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Abstract–Aging is a multifactorial process characterized by a gradual loss of physiological functions, which
leads to increased vulnerability of the organism to age-related diseases and, finally, to death. Several theories
have been proposed to explain the nature of aging, one of which relates aging to the damage to cell structures
and DNA caused by free radicals. However, an increasing amount of evidence suggests that the molecular
mechanisms of aging are also associated with epigenetic modifications, such as DNA methylation, noncoding
RNA and histone changes. In this review, we will analyze the significance of the results of these studies and
show how the interrelated effects of oxidative stress and epigenetics can explain the cause of the extinction of
physiological functions during aging.
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INTRODUCTION
Aging is the process of the gradual extinction of all

physiological functions, which leads to an increase in
the vulnerability of the body to age-related diseases
and, finally, to death [1–3]. This process is still insuf-
ficiently studied, although many different theories
attempting to explain it have been put forward [1–3].
Unfortunately, none of the theories so far fully explain
all aspects of aging, which is a complex biological pro-
cess. The most famous and best-studied theory is the
free radical theory of aging, which was first proposed
by D. Harman [39] and again 2 years later by N. Emanuel
[10]. This theory associates aging with the accumula-
tion of free radicals produced by the energy metabo-
lism of mitochondria, which leads to the development
of cell toxicity [39] and damage to nuclear [15, 16] and
mitochondrial DNA (mtDNA) [10, 11], as well as cell
membrane structures [83]. According to V.K. Koltover,
the author of the concept of “limited reliability of bio-
systems,” the accumulation of peroxidation products
in cells and tissues limits the reliability of biosystems,
which explains aging and the prolongation of the life of
animals with bioantioxidants [49]. At the same time,
there is evidence that aging also depends on the activ-
ity of certain genes [6], the molecular mechanisms of
regulation of which are associated with epigenetic
changes in the cell [52]. We tried to connect these two
mechanisms, the accumulation of free radicals and

epigenetic modifications, for an exhaustive review of
the manner in which a combination of different epi-
genetic changes and oxidative stress can affect the
aging process [75].

EPIGENETIC APPARATUS OF THE CELL

The term “epigenetics” was first used by the
English embryologist K. Waddington to describe the
variability of the formation of bodily structures during
the course of embryogenesis. A key element of Wad-
dington’s epigenetic concept was the idea that the var-
ious gene products (proteins, hormones, etc.) are sig-
nals that cause genes to change their activity. In accor-
dance with these ideas, Waddington defined
epigenetics as “a branch of biology that studies the
causal interactions of genes and their products that
form the phenotype” [77]. Then, in 1987, R. Holliday
revised the term “epigenetics” as “hereditary changes
in gene expression that are not associated with changes
in the DNA sequence” [44]. Based on these defini-
tions, it can be assumed that the epigenome implies
the presence in the cell of certain mechanisms that
control gene expression. Indeed, three such mecha-
nisms are known today: DNA methylation, histone
modifications, and the effects of noncoding RNAs
[29]. Studies have shown that these epigenetic mecha-
nisms together form the “epigenetic landscape” nec-
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essary for the regulation of the expression of tissue
genes, X-chromatin inactivation, and genomic
imprinting [71].

DNA methylation is an essential epigenetic modi-
fication that regulates gene expression. When DNA is
methylated with DNA methyltransferases, the methyl
group is transferred to the carbon atom in the fifth
position of cytosine with S-adenosyl-methionine
(SAM) as a methyl group donor, resulting in the for-
mation of 5-methylcytosine (5mC); and S-adenosyl-
L-homocysteine. In mammalian cells, there are sev-
eral cytosine methyltransferases: DNMT1, DNMT3a,
and DNMT3b. Although DNA methylation is a stable
epigenetic sign, it can be removed by passive or active
demethylation processes. Passive methylation loss can
be achieved via successive cycles of DNA replication
in the absence of functional enzymes, such as
DNMT1/UHRF1 [80], the inhibition of DNMT
enzymes [63], the cytosolic localization of DNMT
[48], and the degradation of DNMT recruitment on
DNA [16]. At the same time, the active removal of
5mC occurs due to the formation of 5-hydroxymeth-
ylcytosine (5hmC) during the oxidation of 5mC under
the influence of TET (ten eleven tranclocation) family
of enzymes. As for histone modification, it should be
noted that eukaryotic DNA is packed in chromatin,
which consists of nucleosome units encircled by 147
pairs of DNA nucleotides around the octamer of the
four main histones (H2A, H2B, H3, and H4).
Between two adjacent nucleosomes, there is a linker
histone that binds to the outer side of the nucleosome,
fixing a DNA strand on it.

