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The chemical diversity of histone post-translational modifications
(PTMs), or histone marks, has been greatly expanded with the discovery
of understudied and emerging modifications. The microbiome and

microbial metabolites have been identified as crucial regulators of these
novel PTMs, many of which have key roles in gene regulation. Thus, select
histone marks represent a mechanism of host-microbe interaction via
chromatin. This Perspective details the emerging roles of histone marks
ingene regulation and host physiology. We discuss how these PTMs are

regulated by microbial metabolism and the molecular mechanisms of how
these microbiota-dependent histone PTMs affect host gene expression.

We also highlight examples of the functional roles of these histone marksin
physiology and disease, with a focus on the intestine and associated tissues.
Understanding the mechanistic link between the microbiota and the host
epigenome, particularly emerging histone marks, provides new avenues of

how microbial metabolites influence host physiology.

Collectively known as the gut microbiota, trillions of microorganisms,
including bacteria, viruses, fungi, archaea and protozoa, reside in the
intestinal lumen. The gut microbiota considerably influences host
physiology, with vital roles in hostimmunity, digestion and metabolic
health'. The composition of the microbiota can change throughout
humanllife, with abundance and composition regulated by host genet-
ics as well as environmental factors such as diet, lifestyle, age and
disease’*. While a stable microbiota is essential to the maintenance
ofintestinal homeostasis and host health, disruptionin the gut micro-
bial community, termed dysbiosis, is associated with susceptibility
to various diseases*’. Furthermore, the microbiota has important
roles in maintaining host metabolic homeostasis, such as synthesiz-
ing essential vitamins and amino acids, metabolizing xenobiotics,
combating opportunistic pathogens and aiding in the development
of theimmune system'®"%. These commensal microorganisms are key
regulators of human health.

The gut microbiota metabolizes dietary and endogenous sub-
strates, producing various small biologically active compounds termed
microbial metabolites thatinclude (but are not limited to) short-chain
fatty acids (SCFAs), amino acid metabolites and bile acids”™. These
metabolites directly interact withthe intestinal epitheliumandimmune
cells, contributing toimmune regulation and maintaining gut barrier

function. Outside the gut, SCFAs and other microbial metabolites can
affect peripheral tissues such as the liver, muscle, adipose and brain.
These metabolites exert arange of physiological effects such as regu-
lation of fatty acid oxidation, glucose metabolism, insulin sensitivity,
energy expenditure, central nervous systemactivity and blood-brain
barrier integrity, affecting both local and systemic tissues'® ™.

The action of microbial metabolites on host tissues can occur
through diverse mechanisms, as these small molecules can activate
cell surface and nuclear receptors, feed into host energy pathways,
and regulate the host chromatin landscape® ‘. While these varied
processesare allimportant aspects of microbial metabolite function,
chromatinisoneinterface by which microbiota-derived environmental
signals are translated into host gene regulatory programmes, making
the gut a central hub for microbial metabolite production and epige-
netic regulation (Fig. 1).

This Perspective details how these gut microbiota-produced
metabolites influence host histone PTMs and why these interactions
matterinboth health and disease. We discuss key conceptsin chroma-
tin biology and the metabolic regulation of chromatin, withafocus on
histone modifications that canbe derived from microbial metabolites.
We cover the mechanistic roles of these PTMs in gene regulation, along
with potential roles in human health and disease, with emphasis on
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Fig.1|Impact of environmental factors on host epigenetics and gene
regulation. a, The gut microbiota produces metabolites used by host cells for
modifications on histone tails, ultimately affecting gene expression and host
physiology. Gut microbiome composition, both in the healthy gut and cases
of dysbiosis, isinfluenced by lifestyle, environmental and genetic factors.
The specific microbial composition alters the populations and availability

of microbial metabolites produced, in turn affecting PTM deposition onto
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histones. These modifications can alter chromatin accessibility and gene
transcription, thereby affecting host cellular functions. Although depicted here
inthe gut with SCFAs, this occurs with non-SCFA microbial metabolites, and the
physiological effects of these phenomena extend beyond the gut. b, Structures
of modifications on histones that are known or likely to be regulated by microbial
metabolites that are covered in this Perspective. Figure created in BioRender;
Gates, L. https://biorender.com/fO5ownw (2026).

the gut and adjacent tissues. While other reviews describe interac-
tions between gut microbial metabolites and host epigenetics® 7,
this Perspective emphasizes the functional roles of newly charac-
terized histone marks in the regulation of gene expression and host
physiology, with a focus on both known and potential modifications
that may be directly derived from microbial metabolites. We also dis-
cuss emerging mechanistic links between microbial metabolism and
histone modifications.

Histone modifications as dynamic regulators

of chromatin

The dynamic regulation of gene expressionis central to many cellular
processes across life and is governed in part by the chromatin land-
scape. Thebasic structural unit of chromatinis the nucleosome, which
consists of 147 base pairs of DNA wrapped around a histone octamer,
composed of two copies each of H2A, H2B, H3 and H4 (ref. 28). Histones
are highly conserved proteins in yeast and metazoans that provide
structure and functional regulation to our genome. The N-terminal
histone tails that protrude from the nucleosome are subject to various
chemical PTMs, also called histone marks. Histone marks are dynamic
and reversible modifications to chromatin that have critical roles in
regulating chromatin-associated cellular processes®.

