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ABSTRACT: Accumulating evidence suggests that the gut microbiota regulates cytokine gene expression through
multiple epigenetic mechanisms that shape chromatin states in response to microbial metabolites. Alterations in the
gut microbiota have been implicated in the pathogenesis of numerous inflammatory, autoimmune, and metabolic
disorders. Key mediators including short-chain fatty acids, bile acids, and tryptophan derivatives modulate histone
modifications and DNA methylation at cytokine gene loci, influencing the balance between pro-inflammatory
and tolerogenic immune responses. Experimental evidence, including ChIP-seq studies, indicates that microbial
colonization promotes regulatory chromatin configurations, while dysbiosis is associated with epigenetic patterns
favoring inflammatory cytokine programs. Short-chain fatty acid—mediated histone deacetylase inhibition repre-
sents a central mechanism supporting regulatory T cell differentiation and anti-inflammatory cytokine expression.
This review summarizes the current evidence linking microbial metabolites, epigenetic regulation, and cytokine
expression, while critically discussing the strengths and limitations of the available experimental and translational
studies. Although these findings highlight a mechanistic link between the microbiota and cytokine epigenetic
regulation, direct evidence in human immune cells remains limited. Further integrative studies are required to
support the development of microbiome-informed biomarkers and therapeutic strategies.

KEYWORDS: Gut microbiota, immune epigenetics, cytokine regulation, chromatin remodeling, microbial metabo-
lites, short-chain fatty acids, regulatory T cells, NF-xB signaling

1 Introduction Among the most influential environmental deter-
minants of cytokine epigenetic programming is the
gut microbiota. The trillions of microorganisms col-
onizing the gastrointestinal tract contribute not only
to digestion and metabolic homeostasis but also to
the development, education, and functional tuning of
the immune system [3,4]. This effect is mediated in
part through a diverse repertoire of microbial metabo-
lites, including short-chain fatty acids (SCFAs) and
other bioactive compounds, which act locally within
the intestinal mucosa and exert systemic immunomod-
ulatory and epigenetic effects after entering the

Cytokines are central mediators of immune commu-
nication, orchestrating inflammatory responses, tissue
repair, and immune homeostasis. Their expression
is tightly regulated not only by canonical signal-
ing pathways and transcription factors but also
by epigenetic mechanisms that determine chromatin
accessibility and transcriptional competence at pro-
moters and enhancers. Among these mechanisms,
post-translational histone modifications and DNA

methylation are particularly important, as they enable
immune cells to integrate environmental stimuli into
stable yet dynamic transcriptional programs [1,2].

circulation [5]. Consequently, the microbiota is increas-
ingly recognized as an active regulator of host gene
expression and inflammatory tone [6].
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A growing body of evidence indicates that one
of the principal mechanisms through which the gut
microbiota shapes immune responses is the modula-
tion of host epigenetic pathways [7]. In this context,
microbiota-derived metabolites—such as SCFAs, bile
acid derivatives, and tryptophan catabolites—have
attracted particular interest for their ability to influence
histone acetylation, histone methylation, chromatin
accessibility, and indirectly DNA methylation [§].
These interactions provide a mechanistic framework
linking microbial composition and metabolic activity
to cytokine gene regulation, immune tolerance, and
susceptibility to inflammatory diseases [9]. Among
these metabolites, SCFAs—particularly butyrate—
represent the best-characterized link between microbial
activity and immune epigenetic regulation [10,11].
Experimental studies have demonstrated that butyrate
promotes regulatory T-cell differentiation and mod-
ulates macrophage inflammatory responses through
histone deacetylase inhibition, while additional work
suggests that SCFAs can also influence histone
crotonylation, further expanding the spectrum of
chromatin-based regulatory mechanisms [12,13].

Mechanistic understanding of how microbial
signals are transduced into cytokine gene chromatin
changes has been significantly advanced by high-

throughput epigenomic technologies, particularly
chromatin  immunoprecipitation  followed by
sequencing (ChIP-seq), which enables genome-

wide mapping of histone marks and transcription
factor occupancy at regulatory regions [l14].
Comparative studies in germ-free, antibiotic-treated,
and microbiota-reconstituted models have provided
compelling evidence that microbial colonization
shapes the chromatin landscape at immune regulatory
gene loci—including cytokine gene promoters and
enhancers—in ways that influence both the magnitude
and quality of cytokine responses [15,16]. However, the
available evidence remains heterogeneous. Although
experimental models provide strong proof of concept,
direct, locus-specific epigenomic evidence linking
defined microbial metabolites to specific cytokine gene
regulatory elements, particularly in human tissues,
is still limited and represents an evolving area of
investigation [7-9].

Against this background, the present review exam-
ines the cytokine—epigenetic interface of gut microbiota
biology, with a particular focus on chromatin-based
mechanisms and the insights provided by ChIP-seq
and related epigenomic approaches. We discuss the
major classes of microbiota-derived metabolites that
may shape cytokine-associated chromatin states, the
current level of evidence supporting these interactions,
the tissue-specific dimensions of microbiota-driven
epigenetic programming, and the potential clinical
implications for inflammatory disease biomarkers and
therapeutic targeting of the microbiota—cytokine epige-
netic axis. Throughout, we distinguish between findings
supported by direct experimental evidence and those
that remain mechanistically plausible but not yet
fully validated.
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2 Methods

This narrative review summarizes current evidence
on gut microbiota-mediated epigenetic regulation
of cytokine gene expression, with particular
emphasis on findings derived from chromatin
immunoprecipitation sequencing (ChIP-seq) and
related epigenomic approaches.

A comprehensive literature search was conducted
in PubMed to identify relevant studies published
between April 2021 and March 2026. Selected land-
mark studies published before this period were also
included when they provided essential mechanistic
background, methodological context, or historical
evidence for foundational concepts such as microbiota-
derived SCFAs, regulatory T-cell differentiation, DNA
methylation, and ChIP-seq methodology.

Because this was designed as a narrative mech-
anistic review rather than a systematic review, no
formal risk-of-bias assessment or meta-analysis was
performed. The search strategy was used to identify
representative mechanistic, translational, and recent
review literature. Priority was given to studies providing
direct epigenomic evidence, followed by studies report-
ing metabolite-dependent cytokine regulation with
plausible epigenetic mechanisms. The search strategy
combined Medical Subject Headings (MeSH) and free-
text terms using Boolean operators, as follows: (“gut
microbiota” OR microbiome) AND (cytokine OR
“cytokine production”) AND (epigenetics OR “his-
tone modification”). This search yielded 247 records
(figure 1).

