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Abstract: Environmental epigenetics, an emerging field, investigates the relationship between environmental factors and epigenetic changes, that
defines an individual’s disease vulnerability. This review highlights the associations among genetics, environment, and health. Environmental
epigenetics significantly impacts disease susceptibility through mechanisms like non-coding RNAs, histone modifications, and DNA
methylation, responding to external stimuli and dynamically interacting with genes. Lifelong epigenetic imprints, influenced by the prenatal
environment, early experiences, diet, chemical exposures, and lifestyle, dictate health trajectories across the lifespan, elevating the risk of
various illnesses, including cancer, cardiovascular, metabolic, and neurological conditions. Major findings demonstrate how antenatal
environmental factors—Ilike mother’s diet, food, and stress level—shape fetal epigenetic programming and impact health consequences in the
future. Furthermore, it has been demonstrated that environmental pollutants and dietary nutrients can modify epigenetic markers, highlighting
the crucial role that lifestyle decisions have in reducing the risk of disease. Significantly, the notion that epigenetic alterations may be passed
down through generations raises the possibility that environmental exposures may have an impact on health consequences for future
generations. Environmental epigenetics revolutionizes our understanding of gene-environment interactions and their role in disease etiology.
The study concludes by highlighting the revolutionary implications of environmental epigenetics for comprehending the etiology of disease
and customizing public health approaches and by promoting the incorporation of both genetic and environmental components within public
health frameworks. The knowledge acquired calls for an evolution of paradigms in medicine toward customized care utilizing epigenetic
biomarkers and calls for more studies to improve therapies that lessen the harmful epigenetic consequences of exposure to the environment.
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1. Introduction

This comprehensive review’s primary objective is to investigate
how environmental influences impact epigenetic pathways, which in
turn affects health results and illness susceptibility in successive
generations future [1]. The goal of the study is to determine how
environmental factors, including food, stress, and pollution, shape
epigenetic  alterations  including DNA  methylation, histone
modifications, and non-coding RNA expression during the perinatal
and lifetime stages of life. It also aims to investigate the possibility of
epigenetic mark transmission over generations and clarify how these
changes in the genome affect a person’s vulnerability to a range of
diseases, such as cancer and cardiovascular conditions [2]. This
research postulates that environmental influences profoundly influence
epigenetic mechanisms, which modify gene expression without
modifying the DNA sequence and so impact susceptibility to disease.
It claims that early environmental exposures significantly influence
long-term results by determining health trajectories through epigenetic
programming [3]. In addition, it emphasizes the complexity brought
by the potential for transgenerational inheritance of epigenetic
alterations and implies that dietary interventions can modify
epigenetic patterns, providing a preventive approach to illness risk
reduction [4]. This review’s structure is intended to systematically
explore these theories. Following a thorough explanation of the main
ideas and scope in the introduction, the mechanisms of epigenetic
alteration and the impact of environmental factors are covered in
detail. The impact on disease susceptibility and the consequences of
transgenerational epigenetic inheritance are examined in the following
sections [5]. It also looks at how epigenetic biomarkers will function
in customized medicine going forward. The results are summed up in
the concluding remarks, which also address the findings’ implications
for future study, clinical practice, and public health policy. They
support continued investigation and use of environmental epigenetics
in public health policies [6].

The study of genetics is concerned with heritable variations in
gene activity or function brought on by direct changes to the DNA
sequence. These alterations include deletions, insertions,
translocations, and point mutations [7]. However, epigenetics is a
field of study targeted at understanding heritable modifications in
gene activity or function that are unconnected to factors in the
DNA sequence. Even while practically all of the cells in an
organism share the same genetic composition, not all cell types
express all of their genes simultaneously. In a broader sense,
epigenetic mechanisms mediate the various gene expression
profiles in different cells and organs of multicellular animal [8].

An area of genetics focused on studying the effects of
environmental factors on the epigenome—the chemical alterations
that modify gene expression without changing the DNA sequence—
is commonly known as environmental epigenetics [9]. This
developing field stresses the complex interaction between genetics
and environment, offering insights into how environmental factors
can affect human health and illness risk [4]. The idea highlights how
our genetic makeup is dynamic and flexible, challenging the
widespread belief that our DNA alone determines our biological fate.
Additionally, the phrase “environmental epigenetics” has a limited
definition that refers to the mechanism by which epigenetics
showcases the variation in the environmental risks and severity [10].
Since there is no universally accepted and specific defining concept
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of environmental diseases, these review studies have chosen to
concentrate on the external environmental factors involved. We also
discuss the lifestyle factors affecting these diseases, e.g., Stress,
abuse, addiction, alcoholism, and metabolic changes. We want
instances that best convey the idea that over the course of time and
space, complex mechanisms involved and the stages of development
influence illness risk and health outcomes. Epigenetic changes, DNA
methylation, Histone modifications, non-coding RNAs, and gene-
environment interactions are main defining factors in environmental
epigenetics [2].

