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Aims and Scope of the Series

“Genetics,” which has been proud of its tradition since Mendel presented his re-
search results in 1865, initially progressed quite slowly due to simple observational
approaches of individuals and groups. However, the discovery of double-strand-
ed DNA by Watson and Crick about 70 years ago triggered rapid progress in life
sciences, including genetics, which was primarily conducted using Escherichia coli
and bacteriophages infecting E. coli. Subsequently, genetics has achieved remark-
able developments, such as understanding genetic disorders, including cancers,
through research on the biogenesis and differentiation of plants and animals.

The two topics of this book series - Human Genetics, and Genomics - will address
important areas of advancement in genetics.

Human Genetics: After fundamental genetics, initially studied with the main goal
of revealing the functions of individual genes and proteins, genetics expanded
from understanding the genetic system itself to understanding many infectious
diseases caused by bacteria and viruses. Consequently, human beings are now over-
coming infectious diseases by developing medicinal chemicals, including antibiot-
ics and vaccines. However, genetic disorders remain challenging to cure up to now.
Nevertheless, even the cure for them, including various cancers, is coming closer
to reality due to the rapid progress of human genetics. In this way, the welfare of
human life continues to improve, and even longevity, which was once a dream, has
been achieved to some extent in recent years.

Genomics: On the other hand, the understanding of the comprehensive interrela-
tionship of whole genes or whole proteins functioning in one organism has become
possible now, as research has entered the era of genomics, owing to the rapid prog-
ress of base sequence analysis and bioinformatics. The development of genomics
has further made it possible to understand the evolutionary processes of organisms
through comparative studies among the genomes of many organisms.

This book series will discuss the findings obtained during the advancement of
human genetics and genomics. It is also expected that this series will trigger the
formation of a better world composed of human beings and all other organisms on
Earth through discussions of research results obtained under the development of
general genetics.
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Preface

Over the past few decades, the concept of epigenetics has gained increasing promi-
nence in our understanding of human physiology and pathology.

Epigenetics is the study of heritable changes in gene expression that occur without
altering the DNA sequence; these epigenetic modifications (epi-modifications)
constitute a fundamental regulatory layer essential for cellular function and
organismal development.

This book was assembled with a simple goal: to offer a coherent view of epigenetic
regulation as a unifying language across disciplines that are often treated as
autoimmunity, inflammation, cardiovascular and neurovascular disease, infection
biology, and cancer separately. Across these fields, a recurring question emerges:
What is the role of epigenetics? Epigenetic mechanisms provide plausible
mechanistic answers because they govern chromatin accessibility and transcriptional
competence, and they are exquisitely sensitive to context. Throughout the chapters,
readers will encounter the major epigenetic platforms DNA methylation, histone
modifications, and non-coding RNAs, viewed not as isolated phenomena but as an
integrated regulatory network. The molecular logic is shared: specialized enzymes
write, read, and remove epigenetic marks, while additional factors remodel
chromatin architecture and influence higher-order genome organization. Together,
these systems shape gene expression programs that determine cellular identity,
plasticity, and the ability to respond appropriately to stress.

Several key themes are well described in this collection. Autoimmune disease and
macrophage remodeling illustrate how epigenetic states can tune immune thresh-
olds, reinforce tolerance or break it, and create persistent inflammatory “set-points.”
In these contexts, epigenetics is not merely descriptive; it becomes an explanatory
framework for chronicity, how transient cues can be converted into durable
transcriptional behavior within immune cells and within tissues exposed to ongoing
inflammatory pressure. Heart development and cardiovascular pathology are
presented through an epigenetic lens that connects developmental gene control with
maladaptive remodeling in adult disease. Neurovascular injury (stroke) highlights a
different kind of plasticity: rapid epigenetic shifts occurring after acute damage,
shaping both inflammatory cascades and repair programs. These contributions
emphasize timing and cell type as critical determinants of an epigenetic change that
can be protective in one setting and harmful in another. Cancer-related chapters
explore epigenetic dysregulation as both driver and consequence of malignant
evolution. The collection spans classic chromatin dysfunction in leukemia to the
intersection of inflammation, metastasis, and therapy resistance in ribosomopathies,
and it also considers environmental disruption in endometrial cancer. Importantly,
these chapters do not treat “epigenetics” as a single pathway: they show how
altered methylation patterns, histone-mark redistribution, chromatin remodeling,
and non-coding RNA circuits can converge on shared phenotypes, such as immune



evasion, invasive behavior, and treatment adaptation, while still offering disease-
specific vulnerabilities. Lactylation-driven modulation positions metabolism at the
center of chromatin regulation, particularly relevant to vascular aging and chronic
inflammatory states. Exercise-induced microRNA changes address a translationally
attractive question: whether lifestyle interventions can reshape regulatory RNA
networks in ways that matter for inflammation-associated carcinogenesis. Host—
pathogen dynamics extend the discussion beyond non-communicable disease,
emphasizing that infections can reprogram host epigenetic machinery, while hosts
deploy chromatin-based defense strategies, an evolutionary dialogue written, in
part, onto chromatin. Finally, this collection reflects the practical relevance of
epigenetics: its relative reversibility. Unlike fixed genetic lesions, epigenetic
alterations can, in principle, be modified, and this has fueled a growing therapeutic
effort to “rewrite” aberrant regulatory states. The promise of pharmacoepige-
nomics extends beyond new drugs to better stratification, improved biomarkers,
and a more realistic path toward personalized interventions for diseases shaped by
gene-environment interplay. We hope readers will use these chapters in two ways:
as focused, state-of-the-art reviews within each disease area, and as a connected
map of how epigenetic regulation links inflammation, metabolism, environment,
and cellular identity.

The take-home message is quite clear: epigenetics is not an accessory to genetics, but
one of the primary mechanisms through which biology transforms exposure into
function and dysfunction into disease.

Prof. Vincenzo Carafa

Department of Precision Medicine,

Universitao degli Studi della Campania “L. Vanvitelli”,
Naples, Italy
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Chapter 1

Introductory Chapter: Epigenetics
and Its Involvement in Disease

Vincenzo Carafa

1. Introduction

Over the past few decades, the concept of epigenetics has gained increasing
prominence in our understanding of human physiology and pathology. Traditionally,
molecular biology focused primarily on DNA sequence as the sole repository of
genetic information, emphasizing that mutations such as point mutations, deletions,
chromosomal translocations, or gene amplifications were the key drivers underlying
the onset and variability of human diseases. However, it has become increasingly
clear that gene expression is not dictated solely by the nucleotide sequence but is also
regulated by dynamic and reversible modifications that do not alter the underlying
DNA code, many of which arise in response to environmental stimuli [1]. In this
context, epigenetics is defined as the study of heritable changes in gene expression
that occur without alterations in the DNA sequence. These epigenetic modifications
(epi-modifications) represent a fundamental regulatory layer essential for cellular
function and organismal development. The main recognized epigenetic mechanisms
include DNA methylation, histone modifications, and non-coding RNAs (ncRNAs),
all of which dynamically and often reversibly modulate gene activity. Each
mechanism influences chromatin accessibility and structure, thereby regulating gene
transcription and subsequent protein expression. Importantly, these processes act in
close synergy, forming a complex epigenetic regulatory network.

Unlike genetic mutations, epigenetic modifications are highly susceptible to
environmental influences and can vary throughout an individual’s life in response to
nutritional, toxic, inflammatory, or behavioral factors [2]. Central to these processes
are specific enzymes commonly categorized as writers, readers, and erasers. Writers
add chemical marks, such as methyl or acetyl groups, to histones or DNA; readers
recognize and interpret these marks to modulate transcriptional activity; erasers
remove these modifications, rendering the processes largely reversible. Additional
regulatory factors, often termed movers, shapers, and insulators, physically remodel
chromatin or act as structural and functional barriers, further contributing to
epigenetic regulation [3].

1.1 Epigenetic involvement in pathology

Epigenetic modifications play key roles not only in gene expression but also in
maintaining genomic stability, directing cellular differentiation, and mediating
responses to environmental signals [4]. Dysregulation of these mechanisms has been
increasingly linked to different pathological conditions, including autoimmune
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diseases, neurological disorders, cardiovascular diseases, and notably, cancer. For
instance, in cancer, aberrant DNA methylation patterns can silence tumor
suppressor genes or activate oncogenes, promoting uncontrolled cell proliferation.
Chromatin structural alterations may also facilitate epithelial-mesenchymal
transition, enhancing tumor invasiveness and metastatic potential.

Similarly, in diabetes, recent studies have identified DNA methylation changes in
critical tissues such as pancreatic islets, adipose tissue, and skeletal muscle,
suggesting an epigenetic component in disease onset and progression. These changes
can affect insulin production, secretion, and cellular sensitivity, highlighting the
intersection between genetics and the environment, where factors like diet and
lifestyle directly shape the epigenetic landscape.

Neurodegenerative diseases, including Alzheimer’s and Parkinson’s, are also
associated with epigenetic alterations, such as DNA methylation and histone
acetylation changes, impacting gene expression related to neuronal plasticity,
apoptosis, and toxic protein accumulation. Cardiovascular diseases similarly exhibit
epigenetic dysfunction, with modifications influencing genes involved in blood
pressure regulation, lipid metabolism, and inflammation. Notably, histone
modification changes have been linked to cardiac hypertrophy and atherosclerosis
development.

Major psychiatric disorders, such as autism spectrum disorder, bipolar disorder,
schizophrenia, and major depressive disorder, are complex conditions arising from
the interplay of multiple genes. Epigenetic regulation, influenced by environmental
factors including diet, gut microbiota, and infections, plays a crucial role in their
pathogenesis. For example, specific nutrients and intestinal microbes can modify
DNA methylation and histone marks, impacting gene expression relevant to brain
function [5].

2. Purpose and goals

The aim of this collection is to gather a wide range of scientific studies that
explore the role of epigenetics in various pathologies. In recent years, it has become
increasingly evident that epigenetic alterations contribute to the development and
progression of numerous diseases, including cancer, neurodegenerative disorders,
inflammatory diseases, autoimmune conditions, and metabolic syndromes. This
underscores the interest in compiling and presenting diverse works to address the
topic from multiple perspectives. The chapters will describe the specific role of
epigenetics in individual diseases or will focus on experimental approaches and/or
the molecular mechanisms involved.

Understanding the role of epigenetics in pathology opens new avenues for early
diagnosis, disease monitoring, and the development of targeted and personalized
therapies. Through this collection, we aim to provide an updated and comprehensive
overview of the scientific evidence linking epigenetic mechanisms to several
pathological contexts, thereby promoting greater understanding and encouraging
further research in this rapidly evolving field.

3. Conclusion(s)

A particularly exciting aspect of epigenetics is its potential reversibility, offering
promising therapeutic opportunities. The ability to “rewrite” aberrant epigenetic
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profiles has spurred the development of a new generation of epigenetic drugs
designed to restore proper protein function. This emerging field of
“pharmacoepigenomics” aims to develop therapies that can “reprogram” the cellular
epigenome and correct pathological alterations. Thus, epigenetics not only expands
our understanding of disease mechanisms but also paves the way for personalized
therapeutic strategies. In summary, a deeper understanding of the molecular
mechanisms underlying epigenetic processes represents a pivotal step toward
unraveling cellular and pathological complexity. Epigenetics has evolved from being
a mere complement to classical genetics into an essential framework for
comprehending cellular identity regulation, gene-environment interactions, and the
etiology of numerous complex diseases.
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Chapter 2

Epigenetic Mechanisms in
Autoimmune Diseases

Xiaojing Nie, Yuxian Tang, Yi Chen, Yunfan Zhang, Junyan
Chen, Yan Deng, Shuqi Zheng, Min Liu, Mingqgiang Li and
Zhongxin Liu

Abstract

Autoimmune diseases refer to conditions where the immune system of the
body responds to self-antigens, leading to damage or dysfunction of its own
tissues. Epigenetics refers to the three-level regulatory mechanism at the tran-
scriptional, translational, and protein metabolic levels without altering the base
information on DNA. There is evidence that abnormal epigenetic events can be
used as biomarkers for autoimmune diseases. Biomarkers based on DNA methy-
lation, histone modification, and non-coding RNA are closely related to the early
diagnosis, therapeutic evaluation, and prognosis of autoimmune diseases such as
systemic lupus erythematosus (SLE) and IgA vasculitis (IgAV). In the future, the
combination of epigenetic maps with clinical practice can promote the safe and
efficient transformation of epigenetic drugs from basic research to clinical
application.

Keywords: autoimmune diseases, epigenetic regulation, SLE, IgAV, DNA
methylation, histone modification, non-coding RNAs

1. Introduction

Autoimmune diseases refer to a category of disorders in which the immune
system of the body breaks immune tolerance to its own components, thereby
attacking its own organs, tissues, or cells and causing damage. They are characterized
by an imbalance in the immune system, loss of immune tolerance to self-antigens,
abnormal attacks on the body’s cells and tissues, and impaired self-non-self
discrimination [1]. Autoimmune diseases have a high incidence and mortality rate
[2], with over 10% of the population potentially affected, and the overall prevalence
shows an increasing trend over time. The incidence and prevalence of different
autoimmune diseases vary, and they are associated with age, gender, ethnicity, and
other demographic characteristics [3]. Moreover, epidemiological studies have
shown that environmental factors and genetic susceptibility are risk factors for the
loss of tolerance [4].
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The formation process of immune tolerance involves multiple mechanisms and
their interactions, due to which such diseases present significant heterogeneous
characteristics in clinical practice [5]. Some autoimmune diseases affect a certain
type of tissue throughout the body, such as blood vessels, cartilage, or skin — for
example, systemic lupus erythematosus (SLE) [6]. Other autoimmune diseases affect
specific organs, such as primary biliary cholangitis (PBC) [7]. However, the
diagnosis of these diseases currently mainly relies on a series of clinical and
laboratory criteria and the treatment is primarily based on immunotherapy, lacking
early biomarkers and individualized management tools.

Autoimmune diseases have a high incidence and mortality rate [5], with over 10%
of the population potentially affected, and the overall prevalence showing an
increasing trend over time. The incidence and prevalence of different autoimmune
diseases vary, and they are associated with age, gender, ethnicity, and other
demographic characteristics [6, 7].

At present, an increasing number of research results show that epigenetic
mechanisms play a key role in the occurrence and development of autoimmune
diseases. Studies have shown that a large number of epigenetic changes in DNA
are associated with the loss of immune tolerance in autoimmune diseases [8]. For
instance, the DNA methylation patterns of various cells in patients with SLE have
undergone significant changes, specifically including hypomethylation in the
promoter and enhancer regions of the CD40 ligand [9] and hypermethylation of
interferon-induced protein 44-like genes in CD4+ T cells [10]. Not only that, for
lupus patients in the active stage, the overall acetylation levels of histone H3 and
H4 in CD4+ T cells are relatively low [11]. Meanwhile, the levels of various
microRNAs (miRNAs) in the peripheral blood and CD4+ T cells of the patients
also decreased significantly [12-14]. Other examples include hypermethylation of
the insulin gene in type 1 diabetes (T1D) [15] and the CD4+ T cell promoter in
systemic sclerosis (SSc) patients [16], hypomethylation expression of peptidyl-
arginine deiminase 2 and Src homologous domain phosphatase 1 in patients with
multiple sclerosis (MS) [17], the therapeutic effect of patients with rheumatoid
arthritis (RA) treated with histone deacetylase inhibitors was observed [18],
acetylation modification of histone H4 exists in the promoter region of the AQP5
gene in patients with Sjogren’s syndrome (SS) [19], overall high acetylation of
histone H4 in SSc patients [20], and miRNA signaling in T1D, MS, SS, ulcerative
colitis (UC), and psoriasis [21-23]. The above studies have shown that compared
with healthy persons, the genomes of patients with autoimmune diseases exhibit
epigenetic changes, which are the earliest events before the clinical
manifestations of the disease and are closely related to the disease phenotype and
activity.

2. Epigenetics regulates the immune system

The core components of epigenetics mainly include DNA methylation, histone
modification, and non-coding RNA, etc., as shown in Figure 1.

DNA methylation is the most classic epigenetic modification method. In the
human genome, 5-methylcytosine (5mC) is the most common form of
methylation [24]. DNA methylation can precisely guide the functional
differentiation of T cells. The differentiation of naive CD4+ T cells into Treg
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Figure 1.
The core components of epigenetics. Created in Figdraw.

requires the induction of the transcription factor Foxp3, and the TSDR region of
the Foxp3 locus needs to be continuously hypomethylated to ensure the stable
expression of Foxp3. If DNMT1 is overexpressed, it will lead to methylation of
TSDR, thereby blocking the differentiation of Treg [25]. During B cell
development, DNA methylation dynamically regulates the activation or silencing
of key genes to ensure the normal development and maturation of B cells. For
example, Shi et al. demonstrated that DNA methylation inhibits the activity of
the Pax5 promoter, thereby causing B cell development disorders [26]. In
addition, the research by Barwick et al. confirmed that when the transferase
genes DNMT3a and DNMT?3b responsible for the methylation of nascent DNA in
B cells are absent (i.e. DNMT3 deficiency), it will affect the normal development
and maturation process of B cells [27].

Histone modification refers to a series of modifications carried out on the amino
acid residues of histones, including histone methylation, acetylation,
phosphorylation, ubiquitination, etc. This modification is involved in a variety of
cellular activities and has an impact on them, specifically including the activation
and inactivation of transcription, chromosome packaging, and the repair of DNA
damage. Liu et al. [28] detected the histone modification characteristics at different
stages of Th1 and Th2 cell differentiation, thereby identifying some sites that share
both common H3K4mel modification features and cell-specific H3K4mel
modification features. These sites imply that they might be the regulatory elements
in the active or silent state of the Th cell differentiation transcription program. In
addition, transcription factor binding site analysis showed that the promoter regions
marked by H3K18la are rich in ETS transcription factor binding sites, whereas the
promoter regions marked by H3K9la are rich in zinc finger transcription factor
binding sites. This indicates that H3K18la and H3K9la play important roles in the
transcriptional activation of CD8+ T cells [29]. Sun et al. [30] also found that in
activated CD8+ T cells, histone lactylation is mainly H3K18la and H3K9Ila, and the
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genes regulated by histone modification are not the same as those regulating the fate
and function of CD8+ T cells.

Non-coding RNA is an RNA molecule that is not translated into protein and
regulates gene expression through base complementary pairing or binding to
proteins. The most important regulatory non-coding RNAs include miRNA,
siRNA, piRNA, and IncRNA, which play multiple roles in regulating gene
expression [31]. IncRNA is involved in various pathophysiological processes such
as cell proliferation, differentiation, and apoptosis, and its expression changes
with different stimulating factors and cell types. Qiao et al. [32] discovered
through microarray and RT-qPCR array techniques that a large number of
dysregulated IncRNAs are produced in polarized macrophages, affecting the
developmental processes of respiratory system inflammation, fibrosis, immune
response, and tumors. In addition, it has been shown that miR-155 affects the
level of SHIP1 in dendritic cells. The reduction of SHIP1 levels leads to excessive
proliferation of T cells and promotes immune tolerance [33]. The biogenesis of
miRNA is directly regulated by DNA methylation and targets multiple DNMTs,
thereby regulating DNA methylation [34].

Autoimmune diseases are characterized by dysfunction of the immune system
and abnormal activation of autoantigens, which, in turn, cause damage to tissues
and organs [8]. Epigenetics has been confirmed to be an important factor
involved in the pathogenesis of autoimmune diseases. From the perspective of
epigenetic mechanisms, many internal and external environmental risk factors,
such as smoking, nutritional status, viral infections, and exposure to chemical
substances, may all have an impact on the pathogenesis of autoimmune diseases
[35]. Epigenetic modifications of B cells play a regulatory role in the selection,
activation, and differentiation processes of autoreactive B cells. Therefore,
abnormal epigenetic regulation may lead to the abnormal proliferation of
pathogenic B cell subsets, thereby inducing autoimmune diseases [36]. T cell
dysfunction is the pathogenic mechanism of most autoimmune diseases. Studies
have shown that abnormal epigenetic regulation can lead to imbalanced
differentiation of T cell subsets, uncontrolled activation, and functional
abnormalities, ultimately resulting in autoimmune diseases [37].

Generally speaking, DNA methylation mainly occurs on the CpG islands in the
promoter regions of most genes. Low methylation can activate gene transcription,
while high methylation can inhibit gene transcription [38]. In recent years, the
analysis of the whole-genome methylation map has found that low methylation of T
lymphocytes is closely related to autoimmune diseases. The combined effect of
environmental and genetic factors can cause abnormal DNA methylation, and this
abnormality will, in turn, affect the expression of genes related to leukocyte
function-related antigen 1 [39]. Moreover, the formation of neutrophil extracellular
traps is fundamentally involved in the pathogenesis of autoimmune diseases. Andrés
et al. [40] found that during the formation of neutrophil extracellular traps, histone-
citrullinated peptides are released into the blood, inducing the formation of
autoantibodies in the blood, indicating that histone citrullination is related to
autoimmune diseases.

In summary, epigenetics plays a “bridge” role in autoimmune diseases by
regulating immune tolerance, immune cell differentiation, and inflammatory
factor secretion: it is influenced by genetic background (such as the
polymorphism of epigenetic regulatory genes) and responds to environmental
factor stimulation, ultimately leading to the activation of autoreactive immune
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cells and tissue damage. This mechanism not only reveals the essence of
autoimmune diseases but also provides a clear theoretical basis for targeted
intervention (such as DNA methylation regulators and histone modification
enzyme inhibitors).

3. Epigenetics is used in clinical diagnosis and efficacy prediction

Epigenetic modifications, by precisely regulating gene expression, can directly
act on key biological processes such as cell proliferation, differentiation, apoptosis,
and immune response, thus becoming an important molecular link connecting
genetic susceptibility and environmental factors [41]. With the development of
epigenomic technologies, epigenetics has been increasingly applied in clinical
translation, mainly in the early diagnosis, therapeutic efficacy evaluation, and
prognosis of autoimmune diseases.

In terms of DNA methylation, SLE patients show epigenetic dysregulation
across the entire genome [42], characterized by a global hypomethylation pattern
[35], especially in immune-related gene regions. Moreover, the promoter of the
interferon-induced protein 44-like (IFI44L) gene in CD4+ T cells is
hypomethylated, enhancing the interferon signaling pathway and boosting the
immune response, indicating that the DNA methylation of the IFI44L promoter
can be a biomarker for diagnosing SLE [43]. Furthermore, in RA patients, the
reduced level of DNA methyltransferase in synovial fibroblasts leads to
hypomethylation, inducing an invasive synovial fibroblast (SF) phenotype and
the production of pro-inflammatory cytokines such as IL-6, thereby promoting
RA progression [44]. Similarly, in IgA vasculitis (IgAV) patients, the decreased
activity of the MAPK/ERK signaling pathway is associated with the
downregulation of DNMT1 expression, which may cause abnormal expression of
inflammation-related genes and promote disease progression [45]. In the salivary
gland epithelial cells of patients with SS, a decrease in DNA methylation levels
can be observed, and this decline is associated with lymphocyte infiltration and
the production of anti-SSB/La antibodies [46]. The DNA methylation of these
specific genes may serve as biomarkers for the diagnosis of autoimmune diseases.

Regarding histone modifications, Miceli-Richard et al. proposed that in CD4+
T cells of patients with SLE, the acetylation levels of histone H3 and H4 are
generally in a low state, among which the acetylation level of histone H3 is
negatively correlated with the activity of the disease [47]. The function of TNF-
a-induced protein 3 (TNFAIP3) is to negatively regulate the NF-kB inflammatory
signaling pathway, thereby inhibiting the inflammatory response. In the CD4+ T
cells of patients with SLE, there is a decreased level of trimethylated lysine 4
(H3K4me3), a transcriptional activity marker of histone H3, in the promoter
region of the TNFAIP3 gene. This change causes a significant decrease in the
mRNA expression level of TNFAIP3, which in turn leads to the overexpression of
IFN-y and IL-17, ultimately intensifying the inflammatory response and
promoting the occurrence and development of SLE. This abnormal histone
modification can be used as a biomarker for the clinical diagnosis of SLE [43].
However, in IgAV patients, histone H3 acetylation in peripheral blood
mononuclear cells (PBMCs) is significantly enhanced and is associated with
elevated expression levels of IL-6, GATA-3, IL-13, TIM-1, IL-4, and CXCL4,
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participating in the immune response of IgAV [48]. Furthermore, studies have
also shown that the labeling levels of histone 3 H3K4me3 and acetylated lysine 27
(H3K27ac) in IFN response genes in monocytes of patients with SSc increase to
varying degrees, further promoting the expression of these genes. Notably, the
expression of MX1 in the lesional skin of patients with SSc was reported to
correlate with a decreased lung function and a more severe phenotype associated
with increased mortality [49]. Wang et al. found that histone H3K9
hypomethylation was observed in B cells of patients with SSc and CD4+ T cells of
patients with SLE. However, SSc patients also have overall histone H4 excessive
acetylation, and the level of this excessive acetylation is positively correlated
with the activity of the disease [20]. The above-mentioned research suggests that
abnormal changes in histone modifications can serve as potential biomarkers for
disease diagnosis and prognosis assessment.

Non-coding RNAs (such as miRNAs) also show diagnostic potential. miRNAs
can bind to the 3’ untranslated region of mRNAs, inhibiting translation or
degrading mRNAs, thereby suppressing protein production and participating in
the post-transcriptional regulation of gene expression [50]. In patients with
autoimmune diseases such as SLE and Crohn’s disease, the expression level of
miR-125a in peripheral blood CD4+ T cells decreases, which can affect effector T
cells (Teffs). It inhibits the secretion of multiple factors (including STAT3, IFN-y,
IL-13, etc.). Not only that, in the peripheral blood of SLE patients, miR-34a may
also be related to the activity of the disease — its expression level is positively
correlated with multiple serum disease indicators such as rheumatoid factor, anti-
hemolytic O antibody, and erythrocyte sedimentation rate [43]. Other miRNAs,
such as miR-7, are involved in the overactivation of B cells in SLE patients and are
related to the production of autoantibodies; the upregulation of miR-21 can lead
to excessive activation of T cells and participate in the immune regulation of SLE
[51]. In patients with IgAV, the degree of gastrointestinal involvement is
negatively correlated with the expression levels of miRNA-155-5p and/or miRNA-
146a-5p in the skin, while the severity of skin purpura is positively correlated
with the expression level of miRNA-223-3p in the skin. These abnormally
expressed miRNAs may serve as biomarkers for IgAV [52]. According to the latest
research, urinary exosomal miRNAs are associated with IgAV renal injury. The
analysis combining clinical parameters suggests a significant correlation between
hsa-miR-383-5p and urinary protein levels. hsa-miR-383-5p, hsa-miR-3065-5p,
hsa-miR-450b-5p, and hsa-miR-25-3p may mediate the pathogenesis of IgAV
nephritis (IgAVN) by targeting fibrotic and inflammatory pathways. Among
them, hsa-miR-383-5p in exosomes is likely to become a novel non-invasive
biomarker for evaluating the disease status of IgAV nephropathy (IgAVN), which
provides a new direction for the non-invasive diagnosis and treatment of
IgAVN [53].

In addition to its wide application in non-invasive diagnosis, epigenetics also
has new application potential in predicting disease prognosis, recurrence risk,
organ involvement, and treatment response. The onset, diagnosis, and treatment
of SLE are closely related to epigenetics. Research has found that there are
abnormal methylation levels in the promoter regions of immune-related genes in
patients with SLE, specifically manifested as a hypomethylation state, and this
state can lead to overexpression of genes, thereby intensifying abnormal immune
activation [41, 42]. Therefore, it can be used as a biomarker for predicting disease
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risk and progression. In terms of predicting treatment response, the methylation
status of specific genes is related to drug sensitivity (such as glucocorticoids and
biologics), providing a reference for the formulation of personalized treatment
plans [46, 47]. In addition, hypomethylation of interferon-related genes and
changes in the proportion of CD4+ T cell subsets can indicate the risk of
recurrence, facilitating early intervention [50]. The reversibility of epigenetic
modifications provides a new direction for treatment; drugs such as DNA
methyltransferase inhibitors can correct abnormal gene expression, and
formulating treatment plans based on patients’ epigenetic characteristics can
improve efficacy and reduce side effects [51].

Currently, research on the use of epigenetics to predict the efficacy and
prognosis of IgAV is still in its early stages, but there have been some initial
findings. Patients with IgAV have abnormal ERK signaling pathway function,
which is closely related to the down-regulation of DNA methyltransferase
DNMT1 expression [54]. H3 acetylation in PBMCs of patients is enhanced, and
the H3K4 methylation level in IgA nephritis patients is elevated [52]. Luo et al.
[53] demonstrated that in children with IgAV, HAT and histone
methyltransferase levels increase, while histone deacetylase and demethylase
levels decrease, leading to abnormally active transcription; in patients with
kidney involvement, the mRNA and protein levels of IL-13, IL-6, and IL-4 are
significantly elevated; in CD4+ T cells, the promoter and enhancer regions of IL4
are rich in H3 acetylation and H3K4me3, and the expression of TIM-1 also
increases, while IFNG, which encodes the Th1 cell cytokine IFNYy, does not show
similar changes. The overall increase of specific open chromatin markers and the
overexpression of helper T cell 2 (Th2)-related genes in IgAV suggest that Th2
cells may be the key effector cells in the pathogenic mechanism of IgAV.

In summary, epigenetics is currently crucial for the early diagnosis, efficacy
evaluation, and prognosis in autoimmune diseases. In the future, it is necessary
to further integrate epigenetic maps with clinical data to promote the safe and
efficient translation of epigenetic drugs from basic research to clinical
applications.

4. Current limitations and challenges

Although the epigenetic mechanisms of autoimmune diseases have great
potential for clinical translation, they still face many challenges. The epigenetic
mechanisms of autoimmune diseases are extremely complex, involving multiple
genes, various epigenetic modifications, and interactions among numerous cell
types. Epigenetic alterations in different cell types are intertwined, forming a
complex regulatory network, making it feel like looking for a needle in a haystack
to parse the specific pathogenic mechanisms. This multi-dimensional complexity
greatly increases the difficulty of research, and researchers need to
comprehensively integrate data from different levels and deeply explore the
causal relationships among various factors to gradually unveil the mysteries of
the disease. Environmental factors can also induce autoimmune diseases through
epigenetic mechanisms, further increasing the complexity of the mechanism.

Epigenetic biomarkers have great prospects in disease diagnosis and
monitoring, but their clinical promotion is hindered by issues such as the lack of
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standardized detection techniques, low correlation between results from
different platforms, high detection costs, sample heterogeneity, and low early
sensitivity. Some epigenetic modifications, such as specific histone modification
isoforms, are extremely difficult to detect, and existing detection methods are
unable to accurately identify and quantitatively analyze them. Even relatively
mature DNA methylation detection techniques face challenges. In addition,
epigenetic drugs may trigger significant immune responses, increasing the risk of
infection or tumors, so further development is needed to improve safety levels.
In the field of precision treatment, although core challenges such as off-target
effects, stability, and delivery efficiency still exist, the rapid development of
molecular modification and nanoparticle technologies is gradually breaking
through these limitations.

5. Summary and outlook

In recent years, with many breakthroughs in epigenetic research on
autoimmune diseases, we have gradually realized that the normal functioning of
the immune system is inseparable from epigenetic regulation. A large number of
studies have confirmed that in autoimmune diseases such as RA, SLE, and
multiple sclerosis, epigenetic regulatory methods such as DNA methylation,
histone modification, and non-coding RNA play a key role in the development
and differentiation processes of B cells, T cells, and dendritic cells, as well as the
realization of their activation functions. This suggests that epigenetic
dysregulation is an early driving force and common mechanism of autoimmune
diseases. Based on this, epigenetic biomarkers are expected to significantly
enhance the level of clinical diagnosis and treatment by enabling early diagnosis,
conducting risk stratification, and promoting the development of therapeutic
approaches. They will gradually reshape the individualized clinical management
model.

Although epigenetic research has revealed that DNA methylation
dysregulation, abnormal histone modification, and non-coding RNA regulatory
disorders are the early core driving mechanisms of autoimmune diseases, there is
still a long way to go to deeply reveal the interaction network between
epigenetics and autoimmune diseases and to translate this research results into
clinical practice for the diagnosis and treatment of autoimmune diseases. This
brings new challenges and opportunities to epigenetic research. Developing
effective biomarkers, establishing clinically applicable epigenetic analysis
techniques, creating highly selective epigenetic regulatory drugs, and
determining whether epigenetic biomarker-guided therapeutic transformation
truly improves the survival rate and quality of life of patients are the key issues
we face before applying epigenetics to clinical practice.
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Macrophage Functional
Remodeling
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Abstract

Macrophages are the primary immune cells constituting the innate immune
system, with their main defensive functions including phagocytosis of apoptotic
cells, clearance of harmful substances, and resistance to pathogenic microbial infec-
tions. They play a crucial regulatory role in maintaining organismal homeostasis and
normal development. Over the past half-century, extensive research has been dedi-
cated to uncovering the diverse roles and mechanisms of macrophage activation
under physiological and pathological conditions. Since macrophages are distributed
across most solid organs in mammals, their differentiation lineages and functional
states are influenced by various tissue microenvironmental factors, which, to some
extent, pose challenges to macrophage research. This chapter provides a detailed
exposition of the activation/polarization types, functional states, and roles of
macrophages in different pathological processes in recent years. It also reviews the
regulatory mechanisms involving epigenetic factors (such as histone modifications
and micro-RNAs) and molecular regulatory networks that govern the different
activation/polarization states of macrophages.

Keywords: macrophage, epigenetic regulation, histone modification, DNA
methylation, RNA modification, immunotherapy, signaling pathways

1. Introduction

Macrophages, a core component of the innate immune system, act as critical
“guardians” against pathogens and in maintaining homeostasis. They perform
indispensable roles in physiological and pathological processes through phagocytosis
of apoptotic cells, clearance of foreign substances and pathogens, and modulation of
immune responses — functions integral to life activities from embryonic development
to chronic disease progression.

Over the past half-century, advancements in immunology and molecular biology
have revealed that macrophages are not functionally homogeneous. Under the
influence of tissue microenvironments, they exhibit remarkable plasticity,
activating/polarizing into distinct phenotypes: classical pro-inflammatory (M1),
anti-inflammatory/reparative (M2), regulatory macrophages (rMf), and oxidative
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phospholipid-induced Mox macrophages. Each subtype plays unique roles: M1
macrophages secrete pro-inflammatory cytokines (e.g., tumor necrosis factor alpha
[TNF-a], interleukin-1-beta [IL-1B]) to eliminate pathogens during acute infections,
while M2 macrophages secrete anti-inflammatory factors (e.g., IL-10, transforming
growth factor beta [TGF-B]) to promote tissue repair in later stages.

Yet, challenges remain. Macrophages are widely distributed (e.g., liver Kupffer
cells, brain microglia) and differ by tissue origin (embryonically derived vs. bone
marrow-derived). Key questions persist: how do microenvironmental signals
(cytokines, metabolites, pathogens) precisely regulate polarization, and what are the
mechanisms in diseases like atherosclerosis, cancer, and neurodegeneration?

Recent advances in epigenetics and signaling networks have uncovered regulatory
mechanisms. Histone modifications, DNA methylation, and non-coding RNAs
(ncRNAs, e.g., micro-RNAs) influence gene expression and phenotype maintenance.
Crosstalk among pathways (Notch, nuclear factor kappa B [NF-«B], JAK-STATSs,
interferon regulatory factors [IRFs]) forms a complex network controlling activation
states — insights that lay the groundwork for macrophage-targeted therapies.

This chapter will outline the major macrophage polarization types and their roles
in pathology, focusing on epigenetic regulation (histone modifications, DNA
methylation, micro-RNAs) and key signaling pathways. It will also explore
applications in disease pathogenesis, providing a reference for understanding
macrophage biology and developing interventions.

2. Activation/polarization states of macrophages and interaction with
the microenvironment

2.1 Macrophage activation/polarization phenotypes
2.1.1 Physiological functions of macrophages

Under physiological conditions, macrophages maintain tissue homeostasis by
clearing apoptotic cells and debris, regulating angiogenesis, and promoting tissue
remodeling through extracellular matrix production. They also exhibit tissue-specific
functions: microglia in the brain mediate postnatal synaptic pruning to support learning
and memory, splenic red pulp macrophages recycle iron by phagocytosing erythrocytes,
and peritoneal macrophages induce intestinal IgA production via interactions with B1
cells. These specialized functions are regulated by microenvironmental cues, such as
heme-induced Spic expression or retinoic acid-mediated GATAG6 activation.

Regarding functional regulation, conventional views suggest intrinsic differences
between tissue-resident macrophages (trM@) and bone marrow-derived macrophages —
trMg are long-lived and promote tissue repair, whereas bone marrow-derived
macrophages exhibit heightened NF-kB activation and proinflammatory responses
[1, 2]. However, recent studies integrating enhancer profiling and transplantation
experiments demonstrate that microenvironmental signals dominate phenotypic
determination over cellular origin. For instance, peritoneal macrophages transplanted
into the lung adopt an alveolar macrophage-like transcriptional profile while retaining
partial original functionality. This indicates a dynamic equilibrium between
microenvironment-driven plasticity and origin-dependent rigidity, the precise
regulatory mechanisms of which require further investigation.
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2.1.2 Functional regulation and polarization of macrophages

Macrophages encounter diverse and complex inflammatory microenvironments in
peripheral tissues and various organs. Their functional diversity can largely be attributed
to their ability to adopt distinct phenotypes in response to different microenvironmental
cues. Upon sensing external inflammatory signals, macrophages undergo significant
changes in their epigenetic profiles, transcriptional expression patterns, and cytokine
secretion profiles to adapt to the local inflammatory milieu and mount an appropriate
response. This remarkable functional plasticity of macrophages in response to varying
stimuli is defined as polarization, which is classified into different subtypes. Indeed, the
involvement of macrophages in regulating host defense, tissue development, and energy
metabolism serves as strong evidence of their polarization.

Macrophage polarization is a complex functional remodeling process involving the
interplay between microenvironmental stimuli and intrinsic gene expression profiles,
including cytokines, growth factors, metabolites, and pathogen-derived molecules.
Based on the inducing agents and immune responses, a fundamental dichotomous
classification divides macrophage polarization into two major types: classically activated
(M1) macrophages, which exhibit a proinflammatory phenotype, and alternatively
activated (M2) macrophages, which exert anti-inflammatory effects (Figure 1). While
macrophage polarization can be clearly defined in iz vitro experiments and certain acute
infection models iz vivo, growing evidence suggests that the induction and regulation of
macrophage polarization cannot be fully explained by this simplistic paradigm.
Moreover, the initial polarization state is reversible upon environmental changes. In
complex, multistage immune responses, some macrophage subsets display physiological
functions that cannot be strictly categorized as either M1 or M2. Researchers propose
that these heterogeneous macrophages may represent transitional states between M1
and M2 polarization, suggesting that macrophage activation exists along a continuum
rather than as a strict M1-M2 dichotomy. Additionally, some scholars argue that many
more macrophage phenotypes with diverse functions remain undiscovered, playing
complex roles in inflammatory responses, tissue repair, and wound healing [3].

The shift in macrophage polarization depends on the type, concentration, and
duration of cytokines or inflammatory mediators in the microenvironment. Iz vitro or
in vivo, M1 macrophage activation relies on Toll-like receptor (TLR) ligands (e.g.,
microbial lipopolysaccharide, LPS) and Th1-associated cytokines such as interferon
gamma (IFN-y). These classically activated macrophages typically exhibit
proinflammatory properties, upregulating inducible nitric oxide synthase (iNOS) to
enhance NO production and releasing chemokines like CXCL10 to promote pathogen
phagocytosis and killing. They also secrete proinflammatory cytokines (e.g., IL-12,
IL-23, IL-15, TNF-0) to drive Thl responses. Additionally, M1 macrophages highly
express MHC class II molecules and co-stimulatory molecules (CD80/CD86),
enhancing antigen presentation and cytotoxic cell activation. In contrast, M2
polarization is induced by Th2 cytokines (IL-4/IL-13) or immune complexes, leading
to an anti-inflammatory phenotype. M2 macrophages express arginase-1 (Argl),
suppressing NO synthesis, and secrete chemokines (CCL17, CCL22) as well as anti-
inflammatory mediators (IL-10, TGF-B). They also upregulate markers such as
scavenger receptors (SR), mannose receptor (MR), Fizz1, and Ym1, promoting tissue
repair, organ fibrosis, parasite clearance, and immune regulation. Beyond IL-4
stimulation, researchers have found that IL-10, glucocorticoids, and apoptotic cell
debris can also induce an M2-like polarization, resulting in an immunosuppressive
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Figure 1.

Macrophage activation/polarization types. Summary of the main macrophage polarization states of activated
macrophages. Different stimuli and signaling pathways have been described as inducers of M1-like or M2-like
activation states, of which the most widely referenced ones are summarized here. M1-like or M2-like polarization
has been reported in humans as being related to distinct defensive or healing schemas. Many roles have been
ascribed to these polarization status, of which pro- and anti-inflammatory macrophage potentiation has for a
long time been classically associated to the M1-like/M2-like-like dichotomy. LPS: lipopolysaccharide; MR:
mannose receptor; TNF: tumor necrosis factor; IFNg: interferon gamma; IL: interleukin; MCP: monocyte
chemoattractant protein; TGF: transforming growth factor; MCSF: macrophage colony stimulating-factor; ROS:
reactive oxygen species; iNOS: inducible nitric oxide synthase; MHC: major histocompatibility complex.

phenotype. M1 and M2 macrophages exhibit distinct functional and metabolic
characteristics: M1 macrophages display strong proinflammatory and antitumor
activity, relying on glycolysis for energy, whereas M2 macrophages facilitate tissue
repair and immune suppression, primarily utilizing oxidative phosphorylation [3].

Beyond the classical M1 and M2 phenotypes, emerging research has identified
novel macrophage subsets with distinct functional profiles in various disease
contexts. Regulatory macrophages (rMf) represent a recently characterized
subpopulation that plays a pivotal role in modulating both innate and adaptive
immune responses. Following LPS stimulation, these cells exhibit robust IL-10
production and develop into suppressor macrophages, contributing to tolerance
induction in solid organ transplantation and xenogeneic immune responses. Notably,
dehydrogenase/reductase 9 (DHRS9) has been identified as a specific molecular
marker for this unique macrophage subset. Importantly, the polarization dynamics
of macrophages are significantly influenced by interactions with immune cells (e.g.,
lymphocytes) and stromal components (e.g., fibroblasts, mesenchymal stem cells),
although these regulatory mechanisms require further elucidation.
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2.2 Macrophage activation/polarization and inflammation

Macrophages participate in various inflammatory and immune responses iz vivo.
Due to their diverse polarization states, they play distinct regulatory roles in
processes such as tissue repair, fibrosis, allergic reactions, and homeostasis.

2.2.1 Macrophage activation/polarization in infectious inflammation

Macrophages serve as the first line of defense against pathogens. Pathogen-
associated molecular patterns (PAMPs) are recognized by pattern recognition
receptors (PRRs) on macrophages — including TLRs, Nod-like receptors (NLRs),
RIG-I-like receptors (RLRs), C-type lectin receptors (CLRs), and nucleic acid
sensors — triggering antimicrobial effector functions, recruitment of innate immune
cells, activation of adaptive immunity, and initiation of inflammatory responses.

During infection, both tissue-resident macrophages (trM¢) and bone marrow-
derived macrophages (BMDM) contribute to pathogen clearance through dynamic
polarization. M1-polarized macrophages dominate early stages, enhancing
phagocytosis, antigen presentation, and type I inflammatory responses via cytokines
(e.g., TNF-a, IL-1B, IL-6) and chemokines (e.g., CXCL1, CCL2) [4]. As infection
resolves, macrophages shift to an M2 phenotype, secreting TGF-p and IL-10 to
promote tissue repair. This M1-to-M2 transition is essential for balancing pathogen
elimination and damage resolution [5].

Evidence indicates that macrophages exhibit distinct polarization states under
different infectious conditions. During bacterial infection, macrophages recognize
pathogens via PRRs, leading to M1 polarization. This is accompanied by the production
of pro-inflammatory cytokines and mediators — such as TNF-q, IL-1, IL-6, IL-12, and
NO - which contribute to pathogen clearance. However, certain intracellular bacterial
pathogens have evolved sophisticated strategies to suppress M1 polarization and
promote a shift toward an M2-like phenotype, thereby dampening inflammatory
responses and evading host immunity. For example, after being phagocytosed by
macrophages, Mycobacterium tuberculosis can be restrained by M1-polarized cells
through the secretion of factors like TNF-0 and CXCL18, along with the suppression of
IL-10 expression, limiting intracellular bacterial proliferation. Interestingly, M.
tuberculosis can also inhibit IFN-y transcription in host macrophages, attenuating M1
polarization and inflammatory responses. Similarly, infections with digestive pathogens,
such as Helicobacter pylori, are associated with aberrant macrophage polarization,
leading to recurrent and persistent inflammation.

During viral infections, macrophage polarization is also subject to manipulation.
Although the mechanisms by which viruses alter polarization to evade immunity are
not fully understood, it is generally accepted that, upon viral recognition,
macrophages internalize the virus, present viral peptides to T cells, and facilitate the
production of IFN-y and other molecules that recruit effector immune cells and
induce inflammatory responses to control viral replication — processes that rely on
M1 polarization. However, some viruses, such as hepatitis B (HBV) and hepatitis C
(HCV), interfere with normal macrophage development and functional
specialization. HBV and HCV inhibit monocyte-to-macrophage differentiation via
TLR2 signaling. Additionally, HCV activates STAT family signaling, resulting in a
mixed M1/M2 macrophage cytokine expression profile and functional dysregulation
of both M1-like and M2-like macrophages in chronic hepatitis C patients.
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2.2.2 Macrophage activation/polarization in chronic inflammation

Beyond infectious diseases, macrophage polarization plays a critical role in
diverse chronic non-infectious conditions, including neurodegenerative disorders,
metabolic diseases, fibrotic pathologies, and cardiovascular disorders. These
conditions initiate sterile inflammatory responses through the recognition of
damage-associated molecular patterns (DAMPs), though their regulatory
mechanisms remain less understood compared to infectious inflammation [6].

Atherosclerosis serves as a prototypical example of macrophage polarization’s
involvement in chronic inflammatory diseases. The disease process involves
chemokine-mediated recruitment of monocytes to the arterial intima, where
exposure to CSF1 and oxidized LDL (ox-LDL) drives their differentiation into
macrophages and subsequent transformation into foam cells. While initial
lipoprotein uptake may appear beneficial, these foam cells exacerbate disease
progression through cytokine and inflammatory mediator secretion, ultimately
promoting necrosis or apoptosis. Lipid components within atherosclerotic plaques
differentially regulate macrophage polarization, with cholesterol crystals activating
NLRP3 inflammasome to induce M1 polarization, while 9-oxononanoyl cholesterol
promotes M2 polarization [7].

