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Molecular mechanisms of radiation-induced aging

Radiation-induced aging is a complex process that involves multiple molecular mechanisms. One of the pri-
mary mechanisms underlying radiation-induced aging is oxidative stress. Exposure to radiation can lead to
the generation of reactive oxygen species (ROS), which can cause damage to DNA, proteins, and other cellu-
lar components. In addition to these mechanisms, radiation-induced aging can also involve alterations in gene
expression, cellular metabolism, and epigenetic modifications. These changes can affect the function of vari-
ous cellular pathways and contribute to the aging process. Understanding the molecular mechanisms of radia-
tion-induced aging is critical for developing strategies to mitigate its effects. Potential interventions include
targeting oxidative stress, promoting DNA repair, altering the epigenetic landscape and modulating cellular
metabolism. However, further research is needed to fully elucidate the complex molecular pathways involved
in radiation-induced aging and identify effective therapeutic approaches. In general, the molecular mecha-
nisms of radiation's impact on aging discussed in this review provide a new perspective on radiation-induced
aging and identify new targets for intervention.

Keywords: aging, DNA damage, telomeres, Mitochondrion, MicroRNA,. Inflammation, pl6, Radiation-
induced aging.

Introduction

Aging is a complex, multifaceted process leading.to widespread functional decline affecting every or-
gan and tissue. Remarkably, it is still unknown whether aging has a unifying causal mechanism or whether it
is based on multiple sources. Phenotypically, the aging process is associated with a wide range of features at
the molecular, cellular, and physiological level, such .as genomic and epigenomic changes, loss of
proteostasis, decreased overall cellular and subcellular function, and impaired regulation of signaling sys-
tems. DNA damage is the driving force behind aging. The nuclear and mitochondrial genomes are constantly
damaged by external agents (UV, X-rays, chemical compounds in food, water, air), endogenous sources such
as reactive oxygen species (ROS), aldehydes and glycation end products (AGEs) and spontaneous reactions
(hydrolysis). Molecular consequences. of the time-dependent accumulation of DNA damage are (i) genetic
aberrations such as mutations and chromosomal instability, and (ii) shutdown of RNA and DNA polymerases
by DNA damage, which provokes DNA damage signaling and disrupts primary DNA function. Cellular and
tissue consequences.of DNA 'damage include cell fate decisions such as cell death and aging, leading to func-
tional cell and organ loss, cancer, atrophy and inflammation [1].

Old age became a major risk factor for very common chronic and devastating diseases, including can-
cer, cardiovascular and neurodegenerative diseases. Classically, the aging process is characterized by several
possible features, including genomic damage and telomere shortening, epigenetic changes, dysregulation of
proteostasis, mitochondrial dysfunction, stem cell pool collapse, intercellular communication disorder and
cellular aging [2].

Cell aging-appears as an irreversible loss of replicative potential of primary cells in culture, initiated as
a persistent DNA damage response to dysfunctional telomeres [3].

The environment, especially early life events, is important modifiers of the aging process. Since the ge-
netic mechanisms underlying aging are not controllable, understanding how environmental factors slow or
accelerate the aging process is of great practical importance.

Radiation-induced aging refers to the premature aging and degeneration of tissues and organs caused by
exposure to ionizing radiation. The cellular and molecular mechanisms underlying radiation-induced aging
are complex and not fully understood. However, some of the key mechanisms that were proposed included:

DNA damage: lonizing radiation can cause direct damage to DNA, leading to mutations and chromo-
somal abnormalities. These mutations can accumulate over time and contribute to aging and age-related dis-
eases.
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Oxidative stress: Radiation exposure can increase the production of reactive oxygen species (ROS) in
cells, leading to oxidative stress and damage to cellular components such as proteins, lipids, and DNA.

Inflammation: Radiation exposure can trigger an inflammatory response in tissues, leading to chronic
inflammation and tissue damage over time.

Epigenetic changes: Radiation exposure can cause changes in gene expression patterns by altering the
epigenetic marks on DNA, such as DNA methylation and histone modifications.

DNA damage

These mechanisms can interact and amplify each other, leading to the cumulative effects of radiation-
induced aging. While the exact mechanisms may vary depending on the dose and type of radiation, under-
standing the cellular and molecular mechanisms of radiation-induced aging is important for developing ef-
fective strategies to mitigate its negative effects. lonizing radiation can cause various types of DNA damage,
including single-strand breaks, double-strand breaks, base damage, and crosslinking. These types of damage
can lead to mutations, chromosomal abnormalities, and other changes in DNA structure and function.

Of these types of damage, double-strand breaks (DSBs) are considered the most dangerous and difficult
to repair. DSBs can lead to cell death, chromosomal rearrangements, and mutations, all of which contribute
to aging and age-related diseases.

TP53 is a tumor suppressor gene that plays a key role in the DNA damage response. When DSBs occur,
TP53 is activated and triggers cell cycle arrest or apoptosis to prevent the propagation of damaged cells.
However, TP53 expression declines with age, which can lead to increased genomic instability and age-
related diseases [4].