2. Epigenetic Mechanisms

2.1. Mechanism shaping the epigenome

DNA methylation, modifications to histones, and the regulatory
roles of microRNAs (miRNAs) are among the extensively studied
epigenetic processes that impact a cell’s epigenome. Together,
these processes affect DNA accessibility, chromatin compaction,
regulation of genome integrity and function, and maintenance of
higher-order nuclear organization, impacting the health and
susceptibility to disease of the cell or tissue [11, 12]. The addition
of a methyl group to the 5’ position of the cytosine pyrimidine
ring is referred to as “methylation of cytosines” or “the fifth
base”. Cytosine-guanine dinucleotides (CpGsl) are primarily
affected. Typically, gene expression is inhibited by the excessive
methylation of CpG islands in a gene’s promoter [13]. According
to Cusack et al. [14], the methyltransferases and histone
deacetyltransferases, along with proteins and/or co-repressors that
attach to methylation DNA, show a greater affinity for the
methylated promoter area and a decreased affinity for transcription
factors. DNA methyltransferases (DNMTs), such as DNMTI,
DNMT3a, and DNMT3Db, help to preserve the DNA methylation
pattern during cell division throughout successive generations by
facilitating de novo methylation [15]. The replication of the DNA
methylation pattern between cell generations is facilitated by
DNMTs, which mediate de novo methylation. The process of
cytosine demethylation is not fully understood, as methylated
DNA-binding proteins have a reduced affinity for CpG islands,
which consist of dense concentrations of CpGs, or weak CpGs [16].
5-hydroxymethyl cytosine (hmC1), a second modified cytosine base,
has recently been discovered to exhibit high expression levels in
bone marrow, brain, and embryonic cells [17]. It has been referred
to as the sixth base [18]. The Ten Eleven Translocation (TET)
enzyme family has been shown to be capable of converting mC
into hmC, which may open up a channel for DNA demethylation
and subsequent transcriptional activation [19]. The TETs are
believed to be essential for preserving embryonic stem cells and
establishing inner cell mass because of their high expression in these
cells [20]. Furthermore, hmC may prevent methyl-binding proteins
from binding to DNA, such as DNMT1 and methyl-binding domain
proteins [21]; it is unclear how environmental factors affect how
hmC and TET expression are regulated. Since the TET enzymes,
like many other chromatin-modifying enzymes, are highly
responsive to changes in the internal redox environment of the cell,
it is thought that oxidative stress caused by environmental factors
controls the level of DNA hydroxymethylation at specific gene
promoters [22]. To properly understand how environmental factors
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Figure 1. Histone acetylation and deacetylation

@\

affect the distribution of hmC versus mC in gene promoters or
regulatory elements, as well as the localization and activity of TETs
in different cell types, unquestionably more research is required.
Epigenetic reprogramming may be greatly impacted by these
factors [23].

2.2. Histone modifications

The essential proteins called histones are in charge of putting
DNA together into nucleosomes, which are the basic building
blocks of chromatin. Certain enzymes, such as histone
acetyltransferases (HATs), histone deacetylases (HDACsS),
methyltransferases, and demethylases, control this assembly
process [24]. The N-terminal ends of histones include certain
amino acids that are subject to various post-translational changes,
including acetylation, methylation, phosphorylation, sumoylation,

and ubiquitination. [25]. These alterations are essential for
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Figure 2. Histone methylation

controlling transcription speed and the accessibility of histone-
wrapped DNA for transcription. In addition to regulating gene
transcription, histone changes also affect chromatin remodeling
mechanisms, which control chromosomal replication, recombination,
and higher-order organization. [26]. Histone modifications enable
external signals to be translated into genomic processes at the
cellular level by changing the structure of chromatin [26]. DNA
methylation and histone modification together influence both short-
and long-term changes in transcription pathways by modifying the
architecture of chromatin [27].

In Figure 1 [28], HATs add acetyl groups (Ac) to histone tails,
which opens up the nucleosome, allowing transcription factors to
access DNA and initiate gene transcription. On the other hand,
HDACs remove Ac groups from histone tails, resulting in
chromatin adopting a closed conformation.

Methylation involves adding a methyl group (CH3) to lysine or
arginine residues on histone tails, altering their function. Histone
methyltransferases (HMTs) perform this modification on specific
lysine or arginine residues. The amount of methylation can have
activating or repressive effects on gene expression [29]. Depending
on the particular histone residue and the circumstances, histone
methylation can either promote or suppress gene expression.
Methylation can take many different forms, including mono-,
di-, and trimethylation, each of which may have distinct functional
effects [30]. Complex regulatory networks can result from histone
methylation’s effect on other proteins’ ability to bind, such as
chromatin modifiers and transcription factors.

Histone methylation and acetylation, key players in chromatin
remodeling, are illustrated in Figure 2 [31]. Heterochromatin, a
condensed chromatin form, results from histone methylation,
wherein methyl groups are added to histone core protein tails.
Heterochromatin represses transcription by blocking the binding
of transcriptional machinery to DNA. On the other hand, histone
acetylation, leading to the formation of “euchromatin”, a more
relaxed chromatin state, occurs when Ac groups are added to
lysine residues in histone N-terminal tails. Proteins and
transcription factors can then bind to their DNA sites, initiating
active transcription.

Euchromatin
(relaxed)

Ac

" Histone amino-terminal tail
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During the procedure of histone phosphorylation, a phosphate
group (PO4) is added to serine, threonine, or tyrosine residues on
histone tails. Protein kinases are responsible for this alteration,
which has an effect on the chromatin structure and gene
expression. Histone phosphorylation frequently takes part in
cellular signaling, which is linked to cellular reactions to
environmental cues like stress or growth factors, and chromatin
remodeling, in which phosphorylation can lead to structural
alterations in chromatin that enhance the accessibility of the
protein to transcription factors and other regulatory proteins [32].
Additionally, reversible dynamic regulation of histone
phosphorylation that can be swiftly adjusted in response to
shifting cellular circumstances also is present.