Clinical investigations reveal distinct macrophage polarization patterns between
symptomatic and asymptomatic atherosclerotic plaques. M1 macrophages
predominantly localize to lipid cores of symptomatic plaques, whereas M2
macrophages are more abundant in asymptomatic plaques, suggesting a protective
role. Current therapeutic approaches demonstrate limited efficacy in modulating
macrophage activity, though PPAR-y agonists show promise by specifically
promoting M2 polarization. Emerging evidence highlights the potential of certain
Lactobacillus strains to modulate M1/M2 ratios through inhibition of ox-LDL uptake,
underscoring the therapeutic potential of probiotics. While macrophage-targeted
therapies remain challenging, precise modulation of their polarization represents a
promising strategy for treating chronic inflammatory diseases like
atherosclerosis [8].

2.2.3 Macrophage activation/polarization and the inflammation—cancer transition

Under physiological conditions, the inflammatory response resolves upon
elimination of injurious stimuli, transitioning into a highly active and precisely
regulated homeostatic state. However, in the presence of certain persistent or low-
grade stimuli — such as chronic excessive inflammation in target organs — the
response may fail to resolve, leading to nonresolving inflammation. Malignancy is a
classic example of nonresolving inflammation; nearly all human cancers are
associated with inflammatory processes or inflammatory precancerous lesions. As
key innate immune cells, macrophages play a critical regulatory role in the transition
from inflammation to cancer.

Substantial evidence indicates that tumor-associated macrophages (TAMs)
significantly contribute to tumorigenesis and progression. First, solid tumors are
often infiltrated by macrophages, and multiple mouse models have established a
clear link between macrophage infiltration and progressive tumor growth. Second,
across various human cancers - including breast, cervical, bladder, and prostate
cancer — high TAM density correlates with poor prognosis. Specific depletion of
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TAMs in tumor tissues impedes tumor cell survival, a finding consistently supported
by studies using TAM dysfunction models, providing direct evidence for the pro-
tumorigenic role of TAMs. Transcriptomic profiling reveals that TAMs resemble M2-
polarized macrophages, characterized by an IL-12"°"/IL-10"¢" cytokine profile and
upregulation of pro-tumor factors such as vascular endothelial growth factor
(VEGF), epidermal growth factor (EGF), and COX2, which underlie their tumor-
promoting functions.

However, emerging research has refined the understanding of TAM identity and
functionality. Owing to the complexity and dynamic nature of the tumor
microenvironment, TAMs often comprise a heterogeneous population with varying
degrees of M1 and M2 polarization. Although TAMs are commonly described as having
an M2-like phenotype, pro-inflammatory M1-like TAMs have also been identified.
Spatial heterogeneity exists within tumors: in breast cancer models, well-oxygenated
regions are enriched with MHC-II" macrophages expressing M1 markers and anti-
angiogenic chemokines, while hypoxic regions contain M2-like TAMs that promote
angiogenesis. Temporally, early-stage tumors are dominated by M1-like TAMs that
release inflammatory cytokines and reactive oxygen/nitrogen species. These M1-like
TAMs may initially restrain tumor growth by enhancing inflammation and activating
cytotoxic T and NK cells, but they also contribute to genomic instability and increased
mutation rates. As tumors progress, TAMs shift toward an M2-like phenotype,
exhibiting immunosuppressive functions such as inhibition of cytotoxic T cells,
promotion of regulatory T cell expansion, stimulation of angiogenesis and metastasis,
and enhancement of cancer stemness and therapy resistance [9].

Given the pivotal role of TAM polarization in tumor progression, strategies
targeting TAM reprogramming have gained research interest. Stimulation with
factors such as CSF2 or IL-12 can skew TAMs toward an anti-tumor M1 phenotype.
Additionally, low-dose radiation has been shown to promote TAM repolarization to
an M1-like state, contributing to tumor vascular normalization.

3. Epigenetic regulation of macrophage activation/polarization
3.1 Physiological functions of macrophages

Macrophage function is critically regulated by histone modifications, which alter
chromatin structure and gene expression. These epigenetic marks — including
methylation, acetylation, and newer forms like lactylation — dictate transcriptional
accessibility and are essential in macrophage polarization [1].

M1 macrophages display open chromatin with high acetylation, promoting
inflammatory gene expression. In contrast, M2 macrophages have repressive
methylation marks and condensed chromatin. In tumors, the microenvironment
reprograms histone modifications in TAMs, suppressing anti-tumor genes via
reduced H3K4me and increased H3K27me, thereby promoting an
immunosuppressive M2-like phenotype [10].

Enzymes such as methyltransferases (e.g., Smyd2), demethylases (e.g., Jmjd3),
acetyltransferases (HATSs), and deacetylases (HDACs) fine-tune polarization
through locus-specific modifications. For example, HDAC3 is required for both M1
and M2 polarization, making HDAC inhibitors promising therapeutic tools [11]
(Figure 2).
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they promote M1 polarization and below if they inhibit M1 polarization. Those known to control M2 polar-
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Critically, histone modifications confer memory: macrophages retain epigenetic
imprints from prior stimuli, resisting repolarization. This durability underscores the
challenge of sustaining macrophage reprogramming in disease therapy and
highlights the need to understand microenvironment-specific epigenetic regulation.

3.2 DNA methylation and macrophage activation/polarization

DNA methylation, the primary chemical modification of chromatin DNA,
involves the covalent addition of a methyl group to cytosine residues in CpG
dinucleotides, catalyzed by DNA methyltransferases (DNMTs). Hypermethylation
typically leads to chromatin condensation and gene silencing. Substantial evidence
indicates that aberrant DNA methylation patterns significantly influence
macrophage biological behavior.

DNMTs catalyze DNA methylation and repress gene expression. DNMT1 and
DNMTS3b are upregulated in M1 macrophages and promote proinflammatory
polarization. For example, DNMT3b methylates the PPAR-y promoter, inhibiting
its expression and driving M1 polarization in adipose tissue macrophages.
Similarly, DNMT1-mediated hypermethylation contributes to atherosclerosis by
silencing anti-inflammatory genes. Inhibiting DNMTs (e.g., with Aza or curcumin)
promotes M2 polarization and ameliorates inflammation in injury and disease
models [12].

Conversely, DNMT3a is highly expressed in M2 macrophages and is associated
with the silencing of M1-related genes. It methylates the promoter of Galectin-3, an
M2 marker involved in angiogenesis. Demethylation restores its expression.
Additionally, transcription factors like KLF4 — which promotes M2 polarization — can
bind methylated DNA via unique motifs, enabling methylation-resistant gene
regulation, thus adding another layer to epigenetic control in macrophage
polarization [13].

DNMT1 and DNMT3a/b mediate maintenance and de novo DNA methylation,
respectively, which stabilize macrophage polarization and enable functional
remodeling. Although the hierarchical relationship between DNA methylation and
histone modifications remains unresolved, both mechanisms synergistically and
indispensably regulate macrophage polarization.

3.3 Micro-RNAs and macrophage activation/polarization

The ncRNAs, particularly long non-coding RNAs (IncRNAs) and micro-RNAs
(miRNAs), serve as crucial epigenetic regulators in macrophage biology. miRNAs,
~22-nucleotide small RNAs, mediate post-transcriptional gene silencing by
binding to the 3’ untranslated regions (3’ UTRs) of target mRNAs. These molecules
orchestrate complex regulatory networks that enhance cellular robustness, playing
pivotal roles in macrophage differentiation, maturation, and polarization.

Extensive studies have demonstrated dynamic miRNA expression profiles during
macrophage polarization. Functionally, these miRNAs can be categorized into pro-
inflammatory (M1-polarizing) and anti-inflammatory (M2-polarizing) subtypes.
Among them, miR-155 emerges as the most extensively characterized regulator of
M1 polarization. It potentiates inflammatory responses by targeting negative
regulators SOCS1 and SHIP1, thereby enhancing AKT and cytokine signaling
pathways. Genetic evidence shows that miR-155 deficiency impairs immune
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responses and promotes M2 polarization, whereas its overexpression drives myeloid
hyperplasia. In disease contexts, miR-155 contributes to atherosclerosis progression
through the SOCS1-STAT3-PDCD4 axis and inhibits M2 polarization by suppressing
IL-13Ra1 and SMAD?2 expression [14]. Conversely, M2-associated miRNAs,
including miR-181a and let-7c, attenuate inflammation by targeting KLF6/C/EBPa
and other anti-inflammatory mediators. In the central nervous system, microglia-
specific miR-124 alleviates neuroinflammation by modulating the C/EBPa-PU.1
signaling axis. Additionally, miRNAs such as miR-146 and miR-21 establish negative
feedback loops to fine-tune TLR signaling pathways, highlighting their roles in
immune homeostasis.

These findings underscore the central importance of miRNA networks in
macrophage polarization and their therapeutic potential for inflammatory diseases.
However, the complexity of miRNA-mediated regulation warrants further
investigation to elucidate precise mechanistic insights.

4. Activation/polarization states of macrophages and interaction with
the microenvironment

4.1 Notch signaling pathway and macrophage activation/polarization
4.1.1 Notch signaling pathway

The Notch signaling pathway is an evolutionarily conserved system that regulates cell
fate decisions through ligand-receptor interactions between adjacent cells. Upon
activation, the Notch intracellular domain translocates to the nucleus and binds to the
transcription factor RBP-J to drive downstream gene expression. It controls key
developmental processes — including lateral inhibition, stemness maintenance, and
differentiation — from embryogenesis to tissue homeostasis. Dysregulation disrupts
neural patterning, somite formation, and intestinal cell homeostasis [15].

4.1.2 Notch signaling pathway and myeloid cell differentiation

Notch signaling activation is closely associated with innate immunity and
inflammatory responses, but its role in the differentiation of hematopoietic stem
cells (HSCs) into myeloid cells remains controversial.

Some studies suggest that Notch activation maintains the self-renewal and
stemness of hematopoietic progenitor and precursor cells while inhibiting their
terminal differentiation into mature myeloid cells. For instance, overexpression of
NICD1 reduces the formation of mature granulocytes, and Notchl and Notch2
exhibit differential responses to colony-stimulating factors (G-CSF, GM-CSF).
Overexpression of the Notch target gene Hes1 or its ligands also blocks myeloid
differentiation. However, other studies argue that Notch is required for myeloid
maturation: inactivation of the y-secretase complex (critical for Notch activation)
leads to abnormal accumulation of granulocyte-macrophage progenitors, resembling
chronic myelomonocytic leukemia (CMML). Additionally, somatic mutations in
Notch-related genes (e.g., Nicastrin, Notch2) have been identified in CMML
patients. The controversy may stem from the complexity of myeloid cell
composition, the diversity of differentiation pathways, and the varying degrees of

30



Epigenetic Regulation in Macrophage Functional Remodeling
DOI: http://dx.doi.org/10.5772/intechopen.1012974

Notch activation and ligand/receptor expression across different hematopoietic cells.
Its regulatory role in myeloid differentiation may depend on the stage and intensity
of activation, warranting further investigation.

4.1.3 Notch signaling pathway and macrophage activation/polarization

Notch signaling regulates macrophages through four key mechanisms. First, it
controls inflammatory factor expression via RBP-J/Hes1, such as directly activating IL-6
and iNOS transcription. Notch1 inhibition reduces TNF-a during wound healing, while
Notch blockade alleviates inflammation in lupus. Second, Notch modulates key
transcriptional regulators. It upregulates SOCS3 to inhibit Stat3 and promote M1
polarization, impacting tumor suppression and BCG-induced inflammation. In liver
fibrosis, RBP-] deficiency elevates CYLD to suppress NF-kB. Notch also enhances TLR-
JNK-IRF8 signaling to drive inflammatory responses. Third, Notch employs ncRNAs for
epigenetic regulation. NICD1 activates miR-125a/99b to promote M1 polarization and
reprogram TAMs, while miR-148a boosts macrophage microbicidal activity. Finally,
Notch regulates metabolic reprogramming. It promotes Pdpl-mediated mitochondrial
ROS release for M1 polarization and suppresses lactate metabolism to influence
macrophage maturation. These mechanisms enable Notch to finely balance pro- and
anti-inflammatory responses in immunity and disease. However, whether they exhibit
context-dependent specificity or concurrent action requires further study, particularly
through genome-wide profiling of Notch-RBP-J binding under diverse inflammatory
conditions [16].

4.2 NF-kB, JAK-STATS, and IRFs signaling in macrophage activation/
polarization

4.2.1 NF-kB, JAK-STATs, and IRFs signaling pathways

NF-kB complexes consist of Rel proteins with RHD domains. The canonical p65/
p50 heterodimer is sequestered by I-xB until IKK-mediated phosphorylation
triggers I-kB degradation, enabling nuclear translocation and transcriptional
activation. PRRs and TNF receptors initiate this pathway in innate immunity. The
JAK/STAT pathway transduces cytokine signals through receptor-associated JAK
kinases that phosphorylate STAT transcription factors. Phosphorylated STATSs
dimerize and regulate target gene expression. With four JAKs and six STATs
exhibiting tissue-specific distributions, this pathway enables diverse cellular
responses to environmental cues. IRFs regulate interferon and immune responses
through conserved DNA-binding domains. While IRF3/7 mediate interferon
production, IRF5 drives inflammation, and IRF4/8 control immune cell
differentiation. Activation mechanisms vary: IRF3/5/7 require phosphorylation,
whereas IRF1/2/4/8 are phosphorylation-independent. IRF9 cooperates with
STATs for transcriptional activity [17].

4.2.2 Crosstalk of NF-xB, JAK-STATS, and IRFs signaling in M1 macrophage
polarization

In IFNy/LPS-stimulated M1 macrophages, NF-kB, IRFs, and STATs pathways
are robustly activated. PAMPs like LPS trigger these pathways through TLR4’s
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MyD88/TRIF branches — MyD88 activates NF-xB via IRAK4/TRAF6/IKKp, while
TRIF activates IRF3 to induce IFN-I/STAT1 signaling. This enables macrophages
to rapidly initiate inflammatory responses even without external IFNy. The Ifnf
gene exemplifies multi-factor synergy: basal expression depends on PU.1/IRF8,
while LPS/viral infection recruits IRF3/7 and NF-«B to its promoter, inducing
chromatin remodeling for rapid transcriptional upregulation. AP1 family
members may also contribute. NF-xB and IRFs show remarkable cooperation —
IRF3 binds RelA/p65’s RHD domain, enabling co-activation at sites containing
either factor’s motif. This lowers activation thresholds and explains why many
inflammatory genes lack dual binding sites. Similarly, IRF5 requires NF-«xB for
DNA binding, and its knockout impairs M1 polarization. STATs extensively
interact with IRFs: the STAT1/2/IRF9 complex promotes M1 polarization, while
IRF1/7/8 cooperate with STAT1. Interestingly, STAT1 pre-marks inflammatory
gene loci in resting macrophages, maintaining chromatin accessibility. Upon
stimulation, recruited IRFs initiate transcription, while NF-«B relieves RNA
polymerase pausing — together enabling rapid inflammatory responses [18].

4.2.3 Crosstalk of NF-«kB, JAK-STATs, and IRFs signaling in M2 macrophage
polarization

M2 polarization driven by IL-4/IL-13 depends critically on STAT6 activation,
which directly induces M2 markers and anti-inflammatory factors. STAT6 also
upregulates IRF4 through JMJD3-mediated H3K27me3 demethylation, forming a
core regulatory axis with IRF4-PU.1 complexes initiating M2 programming.
During M2 polarization, STAT6 and IRF4 cooperate with PPARy, C/EBPf, and
KLF4 in a context-dependent manner. While STAT6 preferentially binds 4-
nucleotide-spaced GAS motifs (vs. STAT1’s 3-nucleotide preference), both
factors can occupy overlapping genomic sites. STAT6 uniquely recruits HDAC3
to suppress inflammatory genes, explaining its anti-inflammatory effects.

IRF4 exhibits complex regulatory interactions, forming ternary complexes with
PU.1 and IRF8 at ISRE elements. However, the functional consequences of these
interactions in macrophage polarization remain unclear, highlighting the need
for further mechanistic studies on IRF4’s context-dependent regulatory roles.
The mutual inhibition between M1 and M2 polarization states involves
epigenetic reprogramming, including H3K27ac/H3K27me3 modifications and
chromatin remodeling. However, this reciprocal regulation appears asymmetric:
while IFNy globally suppresses IL-4-induced genes by erasing STAT6 binding
across the genome, IL-4’s inhibition of IFNy-responsive genes is more selective
[19]. This selectivity may reflect macrophages’ need to preserve core
inflammatory functions (e.g., antiviral responses) even in M2 states,
suggesting context-dependent regulatory mechanisms that warrant further
investigation.

5. Conclusion
This chapter provides an overview of the role and regulatory mechanisms of

macrophage activation/polarization in inflammatory responses. Due to space
limitations, many scientific questions are only briefly addressed. With recent
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technological advances, single-cell sequencing data from myeloid cells/macrophages
in various disease models have become increasingly available, expanding the
conceptual framework of macrophage plasticity from a binary “polarization” model
to a multidimensional “subpopulation” perspective. This progress allows for more
precise identification of cellular subsets and molecular targets in strategies aimed at
therapeutically targeting macrophages. Rapid developments in genetic engineering
and materials science have significantly lowered the technical barriers to
“reprogramming macrophages.” Mature applications, such as targeted drugs,
nanomaterial delivery systems, adeno-associated viruses, and CRISPR-Cas9
systems, offer promising avenues for translating basic macrophage research into
clinical interventions.

Several questions remain open for discussion. For instance, in the regulation of
macrophage polarization, both epigenetic modifications and signaling pathways/
transcription factors play crucial roles and interact extensively — but which
mechanism is more fundamental? As multi-omics data (including transcriptomic,
translatomic, metabolomic, and epigenomic profiles) from macrophages of different
polarization states continue to accumulate, can we develop better analytical tools and
computational platforms to integrate these datasets? Furthermore, can future
research connect dynamic changes in chromatin three-dimensional structure to
functional polarization, thereby providing a more comprehensive and high-
resolution understanding of the underlying regulatory mechanisms? These questions
and challenges will be addressed and refined in future studies.
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Abstract

The complex relationship between hosts and pathogens in parasitic and
infectious microbial illnesses has traditionally been studied from the perspectives
of genetics, immunology, and molecular biology. However, this paper has iden-
tified epigenetics as a crucial regulatory component that governs these processes.
Epigenetic mechanisms such as DNA methylation, histone modification, and
non-coding RNA activity play significant roles in regulating host defense,
pathogen disease susceptibility, and the progression of infectious diseases. This
paradigm shift highlights the epigenetic framework as a transformative structure
for understanding the dynamic interaction of host and pathogen genomes in
disease progression. This study examines epigenetic responses and adaptations in
host and pathogen systems using animal models, which provide controlled
environments and evolutionary significance. It explores how hosts modify gene
expression patterns to generate effective immune responses, how pathogens
exploit or regulate host epigenomes to facilitate infection and persistence, and
how these interactions influence recurrence, resistance, and clinical outcomes.
The use of animal models such as rats, zebrafish, and livestock enables high-
quality epigenetic analysis and experimental manipulation to uncover causal links
and phylogenetic pathways. Furthermore, the paper underscores the importance
of epigenetic plasticity in pathogen adaptation and survival, investigating how
infectious organisms manage their own epigenomes and modulate the expression
of pathogenicity components. It identifies homologous epigenetic processes
across species, uncovers epigenetic biomarkers with diagnostic or prognostic
significance, and proposes therapeutic strategies targeting epigenetic regulators.
It positions epigenetics as a central architect in the biological interplay between
host immunity and microbial persistence.
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1. Introduction

Infectious disorders caused by parasites and microbes pose an ongoing threat to
global health, veterinary research, and biodiversity [1]. Conventional genetic and
immunological paradigms for investigating interactions among hosts and pathogens
have been tremendously valuable, but they typically overlook a more widely
acknowledged and important stratum of biological regulation called epigenetics [2].
As researchers discover more about how epigenetic changes shape host responses to
illnesses and pathogenic adaptability, an entirely novel field has emerged:
understanding the constantly bidirectional coupling of host and pathogen
epigenomes in the context of infectious disease progression (Figure1).

Epigenetics refers to transmissible alterations in gene expression that do not
affect the fundamental DNA sequence [3]. These alterations occur through
mechanisms such as DNA methylation, histone modification, and non-coding RNAs
(ncRNAs), which are heavily influenced by environmental factors, especially
infections [4]. In host animal species, genetic reprogramming is a key evolutionary
technique that enables fast and reversible gene regulation in response to parasite or
microbial invasion [2]. It refines immune responses, regulates inflammation, and
even produces memory-like states in innate immunity, thereby impacting disease
genesis and resolution [5].

Pathogens, which include protozoan parasites, bacteria, and viruses, are not
passive participants. Emerging research suggests that viruses might directly alter
host epigenetic landscapes to overcome immune systems and establish persistent
infections [6, 7]. Some pathogens utilize their own epigenetic machinery to

Epigenetics Host—Pathogen
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Figure 1.
Epigenetic Frontier: decoding host-pathogen dynamics in the evolution of parasitic and micvobial diseases in an
animal model. (Source: Copilot Al-generated image).
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modulate virulence gene expression, evade host detection, and adapt to changing
host environments [8]. This trans-epigenetic relationship between host and
pathogen epigenomes challenges our understanding of virulence and host
adaptability.

Animal models provide valuable insights into this complex dynamic. Animal
models, such as mice, zebrafish, cows, Pan troglodytes, Dictyostelium discoideum,
Schmidtea mediterranea, rabbits, and sheep, allow for precise alteration and
monitoring of epigenetic modifications under regulated circumstances [9, 10].
They provide frameworks for researching long-term alterations, detecting causal
linkages, and evaluating medicines that target epigenetic circuits. Similarly,
comparative epigenomic studies in animals can reveal genetically conserved
processes and species-specific adjustments that influence vulnerability to illness
and resilience [9].

This research into the epigenetic frontier not only broadens our molecular
understanding of host—pathogen biology, but it also has translational potential.
Epigenetic biomarkers may aid in diagnostics, while therapeutic techniques targeting
epigenetic modifiers, such as histone deacetylase inhibitors or DNA
methyltransferase blockers, may provide novel treatments for chronic infections
with accompanying pathological conditions [11].

Finally, incorporating epigenetics as a critical component in infectious disease
research enhances our understanding of how parasitic and microbial diseases arise,
persist, and interact with hosts. Understanding the epigenetic language shared by
species and biological kingdoms brings us closer to comprehending the mechanisms
that regulate life, disease, and preservation.

1.1 Outline of the emergence of epigenetic discoveries in infectious diseases

Epigenetics refers to transmissible changes in gene expression that do not involve
modifications to the DNA sequence [12, 13]. These changes influence how genes are
turned on or off and are mediated by DNA methylation, histone modification, and
ncRNAs [14]. These pathways act as a regulatory overlay above the genome,
allowing for immunity and sensitivity to environmental stimuli such as infections
[15, 16].

Usually, infectious diseases have been studied from a pathogen-centric
standpoint, whereas epigenetics has shifted the focus to host-pathogen interactions,
how environmental exposures affect host immunity, and the lingering biological
imprint of infections [17]. This novel approach enables researchers to investigate
why specific animals respond differently to infections and how viruses can alter host
epigenetic circuitry.

DNA methylation is a critical epigenetic mechanism in infection that modifies
gene expression in immune cells and plays a role in cytokine response and
inflammation [15]. For example, hypomethylation of interferon genes occurs in
viral infections such as influenza. Histone changes impact both chromatin
structure and gene accessibility [18]. MicroRNAs (miRNAs) and long non-coding
RNAs (IncRNAs) are ncRNAs that fine-tune immune signaling and regulate T-
cell activation and antigen presentation [19]. Histones are also modified by
pathogens like Mycobacterium tuberculosis to dampen immune responses. Viral
infections frequently alter the regulation of these RNAs for replication
purposes [20].
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2. Conceptual framework of epigenetics and regulation in an animal
model

Epigenetics refers to transmissible changes in gene expression that do not involve
DNA sequence modifications. Pathogens in infectious diseases, such as parasites,
bacteria, or viruses, can reprogram host gene expression using epigenetic pathways
to evade immune responses, resulting in chronic infections and impacting disease
severity [15]. Animal models (e.g. mice, rats, zebrafish) are essential for studying
epigenetic responses to infection because they allow for controlled experimental
conditions, enabling longitudinal studies of infection and immunity [21]. They also
provide access to tissue-specific epigenetic profiling, which aids in the identification
of therapeutic targets and biomarkers.

Microbial and parasite pathogens manipulate epigenetics, such as in Helicobacter
pylori infections, altering DNA methylation in the gastric mucosa and causing
cancer-like alterations [22]. Mycobacterium tuberculosis alters histone marks to impair
host immunity. Plasmodium falciparum (malaria) modulates host miRNA expression
to avoid immune detection [23] (Table1). In contrast, Theileria annulata
reprograms host macrophages through histone acetylation (Table 1), resulting in
uncontrolled proliferation [24]. HIV and hepatitis viruses modify the host
epigenome to survive and reproduce (Table 1). Furthermore, HBV’s HBx protein
affects host miRNA patterns, which influence viral load and liver disease [25].

In animal models, experimental approaches use chromatin immunoprecipitation
(ChIP) to identify histone alterations at specific gene loci. Bisulfite sequencing reveals
DNA methylation patterns [26]. RNA-seq and miRNA profiling indicate variations in
ncRNA expression levels [27]. Epigenetic drug testing employs HDAC inhibitors such
as vorinostat and belinostat, which show potential against parasite infections [28].

2.1 Epigenetic memory and plasticity

Epigenetic memory refers to the long-term retention of gene expression patterns due
to epigenetic alterations (such as DNA methylation or histone changes), even after the
initial stimulus (e.g. infection) is gone [29]. Epigenetic plasticity is the ability of cells to
dynamically adjust gene expression in response to environmental signals, including
infections [15]. Together, these systems enable hosts to adapt to infections, sometimes
across generations, without affecting their DNA sequence. Animal models of infection,
such as mice, zebrafish, and non-human primates, play an important role in studying
these phenomena because they allow for controlled infection and re-infection

Mechanism Role in infection Example in animal models
DNA Silences immune genes or activates patho- ~ HIV-infected mice show methylation of anti-
methylation gen-friendly genes viral genes
Histone Alters chromatin structure to regulate Theileria parasites induce histone acetylation
modifications transcription to promote host cell survival
Non-coding Regulate  immune  signaling and miRNAs modulate cytokine expression in
RNAs inflammation malaria-infected mice

Table 1.

Strategic epigenetic mechanisms in host—pathogen interactions.
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experiments, facilitating the tracking of epigenetic changes over time and providing
insights into trained immunity and long-term immune reprogramming [30].
Host-pathogen interactions are among the most flexible and unpredictable
systems in the natural environment. To cope with the discriminatory restrictions
enforced by their hosts, numerous parasitic and microbial diseases have acquired an
exceptional level of phenotypic diversity in their life-history features [14, 31].
Pathogens can radically modify a host’s phenotype, and the parasitized or infected
phenotype may be passed down through generations [32]. Furthermore, co-
adaptations between hosts and parasitic/microbial diseases frequently occur over
relatively short evolutionary time scales, calling into question the exclusive
involvement of genetic alterations (i.e. modification and/or recombination) as an
underlying process [14, 33]. In such scenarios, epigenetic alterations could provide
an additional source of effective, reversible, and easily obtainable phenotypic
variance that might be influenced by both host and pathogen selection pressures
[14]. Epigenetic mechanisms have been found to play a role and are broadly
characterized as (1) pathogen-induced host changes and (2) pathogen plasticity.

2.1.1 Plasticity of pathogen

Pathogens’ structural and evolutionary flexibility play a crucial role in their
transmission and existence in the host. Complicated transitions that occur in response to
a changing host environment necessitate quick and significant changes in gene
expression profiles. Plasmodium malaria parasites have distinct hepatocytic and
erythrocytic stages in vertebrate hosts such as primates. Conversely, these parasites
possess a rich arsenal of histone variants, histone and chromatin-modifying enzymes,
and RNA-mediated silencing pathways [14]. Toxoplasma gondii relies on histone
acetylation to transition between replicative and non-replicative phases [14, 34].
Trypanosoma brucei constitutes the solitary apicomplexan where DNA methylation has
been discovered, although the importance of these epigenetic changes in parasite cell
cycle control continues (Table 5) to be unknown [14, 35]. DNA methylation has been
linked to the yeast-hyphal transition in Candida albicans, a polymorphic yeast [14].

An additional remarkable feature of pathogen plasticity is the capacity to change
the expression of genes associated with virulence pathways, allowing them to
colonize, multiply, and/or disperse inside the host. Plasmodium falciparum shifts
between different surface proteins throughout the erythrocytic stage to escape the
host’s immune system (antigenic variation). These surface proteins are generated by
extremely polymorphic gene families, including var, rif, stevor, and pfmc-2tm. In the
case of the var family, the parasite’s capacity to express only one of the 60 genes that
encode these proteins (named PfEMP1) is epigenetically regulated by histone
modification [14, 36]. Furthermore, recent research has demonstrated that the
parasite’s epigenetic status is retained during multiple rounds of cell division [37].
Epigenetic regulation of virulence factors has been well documented in various
microbial pathogens. Numerous microbial pathogens exhibit epigenetic regulation of
virulence components. In Entamoeba histolytica, for instance, demethylation and
histone methylation influence the expression of the amoebapore protein, the
pathogen’s cytotoxic protein [38]. DNA methylation is also an important virulence
regulation mechanism in many pathogenic bacteria [14]. Lack of Dam (DNA adenine
methyltransferase) methylation in Salmonella enterica leads to envelope instability,
decreased motility, and poor invasion of the intestinal epithelium [14].
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Alterations in the host caused by pathogens: Information is now available showing
that histone changes and chromatin remodeling regulate gene expression, making them
important avenues for pathogen modification during an infection [39]. The host’s
immune system is a prominent target. Epigenetic regulation of host defense genes has
become a typical feature of pathogenic microbial and viral infections [14, 39]. Bacteria
are an indicator of microbial epigenetic studies, and they provide multiple pioneering
examples of infection-induced host gene remodeling [40]. A wide range of microbial
triggers have been found that either imitate or inhibit the host cellular mechanisms,
hence enabling the pathogen’s life cycle [14]. Microbial-induced post-translational
changes, such as acetylation, phosphorylation, and ubiquitylation of histones and
chromatin-associated proteins, commonly target MAPK, IFN, and NF-kB signaling
pathways [14, 41]. Mycobacterium tuberculosis suppresses interferon-y-induced immune
gene expression in alveolar macrophages by histone acetylation [42], leading to
persistent tuberculosis infections in some animal species. This method appears to be
quite common among intracellular infections and is not limited to bacteria. Influenza
viruses proceed a step further by bypassing the host’s immunological systems. In a recent
work, Gémez-Diaz et al. [2] described an influenza protein termed NS1 that has an
amino-acid sequence (ARTK) that is extremely comparable to the host’s histone tail.

2.2 Importance of parasites and microbial diseases in animal models

Animal research has, in past years, benefited biology and continues to do so.
Animals have become tools for unlocking genetic secrets that underpin many aspects
of existence (Figure 2). The accessibility of animal models that can mimic such
sophisticated processes has greatly assisted research on microbial diseases and wide-
ranging studies of the connections comprising parasite-host associations, much as it
does in developmental biology [43].

EPIGENETICS
5 o2
Le)
PARAEiTES EPIG ENETICS

MICROBIALS

AN ANIMAL MODEL

Figure 2.
This diagram depicts the relationships between epigenetic variance, phenotypic variability, and interactions
between hosts, parasites, and microbial diseases. (Source: Copilot Al-generated image).
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The work of Edward Jenner, an English scientist, can be seen as a breakthrough
moment. Milkmaids were thought to be immune to smallpox around the turn of
the nineteenth century [43]. Jenner theorized that pus produced by cowpox blisters
(a less severe illness) safeguarded milk workers from smallpox infection. A little
time later, Jenner scraped a component of cowpox and inoculated it into a
youngster’s arm in a bid to render him unwell by means of cowpox while also testing
its anti-smallpox properties. Jenner intentionally injected the virus into the boy’s
arm, preventing him from getting smallpox after he recovered completely from
cowpox a week later. After the boy developed immunity, Jenner tested his theory on
additional people. Similar to Pasteur, who created vaccines against rabies and
chicken cholera a few years later, Jenner had transformed livestock, namely cows,
into tools for medical advancement [43].

After this, the status of animals changed. They were once again merely targets
of research, and like any tool, animals such as large animals, zebrafish, Dictyostelia,
mice, rabbits, and flies underwent numerous rounds of refinement. Although
large animals were used in the early days of experimental immunology, mouse models,
as well as Drosophila and Caenorhabditis elegans, now dominate contemporary research
in biology [43]. All too frequently, scientists regard these models as excellent
mimics for biological research, as if altering a few genes could genuinely recreate the
physiology of parasitic and microbial diseases in many species [43]. Experiments with
mice, whether genetically engineered or not, are incredibly useful in mirroring the
pathophysiology of most parasitic and microbial diseases.

Danio rerio (zebrafish) (see Figure 3c) is gaining popularity in biomedical
research as a disease model for studying illnesses such as tuberculosis. Zebrafish are

Figure 3.

(a) Bos taurus or cow, (b) the soil-dwelling amoeba dictyostelium discodium, (¢) the tropical freshwater fish
danio rerio (often known as zebrafish), (d) the freshwater flatworm schmidtea mediterranea,

(e) Oryctolagus cuniculus or rabbit, (f) Mus musculus or mouse, (g) Pan troglodytes. (Source: Conti et al.
[43], with some modifications).
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inherently sensitive to tuberculosis initiated by Mycobacterium marinum.
Tuberculosis prevention involves both innate and adaptive immunity, just as it does
in other animals. Davis et al. [44], in 2002, exploited the visual transparency of
zebrafish embryos to carry out a real-time visualization of granuloma formation
after M. marinum infection [44]. In this work, the researchers reported that
granuloma formations appeared remarkably early in the course of illness, despite the
presence of innate resistance. This finding was significant because prior studies had
claimed that elements of adaptive immunity, particularly T lymphocytes, played a
primary role in recruiting and stimulating macrophages to create Mycobacterium
granuloma tissue [45].

The utilization of large animals as research models has led to major breakthroughs
in the advancement of growth-oriented immunology studies, and cattle, horses,
sheep, deer, and swine may be equally useful as or superior to mice for studying a
variety of pathologies such as viral diarrhea, influenza, and tuberculosis. In addition
to the evident benefits of their size (e.g. facilitating the collection of liquids with
minimal surgical interference or sampling of tissues), it is worth mentioning that
large animals have commonly evolved as outbred species over thousands of years;
thus, their immune systems may have been influenced by exposure to a similar range
of pathogenic agents. Mycobacterium avium (spp. paratuberculosis or MAP) causes
Johne’s disease in large animals (see Figure 3a), with the primary clinical signs being
diarrhea and wasting, which often appear two or more years after the initial
infection. Surprisingly, this research has shown that IL-23 contributes to the disease;
thus, extending this research to cows within the clinical stage of infectious disease
could imply that IL-23 likewise serves an essential function and is one of the variables
that contribute to the breakdown of protective immunity.

The planarians’ perspective: Planarians (see Figure 3b) are flatworms that are
non-parasitic and inhabit freshwater. The academic community knows them best
for their ability to regenerate practically indefinitely due to the abundance of
neoblasts throughout their bodily tissues. Neoblasts are pluripotent somatic stem
cells found in the parenchyma that can induce approximately 30-40 varieties of
cells. Planarians have been widely utilized as animal models because they are
inexpensive, small, and can reproduce simply by cutting their bodies — a trait that
is mostly exploited in developmental biology research. Additionally, they do not
raise ethical concerns [43, 46]. Planarians have recently emerged as a model for
understanding stem cell biology, but they might also be beneficial for investigating
other biological challenges. Over 20 years ago, Conti et al. [43] identified the
distinctive function of “reticular cells” in mediating the initial stages of immune
response. These high-mobility cells could distinguish extraneous material, such as
bacteria, in as little as 8 hours after being introduced. Zhou et al. [47] found that the
flatworm Dugesia japonica enhanced the production of a serine protease after
consuming E. coli DH5a, a non-pathogenic laboratory strain of bacterium. As serine
proteases may mediate immunological responses in mosquitoes, the authors
suggested that this induction, which occurs when worms are exposed to bacteria,
might represent the initial phase in a larger and unexplored host-pathogen
interaction in planarians.

According to Abnave et al. [48], planarians have a strong immune response to
pathogenic bacteria, including C. elegans and D. melanogaster. This response
involves at least three genes: DUSP19 (Dual-Specificity Phosphatase Enzyme),
MORN?2 (Membrane Occupation and Recognition Nexus 2), and PAQR3. The study
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found that MORN2 plays a role in LC3-associated phagocytosis (LAP) and is crucial
for the elimination of bacterial infections in both macrophages and flatworms. A
previous dataset reveals a significant interest in exploring planarian defense
systems and identifying homologous immune components [48]. Investigators
hypothesized that Schmidtea mediterranea and D. japonica, two species of
planarians, could serve as useful models for studying schistosomiasis, a common
parasitic disease caused by S. mansoni, a parasitic tapeworm with its own neoblast
population [43, 49].

Mouse models, while valuable, may have limitations in biological processes [50,
51]. Utilizing animal models could potentially be a viable alternative, but financial
and ethical concerns remain a barrier for many research institutions. Research on
host-parasite illnesses using novel models, such as zebrafish, could lead to new
avenues of inquiry. Using D. japonica flatworms or S. mediterranea as model
organisms to investigate the composition of S. mansoni could aid in developing new
treatments to combat schistosomiasis, which currently relies on just one medication.
Cows are a good model for studying intestinal and uterine infections due to their
production of lipopolysaccharides and pro-inflammatory cytokines. Although mice
have long been considered the supreme and ideal model organism for practical
purposes in genetic exploration, it is now evident that they do not represent the best
genetic prototype due to inherent differences between humans and rodents.
Developing and studying lesser-known species could provide valuable insights into
intricate host-pathogen relationships.

3. Disease tolerance vs. resistance: An epigenetic perspective

Defining the concepts: Both strategies are necessary for survival, but they work
via unique biological pathways, with epigenetics playing an important role in
modifying both disease tolerance and resistance.

Epigenetic regulation is the molecular circuit of epigenetic processes that
govern gene expression without altering the DNA sequence. These include histone
modifications, DNA methylation, chromatin remodeling, and ncRNAs. These
systems are both dynamic and reversible, allowing hosts to respond to infections in
real time. Epigenetics in disease resistance (Table 2) signals activate immune genes
through histone acetylation at the promoters of cytokines such as IFN-y, IL-6, and
TNF-q, resulting in increased transcription [52]. Similarly, training innate
immunity through pathogen or vaccine exposure causes long-term epigenetic
alterations in monocytes and macrophages. Furthermore, modulating the lineage
commitment of DNA methylation patterns guides the development of T cells, B

Concept Description
Disease The ability of a host to prevent or eliminate pathogens, thereby reducing pathogen burden.
resistance
Disease The ability of a host to minimize the damage caused by pathogens or immune responses
tolerance without necessarily reducing pathogen load.

Table 2.

The concept and description of disease tolerance and resistance.
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cells, and NK cells. These alterations enable the host to detect and eliminate
infections more efficiently.

Epigenetics in disease tolerance mechanisms (Table 2) focuses on limiting tissue
damage and preserving homeostasis, which suppresses excessive inflammation by the
epigenetic silencing of pro-inflammatory genes and prevents immunopathology. This
includes encouraging tissue repair through histone changes, which activate genes
involved in regeneration and detoxification [52]. Metabolic reprogramming is the
epigenetic regulation of energy expenditure and nutrient use that aids in survival during
illness [53]. For example, during bacterial infections, hosts may enter a hypometabolic
state to preserve energy and decrease collateral damage. Resistance reduces pathogen
load, but it might induce collateral damage through inflammation (Table 2). Tolerance
reduces this damage, but it may allow parasitic and microbial diseases to persist
(Table2).

Epigenetic plasticity allows the host to balance these methods based on the
pathogen type, tissue affected, host age and gender, and environmental factors [54].
Surprisingly, some infections use the host’s epigenetic machinery to decrease
resistance and enhance tolerance, thereby extending their survival. A case study with
Mycobacterium tuberculosis shows that altering host histone methylation suppresses
antigen presentation and oxidative stress responses while also promoting a tolerant
state that allows for latent infection (Table 2).

Therapeutic implications include the ability of epigenetic medicines (such as
HDAC inhibitors) to alter immunological responses in order to increase resistance or
tolerance [55]. CRISPR-based epigenome editing allows for precise control over
immune gene expression, whereas trained immunity-based vaccinations attempt to
produce positive epigenetic reprogramming [56]. Understanding these pathways
enables tailored therapy, particularly in infectious illnesses and autoimmune diseases.

4. Pathogen-induced epigenomic modulation

Pathogen-induced epigenomic modulation is the ability of infectious agents like
bacteria, viruses, fungi, and parasites to change the host’s epigenetic landscape [2]. These
alterations can influence gene expression without altering the underlying DNA sequence,
allowing infections to control host immunity, enhance their own survival, and
occasionally lead to chronic disease. Epigenomic regulation refers to transmissible and
transitory changes in gene expression caused by DNA methylation, which is the addition
of methyl groups to cytosine bases, often decreasing gene expression [57]. It also includes
histone modifications like acetylation, methylation, and phosphorylation, which alter
chromatin structure and gene accessibility. Furthermore, ncRNAs play an equally
important role in the epigenetic modulation of IncRNAs, miRNAs, and circular RNAs, all
of which affect gene expression after transcription. Chromatin remodeling refers to
structural changes in chromatin that affect transcription factor binding and gene
transcription [57].

Pathogens have evolved sophisticated strategies to hijack host epigenetic
machinery via DNA methylation alterations. For example, Mycobacterium tuberculosis
secretes proteins such as Rv2966¢ that mimic host DNA methyltransferases, resulting
in non-CpG methylation and immune-related gene silencing [58]. Similarly,
Helicobacter pylori infection is related with hypermethylation of tumor suppressor
genes, which contributes to gastric cancer [58]. Listeria monocytogenes and Chlamydia
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Effect Mechanism Outcome

Immune evasion Silencing of cytokine or antigen-presentation genes  Reduced host defense

Chronic infection Epigenetic reprogramming of immune cells Persistent inflammation
Oncogenesis Methylation of tumor suppressor genes Increased cancer risk

Latency/ Histone modifications at viral promoters Viral persistence or reactivation

reactivation

Table 3.
Functional consequences of epigenetic modulation.

trachomatis can cause histone deacetylation by suppressing pro-inflammatory genes.
Fusobacterium nucleatum exposure causes downregulation of chromatin remodeling,
and histone modification genes particularly in endothelial tissues, which promotes
inflammation and probably cancer progression [59]. The ncRNA regulation allows
viruses like HIV and HBV to suppress antiviral responses or promote latency. In sepsis,
ncRNAs influence inflammatory pathways like NF-xB, JAK/STAT, and PI3K/AKT,
impacting illness severity [4].

M. tuberculosis affects histone acetylation and DNA methylation in macrophages,
inhibiting genes such as CIITA and IL17RA, which are required for antigen presentation
and inflammation (Table 3). In HIV, DNA methylation of the BST2 gene inhibits its
expression, reducing antiviral defense (Table 3). Demethylating drugs can restore
expression while inhibiting viral replication. Fungal p-glucan affects chromatin
accessibility in monocytes, boosting glutathione metabolism and immunological
response [4].

Epigenetic medicines, such as histone deacetylase inhibitors (e.g. vorinostat) and
DNA methyltransferase inhibitors (e.g. 5-azacytidine), are being investigated for
infectious disorders. Epigenetic signature biomarkers, such as methylation of TLR2
or IL6R, may be used as diagnostic or prognostic tools. Understanding epigenetic
regulation can help in vaccine development by informing strategies for improving
immunological memory and vaccine effectiveness [60].

4.1 Infectious agents as epigenetic designers

Pathogens, which include viruses, bacteria, fungi, and parasites, are more than just
invading organisms; they are epigenetic designers who alter host gene expression to
facilitate their continued existence, procreation, and dissemination. This alteration does
not change the host’s DNA sequence but rather relies on epigenetic mechanisms such as
ncRNA regulation, histone modification, and DNA methylation. To function as an
epigenetic designer, a pathogen must be able to impact host gene expression through
epigenetic mechanisms. In a similar vein, it must have the ability to evade immune
recognition by thwarting or stimulating specific host genes. It must also be capable of
restructuring cellular networks to boost tenacity, delay, or replication. In addition, it
must cause long-term or transmissible changes in host cells, often persisting even after
the infection is eradicated [61].

4.2 Virulence factors and host chromatin alteration

Pathogens have evolved an arsenal of virulence factor molecules that enable them
to infect, survive, and thrive within host organisms (Table 4). One of the most
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Mechanism Virulence factor example Effect on chromatin

Histone Listeriolysin O (LLO) from Listeria  Deacetylates H3/H4, represses pro-inflamma-
deacetylation monocytogenes tory genes

Histone RomA from Legionella pneumophila Methylates H3K14, represses transcription
methylation globally

Histone OspF from Shigella flexneri Dephosphorylates MAPKs, blocks H3S10
demethylation phosphorylation

Chromatin InlB from Listeria Activates SIRT?2, alters chromatin accessibility
remodeling

DNA methylation ~ Rv1988 from Mycobacterium tuberculosis  Mimics methyltransferases, silences immune
genes

Table 4.
Key mechanisms of virulence factors in altering host chromatin.

insidious strategies they employ is the modulation of host chromatin architecture
(Table 4), which allows them to reprogram gene expression and evade immune
responses [8]. This interplay between microbial effectors and host chromatin is a
frontier of infection biology, revealing how deeply pathogens can infiltrate cellular
control systems. Chromatin is the complex of DNA and histone proteins that
packages the genome within the nucleus. Its structure determines gene accessibility;
euchromatin is packed loosely and actively transcribed.

Meanwhile, heterochromatin is tightly packed and genetically silent. Chromatin
state is regulated by epigenetic modifications, including histone acetylation, which
promotes gene expression (Table 4). Histone methylation can activate or repress
genes depending on the residue. DNA methylation typically represses gene
transcription (Table 4), whereas chromatin remodeling causes ATP-dependent
repositioning of nucleosomes [8].

