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Abstract: 

Epigenetics has emerged as a key field for understanding the interplay between genetic predisposition and 

environmental exposures in Human health. It is very unique because unlike with genetic mutations, epigenetics 

does not alter the genes themselves; rather it affects how the genes behave – whether they are turned on or off 

– offering us an amenable and reversible level of regulation. The induced alterations will act as molecular 

intermediaries of the gene-environment interactions that underlie susceptibility, course and phenotypic 

heterogeneity of complex human disorders. With increasing evidence suggesting that abnormal epigenetic 

changes are integrated into the development of cancer, cardiovascular diseases, neurological disorders, 

autoimmune diseases and metabolic syndromes. Nutrition, toxins, stress, and social determinants are 

environmental factors able to cause long-lasting epigenetic changes that can alter disease risk during the 

lifetime and even transgenerationally. This review summarizes our present knowledge on the mechanistic 

landscape underlying the epigenetic regulation process and its relevance in disease progression, as well as the 

possible use of precision/precision-like epigenetic therapies in practice, outlining the prospects and challenges 

to translating this understanding to precision medicine. Diet, toxins, stress and sociodemographic factors are 

the environmental aspects capable of producing persistent epigenetic modifications leading to change in 

disease risk both acutely throughout lifespan as well as intergenerationally. This review provides a general 

overview of the current mechanistic landscape of epigenetic regulation and how it relates to disease 

pathogenesis, as well as potential for precision/precision-like epigenetic therapies in clinical medicine, 

focusing on opportunities and challenges to implementing this understanding in practice. 

Keywords: miRNAs (microRNAs), lncRNAs (long non-coding RNAs), G×E (gene-environment 

interaction), CVDs (cardiovascular diseases), TSGs (tumor suppressor genes), DNMTs (DNA 

methyltransferases),  

----------------------------------------------------------------------------------------------------------------------------------- 

Introduction: 

The intersection of two areas remarkably 

characterizes the dynamic scenario of human health 

and disease. Interplay between genetic map of a 

human being and his/her long-term surrounding 

environment (1). Last few generations, extensive 

records of human genomics have been made with 

gene diversity and its association with different 

diseases are used in documenting inborn 

predilections (2). However, it may be noted that 

people who develop a case of illness take action; 

Some genetic profiles with obvious large differences 
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in the results of the disease can be very equally 

environmental factors that contribute greatly to the 

occurrence of a disease and its development, which 

highlights the deficiencies of the genetic approach 

(3). It is difficult to feel that the catalyzed 

development of Epigenetics as one of the most 

important areas of biomedical research, and provides 

a solid model to understand how the external factor 

can regulate gene expression without changing the 

core DNA sequence (4). 

Epigenetics means that changes in gene expression 

have been studied and believed to have been 

assumed due to hereditary factors, defined as above, 

genetics that occur without genetic changes or 

deviations in the main DNA sequence (5). These 

adjustments act as a medium between parents and 

the child as a shield between their environment, 

related to the genome to make the changing 

environment compatible. They use gene activity to 

set conditions. However, compared to genetic 

mutation, this is epigenetic scars that are flexible and 

able to change their permanent impression of the 

code (6) in nature. Under the influence of countless 

environmental determinants, such as diet, personal 

lifestyle, contact with toxins, stress and even social 

life. It is this plasticity that combines epigenetics 

with the importance of epigenetic arbitration of 

exposure effects on environmental factors on the 

disease (7).The principle of gene environmental 

interaction (GxE) is prominent to understanding 

complex human diseases. Genetic sensitization does 

not yet provide any explanation for why a person 

develops a reaction that patients with cystic fibrosis 

have a genetic tendency for heavy breathing, but the 

more relevant question is why this person develops 

heavy breathing and not the brother.  The 

environmental factors usually become triggers or 

modifiers, although they have an impact on the 

foundation of how a genetic predisposition is 

converted to disease and whether or not it is all. 

Epigenetic mechanisms have come to be considered 

as the molecular connection by which these GXE 

interactions are referred to as the modifications in 

the patterns of expression of genes and, finally, 

disease phenotypes (8). As an example, the effects of 

being exposed to some pollutants in the environment 

can be such that they cause certain epigenetic 

modifications that expose an individual to the risk of 

getting infected with cancer, without prior existing 

genetic mutations that are known factors for the 

same disease (9). On the same note, maternal 

nutrition or maternal stress in early life, as well, may 

provide long-term epigenetic modifications, which 

affect the vulnerability of a person to metabolic 

disorders or mental health conditions in the future. 