In Figure 3 [33], the key histone residues that are phosphorylated
at various times during the cell cycle are depicted in the graphic,
alongside the kinases and phosphatases involved in the process. The
phosphorylation that occurs during mitosis, DNA transcription,
DNA damage, and the spindle assembly checkpoint, respectively,
are represented by the hues red, green, blue, and light purple. The
necessary phosphatases are indicated in orange; PP1, PP2A, PP5,
and PP6 refer to protein phosphatases 1, 2A, and 5, respectively.
Histone H2AX is depicted in light green (A), while H2A and H2B
are shown in dark green (B), purple (H2B), blue (H3 and H4), and
pink (H4 and CENP-A). VRK represents vaccine-related protein
kinases, ATM stands for ataxia telangiectasia mutated, and
ATR denotes ataxia telangiectasia and Rad3-related protein.
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Figure 3. Histone phosphorylation regulation model
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Phosphoribulokinase (PRK): Casein Kinase IICKII); DIk, which
stands for death-associated Protein (DAP)-like kinase; JAK,
representing Janus kinase; and PKC, which stands for protein
kinase C. Rarely do histone modifications work alone; instead, they
frequently interact with one another to produce complex chromatin
states. Interactions between various modifications, such as potential
antagonistic or synergistic effects between acetylation and
methylation, play a role in the epigenetic regulation of gene
expression. Dysregulation of histone alterations has been associated
with cancer, neurological issues, and metabolic diseases. The
importance of histone modification in illness and treatment is
known as this [34]. A molecular knowledge of these modifications
has led to the development of specialized medications that affect
histone modification patterns, opening up new therapeutic avenues.
Acetylation, methylation, and phosphorylation are key histone
modifications that play dynamic and intricate roles in controlling
gene expression and chromatin structure. The epigenetic landscape
is built on the complex interplay between these factors, which
affects cellular identity, development, and disease susceptibility [35].

3. Environmental Factors Influencing Epigenetics

3.1. Prenatal environment

During the early phases of development, when the detailed
blueprint for our existence is being created, the prenatal
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environment is crucial. Environmental variables interact intricately
with our DNA at this period of life, affecting how our health and
welfare evolve through the mastery of epigenetics [36]. The
prenatal environment, which serves as a master carver, creates the
epigenetic fingerprints on each of us. Epigenetics serves as a
mediator between our genes and our environment, and this
connection is especially important during the perinatal stage. The
epigenetic composition of the fetus can be permanently changed
by the maternal environment, which includes factors like nutrition,
stress, and pollution exposure. These flaws can impact a person’s
immediate development as well as predispose them to a number of
health issues later in life [37]. DNA methylation is one of the
epigenetic changes brought on by the perinatal environment that has
been studied the most. In a developing fetus, exposure to chemicals,
stress levels, and maternal nutrition can alter DNA methylation
patterns. These changes may have an effect on the expression of
genes linked to development, growth, and the risk of developing
certain diseases, including diabetes, obesity, and cardiovascular
conditions [38]. The prenatal environment also influences the
complex structure of chromatin, which consists of DNA and histone
proteins. Maternally regulated histone modifications can affect gene
accessibility, thereby influencing gene expression. These effects can
have long-lasting impacts on various biological processes, such as
immune response and brain development [38]. The subject of
transgenerational epigenetic inheritance maybe even more exciting.
The prenatal environment may cause epigenetic modifications that
will affect subsequent generations and may have an effect on
children’s health and wellbeing [39]. This new information
highlights the prenatal environment’s long-lasting influence on the
genetic heritage we pass on [40]. The ground-breaking theory
known as Developmental Origins of Health and Disease postulates
that early experiences, especially those had during pregnancy, may
influence a person’s later-life vulnerability to illness. During this
period, epigenetic changes can train physiological responses that
last a lifetime, affecting metabolic, cardiovascular, and even
psychological health [41]. Understanding how the prenatal
environment profoundly affects epigenetics has consequences for
both health and policy. Prenatal nutritional therapies, stress
management techniques, and limiting chemical exposures are all
ways to protect fetal development and lower the likelihood of
epigenetically induced health issues [42, 43].

3.2. Diet and nutrition

Early experiences, particularly those during pregnancy, can
influence an adult’s susceptibility to disease [44]. The Dutch Famine
Birth Cohort, for example, was created as a result of the 1944—-1945
Dutch Famine and has been used to study the impact of maternal
fasting on the health and developmental outcomes of the postpartum
period. According to Branje et al. [45], these effects have been
linked to a higher risk of type Il diabetes mellitus, cardiovascular
disease (CVD), metabolic problems, and a decline in cognitive
function as people age. The fact that many Dutch Famine babies
were smaller than typical shows that the impacts can last a lifetime
and impact not just our children but also those of future generations.
Pregnancy risk appears to be most influenced during the first several
months. The fetus appears to adapt epigenetically to malnutrition [46].

Grilo et al.’s study [47] examined the metabolic impacts of
inadequate maternal nutrition on successive generations of human
populations. Historical records suggest that the descendants of
women who experienced famine or significant nutritional changes
during pregnancy are more susceptible to health issues than those
born under normal circumstances. Proposed molecular mechanisms

of transgenerational inheritance highlight the methylation of gametes
in both the paternal and maternal lines [48]. In fact, it is very likely
that epigenetic change in the spermatozoan nucleus will lead to
additional transmission down the paternal line. As examples of this
paternal lineage-based transgenerational transmission, two historical
cohorts are used. According to one research, female grandchildren
(F2) of the paternal grandmother (FO) who were malnourished as
children were more likely to die from CVD. In a more contemporary
instance, grandkids whose fathers were fetuses and who went
through starvation had higher BMIs than the average population
[49]. Schellong et al. [50] examine the data demonstrating that
dietary factors consumed by mothers and fathers can pass epigenetic
information to offspring that alters the metabolic traits of mammals.
It has been postulated that mitochondrial dysfunction and oxidative
stress are two biological pathways for the prenatal origins of adult
disease because they are among the first symptoms observed in
children who are subjected to food restriction [51].

3.3. Chemical exposures

Chemical exposures, which are pervasive in our surroundings,
have a significant impact on how delicately nature and nurture
interact. By modifying the epigenome, the regulatory layer above
our DNA, these environmental chemicals can enter our genes [52].
Chemicals can affect epigenetic markers like DNA methylation and
histone modifications, which can disrupt gene expression patterns
and have a variety of negative health impacts. The relationship
between chemical exposure and epigenetics reveals an important
facet of how our genetic makeup and environment interact to
influence our health and vulnerability to disease.

