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Epigenetic modifications play a critical role in regulating gene expression under various physiological and path-
ological conditions. Epigeneticmodifications reprogramming is a recognized hallmark of aging and a key compo-
nent of the aging clock used to differentiate between chronological and biological age. The potential for
prospective diagnosis and regulatory capabilities position epigenetic modifications as an emerging drug target
to extend longevity and alleviate age-related organ dysfunctions. In the past few decades, numerous preclinical
studies have demonstrated the therapeutic potential of natural products in various human diseases, including
aging, with some advancing to clinical trials and clinical application. This review highlights the discovery and re-
cent advancements in the aging clock, as well as the potential use of natural products as anti-aging therapeutics
by correcting disordered epigenetic reprogramming. Specifically, the focus is on the imbalance of histone modi-
fications, alterations inDNAmethylation patterns, disruptedATP-dependent chromatin remodeling, and changes
in RNA modifications. By exploring these areas, new insights can be gained into aging prediction and anti-aging
interventions.
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1. Introduction

Aging is an intricate process characterized by decreased functional
abilities and increased susceptibility of various diseases, including car-
diovascular diseases, cancer, neurodegenerative disorders, immune sys-
tem dysfunctions, endocrine and metabolic diseases, etc. (Abdelgawad
et al., 2021; Park et al., 2023). Research has identified key aging hall-
marks, such as genetic instability, telomere shortening, mitochondrial
damage, epigenetic changes, abnormal cellular metabolism (Birch,
Barnes, & Passos, 2018; Denomme et al., 2024; Milosic,
Hengstschlager, & Osmanagic-Myers, 2023; Siddiqui, Sharma,
Kesharwani, & Parihar, 2024), all of which play pivotal roles in the de-
velopment of aging. These insights are fundamental for identifying
aging biomarkers and developing age-related diseases interventions.

Natural products are bioactive compounds sourced from plants, an-
imals, marine organisms, microorganisms, and other natural sources,
known for their diverse chemical structures and pharmacological prop-
erties (Luo, Yin, Wang, & Kong, 2024; Zhang et al., 2020). These com-
pounds have been extensively studied for their potential in various
therapeutic applications, including anti-aging effects and modulation
of epigenetic modifications. This review aims to provide a comprehen-
sive overview of natural products that target epigenetic reprogramming
to enhance longevity and alleviate age-related organ dysfunctions.

2. Aging clock and the determinant factors

Histologically, aging is characterized by evident tissue lesions and
senescence, while clinically, it is observed through a decline in overall
organ function. Although these tissue and organ lesions may initiate at
different time points and operate somewhat independently, once a spe-
cific lesion emerges, it can potentially trigger or exacerbate degenera-
tive changes in other organs following a cascade model. The onset of
aging-related changes varies among different organs and tissues (Le
Gall & Ardaillou, 2009; F. Yan, Li, Powell, & Wang, 2022). And the func-
tion and risk of age-related diseases exhibit non-linear changes
throughout the human life cycle (X. Shen et al., 2024). Research has re-
vealed that the decline in human motor function typically commences
around the age of 35, while the visual field diminishes gradually from
birth, leading to the development of presbyopia between 45 and 50.
Reproductive function begins to decrease at around 50 years of age, sig-
nificant hearing loss often begins around 65, and central nervous system
function experiences a rapid decline from around 70 years of age
(Warthin, 1928). These alterations serve as clinically significant indica-
tors of an individual's physiological age.

The global population is experiencing rapid aging, but the disease-
free survival period, known as healthspan, have not kept pace with
this trend. In recent decades, pioneering studies have introduced indica-
tors to estimate healthspan, offering a promising possibility to extend
lifespan and healthspan. Andrews et al. introduced the concept of
“biological age” as an indicator of human healthspan in 2017
(Andrews et al., 2017), indicating the age of organs, tissues, and cells
2

based on physiological markers. A younger biological age compared to
chronological age signifies better health outcomes, while an older
biological age often correlates with poor physical health or potential
chronic diseases. Advancements in biotechnologies have led to the dis-
covery of biomarkers that differentiate between chronological and bio-
logical age, enabling the quantification of aging across different levels.
The concept of aging clocks has been developed in response to this,
which refers to mathematical models trained on omics data using one
or a set of biomarkers to predict biological age (H. Zhu et al., 2023).
Our review provides a systematic summary of aging biomarkers
(Fig. 1) and their corresponding aging clocks (Table 1) at both the
organ and molecular levels.

2.1. Aging clock in circulatory system

Aging across various body systems results in the emergence of di-
verse biomarkers associated with the aging clock. In the circulatory sys-
tem, blood biomarkers and blood cells are commonly employed to
establish biological or digital models for predicting the aging clock.
Researchers developed a dynamic quantitative organism state indicator
(DOSI) to quantify the healthspan of organism by utilizing Complete
Blood Counts (CBC) and physical activity variables. This DOSI, identified
as an aging clock, predicts the risk of age-related diseases and mortality
as age increases (Pyrkov et al., 2021). Polina Mamoshina developed an
AI deep learning-based hematological aging clock model (AI-based he-
matological AGE) utilizing hematological parameters, transcriptomic,
and proteomic data from a large combined dataset of population
blood samples. This model suggests the specificity of aging patterns
and hematologic clocks in different populations, with the ability to pre-
dict all-cause mortality (Mamoshina et al., 2018). Similarity, by intro-
ducing an advanced single-cell lineage-tracing system, researchers
observed that hematopoietic stem cells (HSCs) clone diversity de-
creases significantlywith age, highlighting the complex relationship be-
tween HSC behavior, human hematopoietic complexity and aging
(HSCs AGE) (Weng et al., 2024). Notably, blood biochemistry parame-
ters such as albumin, glucose, urea, and hemoglobin were identified as
crucial predictors for aging specific to the population (blood biochemis-
try AGE) (Mamoshina et al., 2018). Additionally, C-reactive protein
(CRP) and interleukin-6 (IL-6) levels were sensitive predictors of phys-
ical quality, cognitive ability andmortality risk in the elderly population
(Puzianowska-Kuznicka et al., 2016). Age is one of the independent risk
factors for cardiovascular diseases, as it can induce structural remodel-
ing and functional deterioration in the heart leading to ventricular dia-
stolic dysfunction, seriously shorten lifespan (North & Sinclair, 2012).
Our previous studies highlighted the strong correlation between non-
coding RNAs (ncRNAs) in cardiomyocytes and human age, as well as
age-related cardiac dysfunction, encompassing long non-coding RNA
(lncRNA) SMAL and microRNA-203 (ncRNA AGE) (Liu et al., 2022;
Zhao et al., 2024). B-type Natriuretic Peptide (BNP) is a circulating hor-
mone predominantly synthesized by the myocardium in response to
cardiac stress. A community-based cohort study demonstrated that
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Fig. 1. Aging clocks and molecular biomarkers of aging. At the edge of the circle, aging clock prediction models representing various body systems are showcased as reviewed in this
document. In the center, particular biomarkers at the molecular level are presented to predict overall lifespan and healthspan. (by Figdraw).
serum BNP levels increase with healthy aging and serve as an indepen-
dent predictor of heart failure in elderly (Yoshida et al., 2019). Increased
the expression of angiotensin converting enzyme-2 (ACE2) in alveolar
epithelial cells of non-cancerous elderly lung tissue leads to increased
susceptibility to SARS-CoV-2 (Schneider et al., 2021).

2.2. Aging clock in immune system

Aging is often accompanied by immune system disorders, with
chronic inflammation being a characteristic of immunosenescence and
one of the main risk factors for age-related diseases (Liu et al., 2023).
Sayed et al. used circulatory immune protein data which containing
50 cytokines, chemokines and growth factors to develop a new inflam-
matory aging (iAGE) clock using deep learning to predict the incidence
of multiple diseases. This innovative tool emphasizes the key role of
iAGE in the aging clock, illustrating its effect to assess the aging process
and related health outcomes (Sayed et al., 2021). Erin Macdonald-
Dunlop and colleagues analyzed various omic aging clocks and discov-
ered that IgG glycomics clock is capable of effectively tracking general-
ized aging and predicting biological age (Macdonald-Dunlop et al.,
2022).

2.3. Aging clock in digestive system

Within the digestive system, the gut microbiota is a crucial role as a
biomarker of aging and age-related diseases, containing a diverse range
3

of health and longevity-related biomarkers (R. Li & Roy, 2023; B. Wang,
Yao, Lv, Ling, & Li, 2017). One notable example is the depletion of
Bacteroidetes, which is considered a key feature of healthy aging and
serves as a predictive indicator of prolonged survival among the elderly
(Wilmanski et al., 2021). However, according to Li et al., the predictive
potential of microbiota for aging seems to vary across different races
and genders. Their study highlighted that microbiota diversity showed
minimal differences during aging in Chinese women (Li et al., 2023).
Further research is essential to fully understand the role of microbiota
in influencing lifespan and healthspan.

2.4. Aging clock in endocrine system

Hormones and metabolic products produced in the endocrine sys-
tem have been identified as novel components of an aging clock. Re-
search indicates that centenarians demonstrate greater insulin
sensitivity and β-cell activity compared to younger individuals,
underscoring the significance of energy metabolism in promoting
healthy aging (energy metabolism AGE) (Paolisso, Barbieri, Bonafe, &
Franceschi, 2000). The key steroid precursors of sex hormones, includ-
ing dehydroepiandrosterone (DHEA) and its ester metabolite, dehydro-
epiandrosterone sulfate (DHEA-S), significantly decrease from around
the age of 30 in males and have become prospective biomarkers of
aging and predictive indicators of male lifespan (Enomoto et al., 2008;
Labrie, 2010). John C. Earls et al. developed the computer-based
Klemera-Doubal method for estimating biological age (KDM BA). This
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Table 1
Reported aging clocks and their related components and methods utilized in different body systems.

Body system Aging clock Components and methods Reference

Circulatory
System

DOSI Emphasizing the intertwined evolution of the genome and epigenome, shaping the
characteristics of different mammalian species.

Pyrkov et al., 2021

AI-based hematological
AGE

Developing an AI deep learning-based hematological aging clock model (AI-based
hematological AGE) utilizing hematological parameters, transcriptomic, and proteomic data
from a large combined dataset of population blood samples.

