macrophages, butyrate-dependent suppression of mucosal inflammation
has been linked to HDACS3 inhibition, increased histone acetylation, and reduced expres-
sion of pro-inflammatory mediators such as interleukin (IL)-6 and tumor necrosis factor
(TNF) [163,164]. These studies provide a mechanistic basis for how microbiota-derived
metabolites can restrain inflammatory transcriptional programs while simultaneously
promoting barrier protection and tissue homeostasis.

The transcriptional output of this network is likely to be largely shaped by the chro-
matin state of target genes. The biological consequences of Nrf2, NF-«B, and AhR activation
depend on more than ligand binding or oxidative stress intensity; promoter accessibility,
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histone acetylation, methylation status, and cofactor recruitment also play a role. Experi-
mental work has demonstrated that AhR and Nrf2 can cooperate to recruit p300 to target
promoters, thereby restoring histone H3 acetylation and modulating antioxidant gene ex-
pression in a chromatin-dependent manner [165]. In this framework, microbial metabolites
influence not only signaling pathways themselves, but also the chromatin environment in
which these pathways act. This means that the Nrf2-NF-«B-AhR triad is best understood
as part of a shared regulatory network whose output is determined by both signaling
activity and chromatin state [165].

Taken together, Nrf2, NF-«B, and AhR form a central signaling triad through which
microbiota-derived metabolites influence redox homeostasis, inflammatory tone, and cellu-
lar adaptation. The balance between these pathways appears to be a major determinant
of whether microbial metabolite signaling promotes tissue protection and homeostasis or
contributes to persistent inflammation and oxidative injury. Importantly, this balance is not
fixed, but is dynamically shaped by metabolite composition, chromatin state, cell type, and
disease context [159].

4.3. Cell Type-Specific Integration of Microbial Metabolite Signaling

Microbiota-derived metabolites are not interpreted uniformly across host tissues.
Although many of these compounds converge on shared regulatory nodes such as Nrf2,
NF-«B, AhR, and redox-sensitive epigenetic enzymes, their downstream effects depend
strongly on cellular identity. Differences in receptor expression, metabolic requirements,
chromatin accessibility, and baseline transcriptional programs determine how individual
cell types respond to microbial metabolite exposure. This concept is supported by work
showing that diet-microbiota interactions can reshape host epigenetic programming across
multiple tissues, rather than in a single cellular compartment alone [145].

In intestinal epithelial cells, microbiota-derived metabolites primarily influence bar-
rier maintenance, redox defense, and local stress adaptation. Tryptophan-derived micro-
bial metabolites can improve intestinal barrier integrity through AhR-dependent mecha-
nisms [86]. More specifically, microbial ILA has been linked to epithelial barrier protection
through the AhR/Nrf2/NF-«kB axis [161], while urolithin A, a gut microbial metabolite
derived from ellagitannins, has been reported to enhance mucin-associated barrier defense
through AhR- and Nrf2-related mechanisms [166]. Together, these findings support the
concept that epithelial responses are shaped by coordinated metabolite-redox signaling
rather than by isolated pathways.

In myeloid cells, the consequences are more directly linked to inflammatory tone and
immune activation. A landmark study showed that the microbial metabolite butyrate
regulates intestinal macrophage function through histone deacetylase inhibition, rendering
these cells less responsive to inflammatory stimulation and thereby providing a clear
example of cell type-specific epigenetic immunoregulation [164]. More recent work has
extended this concept by showing that butyrate can suppress mucosal inflammation in
monocytes and macrophages predominantly through HDACS3 inhibition, accompanied by
increased histone acetylation and reduced pro-inflammatory mediator expression [163].
In epithelial-immune crosstalk models, microbial ILA has also been shown to reduce
inflammatory chemokine production and limit recruitment of inflammatory macrophages,
illustrating that microbial metabolites may shape immune cell behavior both directly and
indirectly through neighboring epithelial cells [160].