Historically, chromatin was classified as euchro-
matin or heterochromatin (in accordance with its state
of compaction), although there is a whole spectrum of
chromatin states, which indicates the high f lexibility
of its macromolecule. The chromatin structure can be
modified with the mechanisms of the recording, read-
ing, and erasing of chromatin, which can reconstruct
nucleosomes or modify histones via posttranslational
modifications (acetylation of histones, phosphoryla-
tion, glycosylation, ubiquitilation, and sumoylation),
establishing various states of chromatin transcription
[31, 32]. Finally, noncoding RNAs (noncoding RNAs
or ncRNAs) can perform their regulatory functions by
acting as epigenetic regulators of gene expression and
chromatin remodeling. The detailed mechanisms of
their functioning have not yet been fully studied, but it
is already known that they recruit various histone-
modifying enzymes that recognize (read), add (write),
delete (erase), and replace chromatin modifications.
A good example is the long noncoding RNA (long
ncRNA or lncRNA) XIST (X-inactive-specific tran-
script), which covers one of the X chromosomes,
recruiting the repressive complex of the second group
polycomb (PRC2 or polycomb repressive complex 2)
and causing heterochromatization and transcriptional
repression of the entire X chromosome [50, 87].
Therefore, an understanding of the involvement of the
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dynamics and regulation of various epigenetic modifi-
cations in the aging process is of great interest.

OXIDATIVE STRESS

An increase in the formation of free radicals in the
body (oxidative stress) and the associated increase in
lipid peroxidation processes (lipid peroxidation syn-
drome) are accompanied by disturbances in the prop-
erties of biological membranes and cell functioning
[4]. The phrase “oxidative stress” first appeared in the
scientific literature in the 1970s and was used by the
authors to indicate the impairment caused by the
action of a strong oxidizing agent [65]. Subsequently,
the term oxidative stress began to be used to refer to the
effects of ROS on blood cells. Soon, the concept of
oxidative stress as a pathological condition caused by
an excess of free radicals and the insufficiency of the
antioxidant defense system arose. Thus, oxidative
stress is an imbalance between the antioxidant defense
of the body and the formation of ROS in favor of the
latter [26]. ROS, in turn, are highly reactive molecules
that consist of a variety of chemicals, including super-
oxide anion ( ), hydroxyl radical (OH), and hydro-
gen peroxide (H2O2). ROS are produced as a result of
uncontrolled production in interactions with the
molecular structures of the cell, such as DNA, pro-
teins, lipids and carbohydrates, which leads to damage
to these molecules and a change in the activity of met-
abolic pathways. These ROS effects ultimately lead to
the development of various diseases, such as cancer,
neurodegenerative diseases, and diabetes, as well as
aging [60].

Mitochondria are the main intracellular source of
ROS generation as a result of electron transfer during
ATP production [5, 58]. This is due to the fact that
electron “leakage” occurs in the respiratory chain,
especially from the I and III mitochondrial enzyme
complexes [31]. The increase in ROS production can
also be caused by exogenous factors, such as radioac-
tivity and ultraviolet radiation. To prevent oxidative
stress, the cells are equipped with a network of various
antioxidant defense molecules consisting of enzymatic
and nonenzymatic mechanisms. These endogenous
antioxidant enzymes are glutathione S-transferase P1
(GTSP1), glutathione peroxidase, catalase, SOD, sul-
firedoxin, and peroxiredoxin [27]. As for nonenzy-
matic mechanisms, they consist of a variety of low
molecular weight antioxidants, which include gluta-
thione and vitamins C (ascorbic acid), A (retinol), and
E (tocopherol) [19]. Both of these systems—enzy-
matic and nonenzymatic—function in concert, main-
taining antioxidant protection at the proper level;
however, with excessive ROS production and the
absence of an adequate increase in the synthesis of
intracellular antioxidant proteins, the normal redox
state of the cell changes, causing oxidative stress and
damage to cell structures.
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RELATIONSHIP BETWEEN EPIGENETICS 
AND OXIDATIVE STRESS