Mamoshina et al., 2018

HSCs AGE Introducing an advanced single-cell lineage-tracing system, researchers observed that
hematopoietic stem cells (HSCs) clone diversity decreases significantly with age.

Weng et al., 2024

Blood biochemistry AGE Blood biochemistry parameters such as albumin, glucose, urea, and hemoglobin were
identified as crucial predictors for aging specific to the population.

Mamoshina et al., 2018

IL-6 and CRP CRP and IL6 levels were reliable indicators of physical, cognitive abilities as well as the risk of
mortality in the overall elderly population.

Puzianowska-Kuznicka et al.,
2016

ncRNA AGE Long non-coding RNA (lncRNA) SMAL and microRNA-203 in cardiomyocytes are strongly
correlated with human age, as well as age-related cardiac dysfunction.

Liu, Bai, et al., 2022; Zhao, Sun,
et al., 2024, Zhao, Tang, et al., 2024

BNP Serum BNP levels increase with healthy aging and serve as an independent predictor of heart
failure in older adults.

Yoshida et al., 2019

ACE2 High ACE2 expression in alveolar epithelial cells of non-cancerous elderly lung tissue
increases susceptibility to SARS-CoV-2.

Schneider et al., 2021

Immune
System

iAGEC By analyzing circulating immune protein data from 50 cytokines, chemokines, and growth
factors, multiple incidence rates were predicted, and a new inflammatory aging (iAGE) clock
was developed using deep learning techniques.

Sayed et al., 2021

IgG glycomics clock IgG glycomics clock is capable of effectively tracking generalized aging and predicting
biological age.

Macdonald-Dunlop et al., 2022

Digestive
System

Bacteroidetes The reduction of Bacteroidetes is regarded as a significant characteristic of healthy aging and
acts as a predictive marker for increased longevity in older adults.

Wilmanski et al., 2021

Endocrine
System

Energy metabolism AGE Centenarians demonstrate greater insulin sensitivity and maintained β-cell function. Paolisso et al., 2000
DHEA, DHEA-S Sex hormones DHEA and DHEA-S are significantly decline from around the age of 30 in males

and have become prospective biomarkers of aging.
Enomoto et al., 2008; Labrie, 2010

KDM BA Developing the computer-based Klemera-Doubal method for estimating biological age (KDM
BA) to analyze longitudinal data, for existing research identified metabolic well-being,
inflammatory responses, and toxin buildup are prominent indicators of biological age.

Earls et al., 2019

iCAS Chinese Aging Score (iCAS) was created using multi-omics data to assess aging and evaluate
physiological conditions related to chronic inflammation, hormone and metabolic
dysfunction, and tissue degeneration.

Li, Xiong, et al., 2023

Central
Nervous
System

NfL Plasma NfL shows promise as a tool for indicating the absence of detecting
neurodegeneration with minimal false positives across various age-related thresholds.

Ashton et al., 2021

Neural stem/progenitor
cells AGE

Single-cell RNA-seq data revealed that in neural stem and progenitor cells, 96 to 359 genes
were associated with chronological clocks, and 174 to 399 genes were linked to biological
clocks.

Buckley et al., 2023

BiT AGE By applying temporal scaling and binarization to C. elegans transcriptomes, a set of 576 genes
related to innate immunity, neural signaling, and transcriptional regulation was identified.
This gene set effectively predicts biological age.

Meyer & Schumacher, 2021

BrainAGE The Brain Age Gap Estimation (BrainAGE) method is the foremost and widely utilized
concept for individual brain age prediction and assessment using structural MRI data.

Kalc et al., 2024; Lu et al., 2023

Human Skin Collagen and collagen fibrils Inhibition of collagen synthesis and acceleration of collagen fibril fragmentation led to a net
deficiency of collagen in aged skin structure, with protease-mediated degradation becoming
dysregulated, contributing to ECM alterations.

Panwar et al., 2015; Quan &
Fisher, 2015

Elastic fibers GAGs
PGs

Other ECM components, such as glycosaminoglycans (GAGs), alike experience
age-associated changes, ultimately resulting in a decline in functional components.

Shin et al., 2019

MMP1 Prominently in aged human skin, there is an upregulation of matrix metalloproteinase-1
(MMP-1) expression and reduced type I collagen synthesis by dermal fibroblasts.

Xia et al., 2013

TβRII The decline in dermal collagen production is linked to aging, with the downregulation of
TβRII playing a significant role in this process.

T. He et al., 2014

NEP An increase in neutral endopeptidase 24.11 (NEP) expression leads to the degradation of
various neuropeptides, consequently reducing their effectiveness as inflammatory
regulators. This process contributes to the fibrodegeneration of elastin.

Morisaki et al., 2010

CCN1 The cysteine-rich protein 61 (CCN1) is predominantly present in dermal fibroblasts, with
elevated expression observed in both naturally aged and photoaged human skin in vivo.

Qin et al., 2013; Quan et al., 2006

p16INK4a-labeled
senescent cells

Fewer p16INK4a-positive cells suggest a longevity trend in middle-aged individuals. Waaijer et al., 2012

H4K16ac In the aged basal epidermis, there are significantly decrased expression of H4K16ac and
H4K20me1.

Dube et al., 2022

Epigenetic
modifications

DNA methylation clock First proposed the DNA methylation clock to identify age-related methylation patterns for
predicting human age.

Norby & Jensen, 1989

Epigenetic clock First proposed epigenetic clock correlating constant shifts in DNA methylation levels with
aging, reflected not only in physiological aging but also in declining health, the onset of
chronic diseases, and increasing mortality rates.

Horvath, 2013

DNAm PhenoAge An extensive transcriptional analysis revealed an increase in epigenetic age compared to
chronological age.

Levine et al., 2018

GrimAge clock The GrimAge clock utilizes seven plasma protein markers - ADM, B2M, cystatin C, GDF-15,
leptin, PAI-1, and TIMP-1, in combination with DNA methylation data and smoking history,
to estimate biological age.

A. T. Lu et al., 2019

Pediatric-Buccal-Epigenetic
(PedBE) clock

Creating the Pediatric-Buccal-Epigenetic (PedBE) clock using DNA methylation groups
during child growth to measure the biological age of children.

McEwen et al., 2020
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method integrates data from genetics, clinical trials, metabolomics, and
proteomics to analyze human health indices from multiple perspec-
tives, demonstrating that metabolic abnormalities, inflammatory stress,
and toxin accumulation could serve as powerful indicators for
predicting biological age (Earls et al., 2019). Recently, the Chinese
Aging Score (iCAS) was created using multi-omics data to assess the
correlation between aging and chronic inflammation, hormonal disor-
ders, and tissue degeneration. Hormone replacement therapy may
lower aging clock scores, emphasizing the role of hormones in
healthspan (Li, Xiong, et al., 2023).

2.5. Aging clock in neuron system

The aging of the neuronal system is closely linked to the develop-
ment of neurodegenerative diseases (Castellano et al., 2017; W. Xiong
et al., 2023). Elevated levels of neurofilament light (NfL) in cerebrospi-
nal fluid are important marker of neurodegenerative diseases and can
also be measured in blood (Freedman, et al., 2024). The inclusion of
NfL in thebiological age algorithm further improves the prediction of in-
creased dementia risk (J. W. Wu et al., 2021). In another study, it was
proved that plasmaNfL is a clinically valuable biomarker for distinguish-
ing atypical parkinsonian syndromes and dementia in individuals with
amyotrophic lateral sclerosis, atypical Parkinson's syndrome and corti-
cal neurodegenerative diseases. Plasma NfL shows promise as a tool
for indicating potential neurodegenerative diseases with high accuracy
at age-related critical values, suggesting its potential role in the aging
clock (Ashton et al., 2021). A single-cell RNA seq data from the adult
mammalian brains have been used to create aging clocks based on phys-
iological age or biological age. Finally, there are 96 to 359 genes in phys-
iological clocks and 174 to 399 genes in biological clockswere identified
in neuronal stem cells (neural stem/progenitor cells AGE). Among them,
AC149090.1 and interferon alpha inducible protein 27 (Ifi27) were the
key genes influencing the aging clock in these cell types (Buckley
et al., 2023). The transcriptome data of different age groups of
Caenorhabditis elegans have been used to identify a gene set containing
576 genes related to neuronal signaling, innate immune response and
transcription factors. This geneset accurately predicts biological age
and has been named the binarized transcriptomic aging (BiT AGE)
clock (Meyer & Schumacher, 2021). In addition to biomarkers, com-
puter modeling methods and machine learning simulation techniques
provide a robust approach for predicting brain age, typically utilizing
imaging indicators. The Brain Age Gap Estimation (BrainAGE) method
is the foremost andwidely utilized concept for individual brain age pre-
diction and assessment using structuralMRI data. Studies have explored
BrainAGE findings in neuropsychiatric conditions and identified its po-
tential utility as a biological age marker (Kalc et al., 2024; Lu et al.,
2023).

2.6. Aging clock in human skin

As aging progresses, collagenfibers gradually lose their elasticity and
undergo degradation, causing a decline in the structure and function of
the skin (Quan& Fisher, 2015). The decrease in collagen production and
the increase in collagen fiber breakage leads to a lack of net collagen in
the aging skin structure, with protease-mediated degradation becoming
dysregulated, contributing to extracellular matrix (ECM) alterations
(Panwar et al., 2015). The reduction of collagen can disrupt the interac-
tion between ECMandfibroblasts, inhibitingfibroblast function, and de-
creasing the collagen content in the dermis. ECM components such as
elastic fibers, proteoglycans (PGs) and glycosaminoglycans (GAGs)
can also undergo age-related changes, leading to a decrease in func-
tional components (Shin et al., 2019). Prominently in aged human
skin, the expression of matrix metalloproteinase-1 (MMP-1) is signifi-
cantly upregulated in skin fibroblasts, and the production of type I colla-
gen is significantly reduced (Xia et al., 2013). As age increases, the
reduction in collagen content in the human skin leads to the
5

downregulation of TβRII, ultimately resulting in skin thinning in
elderly people (T. He, Quan, Shao, Voorhees, & Fisher, 2014). An increase
in neutral endopeptidase 24.11 (NEP) expression leads to the degrada-
tion of various neuropeptides, consequently reducing their effectiveness
as inflammatory regulators. This process contributes to the
fibrodegeneration of elastin (Morisaki et al., 2010). The cysteine-rich
protein 61 (CCN1) is mainly expressed in skin fibroblast cells (Qin,
Fisher, & Quan, 2013; Quan et al., 2006). Of note, CCN1 levels are signif-
icantly elevated in both natural aging and photoaging human skin
(Quan et al., 2006; Quan et al., 2010; Quan, Shin, Qin, & Fisher, 2009).
It is plausible that the CCN1-induced age-associated dermal microenvi-
ronment (AADM)may promote the development of epithelial skin can-
cer in the elderly individuals (Quan & Fisher, 2015). Additionally, the
number of p16INK4a-labeled senescent cells in skin can serve as a bio-
logical age marker, where fewer p16INK4a-positive cells suggest a lon-
gevity trend in middle-aged individuals (Waaijer et al., 2012). Certain
epigenetic markers have been shown to exhibit abnormalities in the
process of human skin aging. In the aging epidermis, the levels of
H4K16ac and H4K20me1 are significantly reduced, and the total con-
tent of intercellular histones H3 and H4 is altered (Dube, Jahan, & Lim,
2022).