Exposure to endocrine-disrupting chemicals (EDCs) during
early life poses a significant risk as it has the ability to
permanently modify the gene expression of both germline and
somatic cells via epigenetic reprogramming, hence promoting
transgenerational inheritance [53]. The xenoestrogen deoxygenase
(DES) was widely utilized in the cattle and other animal
industries, and it remains an EDC in many cultures. Mice exposed
to DES early in life exhibit demethylation of the estrogen-
responsive gene lactoferrin in the mouse uterus. The likelihood of
getting uterine cancer rises as a result of this demethylation. BPA
is an additional xenoestrogen with epigenetically active properties.
When agouti mice were exposed to BPA during gestation, their
progeny developed hypomethylated intracisternal a particle
retrotransposon upstream of the agouti gene [46]. The epigenetic
effects of a phytoestrogen may be counteracted by co-
administration of a methyl donor. Furthermore, studies conducted
by Yanning Li et al. [54] and Liang et al. [55] demonstrate that
exposure to BPA during infancy can modify the DNA
methylation patterns of important genes (Pde4d4, Nsbpl, and
Hpcall), which can result in notable transcriptional alterations
linked to carcinogenic processes in the rat prostate. Moreover, it
has been discovered that BPA exposure during pregnancy changes
gene transcription by methylating particular gene promoters in the
forebrain, which causes inappropriate behavior in the progeny
[56]. Phytoestrogens cause endocrine disruption by acting as
epigenome regulators. Their epigenetic roles in endocrine-related
cancers have been studied most in-depth [57].

3.4. Epigenetic factors shown to trigger epigenetic
event and affect disease state

Epigenetic changes related to exposure and/or illness have been
demonstrated to be caused by environmental factors such as heavy
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metals, endocrine disruptors, PAHs, infectious pathogens, outdoor
pollutants, and indoor allergens [58]. Numerous investigations
have demonstrated the presence of these connections in a wide
range of complicated diseases, including lung diseases, cancer,
obesity, stroke, CVD, and neurodegenerative disorders. Strong
evidence also suggests that the severity and course of these
disorders are influenced by early-life epigenetic reprogramming
and subsequent epigenetic modifications made during adulthood,
whether or not they occur before the disease or condition begins
[59]. In this manner, certain epigenetic markers might function as
exposure biomarkers or prognostic indicators of illness risk and
progression, while other markers might offer fresh insights
into the environmental factor’s mode of action. Zhu et al. [60]
suggest that a more profound comprehension of the mechanisms
underlying these epigenetic alterations may facilitate the
development of primary or secondary illness prevention strategies
in the future and shed light on the etiology of environmental diseases.

3.5. Infectious pathogen

Numerous illnesses and disease states, such as type 2 diabetes,
CVD, cancer, neurodegenerative diseases, immunodeficiency,
aging, and asthma, are significantly impacted by inflammation and
oxidative stress [61]. Chronic inflammation has been related to the
methylation of cancer DNA and the production of certain
miRNAs. After being exposed to many adverse environmental
factors, inflammation and oxidative stress are common reactions
that often act as indirect epigenetic modulators. According to
Maiuri et al. [62], exposure to infectious pathogens, especially
bacterial and viral ones, can cause oxidative stress and
inflammation, which can alter host cells’ or organs’ epigenetic
makeup [62]. In line with the aberrant DNA methylation patterns
observed in gastric cancer, hypermethylation of particular CpG
islands in the stomach mucosa has been linked to Helicobacter
pylori infection, a significant risk factor for gastric cancer.
Furthermore, it has been demonstrated that H. pylori causes DNA
hypermethylation of RUNX3, a putative tumor suppressor gene,
and the E-cadherin promoter, a protein involved in tumor invasion
and metastasis. Numerous malignancies have been linked to
viruses, and certain of their epigenetic regulation mechanisms
have been identified. It has long been known that the hepatitis B
virus and hepatocellular carcinoma are related and that there are
several stages to this process, with the majority of the epigenetic
modifications taking place in the early stages [63]. Numerous
epigenetic modifications have been linked to the carcinogenesis
caused by the hepatitis B virus X protein. These include the
hypermethylation of pl16[INK4a] DNA, which in turn causes the
cyclin Dl-cyclin-dependent kinase (CDK) 4/6-retinoblastoma
protein (pRb)-E2F1 pathway to be activated transcriptionally,
hence activating DNMT1 in HepG2 cells. In addition to cervical
cancer, human papillomavirus has also been linked to cancers of
the skin, head, and neck, as well as other organs [64]. Human
papillomavirus has been associated with DNA hypermethylation
for many years; this association may make it a useful cancer
biomarker. Furthermore, DNMT1's enzymatic activity can be
bound to and controlled by the human papillomavirus E7 protein.
Additionally, it has been shown to interfere with the machinery
involved in chromatin remodeling, including the acetyltransferase
domain of pCAF, histone acetylase activity, and HDAC activity
[64]. Epstein-Barr virus is associated with nasopharyngeal cancer,
Burkitt lymphoma, Hodgkin disease, and lymphoproliferative
malignancies. The Epstein-Barr virus exhibits epigenetic
modifications such as DNA methylation, chromatin remodeling,
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and histone modification. Latent membrane protein 1, an
oncoprotein of the Epstein-Barr virus, enhances the expression of
DNMT1, DNMT3a, and DNMT3b. This results in a phenotype
that is hypermethylated at the E-cadherin promoter, which is a
feature of Helicobacter pylori [65].