Pathogens deploy nucleomodulin effector proteins that enter the host nucleus
and directly manipulate chromatin (Table 4). These virulence factors mimic or
hijack host enzymes to repress immune genes, promote pathogen survival, and
induce cellular reprogramming (Table 4).

4.3 Comparative case studies: protozoa, helminths, bacteria, and viruses

Studying how different types of pathogens interact with the host and with one
another provides important insights into disease progression, immune regulation, and
treatment effects. This comparative approach investigates protozoa, helminths,
bacteria, and viruses using case studies to illustrate their distinct and overlapping
methods in pathogenesis (Table 6), immune evasion (Table 5), and co-infection
dynamics [62]. The transmission of female Anopheles mosquitoes targets hepatocytes
and erythrocytes, causing immunological regulation and antigenic variation via
PfEMP1 proteins. It suppresses adaptive immunity, namely T-cell responses. Co-
infection increases susceptibility to bacterial infections, such as Salmonella and
Mycobacterium tuberculosis, and alters vaccination effectiveness by reducing
immunological memory.

Schistosoma mansoni (Schistosomiasis) is transmitted through contact with
contaminated freshwater, where it targets blood vessels in the intestines and liver,
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Targeted host function Pathogen benefit

Cytokine gene expression Immune evasion

Apoptosis regulation

Prolonged host cell survival

Antigen presentation

Avoidance of T-cell detection

Cell cycle control

Enhanced replication niche

DNA repair pathways

Genomic instability, potential oncogenesis

Table 5.

Functional consequences of chromatin alterations.

Feature Protozoa Helminths Bacteria Viruses

Size Microscopic Macroscopic Microscopic Submicroscopic
(unicellular) (multicellular) (unicellular) (acellular)

Immune Th1 suppression Th2 dominance, Neutrophil/macrophage CD4+ T-cell depletion

response Treg induction activation

Immune Antigenic variation Cytokine Immune evasion via Latency,

modulation skewing biofilms, capsules immune exhaustion

Co-infec- Enhances bacterial/ Dampens Exploits Amplifies

tion role viral persistence vaccine efficacy ~ immune suppression other infections

Treatment  Drug resistance (e.g. Limited anthel- Antibiotic resistance Antiviral

challenge Plasmodium) mintic options resistance, latency

Table 6.

Comparative case studies: protozoa, helminths, bacteria, and viruses.

causing immunological modulation and Th2 division (IL-13, IL-5, IL-4). This
increases regulatory T-cell (Treg) activity, reducing inflammation [62]. Co-infection
lessens the severity of viral infections (e.g. hepatitis) while increasing bacterial and
protozoal infections, and this may reduce vaccine efficacy by altering immunological
responses. Mycobacterium tuberculosis is transmitted by airborne droplets and targets
alveolar macrophages, triggering immunological modulation that inhibits
phagosome-lysosome fusion and encourages granuloma formation to limit infection.
The impact of co-infection could be exacerbated by HIV (virus) and Plasmodium
(protozoan), and this could persist in immunosuppressed conditions caused by
helminths (Table 6). HIV is transmitted through the bloodstream, sexual
interactions, and vertical transmission, targeting CD4+ T cells and causing
immunological modulation, resulting in progressive immunodeficiency, latency, and
immune exhaustion [63]. Co-infection raises the risk of tuberculosis, malaria, and
helminth infections while altering cytokine profiles, allowing other pathogens to
survive.

5. Conclusion
As we approach the epigenetic frontier, the delicate dance between host and

pathogen appears not as a static fight, but as a dynamic, evolving dialog inscribed in
the language of chromatin and chemical markers. This study of the epigenetic
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foundation of parasite and microbial diseases in animal models reveals an important
truth: the genome is not fixed, but rather a script that is continually updated by
environmental cues, pathogenic connections, and genetic limitations. Evaluating these
molecular signals gives us not only a better understanding of disease recurrence and
resistance, but also a powerful lens through which to view life’s mutual evolution. The
outcomes of these models offer insight into potential routes for precision medicine,
personalized treatments, and predictive diagnostic tools, which could transform our
approach to infectious disease in both animals and people. In this constantly shifting
biological scenery, epigenetics serves as a navigational device. As we keep trekking
through this domain, one thing becomes clear: the future of disease warfare lies not
only in eradicating diseases, but also in recognizing the silent, reusable tracks they
leave behind and how hosts adjust, oppose, and evolve in response.
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Abstract

Endocrine disruptors are chemicals that interfere with the hormone system of
humans and animals. They mimic, block, and alter hormonal levels, leading to
a wide range of health effects, even at extremely low doses. Bisphenol A (BPA) is
a ubiquitous synthetic organic compound used primarily in the manufacturing
of plastics and resins. It leaches into the body mostly through the diet, followed
by exposure to air, water, and dust. Traces of BPA have even been detected in
breast milk. Acting as a xenoestrogen, BPA interferes with hormone signalling
and modulates the expression of critical tumour suppressor genes and oncogenes.
This dysregulation is largely mediated through epigenetic alterations, ranging
from aberrant DNA methylation, histone modification, and dysregulation of non-
coding RNAs such as micro-RNAs (miRNAs) and long non-coding RNAs
(IncRNAs). This chapter explores the molecular mechanisms by which BPA dis-
rupts the endocrine-epigenetic interface, with a focus on its role in reshaping the
chromatin microenvironment and modulating the RNA network that governs
gene expression in endometrial cancer (EC) pathogenesis. It highlights the BPA-
induced dysregulation of miRNAs and IncRNAs contributing to cancer initiation,
progression, and immune evasion. Importantly, the chapter explores the emer-
ging concept of transgenerational epigenetic inheritance, the role of BPA in
tumour microenvironment modulation, and implications for diagnostic biomar-
kers and therapy. By integrating findings from toxicogenomic and multiomics
approaches, as well as in vitro and in vivo modelling, this chapter aims to present
a comprehensive landscape of how BPA contributes to EC risk and progression at
the molecular and epigenetic levels.

Keywords: endocrine disruptors, Bisphenol A, endocrine—epigenetic interface,
endometrial cancer, non-coding RNA
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1. Introduction

Endometrial cancer (EC) is a recurrent gynecological malignancy among women,
leading to about 2% of deaths in women globally [1]. It is one of the few cancers
whose incidence has drastically increased mortality over the past decade [2]. The
disproportionate increase in incidences of endometrial neoplasm can be attributed to
susceptibility to estrogen and chemicals that mimic endogenous hormones [3].
Underlying factors such as biology, race, ethnicity, and social class deprivation often
indirectly contribute to the increasing burden of EC [4].

Humans are actively exposed to chemicals that interfere with the endocrine
system and its function. These chemicals mimic, block, and alter hormonal levels,
leading to a range of health effects and are referred to as endocrine disruptors
(EDs). These EDs, even at very low doses, intensively affect the endocrine—
epigenetic interface [3]. Various EDs, such as dioxins, diethylstilbestrol (DES),
Bisphenol A (BPA), and phthalates, trigger epigenetic alterations. Among all
these EDs, BPA is categorized as one of the most largely synthesized and utilized
chemicals worldwide, estimated to be higher than 8 billion pounds processed
annually and 100 tons eliminated into the atmosphere [5]. BPA is a ubiquitous,
nonsteroid ED belonging to the bisphenol class of compounds. It is a man-made
organic compound used in the manufacturing of epoxy resins and plastic
containers [6]. It enters the human body through air, water, food, dust, and
transdermal routes. Traces of BPA have been found in 90% of urinalysis and even
detected in breast milk [7]. It is bio-transformed in the liver by glucurono- and
sulfono-conjugations. The metabolized free and conjugate forms of BPA are
detected in high amounts in biological fluids like cord blood, plasma, urine, and
amniotic fluids [8].

BPA, as a weak estrogen-like ED, often binds to the nuclear endocrine
receptor o- and B-estrogen receptors (ERs) in the interior lining of the uterus [9].
This alters the molecular mechanism and expression of genes involved in utero-
related epigenetic function. Due to this, estrogen-responsive organs are more
prone to malignant neoplasms and experience adverse effects on several
signalling pathways. The dysregulation is mediated by alterations in the
chromatin environment and modulation of non-coding RNA [10]. The
remodelling of genetic and epigenetic patterns often induces alterations in the
reproductive system, leading to endometriosis, miscarriages, drop-in oogenesis,
and follicle development [11].

BPA possesses a complex chemical structure with intrinsic cross-linking
properties that make it heat resistant, allowing it to be used extensively worldwide
[8]. Epigenetic activities such as DNA methylation, histone modification, and
chromatin remodelling are essential for genome stability and integrity, but exposure
to EDs fuels genome and chromatin remodelling [12]. These epigenetic re-
programming processes are essential to encounter environmental distress and
promote the developmental aspects of humans. Since the epigenetic information is
transferred from parents to offspring along with genetic information, exposure to
EDs leads to epigenetic dysregulation that affects later stages of life by increasing
lesions and cancer risks with ageing [13].

The epi-genotoxic effects of health-disturbing compounds like BPA are of
heightened concern, as industrialization and changes in lifestyle contribute to
acute and chronic exposure, increasing the probability of carcinogenesis in
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hormone-sensitive organs [14]. The primary scope of this chapter is to define the
role of BPA in disrupting the endocrine-epigenetic interface, with a focus on its
role in reshaping the non-coding RNA network that governs gene expression in EC
initiation and progression. It also aims to present findings from toxicogenomic,
multiomics approaches, and iz vivo/in vitro modelling to analyse diagnostic
markers and epigenetic therapy.

2. Global exposure and penetration of BPA in female population

The global prevalence of BPA exposure among women is alarming and raises
significant concern over endocrine disruption and epigenetic effects, particularly in
hormone-sensitive tissues like the endometrium. A US study conducted by the
National Health and Nutrition Examination Survey (NHANES) shows that over 90%
of the female population has detectable BPA levels in urine, with a median
concentration of around 2 ng/ml [15]. In South Korea, over 76% of adults had
detectable BPA levels [16]. A 2025 survey in Northern Mexico detected BPA in 98.5%
of total urine samples from women [17]. Meanwhile, in China (2008-2019), the BPA
levels in the urine of females averaged approximately 1.77 ng/ml, with coastal
provinces showing BPA levels as high as 3.5 ng/ml [18]. ED biomonitoring from
diverse regions indicates that women worldwide carry measurable BPA loads within
a 120 ng/ml urine range [19].

The significant route of entry of BPA into the female system is through ingestion
of food and drinks packed in BPA-lined cans and polycarbonate containers. Heating
plastics by microwaving, dishwashing polycarbonate containers, or prolonged
storage increases the leaching of BPA into the system due to material breakdown
[20]. Dermal absorption, especially through thermal paper receipts, shows that the
receipts may contain 0.8%-3% BPA by weight. Studies also show that, depending
upon the friction and contact duration, the transfer of BPA to the skin may range
between 1 and 30 pg [21]. Although inhalation is a lesser-known route, it contributes
significantly to total exposure. BPA concentration in indoor environments ranges
from 0.1 to 29 ng/m3 [22]. Therefore, these exposure routes contribute to the
systemic circulation of BPA and bioaccumulation, posing a chronic threat to the
reproductive health of women, highlighting the urgent need for regulatory
intervention.

3. The endocrine—epigenetic interface

The endocrine axis governs the normal functioning of endocrine glands. It allows
the release of hormones from the glands, which circulate in the system in response
to incitement. The hormone binds to receptors on the target organ to elicit its
function. Endogenous (reactive oxygen species [ROS]) and exogenous (chemical
compounds, UV radiation) environmental agents induce plausible molecular effects,
which determine the variability of the endocrine system. Environmental factors
often contribute significantly to the variation in endocrine activity. This plasticity, in
turn, impacts the regulation of hormonal action [23]. Figure 1 provides a schematic
overview of BPA exposure with ERs and the resulting molecular alterations
implicated in EC pathogenesis.
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3.1 Hormonal signalling in endometrial tissue: role of estrogen and progesterone

The endometrium is a highly hormone-sensitive and dynamic tissue that plays
a pivotal role in maintaining reproductive health and the menstrual cycle. It
undergoes cyclical changes in response to two major steroid ovarian hormones,
namely estrogen and progesterone. Estrogen, during the proliferative phase,
initiates and promotes the endometrial epithelial and stromal cells via estrogen
receptor o (ERa). In contrast, during the secretory phase, progesterone induces
differentiation and inhibits estrogen-mediated proliferation through receptor
isoforms progesterone receptor A (PRA) and progesterone receptor B (PRB).
This allows for higher endometrial receptivity for embryo implantation [24].

Estrogen plays a central role through 17-estradiol during the proliferative phase
by stimulating the proliferation of endometrial epithelial and stromal cells. It
functions by binding to ERs (ERa and ERB), which act as ligand-activated
transcription factors. Upon ligand binding, ERs translocate to the nucleus, where
they bind to the estrogen response elements (EREs) in target gene promoters,
driving the transcription of genes involved in cellular metabolism and growth [25].
Through membrane-associated ERs, estrogen activates the non-genomic signalling
pathways, influencing kinase cascades such as MAPK/Erk and PI3k/Akt, further
promoting mitogen activity [26].

Progesterone, in contrast, dominates the secretory phase and counteracts the
proliferative effects of estrogen. Binding of progesterone to PRA and PRB
promotes stromal decidualization, inhibits epithelial proliferation, and helps in
the expression of genes involved in immune regulation and differentiation [27].
The cascades of signalling pathways modulate ER expression and its functioning
by regulating the hormonal balance required for endometrial hemostasis and
implantation. In cases of estrogen—progesterone disruption, either by
endogenous imbalance or exogenous endocrine-disrupting chemicals like BPA, it
escalates the imbalance and contributes substantially to uncontrolled
endometrial proliferation, inflammation, neoplastic transformation, and
carcinogenesis [28].

3.2 BPA as a xenoestrogen: Receptor binding and signal transduction

The structural similarity of BPA with 17B-estradiol enables binding to both
nuclear and membrane-bound ERs. BPA exhibits weak binding affinity to ERp
compared to ERo. Still, it exerts potential biological activity even at a nanomolar
concentration [29]. Additionally, BPA initiates rapid non-genomic signalling
cascades by interacting with the G protein-coupled ER (also known as GPR30).
This further alters intracellular calcium levels, activation of mitogen-activated
protein kinase (MAPK), and various downstream transcription factors such as
cAMP response element-binding protein (CREB) and activation protein-1
(AP-1) [30].

The receptor-based mimicry of BPA disrupts the transcriptional regulation of
estrogen-responsive genes involved in cellular function. It interferes with the
recruitment of co-regulatory complexes of ERs, shifting the balance from co-
repressors to co-activators. These disruptions alter the gene expression patterns,
which are responsible for the pathophysiological changes in endometrial tissues,
including proliferation and resistance to apoptosis [5].
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3.3 Crosstalk between hormone signalling and epigenetic regulation

The interplay between hormone signalling and epigenetic modification is an
essential aspect of understanding the influence of EDs, such as BPA, on long-term
gene expression. BPA binds to ERs, which upregulate EC-associated genes. It has
been shown to initiate changes in biological processes involving miRNAs and
IncRNAs. BPA induces permanent gene aberrations regulated diversely by ncRNAs.
This, in turn, alters biochemical mechanisms and epigenetic programming [31].
Treatment with a low-dose of BPA leads to reduced methylation of CpG islands
during maternal exposure. Mice treated with BPA showed increased cell
multiplication, variation in tissue morphology, lower programmed cell death, and an
altered rate of development. The duration of exposure, developmental stage, and
concentration of BPA are sensitive factors contributing to epigenome alteration [32].

BPA, being sensitive to in utero hormone receptors, can have a significant impact
on epigenomic and genomic molecular mechanisms. BPA reduces the expression
levels of DNA methyltransferases (DNMTs), which are responsible for the addition
of methyl groups to DNA. BPA downregulates the levels of DNMT1, DNMT3a, and
DNT3b by enhancing miRNA-29-mediated regulation [33]. The TET2 enzyme,
responsible for demethylation processes, is disturbed by BPA, restricting its nuclear
localization. Therefore, the balance between the methylation and demethylation
patterns, which is essential for gene activation and expression, is eventually
disturbed [34]. Furthermore, EDCs such as BPA have a significant effect on other
important factors of epigenetic regulation, such as histone modification, and alter
the epigenetic activities. The histone acetyltransferases (HATSs) and histone
deacetylases (HDACs) are downregulated by exposure to BPA; this, in turn, affects
the chromatin structure and transcription. The changes in histone patterns and
chromatin structure lead to heightened anomalies in later phases of life [35].
Moreover, the effect of BPA on chromatin loop structures and enhancer regions
indicates that it affects border regulatory networks beyond promoters, causing an
imbalance in the epigenetic profile.

4. BPA-induced epigenetic dysregulation

BPA interrupts the fundamental heritable composition of an organism. It impacts
the epigenetic mechanisms, which are controlled by exposure to external factors.
The cells carrying the genetic information are turned on or off by epigenetic
modulation [36]. The epigenetic regulation impacted by BPA includes DNA
methylation, histone modification, chromatin remodelling, and non-coding RNA
that affect the regulation of gene transcription. BPA mimics the function of estrogen
and interacts with specific ERs. This, in turn, results in impairment of in utero
development and other reproductive complications. Figure 2 depicts the epigenetic
alterations induced by BPA and its transgenerational effect on EC development.

4.1 DNA methylation
In mammalian cells, exposure to BPA affects DNA methylation profiles, the most

significant epigenetic mechanism in cancer biology. The mechanism of DNA
methylation involves the addition of a methyl group to a cytosine base followed by
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BPA-induced epigenetic alterations and their heritable impact on endometrial cancer development.

Figure 2.
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a guanosine base, that is, CpG (cytosine—guanine dinucleotide phosphate) rich
regions near the 5' coding site or the promoter [37]. These CpG regions contribute
extensively to various levels of gene regulation and expression. DNA replication
allows the conservation of new changes in the DNA. In both iz vive and in vitro
models, the process of DNA methylation is regulated by DNMTs. It has been
elucidated that BPA alters the DNA methylation pattern of cell signalling genes by
decreasing the CpG methylation pattern upstream of the gene [38]. In the case of EC
cells, the tumour suppressor genes such as PTEN and p16INK4a were shown to be
hypermethylated, influenced by exposure to BPA [39].

Conversely, the global cause of DNA hypomethylation can be due to BPA
exposure. It can lead to genomic instability, reactivation of transposable elements,
and upregulation of oncogenes [40]. This ability to cause global hypomethylation
and site-specific hypermethylation explains BPA’s potent epigenetic disruptor
ability to initiate early-stage tumorigenesis. To obtain a comprehensive overview of
the effects of BPA on the endometrium, methylation profiling can be done by
validating differentially methylated/expressed genes using microarray assays [41].
Specifically, DNA methylation arrays such as Illumina’s 27k or 450k arrays can be
utilized to identify DNA methylated regions and profile DNA methylation
patterns [42].

4.2 Histone modifications

Histones are proteins involved in the winding up of DNA carrying genes into
nucleosomes. Nucleosomes are primarily composed of four histone subunits: H2A,
H2B, H3, and H4. The octamer of histones winds about 147 base pairs, wrapped
around twice, to form a nucleosome core. The chromatin condensation pattern
allows efficient packaging of genetic material into the nucleus. Histone modification
disrupts the DNA conformation while, on the other hand, it tightens the histone—
DNA interactions. During this conformation, DNA becomes sensitive to
transcription factors, and this modification leads to alterations in the epigenetic
mechanism. The dynamic compaction needs to be highly robust to allow remodelling
of the chromatin structure depending on the situation. Thus, genetic stability and
integrity are highly threatened due to exogenous molecules with genotoxic
effects [43].

All histone modifications, such as methylation and acetylation, give rise to
dynamic gene expression by altering chromatin accessibility. BPA is often observed
to disturb the expression levels of HATs and HDAGCs, shifting the equilibrium more
towards a condensed, transcriptionally repressive chromatin structure [44]. The
increased function of HAT in BPA-exposed EC cells correlates with the
hyperacetylation of histone H3 and H4 at tumour suppressor gene promoters. BPA
enhances the histone methylation patterns associated with transcriptional activation
while significantly reducing the repressive marks at key regulatory regions. This
creates a chromatin environment that promotes tumour growth [45].

4.3 Chromatin remodelling
Chromatin structure remodelling is a dynamic process that governs the

accessibility of DNA by modifying the position of nucleosomes. It helps in the
regulation of various essential functions such as replication, transcription, and repair.
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The genetic and epigenetic modifications are often associated with tumorigenesis
pathways [46]. Upon exposure to BPA, the dysregulation of chromatin structure is
influenced by the activity of ATP-dependent chromatin remodelling complexes. In EC
progression models, BPA influenced remodelling through chromatin compaction,
which results in the silencing of tumour suppressor genes and aberrant expression of
oncogenes [47]. The variance in post-translational modification induced by epigenetic
information can alter the overall chromatin structure.

Studies show that exposure to BPA enhances the involvement of BRG1 and
BAF155, the key subunits of the ATP-dependent chromatin SWI/SNF complex. It
regulates elements involved in proliferation genes such as MYC and CCND1. BPA
exposure often facilitates transcriptional repression by reducing or displacing the
occupancy of chromatin remodellers at the tumour suppressor loci. The addition of
active chromatin marks such as H3K4mel and H3K27ac can be confirmed by
chromatin immunoprecipitation (ChIP) in BPA-treated EC cells. These data support
the idea of the formation of a transcriptionally active landscape favouring neoplastic
transformation mediated by BPA-induced chromatin remodelling [48].

Various pieces of evidence from human studies show that BPA exposure increases
susceptibility in offspring, particularly with respect to hormone-sensitive cancers,
which include endometrial hyperplasia and malignancy. Observations from the long-
term impacts of BPA raise concerns about the necessity to re-evaluate regulatory
guidelines and adopt a multigenerational approach to counteract the effects of BPA
[49]. Neonatal exposure to BPA leads to estrogen hypersensitivity and uterine neoplasia
in later phases of life, influenced by the epigenetic reprogramming of estrogen-
responsive genes [50]. These genes may predispose progeny to aberrant endometrial
proliferation and tumorigenesis, leading to multigenerational vulnerability.

4.4 Disruption of non-coding RNA networks

The non-coding RNA, especially miRNA and IncRNA, plays a vital role in the
post-transcriptional regulation of chromatin modulation and gene expression. It has
been observed that exposure to BPA disturbs the expression levels of key ncRNAs.
The tumour suppressor miRNAs, miR-200c and miR-34a, are downregulated by
BPA. These miRNAs are involved in cell cycle arrest, apoptosis, and epithelial-
mesenchymal transition (EMT). Concurrently, the upregulation of miR-21 and miR-
155 is responsible for targeting genes like SOCS1 and PTEN, which in turn leads to
the evasion of the immune system and enhanced proliferation [51].

BPA exposure similarly affects the expression of long non-coding RNA. It
increases the expression of MALAT1 and HOTAIR, which are responsible for
chromatin remodelling, invasion, and expansion in EC. The recruitment of PRC2
complex is mediated by HOTAIR, leading to the trimethylation of H3K27 at tumour
suppressor loci. The oncogenic transcriptional program is sustained by interaction
with chromatin-modifying complexes, and MALAT1-modulated splicing. The
chromatin structure is significantly altered, along with generating a supporting
landscape for the tumorigenic transcriptome [52].

5. Molecular pathways in BPA-driven EC progression

BPA has been reported to modulate genetic, epigenetic, and endocrine functions.
It influences mitochondrial dysfunction and the cell’s oncogenic signalling pathways.
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The carcinogenesis mediated by BPA affects cell survival, proliferation, invasion,
resistance, and apoptosis through various signalling pathways. Growing evidence
reports that exposure to BPA triggers intrinsic signalling cascades, including Wnt,
MAPK, NF-kB, PI3K/AKT, apoptosis, and calcium homeostasis [53]. BPA, as

a xenobiotic, can induce the production of ROS in endometrial cells and could play
a vital role in escalating carcinogenic effects. Figure 3 illustrates various signalling
pathways induced by ROS, which, in turn, lead to the progression of EC.

5.1 ER-mediated signalling (genomic and epigenomic)

BPA exhibits estrogen-mimicking activity by binding completely to nuclear
hormone receptors ERo and ERf, and functions as transcription factors. It disrupts the
delicate balance between the hypothalamic-pituitary-gonadal (HPG) axis and steroid
hormone levels. The local systemic endocrine homeostasis is highly essential to
maintain the normal physiology of the uterus. BPA exposure leads to a state of
estrogen dominance, where circulating estrogen activity increases without
a proportional increase in progesterone, an essential hormone to counteract estrogen-
mediated endometrial proliferation. Additionally, the suppression of the progesterone
receptor (PR) exacerbates proliferative signals and impairs differentiation. Studies
have shown that BPA exposure not only upregulates the biosynthesis of estrogen but
also alters the feedback mechanism with the HPG axis. This hormonal shift towards
low progesterone and high estrogen activity mimics the endocrine profile in women
with unopposed estrogen exposure, a key etiological factor in type I EC [54].

The ERs undergo conformational changes upon BPA binding, which in turn leads
to the dimerization and subsequent translocation of receptors into the nucleus [55].
Inside the nucleus, the BPA-ER complex gets attached to the promoter region of
target genes of EREs and activates ligand-dependent transcription. As a result, this
leads to over-expression of proliferation-associated genes, such as cyclin D1 and
¢-Mpyc, both of which play a vital role in the G1-S transition of the cell cycle [5].
Simultaneously, BPA-induced ER signalling suppresses apoptotic regulators,
including BAX, p21, and caspase, further promoting the balance in favour of survival
and cell progression [56]. Such suppression compromises the apoptotic check, which
eliminates malignant and damaged cell function. This further facilitates the
accumulation of epigenetic and genetic aberrations, contributing to the early stages
of tumorigenesis in hormone-sensitive tissues such as the endometrium.

BPA-driven estrogenic receptor signalling has profound implications from an
epigenetic perspective. The activated ER complex acts as a scaffold for recruiting
HAT, HMTs, and DNMTs to ERE-containing promoter regions. These enzymes,
which act as the writers of epigenetic information, lead to chromatin remodelling,
allowing an open and transcriptionally active chromatin state. Notably, histone
modifications such as increased H3K9 acetylation and H3K4 trimethylation have
been observed at the promoters of key encoding genes, including EZH2 and ¢-Mjyc,
following BPA exposure. The BPA-induced recruitment of DNMTs leads to
hypermethylation of tumour suppressor genes such as PTEN and CDKN2A,
effectively silencing their expression and allowing unopposed cell cycle progression
[57]. These genomic and epigenomic changes exhibit inherent patterns that are not
merely transient. The repetitive or chronic exposure of hormone-responsive tissues,
such as the endometrium, to BPA induces an oncogenic phenotype through sustained
estrogenic stimulation, epigenetic reprogramming, and apoptotic evasion.
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Mechanistic illustration of BPA-mediated ROS-induced signalling alteration in endometrial stromal cells.
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Risk of EC progression increases gradually with cumulative exposure to BPA.
BPA is active at a very low dose (10 nM to 1 uM), which significantly contributes to
the migration of endometrial stromal cells. No exact BPA causative threshold
guarantees cancer progression. Iz vivo human data are limited, and inter-individual
variability, such as metabolism, diversity in traits, and hormonal status, affects the
outcome [58].

5.2 ROS-mediated signalling and oxidative stress

The amount of oxidative stress induced by BPA in estrogen-responsive tissues,
including the endometrium, results in the production of excessive ROS. Chronic BPA
exposure triggers mitochondrial dysfunction, which interferes with the electron
transport chain. This disruption causes electron leakage and the production of
superoxide radicals. Moreover, BPA activates the NADPH oxidase enzymes on the
plasma membrane, transferring electrons from NADH to molecular oxygen. This
process generates superoxide and other ROS byproducts [59]. When ROS production
exceeds the buffering capacity of endogenous antioxidants like glutathione,
superoxide dismutase, and catalase, it leads to chronic oxidative stress within the
endometrial stromal cells.

The accumulated ROS acts as a potential secondary messenger that activates
redox-sensitive signalling pathways, notably NF-«B, p38 MAPK, and c-Jun
N-terminal kinase (JNK). These signalling cascades regulate a variety of genes
related to inflammation, angiogenesis, cell proliferation, and cell survival. For
example, the activation of NF-«xB by ROS increases the levels of pro-inflammatory
cytokines such as interleukin-6 (IL-6), TNF-a, and COX-2, contributing to a chronic
inflammatory microenvironment favouring tumour initiation and progression.
Likewise, the phosphorylation of p38 MAPK and JNK often leads to enhanced
expression of matrix metalloproteases (MMPs) and VEGF, which supports
extracellular matrix degradation, angiogenesis, and invasive behavior of
transformed endometrial cells [60].

Additionally, ROS directly influences the activity of endothelial nitric oxide synthase
(eNOS). Under oxidative stress, eNOS becomes uncoupled, generating superoxide
instead of nitric oxide (NO). This change reduces the availability of NO, an essential
molecule for maintaining vascular homeostasis. It not only decreases NO levels but also
promotes the formation of peroxynitrite (ONOO~), a highly reactive nitrogen species,
which exacerbates oxidative damage to lipids, proteins, and DNA. The deterioration of
vascular signalling and nitrosative stress disrupts the endometrial environment,
impairing normal angiogenic signalling and promoting hypoxia, which is a known
inducer of the tumour-promoting transcription factor HIF-1a [61].

Importantly, ROS also directly induces DNA damage, including 8-oxo-guanine
formation, strand breaks, and base modification, which, if not repaired, lead to
mutations in oncogenes and tumour suppressors such as TP53 and PTEN. BPA-
mediated ROS can function as genotoxic agents, transforming normal endometrial
cells into a neoplastic phenotype. Moreover, this oxidative stress affects epigenetic
modifiers such as TET enzymes and histone demethylases, linking the redox
imbalance to the epigenetic dysregulation of gene expression [62]. Altogether, ROS-
mediated BPA leads to a pro-tumorigenic signalling network that encompasses
inflammation, genomic instability, impaired vascular regulation, and transcriptional
reprogramming, thereby playing a vital role in EC progression.
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5.3 Inflammatory signalling via NF-kB

The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) is
a central transcription factor mediating cancer progression through
inflammation. In endometrial cells, BPA promotes the activation of the NF-kB
signalling pathway through an ER-mediated signalling cascade and oxidative
stress. It increases ROS production, which acts as an upstream activator of IxB
kinase (IKK). IKK phosphorylates IkBa, the inhibitory subunit bound to NF-kB in
the cytoplasm, leading to ubiquitination and subsequent degradation, resulting in
the release of the NF- kB p65/p50 heterodimer. This allows the translocation of
the NF- kB p65/p50 heterodimer into the nucleus, where it binds to specific DNA
motifs and activates the transcription of pro-inflammatory and pro-survival
genes [63].

The activation of the NF-kB pathway promotes the release of various
cytokines and inflammatory mediators such as IL-6, IL-8, TNF-a, COX-2, and
iNOS. These together establish a chronic inflammatory microenvironment,
contributing to a tumour-progressive niche. These cytokines, which are
signalling molecules of the immune system, increase oxidative stress and
promote angiogenesis. IL-6 and IL-8 remain key downstream targets of the NF-
kB pathway. Inflammation mediated by the persistent activation of the NF-kB
pathway not only serves as an initiator but also as a sustainer of EC. BPA-induced
NF-«B enhances the transcription of IL-6, which activates the Jak/STAT3
pathway. The STATS3 signalling upregulates the expression of cyclin D1, Bcl-XL,
and VEGF, enhancing cell proliferation, migration, invasion, survival, and
angiogenesis, thereby allowing the survival of mutated cells. The understanding
of BPA-induced inflammatory activation through the NF-xB/IL-6 axis remains
limited but is considered a critically underexplored pathway contributing to EC
progression [64].

5.4 Pi3k/AKT/mtor pathway activation

The rapid non-genomic signalling via the membrane-bound ERs is capable of
activating G-protein-coupled receptors (GPCRs) and membrane-associated isoforms
of ERa. These receptors initiate signalling cascades such as PI3K/AKT and MAPK/
ERK, which lead to various downstream activations of mitogenic pathways and anti-
apoptotic pathways. The activation of the PI3K/AKT pathway by BPA not only
enhances glucose metabolism and cellular proliferation but also confers resistance to
apoptosis by modulating the phosphorylation status of BAD, FOXO, and activating
mTOR, a central regulator of cell growth and autophagy suppression [65].

In BPA-exposed cells, the G protein-coupled ER initiates the activation of
phosphoinositide 3-kinase (PI3K) in the cell membrane. PI3K catalyses the
conversion of PIP2 to PIP3, which, in turn, activates AKT by phosphorylation. The
AKT pathway, upon activation, phosphorylates a set of downstream effectors,
leading to the inactivation of BAD (a pro-apoptotic BCL-2 family member) and
FOXO (a transcription factor). The phosphorylation of FOXO suppresses apoptotic
and cell-cycle arrest genes and further activates mTORC1, an effective regulator of
protein synthesis and inhibitor of autophagy. More importantly, anabolic processes
such as ribosome biosynthesis and protein translation are promoted via
phosphorylation [66].
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In endometrial carcinogenesis, although direct evidence of BPA-induced PI3K/
AKT activation is limited, in vitro studies demonstrate uncontrolled proliferation of
cells upon BPA exposure. The enhanced proliferation is linked to the downregulation
of PTEN, a negative regulator of PI3K signalling pathway. The sustained oncogenic
signalling is amplified by the PI3K/AKT/mTOR axis with the loss of PTEN. Chronic
exposure to BPA upregulates p-AKT and p-mTOR, increases glucose uptake, and
induces resistance to apoptosis.

5.5 Epigenetic and post-transcriptional dysregulation

BPA is known to induce epigenetic modifications that parallel the onset and
development of endometrial carcinogenesis upon exposure. BPA interferes with the
process of controlling gene expression through alterations in the DNA sequence. BPA
hyperactivates changes in DNA methylation, histone modification, and non-coding
RNA profiles. One of the most critical alterations observed is significant changes in
the DNA methylation pattern. BPA reduces the activity of DNMTs, specifically
DNMT1 and DNMT3B, resulting in global hypomethylation of genomic DNA. This
hypomethylation is associated with the activation of oncogenes such as c-Myc and
IGF2, while at the same time, BPA causes hypermethylation of tumour suppressor
genes like PTEN and CDKN2A [44].

BPA exposure increases the expression of HATs, such as P300/CBP, and reduces
the activity of HDACs. This leads to an increase in acetylation at lysine residues on
histones H3 and H4. Such changes relax the chromatin structure and promote the
transcription of genes involved in cell proliferation, angiogenesis, and resistance to
apoptosis, which favours a tumour-permissive state [67].

Beyond histone and DNA modification, BPA also affects non-coding RNAs at
post-transcriptional levels. Several microRNAs important for maintaining cellular
homeostasis and differentiation are disrupted by BPA exposure. It reduces the
expression of members of the miR-200 family and miR-20a, which are vital for
maintaining epithelial traits and regulating genes involved in cell cycle control and
apoptosis. Their suppression leads to the upregulation of transcription factors such
as ZEB1 and ZEB2, which inhibit E-cadherin and trigger EMT transition, a key event
in EC invasion and metastasis. Additionally, BPA alters IncRNAs [68]. It upregulates
oncogenic IncRNAs like HOTAIR and downregulates tumour-suppressive IncRNAs
like MEG3, further promoting proliferation and invasive behavior in endometrial
cells.

Overall, this multi-layered epigenetics and post-transcriptional modification by BPA
shifts the transcriptional landscape of endometrial cells towards a pro-tumorigenic
landscape. This disruption of tightly regulated gene expression pathways governing cell
proliferation, apoptosis, and differentiation underscores BPA’s role in the epigenetic re-
programming of the endometrium and initiation of cancer, highlighting its potential as
an environmental risk factor and a potent carcinogen.

6. Emerging concepts and broader implications of BPA
BPA’s role in transgenerational epigenetic inheritance, modulation of the tumour

microenvironment (TME), and epitranscriptomic modification — all of this suggests
that BPA may exert persistent and multilayered effects contributing to cancer
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initiation and progression. This dimension explains BPA biology and its broader
implications in oncogenesis and regulatory toxicology.

6.1 Transgenerational epigenetic inheritance

The epigenetic modification inherited across generations tends to persist even in
the absence of continued exposure. This is referred to as transgenerational epigenetic
inheritance. BPA causes epigenetic mutations in the germ cells. It evades the
epigenetic reprogramming during embryogenesis and gametogenesis, which leads to
the transfer of altered phenotypes to the offspring [50].

The prenatal exposure to BPA in rodent models has helped in understanding the
persistent changes in the DNA methylation pattern, histone modification, and non-
coding RNA expression from one generation to another. It has been demonstrated
that continued exposure to BPA during gestation can lead to altered gene expression
patterns in F3 rats. This suggests an epigenetic mode of inheritance with altered
methylation in imprinted genes and endocrine signal receptors [69].

6.2 Modulation of the TME and immune evasion

The genotoxicity effect of BPA plays a vital role in modulating the TME, which
promotes tumour progression and immune evasion that are pivotal hallmarks of
cancer progression. It further disrupts the immune surveillance mechanism by
modifying cytokine signalling, macrophage polarization and the activity of T-cells in
the endometrium. Additionally, it shifts the balance towards a pro-inflammatory and
immunosuppressive TME [70].

Experimental models show that BPA exposure skews macrophages towards an M2-
like phenotype, which is characterized by pro-tumoral and anti-inflammatory effects.
The polarization is supported by angiogenesis, extracellular matrix remodelling and
suppression of cytotoxic T lymphocyte response. The immune checkpoint molecules,
such as PD-L1 in ER-positive cancer cells, are upregulated via ER-mediated
transcriptional activation, allowing the tumour cells to evade T-cell-mediated killing [71].
It is reported that BPA increases IL-6 and VEGF secretion in endometrial stromal cells.
Additionally, BPA impairs dendritic cell expression and major histocompatibility
complex (MHC) class I expression, which are essential for effective antigen presentation.
These pieces of evidence suggest that BPA acts as a tumour initiator and also orchestrates
an immunosuppressive environment. Since evasion of immune response is a major
escape point for cancer cells to initiate tumour formation, this context warrants deeper
investigation into the endocrine disruption-immune axis in cancer biology [72].

6.3 Epigenetic modifications

The RNA biology advancements have unveiled the importance of
epitranscriptomic modifications, such as N6-methyladenosine (m6A), in the
regulation of post-transcriptional gene expression. Emerging patterns suggest that
BPA alters the m6A methylation pattern, leading to dysregulated RNA stability,
translation, and splicing. These mechanisms are closely associated with cancer
development and progression [73].

BPA exposure modulates the expression of m6A writers (METTL3, METTLE14),
erasers (FTO, ALKBHS5), and readers (YTHDF1/2), resulting in aberrant m6A
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landscapes in mammary epithelial cells. The cellular transformation is fuelled by
these modifications, which affects tumour suppressor genes and oncogenes. Another
study shows that BPA-induced m6A changes alter the function of non-coding RNAs,
which, in turn, lead to altered miRNA processing and circular RNA (circRNA)
expression, indicating the impact of BPA on non-coding RNA transcriptomics [74].

Additionally, BPA is involved in mediating changes in the patterns of m6A
expression. It affects the stability and processing of non-coding RNAs, including
IncRNA and circRNA, which play a critical role in the regulatory network, therefore
driving EC progression. These observations indicate that this mechanistic axis is an
expanding field of research and further highlight an underexplored layer of BPA-
mediated epigenetic control, which could have therapeutic implications [75]. Having
established these molecular mechanisms of BPA-driven endometrial carcinogenesis,
it is essential to explore how these mechanistic insights translate into clinical
practice, especially in the context of diagnosis and targeted therapy.

7. Diagnostic and therapeutic opportunities in EC

The molecular heterogeneity and epigenetic complexity mostly observed in
gynaecological malignancies, such as EC, are reported in developed countries,
especially in the context of endocrine-disrupting exposure, such as BPA. Although
early-stage EC is highly treatable, the advanced and recurrent forms often exhibit
therapeutic resistance. Due to the associated complexity and heterogeneity of these
cancers, there is a growing emphasis on molecular diagnosis and personalized
treatment strategies to improve patient outcomes.

7.1 Diagnostic advances

BPA mimics itself as a hyper-estrogenic trigger, which influences abnormal cell
proliferation in the endometrial lining. Given the hormone-responsive nature of
endometrial tissue, early detection of EC in at-risk individuals, including those with
chronic ED exposure, has become a critical clinical priority. Transvaginal
ultrasonography (TVUS), a non-invasive assessment method, helps to evaluate
endometrial thickness and is particularly useful in postmenopausal women with
abnormal uterine bleeding. However, TVUS lacks specificity for malignant
pathology and cannot distinguish between early carcinoma and hyperplasia [76].
Hence, the diagnosis of EC using an endometrial biopsy sample considered as the
gold standard method. Nevertheless, the procedural discomfort of the sampling
technique and its invasiveness remain as significant limitations [77].

To overcome these limitations, liquid biopsy-based diagnostics have gained
traction. Non-invasive fluids such as urine, uterine fluid, blood, or cervico-vaginal
fluid are major reservoirs of molecular biomarkers reflecting tumour-derived
alterations. The screening of diagnostic biomarkers seems promising in the early
diagnosis of EC. In blood, the genomic biomarkers, which include circulating miRNA
with specificity and sensitivity of 87% and 84%, offer high diagnostic accuracy. The
human epididymis protein 4 (HE4), a proteomic biomarker in serum, tends to
predict malignancy with 100% specificity and 86.7% sensitivity. It is often used in
conjunction with CA125 to improve predictive value [78]. Further meta-analyses and
multiple studies have been performed to review its accuracy and performance. The
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metabolomic study is becoming a useful tool in the screening of EC, as several
hundred metabolites can be screened in a minimal volume of tissue or fluid sample.
This approach is cost-effective, non-invasive, patient-friendly, inexpensive, and
increasingly adopted for screening purposes. The urine-based DNA methylation
assay using a three-marker combination (e.g., GHSR, ZSCAN12, SLC6A20) displays
an AUC value of 0.95, reflecting high sensitivity and specificity in EC detection [79].

Furthermore, the MRI-based diagnosis is considered the clinical gold standard
method for the visualization of deep myometrial invasion and advanced-stage
endometriosis (FIGO stage 3 and 4), offering superior tissue contrast and staging
capability compared to ultrasound [80]. With an in-depth understanding of
proteomics, metabolomics, and genomic sequencing, diagnostic algorithms are
shifting more towards multi-marker liquid biopsy panels that are less invasive but
also represent the heterogeneity and dynamic progression of the tumour. These
innovations hold relevance in the context of BPA-driven epigenetic and metabolic
dysregulation.

Considering the success of the above diagnostic approaches in precisely detecting
ECs both in early and advanced states, a tailor-made diagnostic panel incorporating
the molecular targets influenced by BPA would be handy to use as a screening tool
among the chronically BPA-exposed population. This would eventually help us
achieve the mandate of predicting and diagnosing the disease at an early stage.

7.2 Therapeutic opportunities

The surgical intervention remains a cornerstone for early-stage EC as the main
therapeutic option, followed by radiotherapy or platinum-based chemotherapy.
However, molecular subtyping and identification of actionable mutations have
transformed therapeutic approaches. Hormone therapy remains effective for low-grade,
hormone receptor-positive ECs, including progestin or selective ER modulators [81].
Targeted therapies have shown promise in advanced or recurrent ECs. Inhibitors of
PI3K/AKT/mTOR, immune checkpoint inhibitors (e.g., pembrolizumab for tumours
high in microsatellite instability), and multi-kinase inhibitors are under clinical
evaluation. DNMT inhibitors (e.g., decitabine), which are included in epigenetic therapy,
and HDAC inhibitors (e.g., vorinostat) aim to reverse the aberrant gene silencing
associated with BPA exposure and other epimutations. Non-coding RNA therapeutics
targeting oncogenic miRNAs or restoring tumour-suppressive miRNAs are emerging as
next-generation therapies and are currently being tested in preclinical models [82].
Therefore, by integrating molecular diagnostics with targeted epigenetic and
immunotherapeutic interventions, a promising therapeutic modality could be developed
as advanced precision medicine to treat ECs.

8. Experimental models and approaches to study BPA-driven EC and
therapeutic screening

Experimental validation of the effects of BPA in endometrial carcinogenesis
requires strong in vivo, in vitro, and multi-omics platforms. These models help
analyse the molecular mechanism underlying BPA’s estrogenic and epigenetic action
in endometrial tissue and offer therapeutic screening of epigenetic drugs, pathway
inhibitors, and hormone antagonists.
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8.1 In vitro studies cell-based models

The in vitro system offers high-resolution insights into the molecular and
cellular mechanisms of BPA-driven endometrial oncogenesis. The exposure of BPA
to RL95-2 cells, a well-established endometrial adenocarcinoma line, significantly
promoted the rate of migration ability and invasion efficiency. The ability for
colony formation increased with increasing concentrations of BPA. It upregulated
the expression of COX-2, a known inflammatory and tumorigenic mediator. RT-
PCR analysis validation of RL95-2 cells exposed to BPA for two weeks, compared
with controls, confirmed elevated COX-2 expression driven through the MAPK
and EMT pathways, highlighting BPA’s capacity to modulate key hallmarks of
cancer such as cell proliferation, expansion, invasion, migration, and
apoptosis [83].

BPA induced neoplasticity in HEC265 and Ishikawa cells, both representative of
Grade I EC. These cells were used to analyse the nuclear translocation of estrogen-
related receptor gamma (ERRy). The nuclear and cytoplasmic fractions were
extracted and studied for cell proliferation markers. In HEC265 cells, BPA affected
the BPA/ERRYy signalling pathway, thereby inducing cell proliferation. While in the
case of Ishikawa cells, cell proliferation was induced by BPA/ERRy/EGF signalling
axis, as BPA promoted an ERR-independent mechanism for cell proliferation by
inducing EGF secretion, indicating cell-type-specific and receptor-dependent
mechanisms for BPA-induced neoplastic effects [84]. These cell models are
instrumental in screening pharmacological inhibitors targeting BPA-activated
pathways such as MAPK, COX-2, or ER/ERRYy signalling, and are suitable for high-
throughput drug sensitivity assays.

8.2 In vivo animal models

Rodent and non-human primate models provide strong experimental evidence
for the estrogen-mimetic and tumour-promoting properties of BPA in the uterus.
When 100 pg/kg/day of BPA was chronically administered to CD-1 mice, a drastic
increase in complex endometrial hyperplasia (CEH) was observed. Notably,
when the mice reached 18 months of age, a sevenfold increase in the development
of CEH was seen compared to control animals. Furthermore, evidence of
leiomyoma was observed in all animals with each 10, 100, and 1,000 pg/kg/day
BPA dose [85].