In addition, the reference lists of all retrieved arti-
cles were manually screened to identify further relevant
studies not captured by the initial search.

Studies were considered eligible if they investigated
chromatin-level regulatory mechanisms—such as
histone modifications, transcription factor occupancy,
or DNA methylation—in the context of host-
microbiota immune interactions. Particular emphasis
was placed on studies employing ChIP-seq or other
high-throughput epigenomic techniques.

Exclusion  criteria  comprised non-English
publications, editorials or opinion articles lacking
primary data, and studies with insufficient
methodological transparency.

Given the narrative nature of this review, the
available evidence was synthesized qualitatively, with
emphasis on studies providing mechanistic insights into
epigenetic regulation of cytokine expression in the con-
text of host-microbiota interactions.

3 Microbiota-Derived Metabolites as Modulators of
Cytokine Gene Chromatin and Immune Programs

Emerging evidence positions the gut microbiota as
a central regulator of host immune transcriptional
programs through epigenetic mechanisms, including
histone modifications, DNA methylation, and
higher-order chromatin remodeling [15]. These
microbiota-sensitive pathways are dynamically shaped
by environmental factors such as diet, antibiotic
exposure, and host metabolic state, which collectively
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Figure 1: Modified PRISMA-style flow diagram of the literature search and study selection process. The diagram summarizes the
PubMed database search, manual screening of reference lists, eligibility assessment, exclusion criteria, and final inclusion of studies in
this narrative review on gut microbiota—driven epigenetic regulation of cytokine gene expression. Because this study is a narrative review,
additional landmark studies published before the predefined search period were included when they provided essential mechanistic
background. No formal risk-of-bias assessment or meta-analysis was performed.

influence microbial composition and metabolite as bioactive signaling molecules that integrate
availability [16] (table 1). In this context, microbiota- environmental cues into cytokine gene regulation and
derived metabolites are increasingly recognized immune-cell state transitions [17] (figure 2).

Table 1
Major microbial metabolites involved in cytokine epigenetic regulation: source microorganisms, molecular mechanisms, cytokine
targets, and immunological effects

Microbial Source bacteria Epigenetic Target Cytokines affected Functional References
metabolite mechanism (chromatin/TF) outcome
Butyrate (SCFA) Faecalibacterium, HDAC inhibition 4 histone | TNF-q, IL-6, Anti- [5,18,19]
Roseburia acetylation; | IL-1B; ¢ IL-10 inflammatory,
NF-xB p65 Treg induction
activity
Propionate/Acetate  Various anaerobes ~ GPCR signaling + GPR41/43 4 IL-10 Immune [5,19]
indirect epigenetic pathways regulation
effects
Secondary bile Microbiota- FXR activation — NF-xB repression J} TNF-a, IL-6 Anti- [20,21]
acids modified Co-Tepressor inflammatory
recruitment
Tryptophan Commensal AhR activation Chromatin 4+ 1L-22; | IL-17A  Barrier protection [22,23]
metabolites (IAA, bacteria remodeling
1Ald) (inferred)
Folate/B vitamins Bifidobacterium, DNA methylation CpG methylation 1 IL-10, TGF-B Stable Treg [24,25]
Lactobacillus (SAM production) (FOXP3 TSDR) phenotype

Note: Abbreviations: AhR-aryl hydrocarbon receptor; CpG—cytosine-phosphate-guanine; DNA-deoxyribonucleic acid; FOXP3-forkhead box P3; FXR-
farnesoid X receptor; GPCR-G protein-coupled receptor; HDAC-histone deacetylase; IAA-indole-3-acetic acid; IAld-indole-3-aldehyde; IL-interleukin;
NF-kB-nuclear factor kappa B; p65-RelA subunit of NF-kB; SAM-S-adenosylmethionine; SCFA-short-chain fatty acid; TF-transcription factor; TGF-p—
transforming growth factor beta; TNF-o—tumor necrosis factor alpha; Treg-regulatory T cell; TSDR-Treg-specific demethylated region.
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3.1 Short-Chain Fatty Acids as Multifunctional
Epigenetic Regulators

SCFAs—acetate, propionate, and butyrate—produced
through microbial fermentation of dietary fiber rep-
resent the most extensively characterized link between
microbiota metabolism and epigenetic regulation of
cytokine gene expression [26]. Among these, butyrate
is a potent inhibitor of class I histone deacetylases
(HDACI1, HDAC2, HDAC3, and HDACS), lead-
ing to globally increased histone acetylation at gene
regulatory elements [27]. Importantly, while HDAC
inhibition is broadly associated with transcriptional
activation, the anti-inflammatory effects of butyrate on
cytokine expression are largely mediated through indi-
rect and context-dependent mechanisms rather than
direct repression at pro-inflammatory loci [19].

Mechanistic studies indicate that class | HDACs—
including HDAC3—regulate the acetylation state of
the NF-xB p65 subunit, with downstream effects
on its DNA binding and nuclear localization [28].
Acetylation-dependent interactions with IxBo further
influence nuclear export, providing a mechanistic basis
by which HDAC inhibition by butyrate may mod-
ulate NF-kB-dependent cytokine transcription and
promoter occupancy [29,30]. These effects are accom-
panied by increased production of anti-inflammatory
cytokines such as IL-10 and by the promotion of
regulatory T-cell (Treg) differentiation, underscoring
the role of SCFAs in establishing tolerogenic immune
states [31,32].

Beyond classical histone acetylation, recent evi-
dence expands the epigenetic scope of SCFA action
to include alternative acylation-dependent chromatin

modifications, such as histone crotonylation and lacty-
lation, which have been implicated in trained immunity
and inflammatory memory [18]. Additionally, SCFAs
can modulate chromatin accessibility through effects
on histone acetyltransferase complexes, including the
Tip60 complex, suggesting that microbial metabo-
lites influence transcription through multiple, partially
overlapping chromatin-based mechanisms [33].

Propionate and acetate further contribute to
cytokine regulation through G-protein-coupled
receptor signaling (GPR41, GPR43), providing an
additional layer of integration between metabolic
and transcriptional regulation [27]. Notably, reduced
SCFA production in dysbiotic states—associated
with depletion of butyrate-producing taxa such
as Faecalibacterium and Roseburia—correlates
with impaired immune regulation [34]. However,
while functional effects on cytokine output are well
established, comprehensive genome-wide mapping
of SCFA-induced histone modifications at specific
cytokine loci remains relatively limited, particularly in
human tissues [35].