4. Epigenetics and Disease Risk

4.1. Cancer

The unchecked development and spread of aberrant cells
within the body characterizes the complex and multifaceted
group of disorders known as cancer. Each year, it affects
millions of people, making it the world’s largest cause of disease
and death. Cancer can affect almost every bodily part, including
the blood, tissues, and organs [66]. Cancer develops as a result
of genetic alterations that disrupt the regular regulatory
mechanisms controlling cell division, growth, and death. These
mutations can arise during an individual’s lifespan as a result of
exposure to many risk factors, including radiation, hazardous
substances, tobacco smoke, certain infections, and unhealthy
lifestyles [67]. Alternatively, these mutations might be inherited
from parents. Disruption of normal cellular activities, often
brought on by genetic mutations, is the pathogenic cause of
cancer. Cancer is a dangerous and complicated illness. But the
story of cancer is not just told by the deft manipulation of
epigenetics; it is also written inside the sequence of DNA. DNA
methylation stands out among the other epigenetic processes for
its important function, particularly in the control of tumor
suppressor genes. The fascinating subject of DNA methylation is
examined in this essay, along with how it affects tumor
suppressor gene regulation [68].

DNA methylation, which mostly happens at CpG dinucleotide
sites, is the process of adding a methyl group to the cytosine base of
DNA. As a molecular “silencer”, this chemical alteration frequently
suppresses the expression of genes. DNA methylation has two
possible roles in relation to tumor suppressor genes: saboteur and
defender. It can unintentionally quiet genes that support cancer
while simultaneously inhibiting ones that prevent the development
of tumors [69]. The genetic guardians of typical cellular growth
and division are tumor suppressor genes. They control how the
cell cycle develops, fix DNA damage, trigger apoptosis (planned
cell death), and prevent angiogenesis (the creation of blood
vessels to support tumor growth). Disruption of the delicate
balance between cell growth and regulation occurs when tumor
suppressor genes are altered or silenced. This disruption can lead
to uncontrolled cell proliferation and the onset of cancer.
Abnormal DNA methylation patterns can tip the balance in favor
of cancer growth in the intricate interplay between DNA
methylation and tumor suppressor genes [70].

This epigenetic silencing may act as a catalyst for the initiation,
progression, and even dissemination of many cancers. Two prominent
examples of DNA methylation-mediated suppression of tumor
suppressor genes are the MLHI1 gene, essential for DNA mismatch
repair, and the CDKN2A gene, which encodes the pl6INK4a
protein that arrests cell cycle progression. Consequently,
hypermethylation of these genes may increase the risk of melanoma
and colorectal cancer [70]. DNA methylation, which also
contributes to the genesis of cancer, silences tumor suppressor
genes. Tumor suppressor gene activity is regulated by the delicate
balance between methylation patterns, which is majorly influenced
by hereditary and environmental factors. Understanding the
complexities of this epigenetic conflict is crucial for unraveling the
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complex pathways behind the emergence of cancer. Given the intricate
relationship between DNA methylation and tumor suppressor
genes, targeted therapy may be an option. DNMT inhibitors are
epigenetic drugs that can rectify aberrant DNA methylation patterns,
reactivating suppressed tumor suppressor genes and possibly
reducing the progression of cancer [71].

As research into the precise targeting of epigenetic alterations
advances, there is enormous potential for personalized and
effective cancer treatments. The complex mechanism of cancer
genesis is shown by the interaction of tumor suppressor genes and
DNA methylation. Cancer-preventive genes may be activated or
suppressed by epigenetic changes, disturbing the delicate balance
of cellular growth and control [72]. We uncover new possibilities
for therapeutic strategies that may fundamentally transform how
we treat cancer as we delve further into the intricate epigenetic
characteristics of cancer. These therapies aim to restore the
balance of the cellular environment and fight cancer by
reactivating tumor suppressor genes that have been silenced [73].

4.1.1. Histone modifications in oncogenesis

Apart from improper DNA methylation, recent research
indicates that chromatin remodeling and abnormal histone
modifications are also associated with cancer. The N-terminal
“tails” of histones, extending from nucleosomes, the building
blocks of chromatin, are often sites of histone modifications.
Among these post-translational changes include acetylation,
methylation, phosphorylation, and ubiquitination. Various
modifications are possible at different amino acids in different
histone tails due to their context. For example, lysines are
acetylated, methylated, and ubiquitinated, while serine or
threonine residues are phosphorylated [74]. The importance of
these modification systems in development and their potential role
in human cancers due to their dysregulation highlight the
significance of histone changes. Histone proteins have become
crucial carriers of epigenetic information, indicating that genetic
code is not the sole source of regulatory information [29].

An increased interest in histone modifications has been brought
about by recent discoveries and the identification of several histone-
modifying agents and protein complexes. Under normal
physiological settings, a variety of chromatin-modifying complexes
affect DNA’s accessibility to transcriptional and DNA repair
machinery. Mutations in DNA repair genes, tumor suppressors, or
oncogenes can alter these chromatin-based systems, which can
cause oncogenic transformation, genomic instability, and cancer
[75]. Two examples of the histone-modifying complexes are the
HMTs, a class of enzymes that add methyl groups to multiple
histone residues. These enzymes catalyze several reactions,
including the synthesis of heterochromatin and the silencing of
genes [76]. It is crucial to emphasize that aberrant activity of
histone-modifying factors, as observed in human leukemia, can
accelerate cancer growth by improperly regulating chromatin
structure and function [77]. Oncogenesis is most likely to be
initiated by aberrant epigenetic regulation of important cellular
processes, specifically DNA repair and gene transcription. It is still
unclear how histone modifications are changed in cancer, despite
the explosive expansion of research into numerous types of
epigenetic information in chromatin [78].