In T cells, microbiota-derived metabolites strongly influence differentiation and func-
tional polarization. Two seminal Nature papers demonstrated that commensal bacteria-
derived metabolites, particularly butyrate and other SCFAs, promote the differentiation
of regulatory T cells, thereby linking microbial metabolism directly to adaptive immune
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regulation [40,43]. These studies are particularly relevant in the present context since they
show that microbial metabolites do not merely dampen inflammation in a general sense
but can alter lineage-defining immune programs in a cell type-specific manner. Such effects
are highly compatible with the idea that metabolic and epigenetic regulation together
determine whether immune cells adopt inflammatory or regulatory phenotypes.

A further layer of complexity arises from the fact that different cell types are not only
exposed to different metabolite concentrations, but also differ in their metabolic wiring,
cofactor availability, and chromatin state. This means that the same metabolite may sup-
port antioxidant defense and tissue protection in one compartment while exerting weaker,
altered, or even adverse effects in another [99,167,168]. Epithelial cells, for example, may
primarily translate microbial metabolites into barrier-protective and antioxidant programs,
whereas immune cells may respond by altering cytokine production, inflammatory activa-
tion, or differentiation trajectories. These cell type-specific responses are consistent with
the broader view that gut microbial metabolites act as multi-kingdom intermediates whose
biological meaning depends on the host context in which they are interpreted [99].

4.4. Context Dependency in Homeostasis and Disease

The biological effects of microbiota-derived and microbiota-modulated metabolites
depend strongly on concentration, exposure duration, tissue environment, cell type, inflam-
matory state, and disease context. Thus, the same metabolite class may support epithelial
barrier integrity, antioxidant defense, immune tolerance, or metabolic adaptation under
homeostatic conditions, but may contribute to maladaptive signaling, oxidative stress, or
inflammatory persistence when dysbiosis, chronic inflammation, or metabolic disruption
alters the metabolite landscape and host-response state (Figure 4) [86,99,145,164].
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Figure 4. Conceptual model of microbiota—metabolite—epigenetic integration in redox-sensitive
physiology and disease modulation. Microbial metabolite inputs are interpreted within a cell-specific
context defined by cell type, metabolic state, redox status, nutrient and oxygen availability, and
hormonal or cytokine signals. These contextual cues converge on an epigenetic integration layer that
includes histone modifications, DNA methylation, chromatin accessibility, and chromatin remodeling.
In parallel, redox-sensitive signaling hubs, including Nrf2, NF-kB, AhR, HIF-1x, AP-1, FOXO, p53,
PPARY, and additional transcriptional regulators, translate these integrated signals into cellular gene
programs. The resulting biological outcomes include regulation of epithelial barrier integrity, mucus
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production, epithelial renewal, immune balance, metabolic health, neurobehavioral resilience, and
disease risk modulation. Feedback loops from these outcomes can further reshape microbiota
composition, metabolite production, redox balance, and cellular context, establishing a dynamic and
bidirectional microbiota—metabolite—epigenetic—redox axis. Abbreviations: AhR, aryl hydrocarbon
receptor; AP-1, activator protein 1; FOXO, forkhead box O; HIF-1c, hypoxia-inducible factor 1-alpha;
NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; Nrf2, nuclear factor erythroid
2-related factor 2; PPARY, peroxisome proliferator-activated receptor gamma; ROS, reactive oxygen
species. Created in Biorender. https://BioRender.com (accessed on 2 June 2026).

5. Clinical and Translational Implications

The mechanistic links between microbiota-derived metabolites, epigenetic regulation,
and redox signaling may have important clinical implications, although their translational
relevance still needs to be defined more precisely. Altered microbial community structure
is frequently accompanied by changes in the production, distribution, and host exposure
of bioactive metabolites, including SCFAs, secondary bile acids, and tryptophan-derived
compounds. These metabolite shifts are increasingly recognized not merely as secondary
consequences of disease, but as functionally relevant components of disease-associated
host-microbiota dysregulation. However, the strength of evidence differs across settings:
experimental studies provide mechanistic support for several pathways, whereas many
human studies remain associative and do not yet establish causality. Clinical transla-
tion, therefore, requires moving beyond descriptive taxonomic dysbiosis and toward a
framework that also considers metabolite availability, host response capacity, and redox-
epigenetic context. This broader view is supported by microbiome-to-host translational
perspectives and by studies showing that diet-microbiota interactions can influence host
epigenetic programming across tissues [169,170].