Histone marks mechanistically function through altering chroma-
tinstructure and regulating protein binding to chromatin (Fig. 2). For
example, histone marks can modify chromatin structure by either pro-
moting or repressing anopen or closed chromatin state. These chemi-
calmodifications canalso alter the charge of select amino acid residues
inhistones, changinginter-nucleosomal and intra-nucleosomalinter-
actions®’. This interplay influences the chromatin accessibility of
DNA-binding proteins such as transcription factors, leading to gene
expression being turned on or off¥. In addition, effector proteins, or
‘readers’, are proteins with specialized domains that recognize specific
histone marks at specific amino acid residues. Readers are key media-
tors of histone mark function, as they canrecruit protein complexes to
specific histone marks that affect downstream functions®-*,

Therecentdiscovery of different types of histone modification has
highlighted the great diversity of PTMs on chromatin. Historically, his-
tone acetylation, methylation and phosphorylation were the focus of
many epigenetic studies. Now, the diverse landscape of histone marks
has been greatly expanded from mass spectrometry studies. These
newer and understudied PTMs include propionylation, crotonyla-
tion, butyrylation, 3-hydroxybutyrylation, succinylation, lactylation,
malonylation, glycation, serotonylation and many more**, One class
of structurally similar PTMsiis called histone acyl marks, whichinclude
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Fig. 2| Mechanisms of transcriptional activation and repression via histone
marks. a, Chromatin remodelling proteins facilitate the compaction and
loosening of chromatin, which can block and allow binding of transcriptional
machinery, respectively. b, Recruitment of coactivators and transcriptional
machinery to euchromatin are two well-characterized mechanisms of
transcriptional activation enacted through reader proteins. Pol Il, RNA
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recruit corepressors (CoR), as well as function together with writer proteins

to propagate these marks elsewhere on the epigenome, ultimately resulting in
repressed transcription. Figure created in BioRender; Gates, L. https://biorender.
com/lab712¢ (2026).

histone acetylation but also the structurally similar modifications
derived from acyl-CoA molecules such as propionylation, butyrylation
and crotonylation®. These marks are sensitive to metabolite levels and
associated with gene expression. We will focus primarily on emerging
or newly characterized histone marks in this Perspective (Table 1).

Metabolic regulation of chromatin and

associated proteins

Proteins that act on chromatin can be divided into three general cat-
egories: writers, erasers and readers. We will briefly introduce these
proteins, highlight how metabolites can regulate chromatin modifiers
and histone marks, and discuss microbial sources of metabolites.

Chromatin-modifying enzymes

Writers are enzymes that add modifications to histones. Writersinclude
lysine and protein arginine methyltransferases (KMTs and PRMTs,
respectively), kinases that deposit phosphorylation, and lysine acyl-
transferases (KATs) or histone acyltransferases (HATs), among oth-
ers.KATs are further categorized into three major families: p300/CBP

(p300/CREB-binding protein), GNAT (Gen5related N-acetyltransferase)
and MYST (named for identifying members MOZ, Ybf2, Sas2 and
Tip60)*°~*. These enzymes were originally characterized for their
ability to catalyse histone acetylation on lysine residues; however,
their activity has now been expanded to include other acyl groups,
which is discussed further below. Writers often operate at specific
genomic regulatory regions: for instance, different writers can cata-
lyse histone marks at promoters, enhancers or propagate repressive
modifications in heterochromatin. Furthermore, writers range from
being highly specific to having multiple substrates: as anillustration,
the methyltransferase EZH2 (enhancer of zeste homologue 2) is highly
specificin catalysing methylation on asingle site (histone H3 Lys27 or
H3K27), whereas the acyltransferase p300 can catalyse acylation on
multiple sites of all four core histones** ™,

Erasers oppose the action of writers by removing histone marks.
Histone demethylases (HDMs or KDMs) include several classes:
the a-ketoglutarate, iron and oxygen-dependent Jumonji C and the
FAD-dependent amine oxidase LSD1 (lysine-specific histone dem-
ethylase 1) families®’. These demethylases tend to act on specific
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Table 1| Function and regulation of select histone modifications derived from microorganisms

Modification Donor metabolite Writers Erasers Eraser cofactors Biological associations
Acetylation Acetyl-CoA p300/CBP family HDACs Zn%* (HDACs) Positive gene regulation, cancer
GNAT family Sirtuins NAD* (sirtuins)
MYST family
Propionylation Propionyl-CoA p300/CBP family SIRT1-SIRT3 NAD* Positive gene regulation, cancer
GNAT family
MYST family
Butyrylation Butyryl-CoA p300/CBP family SIRT1-SIRT3 NAD* Positive gene regulation,
GNAT family cancer, intestinal epithelial cell
biology, immunomodulation
Crotonylation Crotonyl-CoA p300/CBP family HDAC1-HDAC3 Zn* Positive and negative
SIRT1-SIRT3 NAD* gene regulation,
spermatogenesis, cancer
B-Hydroxybutyrylation  3-Hydroxybutyrate p300/CBP family HDAC1-HDAC3 zn* Gene regulation, ISC biology,
SIRT1-SIRT3 NAD* cancer, fasting, neurological

function

Methylation S-Adenosylmethionine  Histone methyltransferases

Fe?/a-ketoglutarate
(Jumoniji C family)
FAD (LSD family)

Histone demethylases Positive and negative gene

regulation, cancer

Lactylation Lactyl-CoA p300/CBP family HDAC1-HDAC3 Zn? Positive gene regulation,
SIRT1-SIRT3, SIRT6 NAD* macrophage polarization

Succinylation Succinyl-CoA KAT2A, GCN5, HAT1 HDAC1-HDAC3 Zn* Gene regulation, fasting,
SIRT5, SIRT7 NAD* HCC tumours

Serotonylation Serotonin TGM2 Unknown Unknown Gene regulation, neuronal

gene regulation, intestinal
homeostasis, EPN tumours

This table summarizes histone modifications, writers, erasers, donor molecules, cofactors and examples of histone mark functional relevance that we have reviewed in this Perspective as
selected highlights of the field. Acetylation and methylation have an extensive history of study; we have not included all physiological associations for brevity. References related to this table

can be found throughout the text.

methylation states on specific residues. By contrast, enzymes that
remove histone acyl groups are less selective, and the activity of spe-
cific erasers towards different acyl groups varies®**. There are two
major families of histone deacetylases: the eleven-member family
of Zn?*-dependent HDACs, and the seven sirtuins (SIRT1-SIRT7) that
act through an NAD*-dependent mechanism®. Together, writers and
erasers are key regulators of the chromatin landscape.