The purpose of this review is to answer the question 

of the problems of epigenetics in the current state of 

knowledge, complex human diseases are modified, 

which emphasize their mechanisms for the 

mechanism of action. Jean-environment interactions 

are mediated by modifications. First, we will offer a 

dedication to the main forms of epigenetic changes, 

such as DNA methylation, histone modifications and 

non-coding RNA, and how they are necessary for 

gene regulation. Later, we will discuss evidence that 

combines these epigenetic changes with a series of 

complex conditions, including cardiovascular 

disease, nervous system disorders, autoimmune 

diseases and metabolic syndrome. A large part of this 

review will be dedicated to the spread of delicate 

mechanisms, where epigenetic changes can be 

brought by environmental factors, such as changes 

that pretend to be diseases and its development. 

Finally, we will discuss light over new treatment 

methods that work on epigenetic routes, challenges 

and future instructions in this rapidly growing part 

of the world. 

1-Major Types of Epigenetic Modifications: 

Epigenetics refers to various molecular processes 

that use genomic expression at one level that does 

not change the DNA code. Such changes are 

necessary in regular development, cell 

discrimination and tissue equipment that provide 

gene expression (10). They are also very active and 
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sensitive to the response to their surroundings, which 

makes them the major actors in moderating gene-

environment interactions. The three significant 

formats of epigenetic changes are methylation of 

DNA, changes in histone, and non-coding RNA (11). 

1-1-DNA Methylation: 

One of the best-described epigenetic changes is 

DNA methylation, resembling the process of 

addition of a methyl group  (CH₃)  to the fifth atom of 

the cytosine base, mainly in CpG dinucleotides (a 

cytosine and a guanine nucleotide) (12). The CpG 

sites are commonly found to occur in clusters of sites 

referred to as CpG islands. They are found in the 

gene promoter regions (Figure 1). DNA methylation 

is usually linked to mammals. Regarding driver 

mutation, the gene silencing mechanism of HBsAg 

is the driver mutation. Heavy methylation of CpG 

islands in the promoter areas has been witnessed 

(13). They may cause a compacting of the chromatin 

that physically impedes transcription. The potential 

forces that inhibit DNA access by regulating gene 

expression are These factors hinder gene expression 

via restriction of the DNA access. Conversely, active 

genes are normally found to have unmethylated CpG 

islands in promoter regions for gene transcription 

(14). 

These patterns of DNA methylation are defined and 

stabilized by enzymes in a family of 

methyltransferases. The phenomena are catalyzed by 

DNMTs. The latter (DNMT3A and DNMT3B) are 

involved in the de- The transfer of methyl groups to 

new cytosines has occurred to form new patterns of 

methylation during development. NMT1 has gained 

popularity as DNA methyltransferase 1 (15). 

Maintenance methyltransferase, whose patterns of 

methylation are conserved, is replicated to be copied 

to the strands of the daughter during DNA 

replication, thereby maintaining epigenetic marks. 

The transfer of information between the cells. The 

aberrant methylation patterns, such as the aberrant 

DNA methylation patterns, the hypermethylation of 

the tumor suppressor genes, and the 

hypomethylation of the oncogenes, or repetitive 

components, can often be found in diverse diseases 

in human beings, especially cancer (16).

 

 

 

Fig.1: The mode of action of DNA methylation and its status in governing gene expression (addition of methyl groups to 

cytosine in DNA occurs through DNMTs, and removal (demethylation) occurs through TETs, which have a direct 

influence on gene activity). (14) 
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1-2-Histone Modifications: 

A family of basic proteins, histones, is very 

important in the packaging of DNA structural groups 

known as nucleosomes, which build up chromatin. 

The N-terminal Histone tails undergo a great 

diversity of posttranslational modifications (PTMs) 

to include acetylation, methylation, 

phosphorylation, ubiquitination, and sumoylation. 