The chronic exposure to BPA modulates uterine morphology and functions. It
increases uterine abnormalities when observed in Sprague Dawley (SD) rats. The SD
rats, which are often considered resistant strains to EDs in vaginal and uterine tissue,
displayed marked uterine abnormalities following BPA exposure. The evaluation of
BPA-exposed SD rats after four months revealed reduced uterine wall thickness and
a twofold increase in the amount of condensed chromatin in the nucleus, implying
neoplastic transformation [86].

Non-human primate models, such as rhesus macaques, when exposed to BPA
during critical windows of uterine development, show enhanced epithelial cell
proliferation, reinforcing the relevance of BPA’s effects across species, including
humans. These models reflect human-like hormonal physiology and are critical for
translational studies on endometrial pathophysiology and ED toxicity [87].
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8.3 Multi-omics and toxicological integration

With the advent of high-throughput platforms, multi-omics approaches are
increasingly employed to understand BPA-induced endometrial carcinogenesis.
Toxicogenomic studies have demonstrated BPA-induced deregulation of estrogen-
responsive genes, inflammatory cytokines, and chromatin modifiers. Transcriptomic
profiling of BPA-exposed endometrial cells reveals dysregulated gene networks
associated with proliferation, immune modulation, and DNA repair, many of which
overlap with known EC signatures [88].

DNA methylation arrays and RNA-seq have revealed differential expression
of non-coding RNA, such as miR-21 and miR-200C, after BPA exposure. These
epigenetic changes mirror iz vivo findings and serve as mechanistic biomarkers
for early transformation events. Integration of these datasets enables
comprehensive mapping of BPA’s multi-target action and offers systems for
biomarker validation and therapeutic screening through in silico and in vitro
experiments [89].

9. Advocacy

Given the detrimental impact caused by BPA on key physiological systems,
particularly the reproductive system, transitioning to safer bio-based alternatives
could be the main counteractive measure that can be advocated. However, it requires
systemic changes across industries, informed public awareness, and supportive
regulatory policies. The ‘BPA-free’ alternatives primarily involve glassware, stainless
steel, and polymers such as polyacetic acid (PLA), derived from renewable starch
sources [90]. Bisguaiacols, a safer and sustainable alternative to BPA, are produced
from non-fossil residues, that is, from biomass origin. The production of bisguaiacols
utilizes guaiacol (arenes) and para-propenylguaiacol (alkene). It is one of the widely
available biopolymers derived from lignin [91]. These alternatives are considered
safer, with good chemical resistance and heat stability. Developing them into viable
and affordable products with their complete safety profile established is the need of

the hour, and policy-driven impetus needs to be given to overcome the BPA-derived
health hazards.

10. Conclusions and future perspectives in translational epigenetic
research

The cumulative evidence highlighted in the chapter underscores the intricate
connection between the ED BPA and epigenetic factors influencing the development
of EC. BPA, acting primarily as a xenoestrogen, perturbs the estrogen and
progesterone signalling pathways. It initiates widespread epigenetic alterations,
ranging from aberrant DNA methylation, histone modification, dysregulation of
non-coding RNAs, and emerging epitranscriptomic mechanisms such as m6A
methylation. The transcriptome of endometrial cells and the chromatin landscape get
reprogrammed, facilitating tumour initiation, progression, immune invasion, and
therapeutic resistance.
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Importantly, this chapter explored BPA’s toxicology, specifically how dose-
dependent exposure can induce inheritance and multilevel effects. It highlights
BPA’s role in modulating the TME and inducing transgenerational epigenetic
inheritance. This helps to understand endometrial tumour biology and challenges
traditional paradigms in toxicology. In light of these advancements in the
understanding of endometrial tumour etiology, it is important to thoroughly
understand epigenetic biomarkers such as miRNA, IncRNAs, and methylation
patterns, and leverage them for early diagnosis and risk assessment of
BPA-driven ECs.

In conclusion, it is clearly evident that BPA silently sculpts the epigenome and
rewrites the trajectory of hormone-responsive cancers, such as EC, across the life
span and even across generations. Decoding the endocrine-epigenetic interface in
EC represents a step towards precision medicine and environmental health
safeguards. Therefore, the grave danger of BPA-mediated cancer risk can be better
tackled by using sustainable and safe alternatives in day-to-day life to avoid the
biomagnification of epigenetic dysregulation and to maintain epigenetic
equilibrium.
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Abstract

Acute myeloid leukemia (AML) is a complex hematologic cancer marked by both
genetic and epigenetic abnormalities that lead to the expansion of immature myeloid
cells and a block in their normal differentiation. Among the various molecular
mechanisms implicated in its pathogenesis, epigenetic alterations have gained
increasing attention for their crucial role in initiating and sustaining leukemic
transformation. Mutations in key epigenetic regulators such as DNMT3A, TET2,
IDH1/2, and EZH?2 have been frequently identified in AML, contributing to
widespread disruptions in DNA methylation patterns, histone modification states,
and chromatin structure. These changes profoundly influence gene expression
programs by favoring malignant progression. Unlike permanent genetic mutations,
epigenetic changes are potentially reversible, making them particularly appealing as
therapeutic targets. Agents that modulate the epigenome, such as DNA
hypomethylating drugs or other epi-drugs, have shown significant clinical activity,
especially in older patients or those medically unsuitable for intensive chemotherapy.
Additionally, novel compounds are being actively evaluated, both alone and in
combination with existing therapies. Overall, the epigenetic landscape of AML offers
valuable opportunities for innovative treatment approaches. Ongoing research is
crucial to better understand resistance mechanisms, define predictive biomarkers,
and refine therapeutic strategies aimed at improving clinical outcomes for AML
patients.

Keywords: epigenetics, leukemia, DNA methylation, histone modifications, therapies

1. Introduction
Epigenetics is defined as the study of the functionally heritable gene expression in
the genome, which does not include structural changes in the DNA sequence,

resulting in phenotypic modulation without genotypic alteration [1]. It is mostly
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influenced by environmental factors such as diet, stress, infections, or chemical
exposure, which can modulate the expression of certain genes by determining “how”
and “when” they should be expressed or silenced [2]. These factors can trigger
epigenetic mechanisms responsible for the regulation of gene expression through the
addition or removal of covalent chemical modifications, post-translational histone
modifications (PTMs), or different RNA species such as miRNA (microRNA), siRNA
(small interfering RNA), or IncRNA (long non-coding RNA) [3]. During these years,
several epigenetic modifications have been identified, such as DNA methylation,
histone modifications, and non-coding RNAs (ncRNAs), as the results of the action
of different enzymatic classes. These enzymes are classified as writers, able to add
chemical modifications on DNA, histones, and proteins; readers, which read signals
through their structural domains; erasers, involved in the removal of chemical
groups; and remodelers, which are proteins or protein complexes that remodel the
chromatin structure, making it more or less accessible to the transcription apparatus
[4, 5]. In this context, the epigenome, which describes the set of epigenetic changes
in an individual, represents one of the best targets for studying the regulation of gene
expression [6]. Although epigenetics regulates primary processes such as
development, cell proliferation, and cell death in response to environmental stimuli,
alterations in epigenetic mechanisms may be involved in the initiation and
development of high-social-impact diseases, including cancer, neurodegenerative
diseases, or autoimmune disorders [7, 8]. In this context, epigenetic mechanisms can
influence factors involved in disease-related cellular pathways and/or in the
modulation of disease-associated gene products (i.e., oncogene activation or
oncosuppressor silencing) [9]. The role that epigenetics has in pathogenesis is due to
the alteration of the normal balance of gene expression, which allows abnormal
activation or silencing of critical genes, leading to disruptions in cellular function and
contributing to the development and progression of diseases [10]. Furthermore,
unlike genetic mutations, epigenetic changes are often reversible, offering potential
innovative therapeutic targets for the treatment of several morbidities [10]. As

a bridge between environment, genetics, and disease, epigenetics helps us
understand why two individuals with the same DNA develop or do not develop

a certain disease or exhibit different symptoms [11]. The study of epigenetics in
pathogenesis broadens our understanding of the complex biological mechanisms
underlying life and disease and opens up new perspectives for personalized
medicine.

In this regard, acute myeloid leukemia (AML) remains a significant clinical
challenge due to its heterogeneous nature and complex pathogenesis [12]. Like other
hematological malignancies, AML is characterized not only by genetic mutations but
also by epigenetic dysregulation of the main epigenetic regulators, such as DNMT3A,
TET2, IDH1/2, and EZH2 which are associated with disease initiation, progression,
and therapy resistance [13]. Recent advances have underscored the critical role of
epigenetic dysregulation in leukemogenesis, including aberrant DNA methylation,
histone modifications, and chromatin remodeling [14]. These epigenetic alterations
contribute to the disruption of normal hematopoietic differentiation by promoting
malignant transformation and uncontrolled proliferation [15]. Comprehensive
investigation into the epigenetic landscape of leukemia is imperative to unravel
disease mechanisms and develop more effective and targeted epigenetic therapies
[16]. This approach holds the potential to improve patient stratification and
overcome resistance to conventional chemotherapeutics, ultimately enhancing
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clinical outcomes [17]. In particular, in this book chapter, a deeper understanding of
how epigenetics is involved in leukemogenic processes will be provided, in order to
offer an integrated perspective on its role in AML and the therapeutic opportunities
that epigenetic treatments may bring to patient outcomes.

2. Acute myeloid leukemia

AML is the predominant type of acute leukemia in adults and represents
a complex array of hematopoietic malignancies that disrupt normal blood cell
development [18]. The disease arises from the clonal transformation of
hematopoietic stem cells (HSCs), causing the uncontrolled proliferation of immature
myeloid precursors. This clonal expansion interferes with normal hematopoiesis,
ultimately leading to bone marrow failure [19]. Consequently, patients often present
with anemia, thrombocytopenia, and increased susceptibility to infections due to the
impaired production of functional blood cells [20]. The five-year overall survival
(OS) rate among individuals diagnosed with AML remains approximately 30%, with
marked variability depending on the patient’s age [18]. The current classification of
AML is primarily based on the 2022 World Health Organization (WHO)
classification and the 2022 International Consensus Classification (ICC). These
classification schemes are essential tools for accurate diagnosis, prognostic
assessment, and treatment selection in clinical practice. Both systems underscore the
central role of recurrent genetic alterations in defining biologically and clinically
distinct AML subtypes [21, 22]. Based on its etiology, AML can be broadly classified
into three main subtypes: i) de novo AML (dn-AML), which arises without any
preexisting hematologic disorder or identifiable exposure, representing the most
common formy; ii) secondary AML (s-AML), which develops as a progression from
antecedent hematologic conditions, such as myelodysplastic syndromes (MDS) or
myeloproliferative neoplasms (MPNs); and iii) therapy-related AML (t-AML),
which develops as a result of prior cytotoxic chemotherapy, radiation therapy, or
environmental toxins, and is typically associated with a worse prognosis [23-25].
Advances in the understanding of AML biology and the identification of its
underlying genetic drivers have significantly improved the molecular
characterization of the disease and contributed to the development of more targeted
and effective therapeutic strategies [26].

2.1 The pathogenesis of AML

The pathogenesis of AML involves a multifaceted network of genetic and
epigenetic disruptions. Key contributors include chromosomal abnormalities, such as
translocations and inversions, and somatic mutations in pivotal genes for
hematopoietic regulation, such as TP53, FLT3, NPM1, IDH1/2, DNMT3A, and TET2.
Collectively, these molecular alterations trigger a pathogenic cascade that impairs
normal differentiation, promotes unchecked proliferation, and leads to leukemic
transformation. Most mutations in AML involve the DNA-binding domain of the
tumor suppressor TP53, the gene most commonly mutated in human cancers. The
human TP53 gene, located on chromosome 17p13.1, encodes p53 protein, a tumor
suppressor that regulates the expression of numerous target genes involved in
metabolism, apoptosis, DNA repair, cellular stress response, and cell cycle [27]. p53 is
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functionally inactivated either through direct mutations in the TP53 gene or indirectly
via alterations in genes encoding proteins that interact with the p53 pathway. TP53-
mutated AML is often resistant to conventional chemotherapy and shows limited
benefit from allogeneic hematopoietic stem cell transplantation [28]. FMS-related
tyrosine kinase 3 (FLT3) mutations are considered among the most frequent genetic
alterations in AML, occurring in approximately 30% of cases. These mutations cause
constitutive activation of the FLT3 receptor tyrosine kinase, driving uncontrolled
proliferation of leukemic stem cells (LSCs) [29]. Historically, FLT3 mutations have
been correlated with adverse prognosis. However, the advent of targeted therapies,
specifically FLT3 inhibitors, has significantly improved clinical outcomes in patients
harboring FLT3-mutated AML [30]. Nucleophosmin (NPM1) gene mutations
frequently occur with FLT3 mutations, with prognostic classification determined by
the presence or absence of concurrent FLT3-ITD mutations [31]. NPM1 mutations
occur in approximately one-third of AML cases and are considered highly specific to
the disease. They typically affect exon 12 and are often found in association with other
mutations such as FLT3-ITD, DNMT3A, TET2, and IDH1/2. The NPM1 gene encodes
a nucleolar chaperone protein, and its mutations lead to its aberrant cytoplasmic
localization, contributing to leukemogenesis. Due to their distinct molecular and
clinicopathologic profile, NPM1-mutated AML is identified as a separate entity in both
the 2022 International Consensus Classification (ICC) and the WHO 5th edition [31].
Mutations in isocitrate dehydrogenase 1 and 2 (IDH1/2) are observed in a subset of
AML cases, with frequencies ranging from 6-16% for IDH1 and 8-19% for IDH2 [32].
Under physiological conditions, IDH enzymes convert isocitrate to a-ketoglutarate
(a-KG), generating NADPH. Mutant IDH proteins instead produce the
oncometabolite 2-hydroxyglutarate (2-HG), which accumulates intracellularly,
altering epigenetic regulation and contributing to leukemogenesis [33-35]. The
prognostic significance of IDH1/2 mutations in AML remains unclear, as various
studies have reported conflicting results regarding their impact on patient outcomes
[34-36]. KMT2A (MLL1), located on chromosome 11q23, encodes a large DNA-
binding protein essential for normal hematopoietic development. Rearrangements
involving KMT2A are frequent chromosomal abnormalities in AML, especially
prevalent in infant leukemia (70-80%) and observed in 5-10% of AML cases [37-39].
By binding to chromatin, these fusion proteins induce leukemic transformation of
hematopoietic stem cells through modulation of key developmental genes such as
HOXA9 and its cofactor MEIS1. These fusions are also common in therapy-related
AML following exposure to topoisomerase II inhibitors. The resulting fusion proteins
alter gene regulation by binding to chromatin, driving leukemic transformation
through dysregulation of key genes such as HOXA9 and its cofactor MEIS1. This
aberrant gene expression promotes leukemogenesis and impairs normal hematopoiesis
[40]. Clinically, AML with KMT2A rearrangements generally carries a poorer
prognosis compared to cytogenetically normal AML and may vary depending on the
specific fusion partner involved [41, 42]. CD123, the alpha subunit of the interleukin-3
receptor (IL-3 R), belongs to the beta common cytokine receptor family. While its
expression is low on normal hematopoietic stem cells (HSCs), it increases as cells
differentiate along the myeloid and monocytic lineages [43]. Conversely, CD123 is
expressed at higher levels on LSCs in AML than on their normal counterparts. Its
elevated expression on AML blasts has been associated with higher blast counts at
diagnosis and poorer treatment response [44, 45]. These characteristics highlight
CD123 as a promising therapeutic target in AML, and several treatment strategies
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aimed at this molecule are currently under investigation. Additionally, alterations in
transcriptional networks and epigenetic regulatory mechanisms play a critical role in
leukemogenesis, promoting impaired differentiation and uncontrolled proliferation of
myeloid progenitors [28, 46, 47].

In the clinical management of AML, comprehensive genetic profiling at diagnosis
is essential, not only for identifying high-risk patients with adverse prognostic
markers but also for guiding therapeutic decisions in those classified within
favorable-risk categories.

3. Epigenetic alterations in the landscape of AML

AML is increasingly recognized as a paradigm of epigenetically driven
malignancy, in which both genetic mutations and metabolic perturbations converge
to reprogram the epigenome, thereby enforcing leukemic cell identity and self-
renewal while blocking differentiation [48]. In AML, multiple players in the
epigenetic regulatory machinery are disrupted, including DNA methylation, histone
post-translational modifications, chromatin remodeling complexes, three-
dimensional genome architecture, and RNA modifications (epitranscriptomics).
These perturbations frequently arise from mutations in enzymes that act as writers,
erasers, readers, or remodelers of the epigenetic marks, and they cooperate with
oncogenic drivers to maintain leukemic stem cell programs [49]. DNA methylation is
one of the most extensively altered epigenetic pathways in AML.

3.1 Alterations in DNA methylation

Mutations in DNMT3A, a de novo DNA methyltransferase, are found in ~25% of
patients, particularly those with intermediate-risk cytogenetics [50]. The most
frequent hotspot mutation, R882H, disrupts the tetramerization interface of
DNMT3A, leading to dominant-negative effects and locus-specific hypomethylation.
This epigenetic remodeling facilitates aberrant self-renewal of hematopoietic stem
and progenitor cells by interfering with differentiation signals. Experimental models
show that DNMT3A R882 mutations enforce a block in lineage commitment by
deregulating enhancers and promoters involved in myeloid differentiation [51].
Interestingly, non-R882 DNMT3A variants often destabilize the protein, leading to
proteasomal degradation and a global decrease in DNMT3A abundance. Although
these destabilizing mutants show less focal hypomethylation compared to R882
variants, they generate higher intratumoral methylation heterogeneity and
transcriptional alteration, which may provide clonal fitness advantages under
selective pressures [52]. Functionally, both classes of DNMT3A mutations confer
a competitive edge to hematopoietic stem cells (HSCs), facilitate clonal
hematopoiesis, and often precede the acquisition of cooperating mutations such as
FLT3-ITD and NPM1c, which drive full leukemic transformation [53]. Another
critical regulator of DNA methylation altered in AML is TET2, encoding
a dioxygenase that catalyzes the stepwise oxidation of 5-methylcytosine (5mC) to
5-hydroxymethylcytosine (ShmC), 5-formylcytosine, and 5-carboxycytosine,
biochemical intermediates which belong to the active DNA demethylation process.
TET2 mutations, found in 10-20% of AML cases, especially in older adults and
secondary AML, lead to an adverse prognosis due to the reduced ShmC levels and
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accumulation of aberrant DNA hypermethylation at enhancers and lineage-
specifying regulatory elements [54]. Loss of TET2 function compromises enhancer
accessibility and perturbs the transcriptional activation of genes required for
myeloid differentiation [55]. Beyond its canonical role in DNA demethylation, TET2
was recently shown to participate in RNA-mediated chromatin regulation.
Specifically, TET2 oxidizes 5-methylcytosine on chromatin-associated RNA (m5C),
interfering with the binding of methyl-RNA readers such as MBD6. In the absence of
TET?2, persistent m5C on RNA promotes MBD6 recruitment and accumulation of
histone H2A ubiquitination at Lys119 (H2AK119ub), reinforcing repressive
chromatin configurations. Thus, TET2 loss not only disrupts DNA methylation
dynamics but also alters histone modification landscapes in an RNA-dependent
manner [56]. Converging on the TET2 pathway are neomorphic mutations in the
metabolic enzymes IDH1 and IDH2. These mutations, present in ~15-20% of AML
patients, introduce a novel enzymatic activity that reduces a-ketoglutarate to
2-hydroxyglutarate, a competitive inhibitor of a-ketoglutarate-dependent
dioxygenases. By suppressing TET2 activity and certain Jumonji-domain histone
demethylases (Jmj-KDMs), 2-hydroxyglutarate accumulation leads to global DNA
hypermethylation and impaired chromatin remodeling [57]. IDH1/2-mutant AML
cells exhibit a characteristic DNA methylation signature, including
hypermethylation of differentiation-promoting gene promoters and

a transcriptional program biased toward stemness and self-renewal. Notably, IDH
and TET2 mutations are mutually exclusive, consistent with their functional
convergence [58]. Interestingly, IDH-like epigenetic reprogramming can also arise in
IDH-wild-type AML through metabolic rewiring. For example, upregulation of
BCAT1, a branched-chain amino acid transaminase that reduces intracellular a-KG
levels, mimics the effects of mutant IDH by inhibiting TET2 activity, inducing

a similar hypermethylation phenotype, and promoting a stem-like transcriptional
state [59].

3.2 Alterations in histone methylation

AML subtypes characterized by rearrangements involving the MLL (KMT2A) gene
produce oncogenic fusion proteins (e.g., MLL-AF4, MLL-AF9, MLL-ENL), which
subsequently drive aberrant histone modifications at specific gene loci. These fusion
proteins result from chromosomal translocations that fuse the N-terminal portion of
MLL, which retains DNA-binding and chromatin-targeting capacity, with various
transcriptional co-activators [60]. These MLL fusion proteins lack the SET domain,
which normally mediates the activating methylation of histone H3 at lysine 4
(H3K4me) on MLL target genes, resulting in the loss of this modification [61].
Furthermore, these fusion proteins aberrantly recruit the histone methyltransferase
DOTIL to the HOXA9 and MEIS1 loci, causing abnormal deposition of H3K79
methylation (H3K79me), which sustains the transcription of genes involved in self-
renewal [62]. This mislocalization relies on the recognition of H3K36 dimethylation
(H3K36me2) by lens epithelium-derived growth factor (LEDGF), which interacts
with MLL fusion proteins through the scaffold protein Menin, encoded by MEN1. This
interaction facilitates the chromatin tethering of DOT1L, reinforcing the aberrant
HOX gene expression and leukemogenic transcriptional programs. Accordingly,
inhibition of H3K79 methylation or blockade of the Menin-MLL interaction disrupts
this epigenetic axis, promoting differentiation of leukemic cells and providing
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a rational basis for emerging targeted therapies [63]. Independently from MLL
rearrangements, point mutations in ENL (MLLT1), a component of the super
elongation complex, further amplify aberrant H3K79 dimethylation (H3K79me?2) at
HOXA and MEIS1 loci. These mutations promote the formation of phase-separated
transcriptional condensates at these loci, enhancing transcriptional elongation and
further exacerbating epigenetic dysregulation and active transcription [64]. Several
epigenetic regulators involved in AML exert their function by recognizing specific
histone modifications, thereby influencing gene expression programs that drive
leukemic transformation. For example, the chromatin reader SGF29, a component of
the SAGA complex, binds to the activating marks H3K4me2/3 and promotes the
transcription of oncogenic drivers. Loss of SGF29 impairs leukemic self-renewal,
highlighting its critical role as a reader of active chromatin states [65]. Another
frequently mutated epigenetic factor in AML is ASXL1, a scaffold protein that
interacts with both Polycomb (PRC2) and trithorax group complexes. ASXL1
mutations disrupt H3K27 trimethylation (H3K27me3), destabilize PRC2, and
simultaneously enhance H2AK119 deubiquitination via persistent interaction with the
deubiquitinase BAP1. These alterations lead to chromatin de-repression at
developmental gene loci, including the HOX cluster, ultimately promoting
leukemogenesis. EZH2, the catalytic subunit of PRC2, plays a dual, context-dependent
role in AML. Loss-of-function mutations in EZH2 reduce H3K27me3 levels and lead to
the derepression of genes involved in leukemic initiation [66]. Conversely, in
established AML, EZH2 contributes to disease maintenance by repressing pro-
differentiation genes. This biphasic role complicates the therapeutic targeting of EZH2
and suggests that stage-specific intervention strategies may be required. Furthermore,
mutations in UTX (KDM6A), an H3K27 demethylase, disrupt enhancer landscapes
and chromatin accessibility in a non-catalytic fashion. In mouse models, UTX loss
affects enhancer-bound transcription factors such as GATA2 and ETS-family proteins
through altered H3K27ac and loss of H3K4mel, thereby reshaping the regulatory
architecture of leukemia-initiating cells [67].

3.3 Alterations in histone acetylation

Histone acetylation plays a pivotal role in the pathogenesis of AML, not only by
modulating chromatin accessibility but also by functionally altering specific histone
residues. These modifications promote transcriptional activation, enhance oncogene
expression, disrupt normal differentiation programs, and support the aberrant
proliferation and survival of leukemic cells. Acetylation of lysine residues, such as
H3K27ac and H3K9ac, generally facilitates transcriptional activation by loosening
chromatin structure and recruiting bromodomain-containing proteins like BRD4 [68].
Two histone acetyltransferases, KAT6A (MOZ) and KAT2A (GCNS5), have emerged as
critical regulators of transcriptional programs that sustain leukemic identity. Both
belong to families of acetyltransferases that deposit H3K9ac marks at gene promoters,
thereby influencing gene expression dynamics. KAT6A, a member of the MYST
acetyltransferase family, has been identified as a key factor in maintaining the myeloid
differentiation block characteristic of AML through regulation of genes such as PU.1,
IRF8, and various ETS factors [69, 70]. It mediates H3K9 acetylation at promoter
regions, which is subsequently recognized by the acetyl-lysine reader ENL. ENL
recruitment leads to the assembly of transcriptional elongation complexes, enhancing
the expression of MYC and supporting the associated oncogenic program. This

95



Epigenetics — Role in Development and Pathogenesis

cooperative interaction between KAT6A and ENL exemplifies how epigenetic
crosstalk reinforces the leukemic transcriptional state [71]. Similarly, KAT2A-
dependent H3K9 acetylation occurs at the promoters of a defined subset of genes
involved in essential biosynthetic and metabolic pathways. These include Rps7 and
Rps15, coding for ribosomal subunits, and Eif4e and Eif3s2, which are critical for
translation initiation. KAT2A also acetylates promoters of mitochondrial regulators
such as Lonp1 and Parl, linking histone acetylation to mitochondrial function. The
presence of H3K9ac at these loci facilitates stable transcription by promoting high-
frequency bursting and consistent transcription factor recruitment, including MYC
and GABPA. In the absence of KAT2A, these promoters exhibit a marked loss of
H3K9ac, leading to reduced transcriptional burst frequency and increased expression
variability [72]. H3K27ac also plays a key role in maintaining the leukemic phenotype
by driving processes such as impaired differentiation, uncontrolled cell proliferation,
and resistance to apoptosis. This acetylation mark is recognized by BRD9,

a bromodomain-containing subunit of the non-canonical BAF (ncBAF) chromatin
remodeling complex. BRD9 binding to H3K27ac-enriched regions helps maintain open
chromatin at both promoters and enhancers, ensuring the transcription of genes
critical for leukemic cell identity and proliferation. Notably, targets of this regulation
include oncogenes such as MYC, KIT, and BCL2, as well as AML-specific enhancer
elements like the BENC super-enhancer cluster [73].

3.4 Alterations in RNA modifications

RNA modifications, collectively termed epitranscriptomics, represent a novel and
critical layer of AML epigenetic deregulation [74]. The most abundant internal mRNA
modification, N6-methyladenosine (m6A), is installed by the METTL3/METTL14
complex and removed by FTO or ALKBH5. METTLS3 is overexpressed in AML and
localizes to promoter regions of active genes, depositing m6A within coding sequences
to enhance translation efficiency and alleviate ribosome stalling [75]. Targets include
BCL2, MYC, and SP1, which are essential for LSC maintenance. Meanwhile, YTHDF?2,
a cytoplasmic m6A reader, promotes the degradation of mRNAs encoding pro-
differentiation or pro-apoptotic proteins. Together, METTL3 and YTHDF2 coordinate
a post-transcriptional program that sustains LSCs. Inhibition of METTL3 selectively
impairs leukemic, but not normal hematopoietic, cells and has entered clinical
development [76]. Furthermore, recent profiling of 2’-O-methylation on rRNA
revealed dynamic methylation signatures associated with stemness. Overexpression of
fibrillarin (FBL), the 2’-O-methyltransferase, reprograms rRNA methylation and
enhances LSC properties, identifying translational control as an epigenetic
vulnerability [77].

3.5 Alterations in ncRNA regulation

In AML, dysregulation of miRNAs, a class of regulatory non-coding RNAs, has
emerged as a crucial epigenetic mechanism contributing to leukemogenesis.
miRNAs typically function post-transcriptionally to fine-tune gene expression, and
their aberrant expression can disrupt key signaling pathways in AML. Several
tumor suppressor miRNAs are downregulated in AML, such as miR-29b, whose
decreased expression correlates with DNMT3A mutation and leads to increased
DNA methylation and transcriptional repression of differentiation genes [78].
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Similarly, miR-34a, downregulated in patients with poor prognosis, inhibits PD-L1
and DHAC2, modulating immune evasion and leukemic stem cell survival [79]. The
miR-9 downregulation observed in AML enhances CXCR4 expression, fostering
increased cell migration and chemoresistance [80]. Epigenetic silencing
mechanisms, such as DNA hypermethylation, are implicated in the suppression of
miR-9 and miR-34a, particularly in cases with EVI1 overexpression [81]. On the
other hand, some miRNAs act as oncogenes when upregulated. For instance, miR-
155, frequently overexpressed in AML, downregulates SHIP1, thereby activating
the PI3K/AKT pathway and promoting proliferation [82]. Similarly, miR-126 is
overexpressed in inv(16) AML subtypes, enhancing leukemic cell survival, while
miR-21 represses the tumor suppressor KLF5, facilitating leukemogenesis [83, 84].
Additionally, the miR-17-5p-JAK1 axis is involved in modulating apoptosis and
cell migration [85]. Transcriptional regulation also plays a role, as in the IncRNA
XIST/miR-142-5p/PFKP pathway, where IncRNA XIST suppresses miR-142-5p,
resulting in enhanced glycolytic activity and leukemic cell proliferation [86].
Several of these miRNAs, including miR-20a-5p, miR-103a-2-5p, and miR-455-3p,
regulate apoptosis, autophagy, and cell cycle checkpoints via interactions with key
targets such as PPP6C, LILRB3, and UBN2, respectively [87]. The diversity of
miRNA-mediated regulatory networks underscores their dual role as either
oncomiRs or tumor suppressors in AML pathobiology, depending on context and
molecular subtype.

In summary, AML exemplifies an epigenetically driven malignancy, where
genetic mutations and metabolic alterations synergize to reprogram the epigenome
and reinforce leukemic identity. Central to this reprogramming are disruptions in
DNA methylation and demethylation (e.g., DNMT3A, TET2, IDH1/2), histone
modifications (e.g., H3K9ac, H3K27me3, H3K79me2), chromatin remodeling
complexes, and non-coding RNA pathways. These alterations converge on common
downstream effects: impaired differentiation, enhanced self-renewal,
transcriptional dysregulation, and resistance to apoptosis. Furthermore, the
integration of RNA modifications and miRNA networks adds a critical layer of post-
transcriptional regulation that sustains leukemic stem cell function (Table 1,
Figure 1). Collectively, these insights highlight the multifaceted epigenetic
vulnerabilities in AML and provide a strong rationale for the development of
targeted epigenetic therapies.

4. Epigenetic therapies in AML

One of the main hallmarks of AML is epigenetic dysregulation involving
translocations and/or epi-mutations of molecular players that block myeloid cell
differentiation, leading to the accumulation of undifferentiated myeloid cells and
self-renewal [88]. In this context, epigenetic therapies designed to modulate or
reverse the epigenetic changes are gaining growing recognition for personalized
treatments [16].

4.1 DNA methyltransferase inhibitors (DNMT1)

DNMTI, such as azacitidine and decitabine, are the main epigenetic agents
used for therapy, especially in elderly patients or those who are resistant to
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Epigenetic process Principal regulators Mechanistic consequence References
DNA methylation DNMT3A Dominant-negative effect (R882), global [50, 51]
hypomethylation, enhancer deregula-
tion, transcriptional noise, clonal fitness.
DNA demethylation  TET2 Reduced 5hmC, hypermethylation at [54, 55]
enhancers, impaired differentiation,
altered histone modifications via RNA
pathways.
Metabolite- IDH1/2, BCAT1 2HG accumulation, inhibition of TET2/ [55, 58, 59]
dependent DNA/his- Jmj-KDMs, DNA hypermethylation,
tone demethylation stem-like transcriptional program.
Histone methylation ~ MLL fusions, DOTIL, Misplaced H3K79me?2 loss of H3K4me3 [61-67]
ENL, SGF29, ASXL1, and H3K27me3, deregulated HOX gene
EZH2, UTX expression, and altered chromatin
structure.
Histone acetylation KAT6A, KAT2A, BRD9 Enhanced H3K9ac/H3K27ac, stabilized [68, 71-73]
transcription, MYC activation, mito-
chondrial gene regulation.
RNA modifications METTL3, YTHDF2, FBL Enhanced translation, post- [75-77]
(Epitranscriptomics) transcriptional regulation of LSC genes,
and altered rRNA methylation.
Non-coding RNAs miR-29b, miR-34a, miR-9, Disrupted differentiation, immune eva- [78, 80-85,
(miRNAs, IncRNAs)  miR-155, miR-126, miR- sion, chemoresistance, altered apoptosis, 871

21, miR-17-5p, XIST

and glycolysis.

Table 1.

Main epigenetic modifications and biological consequences in AML.

intensive chemotherapy [89]. These drugs act by reducing DNA methylation
levels, promoting the expression of genes involved in cell growth control and
apoptosis, thus eliminating leukaemic stem cells [90]. To date, the main drugs
used to reduce DNA methylation for treating AML are nucleoside analogues, such
as azacitidine and decitabine, which integrate into the DNA (or mostly RNA in the
case of azacitidine) of cells, irreversibly binding to DNA methyltransferases
(DNMTs) and causing a general reduction in the methylation status [90].
Azacitidine and decitabine have been extensively studied and were the first
internationally approved epigenetic drugs for the treatment of myelodysplastic
syndromes, as well as AML with low blast counts, even though their use has been
extended in combination with Venetoclax (ABT-199) for elderly patients

unsuitable for aggressive chemotherapies [89]. Associated with DNMTi,

Venetoclax, which inhibits the anti-apoptotic protein BCL-2 [91], promotes

a metabolic reprogramming that reduces oxidative phosphorylation and
specifically initiates apoptosis in leukemic cells [16]. Furthermore, DNA

hypomethylating agents possess both direct and indirect immunomodulatory
effects on tumor cells by enhancing the reactivation of immune-related genes,
such as testicular cancer antigens and those involved in interferon signaling
pathways, including the major histocompatibility complex class I, and increasing
the immune response [92, 93].
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Figure 1.

Schematic representation of the main epigenetic modifications in AML.

4.2 IDH inhibitors

About 20% of patients with AML have mutations in IDH genes, but only a fraction
of these respond to IDH inhibitor drugs [94]. The use of these molecular inhibitors,
such as enasidenib, that is, AG-221 (for IDH2) and ivosidenib (for IDH1), reduces
2-hydroxyglutarate levels, reverses epigenetic hypermethylation, and removes the
blockade of cell differentiation [95-97]. These drugs have achieved durable remissions
in 20-30% of patients with relapsed or refractory AML with IDH mutations, leading to
their approval by the FDA [90]. However, resistance to these therapies represents
a significant challenge. The presence of concomitant mutations in NRAS or a high
mutational load can cause primary resistance to enasidenib, suggesting that effective
treatment also requires the elimination of tumor clones not carrying IDH mutations in
AML [98]. Furthermore, the selective pressure exerted by these inhibitors may favor
the emergence of resistant clones, for instance, by isoform switching between IDH1
and IDH2 mutations or by clonal evolution independent of further IDH mutations
[90]. It has been reported that IDH2 inhibitor AG-221 acts on AML cells with IDH2
mutation and patient samples, showing a partial recovery of altered myeloid
transcription factor activity [99]. Moreover, excessive methylation of HLA class
I complex genes was detected after the treatment, which reduces their expression and
promotes the activation of natural killer (NK) cells, thus increasing the immune
system’s ability to recognize and destroy leukaemic cells [99]. In patients who do not
respond to treatment with IDH inhibitors, this hypermethylation persists, suggesting
a mechanism of resistance [99].
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4.3 Histone methylation-based therapies

Studies have also revealed that DOT1L, a unique histone methyl transferase
(HMT) that specifically catalyzes the methylation of H3K79 [100], drives
carcinogenesis through MLL fusion proteins [101]. Accordingly, the DOT1L
inhibitor EPZ-5676 is also under investigation for other AML subtypes, including
those harboring partial tandem duplications in the MLL-PTD region [16]. Up to now,
GSK126 and EPZ-6438 (tazemetostat) are in clinical trials for hematological
malignancies, including lymphomas [102]. Recently, attention has focused on
molecules targeting specific epigenetic regulators implicated in AML, such as
inhibitors of EZH2, a methyltransferase involved in gene repression via the PRC2
complex [103], and inhibitors of the menin protein, which interacts with MLL gene
fusions typical of certain AML subtypes [104]. Some studies have demonstrated that
PRC2 functions alongside MLL alterations to promote leukemia progression [105].
Based on these data, the dual EZH1/EZH2 inhibitor UNC1999 demonstrated efficacy
in suppressing AML growth in MLL rearrangement models by reactivating target
genes silenced by PRC2 [106]. In this context, lysine demethylase KDM1A (LSD1)
leads to the removal of mono and di-methyl groups from histone H3 lysine 4 (H3K4),
leading to transcriptional repression [107]. Inhibition or loss of LSD1 function has
been shown to promote differentiation in AML cells, particularly in MLL-rearranged
and other genetically defined subtypes [108]. Pharmacological agents targeting
LSD1, such as tranylcypromine (TCP), have demonstrated the ability to induce
myeloid gene expression and exhibit enhanced anti-leukemic activity in association
with all-trans retinoic acid (ATRA) [109]. More recently, novel inhibitors NCD25
and NCD38 were found to suppress leukemic proliferation and induce
differentiation, with NCD38 specifically reactivating enhancer regions, including
super-enhancers, that regulate hematopoietic gene expression and are aberrantly
silenced in AML [110].

4.4 HDAC inhibitors

A further group of compounds include histone deacetylase inhibitors (HDACI),
which modify chromatin structure by increasing histone acetylation and altering the
gene expression profile; however, their use as monotherapy has been limited,
suggesting the need to use them in combination with other agents [90, 111].
Specifically, it has been reported that valproic acid (VPA), a short-chain fatty acid
that promotes hyperacetylation of histones H3 and H4 and inhibits class I HDACs
[112], exerts multiple effects on leukemic blasts, including induction of cell cycle
arrest, promotion of apoptosis, and modulation of DNA repair mechanisms [113].
Beyond VPA, various HDACI (i.e., romidepsin, mocetinostat, entinostat) have
undergone phase I/II evaluation for acute myeloid leukemia treatment, with
enhanced efficacy observed primarily in combination with established anti-leukemic
agents [114-116]. Panobinostat, which is FDA-approved for multiple myeloma [117],
is currently being evaluated in clinical trials for AML. However, as a single agent, it
demonstrates modest anti-leukemic efficacy in myeloid malignancies [118-120],
whereas preclinical data indicate cytotoxicity when combined with other epigenetic
or chemotherapeutic agents [121]. Nevertheless, recent trials combining
panobinostat with intensive chemotherapy failed to improve clinical outcomes and
resulted in increased toxicity [120].
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4.5 BET inhibitors

Inhibitors of bromodomain and extraterminal domain (BET) proteins, which
interfere with chromatin remodeling and transcriptional regulation, are emerging as
potential therapeutic candidates for AML therapy [122]. Other agents commonly
used for treating AML also include FLT3 inhibitors, lenalidomide, and antibody-drug
conjugates [123]. BET inhibitors also play an important role in treating AML since
they reduce the expression of immune checkpoint molecules such as PD-L1, thus
promoting better immune surveillance against tumors [90]. Moreover, the small-
molecule inhibitors JQ1 and I-BET151 have demonstrated potent efficacy in inducing
cell cycle arrest and apoptosis in leukemic cells both in vitro and in vivo [124]. These
agents exert their effects by displacing BRD4, thereby inhibiting RNA polymerase
II-dependent transcriptional elongation of critical oncogenes, including c-MYC,
BCL2, and CDK®6 [125, 126]. Similarly, OTX015, another BET inhibitor, has shown
the ability to induce apoptosis in several leukemic cell lines [127]. Currently, several
clinical trials are underway to evaluate the efficacy of BET inhibitors; for example,
the molecule RO6870810 (TEN-010), a derivative with higher stability than JQ1, has
been in a phase I clinical trial for the treatment of AML and myelodysplastic
syndromes (MDS) (NCT02308761). In addition, a phase II study is examining the
inhibitor CPI-0610 combined with ruxolitinib in patients affected by myelofibrosis
(NCT02158858). In parallel, GSK525762, a BRD4 inhibitor, has entered clinical trials
for the treatment of relapsed or refractory hematological malignancies [128]. In
2018, BI-894999, a BET inhibitor characterized by a distinct chemical structure
compared to other inhibitors, was identified and showed superior efficacy in
suppressing the growth of AML-derived primary cells and xenograft models [129].
Interestingly, the combination with a CDK9 inhibitor, a key component of the
transcriptional elongation complex, significantly amplified the antitumor activity of
BI1-894999 [129]. In a mouse model of AML with MLL-AF9;Nras(G12D)
translocation, resistance to these inhibitors was associated with the remodeling of
chromatin, which triggers the WNT signaling pathway [130]. A distinctive feature of
these therapies is the lack of an immediate cytotoxic effect; the maximum benefit
generally occurs only after several months, reflecting the involvement of the
immune system [90].

4.6 miRNA-based therapies

An alternative strategy to target epigenetic dysregulation in AML involves
miRNA-based therapies, which include the administration of synthetic miRNA
mimics. These are double-stranded oligonucleotides delivered through viral or
synthetic vectors, capable of restoring tumor-suppressor miRNA function, or
antagomiRs, which are able to inhibit endogenous miRNA activity [131]. In this
context, the therapeutic delivery of miR-29b, frequently dysregulated in AML
blasts, via nanoparticle-based systems, has been shown to suppress leukemic cell
proliferation and prolong survival in AML xenograft mouse models [132].
Reconstitution of miR-29 family members also resulted in reduced AML,
accompanied by decreased splenomegaly, diminished neoplastic infiltration, and
enhanced apoptotic activity in the spleen [132]. In addition, the miR-22 mimic,
delivered by G7 poly(amidoamine) dendrimer nanoparticles, led to increased
survival in MV4-11 xenotransplantation mouse models, as well as increased
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survival in primary mouse AML (MLL-AF9 and AE9a) transplant models [133].
Another example of miRNA-based therapy is provided by the miR-181a mimic,
delivered by transferrin-conjugated anionic lipid-based nanoparticles, which was
able to decrease cell proliferation and colony formation in several leukemia cell
lines, such as OCI-AML3, KG1a and MV4-11, as well as induce apoptosis in primary
AML blasts [134]. On the other hand, in vivo models showed increased survival and
reduced splenomegaly in NSG mice xenografted with MV4-11 cells [134].
Overexpression of miR-126 has been shown to contribute to the long-term
maintenance and self-renewal of AML cells [135]. Therapeutic targeting of miR-126
by nanoparticles containing antagomiR-126 was shown to decrease long-term
colony formation and self-renewal capacity iz vitro and increase survival in NSG
mice engrafted with human AML primary blasts and the MLL FLT3-ITD mouse
model [135]. Similarly, miR-21/miR-196b antagomiRs, administered via implanted
osmotic pumps, decreased colony formation in HOXA9, Nup98-HOXA9, or MLL-
AF9-transduced mouse Lin” bone marrow cells and increased survival in
combination with induction chemotherapy in the MLL-AF9 xenograft model
[136, 137].

4.7 Radiotherapy and other epi-treatments

Radiotherapy is also used for AML treatment, mainly as an adjunct to bone
marrow or hematopoietic stem cell transplantation [138]. This treatment serves to
eliminate diseased cells and create space for healthy cells, thus improving the
chances of a successful transplant [139]. However, radiotherapy can cause
significant side effects, including damage to healthy tissue and an increased risk of
developing secondary forms of leukemia [140]. Treatment-associated acute
myeloid leukemia (t-AML), which occurs as a late consequence of chemotherapy
(ct-AML), radiotherapy (rt-AML), or immunosuppressive therapies, has been
shown to be characterized by a general reduction in methylation in non-coding
regions of DNA due to radiation exposure, together with an increase in methylation
in promoters of disease-specific genes [141]. Validation by pyrosequencing
techniques on additional samples confirmed high methylation in the promoters
of the MEST and GATAS genes in rt-AML, in contrast to other AML types and
control subjects [141]. In summary, epigenetic therapies for AML are constantly
evolving, and the integration of different epigenetic-based therapeutic strategies,
especially in combination with conventional treatments, represents a promising
approach to improve therapeutic efficacy and limit adverse effects for patient’s
outcomes. Genetic alterations involving MLL, such as translocations with various
partner genes and MLL partial tandem duplications (MLL-PTD), are strongly
associated with poor clinical outcomes in AML patients [142]. In response to this
therapeutic challenge, a range of small-molecule inhibitors targeting MLL
complexes have been developed, and among them, MM-401 has shown promising
efficacy by specifically blocking the MLL-WDRS5 interaction, halting myeloid cell
proliferation, and inducing differentiation of leukemic cells without affecting
normal hematopoietic stem and progenitor cells [143]. Furthermore, high-
throughput screening has led to the identification of potent and selective
compounds such as MIV-6 R, MI-463, and MI-503, which have demonstrated
robust anti-leukemic activity in MLL-rearranged leukemia models both in vitro and
in vivo [144] (Table 2, Figure 2).
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Epidrug Molecular targets Mechanism of action References
Azacitidine/ DNMTs Reduces DNA methylation, promotes the [89]
decitabine expression of tumor suppressor genes.
Venetoclax BCL-2 Induces metabolic rewiring and selective [91]
(ABT-199) apoptosis in leukemic cells.
Enasidenib IDH2 Reduces 2-HG, reverses hypermethylation, [95]
(AG-221) and differentiation block.
Ivosidenib IDH1 Reduces 2-HG, reverses hypermethylation, [96]
and differentiation block.
MM-401 MLL-WDR5 Blocks MLL-WDRS5 interaction, halts prolif- [143]
eration, and induces differentiation.
EPZ-5676 DOTI1L Inhibits H3K79 methylation, targets MLL [16, 101]
fusion proteins.
UNC1999 EZH1/EZH2 Suppresses AML growth by reactivating [106]
PRC2-silenced genes.
Tranylcypromine  LSD1 (KDM1A) Promotes differentiation of blasts, enhanced [109]
(TCP) with ATRA.
NCD38 LSD1 Reactivates super-enhancers and induces dif- [110]
ferentiation of blasts.
Valproic acid HDACs (Class I) Histone hyperacetylation induces apoptosis [145]
and DNA repair.
Romidepsin HDACs HDAC inhibition, evaluated in combination [114]
therapies.
Panobinostat HDACs Limited monotherapy effect; cytotoxic in [120]
combinations.
JQ1 BRD4 Blocks BRD4, suppresses c-MYC, BCL2, and [120, 125]
CDKS6, and induces apoptosis.
I-BET151 BRD4 Promotes apoptosis in MLL-rearranged AML. [124, 125]
0TXO015 BRD4 Induces apoptosis in leukemic cell lines. [127]
R0O6870810 BRD4 BET inhibitor tested in refractory AML. NCT02308761
(TEN-010) (Phase I)
CPI-0610 BRD4 BET inhibitors with ruxolitinib in NCT02158858
myelofibrosis. (Phase 1II)
GSK525762 BRD4 Early clinical trials for relapsed/refractory AML. [143]
BI-894999 BRD4 Suppresses AML growth; enhanced with [129]
CDK9 inhibitor.
miR29-b mimic DNMT3A, DNMT3B,  Reconstitution of miR-29 family activity sup- [132]
DNMT1, SP1, CDK®6, presses leukemic cell proliferation and pro-
FLT3, KIT longs survival in AML xenograft mouse
models.
miR-22 mimic CRTC1, FLT3, Increase survival in MV4-11 xenotransplan- [133, 137]
MYCBP tation mouse models; increase survival in
primary mouse AML transplant models.
miR-181a mimic KRAS, NRAS, MAPK1  Decrease cell proliferation as well as colony- [134, 137]

forming in leukemic cell lines and AML blasts;
increased survival and reduced splenomegaly
in vivo.
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Epidrug Molecular targets Mechanism of action References
miR-126 MMP7, CHD7, JAG1 Decrease long-term colony formation and [135]
antagomiR self-renewal capacity in vitro; increased

survival in AML mouse models.

miR-21/196b N/A Decreased colony formation in vitro; [136, 137]
antagomiRs increased survival in combination with che-
motherapy in the MLL-AF9 xenograft model.