4.1.2. Epigenetic biomarkers for cancer risk assessment

The range of cancer risk evaluations now includes factors other
than only standard genetic markers because of the emergence of
epigenetic biomarkers as powerful predictors of susceptibility.
Epigenetics, which explores heritable changes in gene expression

without alterations to the DNA sequence, provides new insights into
the development of cancer [79]. Epigenetic modifications that are
impacted by an individual’s lifestyle and environment can offer
important information for determining their risk of acquiring cancer.
Epigenetic indicators for cancer risk assessment are also applicable
beyond the lifetime of an individual. The transfer of epigenetic
changes from one generation to the next is known as
transgenerational epigenetic inheritance. [80]. These hereditary
variations may affect a child’s propensity for developing cancer.
Intergenerational cancer risk can be viewed more comprehensively
by comprehending transgenerational epigenetic patterns. Even
though epigenetic biomarkers have great potential, challenges still
exist. It can be challenging to evaluate epigenetic patterns because
of their intricacy, which is influenced by both genetic and
environmental variables [81]. To ensure accuracy and the ability to
reliably duplicate results, standardized assessment techniques for
epigenetic biomarkers must be developed. The assessment of cancer
risk has a new frontier thanks to epigenetic biomarkers. Their
capacity to recognize the impact of both heredity and environment
offers a comprehensive understanding of a person’s propensity to
develop cancer [82]. As knowledge grows, incorporating epigenetic
data into personalized medical tactics may alter approaches to
cancer prevention, early diagnosis, and treatment, ushering in a time
when therapies are more focused and efficient.

4.2. Cardiovascular diseases

Indeed, the intricate interplay between genetic predispositions
and environmental influences in CVD has garnered increasing
attention. Atherosclerosis, a chronic inflammatory disorder of the
arteries, remains a primary culprit behind heart attacks and strokes.
Although conventional risk factors such as high blood pressure,
smoking, and high cholesterol have been extensively studied, recent
studies highlight the important role that epigenetic variables play in
the development and course of atherosclerosis [83]. grasp complex
illnesses like atherosclerosis requires a grasp of epigenetics, which
deals with heritable changes in gene expression that are impacted
by environmental variables rather than changes in DNA sequence.
Atherosclerosis-related epigenetic modifications can be influenced
by a variety of environmental factors, including food, smoking, and
pollution exposure [72]. Unhealthy diets high in sugar and saturated
fats can change DNA methylation patterns, which can affect genes
involved in inflammation and lipid metabolism. Exposure to
cigarette smoke and air pollution can similarly induce epigenetic
modifications that heighten the risk of atherosclerosis. These
epigenetic changes may affect an individual’s susceptibility to
developing atherosclerosis and the spectrum of clinical outcomes
observed in patients with CVD [73].

New paths for early identification, risk assessment, and
therapeutic approaches are being made possible by epigenetic
studies in atherosclerosis. Epigenetic biomarkers associated with
atherosclerosis can provide details on disease susceptibility,
facilitating the development of customized treatment and
preventive strategies [74]. Epigenetic-based therapies, such as
epigenetic inhibitors and activators, which show promise in
altering the expression of genes associated with atherosclerosis,
are providing novel strategies for treating CVD [75].

Research indicates that SIRT1 regulates the activation of
endothelial nitric oxide synthase (eNOS), thereby preventing the
formation of atherosclerotic plaques in ApoE/ mice. This
inhibition of atherosclerosis is mediated by SIRT1. Conversely,
HDAC3's deacetylation of eNOS K610 has been shown to
accelerate atherosclerosis [76]. Inducible nitric oxide synthase
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(iNOS) levels are also increased in atherosclerotic lesions.94
Atherosclerosis is promoted by nuclear factor-B (NF-B), which
controls the expression of proinflammatory genes including Nos2
(the gene encoding iNOS) in endothelial cells.95 SIRT1 lowers
NEF-B activity by deacetylating P65 and severing the link between
P300 and NF-B.96 Studies have shown that myocardial infarction
and ischemia-reperfusion injury can be controlled by lysine
acetylation. In the rat myocardium, overexpression of SIRT1 can
lessen the effects of ischemia-reperfusion damage [77]. Forkhead
box O3A (FOXO3A) is deacetylated by SIRT2 in renal ischemia-
reperfusion damage, which encourages cell death. SIRT3 can
reduce reperfusion injury and halt the opening of mitochondrial
permeability transition pores, which results in cell death, by
deacetylating cyclophilin D. The genesis and progression of
atherosclerosis are not simply influenced by genetic predisposition
or conventional risk factors; epigenetic mechanisms also play a
significant role [78]. A new viewpoint on cardiovascular health is
provided by epigenetic research, which opens the door to more
individualized treatments and better control of atherosclerosis and
its repercussions [79].

4.3. Neurological disorders

The primary cause of dementia is Alzheimer’s disease (AD), a
progressive neurodegenerative illness marked by an accumulation of
the brain proteins tau phosphorylation and amyloid-beta (A-42).
According to Valladares-Rodriguez et al. [84], these proteins
contribute to the pathophysiology of the disease by forming
intracellular tangles and extracellular plaques. These plaques and
tangles are associated with neuronal death, apoptosis,
dysregulation of microtubule assembly, and brain atrophy. It’s
interesting to note that about 5% of instances of AD with an early
onset or family pattern can be explained by common genetic
variants. This suggests that AD may have developed as a result of
epigenetics [85]. Dysregulation of the APP gene is associated with
the creation of amyloid plaques, which are essential to the
development of AD. Differential methylation of 13 cytosine
residues in the APP gene promoter region with aging has been
found in post-mortem brain tissue from spontaneously dead
persons [86].

Additionally, among patients older than, there was an almost 50%
reduction in methylation at these cytosines. Variable methylation
patterns are important in the pathophysiology of AD, as evidenced
by the demonstration that elevated APP methylation in AD patients
enhances APP production and the neurotoxic A42 aggregates [87].
The processing of APP requires the presence of two proteins, PSI
and BACE, whose dysregulation results in the aberrant A42 plaques
that are hallmarks of AD. The methyl donor SAM is necessary for
PS1 and BACE methylation, and AD is linked to a substantial
reduction in SAM levels. Vitamin B12 and folate deficits cause
dysregulation of PS1 and BACE in neuroblastoma cell lines, which
can be corrected by SAM. Both f- and y-secretase activity is
decreased by SAM supplementation [88]. Improved spatial memory
is seen in transgenic mice that overexpress human APP, show
plaque deposition, and have normal levels of tau phosphorylation
restored. A clinical research supporting these findings found that
patients recently diagnosed with AD had lower plasma levels of
SAM and greater amounts of SAM. The regulation of A-42
clearance by APOE is regarded to be a significant risk factor
for late-onset AD, or LOAD. Because APOE has a non-classical
(CpG-weak) promoter, it is difficult to regulate.