Readers (effector proteins)

Histone marks are recognized by effector proteins called readers.
Reader proteins are equipped with specialized domains that can
identify and bind to histone marks and translate them into biologi-
cal outcomes by interacting with additional cellular machinery. His-
tone methylation is recognized by multiple domains including PHD
(plant homeodomain) finger, Tudor and chromodomains®. Many
reader domains targeting histone lysine methylation are sensitive to
both amino acid residue and methylation status (monomethylation,
dimethylation or trimethylation). Like on other substrates, phospho-
rylationon histones can be recognized by proteins with 14-3-3 domains.
Bromodomains, YEATS domains (named for identifying members
Yaf9, ENL, AF9, Taf14 and Sas5) and double PHD finger-containing
proteins are the three major families of readers that bind to histone acyl
marks** %, Bromodomain-containing proteins (for example, BRD4)
preferentially bind acetylated lysines and exhibit reduced affinity
for other lysine acylations. By contrast, YEATS domains show greater
affinity for extended acyl chains (propionylation, butyrylation and
crotonylation) over acetylation, owing to their open-ended binding
pockets®. Differencesinreader binding capacity, regulation of reader
protein expression and interaction of readers with additional proteins
canalllead to distinct biological outcomes. While many readers have
beenidentified and characterized, the identification of additional
reader-PTM interactions, especially in potential context-dependent
situations, is likely to be important to determine functional roles of
histone marks.

Linking cellular metabolism to chromatin dynamics

Cellular metabolism and the epigenome are tightly interwoven; here,
we will briefly discuss several fundamental principles underlying this
relationship®?®, First, metabolic intermediates can be used as donor
molecules for histone marks, directly contributing to the wide diversity
of histone marks and enabling dynamic cellular responses to metabolic
fluctuations or signals (Table 1). Thus, the balance and availability of
metabolites as donor molecules canregulate the chromatinlandscape.
For example, histone acetylation can be tied to the acetyl-CoA pool,
asacetylation may be affected by modulating key metabolic enzymes
involved in acetyl-CoA synthesis, the availability of acetyl-CoA in the
nucleus or by restricting upstream glucose availability®® % In addition,
histone methylation utilizes S-adenosylmethionine (SAM) as adonor
molecule and is also sensitive to availability of upstream metabolites
in the one-carbon cycle and dietary methionine availability®>*,

Furthermore, some enzymes catalyse the addition or removal
of multiple histone marks through using different donor metabo-
lites, making the concentration and balance of each specific donor
metabolite animportant factor in the regulation of histone marks®*".
Multiple histone acyltransferases can use different metabolites to
catalyse different histone acylations®***57°, While these enzymes
prefer to utilize acetyl-CoA, situations in which there are excess
amounts of other acyl-CoAs may drive non-canonical histone acyla-
tions®. Together, these instances highlight the diverse effects that
small metabolites can have on writer and eraser activity. Many of
these relationships are summarized in Table 1 and in-depth reviews
are available elsewhere??%772,

Some metabolites can directly affect the catalytic activity of
chromatin-modifying enzymes. Many classes of erasers have meta-
bolic cofactors: sirtuin-mediated deacylation is NAD dependent, the
citricacid cycleintermediate a-ketoglutarate is necessary for Jumonyji
C demethylases, and FAD is needed for LSD family demethylases™ ™.
Metabolites canalso inhibit chromatin-modifying enzymes. For exam-
ple, the metabolite butyrate is a broad-spectrum HDAC inhibitor,
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this Perspective in transcription. There is a variety of data supporting functional

Associate dw
I

Function in
transcription

H3K27bu

H3K4me3Q5ser

H3K18pr
H4K12pr

H3K18la H4K8bu
H3K14pr
H4K5bu
H3K4me3
H3K18cr
H3K79me3 b
H3K36me3

H3K27ac

3K9ac

aAnoy

Kac

roles of histone marks in transcription, ranging from associations to direct
function, which we defined as supported by in vitro transcription data. Figure
created in BioRender; Gates, L. https://biorender.com/idyursf (2026).

whereas the ketone body 3-hydroxybutyrate (BHB), produced during
metabolic fasting, isaspecificinhibitor of classIHDACs**”’. By contrast,
propionyl-CoA and butyryl-CoA can stimulate the catalytic activity of
the writer p300 (ref. 78). These studies demonstrate the varied effects
that different metabolites can have on catalytic function.

Lastly, anotherimportantlink between chromatin and metabolism
occurs when chromatin serves as a metabolic sink or reservoir’%,
Excess metabolites can be deposited onto chromatin, affecting the
available metabolite pool and chromatin landscape. Furthermore,
these metabolites on histones can then be ‘recycled’ for use in down-
stream purposes; for example, excess acetylation can be used as a
carbon source for lipid synthesis or in local nuclear production of
acetate for use in subsequent histone acetylation reactions®*2, These
observations highlight additional ways through which metabolism
and chromatin are interconnected.