2.7. Molecular biomarkers in aging

In addition, there are also some specific biomarkers in molecular
levels for predicting lifespan and healthspan. One of themost important
biomarkers of aging is genetic instability. As one ages, the DNA carrying
genetic information undergoes various changes that disrupt normal cel-
lular function and tissue homeostasis. The double strand break bio-
marker γH2AX increases with age in human lymphocytes and is also
upregulated in fibroblasts of patients with Werner syndrome
(Sedelnikova et al., 2008). Additionally, telomere length (TL) is known
to decrease gradually with human aging (Lopez-Otin, Blasco,
Partridge, Serrano, & Kroemer, 2013). Epigenetic modifications play an
crucial role in regulating genomic function when the DNA sequence re-
mains unchanged, linking genotype and phenotype, and regulating the
aging process under environmental stimuli (Unnikrishnan et al., 2019).
During aging in multiple species, DNA methylation is present in global
and local genome (Klutstein, Nejman, Greenfield, & Cedar, 2016; Yagi
et al., 2020). Multiple epigenetic clocks have been proposed, including
PhenoAge (Levine et al., 2018), DunedinPoAm and DunedinPACE
(Belsky et al., 2020), GrimAge (McCrory et al., 2021) and DNAmAge
(Murach et al., 2022) have been developed to predict physiological
age and biological age based on DNA methylation analysis. Moreover,
other epigenetic modifications, including chromatin remodeling, his-
tone modifications, and RNA modifications have also been reported to
show a strong correlation with aging (Adelman et al., 2019; Feser
et al., 2010; Q. Li et al., 2017). Stagnation of the cell cycle in G1 or G2
phase, preventing proliferation of damaged cells is another important
marker of cellular aging, which is influenced by the p16INK4a/RB and
p53/p21CIP1 pathways (Beausejour et al., 2003; Gire & Dulic, 2015).
Age related mitochondrial abnormalities, including increased reactive
oxygen species (ROS), mutanted mitochondrial DNA (mtDNA), mito-
chondrial dynamics changes, decreased unfolded protein response
(UPRmt), and decreased respiratory chain activity, are also markers of
senescent cells (Calculli et al., 2021). Recent studies have suggested
that low levels of ROS may activate signaling pathways that contribute
to enhanced longevity. (Payne & Chinnery, 2015; Sanz & Stefanatos,
2008). The lifespan of Caenorhabditis elegans can be shortened bymito-
chondrial oxidative stress increased (Dilberger et al., 2019). Mutations
in mtDNA can induce aging in multiple organs of mice, including the
ovaries, liver and heart (Giorgi et al., 2018). Low-frequencymtDNAmu-
tations, occurring at rates below 0.5 %, build up in human oocytes and
are connected to reduced blastocyst formation efficiency (L. Yang
et al., 2020). What's more, the gradual deterioration of proteostasis
with aging heightens the likelihood of abnormal protein aggregates
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accumulating. Molecular chaperones and cochaperones facilitate the
proper folding and assembly of proteins, while also inhibiting the aggre-
gation of misfolded proteins (Goloubinoff, Sassi, Fauvet, Barducci, & De
Los Rios, 2018; L.Wang, Xu, Jiang, & You, 2020). The extent of chaperone
networks was linked to the lifespan of species. For instance, the short-
lived vertebrate (Nothobranchius furzeri) possesses fewer chaperones
and is commonly used to model fragile protein homeostasis (Draceni
& Pechmann, 2019). In addition, the unfolded protein response of the
endoplasmic reticulum (UPRER) in the elderly Caenorhabditis elegans
decreased, while the unfolded protein response of the mitochondria
(UPRmito) increased and was associated with extended lifespan (Ben-
Zvi, Miller, & Morimoto, 2009; X. Li et al., 2022). Cellular metabolism
is closely involved in the aging process, and there are differences inmet-
abolic products among different age groups. The MetaboAge database
contains studies on human aging related metabolomics (Bucaciuc
Mracica et al., 2020). In this database, 7 metabolites are closely related
to age or have cross species aging protection effects, including NAD+

(H. Zhang et al., 2016), α-ketoglutarate (Asadi Shahmirzadi et al.,
2020), tryptophan (Salminen, 2022), methionine (Barcena, Lopez-
Otin, & Kroemer, 2019), spermidine (Liu et al., 2022), triglycerides
(Auro et al., 2014), cholesterol (Bucaciuc Mracica et al., 2020). In addi-
tion, when cellular glycolysis increases or glucose metabolism changes,
it promotes extensive glycosylation of intracellular proteins. The
buildup of advanced glycation end products (AGEs) contributes signifi-
cantly to the development of various age-related diseases.
(Neelamegham & Mahal, 2016; Zhao, Sun, Wang, & Shang, 2024)
(Fournet, Bonte, & Desmouliere, 2018). The proposal of “glycan age” sig-
nifies that glycosylation level has become an important marker in aging
(Yu & Wang, 2021). The Immunoglobulin G (IgG) N-glycome deter-
mines 23.3 % -58.0 % of age differences. Besides, hormones, blood factors
and body fat are closely related to IgG glycome (W. Wang, 2023).

Despite the identification of numerous aging biomarkers linked to
lifespan and healthspan, further validation of their real-world correla-
tion is vital. In fact, due to the complexity of the biological andmolecular
mechanisms of aging, a single biomarker is difficult to provide a precise
evaluation of healthy aging. Chao et al. combined multiple omics data,
such as clinical trials, immunebanks, targetedmetabolomics, gutmicro-
biota, physical fitness evaluations, and facial skin assessments, to esti-
mate the physiological age of various organs (like the liver and
kidneys) and systems (immune and metabolic). They also created a
polygenic risk score (PRS) to evaluate the aging rates of these organs
and systems (Nie et al., 2022). Using comprehensive indicators can
help evaluate complex aging systems, but selecting the best combina-
tion is not an easy task. On the other hand, large-scale cohort population
studies are necessary to substantiate the relationships between these
markers and aging outcomes, paving the way for more scientifically ro-
bust findings in the field of aging research.

3. Epigenetic reprogramming in longevity and aging related diseases

Epigenetic changes, including DNA methylation, histone modifica-
tions, chromatin remodeling, and RNA modifications, are strongly
linked to aging and age-related diseases. These modifications can dis-
rupt gene regulation, leading to genomic instability and contributing
to the aging process and related conditions (K. Wang et al., 2022).

A significant amount of research on epigenetic modifications in
aging has provided insights into potential interventions to delay aging
lately. Notable studies in this area should be highlighted. With the
help of epigenetic regulatory factors, epigenetic modifications are usu-
ally reversible, offering a theoretical foundation for aging regulation
and presenting a potential focus for anti-aging approaches. In 1967,
DNA methylation across the genome has been linked to the spawning
age of salmon (Berdyshev, Korotaev, Boiarskikh, & Vaniushin, 1967).
Subsequent study has shown that DNA methylation is generally de-
creased in different tissues of mice and human fibroblasts with aging
(Wilson & Jones, 1983). In 1987, Y Ishimi et al. first discovered that
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the occupancy rate of nucleosomes in human skin fibroblasts decreased
with age. Further analysis of the chromatin structure of skin fibroblasts
from donor individuals at different ages was conducted, and found that
the chromatin structure became disordered during aging processes
(Ishimi et al., 1987). In 2011, Bocklandt et al. proposed the DNAmethyl-
ation clock identifies age-related changes at many genomic positions,
and methylation at just three of these sites can effectively predict
human age. (Norby & Jensen, 1989). In 2013, Hannum et al. first pro-
posed the concept of epigenetic clock correlating constant alterations
inDNAmethylation levelswith aging, reflectednot only in physiological
aging but also in declining health, the onset of chronic diseases, and in-
creasing mortality rates (Horvath, 2013). In 2015, Marjolein J. Peters
et al. showed associations between CpG-methylation sites in enhancer
and insulator regions, impacting both aging and gene expression pat-
terns by meta-analysis (Peters et al., 2015). In 2017, Qiu et al. found
that RNA methylation enhances cellular senescence under oxidative
stress (Q. Li et al., 2017). In 2018, Levine et al. developed the “DNAm
PhenoAge” epigenetic clock, which assesses biological age instead of
chronological age (Levine et al., 2018). In 2019, Lu et al. introduced
the GrimAge clock, utilizing seven plasma protein markers based on
DNA methylation and smoking history, including ADM, B2M, cystatin
C, GDF-15, leptin, PAI-1, and TIMP-1, to predict biological age (Lu
et al., 2019). Compared to adults, DNA methylation alterations in chil-
dren are more variable. In 2020, Lisa et al. developed the Pediatric-
Buccal-Epigenetic (PedBE) clock to assess the biological age of young in-
dividuals may help understand the the contextual factors that influence
the development of DNA methylation groups during child growth, as
well as its inverse relationship with child health and disease (McEwen
et al., 2020). In 2023, Haghani et al., through the analysis of DNAmeth-
ylation patterns from 348 mammalian species, Amin Haghani et al.
identified 30 cytosine modules associated with traits such as lifespan,
adult weight, age, sex, and mortality risk. The study emphasizes how
the genome and epigenome coevolve to shape the traits of mammalian
species. (Haghani et al., 2023).