5.1. Dysbiosis and Altered Metabolite Profiles

Dysbiosis is best understood not only as a shift in microbial composition, but also as
a disturbance in the biochemical interface between the microbiota and the host. In many
disease settings, changes in microbial diversity and taxonomic structure are accompanied by
altered SCFA production, disturbed bile acid transformation, and dysregulated tryptophan
metabolism. This matters because these metabolite classes do not simply reflect microbial
activity; they directly influence epithelial integrity, inflammatory signaling, redox balance,
and chromatin-associated gene regulation. Clinical phenotypes associated with dysbiosis
may therefore arise in part from a reorganization of the metabolite landscape rather than
from compositional changes alone [14,171].

One of the clearest examples comes from inflammatory bowel disease (IBD). Multiple
studies indicate that IBD is associated with depletion of SCFA-producing taxa and with
quantitative reductions in fecal SCFAs, particularly during active disease. In parallel,
ulcerative colitis and Crohn’s disease have been linked to altered bile acid pools, including
reduced levels of anti-inflammatory secondary bile acids and impaired microbial bile acid
conversion. This pattern suggests that dysbiosis is accompanied by the loss of metabolites
that normally contribute to epithelial barrier maintenance, inflammatory restraint, and
redox adaptation [172-174].

Altered tryptophan metabolism provides another clinically important example. A
multi-omics study from 2024 showed that gut microbiota dysbiosis was associated with
altered tryptophan metabolism together with dysregulated inflammatory responses in
severe COVID-19, illustrating how disease-associated microbiome disruption can be linked
to a coordinated shift in metabolite and immune profiles. Although the disease context
differs from chronic intestinal disorders, the study is highly relevant conceptually because
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it shows that dysbiosis can be accompanied by measurable perturbations in metabolite
pathways with plausible consequences for host inflammatory and redox responses [171].

Comparable principles are now emerging in metabolic disease. In 2025, a Nature
Metabolism study identified serum microbial aromatic amino acid metabolites associated
with body fat accumulation in a large longitudinal cohort and further showed protective
effects of selected metabolites in experimental obesity models. These findings support the
idea that dysbiosis-associated alterations in microbial metabolite output can track with
systemic metabolic phenotypes and may help distinguish protective from maladaptive
metabolite signatures [169].

The same logic also applies to colorectal tumorigenesis, where dysbiosis is frequently
associated with shifts away from protective metabolites and toward metabolites with pro-
inflammatory, pro-oxidant, or tumor-promoting potential, including specific secondary
bile acids and sulfur-containing compounds. While the precise direction and magnitude
of these changes depend on disease stage, diet, and microbial ecology, the overall pattern
supports the view that metabolite dysregulation is one of the clinically relevant outputs of
dysbiosis rather than a peripheral feature [175,176].

From a translational perspective, these observations suggest that disease-associated
dysbiosis should be assessed at both the compositional and metabolite levels. Taxonomic
profiling alone may not adequately capture the functional consequences of microbiome
disruption, whereas combined microbiome-metabolome approaches are more likely to
identify clinically meaningful signatures. This is particularly important in disorders where
the same nominal metabolite class may be protective in one context but insufficient, redis-
tributed, or maladaptive in another. A clinically useful model of dysbiosis, therefore, has
to incorporate not only which microbes are altered, but also which metabolites are lost,
enriched, or functionally reinterpreted by the host [170,171,177].

5.2. Metabolite and Epigenetic Signatures as Candidate Biomarkers

The altered metabolite profiles associated with dysbiosis may serve not only as indica-
tors of disturbed host-microbiota interactions, but also as clinically informative biomarker
candidates. When combined with host epigenetic readouts, such signatures may cap-
ture both the functional output of the microbiota and the regulatory response of the
host. Microbiota-derived metabolites are attractive biomarker candidates because they
reflect microbial activity, substrate utilization, host exposure, and pathway engagement
more directly than taxonomic profiling alone, whereas epigenetic readouts may indicate
whether these signals have been translated into more stable host transcriptional programs
(Table 5) [178-181].

Table 5. Candidate metabolite and epigenetic signatures in inflammatory and neoplastic dis-
ease contexts.