According to a number of studies [18, 33, 53], oxi-
dative stress increases with age. It arises, as noted
above, due to ROS accumulation and is accompanied
by a decrease in cell repair mechanisms, which ulti-
mately leads to a wide range of DNA damage, as well
as to the impairment of the epigenetic state of the cell.
Here are some examples of the close interaction of
oxidative stress and the epigenetic landscape. For
example, ROS can affect the methyloma (genome
methylation profile) via the formation of oxidized
DNA lesions due to the hydroxylation of pyrimidines
and 5hmC, which can interfere due to structural sim-
ilarities with epigenetic signals associated with 5hmC
[51, 59]. ROS also affect DNA demethylation via the
oxidation of DNA and TET-mediated hydroxymeth-
ylation [20]. ROS can indirectly modulate the activity
of the epigenetic apparatus, since histone-modifying
enzymes depend on the intracellular level of major
metabolites, such as acetyl coenzyme A, Fe, ketoglu-
tarate, NAD+, and S-adenosylmethionine, which
indicates a close relationship between epigenetic
changes with the global cellular metabolism and the cell
energy level [73]. Therefore, oxidative stress can affect
the cell globally, e.g. at several levels—from DNA and
histones to histone modifiers, which can cause changes
in the epigenetic landscape of the cell [55].

EPIGENETIC MODIFICATIONS AND AGING
Epigenetic changes are a sign of the aging of an

organism [52] and, as research results have shown,
they are the missing link explaining the difference in
the aging structure between two monozygotic twins
[34, 73]. The information encoded in the epigenome
includes DNA methylation, chromatin remodeling,
posttranslational modifications of histone proteins,
structural and functional histone variants, and the
transcription of noncoding RNA. The combination of
all these different types of epigenetic information con-
tains both the function and the fate of all cells and tis-
sues of the body.

DNA METHYLATION
AND THE “EPIGENETIC CLOCK” CONCEPT

It was established that aging is accompanied by
a global reduction in DNA methylation and the
hypermethylation of promoters of certain genes [42,
36]. DNA hypomethylation occurs in transposed
DNA repeating elements, including Alu and LINE-1
elements, which leads to an increase in the activity of
retrotransposon and genomic instability [79]. Thus,
specific CpG islands of regulatory transcription genes
[35], apoptosis [61], development, and differentiation
[67] demonstrated significant hypomethylation during
aging. The variations in the profile of methylation of
CpG sites with age were so stable that some research-

RETRACTE
ADVANCES IN GERONTOLOGY  Vol. 9  No. 4  2019
ers used this as a tool to assess the biological age of tis-
sues. For example, S. Bocklandt et al. [13] determined
the epigenetic profile of three genes (EDARDD,
TOM1L1, and NPTX2) and showed that it linearly
changes with age over five decades. An algorithm for
calculation of the biological age was developed in
another study based on an analysis of more than 8000
tissue and cell samples from people of different ages
[45]. This algorithm revealed 353 methylation sites,
which, in the end, formed the basis of the concept of
“epigenetic clocks.” Analysis of the methylation pro-
file in these areas made it possible to evaluate tissue
age with an error of no more than 3 years. Since then,
the epigenetic clock has been used to assess the effects
of diet, exercise, education, and other lifestyle factors
on this molecular measure of aging.

However, it should be noted that DNA methylation
is not the only epigenetic biomarker of aging that
changes significantly with age. For example, changes
in the level of genomic distribution of histone methyl-
ation and acetylation profiles of histones with age were
reported [12, 64, 70], as well as more significant shifts
in the level of histone acetylation in elderly twins as
compared with young twins [34]. Consequently, it can
be assumed that not only DNA methylation, but also
other epigenetic markers, can be associated to a cer-
tain extent with the rate of molecular aging, and, taken
together, can probably more accurately identify the
biological age [1, 3].

HISTONE MODIFICATIONS
Histones undergo a wide range of posttranslational

modifications that have a major impact on the global
chromatin structure, gene expression, genome stabil-
ity, and replication. Therefore, histone modifications
can apparently affect all biological processes, includ-
ing aging, which is confirmed by data from studies on
the development of an imbalance between activating
and repressive histone modifications in the elderly. It
was shown that the histone methylations H3K4me3
and H3K27me3, which are epigenetic modifications
associated with transcription, are related to the regula-
tion of life span. For example, the inhibition of ASH-2
and SET-2 methyltransferases was associated with
a global decrease in H3K4me3 levels, which increased
lifespan. Conversely, the inhibition of RBR-2 demethy-
lase reduced life expectancy [38]. The global structure
of histone methylation is different for different organ-
isms due to differences in their aging processes; how-
ever, there was an increasing trend of the signs of the
activation of histone methylation labels affecting chro-
matin compaction in cells with aging [54]. Other
examples are studies of histone deacetylase SIR-2 of
C. elegans nematodes, which was associated with an
increase in longevity [24, 76]. Conversely, the SIRT-1
homolog decreased with aging (probably due to an
increase in ROS level) [46, 62], inhibiting heterochro-
matin silencing, which could alter gene expression