Table 2.
Summary of the current epigenetic therapies used for treating AML.
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Figure 2.
Representation of the main epi-drugs and their targets used for treating AML.

5. Conclusion(s)

Epigenetic dysregulation plays a pivotal role in the pathogenesis of AML. In
recent years, great strides have been made to understand how epigenetic
modifications are involved in the initiation and development of AML and how these
epi-changes can be modulated to improve patients’ prognosis. Epigenetic changes
are often early events in leukemic evolution and may cooperate with additional
genetic lesions to drive disease progression [146]. Specifically, alterations in DNA
methylation, histone modifications, chromatin remodeling, and RNA-based
regulatory mechanisms contribute to leukemic initiation, maintenance, as well as
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therapy resistance [147]. In contrast to permanent genetic mutations, epigenetic
alterations can potentially be reversed, presenting a distinct therapeutic opportunity
for treating AML patients. In this regard, the use of epi-drugs capable of modulating
and/or restoring the expression of genes profoundly dysregulated in AML offers

a unique therapeutic strategy by limiting the adverse effects of common therapies
such as chemotherapy or radiotherapy [148]. The ability of epi-drugs to modulate
chromatin states, reactivate silenced tumor suppressor genes, and enhance immune
recognition highlights the therapeutic versatility of epigenetic approaches. In
particular, these agents, used as monotherapy or in combination with major
conventional therapies, are able to restore the expression of genes implicated in the
main deregulated processes involved in the development of AML, such as cell
differentiation, cell death, and evasion of the immune response, leading to a clinical
improvement for the patients. As our understanding of AML’s epigenetic complexity
deepens, integrating epigenetic therapies into personalized treatment regimens
holds great promise to improve patient outcomes and overcome current therapeutic
limitations. Understanding how epigenetic drugs, alone or in combination with other
agents, can restore the expression of certain genes by modulating chromatin
accessibility and inducing physiological processes during AML could help to better
define the molecular processes underlying the onset of leukemia and potentially
overcome resistance to therapy, thereby improving AML patient outcomes.

Acronyms and abbreviations

PTMs Post-translational histone modifications
miRNA microRNA

siRNA Small-interfering RNA

IncRNA Long non-coding RNA

ncRNAs Non-coding RNAs

AML Acute myeloid leukemia

DNMT3A DNA methyltransferase 3A

TET2 Ten-eleven translocation methylcytosine dioxygenase 2
IDH1/2 Isocitrate dehydrogenase 1 and 2

EZH2 Enhancer of zeste homolog 2

WHO World Health Organization

ICC International Consensus Classification
dn-AML De novo acute myeloid leukemia
s-AML Secondary acute myeloid leukemia
t-AML Therapy-related acute myeloid leukemia
HSCs Hematopoietic stem cells

(O Overall survival

MDS Myelodysplastic syndrome

MPNs Myeloproliferative neoplasms

TP53 Tumor protein p53

FLT3 FMS-related tyrosine kinase 3

LSCs Leukemic stem cells

NPM1 Nucleophosmin 1

ITD Internal tandem duplication

KMT2A Lysine methyltransferase 2A
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HOXA9
MEIS
CD123
IL-3R
a-KG
2-HG
HSPCs
NPMilc
5mC
S5hmC
m5C
MBD6
H2AK119ub
Jmj-KDMs
BCAT1
MLL
DOTI1L
LEDGF
MEN1
ENL
DHAC2
CXCR4
SHIP1
PI3K/AKT
KLF5
JAK1
XIST
PFKP
PPP6C
LILRB
UBN2
HDACI
BET
DNMTi
FDA
NRAS
HLA
PRC2
KDM6A
H3K27ac
H3K9ac
BRD4
KAT6A
KAT2A
MYC
GABPA
BRD9
ncBAF
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Homeobox A9

Meis homeobox

Alpha subunit of interleukin-3 receptor
Interleukin-3 receptor

Alpha-ketoglutarate

2-hydroxyglutarate

Hematopoietic stem and progenitor cells
Nucleophosmin 1 mutant

5-methylcytosine

5-hydroxymethylcitosine

5-methylcytosine (RNA modification)
Methyl-CpG binding domain protein

Histone H2A lysine 119 ubiquitination
Jumonji-domain containing histone demethylases
Branched-chain amino acid transaminase 1

Mixed lineage leukemia

Disruptor of telomeric silencing 1-like

Lens epithelium-derived growth factor

Multiple endocrine neoplasia type 1
Eleven-nineteen leukemia protein

Dihydroorotate dehydrogenase

C-X-C chemokine receptor type 4

Src homology 2 domain-containing inositol 5’-phosphatase 1
Phosphoinositide 3-kinase/AKT kinase signaling pathway
Kruppel-like factor 5

Janus kinase 1

X-inactive specific transcript

Phosphofructokinase platelet

Protein phosphatase 6 catalytic subunit

Leukocyte immunoglobulin-like receptor B3
Ubinuclein 2

Histone deacetylase inhibitors

Bromodomain and Extra terminal domain proteins
DNA methyltransferase inhibitors

Food and Drug Administration

Neuroblastoma RAS viral oncogene homolog
Human leukocyte antigen

Polycolomb repressive complex 2

Lysine demethylase 6A

Histone H3 lysine 27 acetylation

Histone H3 lysine 9 acetylation

Bromodomain containing protein 4

Lysine acetyltransferase 6A

Lysine acetyltransferase 2A

MYC-protoncogene

GA-binding protein transcription factor alpha subunit
Bromodomain-containing protein 9
Non-canonical BRG1/BRM-associated factor (chromatin-
remodeling complex)
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BCL-2 B-cell lymphoma 2

BENC Bivalent enhancer cluster

mo6A N6-methyladenosine (RNA modification)
METTL3 Methyltransferase-like 3

METTL14 Methyltransferase-like 14

FTO Fat mass and obesity-associated protein
ALKBH5 AlkB homolog 5

YTHDF YTH N6-methyladenosine RNA-binding protein 2
FBL Fibrillarin (2’-O-methyltransferase)
PD-L1 Programmed death-ligand 1

NK Natural killer

MLL-PTD MLL partial tandem duplication

WDR5 WD repeat domain 5

HMT Histone methyltransferase
KDM1A/LSD1 Lysine demethylase 1

TCP Tranylcypromine

VPA Valproic acid

CDKe6 Cyclin-dependent kinase 6

WNT Wingless-related integration site

t-aml Treatment-associated AML

ct-aml Chemotherapy-associated AML

rt-aml Radiotherapy-associated AML

miR-29b MicroRNA-29b

miR-22 MicroRNA-22

miR-181a MicroRNA-181a

miR-126 MicroRNA-126

miR-21 MicroRNA-21

miR-196b MicroRNA-196b
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Chapter 7

Exercise-Induced Micro-RNA
Alteration Impact on
Carcinogenesis within the Context
of Rheumatoid Arthritis

Vimolmas Tansathitaya

Abstract

Rheumatoid arthritis (RA) patients face an increased risk of cancer diagnosis
due to long-term inflammation. To lower this risk and help prevent cancer devel-
opment, physical exercise stands out as an easily implementable prevention strat-
egy. Chronic inflammation triggers a cascade of reactions, leading to the
accumulation of immune cells, cytokines, and reactive oxygen and nitrogen species,
all of which contribute to cellular instability and dysregulation. Micro-RNAs
(miRNAs) are biomarkers, acting as both oncogenes and tumor suppressors, mak-
ing them key indicators for cancer. Interestingly, physical activity and exercise can
alter miRNA expression, subsequently influencing gene expression even at the
epigenetic level. The miRNAs are secreted not only from muscle tissue during
physical activity but also from other organs, including cancer cells, reflecting
systemic changes. Studies have shown that physical activity can modify the tumor
microenvironment and suppress cancer-promoting miRNAs. The interplay
between RA, exercise, and cancer development involves complex interactions
across multiple pathways and genes. In this chapter, we investigate how miRNAs,
based on current human and animal model research, can help prevent cancer
development in the persistent inflammatory state associated with RA.

Keywords: rheumatoid arthritis, physical activity, exercise, micro-RNA, cancer

1. Introduction

Rheumatoid arthritis is an autoimmune disorder with a recognized association
with genetic inheritance [1, 2]. The disease can cause stiffness and reduced mobility
in the bones and joints, significantly impacting the daily lives of many patients and
sometimes hindering their ability to enjoy the world around them. Interestingly,

a significant number of patients diagnosed with rheumatoid arthritis subsequently
develop cancer. One of the explanations for this incidence lies in chronic
inflammation as a risk factor and starting point for various cancer formations, but the
underlying mechanism is still not clearly understood and may be more complex than
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many people realize [3-5]. One of the mechanisms involved in these relationships is
micro-RNA (miRNA).

The miRNAs are short, non-coding RNA molecules, about 20-22 nucleotides
long, that participate in the post-transcriptional regulation of messenger RNAs
(mRNAs), leading to either the up-regulation or downregulation of gene expression.
The miRNAs can serve as prognostic markers for numerous diseases [6]. The levels
of miRNAs can be influenced by a variety of environmental factors, including
external factors such as air pollution, lifestyle, diet, physical activity, stress, and
exercise, as well as internal factors like cell-cell communication, diseases, and
viruses, including autoimmune conditions [7]. These miRNAs are sensitive to
environmental variations, making them potentially good prognostic biomarkers for
many diseases, including cancer [8]. As rheumatoid arthritis drives changes in
miRNA expression, which may impact cancer development, another factor that also
alters miRNA expression is physical activity [9, 10]. It is understandable that miRNA
expression can be altered as diseases progress and physical activity varies. In
addition, a notable characteristic of miRNAs is their capacity to function as both
tumor suppressors and prognostic indicators in cancer [11, 12]. Given that all living
beings are inherently dynamic, engaging in movement and diverse lifestyles can play
a role in either promoting or inhibiting cancer development. Therefore, we can
observe miRNA as one of the connectors between rheumatoid arthritis, cancer, and
physical activity. This miRNA role may be useful not only as a marker but also as
a preventive or even therapeutic tool, especially considering changes driven by
physical activity that are readily accessible. The lucrative opportunities to use
exercise as a medical tool for epigenetic change through miRNA manipulation to
achieve better health outcomes in rheumatoid arthritis and cancer patients are worth
exploring.

In this chapter, we will examine the relationship between rheumatoid arthritis,
cancer, miRNA, and physical activity, as well as its potential as a preventive and
therapeutic option.

2. Cancer incidence in rheumatoid arthritis

Despite the primary pathology of rheumatoid arthritis being focused on bones
and joints, multiple studies have indicated an increased likelihood of developing
cancer in rheumatoid arthritis patients. Studies have found that women with
rheumatoid arthritis have an increased risk of developing breast cancer compared to
their counterparts without autoimmune disorders. In addition, breast cancer in
women with rheumatoid arthritis tends to present with more aggressive
characteristics and is associated with a 40% higher mortality rate than in the general
female population [13, 14]. However, the evidence of correlation between
rheumatoid arthritis and cancer is not limited to breast cancer or factors like gender.
The association varies among multiple factors and types of cancer, affecting
outcomes differently. For instance, the incidence of colon cancer seems to be lower
in individuals with rheumatoid arthritis compared to the general population [15, 16].
Another example is studies on lymphoma occurring after a rheumatoid arthritis
diagnosis, which is generally associated with a lower mortality rate than in the
general population across genders; however, this trend appears to differ in the
Hispanic population [17]. These findings highlight an intricate mechanism that
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differentiates based on multiple intertwined factors. One explanation for this
phenomenon in rectal cancer cases is the elevated expression of genes involved in
immune-mediated inflammation caused by rheumatoid arthritis [18]. Similarly, the
relationship between rheumatoid arthritis and other cancers, as well as how race and
nationality might factor into these associations, has been explored [17, 19]. These
findings reveal that rheumatoid arthritis patients experience varying levels and types
of risk depending on multiple factors, which still require much further research.

3. Understanding the connection between chronic inflammation and
cancer

Human inflammation can arise from diverse causes, ranging from autoimmune
diseases to infections caused by viruses and imbalances in gut microbes [20]. These
factors frequently activate inflammatory signaling, a process increasingly recognized
for its role in promoting chronic inflammation and, consequently, tumor
development. The often silent and intricate nature of these mechanisms contributes
to a lack of awareness among many patients regarding the long-term development of
cancer.

Chronic inflammation can induce the accumulation of numerous macrophages
and neutrophils, reactive oxygen species (ROS), and reactive nitrogen species
(RNS). These molecules can cause DNA damage and genomic instability [21]. This
accumulation of oxidative stress stimulates an inflammatory response that
increases cytokines and chemokines [22]. During chronic inflammation, the
increased release of cytokines such as TNF, IL-1, and IL-6 mediates inflammatory
responses. However, sustained elevated cytokine levels in chronic inflammation
contribute to the condition’s progression. This release, coupled with the resulting
increase in ROS and RNS, can lead to the formation of premalignant cells.
Consequently, the escalation of ROS and RNS contributes to the development of
several cancers by affecting mismatch repair genes and TP53, which can result in
chromosomal instability and the dysregulation of epigenetic machinery, including
DNA- and histone-modifying enzymes, miRNAs, and long non-coding RNAs
(IncRNAs), ultimately driving tumor development [23, 24].

In animal models like rodents, chronic inflammation can be induced in two ways:
by breeding offspring with a predisposition to inflammatory conditions or by
injecting a substance, such as pristine, to induce arthritis and mimic human
rheumatoid arthritis. The similarities observed in these animal models could
significantly inform our understanding. Despite physiological differences between
rodents and humans, their basic mechanisms are often comparable. Animal studies
frequently utilize pristine-induced arthritis to establish a model for rheumatoid
arthritis as a chronic inflammatory condition. In this model, the immune system
becomes active, responding to infiltrating antigens. This activation leads to the
production of pro-inflammatory T-cell cytokines, such as TNF-q, IL-1f, and IL-6,
which are central to the pathogenesis of rheumatoid arthritis [25].

Pristane-induced arthritis can also trigger similar pathways as those observed in
humans, ultimately leading to widespread changes in miRNA regulation [26]. The
expression of miRNA-466-4-3p can be altered due to the PIA-induced shift in the
cellular environment or by other immune system activities, such as the up-regulation
of cytokines when inflammation increases [9]. This increased inflammation has
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broader consequences, impacting not only the ROS pathway but also the JAK/STAT
signaling pathway. Dysregulation of the JAK/STAT pathway can result in mutations
in key components like JAK1 and JAK3, potentially contributing to the development
of leukemia and other malignancies.

In addition, STAT proteins, once phosphorylated by JAKs (a process often driven
by chronic inflammation or potentially by loss-of-function mutations in SOCS6), can
become dysregulated [27]. This altered STAT activity is significant because STAT
proteins, upon activation, typically dimerize, translocate to the nucleus, and bind to
DNA, thereby modulating the transcription of target genes. Errors or persistent
activation in this pathway can lead to aberrant gene expression, potentially
contribute to genomic instability, and cause cancer.

As an autoimmune disease, rheumatoid arthritis leads to chronic inflammation in
various joints throughout the body [28]. Pristane-induced arthritis, for instance, may
contribute to the development of rheumatoid arthritis by stimulating cytokine
production and broader immune system activation. This persistent inflammatory
state is associated with an elevated risk of cancer.

4. Physical activity interplay in rheumatoid arthritis and cancer
development

As established earlier, miRNAs are one of the mechanisms the body uses to
regulate gene expression, which are sensitive to environmental factors both external
and internal [7]. Interestingly, exercise and physical activity are among such factors
that induce changes in miRNA and subsequent gene expression, which are also
known to play a role in cancer prevention [29]. This introduces complexity when
examining miRNA involvement, as their expression profiles can be independently
modulated by both physical exercise and the immune response itself, suggesting
distinct mechanistic pathways.

Although our daily lives are filled with movement, what differentiates these
movements, and how might they alter our epigenetics, specifically miRNAs? This
question becomes particularly relevant when distinguishing between exercise and
general physical activity. Exercise is a planned and systematic endeavor, defined by
elements like intensity, duration, repetitions, and frequency. In contrast, physical
activity broadly describes the energy expended through any movement involving
major muscles in daily activity [30]. Movement, in its various forms, has the capacity
to alter miRNA regulation, thereby impacting the expression of their target genes
[31]. Notably, the intensity of both exercise and general physical activity can lead to
distinct patterns of miRNA regulation in an individual [32]. For example, specific
miRNAs might be downregulated or upregulated in response to low-intensity
exercise or physical activity, while a different set of miRNAs may exhibit similar
changes at higher intensities [33]. Moreover, miRNAs can modulate the expression
of their target genes across different organs in the body, both during and following
exercise [10]. This complex relationship between exercise and miRNAs provides
a compelling explanation for how physical activity can contribute to cancer
prevention as a key aspect of health promotion.

The immune system can be activated by a multitude of factors. It is well-
established that exercise and physical activity enhance immune function, thereby
contributing to disease prevention, including cancer [34]. However, within the
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MiRNA Gene target and  Exercise groups and Cancer risk References
function regulation

rno-miRNA IITPR 3 (Tumor  Upregulated in EX vs. EX + Decreased risk of pro-  genome.jp/

877 suppressor) PIA groups teoglycan cancer kegg ncbi.gov
rno-miRNA SOCS 6 Downregulated in N-EX + Increased risk of genecards.org
466b-4-3p (Oncogene) PIA vs. EX + PIA groups leukemia

rno-miRNA ITGA9 Downregulated in N-EX vs. Increased risk of lung  genecards.org
128-2-3p (Oncogene) EX groups cancer

rno-miRNA NKX2-1 Downregulated in N-EX vs. Increased risk of lung  cancerindex.
3064-3 (Oncogene) N-EX + PIA groups cancer org ncbi.gov

rno-miRNA: Rattus norvegicus micro-RNA; EX: exercise group; N-EX: non—exercise group; PIA: pristane-induced
arthritis.

Table 1.
Exercise-induced rno-miRNA regulation and association with cancer.

specific context of rheumatoid arthritis, the interplay is more complex; exercise and
physical activity might act as co-factors that influence immune activity and,
consequently, cancer development. Exercise, categorized by its intensity, can exert
considerable influence on both the immune system and cancer prevention [35].
Research in animal models, specifically a study by Tansathitaya et al., indicated that
high-intensity exercise effectively inhibited proteoglycan cancer development in
non-rheumatoid arthritis subjects, as opposed to control groups (see Table 1).

The expression of proteoglycan protein genes can be induced by miRNAs,

a mechanism also observed in other genes. However, the specific gene responsible
for this process is not widely known or well-documented in the scientific
literature [36].

Many people may not be familiar with proteoglycans; they are a large family of
proteins, and some members can be found in various cancer tumors. Exercise is
known to alter miRNAs, which are small non-coding RNAs capable of regulating
gene expression. This is relevant because such regulatory molecules can affect
proteoglycans [37]. One specific proteoglycan, biglycan (BGN), normally plays roles
in activating immune cells, promoting bone growth, and supporting muscle
development [38]. However, alterations in BGN, whether through DNA methylation
or regulation by small non-coding RNAs (which include miRNAs and others like
small interfering RNAs (siRNAs)), can contribute to cancer development. For
example, one study found that altered BGN expression in colon cancer tumors was
regulated by siRNA. Understanding these connections is key to clarifying how
exercise might influence cancer progression through the modulation of
proteoglycans like BGN and small non-coding RNAs [38, 39]. This beneficial effect is
believed to be mediated by alterations in key biomarkers, such as miRNAs, which are
known to be modulated by external environmental factors like exercise, lifestyle,
diet, stress, etc. [9].

4.1 Does exercise prevent cancer by influencing JAK/STAT signaling?
In Pristane-induced arthritis studies, numerous factors can contribute to
alterations in JAK/STAT signaling throughout the long-term progression from

chronic inflammation to cancer. A particularly relevant daily activity impacting
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these pathways is exercise or intense physical activity [40]. It is important to
recognize that JAK/STAT signaling can be modulated by the specific characteristics
of physical activity, including its duration, type, frequency, and intensity [41]. This
presents a complex picture. While exercise has these positive influences, alterations
in DNA methylation of JAK/STAT genes are also implicated in cancer development.
Therefore, a key question emerges: how do physical activity and exercise, by
modulating these DNA methylation processes (especially within the context of
erythropoiesis), ultimately affect the potential risk or progression of cancer —

a condition already recognized as a possible outcome? When specifically considering
the interplay of exercise, erythropoiesis, and cancer, unraveling these intricate
relationships clearly requires further investigation and more future studies [42].

4.2 How physical activity exerts control and alteration through miRNA

The miRNAs can be secreted from muscle tissue during both exercise and general
physical activity [43]. Concurrently, different sets of miRNAs can be secreted from
various tissues [44]. While movement generally regulates miRNAs as discussed,
certain highly expressed miRNAs within specific tissue organs can exhibit expression
levels up to 20 times greater than other miRNAs not directly related to physical
activity in other organs [32]. This differential expression of numerous miRNAs in
tissues linked to energy expenditure holds significant promise [45]. It suggests that
the up- or down-regulation of these miRNAs in targeted tissues could actively inhibit
cancer formation. A pertinent example is observed in colon cancer, where miR-106a,
miR-31, and miR-21 are often upregulated, promoting colorectal cancer, while miR-
143 and miR-145 are known to reduce its incidence [46, 47]. During exercise,
miRNAs are not only secreted from healthy tissues but can also be released by cancer
cells. Nevertheless, a growing body of research suggests that engaging in physical
activity and exercise can significantly alter the tumor microenvironment [48-50].
Crucially, these activities have been shown to inhibit the secretion of miRNAs from
cancer cells that would otherwise induce pro-tumorigenic cytokines. Analysis of
numerous breast cancer tumor cell samples has revealed differential miRNA
expression patterns in response to varying exercise and physical activity conditions
[51]. The significance of this understanding lies in the fact that regular exercise and
daily movements are known to modify miRNA profiles in both healthy human
biology and cancerous conditions. Research further demonstrates that exercise can
regulate miRNAs across various compartments, including extracellularly in human
organs, within the bloodstream, and even directly inside cancer tumor cells. In
addition, the same miRNAs found within tumor cells can exhibit varied roles and
utilize different pathways. For instance, miRNA-29a-3p, which is highly expressed
in both stromal and tumor cells, demonstrates a context-dependent influence on M2
macrophage polarization (either promotion or inhibition), varying with the type of
exercise and physical activity, and even across different cell types and their
respective pathways [51, 52]. This understanding is crucial because regular exercise
and daily movements have been shown to alter miRNAs in both healthy
physiological states and internal cancerous conditions.

Several studies have linked the involvement of miRNAs to the pathology of both
rheumatoid arthritis and cancer. The primary connection among these three is
rheumatoid arthritis-induced inflammation, which alters miRNA expression. This
alteration involves the upregulation of oncogenic miRNAs (oncomiRs) and the
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downregulation of tumor-suppressive miRNAs (TSmiRs). In rheumatoid arthritis,
activation of fibroblast-like synoviocytes (FLS) occurs with over-expression of miR-
126, which promotes their proliferation, while miR-26b, which controls FLS
proliferation, is downregulated due to inflammation; both are TSmiRs [53-56].
Interestingly, both miR-126 and miR-26b are upregulated during exercise but are
suppressed in lung cancer [57-59]. However, not all miRNAs behave in this
contrasting manner. For instance, miR-21, a pro-inflammatory oncomiR, is
upregulated in all three scenarios: rheumatoid arthritis, cancer, and exercise. While
miR-21 is a well-established oncomiR, physical activity also increases its circulating
levels, creating an apparent paradox [60-62]. This paradox can be resolved by
considering the context. The post-exercise increase in miR-21 is acute and transient,
likely contributing to a beneficial physiological response such as tissue repair. This is
fundamentally different from the chronic, sustained overexpression found within
a tumor. More importantly, exercise does not modulate miR-21 in isolation. The
simultaneous upregulation of tumor suppressors like miR-126 and miR-26b creates
a systemic environment that balances its effects, likely ensuring the net systemic
response is beneficial [63, 64]. Another key miRNA, miR-146a, acts as an
inflammatory reset signal but is often downregulated during chronic inflammation.
In rheumatoid arthritis, its negative feedback control of the NF- x B pathway is
impaired, and in cancer, it modulates the tumor immune microenvironment [65-67].
In contrast, physical activity consistently upregulates miR-146a, particularly in
response to endurance exercise [68, 69]. Therefore, regular physical exercise, by
inducing the repeated, systemic release of miR-146a, may help re-establish
homeostatic control over the NF- k B pathway, beneficially influencing both chronic
inflammation and the tumor microenvironment.

4.3 The role of miRNAs as biomarkers for cancer therapy

The evidence detailing how physical activity systematically modulates key
miRNAs provides a strong foundation for using these molecules as more than just
mechanistic links. Their dynamic response to exercise positions them as powerful
biomarkers and hints at a novel therapeutic framework for cancer prevention,
particularly in high-risk populations, such as those with rheumatoid arthritis.

Despite promising preclinical research, the clinical development of miRNA
therapeutics for cancer is still in its early stages, having yet to successfully pass
a Phase III trial or receive FDA approval. The field faces significant hurdles in
translating this concept to clinical practice [70]. For example, the Phase I trial for
MRX34, an miR-34a mimic, was terminated due to severe and fatal immune-related
adverse events, despite showing modest signs of efficacy [71]. In contrast,
Cobomarsen, an miR-155 inhibitor, was well-tolerated but ultimately failed its Phase
II trial because it lacked sufficient efficacy compared to an existing treatment [72,
73]. In addition, TargomiR, an miR-16 mimic, completed its Phase I trial but
demonstrated a poor therapeutic window, with concerning cardiac toxicities that
outweighed its very modest clinical benefit of a single partial response [74].

These clinical challenges highlight a fundamental issue. Current miRNA-based
treatments often suffer from adverse events linked to the broad-spectrum nature of
miRNAs, as each miRNA has multiple targets with different effects on multiple
fronts. In contrast, exercise induces a systemic, coordinated activation of multiple
miRNAs, where the integrated response of the entire system produces a net health
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benefit. This suggests that miRNAs as a treatment still require a larger body of
studies to fully understand each miRNA’s scope of action to limit adverse effects
while retaining efficacy, and that physical activity serves as a low-cost, effective
preventive measure against cancer, especially for high-risk groups such as
rheumatoid arthritis patients.

5. Future research directions

Despite the compelling mechanistic links between exercise, miRNA modulation,
and cancer prevention in the context of rheumatoid arthritis, significant work is
required to translate these findings into precise clinical recommendations. This body
of research provides a strong hypothesis, but several gaps must be addressed to
harness the full potential of exercise and miRNAs as targeted molecular medicine.

A primary gap in the literature is the scarcity of studies measuring this
convergent miRNA signature within a single cohort of rheumatoid arthritis and
cancer patients undergoing a structured exercise intervention. Most research
investigates the link between only two of these components, rarely examining all
three within the context of a dedicated physical activity program. Bridging this gap
by conducting such longitudinal studies is a critical next step to validate these
biomarkers and therapeutic pathways in a clinically relevant setting.

Moreover, the field is hampered by a lack of standardized protocols for sample
collection, miRNA extraction, quantification, and, critically, exercise prescription.
The intensity, duration, and type of exercise can all lead to distinct patterns of
miRNA regulation. Therefore, future research must focus on defining the optimal
dose and type of exercise required to produce robust, beneficial results in RA and
cancer patients. Answering these questions will be essential for developing
personalized, evidence-based exercise prescriptions designed to leverage epigenetic
mechanisms for disease prevention and improved health outcomes.

6. Conclusion

Exercise acts as a systems-level modulator of epigenetics, particularly through its
interaction with miRNAs. Its ability to orchestrate a complex, multi-pronged, and
beneficial shift in circulating miRNAs represents an advantage that is currently
difficult to replicate with conventional pharmaceuticals. However, realizing its full
potential requires a concerted research effort to move from these foundational
molecular insights to clinically validated, personalized exercise prescriptions. Future
translational studies that directly link exercise-induced miRNA changes to clinical
outcomes in patients are essential to harness the power of exercise as a preventive
intervention.
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Chapter 8

Impact of Ribosomal Protein
Mutations on Inflammation,
Metastasis, and Therapeutic
Resistance in Cancer and
Ribosomopathies

Gazmend Temaj and Zafer Gashi

Abstract

Ribosomal proteins (RPs), beyond their canonical roles in protein synthesis,
serve as crucial modulators of inflammation, immune responses, and cellular
homeostasis. The ribosome, composed of 40S and 60S subunits with distinct RPs
and rRNAs, ensures translation fidelity and responds to cellular stress. Specific RPs,
including RPS3, RPS6, RPS19, RPL13a, RPL22, and RACK1 exhibit diverse extra-
ribosomal functions that regulate inflammatory signaling pathways such as NF-kB,
MAPK, and interferon responses. Mutations in RPs underlie ribosomopathies like
Diamond-Blackfan Anemia (DBA), characterized by defective erythropoiesis and
innate immune activation. Notably, RPS3 promotes inflammatory gene expression
and cancer progression, RPS6 phosphorylation controls selective translation of
inflammatory mediators, while RPL13a forms the GAIT complex to resolve
inflammation by silencing inflammatory mRNAs. RPL22 influences ER stress and
chemokine-mediated immune cell migration, and RACK1 integrates ribosomal
translation control with immune signaling pathways. Additionally, RPs modulate
the p53-MDM2 axis, linking ribosomal stress to tumor suppression and inflamma-
tion-driven carcinogenesis. Viruses exploit ribosomal heterogeneity and host
translation machinery via internal ribosome entry sites (IRES) to maintain viral
protein synthesis during inflammation. Collectively, these findings highlight RPs as
pivotal nodes connecting translation, immune regulation, and disease pathogenesis,
offering promising targets for therapeutic intervention in inflammatory diseases,
cancers, and viral infections.

Keywords: ribosomal proteins (RPS), inflammation regulation, diamond-blackfan

anemia (DBA), NF-«B signaling, ribosome biogenesis, ribosomal protein mutations,
viral IRES-mediated translation
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1. Introduction

All living organisms fundamentally rely on the ribosome as the essential
molecular machinery responsible for protein synthesis, a hallmark capability that
defines life’s autonomy at the cellular level. The ribosome is a complex
ribonucleoprotein particle composed of two distinct subunits: the small 40S
subunit and the large 60S subunit. The 40S subunit contains 33 unique ribosomal
proteins (RPs) along with 18S rRNA, whereas the 60S subunit comprises 47 RPs
together with three rRNAs (28S, 5.8S, and 5S). Their assembly demands a highly
coordinated and intricate process involving transcription, translation, rRNA
processing, and extensive chemical modifications [1, 2]. Evolutionary advances
have coincided with increased cellular complexity and size, necessitating an
upregulation in ribosome biogenesis to meet heightened demands for protein
synthesis.

Ribosome biogenesis, however, is a vulnerable process that can be disrupted by
various stressors such as ultraviolet (UV) radiation, oncogenic signals, cellular stress,
nutritional imbalances, and altered growth factor signaling. These insults can impair
ribosomal function and trigger compensatory mechanisms mediated by specific
RPsto restore cellular homeostasis [3-5]. As the central cellular machinery for
translating messenger RNA into polypeptide chains, the ribosome exhibits
remarkable fidelity during translation, ensuring accuracy in codon recognition and
peptide bond formation. This high precision is critical to maintain functional
proteomes and cellular viability. The molecular basis of this fidelity involves
stringent codon-anticodon base pairing within the A site, careful selection of
aminoacyl-tRNAs, and quality control pathways that edit misincorporated amino
acids during and following peptide bond formation [6-9]. Quantitative analyses
using mass spectrometry reveal that translation error rates typically range from 1077
to 1075 per codon, with specific “hotspots” such as G-U mismatches in the second
codon position, exhibiting a relatively higher tolerance [10-13]. Complementing
these data, transcription error frequencies, which are estimated to be higher but less
influenced by growth conditions, further highlight the precision required at multiple
levels of gene expression [14, 15].

1.1 Ribosomal proteins as modulators of inflammatory responses

Given the ribosome’s centrality in cellular physiology, dysfunction of RPs
contributes to a broad spectrum of human diseases[16-20], collectively termed
ribosomopathies. These include genetic disorders such as Diamond-Blackfan
Anemia (DBA), Treacher Collins Syndrome (TCS), congenital aplasia (CA),
various cancers, and inflammatory pathologies like atherosclerosis [21-27].
Importantly, specific RPs (e.g., RPS3, RPS6, RPS19, RPL13a, RPL22, RPL15,
RPL39) have been shown to play pivotal roles not only in ribosome assembly and
canonical translation but also as critical modulators of inflammation and tumor
biology [28] (Figure 1). This emerging understanding redefines RPs as dynamic
regulators at the intersection of protein synthesis, cellular stress responses, and
immune signaling.

Beyond their canonical roles, RPs participate in noncanonical signaling
pathways that distinctly influence the cellular inflammatory milieu. For example,
the study of ribotoxic stress induced by the mycotoxin deoxynivalenol (DON) in
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This schematicsummarizes key molecular players and steps linking ribosomal protein function and ribosomal
stress to inflammation based on current research findings:

Ribosomal stress or inactivation, such as damage to the 28S yrRNA, activates PKR, a key kinase that senses
ribosomal damage.

PKR then activates MAPK signaling pathways (p38, JNK), which lead to the production of proinflammatory
cytokines and chemokines.

These cytokines recruit immune cells like neutrophils and macrophages, amplifying inflammation.

Specific ribosomal proteins like RPLI3A act to reduce inflammation by enhancing anti-inflammatory tran-
scription factors (e.g., ATF3).

Conversely, RPS3 promotes inflammation by activating MAPKs and stabilizing mRNAs of proinflammatory

enes.

. The interplay between these ribosomal proteins finely tunes the inflammatory response.

gut epithelial cells reveals dual and opposing regulatory functions mediated by
RPL13A and RPS3. RPL13A promotes anti-inflammatory programs via the ATF3
transcription factor, suppressing chemokine production, whereas RPS3 amplifies
inflammatory responses through activation of MAPK signaling, induction of EGR-
1, and mRNA stabilization via HuR. Similarly, ribosomal inactivation by toxins
(ricin, anisomycin) triggers inflammasome activation and pro-inflammatory
cytokine secretion independently of potassium efflux [29, 30]. Furthermore,
cationic RPs like RPL9 and RPS5 play roles in modulating macrophage cytokine
responses, which are antagonized by pathogenic ligands such as advanced glycation
end products (AGEs) [31, 32]. The recruitment of protein kinase R (PKR) to stalled
ribosomes subsequently activates key inflammatory pathways, including p38
MAPK and NF-«kB, while endoplasmic reticulum (ER) stress responses augment
this inflammatory signaling by enhancing mRNA stability through HuR
translocation [33, 34]. Collectively, these findings highlight RPs as versatile and
critical modulators of both mucosal and systemic inflammation, offering promising
avenues for developing therapeutic strategies targeting ribosomal function and its
regulatory networks (Table1).
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Ribosomal Associated Inflammatory
protein Mutation type disease manifestation Molecular mechanism
RPS19 Heterozygous loss-  Diamond- Failure of bone mar- Impaired erythroid dif-
of-function Blackfan Anemia row function, with ferentiation, chronic ane-
(DBA) heightened vulnerabil-  mia; p53 activation,
ity to infections apoptosis [35]
RPL5/ Haploinsufficiency DBA and 5q — Macrocytic anemia, Defective ribosome
RPL11 syndrome autoimmune disorders  assembly, nucleolar
stress, and p53-mediated
cell cycle arrest [35]
RPS7 Frameshift/ DBA and cancer T-cell deficiency, Reduced ribosome bio-
nonsense predisposition recurrent infections genesis impaired lym-
phocyte proliferation
[35, 36]
RPS10 Somatic mutations ~ Chronic lympho- Tumor microenviron-  Altered ribosome func-
cytic leukemia ment inflammation tion, NF-«B activation,
(CLL) cytokine overproduction
[35]
RPS24 Missense variants DBA and immu- Neutropenia, inflam- Disrupted rRNA proces-
nodeficiency matory bowel disease sing, ribosomopathy, and
gut barrier dysfunction
[35, 36].
RPL26 Overexpression Myelodysplastic Inflammasome activa-  Enhanced translation of
syndromes (MDS)  tion, cytokine storms inflammatory mRNAs
(e.g., IL-6, TNF-a)[35]
Table 1.

Ribosomal protein mutations: disease associations, inflammatory manifestations, and underlying molecular

mechanisms.

In essence, this manuscript seeks to integrate current knowledge on ribosomal
protein dysfunction with their expanding roles in inflammatory control and disease
pathogenesis, emphasizing the potential to harness these insights for translational
research in inflammation and cancer.

2. Ribosomal protein S3 (RPS3) as a multifaceted regulator of NF-xB
signaling, cancer metastasis, and therapeutic resistance

The RPS3 is a member of the small ribosome subunits. During the process,
the RPS3 is assembled into the “beack structure” of the pre — 40S subunits.
After the processing and maturation of RPS3, it is shown that RPS3 in its free
state has the ability to interact with NF-«B p65 [37]. The association between
RPS3 and p65facilitates the translocation and accumulation of NF-kB within the
nucleus. Many studies report how RPS3 is associated with and how it regulates
p65. Under normal conditions, RPS3 can associate with MIF (macrophage
inhibitory factor) and prevent it from becoming part of the NF-kB complex. In
lung cancer cells, dissociation of the RPS3-MIF complex and subsequent
binding to p65 lead to the expression of pro-inflammatory genes such as
CXCR4, IL-1B, and IL-6 [28, 38].
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Stanborough and colleagues showed that ribosomal protein S3 (RPS3) can bind to
the NF-kB inhibitor IxBa in HEK293 cells. Significantly, strong co-
immunoprecipitation between the NF-kB subunit p65 and RPS3 was detected
exclusively when IkBo was overexpressed. Furthermore, in vitro assays
demonstrated a strong interaction between RPS3 and IxBa, whereas the direct
binding affinity between RPS3 and p65 was relatively weak.

Crucially, IxBo promoted the formation of a ternary complex containing p65 and
RPS3 in vitro. These findings suggest that IxBo functions to sequester both p65
andRPS3 within the cytoplasm, thereby maintaining a cytoplasmic reservoir of RPS3
for the NF-«B signaling pathway and enabling their coordinated, equimolar release
upon cellular stimulation [39].

Beyond its traditional functions, growing research reveals that RPS3 participates
in various extra-ribosomal activities across different cellular contexts. Importantly,
RPS3 promotes activation of the NF-«B signaling pathway through its interaction
with the p65 subunit of the NF-xB complex. Given the central role of the NF-xB
pathway in cancer development and chemotherapy resistance, the involvement of
RPS3 indicates it may drive tumor progression and hinder therapeutic efficacy.
Consistent with this, increased levels of RPS3 have been detected in several cancers,
even though RPS3 mRNA and protein are typically expressed ubiquitously in normal
tissues without specific cell-type preference. However, despite these findings, the
precise functions of RPS3 in cancer biology and its potential clinical relevance remain
inadequately understood and warrant further investigation. In this review, we
analyze the current literature to assess the role of RPS3 in cancer development and
drug resistance [40].

Chen and co-workers were the first to show that RPS3 is critical for both the
survival and drug resistance of multiple myeloma (MM) cells. The study revealed
that RPS3 expression was markedly increased in MM and that its deletion suppressed
cell proliferation and induced apoptosis in MM models both in vitro and in vivo.
Moreover, elevated RPS3 levels were associated with resistance to proteasome
inhibitors and shortened survival of animals bearing MM tumors. This study also
discovered an association between RPS3 and TRIP13, a critical oncogene linked to
MM tumorigenesis and chemotherapy resistance. The study shows that
phosphorylation of RPS3, mediated by TRIP13 through PKC & , is required for
activation of the canonical NF-«kB pathway, thereby supporting cell survival and
increasing drug resistance in MM. Significantly, the small-molecule TRIP13 inhibitor
DCZ0415 was able to suppress NF-«B signaling and induce synergistic cytotoxic
effects when used alongside bortezomib in drug-resistant MM. This research
underscores RPS3 as a potential biomarker and therapeutic target for MM treatment
[41]. Metastasis accounts for nearly 90% of deaths caused by solid tumors. A key
characteristic of cancer cells is their modified metabolism, which significantly
contributes to the onset and advancement of tumors. The serine de novo synthesis
pathway serves as an important metabolic detour from glycolysis, supplying
essential materials and energy through one-carbon metabolism to support rapid
tumor cell proliferation. This metabolic shift is especially prominent in
hepatocellular carcinoma (HCC), where cancer cells often exhibit strong reliance on
glycolysis. Nevertheless, the link between serine metabolism and HCC metastasis is
not yet well understood. Using comprehensive bioinformatics analyses, we
identified CCT6A, a gene involved in serine metabolism, as being strongly linked to
metastatic events in HCC. Further experiments revealed that CCT6A expression is
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elevated in HCC cells with high metastatic capacity. Functional analyses revealed
that CCT6A facilitates the migration and invasion of HCC cells. Functionally,
CCT6A interacts with RPS3 and may facilitate metastasis in HCC by modulating
metabolic pathways. Overall, the findings suggesting that metabolic reprogramming
driven by the CCT6A-RPS3 interaction facilitates HCC metastasis, positioning the
CCT6A/RPS3 axis as a potential target for therapeutic strategies [42].

2.1 Ribosomal protein S6 (RPS6): Structure, phosphorylation dynamics, and its
role in translational control and inflammation

Ribosomal protein S6 (RPS6) is located in the small head domain of the 40S
ribosomal subunit and contains a structural motif consisting of a four-stranded
antiparallel B-sheet flanked by two a-helices, as determined from the 2.0 A-resolution
crystal structure of Thermus thermophilus [43]. Positioned at the mRNA binding site,
RPS6 directly interacts with initiation factors, tRNA, and the mRNA 5’-cap structure
(m’GpppG), facilitating translation initiation [44, 45]. Functionally, RPS6 undergoes
ordered C-terminal phosphorylation (Ser-235, Ser-236, Ser-240, Ser-244, Ser-247) in
response to mitogenic signals, enhancing its affinity for the cap complex and promoting
selective mRNA translation [45]. Phosphorylation — mediated sequentially by S6K,
RSK, and CK1 kinases - progressively dephosphorylates during elongation,
preferentially boosting translation of short coding sequence (CDS) mRNAs while
excluding 5’TOP motif mRNAs from this regulation [46]. This dynamic modification
integrates mTORC1 and RAS/ERK signaling to modulate translational efficiency and
cell proliferation [47].

The RPS6 is shown to play a pivotal role in the inflammation process.
Modification phosphorylation of the RPS6 at Ser235/236 in signaling pathways such
as ERK has the ability to influence specific translation — macrophage CXCL-8 (IL8)
and TNFAIP-6 [48]. This process is very important in acute inflammation because
IL8 directs neutrophils to the inflammation site [49]. The RPS6 decreases signaling
pathways of mTOR and Ras-Raf-ERK, and treatment with Lipopolysaccharide (LPS)
could induce phosphorylation of the RPS6 via activation of the signaling pathway
mTORC1-S6K [50]. During inflammation, the demand for protein synthesis
increases, and numerous studies have shown that RPS6 plays a pivotal role in
regulating this process [51].

2.2 Ribosomal protein S19: Structural features and functional roles in
translation

The RPS19 gene, located on chromosome 19q13.2, consists of six exons and covers
aregion of 11 kilobases. The first exon, which is 372 base pairs long, is located within
the 5’ untranslated region (UTR). Similar to many other ribosomal protein-encoding
mRNAs, it features a 13-nucleotide oligopyrimidine tract known as the terminal
oligopyrimidine (TOP) sequence, which plays a key role in regulating the translation
of the mRNA. The other five exons (435bp) encode a 145-amino acid (aa) protein
(molecular weight [MW] 16kDa); the 30 UTR spans 40nt. Therefore, the entire
RPS19 transcript is estimated to be 872 base pairs in length (GenBank
NM_001022.3) [52].

The six new mutations (p.Phe21Ser, p.Trp52Cys, p.Thr76Pro, p.Ala135Thr,
c.412delG, and c.417delA), four mutations are reported for the first time: p.
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Mutation Mutations Notes

class

New muta- p-Phe21Ser, p.Trp52Cys, p.Thr76Pro, p.Ala135Thr, Four reported for the first time: p.

tions (6 c.412delG, c.417delA Phe21Ser, p.Trp52Cys, p.Thr76Pro,

total) p.Ala135Thr

Class I p.Val15Phe, p.Leul8Pro, p.Phe21Ser, p.Ala57Pro, p. Includes two new mutations: p.
Ala61Glu, p.Leu64Pro, p.Gly127Glu, p.Leu131Pro, p. Phe21Ser, p.Ala135Thr
Ala135Thr

Class II p.Pro47Leu, p.Trp52Arg, p.Trp52Cys, p.Arg56Gln, p. Located on the surface of RPS19;
Ser59Phe, p.Arg62Trp, p.Arg62Gln, p.Argl01His, p. includes a new mutation, p.
Gly120Ser Trp52Cys

Table 2.