The breakthrough in unraveling epigenetic modifications within the
latest decades has underscored their promising potential as diagnostic
biomarkers and therapeutic targets in aging (Fig. 2). As a result,
among over 1100 references, a series of anti-aging drugs that regulate
epigenetic modifications have been investigated. This review offers a
detailed look at natural products that modulate epigenetic modifica-
tions for anti-aging purposes, offering valuable references for further
drug discovery.

4. Epigenetic modifications and natural products

4.1. Imbalance of histone modifications

Chromatin's fundamental unit is the nucleosome, consisting of an
octamer of four histone proteins (H2A, H2B, H3, and H4) wrapped
around DNA strands (Roberts, Sanicola, Emmons, & Childs, 1987).
Histone modifications are extensively studied epigenetics and are
crucial for various physiological processes throughout life, but their
patterns change with aging (Fyodorov, Zhou, Skoultchi, & Bai, 2018;
Y. Wang, Yuan, & Xie, 2018). There are at least ten a range of histone
modifications have been discovered with acetylation (ac), methyla-
tion (me), phosphorylation (phos), and ubiquitination (ub) being
the most famous, in addition to n-acetylglucosamine glycosylation
(O-GlcNAcylation), citrullination(cit), deimination (deim), proline
isomerization and lactylation (lact) (Kouzarides, 2007; Torres &
Fujimori, 2015). Histone methylation and acetylation often occur on
specific lysine (K) residues across the four histones, including
H2AK5/13, H2BK5/46/108, H3K4/9/14/23/27/36/56/64/79/122, and
H4K5/8/12/20/31/79 (Chan & Maze, 2020; Z. Zhao & Shilatifard,
2019). Multiple modifications can be present on histone tails, like
H2AK13me/ac/ar/bio, H3K9me/ac/cr, H3K14me/ac/pr/bu.,
H3K18me/ac/la/cr, H4K5me/ac/pr/bu./la, H4K8me/ac/pr/bio/cr, and
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Fig. 2. The discovery and recent advancements in the aging clocks.

Fig. 3. Histone modifications targeted natural products for aging related organ dysfunc-
tions, cTnI, P300-HAT, H3/H4, H3K27me3/H3K27ac, MMP9 and SIRT1 are involved in de-
H4K12me/ac/pr/bu./bio. (Y. Yang, Zhang, &Wang, 2022). These mod-
ifications impact chromatin structure, gene expression, gene regula-
tion, and cell fate determination.

4.1.1. Histone modifications targeted natural products for longevity
The correct inheritance of histone modification during DNA replica-

tion is one of the basic characteristics of differentiation and develop-
ment (Wen et al., 2023). Thus, an imbalance in histone modifications
can alter transcriptome-wide alterations associated with aging, thereby
participating in affecting human aging processes and aging-related dis-
eases (Y. Wang et al., 2018). Acetylation and methylation of lysine resi-
dues are well-known to be involved in regulating longevity processes.
Previous studies have found that the level of H3K9ac decreased with
age in rats (Kawakami, Nakamura, Ishigami, Goto, & Takahashi, 2009),
while H3K56ac levels decreased during yeast aging process (Feser
et al., 2010). Histone acetyltransferases (HATs) and histone
deacetylases (HDACs) respectively regulate the addition and elimina-
tion of acetyl groups. Knocking out relevant HDACs such as histone de-
acetylase 3 (Hst3) and histone deacetylase 4 (Hst4) that remove
H3K56ac, leads to a shortened yeast lifespan(Hachinohe, Hanaoka, &
Masumoto, 2011). Additionally, numerous researches have focused on
the alterations in histone methylation during aging. Histone methyla-
tion primarily occurs at the amino terminals, with lysine residues un-
dergoing mono-, di-, or tri-methylation (Jambhekar, Dhall, & Shi,
2019). Substantial changes associated with aging have been observed
in histone methylation marks such as H3K4me3, H3K9me3,
H3K27me3, and H3K36me3, underscoring the significance of methyla-
tion in longevity (Larson et al., 2012). Histone ubiquitination is another
type of modification associated with lifespan. The age-related ubiquiti-
nation level of H2A was initially observed in Drosophila and has since
been demonstrated to be evolutionarily conserved in humans (Gao,
Xu, Barnett, & Xu, 2011). Further investigation into potential ubiquitina-
tion sites in other histones and exploring their impact on longevity
would be invaluable. Despite the correlation between histonemodifica-
tions and aging has been supported by a wealth of studies, research on
the therapeutic natural products in extending lifespan through regulat-
ing histone modifications is currently limited, with room for further in-
vestigation in this area.
7

4.1.2. Histone modifications targeted natural products for aging related
organ dysfunction

As research into natural products intensifies, it has become evident
that these compounds may help mitigate the progression of age-
related organ dysfunctions by modulating histone modifications
(Fig. 3).

Emodin is an anthraquinone compound derived from rhubarb,
found in several medicinal plants, such as Polygonum cuspidatum,
Rheum palmatum, Polygonum Multiflorum, Cassia obtusifolia and Aloe
vera (Dong et al., 2016). Research has shown that emodin has a
acetylation, acetylation and hyperacetylation.
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regulatory effect on the expression of histone modifying enzymes in
macrophages under inflammatory stress. It can inhibit the removal of
H3K27me3 marks, promote the addition of H3K27ac marks on M1 or
M2 polarization key genes, and affect macrophage phagocytosis, migra-
tion, and nitric oxide production (Iwanowycz, Wang, Altomare, Hui, &
Fan, 2016). In another study, emodin dose dependently inhibited
HDAC activity in the heart and promoted histone acetylation in cardiac
myocytes, providing a potential strategy for preventing cardiac dysfunc-
tion in preclinical animal models of heart failure (Godoy, Lucas, Bender,
Romanick, & Ferguson, 2017). Our published study unveiled the anti-
heart aging effects of emodin, which can be attributed to the promotion
of mitophagy through the enhancement of Parkin protein stability
(Wang et al., 2023), indicating the diverse regulatory roles of emodin
on aging related organ dysfunction.

Resveratrol was first extracted from Veratrum grandiflorum by
Takaoka in 1939 (Breuss, Atanasov, & Uhrin, 2019). It is a phenolic com-
pound naturally found in grapes, blueberries, berries, and peanuts
(Breuss et al., 2019). Resveratrol has strong antioxidant properties and
has the ability to scavenge ROS and free radicals including hydroxyl
and superoxide radicals. The effects of resveratrol in anti-aging have
been well-documented in numerous model-based studies (Hongyan
Zhu, Qiao, Sun, & Li, 2023; Hosoda et al., 2023; Santos et al., 2023).
Resveratrol deacetylates the promoter region of matrix metalloprotein-
ase 9 (MMP9), leading to a decrease in its expression and inhibiting the
progression of inflammation (Gao & Ye, 2008). Consistentwith this, as a
pan-HDAC inhibitor, resveratrol also modifies the acetylation levels of
histone in human hepatoblastoma cell (Gaetano et al., 2013). Another
study has shown that resveratrol can inhibit histone deacetylase sirtuin
1 (SIRT1)-induced IL-6 activation, thereby protecting H9C2 cells from
Ang II-induced cellular hypertrophy (Akhondzadeh et al., 2020). A few
researches have highlighted the beneficial effects of resveratrol on clin-
ical parameters of diabetes. For instance, taking grape extract rich in res-
veratrol every day for a year resulted in a decrease in pro-inflammatory
cytokine levels and altered inflammation-linked microRNAs in the
peripheral blood mononuclear cells in patients with type 2 diabetes
and coronary artery disease complicated with hypertension
(Tome-Carneiro et al., 2013). A separate study, administering resvera-
trol to obese subjects for 30 days suppressed glucagon levels after din-
ner (Knop et al., 2013). Additionally, type 2 diabetes patients took
250 mg resveratrol every day for three consecutive months, which sig-
nificantly reduced systolic blood pressure and total cholesterol, al-
though it had no effect on body weight or LDL/HDL cholesterol ratios
compared to placebo (Bhatt, Thomas, & Nanjan, 2012). A 45-day resver-
atrol treatment (1 g/day) also significantly reduced fasting blood glu-
cose and improved insulin resistance (Movahed et al., 2013).
Prolonged resveratrol intake further led to reductions in fat mass,
body weight as well as systolic blood pressure, triglyceride levels,
HbA1c, and creatinine in type 2 diabetes patients (Hausenblas,
Schoulda, & Smoliga, 2015; Tabrizi et al., 2020; H. Zhao et al., 2019).

Epigallocatechin Gallate (EGCG) is the most abundant and biologi-
cally active natural polyphenol in green tea. Increasing evidence sug-
gests that EGCG inhibits apoptotic and inflammatory by combating
oxidative stress in neurons (S. R. Kim, Seong, Kim, & Jung, 2022; Zuo
et al., 2024). Cardiac troponin I (cTnI) is a key regulatory factor in dia-
stolic function. Study has demonstrated that EGCG can delay
hypoacetylation of cTnI proximal promoter region in aging mice, lead-
ing to increased cTnI expression as well as improved cardiac diastolic
function (Pan et al., 2017). Short-term green tea treatment has also
been shown to result in both methylated and nonmethylated forms of
EGCG can be detected in prostate tissue. The methylation of EGCG
may exert a preventive effect on prostate cancer by affecting the activity
of catecholO-methyltransferase (Wang et al., 2010). In addition, admin-
istering green tea extract capsules containing 800mgEGCG can regulate
biomarkers associated with colorectal cancer, particularly genes related
to WNT signaling, selenoproteins, inflammation and DNA methylation
(Hu et al., 2016).
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Curcumin is a natural product primarily extracted from the rhizome
of turmeric that exerts anticancer, anti-inflammatory, antioxidant, and
neuroprotective activities (Stachowiak, Mlynarczyk, & Dlugaszewska,
2024). Study has confirmed that curcumin can prevent ventricular hy-
pertrophy in ratmodels of heart failure by inhibiting histone acetylation
and hypertrophy-associated transcription factors, thereby downregu-
lating gene expression related to cardiac hypertrophy, inflammation
and fibrosis (H. L. Li et al., 2008). Clinical researches also indicated that
curcumin may delay tumor formation and metastasis by inducing apo-
ptosis, inducing apoptosis, interfering with the cell cycle and exhibiting
anti-angiogenic effects (Carroll et al., 2011; Ghalaut et al., 2012; Z. Y. He
et al., 2011; Sharma et al., 2001).