3.2 Tryptophan Metabolism and Aryl Hydrocarbon
Receptor—Dependent Chromatin Regulation

Microbial catabolism of dietary tryptophan generates
a diverse set of indole derivatives that act as ligands
for the host aryl hydrocarbon receptor (AhR), thereby
linking microbial metabolism to cytokine regulation
and mucosal immune homeostasis [36]. Activation
of AhR by metabolites such as indole-3-acetic acid
and indole-3-aldehyde promotes IL-22 production,
enhances epithelial barrier integrity, and modulates the
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balance between Th17- and Treg-associated cytokine
programs, including IL-17A [22].

At the chromatin level, AhR signaling has been
associated with context-dependent remodeling of
cytokine gene regulatory regions, including changes in
histone modification patterns and transcription factor
occupancy [28]. Although much of the mechanistic
insight derives from experimental systems, recent
evidence indicates that microbiota-derived tryptophan
metabolites can exert epigenetic control over immune
effector functions, including CD8" T-cell-mediated
antitumor responses [l]. These findings support a
model in which AhR-dependent pathways integrate
environmental and microbial cues into durable
transcriptional programs, although systematic ChIP-
seq—based mapping of cytokine loci in this context
remains an area of active investigation [23].

3.3 Bile Acid Metabolites and Nuclear
Receptor—-Mediated Chromatin Remodeling

Microbiota-dependent bile acid metabolism repre-
sents an additional regulatory axis through which
microbial activity modulates cytokine gene expression
and associated chromatin states [37]. Secondary bile
acids, including deoxycholate and lithocholate, sig-
nal through nuclear receptors such as the farnesoid
X receptor (FXR) and related transcriptional reg-
ulators, modulating immune-cell differentiation and
cytokine production [21]. FXR activation has been
shown to suppress NF-kB-dependent transcription of
pro-inflammatory cytokines through recruitment of
co-repressor complexes to gene promoters, implicat-
ing bile acid signaling in chromatin-level regulation of
inflammatory pathways [38].

Recent studies further suggest that microbiota-
derived bile acid metabolites influence lineage
specification along Treg and Th17 pathways, thereby
indirectly shaping cytokine output through effects
on immune-cell identity [39]. While these findings
provide strong evidence for functional immune
modulation, direct epigenomic mapping of bile acid—
induced chromatin changes at specific cytokine gene
loci remains comparatively limited [40]. Dysbiosis-
associated alterations in bile acid composition may
therefore contribute to a chromatin environment
permissive for inflammatory gene expression, though
the extent to which this mechanism operates in human
disease requires further clarification [41].

3.4 One-Carbon Metabolism and DNA Methylation at
Cytokine Gene Promoters

In addition to histone-based mechanisms, microbiota-
derived metabolites influence cytokine gene regulation
through effects on DNA methylation [24,42].
Several commensal bacterial taxa, particularly
Bifidobacterium and Lactobacillus, contribute to
host one-carbon metabolism by synthesizing folate
and B vitamins required for the generation of S-
adenosylmethionine (SAM), the universal methyl
donor for DNA methyltransferases [43]. Through
this pathway, the microbiota can modulate CpG

methylation patterns at gene regulatory regions,
including cytokine gene promoters [7].

A paradigmatic example is the FOXP3 locus,
which contains a Treg-specific demethylated region
(TSDR/CNS?2) essential for stable Foxp3 expression
and maintenance of a tolerogenic cytokine profile
characterized by IL-10 and TGF-B production [44].
Microbiota-derived metabolic inputs appear to con-
tribute to the maintenance of permissive methylation
states at this locus, thereby supporting stable Treg iden-
tity [19]. Conversely, dysbiosis-associated impairment
of microbial metabolite production may disrupt SAM
availability and alter DNA methylation landscapes,
potentially affecting cytokine gene expression [25].
However, direct causal links between specific micro-
bial taxa, CpG methylation changes, and cytokine
gene regulation in human tissues remain incompletely
defined [45] (table 1).

4 ChIP-Seq and Epigenomic Evidence: Microbiota
Shapes Cytokine Chromatin Landscapes

Accumulating evidence from epigenomic studies indi-
cates that the gut microbiota shapes cytokine gene
regulation through chromatin-based mechanisms with
direct implications for immune function and disease [6].

Asdiscussed in Section 3.1, SCFA-mediated HDAC
inhibition represents the best-characterized mechanism
linking microbial metabolites to cytokine epigenetic
regulation. Here, we focus specifically on the epige-
nomic evidence demonstrating how these mechanisms
are reflected at cytokine-associated chromatin loci [1].

Although inhibition of histone deacetylases
(HDAC:S) by SCFAs represents the best-characterized
mechanism linking microbial metabolites to cytokine
regulation, histone acetylation is dynamically
controlled by the coordinated activities of both
histone deacetylases and histone acetyltransferases
(HATs). HATs catalyze the addition of acetyl
groups to lysine residues on histone tails, thereby
promoting chromatin accessibility and transcriptional
activation [33]. While direct evidence linking gut
microbiota-derived metabolites to HAT activity
remains limited, the balance between HAT- and
HDAC-mediated histone acetylation is recognized as a
fundamental regulator of cytokine gene expression and
immune-cell differentiation [18]. Whether microbial
metabolites  directly modulate HAT-dependent
chromatin remodeling in human immune cells remains
to be established [19].

High-throughput approaches, particularly chro-
matin immunoprecipitation followed by sequencing
(ChIP-seq), together with germ-free and microbiota-
perturbation models, have enabled the identification of
microbiota-sensitive epigenetic signatures at immune
regulatory loci [46]. These findings provide a mech-
anistic framework linking microbial composition and
metabolite availability to cytokine expression programs
and, ultimately, to clinical phenotypes [47]. A sum-
mary of microbiota-dependent epigenetic regulation of
cytokine loci is provided in rable 2.
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Table 2
Microbiota-driven epigenomic regulation of cytokine gene programs

Eur Cytokine Netw. 2026;37(3)