Microbial metabolism and epigenetic donor molecules

The metabolic sources of these histone marks are not exclusively
derived from host metabolism; microbial metabolite production influ-
ences histone marks in the intestinal epithelium and beyond®***. We
will therefore briefly discuss microbial sources of metabolites, which
has been reviewed extensively™®, with a focus on metabolites that
can affect host epigenetic modifications. First, SCFAs are produced
through microbial fermentation of indigestible dietary polysaccharides
and consist of aliphatic organic monocarboxylic acids with fewer than
six carbon atoms®**’. These are one of the most abundant and stud-
ied metabolites in the lumen of the large intestine, especially acetate
(C2), propionate (C3) and butyrate (C4), which following conversion
totheir respective acyl-CoAs canregulate histone acyl marks*. SCFAs
additionally act as signalling molecules and have key regulatory roles
inanumber of processes affecting host physiology, such as activation
of G-protein-coupled receptors, releasing gut hormones, inhibition of
HDACs, neuro-immuno-endocrine regulation and serving as energy
sources for colonocytes'*%55,

SCFAs are generated in the anaerobic environment of the gut
by specific members of the microbiota, accumulating to millimolar
concentrationsin the intestinal lumen®*°, Diet is amajor determining
factor for SCFA production rates in the gut, where high-fibre intake
promotes colonization with beneficial microbial taxa and increased
SCFA levels, while high-fat, low-fibre diets alter microbial diversity
and resultin reduced SCFA production®. Butyrate is largely absorbed
inthelargeintestine, whereitis considered the primary energy source
for colonocytes™. Beyond the gut, these molecules have differing fates
and localizations: propionate is primarily metabolized in the liver,

while acetate (and butyrate and propionate, to alesser extent) reaches
peripheral organs suchas the brain, muscle and adipose tissue, where
they exert arange of beneficial effects®”"".

When dietary fibres are in short supply, microorganisms in the
colon switch to protein fermentation that results in the production of
branched-chainfatty acids such as 2-methylbutyrate, isobutyrate and
isovalerate’>”, Although branched-chain fatty acids have important
rolesingut physiology, there arealack of studies demonstrating their
roles in regulating histone modifications® . Lactate and succinate
can also be generated by the gut microbiota through fermentation
pathwaysto produce SCFAs, or these molecules can accumulate during
certain conditions™?°°, Owing to the importance of the gut micro-
biotaingenerating these metabolites that can regulate host epigenet-
ics, dysbiosis and alterations in microbial metabolite levels can affect
host chromatin'**,

Microbiota-associated histone marksin
generegulation

The gut microbiota has vital roles in shaping physiology and gene
expression through its action on chromatin, which connects micro-
bial metabolismto host gene regulation (Fig. 3). Inthis section, we will
focus on histone PTMs known or likely to be regulated by microbial
metabolites, their microbial sources and mechanisms of gene regula-
tion through chromatin structure and effector protein recruitment.

Classical histone marks

The‘classical histone marks of acetylation and methylation have been
widely studied and have established key rolesin gene regulation. Here,
we describe the generalmetabolic sources and function of these marks,
along with known ties to the microbiota and microbial metabolites.

Acetylation. Histone acetylationis positively linked to gene activation
by regulating chromatin structure and recruiting epigenetic read-
ers'”’, The addition of an acetyl mark onto lysines (Kac) neutralizes
their positive charge, weakening the histone-DNA interactions and
making genes more accessible to transcriptional activation'*>'%>, Many
sites of histone acetylation are localized to promoters and enhancers,
and distinct acetylated sites mark these respective regions. Histone
acetylation is highly responsive to metabolic flux, as the donor mol-
ecule for histone acetylation is acetyl-CoA. Acetyl-CoA is important
inboth primary anabolic pathways, such as steroidogenesis and fatty
acid synthesis, and catabolic pathways, such as glycolysis and fatty
acid B-oxidation'%*, As the acetyl-CoA pool s largely dependent on
the metabolic state of the cell, histone acetylationis therefore closely
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tied to cellular metabolic fluctuations®. Itis thought that this relation-
ship allows cells to flexibly reconfigure gene expression in response
to their cellular environment.

Beyond intracellular metabolic sources, the microbiome is an
important source for histone acetylation. Modulation of the micro-
biota in mice, both through using germ-free animals and antibiotic
treatment, affects levels of histone acetylation in the intestinal
epithelium'5*1%, Additionally, in vivo isotope tracing experiments
confirms that microbial fermentation of fibre supplies carbon atoms
for histone acetylation in intestinal epithelial cells®*’. Furthermore,
butyrate can act as an HDAC inhibitor, leading to increased histone
acetylation®. In another mechanism of action, butyryl-CoA and
propionyl-CoA can increase histone acetylation through facilitating
auto-acylation of the HAT p300, activating the enzyme®. Histone
acetylation in the gut is therefore not solely responsive to internal
metabolic cues but can also be regulated by the gut microbiome and
microbial metabolism.

Methylation. Histone methylation is a dynamic PTM that occurs on
lysine and arginine residues®. Lysine (Kme) can be monomethylated,
dimethylated or trimethylated, whereas arginine (Rme) can be mono-
methylated or dimethylated (either symmetrically or asymmetri-
cally), and the site and degree of methylation dictate its function'*®.
For example, trimethylation at H3K4, H3K36 and H3K79 is linked to
active transcription, whereas trimethylation at H3K9 and H3K27 is
associated with transcriptional repression'®, Unlike acetylation, his-
tone methylation does not affect the positive charge of the residue,
instead functioning as a docking site for methyl-binding proteins*-**.
Histone methyltransferases use SAM as a donor molecule, linking
methylation to metabolism through the folate and one-carbon cycles'””.
Gene regulation by histone methylation is sensitive to availability of
SAMand other one-carbon metabolicintermediates®. Methylationis
alsoreliant on the gut microbiome. Microbially stimulated betaine can
contribute methyl groups to the methionine/SAM cycle that ostensi-
bly can be used in histone methylation'®. Disruption of gut bacterial
colonization alters transcriptional programmes and H3 methylation
patterns on H3K27, H3K36 and H3K18, which are both rescued through
supplementation of microbially derived SCFAs in germ-free models™.
This supports multiple mechanisms of regulation of histone methyla-
tion by both host and microbial metabolism.