Potential
Disease Context Candidate Signature Sample Type Biomarker Main Limitations  References
Application
Global fecal /plasma Strong dependence
Inflammator metabolite shifts; recurrent Disease on diet,
. ory alterations in SCFAs, bile discrimination; medication,
bowel disease . . . Stool, plasma . . J. [180]
(IBD) acids, amino acid-related functional readout  disease activity,
metabolites, and microbial of dysbiosis. and sampling

co-metabolites

compartment.
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Table 5. Cont.
Potential
Disease Context Candidate Signature Sample Type Biomarker Main Limitations  References
Application
Age dependence;
Disease staging bile acid pools are
Pediatric IBD Bile acid profiling Serum/plasma and severity influenced by diet  [182]
stratification. and intestinal
transit.
Composite metabolite .
- . . Biomarker .
IBD (multi- signatures integrating discovery: patient Composite
. . SCFA-related readouts, Primarily stool; Very:p signatures may be
omics/discovery ) . . . . stratification; [183,184]
. bile acids, amino acid sometimes plasma cohort- and

setting) . . . pathway-level -

metabolites, and microbial e platform-specific.
. classification.

co-metabolites

Associations between Disease

CRC-related microbial Tumor tissue, stratification; Tissue specificity

taxa, butyrate-related adjacent mucosa, mechanistic and cohort

Colorectal cancer . . e .

(CRC) metabolites, and host micro- subclassification; heterogeneity may  [179]
DNA biome/metabolome integrated limit direct clinical
methylation-associated profiles host-microbiota translation.
gene expression biomarker model.

Diagnosis; risk Highly cell
Ssemic et srwcsion; - ypedependens
IBD alterations detectable Peripheral blood potentr: nethy [181]
. . prediction of signatures may not
already at diagnosis - oe
treatment be disease-specific
escalation. in isolation.
Requires
. Integrated microbiome— Stool, plasma, Dlagnos.15, staging, stanc'lardl'zed
IBD/translational prognosis, multi-omics
) . metabolome-host- blood, mucosal [181,183]
biomarker setting . . treatment response  workflows and
response signatures tissue o o1
monitoring. longitudinal
validation.

Abbreviations: CRC, colorectal cancer; DNA, deoxyribonucleic acid; IBD, inflammatory bowel disease; SCFAs,
short-chain fatty acids.

One of the clearest clinical settings is IBD. Recent metabolomic studies have shown
that fecal and plasma metabolite profiles differ substantially between patients with IBD and
controls, and that fecal metabolites in particular can discriminate IBD while also displaying
disease-related dietary associations. These data support the idea that stool metabolite
profiling may provide a more functional readout of intestinal dysbiosis than microbiome
composition alone. Recent reviews and systematic analyses further indicate that recurrent
alterations in IBD involve SCFAs, bile acids, amino acid-related metabolites, and microbial
co-metabolites, reinforcing their potential diagnostic relevance [180,183,185]. Within these
candidate signatures, bile acids appear particularly promising because they may reflect
both microbial transformation capacity and disease activity. A 2024 study reported that bile
acid profiling could effectively stage pediatric IBD, indicating that defined bile acid patterns
may be useful not only for detection but also for stratification of disease severity. This is
especially relevant in the present context because disturbed bile acid pools are mechanisti-
cally linked to microbial metabolism, epithelial stress, and inflammatory signaling [182].
Biomarker development becomes more compelling when microbiome and metabolome
data are integrated rather than analyzed separately. A growing translational literature
argues that clinically useful host-microbiota biomarkers in IBD will likely emerge from
multi-omic models that combine microbial composition with metabolite measurements
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and host-response variables, rather than from single analytes alone. In practical terms,
the strongest candidates are therefore more likely to be composite signatures, for example.
Combinations of SCFA-related readouts, bile acid ratios, aromatic amino acid metabolites,
and inflammatory host features [178,186]. A related principle is emerging in colorectal
cancer (CRC), where metabolite and epigenetic readouts may be particularly informa-
tive when interpreted together. A 2020 multi-omic study identified associations between
CRC-related microbial taxa, butyrate-related metabolites, and host DNA methylation-
associated gene expression in tumor and normal mucosa, suggesting that metabolite and
epigenetic features may jointly improve disease stratification. This type of observation is
important because it moves biomarker development beyond exposure measurement alone
and toward functional signatures that connect the microbiome to stable host regulatory
states [179]. Epigenetic readouts are especially interesting as complementary biomarkers.
In IBD, systemic epigenetic alterations have been detected already at diagnosis, supporting
the translational potential of methylation-based profiling in complex inflammatory disease.
In CRC, the relevance of host DNA methylation as part of microbiome-associated disease
biology is even more apparent because methylation changes may reflect longer-lasting host
responses to microbial and metabolic cues. Epigenetic features are therefore unlikely to
replace metabolite measurements, but they may help distinguish transient exposure from
more persistent host reprogramming [179,181]. From a translational perspective, the most
informative biomarker strategies will probably be those that integrate microbial composi-
tion, metabolite profiles, and host regulatory readouts rather than relying on a single layer
alone. This aligns well with the underlying biology of the metabolite—epigenetic-redox
axis, in which microbial metabolites are not only present or absent, but are interpreted by
host tissues in a context-dependent manner that may leave both metabolic and epigenetic
traces. Recent precision-medicine and systems-biology reviews in IBD likewise emphasize
that multi-omics integration is likely to be necessary for clinically robust biomarker devel-
opment [178,186]. However, several limitations still complicate clinical implementation.
Metabolite levels are strongly influenced by diet, medication, disease activity, sampling site,
and analytical platform, while epigenetic measurements depend heavily on tissue source
and cellular composition. Stool, serum, mucosal biopsy material, and isolated immune cells
are therefore not interchangeable specimen types. Longitudinal sampling, standardized
workflows, and cell type-aware study design will be essential if metabolite and epigenetic
signatures are to become robust biomarkers for diagnosis, staging, prognosis, or treatment
response [178,186].