These alterations can change the charge and the 

structure of histones, which affects the availability 

of DNA to transcription factors, eventually 

regulating gene expression (17). The different 

histone modifications in combination form a 

transcription state of a gene that is determined by the 

so-called histone code. As an illustration, the 

example of a histone may be given. Acetylation by 

histone acetyltransferases (HATs), by and large, 

relaxes DNA, making it easier to transcribe because 

it is in the form of chromatin structure, enhancing 

the expression of genes. Figure 2. On the other hand, 

acetyl groups are stripped by histone deacetylases 

(HDACs) (18). One of the outcomes has been 

chromatin condensation and gene repression that are 

attributable to the formation of repressor groups—

histone methylation. The histone methyltransferases 

(HMTs) catalyze this process, either turning on or 

shutting down a gene, depending on the particular 

lysine or arginine residue modified and the number 

of methyl groups added (19). As an example, 

methylation of H3K4 (lysine 4 on methylation of 

histone H3 is usually considered to be correlated 

with active transcription), and H3K9 methylation 

prevents transcription. H3K27 is associated with the 

silencing of genes. Altered patterns of modification 

of histones have been linked to many diseases, such 

as cancer, neurological disorders, and other 

cardiovascular diseases (20). 

 

 

 

 

Fig. 2: Chroman activity on histone alterations and its effect on epigenetic changes (21) 
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1-3-Non-coding RNAs: 

Non-coding RNAs (ncRNAs) are a heterogeneous group of RNA molecules that are not translated and provide 

significant regulatory functions expressed in gene regulation at different levels, not only proteins but also 

epigenetic regulation (Figure 3). Epigenetic ncRNAs are the best-studied ncRNAs: microRNAs (miRNAs) 

and long non-coding RNAs (lncRNAs) (22). 

 

Fig. (3):- Transcription-associated RNA surveillance (23). 

 

 

1-4-MicroRNAs (miRNAs): 

They are short (about 20-22 nucleotides long), 

single-stranded RNA molecules that control gene 

expression after transcription by binding to 

complementary regions of target messenger RNAs 

(mRNAs), which results in repression or degradation 

of mRNA  (24,25). Over and above their effects on 

mRNA, miRNAs also have an indirect effect on 

epigenetic changes because they trigger genes that 

encode epigenetic machines, e.g., DNMTs, HATs, 

HDACs, and HMTs. Dysregulation (26). Various 

disease conditions have been associated with the role 

of miRNA, such as cancer and cardiovascular 

diseases. Infectious diseases, neurodegenerative 

diseases, and immune system disorders are often 

caused by epigenetic landscape alterations (27). 

1-5- Long Non-coding RNAs (lncRNAs): 

This is a category of RNA molecules, more than 200 

functionless nucleotides with little capacity to 

encode proteins. LncRNAs are extremely varied and 

modulate gene expression with different methods in 

their modes of action epigenetic mechanisms. They 

may serve as scaffolds, which congregate 

chromatin-modifying tags on enzymes to the 

genomic locations, and as landmarks, instructing the 

epigenetic engine to target genes; as decoys, 

sequestering epigenetic regulators; or as enhancers 

(28). Regulating gene expression, trans or cis. As an 

illustration (figure 4), the lncRNA XIST is involved 

in the process of regulating the induction of 

differentiation and plays a significant part in X 

chromosome inactivation by bringing in the 

polycomb repressive complex. The placement of 2 

(PRC2) on the X chromosome, resulting in 

repressive histone changes and the inactivation of 

gene silencing. Dysregulated lncRNA has been 

suspected to participate in a variety of illnesses, 

including cancer, developmental disorders, and 

neurological diseases; the many roles are associated 

with the essence of a cell, and typical epigenetic 

control (29). 
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Fig.4:- The modes of action of long non-coding RNAs (lncRNAs) in tumors. (A) LncRNAs, as signal 

molecules, can be used alone or combined with some proteins (such as transcription factors) to mediate the 

transcription of downstream genes; (B) LncRNAs, as decoy molecules, bind to some functional protein 

molecules to block the protein molecules from regulating DNA and mRNA molecules, or bind to miRNA 

molecules competitively with mRNA molecules to block the inhibitory effect of miRNA on mRNA molecules; 

(C) LncRNAs, as guide molecules, carry some functional protein molecules and locate them in the target area 

to perform functions; (D) LncRNAs, as scaffold molecules, guide related different types of macromolecular 

complexes to assemble in the target area to work together   (30) . 