Histone butyrylation, crotonylation and propionylation
Non-acetylshort-chainacyl marks on histone lysine residues are regu-
lated by the microbiota and microbial metabolites. As described ear-
lier, SCFAs produced by microbial metabolismin the intestinal lumen
serve asamajor source for cellular acyl-CoAs and thus regulate histone
acylations®™?°, As such, epithelial cells in the caecum and colon dis-
play high levels of the histone butyrylation marks (Kbu) H3K27bu and
H3K9bu"***. Histone butyrylationis greatly influenced by microbial col-
onization, as mice either raised in germ-free conditions or treated with
antibiotics had a notable loss of histone butyrylation. Furthermore,
supplementationwith tributyrin, a precursor of butyrate, canincrease
intracellular butyryl-CoA levels and restore histone butyrylation in
antibiotic-treated mouse intestine, highlighting the role of butyrate
asakey mediator of this modification. Histone crotonylation (Kcr) has
aunique double bond and is in the crypt region of the small intestine
and colon, sensitive to depletion of microbiota**%', Histone pro-
pionylation (Kpr) is additionally sensitive to microbial integrity and
composition in the mouse gut®.

These modifications typically cluster around promoters and tran-
scription start sites, overlapping with other activating marks such as
H3K27acand H3K4me3, and correlate with transcription. For instance,
H3K27bu has been linked to the regulation of genes associated with
intestinal energy metabolism®. Functionally, histone butyrylation
promotes an open chromatin state, enabling transcription factor

binding and promoting transcriptional activation of genes related
to metabolism, cell differentiation and stress responses'®. H3K14pr
is enriched at promoters and transcription start sites of highly active
genesinthe mouse liver andis recognized by the BAF chromatin remod-
elling complex™. In cell culture, propionate supplementation results
in enrichment of the specific histone marks H3K18pr and H4K12pr in
open chromatin regions, which are associated with gene expression
related to growth and differentiation®. Furthermore, both histone
propionylation and butyrylation on H4K16 destabilize chromatin
structure atbothintra-nucleosomal and inter-nucleosomal contacts,
suggesting broader effects on chromatin architecture®.

While histone acylations generally are associated with gene expres-
sion, there are notable exceptions and differences in specific acyla-
tion dynamics that warrant further investigation. Longer-chain acyl
marks have limited and preferential reader proteins, resultingin gene
regulation effects driven by competition with acetylation readers or
recruitment of specific transcriptional complexes">', A major ques-
tioninthefieldis centred ondifferencesin function between different
acylations, which may occur through alterationsin biological contexts
such as metabolite availability or functional effects.

Histone marks likely to be regulated by the microbiota

Here, we focus on histone marks that we speculate may be regu-
lated by the microbiota, owing to the proximity of these PTMs with
the gut microbiota and potential sources of donor metabolites for
these modifications.

B-Hydroxybutyrylation. BHB is an important energy source among
the ketones, abundantly produced during periods of fasting or meta-
bolic rewiring’”""*. Additionally, BHB is a source for histone lysine
B-hydroxybutyrylation (Kbhb). Kbhbis associated with transcriptional
geneactivation, particularly inthe response to starvation, inthe liver,
intestine and brain™*"”, H3K9bhb is enriched at gene promoter regions
attranscriptionstartsites and recognized by the transcriptional coac-
tivator reader ENL (eleven-nineteen leukaemia protein)"®'”, Lastly,
BHB also acts as an inhibitor for some class | HDACs”’. Increasing
the cellular concentration of BHB either by exogenous supplemen-
tation or by caloric restriction results in histone hyperacetylation
and associated gene expression responses to oxidative stress’”. Both
the localization of Kbhb in the intestine and metabolic regulation of
BHB makes this an intriguing modification that may be linked to the
gut microbiota.

Succinylation. Intracellular succinyl-CoA, the donor molecule for
histone lysine succinylation (Ksucc), is mainly obtained from the tricar-
boxylicacid cycle. Succinylationis deposited at transcriptioninitiation
sites and associated with gene activation'>°'*%, KAT2A and HAT1 are
two enzymes that catalyse specific succinylation events on histones,
such as H3K79succ and H3K122succ*"*, While HAT1-mediated suc-
cinylation of H3K122 has been shown to contribute to pro-tumorigenic
gene expression in hepatocellular carcinoma (HCC) cells, the role of
succinylationin cancer is still largely unknown. Although studies show-
ingadirect connection between microbiota and histone succinylation
are limited, emerging evidence suggests potential connections. As
mentioned above, extracellular succinate is synthesized in the gut
lumen by a wide range of microorganisms®'*. A prospective area of
future research may be investigating microbial-derived succinyl-CoA
in regulating host histone succinylation and gene expression, which
remains largely unexplored.

Serotonylation. The recently discovered modification of histone
glutamine serotonylation (Qser) involves the addition of serotonin
(5-hydroxytryptamine) to glutamine 5 of histone H3 (H3Q5ser), which
is catalysed by tissue transglutaminase 2 (TGM2). H3Q5ser occurs pre-
dominantly inserotonin-producing tissues such as brain and colon®*'%°,
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Fig. 4| Associations of select chromatin marks with diseases across the
gutand peripheral organs. Here, weillustrate examples of the physiological
roles of histone marks reviewed in this Perspective. In the gut, microbially
regulated histone marks govern transcriptional programmes linked to cell fate,
metabolism, regeneration, fasting and inflammatory responses. Additionally,
aberrant chromatin marks occur in CRC, with some changes appearing
protective, while others promote tumour progression by maintaining cancer
stemness and enabling chemoresistance. Inliver, chromatin signatures are linked
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to hepatocyte ageing and regeneration and are associated with poor prognosisin
HCC.Inthe brain, select histone marks support adaptive neuronal programmes
inresponse to fasting. By contrast, paediatric EPN harbours a distinct epigenetic
mark that maintains oncogenic programmes. Epigenetic regulation has also
beenimplicated in macrophage polarization during wound healing as well as
intranscriptional remodelling related to cardiac function. Figure created in
BioRender; Gates, L. https://biorender.com/zmo7qql (2026).