Overall, the strongest biomarker potential may lie not in isolated metabolites or single
epigenetic features, but in integrated signatures that capture microbial function, host re-
sponse, and regulatory state at the same time. At present, however, such signatures should
be regarded mainly as promising candidates rather than established clinical biomarkers.
Such composite approaches are particularly well suited to diseases such as IBD and CRC,
in which dysbiosis, metabolite shifts, inflammatory activation, and host chromatin changes
occur in parallel and are biologically intertwined [178,179].

5.3. Therapeutic Strategies Targeting the Microbiota—Metabolite—Epigenetic Axis

The mechanistic framework outlined above suggests that therapeutic strategies should
consider not only the modulation of microbial composition but also the downstream
metabolite landscape and the host regulatory machinery through which these signals are
interpreted. In practical terms, intervention is possible at several levels, including the
modulation of microbial metabolite production through dietary means, the direct adminis-
tration of metabolites or metabolite mimetics, the manipulation of microbial communities
through the use of prebiotics, probiotics, or faecal microbiota transplantation (FMT), and the
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pharmacological targeting of host redox-sensitive and epigenetic pathways. This broader
view is important because clinical efficacy is likely to depend not only on restoring specific
metabolite classes, but also on restoring the capacity of host tissues to respond appro-
priately to these signals (Table 6) [187,188]. However, translation into clinical strategies
remains challenging, because much of the mechanistic evidence still comes from experi-
mental models, whereas human studies are often influenced by diet, medication, disease
stage, microbiota composition, and host metabolism. Therefore, interventions targeting
the microbiota—metabolite—epigenetic axis will require careful validation in well-defined
patient cohorts and mechanistically informed clinical studies.

Table 6. Selected therapeutic strategies targeting the microbiota-metabolite—epigenetic axis.

Therapeutic
Approach

Example/
Intervention

References/

Evidence Level Clinical Trial

Disease Context =~ Outcome and Proposed Mechanism

Microbiota-
directed
ecosystem
modulation

Multidonor FMT

Can induce clinical and endoscopic
improvement in active ulcerative
colitis; proposed mechanism includes
reshaping microbial community
structure and downstream metabolite
output, with restoration of microbial
functions linked to barrier integrity
and inflammatory control.

Randomized
controlled trials;
meta-analyses

[187,189]/
NCT03998488

Active ulcerative
colitis

Dietary
modulation

High-fiber
intervention
strategies

Therapeutic efficacy is being

Ulcerative
colitis/
microbiota-
targeted
intervention
studies

evaluated in microbiota-targeted
intervention studies; proposed
mechanism includes altered substrate
availability for microbial fermentation,
promotion of short-chain fatty acid
production, and broader beneficial

Clinical study
designs/registered
trials

NCT03998488

metabolite shifts.