Sulforaphane (1-isothiocyanato-4-methylsulfinylbutane, SFN), an
aliphatic isothiocyanate, originating from its precursor glucoraphanin,
predominantly found in brussels sprouts, broccoli, cauliflower and cab-
bage, has anti-inflammatory and antioxidant effects (Ruhee & Suzuki,
2024; Schepici, Bramanti, & Mazzon, 2020). It has also been shown to
regulate histone acetylation. In human primary cortical neuron cells,
sulforaphane increases H3 and H4 acetylation at the promoter regions
of brain-derived natriuretic factor (BDNF), leading to enhanced BDNF
expression and promoting brain health (Kim et al., 2017).

Nuclear factor erythroid factor 2 (Nrf2) is an essential trancription
factor that enhances the body's ability to resist oxidative stress.
Increasing studies also suggest that Nrf2 plays a crucial role in prevent-
ing and mitigating physiological aging and aging-associated diseases
(K. Chen et al., 2021; George, Tharakan, Culberson, Reddy, & Reddy,
2022). Nrf2 served as a target for xanthohumol to improve drug-
induced hepatic ferroptosis (Deng et al., 2024). Nevertheless, Nrf2 sig-
naling pathway is regulated by epigenetic mechanisms under different
pathological conditions. For instance, modifications of histones in the
promoter region can influence the accumulation and activation of Nrf2
in the nucleus (Ray, Huang, & Tsuji, 2015), while histone acetylation af-
fects the expression level of Nrf2-dependent genes (Correa, Mallard,
Nilsson, & Sandberg, 2011). The aforementioned compounds, such as
emodin, resveratrol, EGCG, curcumin and sulforaphane, which act as
Nrf2 agonists, have been extensively studied and shown tobe applicable
in various inflammatory diseases and age-related organ dysfunction
disorders (Franco et al., 2024; Y. He, Xi, Fang, Zhang, & Cai, 2023; Tang
et al., 2024;Wang et al., 2024; X. Zhang et al., 2024). Notably, resveratrol
and sulforaphane have strong Nrf2 activation effects, and their anti-
aging effects may be more pronounced (Lin et al., 2023; Wang et al.,
2024). However, the underlying epigenetic regulatory mechanisms
warrant further investigation.

Peroxisome Proliferator-Activated Receptor Alpha (PPAR-α), also a
member of the nuclear receptor transcription factor family, is mainly in-
volved in regulating energy balance, lipid metabolism, energy balance,
and inflammatory response (Bougarne et al., 2018). Previous researches
have demonstrated that acute liver injury can be alleviated by
pectinsaponins in a Nrf2 and PPARα dependent manner (Li et al.,
2023). Recently, its close association with aging has also been widely
studied. For example, Xiong Y et al. discovered that the endogenous ag-
onists of PPAR-α, omega-3 polyunsaturated fatty acids, effectively sup-
pressed age-related pathological changes and delayed the aging process
(Y. Xiong et al., 2024). Another PPAR receptor agonist, MHY3200, has
been shown to alleviate renal inflammation during aging though the
ROS/Akt/FoxO1 signaling pathway (M. J. Kim et al., 2021). Many plant-
derived natural compounds, including curcumin,flavonoids, and canna-
binoids, have also been identified as direct or indirect agonists of PPAR-
α, offering protective effects against neurodegenerative diseases
(Sanjay Sharma & Lee, 2021). The involvement of PPAR-α in epigenetic
regulation and the impact of histonemodifications on PPAR-α gene ex-
pression have become key areas of research in recent years (Porcuna,
Minguez-Martinez, & Ricote, 2021; Warren, Oka, Zablocki, &
Sadoshima, 2017). However, whether these natural products also ex-
hibit epigenetic factor-mediated synergistic regulation in PPAR-α acti-
vation remains unexplored.
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Limited study has focused on the regulatory effects of natural prod-
ucts on histone modifications beyond methylation and acetylation.
Extensive screening is crucial to identify potential therapeutics from
the diverse array of natural products that serve as histone modifiers in
the context of aging and age-associated diseases.

4.2. Alteration in DNA methylation patterns

4.2.1. Alteration of DNA methylation in longevity
DNA methylation is a form of epigenetic modification that can alter

gene expression and genetic performance without altering DNA se-
quence. It involves the covalent attachment of a methyl group to the
carbon at position 5 of cytosine within a CpG dinucleotide sequence.
This process is facilitated by enzymes known as DNA methyltransfer-
ases (DNMTs), forming 5-methylcytosine (5mC) (Chialastri, Sarkar,
Schauer, Lamba, & Dey, 2024; A. V. Lee, Nestler, & Chiappinelli, 2024;
Schübeler, 2015). DNA methylation can regulate the changes in chro-
matin structure, DNA conformation and stability, and interactions be-
tween proteins and DNA, thereby regulating gene expression. The
heritable transfer of this epigenetic mark is regulated by DNMTs. In
mammals, there are three main DNMTs: DNMT1, DNMT2, DNMT3A/B/
L (Mattei, Bailly, & Meissner, 2022; Moore, Le, & Fan, 2012; Schubeler,
2015). Approximately 1 % of the DNA bases in human cells are methyl-
ated. A recent advancement has allowed for accurate biological age esti-
mation of any tissue across all life stages using aging biomarkers derived
fromDNAmethylation data. These “epigenetic clocks” link the develop-
mental and maintenance processes with biological aging, offering valu-
able insights into a unified theory of aging across the lifespan. (Horvath
& Raj, 2018; Kenneth Day et al., 2013).

4.2.2. DNA methylation targeted natural products for longevity and aging
related organ dysfunction

Curcumin is originated from turmeric, renowned for its medicinal
properties, has been a staple in herbal medicine for addressing skin
and gastrointestinal inflammation, as well as aiding in weight manage-
ment and alleviating indigestion (Vollono et al., 2019). Research has
shown that curcumin can reduceDNAhypermethylation level at several
CpG sites (360, 341, 329, 316 and 307) within the PPAR-α promoter re-
gion in non-alcoholic fatty liver disease (NAFLD) rats (Y. Y. Li et al.,
2018; Patsouris, Reddy, Muller, & Kersten, 2006). Moreover, it was con-
firmed that supplement curcumin has been demonstrated to improve
dementia in rodents and adultmice, it improves synaptic plasticity, neu-
ronal repair, and hippocampal neurogenesis (S. J. Kim et al., 2008). In
addition, Tetrahydrocurcumin, a metabolic of curcumin, can prolong
the lifespan of male mice (Kitani, Osawa, & Yokozawa, 2007), however,
whether its mechanism is related to DNA methylation has not yet been
elucidated.

Sulforaphane has been found to regulate DNAmethylation (Schepici
et al., 2020), reduce inflammation, thereby promoting cancer cell prolif-
eration and alleviating inhibition of other age-related diseases (Cao
et al., 2023; Kaufman-Szymczyk, Majewski, Lubecka-Pietruszewska, &
Fabianowska-Majewska, 2015; Tomasello et al., 2020). Additionally, F.
Zhao et al. have proved that sulforaphane can prevent Alzheimer's dis-
ease (AD)-associated neurodegeneration by blocking the transmission
of pro-inflammatory signals mediated by DNA hypermethylation in
the Nrf2 promoter region (F. Zhao, Zhang, & Chang, 2018).

Ascorbic acid, often abbreviated as AA, is a vital vitamin for humans,
synthesized by all plants and the majority of animals (Padayatty &
Levine, 2016). It is a potent reducing agent and has been suggested as
potential remedy for aging-associated diseases (Boo, 2022). Study
have shown that ascorbic acid can demethylate the CpG-rich conserved
noncoding sequence 2 (CNS2) of the transcription factor forkhead box
protein 3 (Foxp3) in T regulatory cells (Tregs), suggesting that ascorbic
acid may counteract the pro-inflammatory state associated with aging
by modulating immune cell functions (Sasidharan Nair, Song, & Oh,
2016).
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The term “quercetum”, derived from Latin, refers to the flavonoid
quercetin means “oak forest” (Deepika & Maurya, 2022). Quercetum
was found in various foods, including apples, berries, broccoli, pepper,
coriander, grapes, cherries, red onions, citrus fruits and tea (Di Petrillo,
Orrù, Fais, & Fantini, 2022), known for its therapeutic uses in the treat-
ment of allergies, cancer, inflammation and cardiovascular diseases.
Quercetin also plays a crucial role in the treatment of aging-related dis-
eases (Cui et al., 2022; Hosseini, Razavi, Banach, & Hosseinzadeh, 2021).
Quercetin can protect against mitochondrial dysfunction and alleviate
obesity and insulin resistance. These pharmacological effects are due
to the inhibition of DNA methylation in the promoter region of peroxi-
some proliferator activated receptor gamma coactivator 1-α (Pgc-1α),
leading to a decrease in its expression (Devarshi, Jones, Taylor,
Stefanska, & Henagan, 2017). In the bleomycin induced aging model of
human foreskin fibroblasts, quercetin significantly inhibit the secretion
of SASP related inflammatory factors to improve the adverse signs of
skin aging (Csekes & Rackova, 2021).

Resveratrol modulates the function of SIRT1 and DNMT, restoring
long interspersed element 1 (LINE-1) methylation levels under condi-
tions of oxidative stress and inflammation conditions in ARPE-19 cells.
These effects indicated resveratrol could be a promising strategy for
age-related macular degeneration (AMD) treatment (Maugeri et al.,
2018).

Catechins, natural polyphenolic compounds offlavonoid classified as
flavan-3-ols (or flavanols). Rich concentrations of catechins are found in
fresh tea leaves, broad beans, strawberries, rock-rose leaves, red wine,
black grapes and apricots (Bernatoniene & Kopustinskiene, 2018).
Treatment with catechins, especially EGCG, in MCF-7 cells inhibits
methylation of the human telomerase reverse transcriptase (hTERT)
promoter and H3K9ac activity. Therefore, EGCG can alter epigenetic
mechanisms through its antioxidant properties, ultimately inducing
cell death in MCF-7 and HL60 cells (Berletch et al., 2008). In addition,
in another study, EGCG inhibited DNMT activity and reactivated meth-
ylation related genes in human colon cancerHT-29 cells, prostate cancer
PC3 cells, and cancer KYSE-150 cells (Fang et al., 2003). Together, these
results highlight the numerous beneficial properties of EGCG, particu-
larly in relation to aging.