This mark is largely present with H3K4me3, forming the dual mark
H3K4me3Q5ser thatis critical for gene expression, asit enhances inter-
actions between H3K4me3 and transcriptional machinery. Disruption
of serotonylation at H3Q5 results in major alterations in target gene
expression and cellular differentiation®. Additionally, serotonylation
on H3Q5 can inhibit the catalytic activity of histone methyl group
erasers, thus stabilizing H3K4me3 and maintaining active chromatin
states'”®. Additional potential effects of Qser in intestinal cell biology
are discussed in the following section.

Lactylation. Histone lysine lactylation (Kla) is associated with gene
activation and metabolic regulation®?. Physiological conditions
known to enhance lactate production through stimulation of glycoly-
sis induce histone lactylation. H3K18la was found to directly activate
transcription, as demonstrated by a cell-free transcription assay, and
isenriched in gene promoter regions”. In addition to being produced
endogenously, lactate can also be generated by the gut microbiota
through the fermentation of dietary components by lactic acid bac-
teria'?®. Truly multifaceted, lactate functions as a signalling molecule,
influences immune cells and immunological responses, and can be
used preferentially as a carbon source in the tricarboxylic acid cycle
by some tumours™'?*° Itis plausible that microbiota-derived lactate
contributes to histone lactylation in situations where lactate concen-
trations accumulate from microbial metabolism”*°***!, The dynamic
fluctuations in lactate levels, influenced by microbial metabolism
and dietary factors, could affect host histone lactylation patterns to
modulate host gene expression.

Physiological roles of histone marks in the gut

and beyond

Here, we will discuss known and potential physiological and patho-
logical roles of the aforementioned histone modifications in the gut,
nearby tissues and distal sites (Fig. 4).

The gut epigenome in intestinal cell biology

Theintestineis heterogeneous with dynamic and distinct cell types that
have specialized functions, and the proper balance of these cell types
isimportant for tissue function. Several different histone marks have
beenshowntohaveimportantrolesinregulatingintestinal cell biology
under both homeostatic and injury conditions. For example, the histone
marks H3K36me2 and H3K36me3 have emerged as regulators of gut
cell identity, and loss of either of these methyl marks or their writers
resultsinspreading of the repressive histone mark H3K27me3, leading
totheaccumulation of abnormal secretory cellsand aregenerative gene
expression profile’®?. Furthermore, chromatin accessibility signatures
facilitate cell plasticity and underlie intestinal stem cell (ISC) regenera-
tive processes****, Select histone marks also display dynamicsin intes-
tinal tissue: H3K9ac and H3K27ac are both circadian rhythmic marks
that are also regulated by the microbiota'. In terms of less-studied
histone marks, H3K9bhb is localized in the small intestinal crypts and
associated with transcriptional responses to fasting™’. Additionally,
multiple histone crotonylation modifications have beenimplicated in
colitis, with most studies proposing a protective effect’* "%, For exam-
ple, intestinal regeneration after colitis or ionizing radiation is linked
to crotonate and increased H3K14cr in the large intestine crypt'.
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The cell-type-specificimpact of histone marks in the gut remains
largely unknown, yet there is evidence that donor metabolites and
transcriptional profiles shift under different stressors, metabolite
conditions and space. For example, under inflammatory stress, Lgr5*
ISCs experience metabolic shifts leading to the accumulation of suc-
cinate'’. We speculate that this excess intracellular succinate may be
used in part for histone succinylation to regulate transcriptional pro-
grammes. In addition, the availability of microbial-derived metabolites
is not uniform across the crypt-villi axis. It is thought that butyrate
is at higher concentrations at the villus tip compared to the crypt
and regulates ISC proliferation'". This spatial gradient of metabo-
lite availability may also affect chromatin signatures. Furthermore,
transcriptional profiles for the absorptive enterocytes are distinct
in different regions across the villus'*. A further understanding of
the spatial and dynamic nature of histone marks in the gut may yield
important insights into additional functional roles of chromatin in
intestinal cell biology.

Another intestinal epithelial subpopulation that may be regulated
specifically by a given histone mark consists of enterochromaffin
cells, which produce over 90% of the body’s serotonin. Although the
impact of histone serotonylation in regulating intestinal gene expres-
sion remains poorly understood, studies using germ-free mice and
microbiota perturbations suggest a bidirectional link between host
serotonin and gut microbiota*'**, Disrupting the gut microbiota
resultsindepletion of peripheral serotonin levels. In addition, altered
serotonin signalling observed in gut dysbiosis has beenimplicated in
various gut disorders such as inflammatory bowel disease'***¢. Given
the enriched histone serotonylation present in the gut, it is plausible
thatenterochromaffin cells maintain some degree of serotonin for use
asahistone mark’®. Despite these insights, the specific mechanisms of
how histone serotonylation may regulate intestinal cellular processes,
and how the microbiota contributes to histone serotonylation, remains
anintriguing areafor future research.