Direct metabolite
supplementation

Oral sodium
butyrate

Clinical data are heterogeneous, with
no clear benefit in one randomized
placebo-controlled trial but beneficial
clinical and biochemical effects
reported in another study; proposed
mechanism includes support of
epithelial energy metabolism,
HDAC-related effects, barrier
function, and inflammatory
regulation.

Pediatric
inflammatory
bowel disease

Mixed clinical data;
ongoing trial

[190]
/NCT05456763

Epigenetic
co-targeting

EZH2 inhibition

+ DMF

Shows preclinical synergistic activity
by enhancing susceptibility to
DMF-induced cell death; proposed
mechanism involves combined
redox-active and chromatin-directed
targeting through EZH2 inhibition
and DMF-mediated stress pathway
modulation

Preclinical
CRISPR-Cas9 and
pharmacologic study

T cell lymphoma [191]

This table presents selected representative examples and is not intended to provide a systematic or exhaustive
overview of all therapeutic studies in this field. Abbreviations: DMF, dimethyl fumarate; EZH2, enhancer of zeste
homolog 2; FMT, fecal microbiota transplantation; HDAC, histone deacetylase; NCT, ClinicalTrials.gov identifier.

Among microbiota-directed approaches, dietary modulation, prebiotic supplementa-
tion, selected probiotic interventions, and FMT represent direct strategies to reshape the
intestinal ecosystem and its metabolite output. In active ulcerative colitis, randomized
and controlled studies indicate that multidonor FMT can induce clinical and endoscopic
improvement, although efficacy depends on donor characteristics, treatment intensity, and
patient selection [187,192-195]. This concept is also being refined in registered studies
combining microbiota transfer with dietary modulation, including high-fiber intervention
strategies (NCT03998488).

Direct metabolite supplementation has so far yielded a more heterogeneous clinical
picture. Butyrate remains mechanistically attractive because it links microbial metabolism
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to epithelial energy supply, histone deacetylase inhibition, and anti-inflammatory signaling,
but its clinical translation has been inconsistent. In children and adolescents with newly
diagnosed inflammatory bowel disease, a 12-week adjunctive sodium butyrate regimen did
not improve outcomes in one multicenter randomized placebo-controlled trial, whereas
a more recent study reported beneficial effects of sodium butyrate supplementation on
disease-related clinical and biochemical measures [190,196]. Another ongoing clinical trial
is NCT05456763. It follows the same broader translational rationale as the previously
published randomized, placebo-controlled, multicenter study of oral sodium butyrate
as an add-on therapy for children and adolescents with newly diagnosed inflammatory
bowel disease [190]. More broadly, these observations suggest that successful therapeutic
modulation of the microbiota—metabolite axis will likely depend on disease context, for-
mulation, dosing, and host responsiveness rather than on a single universal metabolite
strategy [190,196,197].