Cytokine/ Microbial Epigenetic Chromatin Experimental model Epigenomic Functional References
Axis signal mechanism target evidence outcome
TNF-a, SCFAs HDAC inhibition; | NF-kB (p65)  In vitro cell models; HDAC | pro- [48-51]
IL-6, IL-1B  (butyrate) increased histone promoter mouse models inhibition assays  inflammatory
acetylation; occupancy cytokines
increased NF-xB
(p65) acetylation
IL-17A SCFAs; Histone acetylation RORyt- Germ-free mice; Indirect JIL-17A, | [52-54]
(Th17) AhR changes associated associated microbial chromatin Th17
ligands with Th17 gene loci supplementation  evidence; limited  differentiation
regulation models locus-specific
analyses
IL- SCFAs Histone FOXP3 Mouse models; Locus-specific 1 Treg stability, [55-57]
10/FOXP3 hyperacetylation; promoter + mechanistic studies chromatin +1L-10
(Treg) increased FOXP3 TSDR analyses;
promoter/TSDR FOXP3
accessibility acetylation
studies
TGF-B Commensal Epigenetic Regulatory Experimental No consistent ~ Maintenance of [58,59]
microbiota regulation cytokine loci models; locus-specific immune
associated with observational ChIP-seq tolerance
immune tolerance studies evidence
(no locus-specific
modification
consistently
demonstrated)
Global Microbiota DNA methylation + Multiple Animal models; ChIP- Immune [6,46,60,61]
immune composition  altered chromatin immune loci human cohort seq/ATAC-seq;  programming
epigenome accessibility studies genome-wide
epigenomic
profiling
FOXP3- SCFAs + Locus-specific FOXP3 TSDR Animal models; Locus-specific Treg/Thl7 [62-65]
RORyt diet chromatin VS. clinical studies chromatin balance
axis remodeling; Th17-associated analyses;
differential histone loci selected
acetylation ChIP-based
studies

Note: AhR, aryl hydrocarbon receptor; ATAC-seq, Assay for Transposase-Accessible Chromatin using sequencing; ChIP, chromatin immunoprecipitation; ChIP-
seq, chromatin immunoprecipitation sequencing; FOXP3, forkhead box P3; HDAC, histone deacetylase; IL, interleukin; NF-kB, nuclear factor kappa B; RORyt,
retinoic acid receptor-related orphan receptor gamma t; SCFAs, short-chain fatty acids; TGF-B, transforming growth factor beta; Th17, T helper 17; TNF-a,
tumor necrosis factor alpha; Treg, regulatory T cell; TSDR, Treg-specific demethylated region.

4.1 Pro-Inflammatory Cytokine Loci: TNF-a, IL-6,
IL-1B, and IL-17 A and Microbiota-Dependent
Chromatin Remodeling

Epigenomic analyses have begun to delineate how
microbiota-derived signals influence the chromatin
landscape at pro-inflammatory cytokine loci, including
TNEF, IL6, IL1B, and IL17A [51,60]. Early integrative
studies combining microbiota profiling with ChIP-seq
in intestinal biopsies demonstrated that dysbiosis is
associated with altered histone modification patterns at
immune regulatory gene regions, supporting the con-
cept of a microbiota-sensitive epigenetic signature in
inflammatory disease [01].

Consistent with the mechanistic framework out-
lined in Section 3.1, epigenomic studies demonstrate
that SCFA-mediated HDAC inhibition is accompa-
nied by altered chromatin accessibility and reduced
NF-kB occupancy at pro-inflammatory cytokine loci.
ChIP-seq studies have provided evidence of changes in
histone modifications and transcription factor occu-
pancy, while chromatin accessibility is more directly
assessed using approaches such as ATAC-seq [48-50].

For IL17A, the defining cytokine of Thl17 cells,
evidence from germ-free and SCFA-supplemented
models supports a microbiota-dependent restriction
of Th17 differentiation and cytokine production [52].
Tryptophan-derived metabolites acting through the
aryl hydrocarbon receptor (AhR) further modulate
the Th17/Treg balance, with functional suppression of
IL-17A expression [53]. While mechanistic data from
experimental systems support chromatin-level regula-
tion at Thl7-associated loci, comprehensive ChIP-seq
mapping of these effects in primary human immune
cells remains limited, highlighting an important gap in
translational epigenomics [66].

4.2 Tolerogenic Cytokine Programs: Epigenetic
Regulation of IL-10, TGF-B, and FOXP3

The most compelling evidence for microbiota-driven
epigenetic programming is observed in tolerogenic
cytokine pathways. Building on the mechanisms
described in Sections 3.1 and 3.4, the strongest
epigenomic evidence currently available concerns

tolerogenic cytokine programs centered on FOXP3
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and regulatory T cells [55]. This process is associated
with demethylation of the FOXP3 TSDR/CNS2
region, a key epigenetic feature of stable FOXP3
expression and Treg lineage commitment, together
with permissive histone modifications at the FOXP3
locus that support transcriptional activation resulting
in increased chromatin accessibility [56]. Consistent
with these findings, germ-free models exhibit reduced
Treg frequency and diminished IL-10 production,
both of which can be partially restored by SCFA
supplementation [59]. These observations support a
direct link between microbiota-derived metabolites,
chromatin remodeling, and the establishment of
tolerogenic cytokine programs [64].

TGF-B  expression similarly appears to
be supported by commensal colonization,
contributing to immune homeostasis within mucosal
environments [58]. In parallel, early-life microbial
exposure has been implicated in shaping chromatin
states at additional cytokine loci, including those
involved in Th2 responses, although direct locus-
specific epigenomic evidence in defined human immune
subsets remains incomplete [67,68].

4.3 The FOXP3—RORt Chromatin Axis and Immune
Balance

The reciprocal regulation of Treg and Thl7 cell
programs represents a central microbiota-dependent
epigenetic axis with direct relevance to cytokine
balance [62]. As discussed above, SCFA-dependent reg-
ulation of the FOXP3 locus provides the mechanistic
basis for the reciprocal balance between Treg and Th17
programs [55].

This dual effect is not merely a consequence of
global HDAC inhibition but reflects selective sen-
sitivity of key regulatory loci to microbiota-derived
signals [63]. In particular, the FOXP3 TSDR region
exhibits a high degree of epigenetic plasticity in
response to SCFAs, supporting stable Treg identity
and sustained production of IL-10 [57]. Concurrently,
inhibition of Th17 differentiation is associated with
reduced IL-17A expression and altered chromatin
accessibility at Th17-related gene loci [54].

Dietary modulation of the microbiota further
reinforces this axis: high-fiber diets that increase
colonic SCFA concentrations are consistently asso-
ciated with enhanced Treg frequency and reduced
pro-inflammatory cytokine production, illustrating the

translation of microbial metabolic inputs into measur-
able immune outcomes [65].

