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Introduction

Aging is an inevitable biological process characterized by a
gradual decline in the function of tissues and organs, leading
to an increased risk of diseases such as cardiovascular disease,
cancer, and neurodegenerative disorders. While the genetic
factors that govern aging are well-documented, it is becoming
increasingly clear that epigenetic modifications play a significant
role in the regulation of aging and age-related diseases. Unlike
genetic mutations, which involve permanent changes to the
DNA sequence, epigenetic modifications are reversible changes
that influence gene expression and cellular function [1]. These
modifications include DNA methylation, histone modifications,
and changes in the expression of non-coding RNAs. Recent
advances in epigenetics have shown that the accumulation of
epigenetic alterations over time can drive aging by impairing
cellular processes such as DNA repair, cell cycle regulation, and
apoptosis. Thisreview explorestherole of epigenetic modifications
in aging, the potential mechanisms through which these changes
occur, and the therapeutic implications of modulating epigenetic
pathways to delay aging and promote healthspan [2].

Mechanisms of Epigenetic Modifications

Epigenetic modifications influence gene expression without
altering the DNA sequence itself. These changes can be inherited

or acquired due to environmental factors, lifestyle, and aging. The
three primary mechanisms of epigenetic regulation that impact
aging include DNA methylation, histone modifications, and non-
coding RNA regulation [3].

DNA Methylation

DNA methylation is one of the most studied epigenetic
modifications and involves the addition of a methyl group
(-CH3) to the cytosine base of DNA, typically in regions known
as CpG islands. DNA methylation plays a key role in regulating
gene expression, with hypermethylation often leading to gene
silencing and hypomethylation leading to gene activation. In the
context of aging, DNA methylation patterns change significantly,
leading to the dysregulation of gene expression [4]. A hallmark
of aging is the loss of DNA methylation at specific genes that
are involved in maintaining genomic stability, such as those
involved in DNA repair and stress response pathways. For
example, age-related hypomethylation of tumor suppressor
genes and DNA repair genes may contribute to the accumulation
of genetic mutations and the onset of age-related diseases,
including cancer. Conversely, DNA hypermethylation of certain
gene promoters, such as those involved in inflammation and
immune responses, may lead to the silencing of protective genes,
increasing susceptibility to age-related diseases. A key discovery
in aging research has been the identification of DNA methylation
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"clock" markers, such as the Horvath clock, which can predict
biological age based on methylation patterns [5]. These clocks
have become valuable tools for understanding aging and may
provide insights into interventions aimed at slowing or reversing
epigenetic aging.

Histone Modifications

Histones are proteins around which DNA is wrapped to form
chromatin. Post-translational modifications of histones, including
acetylation, methylation, phosphorylation, and ubiquitination,
play a crucial role in regulating chromatin structure and gene
expression. The addition of acetyl groups to histones, for example,
typically leads to a more open chromatin structure and increased
gene expression, while methylation of histones can either
activate or repress gene expression depending on the specific
site. As individuals age, the balance of histone modifications
becomes disrupted, leading to altered chromatin structure and
impaired gene expression. For instance, histone deacetylation
is often observed in aging cells, leading to gene silencing and
a decrease in the expression of genes involved in cellular
repair and maintenance. Additionally, histone methylation
can influence the stability of the genome and the activation of
stress response pathways, both of which are important in aging
and age-related diseases. Recent research has focused on the
potential for targeting histone modifications to promote healthy
aging. Small molecules and drugs that modify histone acetylation
or methylation are being investigated for their ability to restore
youthful chromatin structure and gene expression, which could
delay the aging process and prevent age-related diseases.

Non-Coding RNA Regulation

Non-coding RNAs (ncRNAs), which include microRNAs (miRNAs)
and long non-coding RNAs (IncRNAs), play an essential role
in regulating gene expression at the transcriptional and post-
transcriptional levels. miRNAs are small RNA molecules that
bind to messenger RNA (mRNA) and prevent its translation
into proteins, while IncRNAs can interact with chromatin or
transcription factors to regulate gene expression. In aging,
alterations in ncRNA expression can have significant effects on
cellular function. For example, certain miRNAs are upregulated
in aging tissues and contribute to cellular senescence,
inflammation, and mitochondrial dysfunction—key features of
aging and age-related diseases. On the other hand, other miRNAs
that target genes involved in DNA repair or cell cycle regulation
are downregulated during aging, impairing cellular homeostasis.
The manipulation of ncRNA expression has become a promising
strategy in aging research. By restoring or inhibiting specific
miRNAs or IncRNAs, it may be possible to modulate the expression
of genes associated with aging and age-related diseases.