Overall, the available evidence suggests that targeting a single metabolite alone will
often not be sufficient. More effective strategies may require a combination of microbiota-
directed interventions and modulation of host response pathways. This is particularly
relevant for the metabolite—epigenetic-redox axis, since microbial signals are interpreted
in the context of chromatin state, inflammatory tone, and redox-sensitive transcriptional
programs. In this setting, restoration of microbial metabolite balance may be strength-
ened by pharmacological targeting of host pathways such as Nrf2 signaling, NF-«B activ-
ity, HDACs, DNA methylation, sirtuins, or other disease-relevant chromatin regulators
(Table 6) [191,198,199]. Microbiota-directed interventions may help restore the availability
of beneficial metabolites, whereas host-directed approaches may restore or enhance the
ability of tissues to interpret these signals appropriately. In this context, dimethyl fumarate
(DMF) is a useful example. Although it is not a microbiota-derived metabolite, DMF is
a clinically used fumarate ester that affects redox-sensitive and stress-related pathways.
In cutaneous T cell lymphoma (CTCL), preclinical studies have shown that DMF restores
sensitivity to apoptosis and reduces tumor growth and metastasis by inhibiting NF-«B [199].
Subsequent mechanistic studies have also shown that DMF targets thioredoxin-1 and can
induce ripoptosome-mediated cell death [200]. These findings were later supported by
clinical data: in a multicenter phase II trial involving patients with relapsed or refractory
CTCL, DMF demonstrated clinical activity and was well tolerated. This supports further
evaluation of combination approaches (NCT02546440) [199]. Taken together, these studies
show that a redox-active small molecule can be therapeutically relevant at the interface of
inflammatory signaling, oxidative stress adaptation, and tumor cell survival. The trans-
lational relevance of such an approach is strengthened further by recent evidence that
epigenetic co-targeting can enhance DMF responsiveness. A CRISPR-Cas9 screen identified
inhibition of enhancer of zeste homolog 2 (EZH2) as a sensitizer to DMF-induced cell death
in malignant T cells, and pharmacologic EZH2 inhibition enhanced the cytotoxic effect of
DMEF. Although this work was performed in a malignant T cell setting rather than in a mi-
crobiota intervention model, it provides clear proof of principle that redox-active metabolic
intervention and epigenetic targeting can cooperate therapeutically. In this sense, the
study extends the logic of the microbiota-metabolite-epigenetic axis into the translational
space by showing that host chromatin regulators can be used to amplify the biological
consequences of metabolically relevant stress signaling [191]. The broader significance of
such strategies is that they may influence not only inflammation and antioxidant defense,
but also cellular stress tolerance, survival thresholds, and susceptibility to regulated cell
death. This perspective is particularly relevant in chronic inflammation and cancer, where
disease progression may reflect both persistent maladaptive survival signaling and defec-
tive elimination of damaged or transformed cells. In that sense, therapeutic targeting of
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the metabolite—epigenetic-redox axis is conceptually compatible with the more general
principle that tissue homeostasis and disease control depend not only on survival pathways,
but also on the appropriate execution of cell death programs [191,200].

A major challenge for clinical translation is that responses to microbiota-directed and
metabolite-based interventions are likely to vary substantially between patients. Baseline
microbiota composition, dietary patterns, medication use, inflammatory activity, and tissue-
specific host response programs may all influence whether a given intervention results
in a favorable shift in metabolite availability and downstream signaling. This suggests
that future therapeutic strategies will likely require better patient stratification and a closer
integration of microbiome, metabolite, and host-response profiling in order to identify
those individuals most likely to benefit from a given intervention [201-203]. At the same
time, microbiota-directed and host-directed approaches should not be viewed as competing
strategies. This distinction may be particularly important in chronic inflammatory or
neoplastic settings, in which both the extracellular metabolite milieu and the intracellular
response capacity of host cells are altered [202,203].

Current evidence supports the concept that future therapeutic strategies may need to
move beyond simple microbiota correction and instead consider the broader microbiota—
metabolite—epigenetic axis. Clinically, this may involve microbiota-directed approaches
such as FMT or metabolite supplementation, but it may also require pharmacologic tar-
geting of the host pathways that interpret microbial signals. At this stage, however, such
approaches should be viewed as emerging and hypothesis-generating rather than estab-
lished therapeutic principles. The most promising future strategies are therefore likely to be
combination approaches that integrate ecological intervention, metabolite restoration, and
host-directed redox or epigenetic modulation, particularly in diseases marked by chronic
inflammation, oxidative stress, and maladaptive tissue remodeling [187,188,191,199].

5.4. Challenges and Future Perspectives

Despite substantial progress, several challenges still limit a more precise understand-
ing of how microbiota-derived metabolites influence host redox homeostasis through
epigenetic mechanisms. A central problem is that many current studies remain associa-
tive. In particular, it is often difficult to distinguish whether altered metabolite patterns
are primary drivers of disease-related signaling changes or secondary consequences of
inflammation, diet, medication, or host metabolic adaptation. In addition, taxonomic,
metabolomic, and host-response datasets are often generated in parallel but not mecha-
nistically integrated, which limits causal interpretation [30,178]. Such differences in study
design, metabolite dosing, exposure duration, analytical platforms, and disease context
likely contribute to inconsistent or divergent findings and should be considered when
comparing studies. These limitations also influenced the scope of the present review. As a
narrative and mechanistically focused synthesis, it emphasizes mechanistic connections,
recurring principles, and context-dependent patterns across metabolite classes rather than
providing a systematic inventory of all available studies. In interpreting these findings, we
distinguish between mechanisms supported by experimental evidence, associations mainly
derived from human observational studies, and emerging hypotheses that require further
causal validation. This distinction is particularly important because functional integration
of the microbiota-metabolite—epigenetic—redox axis does not necessarily imply that all
individual links have been causally demonstrated.