The APOE haplotypes 2—4 have been demonstrated to have
distinct relationships with the risk of LOAD. Contrary to APOE3,
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APOEH4 is associated with a higher risk of late-onset Alzheimer’s
disease (LOAD), albeit not all APOE4 carriers experience this
condition, and many LOAD patients do not have the APOE4
allele [89]. Two APOE CpG sub-regions in the frontal lobes of
patients with AD and Lewy body dementia showed considerable
hypomethylation on post-mortem brain imaging. According to
these results, the epigenetic regulation of LOAD may be
influenced by methylation of the APOE promoter [90]. Histone
acetylation is markedly reduced in AD-stricken human brains as
well as AD transgenic mice. In AD transgenic mice, HDAC2 was
shown to be increased, and learning and memory were improved
by administering the HDAC2-specific inhibitor suberoylanilide
hydroxamic acid (SAHA) [91]. Another HDAC inhibitor, sodium
4-phenylbutyrate (4-PBA), reduced the number of phosphorylated
tau tangles and improved cognitive performance in transgenic
mice with AD.

Additionally, HDAC6-deficient animals displayed enhanced
memory and learning as well as resistance to the A42-induced
modification of mitochondrial transport linked to amyloid disease
[92]. It has been found that the majority of miRNAs are
associated with AD control APP. Research in bioinformatics has
identified numerous putative APP 3'UTR miRNA binding sites. It
has been shown that miR-16 and miR-101 suppress APP and
decrease the cytotoxicity of A in hippocampal neurons and PC12
cells. Numerous investigations have determined the function of
miRNAs in the control of APP both in vivo and in vitro. In
particular, it has been demonstrated that the miR-29 family, which
includes miR-29a, miR-29b, and miR-29¢, downregulates the 3'-
UTR of the APP processor BACE1 in AD brains in both human
and animal cell lines [93]. In vitro, inhibition of miR-29a and
miR-29b increases AP production in human cells. When a miR-
29¢ mimic was injected into the hippocampi of SAMP8 mice, A
levels were lowered and learning and memory were enhanced in
comparison to untreated control animals.

4.3.1. Parkinson’s disease

Over 600,000 Americans suffer from Parkinson’s disease (PD),
the second most common neurological condition. By 2040, this
number is expected to quadruple. Degeneration of dopaminergic
nigrostriatal connections from the striatum to the substantia nigra
pars compacta is a characteristic of PD, which leads to motor
deficits [94]. PD is characterized by aggregates of a-synuclein (-
syn), a synaptic protein, which leads to neurodegeneration.
According to Zhang and Chew-Seng Tan [95], these aggregates
cause dopaminergic neurons to die, which causes symptoms
including tremors, stiffness, and non-motor symptoms like sadness
and dementia. An amino acid precursor to neurotransmitters,
levodopa (L-DOPA) is useful in treating PD motor symptoms. It
does, however, have the potential to cause tardive dyskinesia, and
similar medications are unsuccessful in treating the disorder’s
non-motor symptoms. PD in humans is thought to be caused by
a-syn oligomerization and aggregation [95]. Although o-syn
aggregation is known to be enhanced by phosphorylation and
ubiquitination, the exact processes governing o-syn remain
unclear. Hypomethylation of the CpG2 location (next to intron 1)
in the a-syn gene has been found in the blood, putamen, and
substantia nigra of PD patients. According to one explanation, this
hypomethylation of the a-syn gene results in higher levels of
a-syn, which is associated with the age at which PD first manifests
[96]. The -syn promoter is less methylated in PD brain tissues,
which may be explained by the discovery of 50% lower-than-
normal DNMT1 levels. There is evidence that -syn sequesters
DNMT]I in brain cells, causing the protein to hypomethylate itself



Medinformatics Vol. 00 Iss. 00 2024

through a feed-forward mechanism. Therefore, the development and
advancement of PD may be influenced by the epigenetic mechanisms
that control the methylation of the a-syn promoter.

Numerous researches have connected the onset of PD to histone
acetylation. Histone H3 binds to a-syn and becomes hypoacetylated in
cells that overexpress a-syn. This result was reversed and cells were
shielded against a-syn toxicity by treatment with sodium butyrate
and SAHA, two HDAC inhibitors [97]. It has also been
demonstrated that the H3 deacetylation inhibitors trichostatin A,
SAHA, sodium butyrate, and valproic acid protect neuronal cells
after treatment with MPTP, a neurotoxin that is absorbed
by dopaminergic neurons and causes symptoms similar to
Parkinsonism. H3 acetylation was observed to rise in an MPTP
animal model of PD, although therapy with L-DOPA was able to
reverse this effect. On the other hand, L-DOPA treatment was found
to decrease H3 acetylation in PD models in primates [98]. Although
the exact role that histone acetylation plays in PD pathogenesis is
yet unknown, HDAC inhibitors may be able to shed light on the matter.