Grape seed proanthocyanidins (GSPs) contain a variety of polyphe-
nolic compounds, including catechins, ellagic acid and resveratrol,
which offer potential health benefits. The significant implications of
GSPs for epigenetic modulation have been reported. Administration of
GSPs in A431 and SCC13 cells inhibits overall DNA methylation, 5mC,
andDNMT activity, thereby activating tumor suppressor genes in cancer
cells (Vaid, Prasad, Singh, Jones, & Katiyar, 2012).

In conclusion, changes in DNA methylation patterns are closely
linked to the onset andprogression of various aging-associated diseases,
including cancer (Nishiyama & Nakanishi, 2021), osteoporosis (Visconti
et al., 2021), neurodegenerative diseases (Martinez-Iglesias et al., 2020),
cardiovascular diseases (Westerman & Ordovas, 2020), obesity and dia-
betes (Chu, Bui, Vu Thi, & Nguyen Thi, 2023) and numerous natural
products have been found to be involved in this process (Fig. 4). More
and more research support the hypothesis that food and natural prod-
ucts can regulate disease progression by modulating DNA methylation.
Investigating the role of natural products as regulators of DNAmethyla-
tion epigenetic adaptations will provide valuable insights into the dis-
ease pathogenesis and openpotential avenues for developing new
therapeutic options.

4.3. ATP-dependent chromatin-remodeling

ATP-dependent chromatin remodeling includes the repositioning of
nucleosomes to regulate various DNA-templated processes, including
replication, recombination, repair, and transcription. This process isme-
diated by ATP-donating and chromatin remodeling complexes (CRCs)
(Hargreaves & Crabtree, 2011; Swer & Sharma, 2021). Currently, CRCs
are classified into four families and these families exhibit shared
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Fig. 4. DNA methylation targeted natural products for aging related organ dysfunctions,
CNS2, hTERT, DNMT, SIRT1, PPAR-α, Nrf2, Microbiome and Pgc-1α are involved in de-
methylation, DNA hypermethylation and DNA hypomethylation.
characteristics, such as a strong affinity for nucleosomes, transcription
factors, and chromatin. They also contain specialized protein subunits
or domains that interact with histone modification marks and possess
DNA-dependent ATPase activity (Clapier, Iwasa, Cairns, & Peterson,
2017; Otto et al., 2023). The effect of CRCs (chromatin-remodeling com-
plexes) on gene expression is mainly governed by the ATPase subunit,
which hydrolyzes ATP to enhance nucleosome mobility by breaking
the interactions between nucleosomes and DNA (Blossey & Schiessel,
2018). This dynamic transition between euchromatin (open chromatin)
and heterochromatin (closed chromatin), orchestrated by chromatin
remodelers, allows for precise gene expression control during different
developmental stages and cellular states. (Clapier & Cairns, 2009; Ram
et al., 2011).

4.3.1. ATP-dependent chromatin-remodeling changes in longevity and ag-
ing related organ dysfunction

There is a significant connection between chromatin remodeling
and the aging process. Numerous studies have shown that different
forms of chromatinmanipulation can either positively or negatively im-
pact lifespan. For instance, the loss of function of the key Drosophila
chromatin protein, heterochromatin protein 1α (HP1α), has been
linked to a shortened lifespan, while overexpression of HP1α can ex-
tend lifespan (Feser & Tyler, 2011). Additionally, during cellular senes-
cence, distinct regions of the genome experience notable changes,
including the formation of senescence-associated heterochromatin
foci (SAHF) and alterations in nucleosome spacing (Narita et al.,
2003). These alterations in chromatin structure alterations, together
with epigenetic modifications, result in a general loss of heterochroma-
tin in senescent cells, impacting cell function and lifespan (W. Zhang,
Qu, Liu, & Belmonte, 2020). A single short induction of Oct4, Klf4,
Sox2, and c-Myc (OSKM) in early life protectsmusculoskeletal functions
in mice and improves tissue structures in kidney, skin, spleen and lung
in old age. Moreover, treated mice exhibit a 15 % increase in lifespan,
with organ-specific changes in DNA methylation changes associated
with rejuvenation by the treatment (Alle et al., 2022). The chromatin re-
modeling factor SWI/SNF activates transcription through presumed
local chromatin remodeling in the promoter region of the forkhead
10
boxO (FOXO) transcription factor DAF-16 (DAF-16/FOXO), therebypro-
moting stress resistance and longevity in Caenorhabditis elegans (Riedel
et al., 2013). Chromodomain helicase DNA binding protein 1 (CHD1)
regulates the incorporation of H3.3 into adult brain chromatin to main-
tain metabolic homeostasis and support normal lifespan
(Schoberleitner et al., 2021). Knockout of Brahma, a chromatin remod-
eling gene, reduces the reproductive capacity and lifespan in common
bed bugs (Basnet & Kamble, 2018).

Metabolism and chromatin are intricately connected. As individuals
age, alterations in mitochondrial-derived vesicles, such as enhanced ly-
sosomal degradation of citrate carriers, can influence the cellular local-
ization of acetyl-CoA. This dysregulation can lead to decreased lipid
synthesis and epigenetic changes that affect chromatin plasticity, ulti-
mately resulting in altered transcription and diminished osteogenic ca-
pacity in aged mesenchymal stem cells (Reid, Dai, & Locasale, 2017).
Treatment with acetate has shown the ability to restore cytoplasmic
acetyl-CoA levels, improve histone acetylation, and enhance chromatin
plasticity, thereby reversing the impaired osteogenic ability of aged
mesenchymal stem cells (Pouikli et al., 2021). Decreased acetyl-CoA
levels due to mitochondrial stress can signal the nucleosome remodel-
ing and deacetylase (NuRD) complex to mediate chromatin modifica-
tions, promoting longevity (Di Zhu et al., 2020). This complex is
involved in regulating chromatin remodeling. Furthermore, mitochon-
drial stress can induce nuclear accumulation of NuRD components,
and the increased expression of these parts can extend lifespan in nem-
atodes(D. Zhu, Li, & Tian, 2022).

Alterations in chromatin remodeling play a role in the onset and
advancement of various age-associated organ malfunctions, includ-
ing cardiovascular diseases, and cancer. Disruptions in chromatin re-
modeling processes can lead to memory-related brain disorders (D.
Jiang, Li, Guo, Tang, & Liu, 2023). Mutant mice lacking the chromatin
remodeling-associated protein BRG1-associated factor 170 (BAF170)
exhibit adaptive behavioral defects, and loss of BAF170 linked to
learning and memory deficits (Tuoc et al., 2017). Similarly, human-
ized mice carrying a mutation in the chromodomain helicase binding
protein 4 (CHD4) displays developmental defects such as
biventricular cardiac noncompaction (Shi et al., 2023). Mutations in
SWI/SNF subunits are frequently observed in various cancers, with
ARID domain-containing protein 1 A (ARID1A) being one of the
most commonly mutated subunits (J. N. Wu & Roberts, 2013).
Inhibiting the mSWI/SNF complex with specific inhibitors has dem-
onstrated efficacy in inhibiting tumor growth and boosting anti-
tumor immune responses in both cell and animal studies (Zhou
et al., 2023). Moreover, studies indicate that activating transcription
factor 3 (ATF3) can induce senescence in HUVECs by modulating
chromatin accessibility and regulating the expression of genes in-
volved in aging-related genes (C. Zhang et al., 2021).

4.3.2. Potential anti-aging drugs from natural products targeting ATP-
dependent chromatin-remodeling

Only a few natural products have been identified for their modula-
tion effects on ATP-dependent chromatin-remodeling, further research
is needed to confirm their potential roles in aging and age-related organ
dysfunctions.

Green tea polyphenols (GTPs) contain active components such as
catechins and EGCG. Exposure to GTPs has been shown to decrease
the expression of methyl-CpG-binding domain protein 1 (MBD1),
MBD4, Methyl-CpG-binding protein 2 (MeCP2), HDAC1–3, while in-
creasing the levels of H3K9/18 ac. Additionally, treatment with GTPs
has been found to reduce the accessibility of MBD2 to the binding
sites of the transcription factor Sp1, resulting in enhanced transcrip-
tional activation of the glutathione S-transferase P (GSTP1). These find-
ings highlight the dual potential of GTPs to modulate DNA methylation
and chromatin remodeling, making them promising candidates for
prostate cancer chemoprevention (Pandey, Shukla, & Gupta, 2010).
Moreover, EGCG affects chromatin structure by reducing the level of
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HP1α and HP1γ in human microvascular endothelial cells (HMVECs)
and HUVECs. (Ciesielski, Biesiekierska, & Balcerczyk, 2020).

Germacrone, derived from Rhizoma curcuma, exhibits anti-tumor
effects in numerous human cancer cells. Blocking estrogen receptor
alpha (ERα) recruitment to the estrogen response element on chroma-
tin. This disrupts the binding of the SWI/SNF complex and RNA poly-
merase II, hindering estrogen-induced chromatin accessibility and
suppressing ERα-mediated gene expression in MCF-7 cells at the tran-
scriptional level.

In summary, ATP-dependent chromatin remodelers are emerging as
potential therapeutic targets for age-related conditions (Swer &
Sharma, 2021). It is crucial to comprehend how natural products regu-
late ATP chromatin remodeling to develop treatments that can mitigate
the aging process.

4.4. RNA modification changes

4.4.1. RNA modification changes in longevity and aging related organ
dysfunction

RNAmodification is a crucial post-transcriptional regulatorymecha-
nism that involves altering the chemical nature and structure of RNA by
adding chemical groups to the RNAmolecule. This process plays a signif-
icant role in regulating RNA stability, translocation, and translation
(Roundtree, Evans, Pan, & He, 2017). More than 150 distinct RNAmod-
ifications have been discovered, among them, 5-methylcytosine (m5C),
pseudouridine (ψ), 5-hydroxymethylcytosine (hm5C), N1-
methyladenine (m1A), N7-methylguanosine (m7G), and N6,2′-O-
dimethyladenine nucleoside (m6A) are extensively investigated (L. Y.
Zhao, Song, Liu, Song, & Yi, 2020). These dynamic RNA modifications
have diverse biological functions and are instrumental in regulating
many physiological and pathological processes, including embryonic
development, tumorigenesis, neurodegenerative diseases, and ulti-
mately impacting the overall lifespan of an organism (Roignant &
Soller, 2017).