Biological heterogeneity remains another major obstacle. The effects of microbial
metabolites depend not only on metabolite identity and concentration, but also on tissue
compartment, cell type, inflammatory status, and chromatin configuration. As a result,
similar metabolite profiles may lead to different functional outcomes in different disease set-
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tings or patient groups. This is particularly relevant for translational studies, where patient
stratification will likely be necessary if microbiota-directed or host-directed interventions
are to be applied more precisely [178,186,204,205].

Methodological standardization is also still insufficient. Differences in sampling site,
biospecimen type, dietary background, analytical platform, and bioinformatic processing
continue to limit reproducibility and cross-study comparability. These issues become
even more important in multi-omics studies, where variability at one level may affect the
interpretation of the entire dataset. More standardized pipelines and better integration of
longitudinal sampling with functional validation will therefore be needed [30,178,206].

These limitations also affect clinical translation. Broad approaches such as dietary
modulation or fecal microbiota transplantation can be effective in selected settings, but
their effects are variable and remain difficult to predict. Recent work indicates that donor
and recipient characteristics, microbial diversity, butyrate-producing taxa, and strain-level
ecological features all influence engraftment and treatment response. This suggests that fu-
ture microbiota-based interventions will need to become more defined and mechanistically
informed [201,207,208].

A further priority is stronger experimental validation. Omics-based studies can iden-
tify candidate metabolite-pathway relationships, but they do not by themselves establish
whether a given metabolite directly alters chromatin state, modifies redox control, or
contributes to disease progression. Gnotobiotic systems, defined microbial communities,
and organoid-based host-microbe models will therefore remain important for testing
causality and for resolving tissue-specific and cell-type-specific effects under controlled
conditions [209].

Overall, future progress in this field will depend on combining mechanistic studies
with standardized multi-omics approaches and clinically meaningful stratification strate-
gies. This will be important not only for clarifying how microbial metabolites regulate
epigenetic and redox-sensitive pathways, but also for identifying more robust diagnostic
and therapeutic opportunities [178,201].

6. Conclusions

Microbiota-derived metabolites have emerged as important regulators of host redox
homeostasis and influence cellular responses through mechanisms that extend beyond
classical receptor-mediated signaling. As summarized in this review, SCFAs, secondary bile
acids, tryptophan-derived metabolites, and other microbiota-modulated compounds affect
antioxidant defense, inflammatory signaling, barrier integrity, and immune regulation
through partially overlapping pathways. A central aspect of these effects is their capacity
to influence chromatin-associated processes, including histone acetylation, DNA methy-
lation, cofactor-dependent epigenetic regulation, and the transcriptional responsiveness
of redox-sensitive genes. The available evidence supports the view that epigenetic regu-
lation is not merely a downstream consequence of microbial signaling, but an important
mechanistic interface through which microbial metabolites shape host stress adaptation.
In this context, redox homeostasis is determined not by a single pathway, but by an inte-
grated network involving Nrf2, NF-kB, AhR, metabolic state, and chromatin configuration.
This framework helps explain why similar metabolite classes can exert protective or detri-
mental effects depending on concentration, cell type, tissue compartment, and disease
setting. At the same time, current knowledge remains incomplete. Many studies are still
associative, and further work will be needed to clarify causality, improve methodological
standardization, and define how microbial metabolite signals are translated into stable host
transcriptional programs under physiological and pathological conditions. Overall, the
microbiota—metabolite—epigenetic axis provides a useful framework for understanding how
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microbial metabolism contributes to redox-sensitive host regulation. A better mechanistic
understanding of this axis may support the development of more precise biomarkers and
more effective therapeutic strategies aimed at restoring redox balance in inflammatory,
metabolic, and neoplastic diseases.
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