 

 

 

 

2-Epigenetic Mechanisms in Complex Human 

Diseases: 

The occurrence of epigenetic proto-germs, a trait of 

many complex human diseases, plays a major role in 

this induction, course, and different clinical 

expressions. These diseases are frequently the result 

of a combination of predisposition and 

environmental exposures mediated by epigenetic 

processes as intermediate steps. In this case, we 

investigate the role of epigenetic changes in some of 

the large groups of complex human diseases (31). 

2-1-Cancer 

The most widely researched disease about 

epigenetics is perhaps cancer. It is currently 

established that epigenetic changes, together with 

genetic alterations, are basic promoters of 

oncogenesis. Major cancer epigenetic alterations are 

the following: 

DNA Hypomethylation: Global hypomethylation 

of the genome is a widespread phenomenon found in 

a lot of cancers. This may cause genomic instability, 

the process of activation of transposable elements 

(5), reactivation, and oncogenes, thereby adding to 

the growth of uncontrolled cell division and tumor 

growth and development (32). 
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Fig. 5:- Epigenetic modifications have important roles in chromatin structure and gene expression (33). 

 

 

 

DNA Hypermethylation: As opposed to that, 

hypermethylation of CpG islands in focal areas, 

KSilossi, half-located in the promoter regions of 

tumor suppressor genes (TSGs), is a vital process 

that was reported to silence them in cancer (34). 

These are exemplified by the hypermethylation of 

the RB1 gene in breast and ovarian cancer, 

retinoblastoma, and colorectal cancer, BRCA1, and 

MLH1, respectively. This silencing takes away 

important inhibitors to cell growth and cell division, 

promoting tumorigenesis (35). 

Histone Modifications: Dysregulated acetylations 

and methylation of histones also occur frequently 

with cancer. As an example, heightened histone 

deacetylation (as a result of the repression of TSGs) 

can be induced by overexpression of HDACs (or by 

changes in other epigenetic modifiers such as DNA 

methylation). Histone methylation patterns (e.g., 

loss of H3K9me2/3 or H3K27me3) may contribute 

to oncogene activation and genomic instability (36). 

Non-coding RNAs: Misexpression of lncRNAs and 

miRNAs participates in has a major contribution in 

the development of cancer. OncomiRs are oncogenic 

miRNAs (oncomiRs) that facilitate cell 

proliferation, survival, and metastasis by both TSGs 

or gene repression (37). Tumor-suppressor miRNAs 

can suppress these, but with apoptosis, they 

participate in it processes. The lncRNAs, in a similar 

vein, may either promote cancer or inhibit growth, 

similarly to oncogenes or tumor suppressors, 

respectively, adjusting epigenetic progress, 

chromatin organization, and controlling the level of 

gene expression involved in cancer hallmarks (38). 

3-Cardiovascular Diseases (CVDs): 

The most common causes of CVDs, such as 

atherosclerosis, hypertension, and heart failure, are 

the most common causes of mortality, morbidity, 

and deaths in countries all over the world (39,40). 

Mounting evidence indicates that epigenetic changes 

largely contribute to their pathogenesis and tend to 

be predetermined by environmental factors and 

lifestyles like diet, physical activities, and stress 

(41,42). 

4- Neurological and Neurodegenerative 

Disorders: 
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Epigenetics plays an important role in the normal 

brain, neuronal activity, and psychological functions 

(43). Therefore, they have been involved in their 

improper broad array of neurological and 

neurodegenerative diseases, such as Alzheimer's 

(AD), Parkinson's (PD), autism (ASD), and 

schizophrenia (44). Risk factors, including prenatal 

stress and environmental exposures, remain active 

areas of research, in large part due to the relatively 

large number of studies conducted in high-income 

countries (HICs), where these risk factors might 

represent the most consistent risk factors. Brain 

spigenetics can be heavily affected by neurotoxin 

and diet (45). 

2-5- Metabolic Disorders: 

Metabolic behavior such as type 2 diabetes (T2D), 

obesity and non-alcoholic fat disease (NAFFLD) is 

metabolic and includes liver disease (NAFFLD), 

which contains a large lifestyle and environmental 

effects (46,47). Epignant changes act as a molecular 

contact between such environmental conditions and 

metabolic dysfunction (48). 