“Classification and characterization of RPS19 mutations including newly identified variants.”

Phe21Ser, p.Trp52Cys, p.Thr76Pro, and p.Ala135Thr. p.Trp52Cys and p.Thr76Pro.
This class includes the variants p.Vall5Phe, p.Leul8Pro, p.Phe21Ser, p.Ala57Pro, p.
Ala61Glu, p.Leu64Pro, p.Gly127Glu, p.Leul31Pro, and p.Ala135Thr. Class II
mutations — specifically p.Pro47Leu, p.Trp52Arg, p.Trp52Cys, p.Arg56Gln, p.
Ser59Phe, p.Arg62Trp, p.Arg62Gln, p.Argl01His, and p.Gly120Ser — are positioned
on the surface of RPS19.

[52] (Table 2).

Ribosomal protein S19 (RPS19) is a highly conserved 16-kDa protein that
forms part of the 40S ribosomal subunit. Its structure, determined at high
resolution in Thermus thermophilus, reveals a mixed o/p fold accompanied by
flexible N and C-terminal tails. Positioned near the mRNA decoding site, RPS19
facilitates rRNA processing and 40S subunit assembly, with its C-terminal
domain implicated in binding 18S rRNA. RPS19 controls translation initiation by
binding to the 5’ untranslated region (5’UTR) of its own mRNA, thereby
regulating its own synthesis through a feedback loop. It further enhances
translation of specific viral mRNAs by interacting with hantavirus nucleocapsid
protein (N), which recruits the 40S subunit to viral transcripts through
simultaneous engagement of the mRNA cap and conserved 5UTR motifs. RPS19
enhances translation initiation efficiency by stabilizing the interaction between
the 40S ribosomal subunit and the eukaryotic initiation factor eIF20. Mutations in
RPS19 disrupt these functions, impairing ribosome biogenesis and contributing to
DBA through defective erythropoiesis [53-57].

RPS19 is present in serum, where it interacts with various proteins and has the
ability to modulate their function [58]. RPS19 interacts with chemokines such as MIF
(macrophage migration inhibitory factor), which is involved in the regulation of
migration of monocytes and T cells [59, 60]. This results in the disruption of the
interaction between MIF and the receptors CD74 and CXCR?2 [61]. Moreover, the
RPS19 dimer acts as a ligand for the C5a receptor, also known as CD88 [61]. CD88 is
reported to regulate the inflammatory process [62]. The review by Das et al. shows
that recombined RPS19 has the capacity to reduce ERK activation and inhibit the
nuclear accumulation of NF-«xB [28].

Diamond-Blackfan anemia (DBA) is a genetic condition characterized by a
failure to produce red blood cells, known as pure erythroid aplasia. Around 30%
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of affected individuals present with congenital anomalies, most often affecting
the hands, face, heart, and urogenital tract. Diamond-Blackfan anemia (DBA)
exhibits an autosomal dominant inheritance pattern, with numerous cases
resulting from de novo mutations, while familial cases display marked clinical
variability. Approximately 25% of patients carry mutations in the ribosomal
protein S19 (RPS19) gene, whereas alterations in other ribosomal protein genes —
including RPS24, RPS17, RPL35A, RPL11, and RPLS5 - are less frequent. These
genes encode essential structural components of the ribosome. Although the
precise cause of DBA remains unclear, there is a recognized connection between
ribosomal dysfunction and erythroid aplasia. It is widely believed that impaired
protein synthesis in rapidly dividing tissues like erythroid bone marrow underlies
the defective red blood cell production. To date, 77 mutations of the RPS19 gene
have been reported, most of which involve complete gene deletions,
translocations, or truncating alterations such as nonsense and frameshift
variants, supporting haploinsufficiency as the primary disease mechanism.
Additionally, 22 missense mutations have been reported, with several studies
providing functional analyses of these variants in vitro. This review summarizes
the mutation data, offers a functional classification, and reports six novel
mutations. Importantly, individuals harboring RPS19 mutations generally exhibit
areduced response to steroid therapy and experience worse long-term prognoses
compared to other DBA cases [52].

An uncommon inherited disorder, DBA involves a failure to produce red blood cells
and generally becomes evident during early infancy. Approximately 25% of affected
individuals carry mutations in the ribosomal protein S19 (RPS19) gene, while variants
in RPS24, RPS17, RPL35A, RPL11, and RPL5 have also been reported. The mechanism
by which ribosomal protein deficiencies specifically impair red blood cell development
in DBA remains unclear. To replicate the main ribosomal defect observed in DBA, a
zebrafish rps19 knockout was generated using TALEN-based gene editing. Molecular
analysis revealed that loss of rps19 recapitulates key DBA features, including impaired
erythropoiesis and activation of p53. Importantly, rps19 mutants exhibited
significantly reduced globin protein synthesis despite unchanged or increased globin
mRNA levels, a discrepancy also observed in zebrafish mutants lacking rpl11. Using
transgenic zebrafish expressing mCherry specifically in erythroid cells, Zhang et al.
found that mutations in either rps19 or rpl11 reduced protein production in these cells.
Treatment with L-leucine enhanced protein synthesis and partially reversed anemia in
both mutant models. These findings suggest that impaired protein synthesis in
erythroid cells contributes to the blood-specific manifestations of DBA. The newly
established rps19 zebrafish model offers a valuable platform for investigating DBA
pathogenesis and developing potential therapies [63].

Deficiencies in RPs lead to Diamond-Blackfan anemia (DBA), a disorder
marked by anemia, congenital anomalies, and an elevated risk of cancer.
Although p53 activation explains many of the clinical features of DBA, the
contribution of the immune system remains poorly defined. In DBA, endogenous
nucleic acids derived from unprocessed pre-rRNAs, along with DNA damage and
apoptosis, can stimulate activation of the innate immune system. Recognition by
toll-like receptors (TLRs) and Mda5-like sensors triggers interferon (IFN)
production and inflammation, while dying cells may also stimulate the
complement system. In studies of zebrafish lacking RPs, elevated levels of
interferons, inflammatory cytokines, signaling molecules, and components of the
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complement system were detected. Additionally, receptors involved in IFN
signaling, including Mda5, TIr3, and TIr9, were upregulated. Members of the
TGF-p family, including activin, were found to be elevated in both RP-deficient
zebrafish and RPS19-deficient human cells, encompassing a lymphoid cell line
from a DBA patient as well as fetal liver and K562 cells with RPS19 knockdown.
In RP-deficient zebrafish, treatment with a TLR3 inhibitor reduced IFN
activation, acute-phase responses, and apoptosis, thereby improving
hematopoiesis and overall morphology. Inhibitors targeting complement and
activin also produced beneficial effects. Collectively, these findings suggest that
innate immune activation plays a contributory role in the pathology of RPS19-
deficient zebrafish and human cellular models of DBA [64].

2.3 Extraribosomal functions of rpl13a in selective translation control and
immune modulation

Ribosomal protein L13a (RPL13a) is a highly conserved component of the large 60S
ribosomal subunit, characterized by a unique eukaryote-specific C-terminal a-helical
extension of approximately 55 amino acids. This extension is essential for its
integration into the ribosome during biogenesis, particularly at the 90S preribosome
stage within the nucleolus. Structurally, the Arg68 residue within the N-terminal
globular domain is essential for RPL13a’s stable association with rRNA and ribosomal
incorporation, while residues Arg59, Lys60, and Arg61 are crucial for its nuclear
import. Although RPL13a is not essential for the canonical ribosomal role in global
protein synthesis, it has a crucial extraribosomal function in the translational silencing
of inflammatory mRNAs containing gamma interferon-activated inhibitor of
translation (GAIT) elements. This occurs through its phosphorylation-dependent
release from the 60S subunit, which prevents the recruitment of the 43S preinitiation
complex to these target mRNAs. Additionally, RPL13a is essential for proper rRNA
methylation, a process that facilitates internal ribosome entry site (IRES)-dependent
translation of specific mRNAs. These dual functions position RPL13a as a critical
regulator linking ribosome biogenesis, selective translation control, and the resolution
of inflammation [65, 66].

RPL13a plays a pivotal role in the translation of pro-inflammatory genes in IFN-y-
stimulated monocyte cells [19]. Interferon-y (IFN-y) promotes the polarization of
macrophages into the pro-inflammatory M1 phenotype [67], while it also mediates
anti-inflammatory effects in M2 macrophages [68]. The active form of zipper-
interacting protein kinase (ZIPK, also referred to as DAPK3) needs approximately 16
hours to phosphorylate RPL13a at a particular serine site [69]. This encourages the
RPL13a releasing from the large subunits of the ribosome (60S subunits) [19, 70].

Gamma interferon-activated inhibitor of translation (GAIT) elements [71] are
specific cis-acting RNA stem-loop structures located in the 3’-untranslated
regions (3’-UTRs) of certain inflammatory mRNAs, such as ceruloplasmin, which
mediate transcript-selective translational silencing in response to interferon-
gamma (IFN-y) stimulation [72, 73]. Upon IFN-y activation in myeloid cells,
ribosomal protein L13a (RPL13a) becomes phosphorylated and dissociates from
the 60S ribosomal subunit. It then associates with glutamyl-prolyl-tRNA
synthetase (EPRS), NS1-associated protein-1 (NSAP1), and GAPDH to assemble
the heterotetrameric GAIT complex [72]. This complex binds to GAIT elements
within target mRNAs and suppresses their translation by preventing the
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recruitment of the 43S ribosomal pre-initiation complex, specifically through the
disruption of eIF4G binding, thereby preventing excessive production of
inflammatory proteins [72]. This post-transcriptional regulatory mechanism
serves as a critical feedback system to resolve inflammation and protect tissues
from injury by attenuating the synthesis of proinflammatory mediators during
the late phase of the immune response [72-74].

Chemokines and certain kinases, such as VEGFA, CCL22, APOL2, CCR3, CCR4,
CCR6, CXCL13, DAPK1, and ZIPK, are involved in mRNA encoding [73]. The
expression of GAIT is reported to be modulated by IFN-y, bacterial endotoxin (LPS),
and proatherogenic high-fat diet (HFD) through modification processes such as
phosphorylation — to moderately release the RPL13a in mouse macrophages [74, 75].
Knockout of the ribosomal protein RPL13a results in increased serum levels of
CCL22, CXCL13, and CCLS8 in LPS-treated mice [74]. The excision of RPL13a can
increase the macrophage and neutrophile in the peritoneum and spleen [74]. A
recent study demonstrated that deletion of RPL13a promotes M1 macrophage
polarization in atherosclerotic ApoE knockout (ApoE-/-) mice [75]. These data
suggest for strong role of the RPL13a as a “extra-ribosomal” role as an endogenous
molecule who can control the inflammation process.

2.4 Ribosomal protein L22 (RPL22) in ER stress, immune regulation, and
inflammatory pathogenesis

The ribosomal protein L22 is assembled into the large 60S ribosomal subunit
within the nucleolus [76]. Researchers have demonstrated that RPL22 is not essential
for ribosome biogenesis. In T cells, loss of RPL22 leads to a developmental arrest of of§
T cells, whereas y3 T cells remain unaffected. This arrest is thought to be mediated by
p53-induced ER stress, with p53 subsequently shown to activate PERK and ATF4 in
RPL22-deficient af T cells [77].

In RPL22-deficient cells, the absence of ribosomal protein L22 results in
hyperactivation of the PERK (protein kinase RNA-like endoplasmic reticulum
kinase) [78, 79] pathway, as evidenced by increased phosphorylation of PERK and its
substrate elF2a, which, in turn, drives the translational induction of the
transcription factor ATF4 (activating transcription factor 4) [77, 80]. Activation of
the PERK-elF20~ATF4 signaling cascade is a key component of the cellular response
to ER stress. In RPL22-deficient cells, this pathway activation drives elevated
expression of ATF4 target genes — including CHOP, ATF3, Trib3, and BiP — which
contribute to cellular stress adaptation. However, in hematopoietic cells, this process
can drive pathological effects such as heightened NF-kB signaling and the
development of leukemic transformation [77, 80]. Importantly, knockdown of PERK
in RPL22-deficient cells abrogates ATF4 induction and its downstream effects,
demonstrating that the PERK-ATF4 pathway is essential for mediating the cellular
response to RPL22 loss [80].

Ribosomal protein L22 (RPL22) exerts an important regulatory function in
inflammation by controlling the expression of key chemokines and cytokines that
mediate immune cell recruitment and tissue responses. In particular, in LPS-
activated myeloid cells, RPL22 binds to the 5’ untranslated region (UTR) of CCL2
mRNA, facilitating its post-transcriptional degradation and thereby modulating
monocyte infiltration during inflammatory reactions; loss of RPL22 leads to
increased CCL2 expression and excessive monocyte migration, contributing to
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chronic inflammation [20]. In the context of skin inflammation, such as psoriasis,
RPL22 is upregulated in lesional keratinocytes, where its overexpression enhances
keratinocyte proliferation, inhibits apoptosis, and increases the production of
chemokines like CXCL10 and pro-inflammatory cytokines including IL-1, IL-23,
and IL-17A, thus aggravating local inflammatory responses through recruitment of
CD4+ T cells and amplification of cytokine signaling [81]. These findings highlight
RPL22 as a key post-transcriptional regulator that both maintains immune
homeostasis and, when dysregulated, can drive pathological inflammation. Up-
frameshift-1 (UPF1) has been implicated in the suppression of multiple cancers, with
reduced UPF1 levels associated with unfavorable outcomes. It is widely
acknowledged as a central regulator of the nonsense-mediated mRNA decay (NMD)
pathway [82]. Ribosomal protein L22 (RPL22) associates with the RNA helicase
UPF1 in a LPS-dependent fashion to modulate inflammation by post-
transcriptionally regulating the stability of CCL2 mRNA, an important chemokine
responsible for recruiting monocytes. Upon inflammatory stimulation, both RPL22
and UPF1 translocate to the nucleus, where their interaction promotes the
degradation of CCL2 mRNA in the cytoplasm, thereby fine-tuning monocyte
infiltration and preventing excessive inflammation. This RPL22-UPF1 complex-
mediated mRNA decay represents a critical mechanism to maintain immune
homeostasis and resolve inflammation, as depletion of RPL22 results in increased
CCL2 expression and exacerbated monocyte migration. Notably, the interaction
between RPL22 and UPF1 is RNA-independent, highlighting a direct protein-protein
regulatory axis in inflammatory gene expression control [20].

2.5 RACK1 as a multifunctional scaffold: Integrating ribosomal translation
control with immune signaling and inflammation

RACK1 (Receptor for Activated C Kinase 1) is a highly conserved,
multifunctional scaffolding protein belonging to the WD-repeat family, structurally
characterized by a seven-bladed B-propeller that facilitates diverse protein-protein
interactions. Initially identified as an intracellular receptor for protein kinase C [83].
RACK1 is currently recognized as an essential core component of the eukaryotic 40S
ribosomal subunit [84]. Positioned on the solvent-exposed surface, it interacts with
18S rRNA and RPs, including uS3, uS9, and eS17. This strategic location enables
RACK1 to coordinate translation regulation, including IRES-mediated translation,
ribosome quality control, and stress responses. Beyond its ribosomal role, RACK1
acts as a dynamic hub linking signaling pathways — such as MAPK, Src, and protein
kinase C — with translational machinery and cellular receptors, thereby integrating
extracellular signals with protein synthesis [85]. It also participates in shuttling
proteins within the cell, anchoring them at specific sites, and modulating
transcriptional and epigenetic processes through nuclear translocation. Overall,
RACK1 is crucial for cellular functions, including development, migration, immune
responses, and circadian rhythm regulation, and its dysregulation is implicated in
various diseases, including cancer [86].

Receptor for Activated C Kinase 1 (RACK1) serves a multifaceted role in the
immune system as a scaffold protein that modulates key signaling pathways
governing innate immunity and inflammation. It suppresses NF-kB activation by
disrupting the recruitment of the IKK complex to TRAF2, thereby regulating TNF-
induced inflammatory cytokine production and preventing excessive inflammatory
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responses. Furthermore, RACK1 facilitates activation of the NLRP3 inflammasome
by promoting its active conformation and assembly, a process critical for IL-1p
maturation and secretion during innate immune responses. RACK1 also modulates
antiviral immunity by interacting with the type I interferon receptor complex and
STAT1, influencing interferon signaling; importantly, a deficiency of this protein in
myeloid cells leads to increased production of type I interferons and provides in vivo
resistance to viral infections. Furthermore, in plants, RACK1 functions within
immune complexes and regulates reactive oxygen species production via NADPH
oxidase, highlighting its conserved role across species in immune regulation.
Collectively, these findings establish RACK1 as a critical regulator that balances
immune activation and resolution to maintain homeostasis and protect against
pathogens [87-90].

2.6 Diverse roles of ribosomal proteins RPL7, RPS3, RPL3, and RPS25 in
immune regulation, host defense, and autoimmunity

Ribosomal proteins RPL7, RPS3, RPL3, and RPS25 play diverse and significant
roles in the immune system beyond their canonical functions in protein synthesis.
RPL7 acts as an autoantigen in systemic autoimmune diseases, including systemic
lupus erythematosus (SLE), and its N-terminal basic leucine zipper-like domain
enables binding to RNA and DNA, suggesting regulatory roles in translation and
immune signaling [91-93]. RPS3 is a multifunctional protein that promotes innate
immune responses through activation of NF-kB signaling; however, certain
pathogens, like Escherichia coli O157:H7, can suppress RPS3-mediated NF-xB
activation to evade host immunity, highlighting its critical role in host defense [94].
RPS25 specifically promotes the initiation of translation for viral mRNAs, affecting
viral replication and immune escape, since reducing RPS25 levels inhibits viral
translation without impacting overall protein synthesis [94, 95]. Although less
directly studied in immunity, RPL3 has been implicated in ribosome function that
may indirectly affect immune responses through regulation of protein synthesis
during stress or infection [94]. Collectively, these RPs contribute to immune
regulation by modulating inflammatory signaling, antiviral defense, and
autoimmunity [94].

3. Regulatory roles of ribosomal proteins in the p53-MDM2 axis: Linking
cellular stress, inflammation, and cancer development

The interaction between RPs, p53, and MDM2 plays a pivotal role in linking
cellular stress responses to inflammation. Under normal conditions, p53 is
restrained by MDM2 and MDM4, which promote its ubiquitin-dependent
degradation and transcriptional repression. However, when ribosome biogenesis is
disrupted - such as during cellular stress or inflammation — certain RPs (notably
RPL5, RPL11, and S27a) bind to and inhibit MDM2, preventing it from degrading
p53 and thereby stabilizing and activating p53 [96, 97]. This activation of p53 can
lead to cell cycle arrest or apoptosis, acting as a protective mechanism against
malignant transformation [98, 99]. In the context of chronic inflammation,
cytokines like IL-6 can stimulate ribosome biogenesis, which paradoxically
enhances MDM2-mediated degradation of p53 by reducing the availability of RPs
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to bind MDM2, thus lowering p53 levels and promoting cellular changes associated
with inflammation-driven tumorigenesis [100]. Therefore, the dynamic interplay
between RPs, MDM2, and p53 not only serves as a cellular quality control system in
response to ribosomal or metabolic stress but also influences inflammatory
processes and contributes to the likelihood of cancer arising in tissues experiencing
chronic inflammation [101, 102].

3.1 Ribosomal protein S27 (RPS27): A multifunctional regulator of antiviral
immunity, inflammation, and p53-mediated stress responses

Ribosomal protein S27 (RPS27), also known as metallopanstimulin-1, is
important in the immune system, where it influences antiviral defense mechanisms
and inflammatory signaling pathways. In shrimp, RPS27 expression is upregulated
upon viral infection and exerts antiviral effects by activating the NF-kB pathway,
which leads to increased expression of antimicrobial peptides and immune effectors;
it also interacts directly with viral envelope proteins to inhibit virion assembly,
thereby suppressing viral replication. In mammalian cells, RPS27 regulates immune-
related gene expression and alternative splicing, with a particular impact on genes
involved in inflammatory and immune responses, including those in the TLR
signaling pathway. Additionally, RPS27 participates in the p53-MDM2 regulatory
axis, stabilizing p53 and thus linking ribosomal stress to immune surveillance and
inflammation. Collectively, these findings highlight RPS27 as a multifunctional
ribosomal protein that integrates translational control with innate immune defense
and inflammatory regulation [103-105].

3.2 Ribosomal protein L4 (RPL4): A key modulator of the immune
microenvironment, viral infection, and cancer immunotherapy

Ribosomal protein L4 (RPL4) influences the immune system primarily through its
role in remodeling the tumor immune microenvironment and modulating immune cell
infiltration, which affects cancer progression and chemoresistance. Pan-cancer
analyses reveal that RPL4 expression correlates with altered immune infiltration levels
and impacts signaling pathways involved in immune regulation, such as those related
to the tumor necrosis factor (TNF) receptor family member CD40. Additionally, RPL4
participates in ribosome biogenesis and translation regulation, processes that are
crucial for immune cell function and response. Beyond its canonical ribosomal role,
RPL4 exerts extra-ribosomal functions by interacting with key regulators like MDM?2
and p53, influencing cell cycle arrest and apoptosis under stress, which can modulate
immune surveillance and inflammation. Notably, RPL4 expression is upregulated
during Epstein-Barr virus (EBV) infection in B lymphocytes, where it redistributes to
the nucleus and may facilitate viral protein translation and immune evasion. The wide-
ranging roles of RPL4 emphasize its promise as a biomarker as well as a therapeutic
target in immunotherapy and cancer treatment [106-108].

3.3 Ribosomal protein L7 (RPL7): A multifaceted regulator in translation,
autoimmunity, and host-pathogen interactions

Ribosomal protein L7 (RPL7) plays a pivotal role in the immune system, primarily
functioning as an autoantigen associated with systemic autoimmune diseases such as
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SLE. It possesses an N-terminal basic leucine zipper (BZIP)-like domain that
facilitates RNA and DNA binding, enabling the regulation of translation through the
inhibition of cell-free mRNA translation. The capacity of RPL7 to bind both 28S
rRNA and mRNA indicates its role in modulating protein synthesis during immune
responses. Moreover, RPL7 has been shown to interact with viral proteins such as
HIV-1 Gag, indicating a role in host-pathogen interactions. Its recognition by
autoreactive T cells highlights its contribution to autoimmune pathogenesis, where
immune responses target RPL7, potentially leading to tissue damage. Thus, RPL7
functions both as a regulatory ribosomal protein and as a key player in immune
tolerance and autoimmunity [91, 94].

4. Control of ribosomal RNA after infection of the cell by viruses

The viruses, as parasitic organisms with the ability to cause cell infections, are
divided into two categories: DNA viruses and RNA viruses. This classification is
based on genomic characterization. Over the last decade, RNA viruses have gained
increased attention from researchers because they have been shown to possess the
ability to adapt to host cells and exhibit strong pathogenicity[109-111]. RNA viruses
are classified according to their genomic structure as double-stranded RNA viruses,
positive-sense single-stranded RNA viruses, or negative-sense single-stranded RNA
viruses.

By binding with cell membrane receptors, the viruses invade host cells and release
the viral genome into the cell. After that, they start to use all mechanisms of
translation initiation from the host cell to translate viral proteins, replicate their
genome, and, in the end, complete the viral replication cycle. The ribosome, as a
machine for protein synthesis, is formed by the assembly of RPs and rRNAs. It is
known that not all RPs are involved in the maturation of the ribosome machine [112].
The size and composition of the ribosome can differ depending on the specific
microenvironment [113]. Ribosome heterogeneity refers to all changes that occur
based on the stoichiometry of rRNAs and RPs. This may occur during post-
transcriptional and post-translational modifications [114-116]. Metabolic
abnormalities in the body are linked to various ribosomopathies, including DBA,
several types of cancer, and neurodevelopmental disorders [25, 117].

5. Strategies for viral RNA to bind with ribosomes in inflammation

Viruses have evolved sophisticated strategies to hijack host ribosomes and
ensure translation of their own RNA during inflammation, when host cap-
dependent translation is often inhibited. One key mechanism involves viral IRES,
structured RNA elements within the 5’ untranslated regions of viral genomes that
directly recruit the 40S ribosomal subunit and initiate translation without
dependence on the 5’ cap or certain canonical initiation factors. Different classes of
IRES elements, such as those found in picornaviruses, hepatitis C virus (HCV), and
dicistroviruses, vary in structure and factor requirements but commonly remodel
the ribosome to preferentially translate viral RNAs. Additionally, viral proteins can
interact with and modulate host translation initiation factors (eIFs) and RNA-
binding proteins (RBPs) to promote ribosome recruitment and stabilize IRES

150



Impact of Ribosomal Protein Mutations on Inflammation, Metastasis...
DOI: http://dx.doi.org/10.5772/intechopen.1012540

structures, thereby enhancing viral protein synthesis during stress conditions.
Some viruses also produce proteins that degrade or inhibit host mRNAs or
translation factors to suppress host protein synthesis, further favoring viral RNA
translation. These strategies allow viruses to bypass host translational control
during immune responses and inflammation, ensuring efficient viral replication
despite cellular antiviral defenses [113, 118-125].

6. Discussion

The data presented throughout this review collectively highlight the ribosome’s
fundamental and multifaceted role beyond its canonical function as the hub of
cellular protein synthesis. Emerging evidence reveals that RPs operate as dynamic
regulators at the intersection of translation, cell fate, and immune signaling. Several
RPs, including RPS3, RPS6, RPS19, RPL13a, and RPL22, possess extra-ribosomal
activities that profoundly influence inflammatory processes and disease
pathogenesis.

Mutations or alterations in RP expression underpin a diversity of human
disorders — ribosomopathies such as DBA, myelodysplastic syndromes, CA, and
various cancers. Mechanistic studies demonstrate that RP dysfunction can elicit
cellular stress responses, trigger innate immune activation, and dysregulate
inflammatory signaling. For instance, RPS3 modulates NF-«B signaling and interacts
with inflammatory mediators in cancer; RPS6 undergoes phosphorylation-
dependent control, impacting selective mRNA translation during inflammation;
while RPS19 plays a crucial role in both ribosome biogenesis and immune regulation
- substantiated by zebrafish DBA models linking impaired protein production to
defective erythropoiesis and immune activation.

The review also delineates how RPs, such as RPL13a and RPL22 carry out selective
translational silencing of inflammatory mRNAs, fine-tune chemokine responses, and
maintain immune homeostasis, emphasizing the precision and specificity RPs bring
to post-transcriptional regulation. Dysregulation of these processes can tip the
balance toward chronic inflammation or autoimmunity, as shown in conditions like
atherosclerosis and psoriasis.

Intriguingly, we observe that RPs serve as mediators of the crosstalk between
ribosome biogenesis and key signaling axes, such as the p53-MDM2 network, linking
ribosomal stress, cell cycle control, and tumorigenesis, particularly in inflammation-
driven cancer contexts. The expanding repertoire of RP mutations and their clinical
correlations — such as the novel RPS19 variants in DBA - underlines significant
genotype-phenotype associations relevant for both prognosis and therapeutic
intervention.

Finally, viral exploitation of the host’s translational machinery via direct
engagement with ribosomes or manipulation of ribosomal protein (RP) functions
emerges as a critical determinant of infection, inflammation, and immune evasion.
The ability of viruses to reprogram ribosome activity or bypass translational
checkpoints highlights the ribosome itself as a central node in the host-pathogen
interaction landscape.

Taken together, these findings position RPs as multifunctional molecules —
integral not only to ribosome assembly and translational fidelity but also to the
regulation of immune signaling and homeostatic responses. This duality underscores
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the importance of further unraveling the molecular basis of RP-mediated pathways
in health and disease.

7. Conclusion

Ribosomal proteins are increasingly recognized as pivotal modulators of
inflammation, immunity, and cellular homeostasis, far beyond their classical roles in
protein translation. Disruption of RP function, whether through genetic mutations,
altered expression, or pathogenic hijacking, contributes to the onset and progression
of ribosomopathies, malignancies, and chronic inflammatory diseases. The intricate
roles of select RPs in regulating inflammatory signaling, immune cell differentiation,
and the balance of cell proliferation and death highlight their therapeutic potential.

Understanding the dualistic and context-dependent functions of RPs — in both
ribosome assembly and in non-canonical signaling pathways — opens new avenues
for translational research and targeted therapy. Future investigations should focus
on unraveling the precise molecular interactions and regulatory networks controlled
by RPs, elucidating their utility as disease biomarkers, and harnessing their function
for therapeutic intervention in inflammation and cancer. In sum, RPs stand at the
crossroads of translation, immunity, and disease, representing a promising frontier
for biomedical innovation.
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Abstract

In recent years, research on epigenetic modifications has expanded rapidly,
highlighting their crucial role in regulating gene expression. This area of study
emphasizes how epigenetic mechanisms guide natural evolutionary processes and
preserve distinct gene expression profiles in mammals. Unlike genetics, which
focuses on DNA sequences, epigenetics examines changes to genetic information
beyond DNA sequence alterations. Numerous studies have investigated the link
between epigenetic changes and central nervous system (CNS) disorders, providing
insights into the complex nature of these modifications in such conditions. This
review specifically explores epigenetic changes in stroke, emphasizing their impact
on disease onset and progression. Additionally, it discusses sex differences in dif-
ferent types of epigenetic modifications. Furthermore, the review surveys the
development of epigenetics-based therapeutic strategies for stroke. By leveraging our
growing understanding of epigenetic mechanisms, researchers aim to pioneer new
approaches for stroke treatment and prevention, offering promising avenues for
improving patient outcomes and reducing the burden of this devastating disease.

Keywords: epigenetics, stroke, DNA methylation, histone modification, chromatin
remodeler, non-coding RNA

1. Introduction

Stroke is the world’s second most common cause of death after ischemic heart
disease and remains the leading cause of long-term disability worldwide. Even with
the growing accessibility of acute thrombolytic therapies like tissue plasminogen
activator (tPA) and advanced endovascular procedures, stroke continues to pose a
major challenge to healthcare systems [1]. Although mortality from stroke has
gradually decreased with advancements in hyperacute interventions, many patients
still experience long-term disability and require institutional care. In the United
States, stroke imposes an annual economic burden of about $34 billion, covering
healthcare costs, medications, and lost productivity [2]. Thus, discovering novel
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Figure 1.

Mechanistic diagram of four epigenetic modifications. Gene transcription is regulated by the combined effects of
DNA methylation, histone modification, chromatin remodeling, and non-coding RNAs (ncRNAs). To initiate
gene expression, chromatin must first loosen to allow DNA accessibility. Histone-modifying complexes add or
remove groups (mainly on histone tails) to alter chromatin state and recruit vegulatory proteins. DNA methy-
lation, primarily at CpG islands, can either suppress or promote transcription. ncRNAs, via RNAi pathways,
can silence target genes as needed (original figure created by the authors).

molecular pathways that can be targeted to promote neurological recovery in stroke
survivors is of critical importance.

Recent research using cell lines and animal models strongly indicates that
epigenetic factors contribute significantly to stroke development. These mechanisms
exert substantial biological influence in the pathogenesis of many polygenic and
multifactorial disorders, including stroke [3], and offer promise for research due to
their potential reversibility through pharmaceutical intervention. Potential targets
for epigenetic regulation include DNA methylation and demethylation, post-
translational modifications of histones, and the activity of non-coding RNAs,
particularly microRNAs (miRNAs) (Figure 1). Developing pharmaceuticals or cell-
based therapies targeting these epigenetic alterations holds potential for promoting
plasticity and enhancing long-term recovery. This review article aims to elucidate
various epigenetic mechanisms and their roles in stroke pathogenesis. In addition,
we will discuss the potential of epigenetic factors to serve as both therapeutic targets
and biomarkers in stroke.

2. Sex differences in the epigenetic modifications in stroke

Biological sex, determined by genetic factors encoded in DNA, and gender,
encompassing social, cultural, and psychological traits associated with being male or
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female, both significantly influence health and disease outcomes. Stroke is a disease
that exhibits clear differences between sexes in its clinical presentation and outcomes
[4]. Younger women have a lower risk of stroke than their male counterparts, a
disparity that is partially linked to the protective influence of estrogen [5]. However,
this protective phenotype diminishes after menopause, with older women showing
higher stroke incidence, increased mortality rates, and worse outcomes relative to
age-matched men [6]. Epigenetics encompasses a variety of processes that modify
gene expression without altering the DNA sequence itself. It is a key regulator of
gene activity and is fundamental in creating sex-specific differences in mammals.
Brain sexual differentiation starts before birth and persists throughout life, driven by
a complex interaction among gonadal hormones, sex chromosomes, and
environmental factors. These factors are thought to influence brain development, at
least partially, by epigenetic mechanisms that alter chromatin structure and regulate
transcriptional activity in neural cells. Consequently, epigenetic regulation is a key to
orchestrating sexual differentiation in the brain from early development into
adulthood. Experimental research targeting specific epigenetic pathways during the
neonatal period has demonstrated that histone acetylation and DNA methylation
play key roles in shaping sex-specific brain and behavioral development, especially
in rodent models. Collectively, these studies underscore the critical importance of
epigenetic mechanisms, particularly histone acetylation and DNA methylation, in
guiding the developmental processes that drive sexual differentiation of the brain
and behavior.

Adult females have been reported to exhibit about 30% higher methylation at a
specific CpG site compared to males, with no significant sex difference observed
during the neonatal period [7]. These differences are largely driven by hormonal
regulation. Because hormones also affect epigenetic mechanisms, including DNA
methylation, histone modifications, genomic imprinting, and microRNAs, it seems
that epigenetic processes act in concert with gonadal hormones to maintain cellular
homeostasis [8]. For example, estrogens contribute to the primary prevention of
atherosclerosis in premenopausal women [9, 10]. Beyond hormonal effects, genetic
and epigenetic influences also stem from the inheritance and differential dosage of
genes located on the X and Y chromosomes [11]. Sex chromosomes lead to sex-
specific differences in the expression of X-Y homologous genes in the brain, partly
influenced by variations in the levels of epigenetic enzymes [12]. These findings
point to mechanisms by which sex chromosomes shape differences in brain
development and function [13]. Research on epigenetics and brain sexual
differentiation has examined the genome-wide distribution of the histone mark
H3K4me3 in sexually dimorphic brain regions of male and female mice [13].
Findings reveal potential sex differences in epigenetic marker usage, which may
underlie sex-related variations in susceptibility to drugs or diseases affecting specific
epigenetic pathways. Moreover, neonatal exposure to testosterone was found to
masculinize DNA methylation patterns at numerous sexually dimorphic CpG sites in
adulthood [14]. These epigenetic changes evolve over time and may be linked to
aging and the modulation of cardiovascular disease risk [14].

Sex-specific differences in epigenetic markers may primarily serve to balance
gene expression between males and females. Neural development diverges between
sexes through processes like migration, apoptosis, and cell survival. Sex hormones
influence the entire brain in both sexes via genomic and nongenomic receptors.
Estrogen affects various neural and behavioral functions, including mood, cognition,
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blood pressure regulation, motor coordination, pain perception, and opioid
sensitivity [15]. A critical element is the neonatal surge of testosterone, which
stimulates gene transcription via androgen receptors (AR) and, once converted to
estradiol, through estrogen receptors (ER) [16]. Research indicates that AR and ER
engage with histone-modifying enzymes, resulting in sex-specific methylation
patterns of the ER a gene in the brains of rats following stroke [17]. Sex-specific
differences have been reported in models of passive systemic anaphylaxis (PSA) and
renal ischemia (RS). In PSA, female mice exhibited higher clinical scores, more
pronounced hypothermia, and elevated serum histamine levels, while in RS, they
showed increased intestinal permeability and heightened histamine responses
compared to male mice [18]. These results underscore the interplay between genetic,
hormonal, and epigenetic factors in shaping sex differences in stroke susceptibility,
brain response, and recovery. Gaining insight into these mechanisms is essential for
designing sex-specific approaches to stroke prevention and therapy.

3. Epigenetic modification and stroke
3.1 DNA methylation and its association with stroke

DNA methylation, an important epigenetic modification, controls gene
expression by attaching methyl groups to the C-5 position of cytosine residues in
DNA. This process was first identified around the same time that DNA was
recognized as the genetic material in 1944 [19]. This modification is prevalent across
various cell types and plays a role in processes like genomic imprinting [20], X-
chromosome gene silencing [21], and age-related phenotypic changes [22, 23].
Methylating DNA within promoter regions diminishes its accessibility to binding
proteins. Furthermore, other methylated sites may draw histone modification
complexes, such as H3K9me3 methyltransferase, triggering additional histone
modifications and ultimately silencing gene transcription [24]. However, DNA
methylation can also be associated with increased gene expression depending on cell
type and context [25]. Maintaining a balanced level of methylcytosine (5mC) across
the genome is essential for healthy cell function. The DNA methyltransferase family,
especially Dnmt1, preserves methylation patterns during cell division [26]. In 2011,
Shinsuke et al. identified the Ten-Eleven Translocation 1 (TET) protein as
responsible for converting 5mC to 5-hydroxymethylcytosine (ShmC), initiating
DNA demethylation [27]. This pathway proceeds through the sequential oxidation of
5-hydroxymethylcytosine (ShmC) to 5-formylcytosine (5fC) and 5-carboxylcytosine
(5caC), ultimately restoring cytosine through base excision repair facilitated by
thymine DNA glycosylase (TDG) [28]. Early studies on DNA methylation focused on
its role in gene regulation without altering the DNA sequence, such as random X-
chromosome inactivation (XCI) in females [29]. Typically, methylation at CpG
islands in promoter regions leads to gene silencing by recruiting repressors or
inhibiting transcription factor binding [30].

The importance of DNA methylation in cellular processes has received growing
focus, especially regarding embryonic development, XCI, and vascular conditions
like stroke. Abnormal methylation patterns have been linked to worse stroke
outcomes. In response to stroke, microglia and macrophages show altered
methylation profiles, while DNMT1 and DNMT3a are critical for neuronal
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depolarization, maturation, and survival [31]. After MCAO in mice, DNA
methylation rises markedly in the ischemic striatum (4.1-fold) and cortex (3.2-fold),
which is associated with more severe brain damage [32]. Treatment with DNA
methylation inhibitors reduces ischemic damage [33], and research in DnmtS/ +mice
indicates that decreased methyltransferase activity offers protection in cases of mild
cerebral ischemia [34]. Sex differences in DNMT expression have been observed,
with females showing higher DNMT3b levels in the adult liver, and both DNMT3a
and DNMT3b varying with age [35]. DNA methylation also serves as a “biological
clock” for assessing age and predicting age-related disease risk. In comparison to
young mice, aged mice exhibited increased hypermethylation in polycomb target
genes as well as in multiple tumor suppressor genes [36], and the neuroprotective
effects of estrogen are reduced with age, possibly due to methylation changes [37].

Several epigenetic drugs with DNMT-inhibitory effects have been explored for
treating ischemic brain injury by targeting DNA hypermethylation. These include
first-generation agents like 5-azacytidine, decitabine (5-aza-2' -deoxycytidine)
[34], and zebularine [38]. These first-generation agents lack specificity and can
cause significant toxicity. Second-generation drugs, including hydralazine,
procainamide, and valproic acid, also influence DNA methylation, which may
underlie both their therapeutic effects and associated side effects [39]. These drugs
have shown potential not only in stroke but also in other CNS disorders [40],
highlighting the significance of DNA methylation in tissue damage and recovery
following ischemic stroke (Table1).

3.2 Chromatin remodeling and its association with stroke

Genetic material is protected within chromatin, a structured complex of tightly
packed DNA and histone proteins. During key cellular activities like DNA
replication, transcription, and repair, specific regions of this compacted chromatin
must unfold to provide enzyme access. The chromatin structure is like a dynamic
spring, capable of adjusting its level of condensation based on the ongoing molecular
activities within the nucleus. Far from being a passive entity, chromatin serves as an
active mediator in nuclear processes, orchestrating both local and global structural
and functional changes. Chromatin remodeling is essential for modifying
nucleosome density, which relaxes the chromatin structure. This relaxation allows
transcription factors to access DNA, promoting processes such as replication,
transcription, and repair [73, 74]. Moreover, chromatin can adopt different
hierarchical arrangements, ranging from open and functionally active euchromatin
to densely packed, inactive heterochromatin, each maintaining genomic integrity in
distinct ways [75]. By repositioning nucleosomes at specific sites, chromatin
remodeling selectively controls the accessibility of genomic regulatory regions to
transcription factors and other proteins. These local adjustments can also initiate
wider chromatin remodeling events, emphasizing the complex and dynamic
behavior of chromatin [76].

The regulation of a gene’s expression (whether it is activated or silenced) depends
on multiple factors, including histone modifications, nucleosome positioning, and
the condition of the promoter and enhancer regions associated with the gene.
Chromatin remodelers, acting as DNA translocases fueled by ATP, exert force to
reposition nucleosomes, which are constantly in flux [77]. Chromatin remodelers
equipped with Plant Homeodomain and bromodomains can detect histone
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DNA methylation target Methylation change after stroke Reference
TIMP-2 promoter Increased (hypermethylation) [41]
TRAF3 Decreased (hypomethylation) [42]
PPM1A Decreased (hypomethylation) [43, 44]
MTHER promoter Increased (hypermethylation) [45]
Lefl promoter Increased (hypermethylation) [46]
BDNF IV promoter Decreased (hypomethylation) [47, 48]
THBS1 promoter Increased (hypermethylation) [49]

ER a promoter Decreased (hypomethylation) [50]
Rhoa promoter Increased (hypermethylation) [51, 52]
Cdc42epl promoter Decreased (hypomethylation) [41, 53]
Wnt7b promoter Decreased (hypomethylation) [54, 55]
Fzd9 promoter Decreased (hypomethylation) [41, 56]
Foxol promoter Decreased (hypomethylation) [57, 58]
KIf8 promoter Increased (hypermethylation) [59]
Epha6 promoter Increased (hypermethylation) [41, 60]
Slit1 non-promoter Increased (hypermethylation) [41, 61]
Cldn5 promoter Decreased (hypomethylation) [62]
Ocln promoter Decreased (hypomethylation) [63, 64]
Ezr promoter Decreased (hypomethylation) [41, 65]
Myo3b promoter Increased (hypermethylation) [41, 66]
Sox17 promoter Decreased (hypomethylation) [67, 68]
Erg promoter Decreased (hypomethylation) [69]
Notch4 promoter Decreased (hypomethylation) [70]
THBS2 Decreased (hypomethylation) [71]
LINE-1 Decreased (hypomethylation) [72]

Table 1.

DNA methylation changes after stroke, showing the direction (increase or decrease) and supporting references for

each gene.

modifications and adjust nucleosome positions accordingly, thereby influencing
chromatin architecture. Moreover, certain histone modification marks attract
specific chromatin restructuring complexes, enhancing the restructuring process and
influencing gene expression through the “position effect” [78]. Nucleosome
positioning is intricately regulated, with chromatin remodelers falling into four

families in human cells: SWI/SNF, ISW1, CHD, and INOS8O [79]. These complexes
are vital for the normal growth and development of multicellular organisms as they
modulate gene expression by altering chromatin structure [80]. Nucleosome
remodeling targets specific gene loci, while higher-order chromatin formation
affects broader genomic regions [76]. Abnormal chromatin regulators that disrupt
normal chromatin structure are frequently associated with neurodevelopmental
disorders [81] and cognitive impairments [82], and, in some cases, may also lead to
weakened immune function [83].
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Abnormal chromatin is a hallmark of both necrotic and apoptotic cell death in
stroke-related neural injury. Although the impact of chromatin control in cerebral
ischemia is not yet fully clarified, increasing research emphasizes its significance and
the neuroprotective potential of chromatin-modifying agents. Histone modification
enzymes and chromatin remodeling factors that alter chromatin structure may play a
critical role in ischemic pathology. Notably, histone deacetylase inhibitors have
helped identify new treatment strategies for stroke [84].

3.3 Histone modification and stroke

It is well known that nuclear DNA primarily associates with histones, forming
chromosomes and chromatin [85]. Histones are composed of a central set of
canonical histones (such as H2A, H2B, H3, and H4), linker histones (like H1), and
histone variants (such as H2A.Z). Histone units can undergo depolymerization and
reorganization both before and after the formation of DNA replication and
transcription complexes [86]. In the nucleosome, histones come together to form
octamers. The DNA then wraps around each octamer in a rope-like structure,
completing approximately 1.67 turns, while some histone tails protrude outward
[87]. The histone code refers to the specific patterns of chemical modifications added
to histone proteins after translation, such as acetylation, methylation,
phosphorylation, ubiquitination, SUMOylation, and ADP-ribosylation, each of
which is mediated by dedicated enzymes [84]. During transcription, as DNA is
ensconced within histone grooves, machinery containing RNA Pol Il must locate and
target the gene promoter region. Histones thus act as “gatekeepers,” influencing
either the facilitation or suppression of DNA transcription. Histone modification
occurs across nearly the entire amino acid sequence, with a focus on the histone tails,
particularly at the N-terminals extending beyond the histone octamer core, though
modifications can also occur within the octamer [88]. These chemical modifications,
such as acetylation, methylation, ubiquitination, phosphorylation, and
SUMOylation, regulate chromatin structure, influencing its compactness, flexibility,
and stability, thereby affecting critical processes like transcription, DNA replication,
and repair. Additionally, these histone tail modifications can recruit other functional
complexes, collectively regulating gene expression.