Epigenetic Changes and Age-Related Diseases

Epigenetic modifications are not only involved in the normal
aging process but also play a critical role in the development of
age-related diseases. These include neurodegenerative diseases
such as Alzheimer's and Parkinson's, cardiovascular diseases,
cancer, and metabolic disorders.
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Neurodegenerative Diseases

In diseases such as Alzheimer's disease (AD) and Parkinson’s
disease (PD), epigenetic changes contribute to the dysregulation
of genes involved in neuronal survival, synaptic plasticity, and
inflammation. DNA methylation and histone modifications have
been implicated in the accumulation of amyloid plaques in AD
and the loss of dopaminergic neurons in PD. Targeting these
epigenetic pathways may provide novel therapeutic strategies
for slowing disease progression or enhancing neuronal repair.

Cancer

Cancer is a hallmark age-related disease that is also strongly
influenced by epigenetic modifications. Accumulating evidence
suggests that age-associated changes in DNA methylation and
histone modifications contribute to tumorigenesis by silencing
tumor suppressor genes and activating oncogenes. Epigenetic
therapies, such as DNA demethylating agents or histone
deacetylase inhibitors, are currently being explored as potential
treatments for age-related cancers.

Cardiovascular Diseases

Cardiovascular aging is marked by changes in vascular function,
lipid metabolism, and inflammation. Epigenetic changes, including
altered DNA methylation of genesinvolved in vascular remodeling
and inflammation, are thought to contribute to the development
of atherosclerosis and other cardiovascular diseases. Targeting
these epigenetic changes may provide a means of delaying
cardiovascular aging and improving cardiovascular health in
older individuals.

Epigenetic Interventions: Potential for Anti-
Aging Therapies

Given the reversible nature of epigenetic modifications, there is
growing interest in developing interventions that target these
pathways to slow or reverse the aging process. Several strategies
are being explored:

Small Molecule Modulators

Researchers are investigating small molecules that can modify
epigenetic marks, such as histone deacetylase inhibitors (HDACi)
and DNA methyltransferase inhibitors (DNMTi). These molecules
can alter chromatin structure, re-activate silenced genes, and
restore youthful gene expression patterns. Early studies in animal
models have shown promise, but human trials are still in the
early stages.

Caloric Restriction and Exercise

Caloric restriction (CR) and regular exercise are two lifestyle
interventions known to have positive effects on aging and
longevity. Both CR and exercise have been shown to alter
epigenetic marks, particularly DNA methylation patterns,
promoting the expression of genes associated with longevity and
healthspan. These lifestyle factors could represent practical, non-
pharmacological interventions to delay aging at the epigenetic
level.
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Conclusion

Epigenetic modifications play a pivotal role in aging and age-
related diseases. DNA methylation, histone modifications, and
non-coding RNA regulation all contribute to the regulation of gene
expression throughout the aging process. As research advances,
it is becoming increasingly clear that manipulating epigenetic
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of statins in cancer: New targets for new therapies. Front Chem 8:
516.

4 Huang S, Chyuan |, Shiue C, Yu MC, Hsu YF, et al. (2008) Statin-
induced inhibition of MCF-7 breast cancer cell proliferation is related
to cell cycle arrest and apoptotic and necrotic cell death mediated by
an enhanced oxidative stress. Cancer Investig 26: 698-707.

5 Mohamed ZY, Fan C, Zhang H, Sun XF (2018) Synergistic promoting
effects of pentoxifylline and simvastatin on the apoptosis of triple-
negative MDA-MB-231 breast cancer cells. IntJ Oncol 52: 1246-1254.

This article is available in: https://www.itmedicalteam.pl/health-science.html


https://www.researchgate.net/publication/351928015_Comparative_Hepatic_and_Intestinal_Metabolism_and_Pharmacodynamics_of_Statins
https://www.researchgate.net/publication/351928015_Comparative_Hepatic_and_Intestinal_Metabolism_and_Pharmacodynamics_of_Statins
https://academic.oup.com/bioinformatics/article/27/18/2473/179914?login=true
https://academic.oup.com/bioinformatics/article/27/18/2473/179914?login=true
https://www.researchgate.net/publication/342232944_The_Innovative_Potential_of_Statins_in_Cancer_New_Targets_for_New_Therapies
https://www.researchgate.net/publication/342232944_The_Innovative_Potential_of_Statins_in_Cancer_New_Targets_for_New_Therapies
https://onlinelibrary.wiley.com/doi/10.1111/jcmm.14879
https://onlinelibrary.wiley.com/doi/10.1111/jcmm.14879
https://onlinelibrary.wiley.com/doi/10.1111/jcmm.14879
https://onlinelibrary.wiley.com/doi/10.1111/jcmm.14879
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10572000/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10572000/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10572000/