3- Gene-Environment Interactions and 

Epigenetic Mediation: 

The term "gene environment interaction" (G XE) 

believes that the effect of a genetic factor is affected 

by the environmental factor. Either the phenotypical 

version is replaced through environmental risk, or 

vice versa (49). Epigenetics are identified as the 

most important molecular-tantic mechanisms that 

mediate such interactions, which definitely change 

signs of the environment, even though they are 

reversible, changes in gene expression. This section 

extends how different environmental factors work in 

epignant scars, thus disseminating G XE ratio of 

complex human deformity (50). 

3-1- Environmental Toxicants and Pollutants: 

A major risk factor is in contact with environmental 

toxins and pollutants and many diseases, and 

negative effects often feel by using epigenetic 

changes. Heavy metals (e.g. arsenic, cadmium, 

lead), air pollution (e.g. particle-shaped material, 

polycyclic aromatic hydrocarbons) and endocrine-

disrupting chemicals EDCs famous epigenetic 

interferers are there (51). 

3-2- Diet and Nutrition: 

Environmental factors include dietary components, 

which can have a major impact on epigenomas, to 

regulate the possibility of the occurrence of the 

disease.  The nutrients offer substrates so they can 

modify directly or indirectly the activity of 

epigenetic enzymes. Such a region, referred to as 

nutritional epigenetics, which is quickly growing, 

plays a part (52). 

3-3- Stress and Psychological Trauma: 

Psychological stress and traumatic events, especially 

in childhood, may result in the development of 

conditions such as permanent epigenetic alterations 

that affect the predisposition of a person to mental 

health disorders and other stress-related illnesses. 

Highly vulnerable to the brain are epigenetic 

adaptations to stress, such as those of the genes in 

neuroplasticity, stress, and neurotransmission (53). 

3-4- Infectious Agents: 

The host genome can be manipulated by viruses and 

bacteria, which are infectious agents, to enable their 

replication and maintenance, and such epigenetic 

alterations can also add to the pathogenesis of the 

diseases (54). 

Discussion 

Epigenetic changes define the onset, course and 

clinical variability of diseases in detailed human 

patterns of disease. Epigenetic modifications now 

play a role epigenetic mechanisms such as DNA 

methylation, histone modifications, and non-coding 

RNA regulation, providing an active and reversible 

level of gene regulation that is in contrast to gene 

mutations, which result in permanent change of the 

DNA sequence. These modifications provide a 

mechanistic pathway mediating variability in 

disease response among individuals with the same 

genetic predisposition by serving as molecular links 

between genetic susceptibility and environmental 
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exposure (55). DNA methylation is an important 

epigenetic mechanism, which is made on a large 

scale, the cancer process is very related to abnormal 

methylation of DNA patterns, such as total 

hypomethylation and hypermethylation of genes, 

pushing the tumor. For example, it has been found 

that hypermethylation of BRCA1 and MLH1 

promoters explains a lot about the occurrence of 

breast, ovarian, and colon cancer, making the two 

genes quiet and releasing cell division control (56). 

In addition, the hypomethylation of the entire 

genome leads to activation of oncogenes and the 

instability of the genome, which increases 

carcinogenesis (57). The importance of changes in 

these methylation lies in the fact that they not only 

cause damage, but can also serve as a biomarker for 

early cancer diagnosis (58). 

One more important epigenetic mechanism is the 

change in histone; the changes in acetylation and 

methylation patterns that are dysregulated cause the 

accessibility of chromatin and transcriptional 

activity. As an instance, elevated histone deacetylase 

(HDAC) activity has been linked to the repression of 

the transcription of tumor suppressor genes in 

several types of cancer. On a similar basis, a 

relationship has been found between the activation 

of oncogenes and the instability of the genome and 

the disappearance of repressive histone markers such 

as H3K9me3 or H3K27me3 (59). The information 

provided in the latest studies indicates that 

therapeutic targeting of histone modifiers, for 

example, histone methyltransferase inhibitors and 

HDAC inhibitors, may be effective against cancer, 

especially when combined with immunotherapeutic 

approaches (60). 