4.4. Metabolic disorders

Nutrition, exercise, chemical exposures, behavior, and the
microbiome are among the many genetic and environmental
variables that interact to cause metabolic disease [99]. Interestingly,
studies conducted on human and animal models have demonstrated
that environmental exposures parents endure before, during, or after
giving birth can affect the health of their children, possibly starting
a family history of higher risk of illness [100]. With an emphasis on
paternal lineage effects mediated by germ cells, we briefly examine
the possible ways in which epigenetic mechanisms might contribute
to metabolic disorders generated by environmental variables, both
through direct exposure and throughout following generations
[100]. Only approximately 5-10% of the risk for T2D is
attributable to genetic factors, despite the fact that family history
has been shown to be a significant role. The “missing heritability”
phenomena may be explained by shared environmental exposures
across family members, particularly in early life [101]. Based on the
idea that adult diseases have developmental roots, a fetus can
become resilient to similar postnatal exposures by adjusting to its
environment during the prenatal stage. However, if the postnatal
environment differs from the prenatal one, these adaptive responses
may prove to be harmful [102]. For example, undernutrition during
pregnancy may “train” the fetus to have a more efficient energy
metabolism, reducing susceptibility to weight loss and increasing
survival in the event of future nutritional shortages. Conversely, this
genetic propensity may heighten vulnerability to obesity and weight
gain in settings where high-calorie meals are widely available [103].

Scholars have been afforded the chance to investigate the ways in
which wars and other humanitarian tragedies, such as socioeconomic
instability, affect human societies through famine. The consequences
on following generations are demonstrated by retrospective studies of
human cohorts who were malnourished throughout pregnancy and the
early postnatal period [ 104]. Understanding the Dutch “hunger winter”
is helpful. This time, which was characterized by a severe famine in
1944-1945 due to the German blockade of the Netherlands, showed
that maternal undernutrition during the famine was linked to
increased body fat, hypertension, glucose intolerance, and mental
health issues in the offspring as they grew older [105]. Regardless
of nutritional considerations, low birth weight independently
increases the risk of metabolic illnesses in adulthood [106]. David
Barker pioneered the connection between low birth weight and
the development of adult metabolic and CVDs [107]. These
correlations have been confirmed by later research conducted in a

variety of global populations, including the China Birth Weight
Survey and the Helsinki Birth Cohort Study [108]. Events that
parents experience before or at the time of conception may have an
impact on the health of future generations [109]. For instance,
prenatal exposure to famine in both maternal and paternal lines has
been associated with elevated hyperglycemia in offspring, with
effects being more prominent when both parents received prenatal
exposure. Additionally, research conducted between 1890 and 1920
on people born in the northern Swedish province of Overkalix
looked at the food that was available at different times of
childhood. It is noteworthy that eating too much during a boy’s
slow-growing boyhood was linked to a higher risk of diabetes and
cardiovascular illness in their grandchildren, suggesting that
qualities may be passed down across generations.

5. Conclusion

In health and biology-related research, the relationship between
environment, epigenetics, and disease risk has emerged as a
comerstone of understanding. This serves as a reminder that our
genes do not operate in isolation, but instead interacts with the
environment based on the epigenetic modifying factors. Firstly, the
interdependence of environment, epigenetics, and disease risk
cannot be understated. Our genes, while acting as the foundational
code of life, are not immutable destinies. They act as responsive
instruments, finely tuned to the environmental cues encountered
throughout life. Epigenetic modifications, like tags on a roadmap,
guide our genes’ expression, directing them toward health or
disease. The developmental origins of disease concept show that the
environment’s influence isn’t confined to a singular moment but
stretches across prenatal and postnatal stages of development, with
potential implications cascading through generations. The ability to
understand the mechanisms between environment, epigenetics, and
disease risk opens doors to personalized interventions based on an
individual’s unique molecular structure. The prospect of analyzing
epigenetic patterns to predict disease susceptibility and devise
precise treatments is no longer a distant dream. Personalized
medicine, by combining genetic and epigenetic insights, has
capabilities of providing treatments and preventive measures that
are as unique as our fingerprints. Conversely, the broader public
health implications highlight the importance of creating
environments conducive to health from early life. Strategies aimed
at optimizing nutrition during developmental stages, reducing
exposure to harmful pollutants, and mitigating stressors can
potentially alleviate disease burdens on a larger scale.

Enhancing disease prevention, diagnosis, and treatment through
the application of epigenetic mechanisms in clinical settings and
public health policies presents new opportunities. Histone and
DNA methylation are examples of epigenetic alterations that may
be used to provide biomarkers for early disease identification and
risk assessment. This would allow interventions to be more
precisely targeted. By reversing aberrant gene expression patterns,
medications that alter epigenetic states—also known as epigenetic
therapy—have demonstrated promise in the treatment of cancer
and other illnesses. Moreover, the integration of epigenetic
information into public health initiatives could prove
advantageous in addressing lifestyle and environmental factors
that impact epigenetic modifications. This, in turn, could define
policies that target the population’s risk of disease. Healthcare
systems can enhance patient outcomes through more
individualized and efficient techniques by comprehending and
utilizing the ideas of epigenetics, which would be a major
advancement in the fields of public health and medicine.
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In future research, the convergence of technological References
advancements, research methodologies, and interdisciplinary

collaboration fuels the potential for transformative breakthroughs.
Epigenome-wide association studies offer a promising approach to
identifying specific epigenetic marks linked to disease risk, providing
more understanding of the molecular mechanisms associated with a
wide range of conditions, including cancer and neurodegenerative
disorders. The single-cell epigenomics grants us the ability to
examine the heterogeneity within tissues and organs, providing a
better understanding of the cellular activities involved in disease
development. The integration of big data, machine learning, and
epigenetics further accelerates our understanding, enabling the
extraction of patterns that would otherwise remain concealed. The
continued relevance of environmental epigenetics is undeniable as
we proceed in future research. Rapid urbanization, climate change,
and evolving lifestyles create new environmental challenges that
warrant exploration through the lens of epigenetics. The mechanisms
involved in genetics, environment, and epigenetics are a dynamic
conversation that adapts to societal shifts, making it an enduring
field of inquiry. Additionally, the lessons learned from historical
events, such as famines and crises, highlight the lasting impact of
environmental factors on health, as we confront emerging health threats.
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