To regulate gene expression effectively, both inhibitory and stimulatory factors
need to be maintained at optimal levels. Acetylation is usually linked to turning genes
on, whereas histone methylation can either enhance or inhibit gene expression,
highlighting the need for a balanced regulation of these histone modifications.
Histone alterations like H3K4me3 and H3K36me3 can boost gene expression by
increasing transcription machinery access, while marks such as H3K9me3,
H3K27me3, and H4K20me3 may result in decreased gene activity or transcriptional
repression [89]. Histone modifications often interact with DNA methyltransferases
and chromatin remodeling complexes, and some modification markers can recruit
antagonistic complexes [90], collectively ensuring accurate and flexible gene
expression. Even minor disruptions in these processes can lead to conditions like
cancer [91, 92] or intellectual disability [93]. Cancer cells frequently exhibit a loss of
active H3K4me3 and repressive H4K20me3, alongside an increase in repressive
marks like H3K9me3 or H3K27me3 [94]. Methylation and acetylation represent the
most widely investigated types of histone modifications, frequently occurring on
lysine residues either together or in a mutually interchangeable manner.
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Epigenetic regulatory processes are increasingly recognized as key modulators of
ischemic stroke. In response to global ischemia, core histones H3 and H4 undergo
deacetylation, while histone H3 at lysine-9 (H3K9) becomes dimethylated at the
MOR-1 promoter. Reducing MOR-1 gene expression has been demonstrated to
protect CA1 pyramidal neurons from ischemia-induced cell death [95]. Schweizer
and colleagues demonstrated that blocking the activity of the histone
methyltransferases SUV39H1 and G9a can protect neurons from oxidative damage
caused by hypoxia and support their survival in an in vitro cerebral ischemia model
[96]. Notably, multiple preclinical investigations have shown that treating animal
models of cerebral ischemia with different HDAC inhibitors diminishes neuronal
damage and improves functional recovery, indicating their potential as
neuroprotective agents [97]. Research from the last 10 years indicates that HDAC
inhibitors may be effective therapeutic agents for central nervous system disorders,
including stroke [98]. Acetylation of histones at the Hsp70 promoter is associated
with activating gene transcription and triggering signaling pathways that protect
neurons from cell death [99]. In fact, brain tissue exposed to MCAO exhibits
pronounced alterations in histone acetylation patterns [100]. Endres and colleagues
reported that administering the deacetylase inhibitor trichostatin A (TSA) offered
neuroprotection in mice, with TSA-treated animals showing a 48% reduction in
infarct size after 45 minutes of MCAO and 48 hours of reperfusion [101]. Similarly,
administering the MTase inhibitor 5-aza-2’-deoxycytidine along with the deacetylase
inhibitor TSA provided neuroprotection against stroke in wild-type mice [34].
Additionally, histone acetylation helps shield neurons from oxidative damage by
indirectly boosting the activity of neuroprotective antioxidant enzymes like
peroxiredoxins [102]. Reports indicate that TSA by itself did not improve stroke
recovery in Hdac2 conditional knockout (Hdac2 CKO) mice. However,
administering suberoylanilide hydroxamic acid, a selective inhibitor of HDAC1 and
HDAC2, during the delayed phase of stroke resulted in prolonged functional
recovery in mice [103]. Clinical studies have associated treatment with valproic acid
(VPA), a class I histone deacetylase inhibitor targeting HDACs 1, 2, 3, and 8, with a
lower incidence of stroke [104]. Preclinical research also shows that post-stroke VPA
treatment provides neuroprotection by reducing microglial activation, preserving
hippocampal CA1 neurons, promoting neurogenesis, and improving cognitive
function [105]. In subarachnoid hemorrhage (SAH) models, administering VPA
after the injury enhanced H3 acetylation, lowered levels of apoptotic proteins, and
alleviated vasospasm, indicating its potential neuroprotective role in hemorrhagic
stroke [104]. Additionally, in rat MCAO models, overexpressing HDAC4 or HDAC5
led to reduced levels of the neuroprotective Na / Ca? exchanger 3 (NCX3),
whereas their knockdown caused its expression to rise. Histone acetylation promotes
chromatin relaxation, facilitating transcription and protein synthesis, whereas
deacetylation leads to chromatin condensation and gene suppression [106]. A recent
proteomic study found decreased H3K9 acetylation in penumbra neurons within 24
hours of photothrombotic stroke in the rat cortex. Interestingly, even with this
decline, levels of the histone acetyltransferases HAT1 and PCAF were elevated in the
same model [107]. A further factor behind decreased histone acetylation in the
ischemic penumbra could be the heightened activity of HDAC enzymes, which strip
acetyl groups from histone lysines. Modifications like H4 acetylation enhance the
activation of genes that support tissue regeneration and axonal repair. Higher AcH4
levels are linked to greater neuronal resilience following ischemia and better
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functional recovery after stroke. Altogether, these observations underscore the
promise of inhibiting histone deacetylation as a potential therapeutic approach for
stroke.

3.4 Non-coding RNAs and their association with stroke

Non-coding RNAs (ncRNAs) are nucleic acid molecules transcribed from DNA
within the nucleus that do not undergo translation into proteins. Among these, long
non-coding RNAs (IncRNAs) constitute a subset of non-protein-coding
transcriptomes widely distributed throughout the genome, pivotal in regulating
cellular functions. Disruptions in their structure or turnover can lead to various
diseases [108]. The well-explored repertoire of non-coding RNAs encompasses
microRNAs (miRNAs), short interfering RNAs (siRNAs), piwi-interacting RNAs
(piRNAs), and long non-coding RNAs (IncRNAs) [109]. While the family of
ncRNAs is extensive, previously regarded as “junk RNAs,” recent studies have
unveiled their pivotal roles in epigenetic gene regulation, influencing diverse
biological processes [110]. A prominent mechanism through which ncRNAs
modulate gene expression is interference RNA (RNAi) [111]. This pathway involves
small double-stranded RNAs (dsRNA) and RNAI effectors like Dicer and Argonaute
proteins. Dicer processes double-stranded RNA (dsRNA) into short interfering
RNAs (siRNAs), which are subsequently loaded into RNA-induced silencing
complexes (RISCs). Guided by siRNAs, Argonaute proteins within RISCs target and
degrade mRNA, leading to translational inhibition [112]. This process not only
controls gene expression but also acts as an effective method for post-transcriptional
gene silencing. Recent research has underscored the crucial role of ncRNAs as master
regulators of the epigenetic landscape, opening up new avenues for epigenetic
investigations and promising therapeutic interventions [113]. The loss or
modification of non-coding RNAs (ncRNAs) can lead to severe consequences such as
tumorigenesis, neurological disorders, cardiovascular issues, developmental
abnormalities, and other diseases [114]. For example, specific circulating miRNAs
such as miR-208a, miR-1, miR-499, and miR-133 have been recognized as potential
biomarkers for the early diagnosis and monitoring of ST-segment elevation in
myocardial infarction [115]. The emergence of long non-coding RNAs (IncRNAs)
across a spectrum of diseases indicates their potential as therapeutic targets for
various cardiovascular and central nervous system disorders in the future [116].

Recent studies have revealed that microRNAs play a role in stroke
pathophysiology, showing increased expression within brain tissue [117]. Genome-
wide RNA-seq analyses conducted on mouse models of transient focal ischemia have
revealed extensive changes in IncRNA expression within the cortex region, with
transcript levels fluctuating during different reperfusion times [118]. Moreover, the
involvement of IncRNAs in regulating endothelial responses to ischemic stress has
been confirmed through in vitro experiments [119]. Following transient focal
ischemia in rat brains, significant alterations in IncRNA expression were observed.
Microarray analysis of IncRNAs revealed a subset that showed enhanced interaction
with the corepressors of the key neuronal repressor RE-1 Silencing Transcription
Factor (REST), namely Sin3A and coREST [120]. Moreover, IncRNAs have been
implicated in anti-inflammatory functions within the brain microvasculature,
mitigating ischemic cerebral vascular and parenchymal damages. Suppression of
Malat1 using Malat1l GapmeR significantly elevated OGD-induced cell death and
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Caspase 3 activity in brain microvascular endothelial cells [121]. IncRNAs play a key
role in defining and preserving neural cell identity [122]. In human embryonic stem
cells (hESCs), certain IncRNAs interact with SRY-related HMG-box 2 (SOX2) and
the Polycomb Repressive Complex 2 (PRC2) subunit Suppressor of zeste 12 homolog
(SUZ12), promoting effective and stable neuronal differentiation [123].
Additionally, modulating pro-inflammatory microRNAs like miR-125b and anti-
inflammatory microRNAs such as miR-26a, miR-34a, miR-145, and let-7b has
demonstrated beneficial effects on stroke recovery in preclinical studies [124, 125].

Non-coding RNAs (ncRNAs) have been recognized as crucial modulators of post-
transcriptional gene regulation in stroke. Clinical studies have explored changes in
long non-coding RNA (IncRNA) expression and genetic variations in stroke patients.
In 2012, the Vemuganti lab used microarrays to analyze 8,314 IncRNAs in the rat
cortex post-ischemia, identifying significant expression changes, 359 were
upregulated and 84 downregulated after MCAO [126]. One such IncRNA, H19,
known for its role in hypoxia-induced gene dysregulation and cancer, was elevated
in circulation following stroke. Wang et al. found increased H19 in stroke patients
and in mouse plasma, WBCs, and brain tissue post-MCAO. Inhibiting H19 protected
neurons from oxygen-glucose deprivation, suggesting it may increase stroke risk and
serve as a potential therapeutic target [127]. These findings highlight IncRNA
dysregulation in stroke patients and suggest their potential as therapeutic targets for
stroke therapy. However, unlike other medications, RNA lacks a suitable in vivo
carrier for precise delivery to specific cells, necessitating further refinement of this
treatment approach.

4. Crosstalk among different epigenetic modifications and therapeutic
targets

Every type of epigenetic modification is dynamically regulated within cells,
adapting to cues from changes in the cellular environment, including variations in
nutrient availability, stress, hormone levels, and cellular injury [128]. Moreover,
most genes, particularly those involved in cell differentiation and proliferation, are
subject to multiple layers of regulatory mechanisms [129]. These mechanisms
collaboratively ensure precise control of gene expression. For example, DNA
methylation can stabilize histone modifications and influence chromatin
architecture, ultimately resulting in the activation or repression of particular genes.
At times, these mechanisms may even counterbalance each other to maintain
homeostasis. Cooperative interactions between promotive histone modification
markers and repressive chromatin structures can moderate gene expression levels or
toggle genes “on and off” rapidly and efficiently [130]. Recent findings highlight the
role of multiple epigenetic mechanisms, such as DNA methylation, histone
modifications, and non-coding RNAs, in the development and progression of diverse
cardiovascular diseases (Table 2). Consequently, the combined effects of these
epigenetic modifications determine the ultimate outcome of gene transcription.

While epigenetic changes are vital for normal development and cellular stability,
they can also contribute to disease. Dysregulated methylation of immune processes,
for instance, has been linked to autoimmune disorders [141]. Given the reversible
nature of epigenetic modifications, it is both necessary and feasible to intervene in
these processes with epigenetic treatments. The primary focus of epigenetic
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Epigenetic Therapeutic targets/Strategies References
modification
DNA - DNMT inhibitors: 5-azacytidine, RG108, zebularine [131, 132]
methylation - Methyl donors: SAMe, folate

- TET enzyme activation: Vitamin C
Histone - HDAC inhibitors: Valproic acid, SAHA, TSA, sodium butyrate [133-135]
modification - HAT activators: Curcumin

- HDACS inhibitors: Tubastatin A (shown to reduce neuroinflammation in

stroke)
Chromatin - EZH2 inhibitors (e.g., GSK126): reduce neuroinflammation post-stroke [136, 137]
remodeling - SWI/SNF complex (BRG1): modulates microglial response in stroke
Non-coding - miRNA mimics/inhibitors: miR-124 (promotes neurogenesis), miR-155 [138-140]
RNAs (pro-inflammatory, inhibited in stroke), miR-21 (involved in apoptosis)

- IncRNA modulation: MEG3 (pro-apoptotic, inhibition beneficial),
MALAT1 (dual role, context-dependent)
- circRNAs: circDLGAP4 (protective in stroke model)

Table 2.
This table highlights epigenetic therapies shown to be effective in experimental stroke models, including inhibitors
of DNA methylation, HDACs, and modulators of non-coding RNAs and chromatin remodeling.

therapies has been on DNA methylation and histone acetylation. Since these
modifications are reversible, they present attractive opportunities for therapeutic
intervention, with DNA methylation and histone acetylation being the most
extensively investigated. These modifications not only offer therapeutic potential
but may also serve as early diagnostic markers. In ischemic stroke, epigenetic
changes may aid in tissue repair and influence the risk of recurrence [18]. Around
two decades ago, Endres and colleagues observed increased DNA methylation levels
after in vivo ischemia/reperfusion. Their study demonstrated that blocking DNA
methyltransferase activity in these models could shield the brain from ischemic
damage [34]. Furthermore, DNA methylation patterns are markedly altered during
stroke. Earlier research has indicated that some drugs can lower DNA methylation
levels, although they may also produce adverse effects [39]. Unlike histone
acetylation and DNA methylation, studies on histone methylation in ischemic stroke
remain limited. Nevertheless, these epigenetic modifications hold potential as
therapeutic targets and diagnostic biomarkers. Utilizing epigenetic marks as
biomarkers can enhance the identification of genetically high-risk populations,
enabling earlier preventive measures and potentially reducing healthcare costs for
patients.

Over the past decade, there has been a notable surge in the development of
experimental tools aimed at detecting and modifying epigenetic changes, with the
goal of preventing and treating associated diseases. For example, research has
identified a link between DNA methyltransferase 1 (DNMT1) and histone
deacetylases in the context of stroke [142]. Moreover, the HDAC inhibitor LBH589
has been found to induce DNMT1 degradation via the ubiquitin-proteasome
pathway mediated by Hsp90, presenting a novel mechanism for HDAC inhibitors to
downregulate DNMT1 [143]. Numerous potential epigenetic therapeutic agents,
including DNMT inhibitors, histone acetyltransferase (HAT) and histone
deacetylase (HDAC) inhibitors, histone methyltransferase (HMT) and histone
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demethyltransferase (HDMT) inhibitors, as well as miRNA biomarkers, have been
investigated and demonstrated translational value [144]. Notably, HDAC inhibitors
have garnered attention for their potential role in leukemia treatment [145], with
compounds like Trichostatin A (TSA) showing promise as anti-inflammatory
agents [146].

5. Conclusion

The regulation of gene expression through epigenetic mechanisms is a complex
and rapidly advancing area of research, with numerous processes yet to be fully
elucidated. These modifications act synergistically to maintain transcriptional
stability; however, their dysregulation can lead to abnormal gene expression and
play a role in the development of diseases. Recognizing the central role of epigenetics
in both normal development and pathogenesis opens new avenues for therapeutic
interventions. Epigenetic therapies have proven effective in several cancers.
However, treatment options for stroke are still limited, with recombinant tissue
plasminogen activator (rtPA) being the only approved drug therapy [147].
Considering the essential function of epigenetic modifications in regulating gene
expression, there is growing interest in developing epigenetic-based therapies for
ischemic stroke. These modifications offer novel molecular targets for stroke
diagnosis, neuroprotection, and tissue repair. Nonetheless, challenges remain
regarding therapeutic specificity. For instance, histone deacetylase inhibitors
(HDACI) affect a wide range of targets, which can lead to off-target effects and
unintended outcomes. Nonetheless, advances in CRISPR/Cas9 genome editing and
high-throughput sequencing technologies are enhancing our knowledge of how
epigenetic modifications interact with gene regulation and contribute to disease.
These tools hold great promise for advancing molecular diagnostics and personalized
treatment strategies.

Furthermore, an expanding body of evidence suggests that epigenetic pathways
are vital in vascular biology and may influence the heritability of cardiovascular
diseases. The impact of epigenetic modifications, particularly intragenic chromatin
changes, on transcription remains underappreciated in current genome-wide
studies. Numerous epigenetic compounds are being explored for their ability to
improve neuronal survival, facilitate brain tissue regeneration, and aid functional
recovery after stroke. Epigenetic mechanisms are central to neuron development,
homeostasis, and plasticity. When combined with conventional treatments,
epigenetic therapies may allow for reduced drug dosages, minimized side effects,
and enhanced overall quality of life for individuals recovering from stroke.
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Abstract

Cardiovascular diseases (CVDs) are the leading cause of morbidity and mortality
worldwide, accounting for approximately 31% of global mortality. Despite advances
in diagnosis, prevention, and treatment, the prevalence of CVD continues to rise,
highlighting that traditional risk factors (hypertension, diabetes, and dyslipidemia)
do not fully explain disease susceptibility. Epigenetics, defined as heritable
modifications of gene expression independent of DNA sequence changes, has
emerged as a critical factor influencing cardiovascular health and development. This
regulation involves dynamic changes in chromatin structure through chromatin
remodeling and DNA and histone chemical modifications, as well as the regulatory
functions of noncoding RNAs. Epigenetic mechanisms modulate gene expression
programs essential for cardiovascular development and response to injury, linking
environmental exposures to disease onset and progression. Epigenetic dysregulation
has been implicated in heart failure (HF) pathogenesis, often exacerbated by
comorbid conditions like diabetes. Understanding epigenetic contributions offers
promising avenues for novel therapeutic strategies targeting these molecular
pathways. This chapter focuses on the evolving role of epigenetics as a key
nongenetic determinant of cardiac development and heart failure.

Keywords: epigenetics, heart, development, cardiovascular disease, heart failure,
aging

1. Introduction

Cardiovascular disease (CVD) remains the foremost cause of global morbidity
and mortality, frequently resulting in heart failure (HF) and sudden cardiac death.
Various underlying conditions contribute to HF, including cardiomyopathies,
hypertension, myocardial infarction (MI), and aortic stenosis [1]. Following disease
onset, the heart undergoes both pathological and physiological remodeling,
characterized by cardiomyocyte hypertrophy, fibrosis, and inflammation. Over the
past 20 years, significant advances have been made in unraveling the molecular and
cellular mechanisms driving HF. These insights have informed the development of
multidrug therapies, such as angiotensin II receptor blockers, diuretics, and
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beta-adrenergic antagonists, which improve symptoms but often fail to fully restore
myocardial function [2].

A key regulator of cardiac gene expression during maturation and differentiation
is epigenetics, which is defined as a complex system of mechanisms that control gene
expression without altering the DNA sequence itself [3-5]. Recent studies have
demonstrated that epigenetic mechanisms, which establish cardiomyocyte identity
during development, also contribute to the reactivation of fetal gene expression
programs observed in HF [4, 5]. Therefore, elucidating the relationship between
epigenetic regulation and cardiac remodeling throughout development and disease
may reveal novel epigenetic drug targets aimed at modulating the cardiac epigenome
(Figure 1).

This chapter explores the roles of epigenetic mechanisms in cardiac development
and disease and discusses how these pathways may provide insight into novel
therapeutic strategies for CVD and HF. More specifically, we focus our attention on
studies involving DNA methylation, histone modifications, chromatin remodeling
mechanisms, and noncoding RNAs (ncRNAs) in the context of both cardiac
development and CVD. The evidence discussed in this chapter supports the role of
chromatin structural modulation in cardiovascular development and also in the

HISTONE MODIFICATIONS DNA METHYLATION
METHYL
GROUP
Cardiac Development Cardiac Disease
)] —_— —
|
p)
Cardiomyocyte Development Cardiac Homeostasis Hypertrophy
Cardiomyocyte Differentiation Fibrosis
Chamber Formation Heart Failure
Cardiac Looping Myocardial Infarct
Metabolic Maturation Metabolic Remodelling

CHROMATIN
REMODELING

OO

ATP-DEPENDENT NON-CODING
RNAs

Figure 1.
Summary of epigenetic mechanisms (histone modifications, DNA methylation, ATP-dependent chromatin
remodeling and noncoding RNAs) involved in cardiac development and disease.
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development of CVDs. The rising incidence of CVDs over recent decades
underscores the urgent need to deepen our understanding of their underlying
mechanisms. Research has increasingly focused on epigenetic processes as critical
contributors to these conditions. Improved knowledge of individual epigenetic
landscapes will facilitate the identification of disease causes and enable the design of
personalized therapeutic strategies. Despite advances in the understanding of
epigenetic mechanisms in the context of pathophysiology, a comprehensive
understanding of cardiovascular epigenetic networks remains incomplete. Clarifying
the intricate relationship between epigenetic regulation and tissue-specific
transcriptional programs is essential for developing therapies capable of selectively
reversing disease-associated gene expression patterns without causing off-target
effects.

2. Molecular basis of epigenetics

Epigenetics refers to the study of heritable modifications in gene expression that
occur without altering the underlying DNA sequence. These changes result from
mechanisms such as transcriptional and translational regulation, as well as
modifications in DNA structure and conformation [6]. Epigenetic processes play
a crucial role in proper development [7], normal cellular function, and the
maintenance of cellular homeostasis [8]. Dysregulation of these regulatory pathways
is strongly associated with a wide range of pathological conditions [9]. The main
mechanisms that encompass epigenetic regulation include DNA methylation,
histone modification, chromatin remodeling, and ncRNAs [10]. Coordinated gene
regulation through these mechanisms depends on complex interactions, among
which are transcription factors and specific DNA regulatory regions [6]. DNA
methylation typically involves the covalent addition of a methyl group to the
5-carbon of cytosine residues (5mC) within CpG sites, leading to transcriptional
repression either by directly hindering transcription factor binding or by recruiting
methyl-binding proteins (MBPs), which suppress gene expression via corepressor
complexes [11]. Histone proteins undergo a variety of posttranslational
modifications (PTMs) - including acetylation, methylation, ubiquitination,
sumoylation, and phosphorylation — which influence chromatin dynamics and gene
activity. For instance, acetylation can indirectly facilitate the recruitment of
transcriptional machinery or structural proteins that modify chromatin architecture
[10]. ncRNAs, which constitute a large portion of the genome, perform diverse and
largely still-unknown functions. Recent research has highlighted their involvement
in gene regulation, either by modulating gene expression at the posttranscriptional
level (e.g., through microRNAs or miRNAs) or by serving as molecular scaffolds that
mediate interactions between DNA and regulatory proteins, thereby influencing
transcription factor binding and chromatin organization [12].

Two key aspects of epigenetic regulation are particularly important to consider in
the context of disease. The first is its susceptibility to environmental influences, such
as diet, circadian rhythms, and pollutants. This makes epigenetic mechanisms prime
candidates for mediating the impact of environmental factors on disease onset and
progression. The second aspect is the dynamic nature of epigenetic mechanisms,
which makes them targetable for pharmacological modulation. This concept has
given rise to “epigenetic therapy,” namely the possibility of interfering with
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epigenetic changes responsible for disease onset. However, current epigenetic
therapies have important limitations: available drugs often exert broad, pleiotropic,
and toxic effects due to the ubiquitous expression of many epigenetic enzymes. To
overcome these challenges, research is increasingly moving toward the development
of more selective strategies, such as compounds capable of modulating specific
epigenetic pathways in a cell-type-specific manner.

In the past decade, growing evidence reveals that multiple layers of epigenetic
regulation contribute to the transcriptional alterations seen in HF. These include
alterations in the genomic distribution of DNA methylation and histone
modifications, variations in the function of enzymes that catalyze epigenetic marks,
and changes in ncRNA expression critical for both cardiac development and adult
heart function [13,14].

2.1 DNA methylation

DNA methylation refers to the enzymatic addition of a methyl group to the 5th
carbon position of cytosine bases (5mC) within CpG dinucleotides, which are
commonly found in CpG-rich regions of the genome known as “CpG islands.” This
modification can also take place in repetitive genomic elements, including satellite
DNA, centromeric repeats, and retrotransposons, where it is generally linked to
transcriptional repression. In mature mammalian cells, approximately 70% of CpG
sites are methylated. In contrast, embryonic stem cells show a distinctive
methylation pattern, with about 25% of methylated cytosines occurring outside CpG
sites, suggesting a unique regulatory role in pluripotent or undifferentiated states
[15]. DNA methylation leads to transcriptional repression either by directly blocking
transcription factor binding or by recruiting MBPs, which suppress gene expression
via corepressor complexes [11].

The process of DNA methylation is driven by a conserved group of enzymes
called DNA methyltransferases (DNMTs), which include DNMT1, DNMT3A, and
DNMT3B. These enzymes utilize S-adenosyl-methionine as a methyl group donor.
DNMT3A and DNMT3B are primarily involved in establishing de novo methylation
patterns, while DNMT1 is mainly responsible for preserving existing methylation
patterns after DNA replication [16]. Additionally, during the early stages of
embryonic development, DNMT3A and DNMT?3B play essential roles in initiating de
novo DNA methylation [17]. Active DNA demethylation is mediated by the 10-11
translocation (TET) family of enzymes, which includes TET1, TET2, and TET3.
These enzymes catalyze the oxidation of 5-methylcytosine to
5-hydroxymethylcytosine (Shmc), which can be further oxidized to
5-formylcytosine (5fc) and 5-carboxylcytosine (5caC). These oxidized derivatives
are recognized and excised by the base excision repair (BER) pathway, restoring
unmodified cytosine. Interestingly, 5-hmC has been shown to act as an epigenetic
mark capable of promoting transcription. Indeed, 5-hmC is enriched in regulatory
regions (promoter and enhancer regions) of actively transcribed genes [18, 19].

2.2 Histone modifications
Chromatin is primarily composed of nucleosomes, which consist of DNA

wrapped around a histone octamer made up of two copies each of histones H2A,
H2B, H3, and H4. The N-terminal tails of these histone proteins extend outward

192



Epigenetics of Heart Development and Disease
DOI: http://dx.doi.org/10.5772/intechopen.1013715

from the nucleosome core and serve as sites for various PTMs, including acetylation,
methylation, ubiquitylation, sumoylation, and phosphorylation. These chemical
modifications are critical players in epigenetic regulation and play crucial roles in
numerous cellular processes, such as gene expression, differentiation, development,
DNA replication, and repair [10].

Histone modifications can occur at several different amino acid residues:
acetylation, ubiquitylation, and sumoylation typically target lysines; methylation
can occur on lysine or arginine residues; and phosphorylation is generally found on
serines and threonines [20]. Importantly, the specific pattern and combination of
these modifications at any given time define the transcriptional state of the
chromatin. Active gene expression is usually correlated with histone acetylation and
methylation at lysines 4 and 36 of histone H3, while regions of transcriptional
repression are commonly associated with methylation or deacetylation at lysines 9
and 27 of histone H3 [21].

Acetylation of histones H2B, H3, and H4 occurs at lysine residues and is
controlled by the interplay between histone acetyltransferases (HATs) and histone
deacetylases (HDACs). HATs transfer acetyl groups to lysine residues, neutralizing
their positive charge and thereby loosening the interaction between DNA and
histones. This leads to a more relaxed chromatin structure, which facilitates
transcriptional activation. Conversely, HDACs remove these acetyl groups, resulting
in a more compact chromatin state that suppresses transcription [22].

Histone methylation is a more nuanced regulatory mechanism, as it does not alter
histone charge and can be correlated with either gene activation or repression,
depending on the specific residue and the extent of methylation (mono-, di-, or
trimethylation). This dynamic process is regulated by histone methyltransferase
(HMT) enzymes, which add methyl groups, and histone demethylases (HDMTs),
which remove these modifications [23]. Transcriptional activation is commonly
marked by modifications such as H3K4me3, H3K36me3, and H3K79me3, whereas
transcriptional repression is often indicated by methylation marks like H3K9me2,
H3K27me3, and H4K20me3 [24].

2.3 Chromatin remodeling

ATP-dependent chromatin-remodeling complexes are large, multi-subunit
protein assemblies that utilize the energy from ATP hydrolysis to modify chromatin
structure. By repositioning, ejecting, or restructuring nucleosomes, these complexes
enable access for transcription factors, thereby facilitating gene activation [10].
Among the four main families of ATP-dependent remodelers, the most functionally
significant in cardiac tissue is the BAF complex, the mammalian equivalent of the
yeast SWI/SNF complex. This complex plays a key role in regulating genes involved
in cardiac muscle cell growth, proliferation, and the formation of heart chambers
through the coordinated activity of its various subunits [25].

2.4 Noncoding RNA

A significant portion of the genome is classified as noncoding, meaning that while
these regions are transcribed into RNA, they are not translated into functional
proteins. ncRNAs are broadly categorized into two main groups: (1) short ncRNAs,
including microRNAs (miRNAs), small interfering RNAs (siRNAs), and
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PIWI-interacting RNAs (piRNAs), and (2) long noncoding RNAs (IncRNAs). Short
ncRNAs typically function to suppress gene expression, whereas IncRNAs have more
diverse and complex roles [26].

miRNAs are short RNA molecules, typically 19-25 nucleotides in length, that have
been extensively investigated due to their regulatory roles in numerous biological
processes, such as development, cell proliferation, and differentiation. They exert
their function by repressing gene expression at the posttranscriptional level. miRNA
biogenesis begins with transcription by RNA polymerase II, followed by processing
of the primary miRNA transcript (pri-miRNA) into precursor miRNA (pre-miRNA)
by the RNase III enzyme Drosha. The pre-miRNA is then transported to the
cytoplasm via exportin-5, where it undergoes further processing by the enzyme dicer
to produce the mature miRNA. This mature miRNA associates with argonaute
proteins to form the RNA-induced silencing complex (RISC), which binds to the
3’ untranslated region (3’ UTR) of target mRNAs, leading to either translational
inhibition or mRNA degradation [27].

In contrast, IncRNAs — defined as RNA transcripts longer than 200
nucleotides that do not code for proteins — remain less thoroughly
characterized, and their functions are still being uncovered. The activity of
IncRNAs is highly complex and appears to depend on their genomic origin,
subcellular localization, and temporal expression patterns. These features allow
IncRNAs to participate in a wide array of cellular functions, including the
regulation of organ development [28]. Overall, ncRNAs function as central
mediators linking genetic information to protein activity, exerting regulatory
control through transcriptional and posttranscriptional mechanisms, while also
coordinating intra and intercellular transport of regulatory factors crucial for
cellular homeostasis [29].

3. Epigenetic mechanisms of heart development

During embryogenesis, the heart is the first fully functional organ, beginning
around embryonic day 7.5 (E7.5) in mice and day 15 in humans, when cardiac
progenitors migrate from the lateral plate mesoderm to form the cardiac crescent.
This migration is driven by FGF8, while BMP signals from the endoderm establish
cardiac progenitor identity by inducing early markers like NKX2.5 and TBXS5.
Conversely, WNT3A and WNTS8 inhibit heart formation and must be blocked by
antagonists such as Crescent and Dickkopf-1 [30]. By E8.5 in mice (day 21 in
humans), the bilateral crescents fuse into a primitive, beating heart tube, which later
develops into atria and arterial outflows [30].

As the heart loops, additional progenitors from the pharyngeal mesoderm - the
secondary heart field — migrate into the heart, contributing to heart tube elongation
and right ventricle formation [28]. The early heart tube, composed of myocardial
and endocardial layers, is regulated by NKX2.5 and GATA4, which drive heart
development. Between E9.5 and E10.5 in mice (day 28 in humans), rightward
looping aligns the chambers and outflow tracts, controlled by pathways including
SHH and nodal, and transcription factors MEF2C and HAND family members
[29-32].

During this period, the proepicardium forms and generates the epicardium,
coronary vessels, and parts of the conduction system. Epicardial cells migrate over

194



Epigenetics of Heart Development and Disease
DOI: http://dx.doi.org/10.5772/intechopen.1013715

the myocardium and, through EMT, form coronary endothelial cells and vascular
smooth muscle cells. Coronary arteries connect to systemic circulation and release
endothelin-1, promoting Purkinje fiber differentiation. HAND1 and HAND2
transcription factors regulate ventricle development downstream of NKX2.5

(33, 34].

Cardiac growth results from cardiomyocyte proliferation and differentiation.
Embryonic cardiomyocytes proliferate mainly on the heart’s outer surface,
stimulated by epicardial mitogens like retinoic acid and endocardial growth
factors such as VEGF and angiopoietins. GSK3, B-catenin, Myc, and p38 MAPK
also regulate proliferation, while transcription factors SRF, MEF2A/C,
myocardin, and GATA4 promote differentiation and contractile gene expression
[35-37].

By E10.5, endocardial cushions form and differentiate into fibrous valves
under TGF- influence, contributing to the septation of the atrioventricular
canal and conotruncus. By E12.5, chamber formation is complete, including the
atria, ventricles, and major arteries. Neural crest cells play essential roles in
septation and in forming the vascular smooth muscle of the aortic and branchial
arch arteries, remodeling into key vessels like the ductus arteriosus [28].
Epigenetic mechanisms involved in cardiac development are summarized in
Table 1.

3.1 DNA methylation and cardiac development

Over the past two decades, numerous studies have highlighted the pivotal role of
epigenetic mechanisms in controlling the activity of key transcription factors during
cardiomyocyte specification, proliferation, and maturation. DNA methylation
regulates the timing of gene expression essential for cardiac lineage commitment and
functional maturation of cardiomyocytes. In embryonic stem cells, the genomic
regions that bind pluripotency factors like OCT4 and NANOG are unmethylated,
allowing the expression of genes involved in maintaining cellular stemness.
Conversely, binding sites for cardiac-specific transcription factors such as GATA1-4
and MEF2C are methylated, preventing premature expression of cardiac genes.
During differentiation, these methylation patterns undergo extensive remodeling:
demethylation at regulatory regions of genes belonging to cardiomyocyte
differentiation facilitates the binding of lineage-specific transcription factors and the
activation of cardiac gene networks, while methylation of noncardiac genes ensures
lineage fidelity [4].

In addition, several downstream targets of major developmental signaling
pathways (Hedgehog, BMP, TGFp, FGF, Notch, and Wnt/f-catenin) have been
found to carry hypermethylated regions during cardiomyocyte maturation,
correlating with their transcriptional repression [38]. During the neonatal period,
completing DNA methylation-mediated silencing, the repressive histone mark
K3K27me3 accumulates at the methylated promoters of Notch-responsive genes,
thereby ensuring stable repression of proliferative programs and preventing Notch-
driven cell cycle reactivation in mature adult cardiomyocytes [39]. Over the past
decade, 5-hydroxymethylcytosine, an intermediate product of DNA methylation,
has also been implicated in defining the transcription program of cardiomyocytes
during heart development, resulting in impaired homeostasis and altered responses
to pathological stress [18, 19].
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Category Key mechanisms/factors Developmental  Functional outcome/notes
timing

Heart FGF8 (progenitor migration), BMP  E7.5 (mice), day =~ Formation of the cardiac crescent

morphogenesis (cardiac identity via NKX2.5, 15 (humans) and the primitive heart tube

TBX5), WNT3A/WNTS inhibition
via Crescent, Dickkopf-1

Heart looping SHH, Nodal, MEF2C, HAND1/2,  E8.5-E10.5 Rightward looping, alignment of
and chamber NKX2.5, GATA4 (mice), day chambers/outflow tracts
formation 21-28 (humans)
Epicardium and  Proepicardium — epicardium, E9.5-E12.5 Coronary vessels, Purkinje fiber
coronary EMT, endothelin-1, HAND1/2 (mice) differentiation, ventricle
development formation
Cardiomyocyte  Mitogens: retinoic acid, Embryonic Proliferation on the outer heart
growth and VEGF, angiopoietins; Signaling: stages surface, differentiation, and con-
differentiation GSK3, B-catenin, Myc, p38 tractile gene expression
MAPK; TFs: SRF, MEF2A/C,
myocardin, GATA4
Valve and septa  TGF-p, neural crest cells E10.5-E12.5 Endocardial cushion differentia-
formation (mice) tion, septation, and formation of
major arteries and aortic
structures
DNA Regulates transcription factor Embryonic —~ Controls timing of cardiomyocyte
methylation activity (GATA1-4, MEF2C); neonatal stages differentiation, ensures lineage
hypermethylation of noncardiac fidelity, and silences proliferative
genes; 5-hydroxymethylcytosine programs in mature
cardiomyocytes
Histone WHSC1 (H3K36me3; NKX2.5 Embryonic — Promotes transcription of cardiac
modifications target genes), SMYD1 (H3K4me;  postnatal genes, essential for chamber for-
cardiomyocyte maturation), mation and cardiomyocyte
DOT1L (H3K79; differentiation; maturation
cardioprotection)
Chromatin BAF complex, BRG1 (ATPase Embryonic; Facilitates fetal cardiac gene
remodeling subunit), interacts with GATA reactivated in expression (B-MHC) and
TFs stressed adult represses adult isoforms (a-MHC)
hearts ; critical for development and
maladaptive stress response
Noncoding IncRNAs: Mhrt, Upperhand Embryonic — Epigenetic regulation via chro-
RNAs (Uph), Fendrr, Braveheart adult stress matin remodeling, super-
(ncRNAs) (Bvht). response enhancer maintenance, inhibition
of PRC2, and activation of TrxG/
MLL complexes control cardio-
myocyte proliferation, differen-
tiation, and stress responses
Table 1.

Summary of epigenetic mechanisms and factors involved in cardiovascular development.

3.2 Histone modifications and cardiac development

The HMT WHSCI1 plays a regulatory role in cardiac development by interacting
directly with the transcription factor NKX2.5. Through this interaction, WHSC1
promotes the transcription of NKX2.5 target genes by catalyzing histone H3 lysine 36
trimethylation (H3K36me3). Disruption of WHSC1 function results in atrial and
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ventricular septal defects, mirroring those observed in NKX2.5 mutations [40]. In
addition, the lysine methyltransferase SMYD1 (SET and MYND domain-containing 1)
functions as a transcriptional activator through its SET domain, which catalyzes the
methylation of histone 3 lysine 4 (H3K4). Loss of SMYD1 impairs cardiomyocyte
maturation and leads to the absence of right ventricular structures [41].

Another histone-modifying enzyme involved in transcriptional activation,
DOT1L, which specifically methylates H3K79, has been identified as essential for
heart development. Mice lacking DOT1L experience postnatal lethality accompanied
by cardiac defects. Beyond its developmental role, DOT1L supports cardiomyocyte
differentiation and cardiomyogenesis, and emerging evidence suggests that it may
help protect the heart from pathological remodeling processes [42].

3.3 Chromatin remodeling and cardiac development

The Brgl/Brm-associated factor (BAF) chromatin remodeling complex is
a critical regulator of cardiac development. Its catalytic ATPase subunit, primarily
BRG1 (encoded by Smarca4), utilizes energy from ATP hydrolysis to remove
nucleosomes from DNA, thereby increasing DNA accessibility at gene promoters and
enhancers. This activity facilitates the binding of key cardiac transcription factors,
including the GATA family, with which BRG1 directly interacts to synergistically
activate developmental gene programs.

The essential role of BRG1 in cardiac development is underscored by the
embryonic lethality of Smarca4-null mouse embryos, which exhibit severe cardiac
defects, including hypoplastic myocardium and the absence of the interventricular
septum [43]. Mechanistically, BRG1 contributes to defining the fetal cardiac gene
expression program by promoting, on one hand, the expression of fetal myosin
heavy chain (B-MHC) and, on the other hand, the suppression of the adult isoform
(0-MHC). Although BRG1 expression is typically absent in adult hearts, it is
reactivated in response to pathological stress, such as pressure overload. This
reexpression contributes to defining a fetal-like gene expression profile in stressed
cardiomyocytes. Therefore, the BAF complex, through its ATPase subunit BRG1, is
not only necessary for development but also for the maladaptive reprogramming of
cardiomyocytes in diseased states [44, 45].

3.4 ncRNAs and cardiac development

Beyond DNA methylation, histone modifications, and chromatin remodeling,
ncRNAs have emerged as a significant layer of epigenetic regulation in cardiac
development. Increasing evidence highlights the importance of several IncRNAs
in both heart formation and the maintenance of cardiac function. One such
IncRNA, Myheart (Mhrt), has been implicated in having a protective role in the
heart by repressing hypertrophic gene expression following pressure overload.
Under stress conditions, Mhrt expression is upregulated and acts as a molecular
decoy: it directly binds to the chromatin remodeler BRG1, sequestering it from
the promoter of the f-MHC gene. This interaction disrupts BRG1’s ability to
activate the maladaptive fetal gene program [46].

Another key IncRNA, Upperhand (Uph), is essential for cardiac development
through its regulation of HAND?2, a transcription factor crucial for right ventricle
formation. Uph has been shown to maintain the super-enhancer region upstream of
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HAND?2, which is marked by the active histone modification H3K27ac. Disruption of
Uph transcription leads to a loss of HAND2 expression, highlighting its role in the
epigenetic control of transcription factors involved in heart development [47].

The IncRNA Fendrr (fetal-lethal noncoding development regulatory RNA) has also
been identified as vital for cardiac development, particularly in regulating
cardiomyocyte proliferation during embryogenesis. It exerts its effects through
a dual mechanistic approach: it acts by inhibiting the HMT of the polycomb
repressive complex 2 (PRC2), preventing the deposition of the repressive H3K27me3
mark at target promoters. Concurrently, Fendrr facilitates gene activation by
recruiting trithorax group (TrxG)/MLL complexes, which trimethylate lysine 4 on
histone H3 (H3K4me3) [48]. Similarly, Braveheart (Bvkt) is another
developmentally important IncRNA. It supports cardiac lineage specification by
preventing PRC2 from binding to MESP1 (mesoderm posterior homolog 1), a gene
essential for initiating cardiomyocyte differentiation [49].

4. Epigenetic mechanisms of heart disease

CVD, particularly when it progresses to HF or sudden cardiac death, remains the
leading contributor to global morbidity and mortality. A range of pathological
conditions (cardiomyopathies, hypertension, MI, and aortic stenosis) is recognized
as major precursors to HF [1]. Once the disease is initiated, the heart often undergoes
pathological remodeling, a process marked by hypertrophy of cardiomyocytes,
fibrotic tissue deposition, and inflammatory responses.

This remodeling process begins in response to extracellular stress signals, which
trigger inflammation and result in significant alterations to the extracellular matrix
(ECM). These changes include increased ECM deposition and elevated levels of
pro-inflammatory mediators, such as IL-6, TNF-q, and C-reactive protein (CRP)
[50]. Chronic exposure to these inflammatory cues contributes to the development
of fibrosis and cardiomyocyte hypertrophy, ultimately impairing heart function
due to increased tissue stiffness and reduced contractility [13]. Fibrosis, often
originating from aberrant inflammatory or stress responses, is considered a central
pathological event that can lead to both structural and functional decline in various
organs [51].

At the cellular level, cardiac remodeling involves heightened protein synthesis
and enlarged cardiomyocyte size, which compromise the integrity of sarcomeric
architecture and contribute to metabolic and mitochondrial dysfunction [52].
Molecularly, the process is characterized by a reversion to fetal-like gene expression,
including increased expression of Actal (a-skeletal actin), Myh7 (B-myosin heavy
chain), and natriuretic peptides NppA and NppB, disrupting the normal homeostatic
gene programs of adult cardiomyocytes [13].

Despite advances in pharmacological therapies — such as angiotensin II receptor
blockers, diuretics, and beta-blockers — these treatments often fail to reverse cardiac
damage and are not curative [53]. A major challenge lies in the incomplete
understanding of the molecular and cellular changes that drive HF, alongside the
limited regenerative capacity of adult cardiac tissue [54]. A deeper understanding of
the baseline transcriptional networks that maintain cardiomyocyte function may
open new avenues for therapies aimed at reversing disease-associated gene
expression profiles.
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These transcriptional states are regulated by the epigenome, which encompasses
DNA and histone modifications, as well as ncRNA-mediated mechanisms [55].
Alterations in epigenetic regulation have been strongly associated with the onset and
progression of CVD and HF, with changes noted in DNA methylation,
hydroxymethylation, histone modification patterns, chromatin architecture, and
ncRNA expression [56]. Moreover, disruptions in these epigenetic processes — often
in a cell or tissue-specific manner — have been linked to numerous risk factors for
CVD and HF, including diabetes, hypertension, stroke, atherosclerosis, MI, and
obesity [57]. A summary of epigenetic factors involved in CVD can be outlined in
Table 2.

4.1 DNA methylation and heart disease

DNA methylation has emerged as a critical factor in the development of CVDs,
although its specific role in HF remains incompletely understood. Numerous works
have demonstrated that DNA methylation profiles are altered across various disease-
promoting pathways, often leading to observable phenotypic changes. Recent
epigenome-wide association studies (EWAS) have helped identify new therapeutic
targets and have deepened our understanding of the molecular mechanisms
underlying CVD and HF. One EWAS conducted in the CATHGEN cohort revealed
six novel methylation sites associated with all-cause mortality, including castor zinc

Category Key mechanisms/factors Context/ Functional outcome/notes
timing
DNA methy- Altered methylation at CpG sites HF develop- Modulates gene expression in

lation in heart
disease

(e.g., CASZ1), fetal-like repro-
gramming in cardiomyocytes, pre-
natal exposure effects, DNMTs
(DNMT1, DNMT3A/B), TET
enzymes (5-hmC), RNA methyla-
tion (METTL3, FTO, m6A)

ment, pressure
overload
(TAC), aging

hypertrophy and HF; can be pro-
tective or maladaptive; fetal-like
methylation may be reactivated in
disease; therapeutic targets identi-
fied via EWAS; RNA methylation
regulates the hypertrophic
response and contractility

Histone modi-

HMTs: G9a/EHMT?2; HDMs:

Cardiac hyper-

JMJD2A deletion protects against

fications in JMJD2A; acetylation: HATs (p300),  trophy, HF hypertrophy; G9a maintains car-

heart disease HDACs (HDAC4, 5, 9) progression diomyocyte homeostasis; p300
overexpression drives hypertro-
phy; HDAC4/5/9 inhibit MEF2C,
protecting against hypertrophy
and HF

Noncoding IncRNAs: Mhrt, Chaer, H19, Chrf, Cardiac hyper- ~ Mhrt inhibits BRG1, preventing

RNAs Sarrah trophy, HF, hypertrophy; Chaer inhibits PRC2-

(ncRNAs) in
heart disease

cardiac aging

mediated repression, promoting
hypertrophy; H19 suppresses
NFAT, protecting against mala-
daptive hypertrophy; Chrf regu-
lates miR-489, influencing
hypertrophy; Sarrah, downregu-
lated with aging, prevents cardio-
myocyte apoptosis

Table 2.

Summary of epigenetic mechanisms and factors involved in cardiovascular disease.
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finger 1 (CASZ1), a key regulatory gene linked to adverse outcomes in CVD
patients [58].

Animal models, particularly those using transverse aortic constriction (TAC) to
simulate cardiac hypertrophy and HF, have been instrumental in exploring how
DNA methylation contributes to gene expression changes during disease
progression. These studies revealed that DNA methylation deposition patterns are
significantly altered in hypertrophic and failing hearts; however, the direct impact
on gene expression remains uncertain. One notable finding is that after three weeks
of TAC, cardiomyocyte DNA methylation patterns begin to resemble those seen
during fetal development, though the functional consequences of this
reprogramming are not yet fully understood [59]. Similar fetal-like methylation
signatures have also been observed in the aging heart, though their implications for
age-associated HF require further investigation [60].

There is currently no consensus regarding the functional outcomes of DNA
methylation alterations in HF. Some studies have linked hypermethylation of CpG
islands in specific promoter regions with increased expression of genes involved in
end-stage cardiomyopathies [61]. Conversely, other research indicates that aberrant
DNA methylation can repress critical genes involved in maladaptive pathways, such
as those associated with dilated cardiomyopathy [62]. Additionally, evidence
suggests that prenatal tobacco exposure can lead to lasting changes in DNA
methylation, particularly in repetitive elements like Alu Yb8, potentially elevating
the risk of developing CVD later in life [63]. Altered methylation patterns in end-
stage HF patients have also been correlated with changes in the expression of
angiogenic factors such as PECAM1 [61]. Moreover, some studies suggest that
aberrant DNA methylation may impair the heart’s ability to respond to physiological
stress [64].