4.4 Complementary Epigenomic Approaches:
ChlIP-Seq, ATAC-Seq, and DNA Methylation
Analysis

Although ChIP-seq has greatly advanced our
understanding  of  microbiota-driven  cytokine
regulation, it captures only one component of the
epigenetic landscape. Complementary approaches such
as ATAC-seq and DNA methylation profiling provide
additional information that improves the interpretation
of microbiota-induced immune programming [6]. The
principal characteristics, strengths, and limitations
of these epigenomic approaches are summarized in
table 3. ChIP-seq identifies histone modifications
and transcription factor occupancy at cytokine
regulatory regions, whereas ATAC-seq maps chromatin
accessibility and detects regulatory elements that
are permissive for gene transcription [46,60]. In
contrast, DNA methylation analysis identifies stable
CpG methylation patterns associated with long-term
regulation of immune-cell identity and cytokine
expression, including the FOXP3 TSDR region that
supports regulatory T-cell stability [55-57]. Because
these methods interrogate different layers of epigenetic
regulation, they should be considered complementary
rather than interchangeable [01]. Integrating ChIP-
seq with ATAC-seq, DNA methylation profiling,
and emerging single-cell multi-omic technologies
will provide a more comprehensive understanding
of how microbiota-derived signals shape cytokine-
associated chromatin landscapes and may facilitate
the identification of clinically relevant epigenetic
biomarkers [14].

5 Tissue-Specific Cytokine Epigenetic Programming

5.1 Intestinal Immune Cells

Lamina propria macrophages and dendritic cells rep-
resent key antigen-presenting cells within the intestinal
mucosa, where they interact closely with commensal
microbiota and contribute to the regulation of immune
responses, including cytokine production and T-cell
differentiation [68] (figure 3). Evidence from germ-
free and antibiotic-treated animal models indicates that
the loss of microbial-derived signals results in dimin-
ished interleukin-10 (IL-10) production and heightened

Table 3
Comparison of major epigenomic methods used to investigate cytokine-associated epigenetic regulation and chromatin architecture

Method Primary information Strengths Main limitations Representative
references
ChIP-seq Histone modifications Identifies locus-specific regulatory Requires high-quality antibodies, [14,46,61]
and transcription factor mechanisms and active regulatory relatively large cell numbers, and does not
occupancy elements directly assess chromatin accessibility
ATAC-seq  Chromatin accessibility High sensitivity; identifies open Does not identify specific histone [60,61]

chromatin and regulatory elements

modifications or transcription factor
occupancy
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Figure 3: Immune modulation and cytokine regulation. Major immune cell subsets and cytokine profiles involved in microbiota-mediated
immune regulation. This schematic summarizes the principal T helper (Th) cell subsets and tolerogenic dendritic cell (DC)-mediated
regulatory pathways involved in maintaining intestinal immune homeostasis. Thl cells predominantly produce interferon gamma
(IFN-y), interleukin (IL)-2 and tumor necrosis factor (TNF), thereby promoting immunity against intracellular pathogens. Th2 cells
secrete IL-4, IL-5, IL-6 and IL-13, contributing to barrier defense and mucosal immunity. Th17 cells produce IL-17A, IL-17F, IL-21,
and IL-22, which are essential for mucosal defense, epithelial integrity, and maintenance of intestinal homeostasis. Tolerogenic DCs
promote the differentiation of regulatory T (Treg) cells through retinoic acid and transforming growth factor beta (TGF-f), resulting
in increased production of IL-10 and TGF-f and the establishment of immune tolerance. The cytokine profiles and immune functions
illustrated are supported by experimental evidence and represent the major functional characteristics of these immune cell subsets rather
than individual intracellular signaling pathways. Conceptual illustration based on data from [39-41].

susceptibility to experimental intestinal inflamma-
tion, underscoring the essential role of the microbiota
in sustaining tolerogenic cytokine programs within
mucosal immune compartments [69,70]. Evidence that
these functional changes involve chromatin-level mod-
ifications at IL-10 and pro-inflammatory cytokine
gene loci, including alterations in histone acetyla-
tion patterns, is supported by studies demonstrating
that SCFA exposure modulates macrophage epige-
netic states [28,71]. Dendritic cells similarly exhibit
SCFA-dependent changes in cytokine gene expression,
including altered IL-10 and IL-12 production, with
evidence that histone deacetylase (HDAC) inhibition
modulates their capacity to prime T cell cytokine
responses [72,73].

In intestinal epithelial cells (IECs), studies in germ-
free models have demonstrated altered expression
of barrier-associated cytokines, including interleukin-
18 (IL-18), indicating that microbial colonization
is required for the proper regulation of epithelial
cytokine gene expression [74]. Whether these functional
changes reflect direct chromatin-level modifications
at cytokine gene regulatory elements in intestinal
epithelial cells—detectable by approaches such as
ChIP-seq—rather than indirect transcriptional effects
remains an important mechanistic question that war-
rants further investigation [75].

5.2 Hepatic Cytokine Regulation

The liver receives gut-derived microbial metabolites via
the portal circulation and represents a key immuno-
logical interface where microbiota-driven signals shape
cytokine production and immune programming [76]. In

the setting of dysbiosis-associated metabolic liver dis-
ease, hepatic Kupffer cells adopt a pro-inflammatory
phenotype characterized by increased production of
cytokines such as TNF-o and I1L-1B, thereby contribut-
ing to the inflammatory milieu that drives hepatic
inflammation and fibrogenesis [77,78]. In parallel,
impairment of regulatory pathways, including reduced
IL-10 production and loss of tolerogenic Kupffer
cell polarization, further amplifies hepatic immune
dysregulation [79]. Microbial-derived ligands such as
lipopolysaccharide activate Toll-like receptor signaling
pathways, reinforcing NF-kB-mediated cytokine pro-
duction [80].