N6-methyladenine (m6A) is a prevalent RNA methylation
modificatio. Thismodification can be “written” bywriters (methyltrans-
ferases including METTL3/14, METTL16, WTAP, RBM15/15B, VIRMA,
CBLL1 and others), “erased” by erasers (demethylases like FTO and
ALKBH5), and “read” by readers (m6A-specific binding proteins such
as YTHDF1/2/3, YTHDC1/2, IGH2BP1/2/3 and others) (L. Chen et al.,
2023; Wang et al., 2023). Alterations in m6A modification levels in se-
nescent cells affect the expression of key genes involved in inflamma-
tion, cell proliferation, and metabolism (Fan, Lv, Chen, Peng, & Zhang,
2023; Sun et al., 2022). Studies on human peripheral blood mononu-
clear cells (PBMCs) have shown lower m6A modification levels in
PBMCs of the elderly, with the expression of m6A-modified transcripts
was greater than that of unmodified transcripts (Min et al., 2018).
Methyltransferase-like protein 3 (METTL3) downregulation in human
bone marrow mesenchymal stem cells (hMSCs) leads to reduced m6A
modification and accelerated aging after METTL3 gene knockout (Wu
et al., 2020). Additionally, aside fromm6Amodification, m5Cmodifica-
tion of RNA has emerged as an epitranscriptional mark linked to aging.
NOP2/Sun domain family, member 2 (NSUN2-mediated m5C modifica-
tion in the 3′-untranslated region (3′-UTR) of cyclin-dependent kinase
inhibitor 2 A (CDKN2A) mRNA and stabilizes it, promoting cellular se-
nescence (X. Zhang et al., 2012). Interestingly, other studies showed
the opposite function of NSUN2 exhibits dual roles in cellular senes-
cence, as it can promote CDK1 mRNA and the 5′-UTR of the CDK inhib-
itor 1B (CDKN1B) mRNA, facilitating the translation of CDK1 through
m5C modification while inhibiting CDKN1B translation through m5C
modification, alleviating replicative senescence (Hao Tang et al., 2015;
Xing et al., 2015). Despite no relevant natural products currently
known to delay the aging process and extend lifespan through RNA
modification. However, caloric restriction (CR) has demonstrated
lifespan extension in rodents, and these effects of CR are at least partially
attributed to alleviating age-related epigenetic changes associated with
11
aging, including RNA m6A modifications (Hahn et al., 2017; Ma et al.,
2020). Rat studies have shown that CR effectively counteracts the age-
related downregulation of the RNA m6A reader protein Y-box-binding
protein 1 (YBX1), a key driver of stem cell senescence (Ma et al., 2020).

The role of RNA modifications in aging related organ dysfunctions
has also been investigated. Age-related obesity contributes to athero-
sclerosis, with studies indicating that zinc-finger protein 217 (FP217)
can reduce m6A expression by upregulating the expression of alpha-
ketoglutarate-dependent dioxygenase FTO, resulting in increased adi-
pogenesis and obesity (Song et al., 2019). Additionally,
methyltransferase-like protein 14 (METTL14) has been shown to di-
rectly bind to FOXO1 mRNA, enhancing its translation by increasing
m6Amodification, leading to elevated expression of adhesionmolecules
and exacerbating endothelial inflammation, thereby contributing to
atherosclerosis progression (Jian et al., 2020). Furthermore, the deletion
of FTO in cardiomyocytes has been linked to accelerated heart failure
progression (Berulava et al., 2019). Age-related neurodegenerative dis-
eases are multifactorial, with changes in RNA modifications playing a
pivotal role in their pathogenesis. As a prevalent RNA modification in
the brain, m6A modification has been implicated in the development
of Alzheimer's disease. Study has shown reduced expression levels of
METTL13 and decreased m6A levels in Alzheimer's disease mice model
(Shafik et al., 2021). In another study, conserved reductions of m6A
modifications of synaptic transcripts during aging and neurodegenera-
tion development were demonstrated (Castro-Hernandez et al., 2023).
Osteoporosis patients and mouse models exhibit reduced METTL3 ex-
pression and m6A modification levels, which impact bone formation.
Mechanically, METTL3 mediates the m6A methylation of runt-related
transcription factor 2 (RUNX2), a key osteogenesis factor, enhancing
its stability and thereby promoting osteogenesis (G. Yan et al., 2020).
Furthermore, upregulation of FTO by growth differentiation factor 11
(GDF11) during aging and osteoporosis stabilizes PPAR-γ mRNA
through m6A demethylation, prompting bone mesenchymal stem
cells to differentiate into adipocytes instead of osteoblasts (G. S. Shen
et al., 2018). In contrast to DNA and protein methylation modifiers
prone to mutations in tumorigenesis, RNA methyltransferases and
demethylases are commonly overexpressed in cancer tissues (Lan
et al., 2019). Deregulation in the m6A reading process can indepen-
dently enhance oncogenic signals (Liu et al., 2023). Notably, STC-15,
an inhibitor of m6A methyltransferase, has been developed and
shown to be effective in stimulating innate immune pathways,
inhibiting tumor progression, and boosting the therapeutic response
to anti-PD1 therapy, while promoting long-lasting antitumor immunity
in preclinical models of colorectal cancer and lymphoma (Vu et al.,
2017).

In addition to mRNA, ncRNAs play a crucial role in regulating epige-
netic modifications by influencing chromatin structure and interacting
with other mechanisms. Various types of ncRNAs, such as microRNAs
(miRNAs), lncRNAs, tRNA-derived small RNAs (tsRNAs), ribosomal
RNA (rRNA), PIWI-interacting RNAs (piRNAs), and circular RNAs
(circRNAs), are involved in these regulatory processes (S. S. Kim & Lee,
2019). Specific miRNAs like miR-29, miR-34a, and miR-9 are linked to
aging processes (Owczarz et al., 2017; Ugalde et al., 2011), while miR-
1468-3p, miR-217, and miR-203 are correlated with human aging-
related cardiac dysfunction(de Yebenes et al., 2020; R. Lin et al., 2020;
Zhao, Tang, et al., 2024). Others, such as miR-181a, miR-181ab1, miR-
21, and miR-543, play roles in T cell aging and various age-related con-
ditions like fibrosis, stem cell aging, and osteoarthritis (C. Kim et al.,
2019; S. Lee et al., 2014; Liu et al., 2020; Vasa-Nicotera et al., 2011; Y.
Yan et al., 2019; Ye et al., 2018). In aging-induced osteoporosis, lncRNA
Xist and miR-19a-3p impact bone cell functions, with up-regulating
miR-19a-3p potentially preventing bone loss and enhancing bone for-
mation (S. Chen et al., 2020). Super-enhancer associated lncRNA
NEAT1 is a key regulator of the bone-fat switch in aged bone marrow
stem cells (Zhang et al., 2022). ENSMUST00000134285 is implicated
in heart cell aging (Chun Yang et al., 2018), H19 influences endothelial
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Table 2
Profiles of potential natural products that extend lifespan and ameliorate aging related organ dysfunctions in published studies.

Natural products Source Epigenetic
reprograming
types

Targets Effects Reference Structural formula

Emodin Polygonum
cuspidatum

Histone
modification

↑H3K27me3;
↑NO;
↓HDAC

Promoting mitophagy
and preventing cardiac
dysfunction in heart
failure

(Dong et al., 2016); (Iwanowycz et al.,
2016); (Iwanowycz et al., 2016; Y. Li
et al., 2018);(Godoy et al., 2017);
(Godoy et al., 2017)

Resveratrol Peanuts Histone
modification;
DNA
methylation;
RNA
modification

↓ROS;
↓HDAC;
↓IL-6;
↑LINE-1

Improving Ang
II-induced cell
hypertrophy and
anti-heart aging;
preventing and/or
treating age-related
macular degeneration;
improving liver
function

(Breuss et al., 2019); (Breuss et al.,
2019);(Hongyan Zhu et al., 2023;
Hosoda et al., 2023; Santos et al.,
2023);(Gao & Ye, 2008);(Gaetano
et al., 2013);(Akhondzadeh et al.,
2020);(Maugeri et al., 2018);(J. Wu,
Shi, et al., 2020)

Epigallocatechin
Gallate

Green tea Histone
modification;
RNA
modification

↓ROS;
↑cTnI;
↑YTHDF2;
↓CCNA2;
↓CDK2

Anti-inflammatory
and anti-apoptotic
effects;
improving cardiac
diastolic function

(S. R. Kim et al., 2022; Zuo et al., 2024);
(Pan et al., 2017);(R. Wu et al., 2018)

Curcumin Curcuma Histone
modification;
DNA
methylation

↓PPAR-α Preventing ventricular
hypertrophy;
reversing
non-alcoholic fatty
liver disease

(Stachowiak et al., 2024);(H. L. Li et al.,
2008);(Vollono et al., 2019);(Y. Y. Li
et al., 2018; Patsouris et al., 2006);(S. J.
Kim et al., 2008);(Kitani et al., 2007)

Sulforaphane Broccoli Histone
modification;
DNAmethylation

↑BDNF Anti-inflammatory
and antioxidant stress;
promoting brain
health and inhibiting
AD-associated
neurodegeneration

(Ruhee & Suzuki, 2024; Schepici et al.,
2020);(J. Kim et al., 2017);(Schepici
et al., 2020);(Cao et al., 2023;
Kaufman-Szymczyk et al., 2015;
Tomasello et al., 2020);(F. Zhao et al.,
2018)

CAscorbic acid All plants DNA
methylation

↑Foxp3 A potent reducing
agent and improving
aging-associated
diseases

(Padayatty & Levine, 2016);(Boo,
2022);(Sasidharan Nair et al., 2016)

Quercetin Apple and
various
foods

DNA
methylation

↓Pgc-1α Protecting against
mitochondrial
dysfunction and
alleviating
HFD-induced obesity
and insulin resistance

(Deepika & Maurya, 2022);(Di Petrillo
et al., 2022);(Cui et al., 2022; Hosseini
et al., 2021);(Devarshi et al., 2017)

Catechins Fresh tea
leaves

DNA
methylation

↓H3K9 Anti-oxidative
properties

(Bernatoniene & Kopustinskiene,
2018);(Berletch et al., 2008);(Fang
et al., 2003)