As established, DNA methylation in mammals is primarily mediated by DNMTs.
DNMT1 plays a critical role in maintaining methylation patterns during the DNA
replication process, while DNMT3A and DNMT3B are responsible for de novo
methylation, especially during embryonic development [65]. Deleting DNMT3B
specifically in cardiomyocytes leads to impaired cardiac function and worsened HF
under stress conditions [66]. Interestingly, constitutive deletion of both DNMT3A
and DNMT3B does not appear to produce an overt cardiac phenotype in mice [67].
On the other hand, pharmacological inhibition of DNMTs using compounds like
5-aza-2-deoxycytidine, 5-azacytidine, or RG108 has shown protective effects,
preventing HF onset in animal models [68].

Another important epigenetic layer is DNA hydroxymethylation, a process
catalyzed by TET enzymes, which convert 5-methylcytosine (5-mC) to
5-hydroxymethylcytosine (5-hmC). This mark is often enriched in promoter and
enhancer regions and is associated with active transcription [69]. While TET enzyme
expression remains stable in pressure overload models, redistribution of 5-hmC has
been observed during cardiac hypertrophy, particularly in gene bodies and
enhancers, leading to increased transcription of fetal cardiac genes such as Nppa,
Nppb, and Myh7 [69].

RNA methylation — especially N6-methyladenosine (m6A) —has also emerged as
a critical regulator of cardiac homeostasis and disease. Similar to DNA methylation,
RNA methylation is reversible and dynamically regulated. In the heart, METTL3
(an m6A “writer”) and FTO (an m6A “eraser”) have been identified as key
regulators. Notably, blocking METTL3 blunts the hypertrophic response, while
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reduced FTO expression in failing hearts leads to diminished cardiomyocyte
contractility [70]. The dynamic interplay between these enzymes highlights the
broader role of RNA methylation in modulating cardiac function and its potential
relevance in HF.

4.2 Histone modifications and heart disease

Several HMTs and HDMTs have been implicated in the regulation of gene
expression during cardiac hypertrophy. One notable HDM, lysine demethylase 4A
(JMJD2A), demethylates the repressive marks H3K9me3 and H3K26me3, thereby
modulating genes involved in the hypertrophic response. Studies using JMJD2A
knockout mice demonstrate that the absence of this enzyme confers resistance to
pressure overload-induced cardiac hypertrophy [71].

In contrast, the HMT G9a (EHMT?2) is essential for maintaining
cardiomyocyte homeostasis. G9a regulates cardiomyocyte function by catalyzing
the methylation of H3K9me?2 and interacting with PRC2’s catalytic subunit,
EZH2. Importantly, G9a exerts an antihypertrophic effect in healthy
cardiomyocytes by repressing the transcriptional activity of myocyte enhancer
factor 2C (MEF2C). At baseline, this repression helps keep fetal gene expression
silenced in the adult heart [13].

Another critical histone modification involved in cardiac development and
disease is acetylation, which generally promotes transcriptional activation, unlike
methylation. The balance of histone acetylation is regulated by HATs and HDACs.
The HAT p300 has been extensively studied for its role in cardiac development; its
deletion results in embryonic lethality accompanied by severe cardiac
malformations. Conversely, overexpression of p300 is linked to cardiac
hypertrophy, as it acetylates transcription factors such as GATA4 and MEF2C,
enhancing their binding to promoters of fetal genes that drive the hypertrophic
program [72].

Among the HDACs, HDAC4 (a class I HDAC) represses MEF2C activity through
deacetylation, thereby reversing hypertrophic changes [73]. Other class II HDACs,
including HDACS5 and HDACDY, similarly inhibit MEF2C function and attenuate the
hypertrophic response, underscoring their protective role against cardiac
hypertrophy and HF [74].

4.3 ncRNAs and heart disease

The investigation of IncRNAs in cardiac hypertrophy and HF is still in its early
stages. High-throughput sequencing technologies have uncovered thousands of
IncRNAs whose expression is dysregulated in cardiac diseases such as HF, yet most
remain poorly characterized. Gaining insight into the diverse regulatory mechanisms
of these transcripts in cardiac pathophysiology will be crucial for developing
innovative therapeutic approaches [75].

One of the earliest studied IncRNAs in the heart is myosin heavy chain-associated
RNA transcript (Mhrt), which overlaps with the Myh7 gene locus. Mhrt binds
directly to BRG1, providing protection against hypertrophic growth. Overexpression
of Mhrt in mice subjected to TAC improved cardiac function by regulating the
transcriptional switch between Myh6 and Myh7, a key transcriptional change that
has been described in the cardiomyocyte hypertrophic response [46].
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Another significant IncRNA involved in cardiac hypertrophy is the cardiac
hypertrophy-associated epigenetic regulator (Chaer). Chaer interacts with the
catalytic subunit of the PRC2 complex, EZH2, and inhibits the deposition of the
repressive mark H3K27me3 at the promoters of several hypertrophic genes, thus
promoting hypertrophy. Mice lacking Chaer exhibit improved cardiac function and
reduced hypertrophy following pressure overload [14].

The IncRNA H19 also plays a role in cardiomyocyte hypertrophy and apoptosis.
Its expression increases during the early hypertrophic phase of HF but declines in the
decompensated heart. H19 interacts with PRC2 and suppresses the prohypertrophic
transcription factor NFAT (nuclear factor of activated T cells). Mice deficient in H19
develop more severe hypertrophy under pressure overload, while H19
overexpression enhances cardiac function in models of afterload-induced HF [76].

Additionally, the IncRNA Chrf regulates miR-489; repression of miR-489
promotes maladaptive cardiac hypertrophy, illustrating another layer of complex
epigenetic regulation [77].

In the context of cardiac aging, the IncRNA OXCT1 antisense RNA 1 (Sarrah) has
been identified as a key noncoding transcript. Sarrah is downregulated during aging
and plays an antiapoptotic role in cardiomyocytes, which is necessary for their
survival [78]. Studies on the epigenetic mechanisms underlying cardiac aging will be
critical for the development of therapeutic tools for the improvement of lifestyle in
the aged population.

5. Conclusions

In the context of CVD and HF, it is critical to consider the influence of aging on
cardiovascular health. Aging is associated with numerous functional changes in
the heart, including diastolic and systolic dysfunction, arrhythmias, and atrial
fibrillation. The increased prevalence of CVDs in older populations is linked to
chronic inflammation, oxidative stress, reactive oxygen species (ROS)
production, apoptosis, and myocardial deterioration [50]. Recent work has
shown that aging hearts undergo a metabolic shift: cardiomyocytes increase
glycolysis while reducing oxidative phosphorylation, which contributes to age-
associated decline in cardiac function. By integrating epigenomic,
transcriptomic, and metabolomic data across young and old mice, this study
identified that a set of conserved enhancers related to the glycolysis pathway
becomes activated during the aging process. This effect was shown to be a result
of pseudohypoxia, wherein hypoxia-related responses are induced even under
normal oxygen levels, mediated via the histone acetyltransferase p300/CBP.
Importantly, pharmacologic inhibition of p300/CBP before the onset of cardiac
aging reversed this metabolic remodeling, leading to a more aerobic metabolic
profile, better heart contractility, and an attenuation of age-related cardiac
deterioration [79]. This work is crucial in the understanding of the underlying
epigenetic mechanisms altered during the aging process.

In addition to their role in disease mechanisms, epigenetic factors also show
promise as diagnostic biomarkers. Biomarkers are measurable indicators that can
reflect disease states or how a patient responds to treatment. Among these, miRNAs
stand out due to their stability, ease of detection in various body fluids, and strong
conservation across species, which makes it easier to translate findings from animal
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studies to humans. As a result, miRNAs are being actively explored as potential
predictive biomarkers in CVD [80].

In addition, it is important to consider the significance of different environmental
cues and their effect on cardiovascular health. Although significant advances have
been made in nanotoxicology, the epigenetic mechanisms underlying nanoparticle
(NP)-induced toxicity remain poorly understood. A recent study found that
exposure to iron-based magnetic NPs alters the distribution of histone modification
H3K27ac, leading to changes in enhancer activity and gene expression, highlighting
epigenetic reprogramming as a key contributor to nanotoxicity [81]. These findings
could have important implications for CVD. The fact that toxicants can modulate
enhancer activity through epigenetic mechanisms — coupled with the role of
enhancers in driving the transcriptional changes underlying cardiac hypertrophy and
the metabolic shift that causes the impairment of cardiac function in aging - suggests
that environmental toxicants may adversely affect heart function via an epigenetic
pathway.

Acronyms and abbreviations

3’UTR 3’ untranslated region

5mC 5-methylcytosine

a-MHC alpha-myosin heavy chain (adult isoform)

B-MHC beta-myosin heavy chain (fetal isoform)

BAF BRG1/BRM-associated factor (chromatin-remodeling
complex)

BMP bone morphogenetic protein

BVHT Braveheart

CHAER cardiac hypertrophy-associated epigenetic regulator

CMCs cardiomyocytes

CRP C-reactive protein

CVD cardiovascular disease

DNMT DNA methyltransferase

DOT1L disruptor of telomeric silencing 1-like

ECM extracellular matrix

EMT?2 (G9a) euchromatic histone lysine methyltransferase 2

EWAS epigenome-wide association studies

EZH2 enhancer of zeste homolog 2

FENDRR fetal-lethal noncoding developmental regulatory RNA

FGF8 fibroblast growth factor 8

FTO fat mass and obesity-associated protein (m6A RNA
demethylase)

GATA GATA-binding transcription factors

HAT histone acetyltransferase

HAND heart and neural crest derivatives expressed proteins

HDAC histone deacetylase

HDMT histone demethylase

HF heart failure

HMT histone methyltransferase

IL-6 interleukin-6
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JMJD2A Jumonji domain-containing protein 2A (histone demethylase)

IncRNA long noncoding RNA

mo6A N6-methyladenosine

MBP methyl-CpG-binding protein

MEF2C myocyte enhancer factor 2C

MESP1 mesoderm posterior bHLH transcription factor 1

METTL3 methyltransferase-like 3 (m6A RNA methyltransferase)

MHRT Myheart

NANOG NANOG homeobox transcription factor

ncRNA noncoding RNA

NFAT nuclear factor of activated T-cells

NOTCH Notch signaling pathway

NKX2.5 NK2 homeobox 5

OCT octamer-binding transcription factors

PRC2 polycomb repressive complex 2

PTM posttranslational modification

ROS reactive oxygen species

SARRAH senescence-associated IncRNA regulating heart regeneration

SET SET domain-containing histone methyltransferases

SMYD1 SET and MYND domain-containing protein 1 (histone
methyltransferase)

SRF serum response factor

TAC transverse aortic constriction

TBX5 T-box transcription factor 5

TET ten-eleven translocation (methylcytosine dioxygenases)

TGF-p transforming growth factor beta

TNF tumor necrosis factor

UPH Upperhand

VSMC vascular smooth muscle cell

WHSC1 Wolf-Hirschhorn syndrome candidate 1 (histone
methyltransferase)

WNT Whnt signaling pathway (family of glycoproteins)
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Chapter 11

Lactylation-Driven Epigenetic
Modulation: A New Frontier in
Vascular Aging and Associated
Disorders

Shilin Chen, Liang Xiao, Shuhui Ouyang, Weiming Guo,
Yan Jiang, Qingping Zhang, Jing Yang and Gang Fan

Abstract

Vascular aging is a fundamental process driving age-related cardiovascular and
cerebrovascular diseases, characterized by endothelial dysfunction, vascular
smooth muscle cell (VSMC) senescence, and extracellular matrix (ECM)
remodeling. Recent studies have unveiled protein lactylation, a novel post-
translational modification where lactate covalently binds to lysine residues, as
a critical metabolic-epigenetic mechanism linking glycolytic flux to vascular
pathophysiology. Under conditions such as hypoxia, hyperglycemia, or oxidative
stress, accumulated lactate is converted to lactoyl-CoA and transferred by enzymes
like p300/CBP to modify histones and non-histone proteins, thereby regulating
gene expression and cellular functions. This article comprehensively summarizes
the dual roles of lactylation in vascular aging and associated disorders. Lactylation
promotes endothelial inflammation, VSMC osteogenic transition, and ECM
calcification through specific targets such as H3K18la, NF-kB, and metabolic
enzymes, thereby accelerating atherosclerosis, diabetic vasculopathy, pulmonary
hypertension, and aortic aneurysms. Conversely, in certain contexts, it supports
reparative macrophage polarization and plaque stability. The interplay between
lactylation and other modifications further fine-tunes vascular homeostasis.
Emerging therapeutic strategies, including small-molecule inhibitors of lactylation
writers p300/CBP, lactate-lowering agents, and natural compounds, show promise
in preclinical models. However, challenges remain in specificity, detection, and
clinical translation. Future research should integrate multi-omics approaches
and spatial technologies to elucidate cell-specific lactylation networks, facilitating
the development of targeted interventions against vascular aging and its
complications.

Keywords: lactylation, vascular aging, epigenetic modulation, metabolic
reprogramming, vascular disease
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1. Introduction

Vascular aging is a cornerstone of age-related morbidity, underpinning
pathologies ranging from atherosclerosis and hypertension to Alzheimer’s disease
and renal failure [1, 2]. As arteries lose elasticity and endothelial function declines,
blood vessels become prone to stiffening, reduced nitric oxide bioavailability, and
chronic inflammation. These changes impair tissue perfusion, elevate cardiac
workload, and drive end-organ damage [3-5]. Notably, vascular aging is not
a passive process but an active maladaptation fueled by oxidative stress,
mitochondrial dysfunction, and the senescence-associated secretory phenotype
(SASP), where senescent cells release pro-inflammatory cytokines and proteases [6].
For example, senescent vascular smooth muscle cells (VSMCs) secrete matrix
metalloproteinases (MMPs) that degrade elastin, accelerating arterial stiffening
[7-9]. The systemic consequences are profound: microvascular rarefaction in the
brain exacerbates cognitive decline [10], while coronary artery remodeling increases
ischemic heart disease risk [11]. Thus, vascular aging is both a biomarker and a driver
of multisystem decline, making it a critical target for interventions aimed at
extending healthspan.

Post-translational modifications (PTMs) dynamically regulate cellular aging by
modulating protein stability, localization, and interaction networks [12, 13].
Acetylation, phosphorylation, and ubiquitination are well-established PTMs that
govern processes such as DNA repair, metabolic flux, and stress responses. Among
diverse cell types, vascular cells are uniquely sensitive to PTM-dependent signaling
because of their constant exposure to hemodynamic forces, fluctuating oxygen levels,
and metabolic stress [14]. Moreover, maladaptive PTM patterns can amplify
endothelial dysfunction and smooth muscle phenotypic switching, both hallmarks of
vascular aging [15]. In vascular cells, PTMs act as molecular switches: SIRT1-mediated
deacetylation of endothelial nitric oxide synthase (eNOS) maintains vascular tone,
while phosphorylation of AMP-activated protein kinase (AMPK) coordinates energy
homeostasis during hypoxia [16, 17]. Aging disrupts PTM equilibrium —
hyperacetylation of histones due to declining sirtuin activity promotes pro-
inflammatory gene expression, while aberrant ubiquitination impairs proteostasis,
leading to toxic protein aggregation[18]. Intriguingly, PTMs also serve as metabolic
sensors. For instance, O-GlcNAcylation, a nutrient-sensitive modification, links
hyperglycemia to endothelial dysfunction in diabetes [19]. These findings position
PTMs as both mediators of aging and therapeutic levers, exemplified by NAD +
boosters that restore sirtuin activity to ameliorate vascular senescence.

The discovery of protein lactylation by Zhang et al. unveiled a paradigm in which
lactate, a glycolysis byproduct, directly modifies lysine residues, integrating
metabolic states with epigenetic regulation [20]. Under hypoxic or hyperglycemic
conditions, lactate accumulation drives lactoyl-CoA synthesis, enabling enzymes
like p300/CBP to catalyze lactylation on histones (e.g., H3K18la) and non-histone
targets [21-23]. Equally important, lactylation operates as a bona fide epigenetic
mechanism. Lactate-derived lactoyl-CoA enables writer enzymes — including
p300/CBP and the ACSS2-KAT?2A axis — to deposit histone lactylation at active
chromatin, thereby tuning transcriptional programs in a context-dependent manner
[20, 24]. Counterbalancing this, class I histone deacetylases (HDAC1-3) function
as delactylases that erase histone lactylation and reset chromatin states [25].
Additional reports nominate aminoacyl-tRNA synthetases (AARS1/2) as global
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lysine lactyltransferases that sense L-lactate and regulate innate immune signaling
[26, 27]. Crosstalk with other epigenetic marks (e.g., acetylation and methylation)
further integrates metabolic status with enhancer activity, chromatin accessibility,
and gene silencing [28]. Highlighting these writer/eraser systems and their
interactions strengthens the conceptual framework of lactylation as a central
epigenetic regulator in diseases.

Lactylation has emerged as a critical post-translational modification implicated
in a broad spectrum of diseases. Recent studies have highlighted its regulatory
roles in cancer[29], neurodegeneration [30], infection [31], fibrosis [32], and
metabolic complications(Table 1), underscoring its wide-reaching impact on
cellular physiology and pathology. These findings collectively establish lactylation
as a fundamental epigenetic and metabolic signal that transcends organ systems
and disease categories. Building on this broad relevance, the subsequent sections
focus specifically on how lactylation interfaces with vascular cell biology and
contributes to the processes of vascular aging.

In vascular aging, lactylation exerts dual roles: it sustains inflammation by
enhancing NF-kB signaling in macrophages [30, 33], thereby destabilizing
atherosclerotic plaques, while in diabetic vasculature, it disrupts endothelial tight
junctions by lactylating occludin, exacerbating microvascular leakage [31, 34-37].
Lactylation also competes with acetylation at shared lysine sites, creating a dynamic
interplay that fine-tunes gene expression [25]. Recent work demonstrates that
lumican promotes calcific aortic valve disease by driving histone H3 lactylation at
specific sites (H3K14la and H3K9la), which facilitates the expression of osteogenic
genes such as Runx2 and BMP2 and ultimately leads to aortic valve calcification [38].
Additionally, studies in pulmonary fibrosis reveal that lactate derived from lung
myofibroblasts induces histone lactylation in macrophages via p300, promoting
a profibrotic phenotype, a mechanism highlighting lactylation’s role in intercellular
metabolic signaling [32]. These insights, combined with advancements in
lactylation-specific inhibitors and CRISPR-based epigenetic editing, underscore its
potential as a therapeutic target [25, 39]. Lactylation highlights its crucial role in the
metabolic regulation of age-related processes, thereby offering innovative strategies
for improving vascular dysfunction.

This chapter outlines the role of lactylation in vascular aging processes: (i)
biochemical foundations, encompassing the sources of lactate/lactoyl-CoA, enzymatic
writers and erasers, and interactions with other chromatin marks; (ii) cellular and
pathway modules, detailing how lactylation reprograms endothelial cells, vascular
smooth muscle cells, and immune cells to influence inflammation, oxidative stress,
senescence, extracellular matrix remodeling, and calcification; and (iii) disease
applications, including atherosclerosis, hypertension, aneurysm, diabetic
vasculopathy, and other aging-related conditions. Building on this framework, we
synthesize translational opportunities alongside key challenges and conclude with
forward-looking perspectives on therapeutic targeting and research priorities.

2. Literature search and selection
We conducted a narrative search of PubMed, Web of Science, and Scopus

covering 2019-September 2025, supplemented with seminal pre-2019 lactylation
reports. Core queries combined terms such as “lactylation” OR “lactoyl-lysine” with
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vascular keywords (endothelium, VSMC, aging, calcification, atherosclerosis,
hypertension) and, for scope broadening, oncology/neurology/infection/fibrosis/
metabolism. We included original experimental/clinical studies and high-quality
reviews in English and excluded abstracts without full text or non-peer-reviewed
content. Screening proceeded from titles/abstracts to full text by two authors, with
disagreements resolved by consensus. Because this is a narrative review, we did not
perform a quantitative synthesis or risk-of-bias scoring; however, we prioritized
mechanistically informative studies and those providing in vivo or human evidence
to support the claims summarized in this chapter.

3. Basics of protein lactylation

Protein lactylation, a novel PTM, involves the covalent attachment of lactate to
lysine residues, forming lactoyl-lysine (Kla) adducts [46-48]. Mechanistically,
lactate is converted to lactoyl-CoA via lactate dehydrogenase (LDH) or acyl-CoA
synthetases (ACSS1/2), followed by enzymatic transfer of the lactoyl group to target
proteins by lysine lactoyltransferases such as p300/CBP [49, 50]. Histone lactylation
alters chromatin structure to regulate gene transcription, notably driving immune
cell polarization and stress adaptation [51]. Non-histone lactylation further
modulates metabolic enzymes and signaling pathways, implicating this PTM in
aging, cancer, and inflammatory diseases. Detection of lactylation relies on advanced
techniques, including high-resolution mass spectrometry for site-specific mapping,
pan-/site-specific antibodies for immunoblotting and imaging [43], and isotopic
tracing to track metabolic sources [52]. However, challenges persist, such as
antibody cross-reactivity with similar acylations and low modification
stoichiometry, requiring refined enrichment protocols.

Lactylation dynamically interacts with classical PTMs, creating a regulatory
network that fine-tunes cellular responses. It competes with acetylation for shared
lysine residues, with enzymes like p300/CBP balancing these modifications in
a context-dependent manner [53]. For instance, hypoxia-induced lactate
accumulation shifts the equilibrium toward lactylation, suppressing pro-inflammatory
genes while promoting tissue repair [20, 54]. Synergistically, lactylation primes
chromatin for methylation by recruiting DNA methyltransferases, as observed in
cancer-related epigenetic silencing [55, 56]. Preliminary evidence also suggests
lactylation may stabilize proteins by inhibiting ubiquitination-mediated degradation,
though mechanisms remain elusive [57]. These interactions underscore lactylation’s
role as a metabolic-epigenetic rheostat, integrating glycolytic flux with transcriptional
and post-translational programs. Future research must address technical limitations,
elucidate non-histone targets, and explore therapeutic modulation of lactylation
enzymes to combat diseases like atherosclerosis and diabetic vasculopathy. By
unraveling its crosstalk with other PTMs, lactylation research promises to redefine our
understanding of metabolic control in health and disease.(Table 2)

4. Mechanisms of vascular aging

Vascular aging, a hallmark of age-related cardiovascular and cerebrovascular
diseases, is driven by multifaceted molecular and structural alterations in
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Class Representative  Role in lactylation Illustrative vascular Refs
relevance
Writer p300/CBP Catalyzes histone lactylation using Endothelial inflammation; [25,
lactoyl-CoA VSMC reprogramming 47]
Writer ACSS2-KAT2A  Generates lactoyl-CoA and couples Links metabolic flux to [24]
(coupled) with KAT2A to install histone chromatin in disease
lactylation
Putative AARS1/2 Sense L-lactate and act as global Innate immunity/inflamma- [26]
writer lysine lactyltransferases tory tone
Eraser HDAC1-3 Delactylases that remove histone Resets pathological lactylation ~ [58]
lactylation programs
Transport/ MCT1/MCT4 Modulate lactate pools that feed MCT4 inhibition promotes [59]
supply lactylation a reparative macrophage
phenotype
Crosstalk Acetylation/ Interdependent regulation of Impacts chromatin accessibil-  [60]
Methylation enhancers and repression complexes ity and gene silencing
Table 2.

Key components and relevance of epigenetic regulation of lactylation.

endothelial cells (ECs), VSMCs, and the extracellular matrix (ECM). Endothelial
dysfunction initiates this cascade, characterized by diminished nitric oxide (NO)
bioavailability due to reduced eNOS activity and elevated oxidative stress from
reactive oxygen species (ROS). Age-related mitochondrial dysfunction and NAD*
depletion further impair EC barrier integrity, promoting endothelial-to-
mesenchymal transition (EndMT) and pro-inflammatory signaling, which
exacerbate leukocyte adhesion and vascular permeability [61]. VSMC senescence,
a key contributor to arterial stiffening, arises from telomere attrition, DNA damage
accumulation, and the SASP, which releases cytokines that drive ECM remodeling
and calcification [62]. Phenotypic switching of VSMCs, from contractile to
synthetic states, fuels neointimal hyperplasia and vascular fibrosis, while
diminished autophagy and heightened endoplasmic reticulum stress accelerate
apoptosis [63, 64]. ECM remodeling, a hallmark of vascular aging, involves
collagen deposition, elastin fragmentation, and glycosaminoglycan accumulation,
mediated by imbalanced MMPs and their inhibitors TIMPs. This structural
degradation reduces arterial compliance, elevates pulse wave velocity, and impairs
mechanotransduction, perpetuating a vicious cycle of hemodynamic stress and
cellular damage [65].

Beyond these core mechanisms, epigenetic dysregulation and chronic low-grade
inflammation amplify vascular aging [66, 67]. Age-related shifts in microbiome-
derived metabolites and circadian rhythm disruption further perturb vascular
homeostasis. Emerging evidence implicates mitochondrial transfer between ECs and
VSMCs, as well as non-coding RNA networks, in modulating senescence pathways
[68, 69]. Together, these interconnected processes, spanning cellular dysfunction,
ECM degradation, and systemic metabolic dysregulation, underlie the progression of
atherosclerosis, hypertension, and aneurysmal disease. Targeting these axes,
particularly via NAD + boosters, senolytics, and ECM-stabilizing therapies, holds
promise for mitigating age-related vascular decline and extending cardiovascular
healthspan [70].
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5. Role of lactylation in vascular aging

Vascular aging, characterized by progressive endothelial impairment, smooth
muscle senescence, and ECM stiffening, is intricately regulated by metabolic-
epigenetic crosstalk, with protein lactylation emerging as a pivotal molecular
switch [71]. Lactylation, the covalent attachment of lactate to lysine residues,
directly links glycolytic reprogramming to transcriptional and post-translational
dysregulation, driving age-related vascular pathologies through mechanisms
spanning cellular energetics, inflammatory signaling, and chromatin
remodeling [72].

5.1 Metabolic reprogramming and lactate-driven lactylation

Aged vascular cells undergo a metabolic shift toward aerobic glycolysis, fueled
by mitochondrial dysfunction, NAD* depletion, and hypoxia-inducible factor la
(HIF-1a) activation [73]. This results in excessive lactate production, while
impaired lactate clearance via downregulated monocarboxylate transporters
(MCTs) elevates intracellular lactate pools [74, 75]. Lactate is enzymatically
converted to lactoyl-CoA by acyl-CoA synthetases (ACSS1/2) and subsequently
transferred to target proteins by lysine lactoyltransferases such as p300/CBP [31].
In ECs, hyperglycemia and oxidative stress further amplify this process, creating
a feedforward loop that sustains lactylation. For instance, in diabetic vasculopathy,
elevated glucose flux through the polyol pathway increases lactate synthesis,
promoting lactylation of ECM proteins like collagen IV, which exacerbates arterial
stiffness [76, 77].

5.2 Epigenetic and non-epigenetic regulatory networks

Lactylation has emerged as a key modulator of aging processes through both
epigenetic and non-epigenetic mechanisms. In cellular senescence and tissue aging,
lactylation serves a dual role: it can antagonize age-related functional decline in
some contexts, yet promote pathological aging in others, governed by cell type-
specific and metabolic microenvironments [44, 78, 79]. In aged skeletal muscle,

a marked decline in histone lactylation is associated with reduced expression of
genes critical for DNA repair and proteostasis. Hypoxia or exercise can restore
glycolytic flux and lactyl-CoA levels, increasing histone lactylation at promoters of
genes involved in cell cycle and maintenance pathways, thereby ameliorating
muscle aging and preserving function [44]. Similarly, in the heart, lactylation
interacts with other metabolic-dependent epigenetic marks, particularly
methylation, to regulate myocardial aging. This crosstalk influences inflammatory
responses, mitochondrial function, and metabolic homeostasis, positioning dual
epigenetic therapy as a promising strategy to delay age-related cardiac decline [80].
Notably, lactylation extends beyond histones. Non-histone lactylation is
increasingly recognized as a pivotal regulator in aging. Proteins involved in
neuronal excitability, inflammation, and cellular communication undergo
lactylation, impacting CNS homeostasis and contributing to neurodegenerative
processes. Microglial lactylation, for instance, influences neuroinflammation and
neuronal survival, suggesting broader implications for brain aging and related
diseases [81, 82].
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5.3 Lactylation in vascular cell dysfunction: Molecular targets and pathways

Lactylation directly disrupts vascular cell homeostasis by modifying critical
proteins [26]. In ECs, lactylation of histone H3 at lysine 18 (H3K18la) recruits
bromodomain-containing protein 4 (BRD4) to activate pro-inflammatory genes
(e.g., IL-6, VCAM-1), while lactylation of the transcription factor NF-kB p65
enhances its nuclear retention, perpetuating endothelial activation and leukocyte
adhesion [83]. Concurrently, lactate-mediated inhibition of SIRT1 deacetylase
activity reduces eNOS phosphorylation, diminishing NO bioavailability and
promoting oxidative stress [84]. In VSMCs, lactylation drives phenotypic switching,
calcification, and apoptosis. H3K18 lactylation upregulates CHI3L1 expression,
promoting osteogenic transdifferentiation of VSMCs [85]. The NR4A3 enhances
glycolysis and lactate production, further increasing histone lactylation levels, which
mediate medial arterial calcification [42]. Moreover, deficiency of the E3 ubiquitin
ligase March2 disrupts K33-linked polyubiquitination of pyruvate kinase M2
(PKM2), activation of a p53-dependent apoptotic transcriptional program,
exacerbates VSMC apoptosis [86].

6. Lactylation in vascular aging-associated diseases

Vascular aging is a central driver of age-related cardiovascular diseases (CVDs),
with protein lactylation emerging as a critical metabolic-epigenetic regulator linking
glycolytic flux to disease progression [87]. This post-translational modification,
catalyzed by lactate-derived lactoyl-CoA, modulates cellular responses in ECs,
VSMCs, and immune cells, contributing to atherosclerosis, hypertension, diabetic
vasculopathy, vascular calcification, and abdominal aortic aneurysm (AAA). Below,
we dissect lactylation’s role in these pathologies through molecular and cellular
mechanisms.

6.1 Atherosclerosis

Atherosclerosis is driven by lactylation-dependent reprogramming of both
vascular endothelial and immune cells, linking metabolic dysregulation to epigenetic
inflammation. In ECs, lipid peroxidation and aerobic glycolysis induce lactate
accumulation, promoting P300/ASF1A-mediated histone H3K18 lactylation
(H3K18la). This modification activates transcription of EndMT genes, disrupting
endothelial integrity and accelerating plaque formation. Genetic or pharmacological
inhibition of ASF1A or glycolysis attenuates H3K18la and mitigates EndMT-induced
atherogenesis [40]. Concurrently, lactylation critically modulates immune cell
behavior within plaques. In macrophages, inhibition of the lactate exporter MCT4
increases intracellular lactate, elevating H3K18la levels, which activate anti-
inflammatory and reparative genes, favoring an M2 phenotype and enhancing
plaque stability [88]. Exercise induces a protective mechanism via MeCP2 lactylation
at K271 in macrophages, which interacts with H3K36me3 to repress the transcription
factor RUNX1, promoting M2 polarization and increasing collagen content to
stabilize atherosclerotic lesions [89]. Beyond histones, lactylation also regulates
immune metabolism by shaping macrophage polarization, T-cell differentiation, and
B-cell activity, highlighting its role as a metabolic checkpoint in inflammatory plaque
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progression [90]. Thus, lactylation exerts dual roles in atherosclerosis: it exacerbates
disease via EndMT in the endothelium, yet confers protection through
immunomodulatory reprogramming in macrophages, positioning it as a cell-type-
specific therapeutic target.

6.2 Hypertension and pulmonary arterial hypertension

Lactylation plays a critical role in the pathogenesis of both systemic hypertension
and pulmonary arterial hypertension (PAH) by modulating VSMC function, metabolic
reprogramming, and immune-inflammatory responses. In systemic hypertension,
angiotensin II signaling promotes glycolytic switching in VSMCs, resulting in lactate
accumulation and subsequent lactylation of contractile proteins such as caldesmon and
myosin light chain kinase. This impairs actomyosin dynamics, enhances calcium
sensitivity, and sustains vasoconstriction, contributing to arterial stiffening. In PAH,
hypoxia serves as a key driver of metabolic reprogramming. HIF-mediated
upregulation of glycolytic enzymes enhances lactate production in pulmonary arterial
smooth muscle cells (PASMCs). This lactate induces histone lactylation, particularly at
H3K18, which promotes the expression of pro-proliferative genes such as PGF, Gbel,
and Ythdf2, accelerating PASMC proliferation and pulmonary vascular remodeling.
Inhibition of glycolysis with oxamate attenuates this lactylation-driven pathological
process, confirming its metabolic-epigenetic basis [91]. Beyond proliferation,
lactylation also induces cellular senescence in PASMCs via prelamin A accumulation. In
hypoxic PH models, prelamin A upregulation, dependent on histone lactylation,
triggers senescence-associated IL-6 secretion, which paradoxically promotes further
proliferation and vascular remodeling. Suppression of lactylation reduces prelamin
A levels and ameliorates these effects, highlighting lactylation’s role in sustaining
a senescent-proinflammatory loop [92]. Lactylation further contributes to PAH by
modulating the immune microenvironment and RNA methylation. It influences
N6-methyladenosine modifications and immune cell activity, fostering a pro-
inflammatory and pro-remodeling milieu that exacerbates disease progression [93, 94].
Thus, lactylation functions as a converging mechanism linking hypoxia, glycolysis, and
epigenetic regulation in both systemic and pulmonary hypertension.

6.3 Vascular calcification

Vascular calcification, a pathological process prevalent in aging, diabetes, and
chronic kidney disease, is orchestrated by lactylation-induced osteogenic
transdifferentiation of VSMCs. Diabetic hyperglycemia and uremic metabolites
drive lactate accumulation, promoting extensive lactylation modifications that
activate pro-calcific signaling. Specifically, H3K18 lactylation serves as a key
epigenetic switch under high glucose conditions. It upregulates CHI3L1
expression, which, in turn, activates the IL-13-1L-13Ra2-JAK1-STAT3 pathway,
accelerating VSMC osteogenic differentiation and arterial medial calcification.
Site-specific mutation at H3K18 significantly attenuates this process, confirming
its functional necessity [85]. The orphan nuclear receptor NR4A3 further
amplifies this cascade by enhancing glycolytic flux and lactate production.
NR4A3 directly binds to promoters of glycolytic genes, increasing histone
lactylation levels, which subsequently promote transcription of the pro-calcifying
gene Phosphol. NR4A3 deficiency reduces glycolysis, lactylation, and
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calcification, underscoring its role in coupling metabolic reprogramming to
epigenetic-driven calcification [41]. These mechanisms are not limited to the
arterial wall - aortic valve calcification also depends on lactylation. In valvular
interstitial cells (VICs), lactylation at H3K9 and other sites upregulates Runx2,
a master osteogenic transcription factor. The natural compound andrographolide
(AGP) attenuates calcification by inhibiting p300-mediated H3 lactylation and
reducing lactate production via LDHA suppression, highlighting lactylation as

a druggable target [95]. Collectively, lactylation functions as a critical metabolic—
epigenetic nexus in vascular calcification, linking hyperglycemia, uremia, and
hyperlactatemia to osteogenic reprogramming and hydroxyapatite deposition.
Targeting lactylation through inhibitors of lactate production, epigenetic writers,
or downstream effectors offers novel therapeutic avenues to mitigate vascular
and valvular calcification.

6.4 Diabetic vasculopathy

Diabetic vasculopathy, encompassing both micro — and macrovascular damage, is
profoundly driven by a hyperglycemia-induced surge in lactate production and
subsequent protein lactylation. This metabolic-epigenetic axis disrupts vascular
homeostasis across multiple organ systems. In the macrovascular compartment,
hyperglycemia promotes arterial medial calcification via specific histone lactylation
pathways. Lactate accumulation in the diabetic microenvironment induces H3K18
lactylation in VSMCs, driving osteogenic differentiation of VSMCs and accelerating
arterial calcification [85]. Concurrently, in the microvascular compartment,
lactylation mediates end-organ damage, particularly in diabetic kidney disease.
Global lactylome profiling of renal tissues from diabetic models reveals a marked
upregulation of lysine lactylation, with the majority of modified proteins localized to
mitochondria. A key mechanistic finding identifies K182 lactylation on ACSF2,

a mitochondrial enzyme. This lactylation impairs ACSF2 function, inducing
mitochondrial dysfunction, oxidative stress, and promoting renal tubule injury. The
upregulation of lactylated ACSF2 is observed in both diabetic mouse models and
human diabetic kidney biopsies, positioning it as a key contributor to the progression
of diabetic nephropathy [45].

6.5 Aortic dissection and abdominal aortic aneurysm

Aortic dissection (AD) and abdominal aortic aneurysm (AAA) represent life-
threatening impairments of vascular structural integrity, with lactylation emerging
as a crucial regulator in their pathogenesis through metabolic reprogramming and
immune-inflammatory activation. Multi-omics approaches, particularly single-cell
and bulk RNA sequencing, have revealed pronounced lactylation activity across
immune and vascular cell populations in AAA, correlating strongly with enhanced
inflammatory responses and disease severity [96]. In AD, global lactylation profiling
identified significant modifications in mitochondrial energy pathways, notably
lactylation of ATP synthase subunit a (ATP5F1A) at lysine 531, which impaired
mitochondrial ATP production, increased reactive oxygen species, and promoted
phenotypic switching of VSMCs, thereby accelerating medial degeneration [97]. The
E3 ubiquitin ligase March2 has been identified as a key protective factor in aortic
aneurysm/dissection (AAD). Its deficiency exacerbates AAD progression by
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disrupting PKM2 ubiquitination and tetramerization, enhancing glycolytic flux and
histone H3K18 lactylation. This lactylation drives p53-mediated VSMC apoptosis,

a hallmark of AAD pathogenesis. Restoration of March2 or activation of PKM2 with
TEPP-46 ameliorates these effects, underscoring the therapeutic potential of
targeting lactylation [86].

Lactylation also contributes to immune dysregulation in these conditions. In
AAA, elevated lactylation is linked to immune cell infiltration and inflammatory
activation, with machine learning algorithms identifying PGK1 and HMGA1 as
lactylation-related diagnostic biomarkers exhibiting high accuracy [98]. Similarly, in
thoracic AD, monocyte and macrophage populations demonstrate high lactylation
activity, augmenting their inflammatory responses and intercellular communication
[99]. Genetic studies further support a shared susceptibility between AAA and
cardiometabolic traits, particularly in lipid metabolism and inflammation pathways,
highlighting lactylation’s role in intersecting metabolic and immune mechanisms
[100]. Moreover, macrophage-derived inflammatory signaling, such as through
ILF3, exacerbates AAA by amplifying NF-«B activity and suppressing Nrf2-mediated
anti-inflammatory responses, pathways potentially modulated by lactylation [101].
Collectively, these findings position lactylation as a central mechanism driving aortic
wall deterioration and immune-metabolic dysregulation in AD and AAA, offering
promising biomarkers and therapeutic targets for these catastrophic vascular
conditions.

7. Therapeutic targeting of lactylation in vascular diseases

Targeting the lactylation axis presents a promising therapeutic strategy for
vascular aging-related diseases, with interventions focusing on inhibiting lactate
production, modulating epigenetic writers/erasers, and utilizing immunometabolic
reprogramming.

7.1 Targeting lactylation enzymes and metabolites

Small-molecule inhibitors directly targeting lactylation regulatory enzymes
are under active development. The catalytic p300/CBP inhibitor A-485
competes with acetyl-CoA, potently and selectively suppressing histone
lactylation and demonstrating efficacy in tumor models, highlighting its
potential for vascular applications where p300 drives pathological lactylation
[102]. Similarly, the HDAC3-specific inhibitor RGFP966 attenuates palmitic
acid-induced phenotypic switching in VSMCs by restoring lipid metabolism and
autophagy, suggesting its utility in ameliorating lactylation-associated
vasculopathy [103]. Beyond direct epigenetic targeting, modulating lactate
availability is a viable strategy. Dichloroacetate (DCA), a pyruvate
dehydrogenase kinase (PDK) inhibitor, reduces lactate accumulation by shifting
metabolism toward oxidative phosphorylation. DCA has shown efficacy in
abdominal aortic aneurysm (AAA) models by suppressing neutrophil
infiltration, NETosis, and VSMC dedifferentiation, thereby preventing aortic
dilation [104]. Targeting the newly identified lactyl-CoA synthetase ACSS2 or
its interaction with lactyltransferase KAT2A also offers a novel approach to
disrupt lactylation at its source [24].
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7.2 Immunometabolic and lactylation-targeted therapies

Lactylation modulates immune cell function in the vascular microenvironment,
providing opportunities for immunometabolic therapy. Inhibiting lactate exporters
like MCT4 reprograms macrophages toward a reparative phenotype by elevating
H3K18la and activating anti-inflammatory genes, thereby enhancing plaque
stability in atherosclerosis [88]. Combining lactate metabolism inhibition with
immunotherapy is a promising frontier. For instance, LDHA inhibition with
oxamate reduces lactylation and disrupts the immunosuppressive
microenvironment, potentially enhancing the efficacy of CAR-T cell therapy in
vascular settings, as demonstrated in tumor models [105]. Furthermore, HIF-1a
inhibitors like digoxin and 2-methoxyestradiol, which suppress glycolytic flux and
lactate production, have been shown to attenuate AAA progression by reducing
MMP expression [106].

7.3 Natural compounds and traditional medicine

Several natural compounds modulate lactylation with therapeutic effects. AGP
alleviates aortic valve calcification by inhibiting p300-mediated H3 lactylation and
suppressing LDHA-driven lactate production [95]. Salvianolic acid B (Sal B)
downregulates LDHA expression and H3K18la, exerting anti-inflammatory and
antifibrotic effects in liver and cardiovascular injury models [107]. Formononetin,
an isoflavone, promotes fatty acid B -oxidation via the SIRT1/PGC-1a/PPAR«
pathway, offering a strategy to reduce lactate generation and subsequent
lactylation in metabolic diseases [107]. These findings are supported by systematic
reviews highlighting the potential of Traditional Chinese Medicine to restore
lactylation homeostasis by dual regulation of lactyltransferases and lactate
metabolism [108].

7.4 Future directions and clinical translation

While preclinical studies are promising, the clinical translation of
lactylation-targeted therapy is still nascent. The MCT1/2 inhibitor AZD3965
is currently in clinical trials for lymphoma (NCT01791595)[109], and its
results may inform cardiovascular applications. Future efforts should
prioritize the development of more specific lactylation writers/erasers inhibitors
and explore combination strategies that simultaneously target metabolic
pathways and immune responses. Integrating multi-omics approaches with
spatial technologies will be crucial for identifying cell-specific lactylation
targets and developing personalized therapeutic regimens for vascular aging
diseases.

8. Challenges and future perspectives
The exploration of protein lactylation as a metabolic-epigenetic regulator in
vascular aging and associated diseases faces significant technical, translational,

and clinical challenges that must be addressed to realize its therapeutic potential.
Despite the increasing recognition of lactylation as a pivotal epigenetic
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modification involved in vascular aging and associated disorders, several
challenges hinder its clinical translation. First, the precise molecular mechanisms
regulating lactyl-CoA synthesis, transport, and the site-specific occurrence of
lactylation remain poorly understood [25, 110]. Current detection methods lack
the sensitivity and specificity required to comprehensively map lactylation sites
across the proteome, particularly in low-abundance proteins [111, 112].
Furthermore, the interplay between lactylation and other post-translational
modifications, such as acetylation, methylation, and phosphorylation, introduces
additional complexity, making it difficult to delineate the specific role of
lactylation in vascular pathophysiology [113-115]. The lack of specific inhibitors
or activators for lactylation “writers,” “erasers,” and “readers” further impedes
functional studies and drug development [20, 25, 114]. Moreover, most existing
evidence is derived from preclinical models, and large-scale human studies
validating lactylation as a biomarker or therapeutic target in vascular aging
remain limited.

Looking forward, future research should prioritize the development of advanced
methodologies for precise lactylation profiling, such as high-resolution mass
spectrometry and modification-specific antibodies [111, 112]. Interdisciplinary
strategies that integrate multi-omics approaches, including epigenomics,
metabolomics, and proteomics, will be crucial for elucidating the lactylation network
in vascular cells under conditions of aging and stress [116, 117]. The identification
of small-molecule modulators that selectively target lactylation-related enzymes
could provide innovative therapeutic options for vascular disorders such as
atherosclerosis, calcific aortic valve disease, and diabetic vasculopathy. In addition,
investigating lactate-lowering interventions, including MCT inhibitors, glycolysis
modulators, and lifestyle modifications, may contribute to the regulation of
lactylation dynamics and the attenuation of vascular aging [108, 118, 119]. Finally,
rigorously designed clinical studies are urgently required to elucidate the association
between lactylation levels and vascular health outcomes, ultimately facilitating the
development of lactylation-based diagnostics and therapies for age-related
cardiovascular diseases.

9. Conclusion

Protein lactylation has emerged as a pivotal metabolic-epigenetic mechanism
that intricately links glycolytic flux to vascular aging and its associated
pathologies. This novel post-translational modification, driven by lactate
accumulation under conditions such as hypoxia, hyperglycemia, and oxidative
stress, modulates a wide array of cellular processes, including gene expression,
immune responses, mitochondrial function, and extracellular matrix remodeling,
through both histone and non-histone targets. In vascular aging, lactylation acts
as a double-edged sword: it exacerbates endothelial dysfunction, VSMC
senescence, and calcification via pathways involving H3K18la, NF-kB, and
metabolic enzymes, thereby accelerating atherosclerosis, diabetic vasculopathy,
pulmonary hypertension, and aortic aneurysms. Conversely, in certain contexts,
such as macrophage polarization, lactylation promotes reparative phenotypes and
enhances plaque stability. The dynamic interplay between lactylation and other
PTMs, such as acetylation and ubiquitination, further fine-tunes vascular
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homeostasis, highlighting its role as a metabolic rheostat. Emerging therapeutic
strategies, including small-molecule inhibitors of p300/CBP, lactate-lowering
agents, natural compounds, and epigenetic editing tools, show promising efficacy
in preclinical models by targeting lactylation at metabolic, enzymatic, and
transcriptional levels. However, challenges remain in achieving cell-type
specificity, improving detection methodologies, and translating these findings
into clinical applications. Future research should leverage multi-omics and spatial
technologies to elucidate cell-specific lactylation networks and their crosstalk
with other metabolic and inflammatory pathways. The development of more
specific modulators of lactylation writers, erasers, and readers, combined with
lactate-centric interventions, holds great potential for mitigating vascular aging
and its complications. Ultimately, a deeper understanding of lactylation’s role in
vascular biology may pave the way for novel diagnostic biomarkers and targeted
therapies, offering hope for extending cardiovascular healthspan in an aging
population.
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