Disruption of microbiota-derived secondary
bile acid homeostasis impairs FXR-dependent
repression of NF-xB signaling, thereby promoting pro-
inflammatory cytokine transcription in hepatocytes
and Kupffer cells [38]. In addition, hepatic stellate
cells respond to this pro-inflammatory environment
by promoting fibrogenic activation, linking immune
dysregulation to structural liver remodeling. Evidence
from hepatic chromatin remodeling studies indicates
that bile acid signaling influences the epigenetic state
of metabolic and immune regulatory gene regions,
including those governing cytokine expression [81,82].
These findings support the concept that microbiota-
derived bile acid metabolites shape cytokine-associated
chromatin landscapes in hepatic immune cells,
although the specific histone modification changes at
individual pro-inflammatory cytokine gene promoters
in response to defined bile acid signals require further
direct characterization in human liver tissue [83].
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5.3 Systemic Immune Cell Programming

Emerging evidence indicates that microbiota-derived
signals can systemically influence cytokine gene expres-
sion patterns in circulating immune cells [84]. Gut
microbiota dysbiosis has been associated with altered
expression of immune regulatory genes in periph-
eral blood cells [85]. These alterations may involve
peripheral immune cell subsets, including mono-
cytes and T lymphocytes, and could be mediated
in part by microbiota-derived metabolites such as
SCFAs [86]. Notably, SCFAs, particularly butyrate,
can function as histone deacetylase inhibitors, thereby
modulating chromatin accessibility and cytokine gene
transcription [87].

Whether these transcriptional differences reflect
direct epigenetic modification of cytokine gene
chromatin in circulating immune cells—mediated by
systemic metabolite levels—or are secondary to altered
immune cell trafficking and activation from intestinal
sites remains an important mechanistic question [88].
These observations are consistent with the concept
of trained immunity, in which microbiota-derived
signals drive sustained functional reprogramming of
innate immune cells through integrated metabolic and
epigenetic mechanisms [89,90].

Definitive resolution of this question will require
genome-wide ChIP-seq profiling of cytokine gene
loci across peripheral immune cell subsets in human
subjects exposed to well-characterized microbiota per-
turbations [66].

Collectively, microbiota-derived signals regulate
cytokine expression across tissues through epigenetic
mechanisms that integrate metabolic cues into context-
specific immune responses (fable 4).

6 Temporal Dynamics and Epigenetic Memory at
Cytokine Loci

6.1 Acute Versus Persistent Cytokine Chromatin
Changes

Experimental evidence indicates that SCFA-mediated
epigenetic changes at immune regulatory gene loci can
occur rapidly, consistent with the kinetics of HDAC
inhibition, and may influence cytokine gene transcrip-
tion within hours of exposure [24,91].

At the other temporal extreme, studies in antibiotic-
treated animal models suggest that dysbiosis-associated
chromatin alterations at immune regulatory loci may
persist even after microbiota recovery, indicating a
potential for epigenetic “memory” of prior microbial
perturbation [15,89].

Whether such persistent changes specifically
affect cytokine gene promoters—including H3K4me3
enrichment at TNF-o, IL-18, or other pro-
inflammatory loci—and contribute to the chronicity of
microbiota-associated inflammatory diseases remains
to be determined. While this hypothesis is biologically
plausible and supported by analogous findings in other
inflammatory contexts, it requires direct longitudinal
ChIP-seq investigation at defined cytokine gene
loci [9]. The temporal dynamics of microbiota-induced
epigenetic changes and their potential long-term
consequences are summarized in figure 4.

6.2 Developmental Windows for Cytokine Chromatin
Programming

Early life represents a critical window for microbiota-
mediated immune programming with long-term
consequences [92,93].

Developmental colonization studies demonstrate
that neonatal microbial exposure shapes immune sys-
tem maturation and cytokine response capacity in
ways that are not fully recapitulated by later-life
colonization [94].

Table 4
Tissue-specific microbiota-driven cytokine epigenetic regulation

Tissue Cell types Microbial signals Epigenetic mechanism Cytokines Functional References
affected outcome
Intestine Macrophages, SCFAs HDAC inhibition — 1 histone 4 IL-10, | IL-12 Immune [28,71-73]
DCs acetylation tolerance
Intestine IECs Microbiota- Putative chromatin regulation IL-18 Barrier [74,75]
(epithelium) derived (inferred) homeostasis
signals
Liver Kupfter cells LPS, bile acids FXR-mediated recruitment of 4 TNF-o, IL-1B  Inflammation [80-82]
co-repressors and reduced
histone acetylation at NF-xB
target loci
Liver Hepatocytes Bile acids Nuclear receptor—mediated TNF-a, IL-6, Fibrogenesis [38,76,77]
chromatin remodeling IL-1B, CCL2
(MCP-1)
Systemic Monocytes, T SCFAs HDAC inhibition — altered TNF-a, IL-1B, Trained [86,87,89,90]
cells chromatin accessibility IL-6, IL-10 immunity

Note: CCL2, C-C motif chemokine ligand 2; DCs, dendritic cells; FXR, farnesoid X receptor; HDAC, histone deacetylase; IECs, intestinal epithelial cells; IL,
interleukin; LPS, lipopolysaccharide; MCP-1, monocyte chemoattractant protein-1; NF-xB, nuclear factor kappa B; SCFAs, short-chain fatty acids; TNF-a,

tumor necrosis factor alpha.
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Figure 4: Temporal progression of microbiota-induced epigenetic regulation, from acute responses to persistent immune reprogramming
and potential long-term consequences. Conceptual illustration based on data from [9-11].

The establishment of durable cytokine immune set-
points by early microbiota likely involves epigenetic
programming at cytokine gene loci during critical
developmental windows [92]. This concept is supported
by experimental evidence showing that early-life SCFA
exposure promotes Treg differentiation and tolerogenic
cytokine programs [95].

Additionally, animal models indicate that maternal
gut dysbiosis can influence offspring immune develop-
ment and inflammatory susceptibility. This raises the
hypothesis that microbiota-derived maternal metabo-
lites may shape fetal immune chromatin states during
gestation [96,97].

However, direct ChIP-seq evidence supporting
this mechanism in fetal immune tissues is currently
lacking. Addressing this gap represents an important
translational objective, particularly in the context
of immune-mediated complications of high-risk
pregnancy, such as recurrent pregnancy loss
and preeclampsia, where cytokine balance and
maternal-fetal immune tolerance are central to
pathogenesis [98,99].

Critical developmental windows for microbiota-
driven cytokine chromatin programming are illustrated
in figure 5.