Green tea
polyphenols

Green tea ATP-dependent
chromatin
remodeling

↓MBD1;
↓MBD4; ↓MeCP2;
↓HDAC 1–3;
↑LysH9/18;
↑H4;
↓HP1α;
↓HP1γ

Prostating cancer
chemoprevention

(Pandey et al., 2010);(Ciesielski et al.,
2020

Germacrone Rhizoma
curcuma

ATP-dependent
chromatin
remodeling

↓ERα Antitumor activity (“Recent advances in clinical science.
Abstracts of the 89th meeting of the
Association of Clinical Scientists. May
11 to 14, 1989, Charlottesville,
Virginia,”1989)

β-elemene Curcuma RNA
modification

↓METTL3
↓LC3B;
↓ATG5;
↓ATG7

Inhibiting the growth
of lung cancer cells

(Liu, Cai, et al., 2020, Liu, Li, et al.,
2020);(Feng et al., 2022)

Erianin Dendrobium
chrysotoxum

RNA
modification

↑ALOX12;
↑P53

Treatment on renal
cancer

(H. Shen et al., 2023)

Genistein Soy RNA
modification

↑E-cadher;
↑ALKBH5;
↓Snail

Improving renal
fibrosis

(Ning et al., 2020)

12
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Natural products Source Epigenetic
reprograming
types

Targets Effects Reference Structural formula

Tanshinone IIA Salvia RNA
modification

↓ALKBH5 Inhibiting Ang
II-induced
hypertrophy in vitro
and TAC-induced
cardiac hypertrophy
in vivo

(Zhang, Chen, et al., 2022)

Rhein Rheum
palmatum

RNA
modification

↓FTO active site Reduction of
infectivity caused by
various coronaviruses,
including SARS-CoV-2

(B. Chen et al., 2012;
Zannella et al., 2021)

Baicalin Dry root of
Scutellaria

RNA
modification

↓HKDC1;
↓METTL3;
↑HKDC/JAK2/STAT1/caspase-3

Inhibiting the invasion
and metastasis of
T2D-induced
hepatocellular cancer

(H. Jiang et al., 2022)

Humantenine Gelsemium
elegansa

RNA
modification

Inhibiting colon cancer (Y. Wu et al., 2022)

Berberine Coptis
chinensis
and herbs

RNA
modification

↑miR-185-5p;
↑KLF7;
↑5mC
↑Caspase3;
↑DNMTs

Inhibiting gastric
cancer

(Babaeenezhad et al., 2024); (Wang,
Tang, et al., 2023)
aging (Hofmann et al., 2019), LncR-SMAL affects cardiac function in
aging individuals (Liu, Bai, et al., 2022), and Zeb1os1 plays diverse
roles in aging processes (Liu et al., 2024). During aging, tsRNAs and
rRNAs typically increase, while piRNAs decrease in organisms such as
C. elegans(Kato, Chen, Inukai, Zhao, & Slack, 2011). Additionally,
circRNAs accumulate in aging brains of Drosophila (Westholm et al.,
2014) and C. elegans (Cortes-Lopez et al., 2018).” Although the signifi-
cant role of ncRNAs in aging has been established, the natural products
that target ncRNAs and their potential anti-aging effects remain to be
explored. The utilization of ncRNAs as genetic tools for the development
of anti-aging nucleic acid therapies has emerged as a viable possibility.

4.4.2. Potential anti-aging drugs from natural products targeting
RNAmodifications

Despite there is currently a lack of direct evidence linking RNA
modification-targeting natural products to aging and age-related disor-
ders, research on identified natural products used for modulating RNA
modifications in other diseases can serve as valuable references in the
field of aging research.

β-elemene, a sesquiterpenoid compound derived from Curcuma
wenyujin, acts as an inhibitor of METTL3. In non-small cell lung cancer
(NSCLC), β-elemene reduces autophagy-related proteins like LC3B,
ATG5, and ATG7 through METTL3 suppression. This inhibition effec-
tively hinders tumor cell autophagy and proliferation (Liu et al., 2020).
Moreover, β-elemene can lower the m6A modification level of phos-
phatase and tensin homolog (PTEN)mRNA by inhibiting METTL3, lead-
ing to increased PTEN protein expression and subsequent inhibition of
lung cancer cell growth (Feng et al., 2022).

Erianin, a bibenzyl natural compound derived from Dendrobium
chrysotoxum, has been shown to induce ferroptosis in renal cancer
stem cells. This mechanism involves enhancing m6A modification of
polyunsaturated fatty acid lipoxygenase ALOX12 and cellular tumor an-
tigen p53 mRNA. Ultimately, this process exerts a therapeutic effect on
renal cancer. (H. Shen, Geng, Nie, & Liu, 2023).

Genistein, a key component in soy isoflavones, shares structural
similarities with mammalian estrogen-estradiol, possessing a
diphenolic hydroxyl group typical of estrogen. This structure grants
13
Genistein various physiological activities akin to estrogen's effects.
Research suggests that Genistein boosts E-cadherin expression
while diminishing snail expression through the upregulation of
alkylated DNA repair protein ALKBH5, ultimately ameliorating renal
fibrosis (Ning et al., 2020).

Resveratrol reduces Aflatoxin B1 (AFB1)-induced ROS accumula-
tion, altering m6A modification-related proteins like METTL3, FTO,
and YTHDF2, improving liver function (Wu et al., 2020). EGCG ele-
vates YTHDF2 expression, decreasing Cyclin-A2 (CCNA2) and CDK2
levels, which halts mitotic clonal expansion and inhibits adipogenesis
(R. Wu et al., 2018). Tanshinone IIA (Tan IIA) inhibits ALKBH5-
mediated m6A modification of galectin-3, preventing angiotensin II-
induced and TAC-induced cardiac hypertrophy (Zhang et al., 2022).
Rhein competitively binds to the FTO active site, inhibiting m6A
demethylation, and reducing infectivity of various coronaviruses (B.
Chen et al., 2012; Zannella et al., 2021). Baicalin targets METTL3 to in-
hibit DNA 5mC and RNA m6A modifications in the HKDC1 gene, sup-
pressing invasion and metastasis in diabetes-induced hepatocellular
cancer (H. Jiang et al., 2022). Humantenine induces cell death in
colon cancer cells by modulating 11 RNA m6A modification
regulators (Y. Wu et al., 2022).

The isoquinoline quaternary alkaloid berberine is derived from
medicinal herbs, including Coptis chinensis, Coptis japonica, and
Coptis rhizome (Wu, Gan, et al., 2020; R. Wu et al., 2018; Zhang,
Chen, et al., 2022; B. Chen et al., 2012; Zannella et al., 2021; H. Jiang
et al., 2022; Y. Wu et al., 2022). Study has indicated that berberine
modulates the expression of miR-185-5p, krueppel-like factor 7
(KLF7), caspase-3, and DNMTs and increases 5mC levels in gastric
cancer cells, while formulated novel chitosan/pectin nanoparticles
(NPs) loaded with berberine enhanced above effects
(Babaeenezhad, Rashidipour, Jangravi, Moradi Sarabi, & Shahriary,
2024). Berberine has been shown to act as an effective insulin sensi-
tizer, with similar properties to metformin (J. Yang et al., 2012). It
has also been used to improve insulin resistance and enhance ovula-
tion in women with polycystic ovary syndrome (PCOS) (An et al.,
2014; Y. Li et al., 2013). In cardiovascular research, a study on acute
coronary syndrome showed that berberine in addition to standard



X. Liu, J. Feng, M. Guo et al. Pharmacology & Therapeutics 270 (2025) 108850
therapy significantly reduced markers of inflammation, such as
ICAM-1, MMP-9, CRP, IL-6, VCAM-1, and MCP-1, suggesting that ber-
berine may improve clinical outcomes through its anti-inflammatory
effects (Meng et al., 2012). Furthermore, a study published by our
group unveiled the anti-heart aging effects of berberine and its deriv-
ative tetrahydroberberrubine, which can be attributed to the promo-
tion of mitophagy by enhancing PHB2 mRNA stability, highlighting
the potential anti-aging properties of berberine (Wang, Tang, et al.,
2023).

In short, RNA modification genes involved in plays a pivotal role in
various age-related diseases by influencing RNA stability, translation,
and protein levels of key disease-related genes. Exploring natural prod-
ucts that modulate RNA modification offers new avenues for potential
therapeutic interventions in age-related conditions.

5. Conclusions and perspectives

Epigenetic changes are crucial in controlling longevity and the
dysfunctions of age-related organs. However, research on natural
products targeting epigenetic reprogramming and their potential
role in delaying aging is currently limited (Table 2). This scarcity
can be attributed to twomain reasons: Firstly, the majority of epige-
netic modifications occur within the cell nucleus, yet the limited
number of natural products capable of effectively penetrating the
nucleus restricts their direct regulatory effect on these modifica-
tions. Secondly, despite many natural products exhibit pronounced
protective effects in vitro experiments, challenges related to low
bioavailability or unstable physicochemical properties in vivo hin-
der their further development. It is worth noting that some natural
products have already been included in the list of health supple-
ments as dietary ingredients. For example, flavonoids grape seed
extract could improve inflammation, blood glucose and oxidative
stress in cardiovascular high-risk subjects (Kar, Laight, Rooprai,
Shaw, & Cummings, 2009). Adding curcumin to diet can effectively
prevent and treat obesity, diabetes, atherosclerosis, metabolic syn-
drome and other diseases (Aggarwal, 2010), berberine hydrochlo-
ride capsules can improve the heart metabolism of patients with
diabetes (Nematollahi et al., 2022). Given the positive impact of
natural products on human health and aging related diseases. In
the future, there will definitely be more natural products entering
the ranks of health supplements to help human health and aging.
Although the recognized importance of natural products currently,
there is a critical need to leverage modern biotechnological re-
search tools, such as computer-aided drug design and screening,
structural modification of natural product lead compounds, con-
struction of nanodrug delivery systems and the re-development of
natural products associated with Antibody-Drug Conjugate (ADC),
to advance the development of natural products with demonstrated
anti-aging and epigenetic regulatory properties. In conclusion, this
review offers an overview of both established and promising natu-
ral products for delaying aging, serving as a valuable reference for
advancing the clinical translation of natural products in anti-aging
interventions.
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