Chromatinand CRC

Colorectal cancer (CRC) isaleading cause of cancer-related mortality,
and the functional importance of epigenetic regulation via histone
marksinintestinal tumoursis rapidly expanding'"’. Histone methylation
has long been documented as animportant histone mark in CRC. The
stem cell-like gene expression profiles found in Wnt-driven CRC cells are
enabled by anincrease of H3K4me3 by the methyltransferase MLLI (ref.
148). It is also emerging that histone methylation can be manipulated
tothe detriment of intestinal tumours. For example, dietary restriction
of methionine, a key methyl donor for histone methylation, reduces
CRC burdenininvivo models'’. Other metabolites can affect histone
methylation, as propionate produced by the gut microbiome canlead
to degradation of the methyltransferase EHMT2, thereby inhibiting
H3K9me2 and facilitating apoptosis of CRC cells"°. Additionally,
increased H3K27ac at key enhancers is also implicated in CRC biol-
ogy"'.Inaddition to these histone marks, it is highly likely that others
also have importantroles.

Indeed, less well-known histone marks are also likely to be impor-
tantin CRC. Crotonylation at H3K27 in human CRC cells can function
as a transcriptionally repressive mark to enable cell cycle inhibition;
disruption of H3K27cr in mice restored the cell cycle and inhibited
tumour growth™2, In a CRC cell line, H3K23 succinylation has been
implicated as a determinant of chemotherapy resistance’. While
lactate accumulation in the tumour microenvironmentis a well-known
aspect of cancerous metabolic reprogramming, there is increasing
evidencethat histonelactylationisanimportant fate of lactatein CRC.
Common genetic drivers of CRC, such as KRAS mutations, can selec-
tively increase H3K9la to support tumour metabolism and drive cancer
progression'*. Additionally, lactylation at H3K18 promotes colorectal
tumour resistance to chemotherapy and colorectal metastases to the
liver®>¢ Future in vivo studies with additional model systems will do

much toadvance our understanding of these histone marks in regulat-
ing colorectal tumour biology.

Epigenetic mechanisms in liver physiology and pathology
There are many examples of histone marks having key rolesingene reg-
ulatory programmes that are important to liver function. As mentioned
previously, H3K14pr is associated with the transcriptional response
to fasting in the mouse liver''. H3K14pr is sensitive to the metabolic
state, and shifts depending on feeding and fasting. Levels of H3K14pr
are affected by the absence of the metabolic enzyme propionyl-CoA
carboxylase, emphasizing its metabolic connection™. Inaddition, the
liver is atissue with high regenerative capacity, in which the chromatin
landscape is greatly affected through ageing™’. Chromatin modifi-
cations affect several aspects of transcription and genomic stability
during the ageing process and chromatin regulatory complexes affect
longevity, which is extensively reviewed"®. For instance, preserving
active or repressive histone methylation marks (H3K36me3, H3K4me3
and H3K27me3) promotes longevity depending on methylationlocus,
species and tissue type™’. Also, H3K27me3 is redistributed during age-
ing, which is associated with a global transcriptional dampening and
inappropriate gene expression of hepatocyte identity genes in the
mouse liver'®®, During liver regeneration, the ‘younger’ H3K27me3
signature is restored, suggesting that quiescence time may act as an
epigenetic clock. These examples highlight roles of epigenetic marks
in normal liver physiological responses.

In hepatic pathological conditions, histone modifications may
have key regulatory rolesintranscriptional changes. For instance, his-
tonelactylationis associated with chemotherapeutic drugresistance
in HCC cells'". Functionally, H3K14laincreases the expression and pro-
moter localization of a ubiquitin E3 ligase that promotes degradation
ofthe tumour suppressor PTEN, contributing to multidrug resistance
inthese tumour cells. Furthermore, transcriptomic data from patients
with HCC demonstrate a correlation between poor prognosis and
overexpression of the H3K27 methyltransferase EZH2. Enrichment
of H3K27me3 alters gene expression related to cysteine-methionine
metabolism, angiogenesis and oxidative stress; these canbe restored
by selective inhibition of EZH2, suggesting an epigenetic target for
potential treatment’®,

Chromatin dynamics in distant tissues
A growing body of evidence now links specific histone marks to
gene regulation at distal tissues, demonstrating the contribution of
chromatin-based mechanismsin broader physiology and disease. Here,
we will highlight select studies of functional relevance of known or sus-
pected microbially regulated emerging PTMs in tissues beyond the gut.
One example of imbalances of endogenous metabolites occursin
propionicacidaemia, whichisaninborne error of metabolismthat leads
to the accumulation of propionic acid and cardiac dysfunction'®>'¢*,
Interestingly, a murine model of propionic acidaemia displays ele-
vated levels of cardiac propionyl-CoA with a concomitant increase in
histone propionylation and acetylation'®. Furthermore, H4K16pr is
increased in this model, which has important structural roles in chro-
matin architecture®. These epigenetic changes coincide with tran-
scriptional responses of genes related to cardiac function, suggesting
apropionyl-CoA-driven epigenetic regulation in cardiac metabolism.
Also, H3K9buis associated with cardiac stress and is dependent on select
metabolic enzymes'®. Another illustration of metabolite imbalance
is in physiological conditions known to enhance lactate production
through glycolysis, such as hypoxiaand M1 macrophage polarization;
inthe late phase of M1 polarization under lipopolysaccharide stimula-
tion, H3K18la deposition is increased and gene expression related to
wound healingis altered, indicating a non-metabolic role of lactate”.
There are several examples of understudied histone marks func-
tioningin the brain. Histone serotonylation hasbeen demonstrated as
a tumour-cell-intrinsic epigenetic driver in paediatric ependymoma
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(EPN). The previously described H3K4me3Q5ser helps maintain
oncogenic transcriptional programmes in EPN tumours, and func-
tional blockage of H3Q5 serotonylation reduces tumour growth and
alters tumour-associated signalling'”’. This phenomenon suggests a
potential role of histone serotonylation in tissues involved in seroto-
nin homeostasis. Additionally, BHB, the major energy source under
ketogenic conditions, acts as an epigenetic regulator that helps medi-
ate neuronal adaptation to nutritional changes. Interestingly, fasting
induces elevated levels of H3K9bhb in the mouse cerebral cortex at
regulatory regions of active genes, including those involved in the
circadian rhythm™®,