D A
RTIC

LE



420 AITBAEV et al.

Fig. 1. Association of epigenetic mechanisms and oxidative stress with aging. Oxidative stress caused by endogenous or exogenous
factors increases the level of ROS, the main producers of which are mitochondria. Uncontrolled ROS production contributes to
aging and the development of age-related diseases. In addition, ROS are a factor modulating the activity of the epigenetic appa-
ratus. Epigenetic changes, such as global reduction in DNA methylation or hypomethylation of specific genes, as well as other
epigenetic modifications, are associated with aging.
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during aging [60]. It is important to note that these
data provide convincing evidence of the role epi-
genetics plays in regulating life expectancy.

NONCODING RNA
Noncoding RNAs, both short (mainly microRNAs,

miRNAs) and long (lncRNAs), affect aging by con-
trolling gene expression at the transcriptional and
posttranscriptional levels in many ways. The most
characteristic example of the role of miRNAs in aging
is from a study performed on C. elegans nematodes.
A significant component of it is miRNA lin-4 [47],
which regulates the aging and expression of the target,
the lin-14 transcript according to the feedback rule
[14]. Reduced lin-4 activity decreased lifespan and
accelerated tissue aging, while the lin-4 overexpression
or lin-14 knockdown increased lifespan. Age-related
differences in the miRNAs profile were also found in
humans [61], and dysregulation in the expression of
lncRNAs was found in diseases associated with aging
[37]. A good example is lncRNAH19, which controls
the imprinting of the conserved cluster of H19 and
IGF2 (insulin-like growth factor). The loss of IGF2-
H19 imprinting leads to an increase in the expression
of IGF2 associated with age-related diseases [21].

OXIDATIVE STRESS AND AGING
Uncontrolled ROS production leads to devastating

consequences in the body, and therefore many theo-
ries have been proposed to explain the phenomenon of
aging from the standpoint of oxidative stress. One of
them is the theory of free radicals, which claims that
aging is a consequence of the accumulation of harmful
effects caused by free radicals [39]. As evidence of this
theory, an increase in ROS production by mitochon-
dria is often found in the tissues of old animals [53].
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A significant increase in the level of oxidative damage
in cells during aging was reported in other studies [18,
33]. The results of these studies were consistent with
the statements of free radical theory that oxidative
stress leads to the accumulation of damage to lipids,
nucleic acids, proteins and carbohydrates, causing cell
dysfunction and making the body more vulnerable to
harmful external agents. Since mitochondria are the
main producer of ROS in mammalian cells, 8-oxo-
7,8-dihydro-2'-deoxyguanosine (8-oxodeoxyguano-
sine), the predominant form of free radical DNA
damage, exhibits a higher level in mtDNA than in
nuclear DNA, which suggests a higher susceptibility of
mtDNA to oxidative damage [8, 9, 56, 66, 68]. There-
fore, the mitochondrial theory of aging, which is
closely related to the theory of free radicals, postulates
that it is oxidative damage that occurs during the oxi-
dative phosphorylation of mitochondrial macro mole-
cules, such as mtDNA, proteins, or lipids, which are
responsible for aging [56]. In addition, mitochondria
play a decisive role in the regulation of apoptosis;
therefore, age-related mitochondrial oxidative stress
promotes apoptosis during aging [81]. There is grow-
ing experimental data that indicate that antioxidants
targeting mitochondria have a beneficial effect during
aging [7, 23]. It was shown that they provide protec-
tion against oxidative damage in mitochondria to
a greater extent than nontargeted cellular antioxidants
because of their ability to penetrate the mitochondrial
phospholipid bilayer and eliminate ROS at the very
beginning of their formation [25, 41] (Fig. 1).

PREMATURE AGING AS A RESULT
OF EPIGENETIC EFFECTS
AND OXIDATIVE STRESS

Aging causes deterioration of the epigenetic land-
scape, as well as an increase in the level of oxidative
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stress in the cell, which can ultimately contribute to
the development of diseases [2]. In nature, there are
the so-called progeroid syndromes (from the Greek
π�ογέ�ος—prematurely aged) syndromes, a group of
systemic diseases that are very similar to physiological
aging. They serve as a powerful tool for research on the
physiological process of aging.