7 Clinical Perspectives

7.1 Cytokine Chromatin Signatures as Potential
Biomarkers

The mechanistic evidence linking microbiota
composition to cytokine gene chromatin states raises

the possibility that histone modification patterns at
cytokine gene loci could serve as novel biomarkers
of microbiota-associated inflammatory disease [100].
Emerging evidence suggests that microbiota-sensitive
epigenetic signatures—reflecting chromatin changes
at immune regulatory loci associated with dysbiotic
microbial composition—may be detected in intestinal
biopsies from Crohn’s disease patients, supporting the
potential of mucosal epigenetic profiling as a readout
of microbiota—immune interactions [61,101,102].
Broader epigenomic approaches—including ATAC-
seq profiling of chromatin accessibility at cytokine
gene regulatory elements—have similarly shown
correlations with gut microbiota composition and
inflammatory disease activity [103,104]. DNA
methylation profiling at the FOXP3/TSDR locus in
intestinal biopsies or peripheral blood reflects Treg
functional status and has been explored in the context
of inflammatory bowel disease [105,106].

Compared with currently established inflammatory
biomarkers, such as circulating cytokines, C-reactive
protein (CRP), and conventional immune-cell phe-
notyping, cytokine-associated epigenetic biomarkers
may provide complementary information by reflecting
relatively stable regulatory states rather than tran-
sient inflammatory responses. This characteristic could
improve disease stratification, prognosis, and thera-
peutic monitoring [47]. However, several important
challenges remain before clinical implementation can
be achieved. Epigenetic signatures are highly dependent
on tissue and cell type, exhibit substantial inter-
individual variability, and are influenced by age, diet,
medications, environmental exposures, and disease
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Figure 5: Developmental windows for microbiota-driven cytokine chromatin programming. Conceptual illustration showing the
sequential stages of microbiota-mediated immune and epigenetic programming from pregnancy to adulthood. During pregnancy,
maternal microbiota-derived metabolites may influence fetal immune development through placental transfer, potentially initiating
epigenetic programming of cytokine-associated chromatin. In the neonatal period, early microbial colonization and microbiota-derived
metabolites, including short-chain fatty acids (SCFAs) and aryl hydrocarbon receptor (AhR) ligands, contribute to epigenetic regulation
of immune cells through mechanisms such as histone modifications and DNA methylation. During early childhood, these processes
promote immune education, regulatory T-cell differentiation, and stabilization of cytokine immune set-points. In adulthood, a balanced
microbiota supports immune homeostasis and maintenance of tolerogenic cytokine programs, whereas dysbiosis may contribute to
persistent inflammatory responses and altered epigenetic regulation. Conceptual illustration based on data from [92-99]. Abbreviations:

Ac, acetylation; Me, methylation.

stage. In addition, the lack of standardized sample
processing, analytical pipelines, and validation across
independent cohorts currently limits reproducibil-
ity [60,61]. Consequently, large prospective multicenter
studies integrating microbiome, epigenomic, and clin-
ical data will be required before cytokine-associated
epigenetic biomarkers can be considered for routine
clinical use [47].

These findings are encouraging, but it is important
to note that the translation of cytokine chromatin sig-
natures into validated clinical biomarkers remains at an
early stage [107]. Concepts such as using the ratio of
histone marks at tolerogenic versus pro-inflammatory
cytokine gene loci as a diagnostic index, or applying
ChlIP-seq-based epigenetic profiling of patient sam-
ples to guide individualized therapy selection, represent
promising future directions rather than established
clinical applications, as current evidence supports the
translational potential of epigenetic biomarkers but
highlights the need for large-scale clinical valida-
tion [108,109]. Realizing this potential will require
prospective human cohort studies with integrated
microbiota and epigenomic profiling, the establishment
of validated and standardized methodologies for rou-
tine epigenomic analysis of clinical biopsy samples, and
robust evidence demonstrating clinical utility beyond
research settings [110].

7.2 Microbiome-Informed Therapeutic Strategies:
Potential and Limitations

The microbiota—cytokine epigenetic axis constitutes a
compelling conceptual framework for the development
of targeted therapeutic strategies [111]. Microbiome-
based interventions—including high-fiber dietary
modulation, prebiotic supplementation, targeted
probiotic formulations enriched in SCFA-producing
taxa, and fecal microbiota transplantation (FMT)—
are designed to restore physiological metabolite profiles
and, consequently, to influence epigenetic regulation
at tolerogenic cytokine loci [112,113]. Clinical evidence
robustly supports the efficacy of FMT in achieving
remission in recurrent Clostridioides difficile infection,
while studies in inflammatory bowel disease (IBD)
have demonstrated heterogeneous, yet in some cases
clinically meaningful, therapeutic responses [l14].
Notwithstanding these observations, it remains
unclear to what extent such clinical improvements
are accompanied by normalization of cytokine-
associated chromatin landscapes, underscoring the
need for integrative epigenomic analyses in pre- and
post-intervention tissue specimens [115].

Despite their therapeutic promise, microbiome-
based interventions also present important
safety considerations. Although fecal microbiota
transplantation (FMT) is highly effective for recurrent
Clostridioides difficile infection, its application
in immune-mediated diseases remains limited
by wvariability in donor microbiota composition,
inconsistent clinical efficacy, and the potential risk of
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Table 5
Current evidence and translational readiness of representative epigenetic biomarkers and microbiome-informed therapeutic strategies

Proposed clinical Current evidence Readiness level Clinical trial status Sample References
application type/Experimental model
FOXP3/TSDR Moderate Translational Observational human PBMCs, purified Treg [44,105,106]
methylation studies; no interventional cells, peripheral blood
clinical trials
Mucosal chromatin Emerging Research Observational human studies Intestinal mucosal [46,61,103,104]
accessibility in IBD biopsies, epithelial cells,
immune cells
ChIP-seq Weak/Emerging Speculative Preclinical/ Primary immune cells, [14,66,108]
cytokine-locus panel exploratory research PBMCs, cell culture,
animal models
Microbiome- Conceptual Preclinical/Early Mostly preclinical; limited Animal models, human [112-118]
informed epigenetic Clinical early-phase clinical studies stool samples, intestinal
therapy depending on intervention biopsies, PBMCs

Note: FOXP3, forkhead box P3; IBD, inflammatory bowel disease; PBMCs, peripheral blood mononuclear cells; Treg, regulatory T cell; TSDR, Treg-specific

demethylated region.

transmitting infectious agents or undesirable microbial
traits [101,102]. Furthermore, manipulation of the
gut microbiota may induce widespread metabolic
and immunological changes that extend beyond the
intended therapeutic targets. Similarly, epigenetic
therapies, including HDAC inhibitors, may produce
off-target chromatin modifications affecting multiple
genes and biological pathways rather than selectively
regulating cytokine-associated loci [18,33,103]. These
safety concerns highlight the need for carefully
designed clinical trials, standardized donor screening
protocols, and the development of more selective
microbiome-based and  epigenetic  therapeutic
strategies before broader clinical implementation [102].