Lastly, spermatogenesis is another process in which various
non-acetyl histone acylations have been implicated. Histone croto-
nylationis tightly regulated in reactivation of sex chromosome-linked
genes and genome-wide histone replacement during spermatogen-
esis'®®. Furthermore, H4K5bu and H4K8bu mediate stage-specific
chromatin modifications and hinder the binding of a testis-specific
acetylation reader protein. Competing acetylation and butyrylation
atthesesites wereidentified asimportant regulatory mechanisms for
genomic organization during sperm maturation'2 Additional studies
oncontext-specific reader functions may further delineate differences
between acetylation and non-acetyl acyl marks.

Modulation of chromatin and gut metabolites for
therapeutics

Because the chromatin state is crucial for organismal development
and maintaining physiological homeostasis, disruptions in the chro-
matin landscape greatly contribute to the onset of numerous human
diseases'”1°*1°>1¢7 There is considerable effort in designing therapies
thattarget chromatin-modifying proteins in pathological conditions,
particularly inoncology. Substantial progress has beenmade in recent
decades in developing small-molecule inhibitors targeting histone
modifications, including those that regulate acylations (HDAC and KAT)
and methylation (KMTs, KDMs and LSDs). This has resulted in several
US Food and Drug Administration-approved epigenetic therapies,
which are reviewed elsewhere'*""°,

In addition, the role of gut microbial metabolites in regulating
host health offers a powerful approach for therapeutic avenues by
exploiting microbial metabolism or composition’”’. While many stud-
ies remain in model systems, they provide key rationale for thera-
peutic approaches that manipulate SCFAs, including diet regulation
or faecal microbiota transplantation, to treat different diseases’""".
Although there is little evidence for microbial metabolites directly
acting as therapeutics through chromatin, SCFAs are among the most
studied microbial metabolites for therapeutic potential, especially
butyrate'”>"”*, For example, butyrate improves immune responses in
murine models of colitis through in part acting as an HDAC inhibitor,
creatingatranscriptional state that suppresses inflammation'*"”’, Also,
butyrate treatment correlates with higher programmed cell death in
non-small-celllung cancer by elevating H3K27ac, suggesting a potential
therapeutic target for improving antitumour immunity"%,

These examples highlight the therapeutic potential of both epi-
genetic therapies and modulating microbial metabolites in affecting
human health. However, precise mechanisms of action of micro-
bial metabolites remain incompletely understood and targeting
chromatin-modifying enzymes presents challenges in clinical efficacy
and safety due to their ubiquitous expression. It is possible that inte-
grating microbial metabolites with chromatin modulators may offer a
novel strategy maximizing these emerging treatments. Ataminimum,
there should be consideration and investigation of the effects of micro-
bial therapies on the host chromatin landscape.

Conclusions and future perspectives
The gut microbiota and microbial metabolites have key roles in regu-
lating host physiology. An emerging mechanism of such regulationis

through the modulation of histone marks, particularly newly discov-
ered modifications. These epigenetic changes are linked to metabo-
lism, immunity, cancer and cellular homeostasis. Dysbiosis disrupts
microbial metabolite production, leading to changesin the chromatin
landscape that potentially contribute to human diseases. For example,
reduced SCFA availability canimpair histone acetylation, propionyla-
tionand butyrylation, while microbial influences on crotonylation and
lactylation may have undiscovered roles in inflammation and tumo-
rigenesis. Beyond SCFAs, other microbial-derived metabolites, such
as bile acids, polyamines and amino acid derivatives, may also have
important roles in histone modifications and warrant further inves-
tigation. In addition, other histone modifications that are likely to be
present inthe gut, such as succinylation and serotonylation, have yet
undiscovered roles potentially linked to the microbiota.

Linking mechanistic function of histone modifications with bio-
logical associations remains a major challenge in the field. The pairing
of in vivo studies with mechanistic biochemical assays is a powerful
approach. However, context-dependent mechanisms may be bio-
logically important yet difficult to capture in a test tube. Focusing on
mechanisms by which histone marks function and the refinement of
technologies to answer these key questions is important. Technical
challengestothese studies include potential antibody cross-reactivity
and non-trivial mass spectrometry methods®"°. However, there are
extensive opportunitiesin uncovering mechanisms that could inform
biological function.

The number of metabolites that the microbiota produces is esti-
mated to be in the thousands and many metabolites have yet to be
discovered. We speculate that many of these metabolites may be able
to be deposited onto histones, which could have important roles in
host gene regulation, chromatin structure and more. One intriguing
question is: what is the chemical diversity of histone modifications in
the gut? High-resolution profiling of microbial metabolites and their
corresponding histone modifications across different tissues could pro-
vide deeperinsightsinto their regulatory functions. Inaddition, the use
of labelled isotopes and engineered microorganisms in experimental
design canfurther elucidate mechanistic links. Additionally, microbial
metabolites can be altered by diet, pathogens and disease states, and
will vary across individuals. Investigating disease-specific epigenetic
signatures may help identify novel biomarkers and therapeutic tar-
getsinthe future. As microbiota-epigenome interactions continue to
emerge as akey determinant of gene regulation, integrating microbiol-
ogy, metabolomics and epigenomics will be crucial in expanding our
understanding of the microbiota’s influence on health and disease.
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