The most famous diseases of premature aging are
Hutchinson-Gilford syndrome and Werner syndrome.
The first of these syndromes is caused by a mutation in
the LMNA gene; it encodes two protein products
(lamin A and lamin C), which are the main compo-
nents of the internal nuclear membrane [30]. This
mutation leads to an abnormal version of the lamin A
protein called progerin. At the same time, Werner syn-
drome is caused by mutations in the ATP-dependent
helicase WRN gene [85], which is involved in the sig-
naling pathway for DNA recovery. Hutchinson-Gil-
ford syndrome is characterized by a particularly pro-
nounced susceptibility to DNA damage caused by
ROS, which indicates a deterioration in the ability to
repair DNA damage [17]. Interestingly, it is during
these syndromes that epigenetic and chromatin struc-
tures are damaged. Thus, profiles of aberrant DNA
methylation (increased methylation) are found in
hypomethylated regions and, conversely, a loss of
methylation in hypermethylated regions [43]. A loss of
heterochromatin is also caused by the absence of WRN
in Werner syndrome [86] and progerin accumulation
in HGPS [72]. The epigenetic tag H3K27me3 is lost on
the inactive X chromosome as a result of a decrease in
the regulation of the EZH2 methyltransferase enzyme
in Hutchinson-Gilford syndrome [82].

Epigenetics and oxidative stress play a significant
role in the pathogenesis of other diseases. For exam-
ple, the organs of the respiratory system are constantly
exposed to endogenous (air pollutants, poisonous
gases, and cigarette smoke) sources of oxidizing
agents. As a result, this large-scale accumulation of
ROS directly affects lung cells, reducing their func-
tional activity. This is especially noticeable in smokers
and patients with COPD; an increase in their ROS
level leads to the deregulated expression of pro-
inflammatory genes and a decrease in the enzymatic
activity of HDAC2 deacetylase [74, 82]. This histone
deacetylase delays cell aging by negatively regulating
genes that promote aging, such as p21 and p16 [83].
Therefore, a decrease in histone deacetylase can accel-
erate cell aging in COPD.

The nervous system is also very sensitive to the
effects of oxidative stress. Thus, one of the earliest
events in the pathogenesis of Alzheimer’s disease is
oxidative damage to DNA [22]; it is caused by the oxi-
dation of guanine to 8-oxodeoxyguanosine, which can
alter the binding of transcription factors to DNA and
affect epigenetic signals [28]. The evidence for the role
of epigenetic modifications and oxidative stress in car-
diovascular diseases is increasing. The production of
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nitric oxide (NO) by NO synthases (NOS) plays an
important cardioprotective role by regulating blood
pressure and vascular tone, as well as inhibiting plate-
let aggregation and leukocyte adhesion. However, the
interaction of NO with superoxide leads to the forma-
tion of peroxynitrite, which reduces its activity and
increases oxidative stress. NO inactivation by ROS is
also responsible for endothelial dysfunction, which
contributes to the development of cardiovascular dis-
ease.

A significant role of oxidative stress is also exhib-
ited in cancer. Oncogenic cancer cells have been
shown to generate elevated ROS levels as by-products
of their metabolic rate to maintain tumorigenicity
[78]. It would seem that high ROS levels should cause
cell death, but this does not happen. The cancer cells
bypass this obstacle by increasing the synthesis of
intracellular antioxidant proteins. As a result, a high
ROS level and the simultaneous passage of protumor-
ogenic signals that do not lead to cell death are main-
tained [40, 57, 69, 84]. With nonsmall cell lung cancer,
SOD1 is expressed at a relatively high level. The func-
tion of the enzyme is to maintain a low level of super-
oxide in the cytosol in order to protect the cell from
oxidative stress and subsequent death. When exposed
to this enzyme with a small molecule, ATN-224
(SOD1 inhibitor), tumor growth decreased, which
indicates the potential clinical use of this inhibitor for
these types of adenocarcinoma [36].

CONCLUSIONS

Thus, the facts above demonstrate how the interre-
lated effects of oxidative stress and epigenetic changes
affect the aging process. In addition, these data
expand our understanding of the molecular founda-
tions of aging and open up new paths to influence this
process. For example, the creation of mitochondria-
targeted antioxidants already makes it possible to pro-
tect mitochondria from oxidative damage to a greater
extent than nontargeted cellular antioxidants and
thereby to slow cell death. Another promising innova-
tion is the invention of epigenetic clocks, which allow
the determination of a person’s biological age. For
example, if one’s biological age by this “clock” is
ahead of one’s chronological age, then this will make
it possible to predict life expectancy, the development
of diseases associated with aging, and even death with
a certain degree of probability. Another question is
whether the epigenetic clock is a driver or a simple age
marker. In the first case, researchers have exciting
prospects for the development of tools to manipulate
molecular aging processes.
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