Non-coding RNAs (ncRNAs), mainly long non-

coding RNAs (lncRNAs), and microRNAs 

(miRNAs), significantly contribute to the epigenetic 

regulatory landscape. The tumor-suppressor 

miRNAs antagonize, while oncomiRs, which 

represent a subclass of oncogenic miRNAs, inhibit 

the tumor suppressor genes and stimulate cancer cell 

proliferation. In addition, the changes in chromatin 

structure and epigenetic silencing in cancer and 

neurodevelopmental diseases are coincident with the 

dysregulated lncRNAs such as HOTAIR and XIST 

(60). These findings underpin the concept that 

ncRNAs could serve as therapeutic targets as well as 

diagnostic biomarkers. 

Along with cancer, changes in epigenetics have also 

been recognized as a major factor in the 

development of neurodegenerative, metabolic, and 

cardiovascular conditions. Cardiovascular disorders 

have been confirmed as atherosclerosis and 

hypertension—two diseases that are still largely 

dependent on diet and lifestyle—were linked to 

DNA methylation of endothelial genes and histone 

changes in vascular smooth muscle cells (61). 

Precisely, nutrient factors affect the activity of 

epigenetic enzymes in metabolic disorders such as 

type 2 diabetes and obesity, which lead to lipid 

metabolism and insulin sensitivity changes (62). The 

concept of nutritional epigenetics has become quite 

popular with its practice as a possible strategy for the 

prevention of diseases (63). 

The epigenetic mechanisms are the mainstay of 

neuronal development, synaptic plasticity, and 

memory formation in the nervous system. There are 

several studies that provide the evidence of the 

relationship between histone changes and 

methylation of the DNA in genes with 

neuropsychiatric disorders such as schizophrenia, 

autism spectrum disorders, Parkinson's disease, and 

Alzheimer's disease (62). 

For instance, DNA methylation-associated 

epigenetic clocks are presently considered as likely 

indicators for the early recognition of 

neurodegenerative disorders and the aging process 

of the brain (63). The findings of the study reveal 

that epigenetic changes play a core role in the 

diseases' pathophysiology and are not only 

responsible for their symptoms. 
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One major element is the reversibility of epigenetic 

regulation which places it above epigenetic 

mutations in the category of not being reversible. 

Because of this characteristic, the development of 

epigenetic drugs has been made more rapid. While 

the research is still ongoing for their combination 

with immune checkpoint inhibitors in solid tumors, 

the use of DNMT inhibitors (like azacitidine) that 

are approved and thus activated along with HDAC 

inhibitors that act like vorinostat is currently the 

basis of clinical practice in hematological 

malignancies (64). Exercise has also been identified 

as a good histone acetylation and DNA 

methylationchanger that could be a support to the 

idea of non-pharmacological methods of epigenetic 

therapy (64). 

It is, however, still a big distance before the 

epigenetic findings can be assimilated into precision 

medicine. The conversion of epigenetic marks into 

reliable biomarkers is hindered by tissue 

heterogeneity, interindividual variability, and the 

context-dependent nature of these marks. On top of 

that, most of the epigenetic research is conducted in 

rich countries which lead to the question of whether 

the results can be generalized to different genetic and 

environmental contexts (65). These issues can only 

be resolved and the translational gap closed by large-

scale, multi-omics strategies and equitable global 

research initiatives. 

Conclusion: 

The turning point in the scope of epigenetic 

adjustments is the redefinition of the idea of 

complicated human diseases, whereby it's been 

found that genetic factors do not comprehensively 

represent the disorder risk or its diversity in the 

effects of medical practice. Epigenetics offers an 

indirect contact between the surroundings and the 

genome through incorporating lifelong exposures 

into heritable alterations of gene expression. 

Pathogenic aberrant epigenetic landscape, possibly 

through hypermethylation of DNA tumor suppressor 

genes, imbalance of histone modifications, or 

deregulation in non-coding RNAs, is emerging as 

one of the causes of pathogenesis in many disease 

situations. Notably, their reversibility gives them the 

advantage of the never-before-seen therapeutic 

possibility of crops of epigenetic drugs and lifestyle-

modifying interventions to target these regulatory 

pathways. The innovations in the future will be 

related to the optimization of mapping, decoding, 

and tunable silencing of epigenetic marks by almost 

tissue- and time-specific control. Finally, 

implementing epigenomic profiling in the clinical 

context may allow predictive diagnostics, 

personalized strategies of prevention, and precision 

treatment, highlighting a paradigm-shifting progress 

toward defining such a notion as personalized 

medicine in the full sense of this word. 
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