Pharmacological approaches that recapitulate or
potentiate SCFA-mediated epigenetic modulation
represent a complementary and increasingly explored
therapeutic avenue. Histone deacetylase (HDAC)
inhibitors have demonstrated efficacy in experimental
models of IBD and other inflammatory disorders,
primarily through the regulation of cytokine gene
transcription [116]. More selective epigenetic targeting
strategies—such as HDAC3-specific  inhibition
to modulate macrophage chromatin states or
bromodomain and extraterminal (BET) protein

inhibition to disrupt H3K27ac-dependent NF-
kB-driven transcriptional programs—represent
promising emerging directions, although their

clinical translation in the context of microbiota-
driven inflammatory disease remains at an early
stage [117]. Table 5 summarizes the current evidence,
translational readiness, and clinical development
status of representative cytokine-associated chromatin
biomarkers and microbiome-informed epigenetic
therapeutic strategies.

The advancement of microbiome-informed
epigenetic therapeutics will likely depend on the
integration of individualized microbiota signatures,
cytokine-associated chromatin biomarkers, and a
refined mechanistic understanding of metabolite-
specific deficiencies driving epigenetic dysregulation in
each patient [118].

8 Limitations and Future Directions

Despite substantial progress in understanding
microbiota-driven epigenetic regulation of cytokine
gene expression, several important limitations
remain [118]. Discrepancies among published
studies likely reflect differences in experimental
models, microbial composition, host genetics, tissue
specificity, and analytical methodologies, making
direct comparison across studies challenging [6,19,47].

First, most mechanistic insights derive from animal
models or in vitro systems, while direct genome-wide
epigenomic profiling in primary human immune cells
remains limited [19]. In addition, many studies infer
chromatin-level regulation from functional readouts—
such as cytokine expression or transcription factor
activity—without direct mapping of histone modifica-
tions at specific cytokine gene loci [100].

Moreover, microbiota-derived metabolites exert
pleiotropic effects through multiple overlapping path-
ways, including receptor-mediated signaling, metabolic
rewiring, transcription factor modulation, and chro-
matin remodeling [119]. This functional complexity
complicates the attribution of cytokine outcomes to
discrete epigenetic mechanisms [120]. Furthermore,
the widespread reliance on bulk-cell analyses obscures
cell-type—specific chromatin dynamics within heteroge-
neous immune populations [121].

Technical challenges associated with human tis-
sue studies also remain a major limitation in this
field. High-quality epigenomic analyses require well-
preserved clinical specimens and sufficient numbers
of purified immune cells, which are often diffi-
cult to obtain from patients [14,46]. Furthermore,
human tissues exhibit substantial cellular hetero-
geneity, while inter-individual variability related to
disease stage, treatment, diet, and environmental
exposures further complicates data interpretation.
Techniques such as ChIP-seq and ATAC-seq also
require standardized sample processing and optimized
experimental protocols to ensure reproducibility across
studies [14,103,104]. These challenges contribute to the
current reliance on in vitro and animal models and
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underscore the need for standardized, high-resolution
epigenomic studies in primary human tissues to facili-
tate clinical translation [47,122].

An additional consideration is the potential
influence of biological sex on microbiota—epigenome
interactions. Emerging evidence suggests that
sex hormones contribute to differences in gut
microbiota  composition, microbial metabolite
production, and immune responses, which may
subsequently affect epigenetic regulation of cytokine
gene expression [123,124]. However, most available
mechanistic and epigenomic studies have not been
specifically designed or sufficiently powered to evaluate
sex-related differences, limiting the generalizability of
current findings. Future investigations should therefore
incorporate sex-stratified analyses to better define the
contribution of biological sex to microbiota-driven
epigenetic regulation and immune homeostasis [125].

Another important source of variability arises
from factors that independently influence both the
gut microbiota and the host epigenome. Commonly
prescribed medications, including antibiotics, proton
pump inhibitors, metformin, statins, corticosteroids,
and immunomodulatory therapies, can substantially
alter microbial composition, metabolic activity,
and immune signaling. Likewise, diet, age, obesity,
smoking, and other environmental exposures
may independently shape epigenetic profiles and
cytokine regulation [126]. Failure to account for
these confounding factors may obscure microbiota-
specific effects and contribute to inconsistent findings
across studies. Future human investigations should
therefore incorporate careful clinical characterization
and appropriate adjustment for these variables to
improve the reproducibility and interpretation of
microbiota—epigenome associations [16].

Future studies should therefore prioritize
integrative, high-resolution approaches combining
microbiome profiling with ChIP-seq, ATAC-seq, DNA
methylation analysis, and single-cell multi-omics in
well-characterized human cohorts [122]. Longitudinal
study designs incorporating defined microbiota
perturbations—such  as  dietary  interventions,
antibiotic exposure, or microbiota-based therapies—
will be essential to establish causal links between
microbial signals, cytokine-associated chromatin states,
and immune phenotypes [127].

Importantly, although numerous studies have
demonstrated associations between gut microbiota
composition, microbial metabolites, and cytokine-
associated epigenetic alterations, these findings should
not be interpreted as establishing direct causality.
Definitive causal relationships will require longitudinal
human studies and mechanistic validation using
integrated multi-omics and locus-specific epigenomic
approaches [47].

9 Conclusions

The gut microbiota plays a central role in regu-
lating cytokine gene expression through epigenetic
mechanisms that shape histone modifications and
DNA methylation at cytokine gene regulatory regions.

Among these, SCFA-mediated HDAC inhibition rep-
resents the most consistently supported pathway,
promoting Foxp3 expression and IL-10 production
in regulatory T cells while attenuating NF-xB-driven
pro-inflammatory cytokine transcription. Neverthe-
less, direct genome-wide ChIP-seq evidence defining
histone modifications at cytokine loci in primary
human immune cells remains limited, with many mech-
anistic insights still derived from experimental models
or indirect approaches.

The clinical translation of microbiota-driven
epigenetic regulation—including cytokine chromatin
biomarkers and microbiome-informed therapeutic
strategies—remains a promising but still emerging
field. Future progress will depend on integrative
human studies combining microbiome profiling
with  high-resolution  epigenomic  approaches,
alongside precise mechanistic characterization of
metabolite-chromatin—cytokine interactions. Overall,
the microbiota—cytokine epigenetic axis provides
a compelling framework for the development of
precision medicine strategies in inflammatory diseases.
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