ATM and ATR are protein kinases that are also involved in the DNA damage response. They are acti-
vated by DSBs and help to repair the damage by coordinating DNA repair pathways. Defects in ATM and
ATR were linked to premature aging syndromes, such as ataxia-telangiectasia and Seckel syndrome [5].

WRN is a helicase enzyme that is involved in DNA repair and maintenance. It plays a role in repairing
DSBs through non-homologous end joining (NHEJ)-and homologous recombination (HR) pathways. Muta-
tions in WRN are associated with Werner syndrome, a rare genetic disorder characterized by premature ag-
ing and age-related diseases [6].

Ku70 and Ku80 are subunits of a protein complex called Ku, which is involved in NHEJ repair of
DSBs. Defects in Ku70 and Ku80 were linked to premature aging and age-related diseases, such as progeria
and dyskeratosis congenita [7].

These are just a few examples of how DSBs can impact gene expression and contribute to aging [8].
However, it's worth noting that the relationship between DNA damage and aging is complex and multifacet-
ed, and there are likely many other.genes and pathways involved.

Several types of ionizing radiation can cause DSBs in DNA, including:

X-rays are a type of electromagnetic radiation that can penetrate tissues and cause ionization of atoms
and molecules, leading to DSBs in DNA.

Gamma rays are high-energy photons emitted by radioactive isotopes. They can also penetrate tissues
and cause ionization.and DNA damage.

Alpha particles are high-energy helium nuclei that are emitted by some radioactive isotopes. They have
a relatively short range and can cause DSBs when they collide with DNA.

Beta particles are high-energy electrons or positrons emitted by some radioactive isotopes. They can
penetrate tissues to varying degrees and cause ionization and DNA damage.

The amount of DSBs caused by ionizing radiation depends on various factors, such as the energy and
dose of the radiation, the type of tissue being exposed, and the duration of exposure. The ability of cells to
repair DSBs also varies depending on the type of radiation and the cell type. Nonetheless, DSBs are consid-
ered one of the most serious types of DNA damage caused by ionizing radiation, and they can have long-
term effects on cell function and contribute to aging and age-related diseases [9].

Radiation can also cause oxidative damage to DNA, leading to the formation of 8-hydroxyguanine (8-
OHJdG), a type of base damage that can cause mutations and lead to aging. 8-OHdG is a type of oxidative
DNA damage that occurs when ROS react with guanine in DNA. ROS are generated by various cellular pro-
cesses, such as metabolism and inflammation, as well as by exposure to ionizing radiation and environmental
toxins. 8-OHdG can cause mutations and other types of DNA damage, which can contribute to aging and
age-related diseases [10].
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There is evidence that levels of 8-OHdG increase with age in various tissues, including the brain, liver,
and kidney. This suggests that oxidative damage to DNA may play a role in the aging process. In addition,
several studies linked higher levels of 8-OHdG to age-related diseases such as cardiovascular disease, neuro-
degenerative diseases, and cancer.

One mechanism by which 8-OHdG may contribute to aging is by interfering with DNA repair mecha-
nisms [11] 8-OHdG can disrupt the structure of DNA and interfere with the activity of enzymes involved in
DNA repair, making it more difficult for cells to fix other types of damage. This can lead to further accumu-
lation of DNA damage and contribute to the aging process.

Overall, while the exact role of 8-OHdG in aging is still being studied, there is evidence to suggest that
this type of oxidative DNA damage may contribute to age-related changes in cellular function and the devel-
opment of age-related diseases.

In addition to these specific types of DNA damage, radiation exposure can also lead to more general
changes in DNA structure and function, such as altered epigenetic marks and changes in gene expression
patterns, which can also contribute to aging.

Epigenetic changes

There is evidence to suggest that exposure to ionizing radiation can alter global DNA methylation lev-
els, but the exact nature of these changes can depend on various factors, including'the dose-and duration of
radiation exposure, the type of cells exposed, and the timing of exposure.

Both aging and ionizing radiation exposure were shown to affect DNA methylation patterns in various
ways.

With regards to aging, research showed that there was a general decrease in DNA methylation levels
with age, which could lead to changes in gene expression and contribute to age-related diseases such as can-
cer. Specific genes and regions of the genome were identified as being:particularly affected by age-related
DNA methylation changes.

Regarding ionizing radiation exposure, research showed that exposure to radiation could induce changes
in DNA methylation patterns. Studies reported both increases and decreases in DNA methylation levels follow-
ing radiation exposure, depending on the dose, timing, and specific tissue or cell type studied. Those changes in
DNA methylation were linked to altered gene expression and potentially increased cancer risk [12].

Some studies reported that exposure to ionizing radiation could lead to global hypomethylation, which
was a reduction in the overall level of DNA methylation. For example, one study showed that low-dose radi-
ation exposure in mice led to a decrease in global DNA methylation levels in multiple tissues [13]. Another
study found that radiation exposure led to ardecrease in DNA methylation levels in blood samples from
workers who had been exposed to radiation.[14].

Radioactive contaminationis.a significant factor affecting the environment and human health. For the
Republic of Kazakhstan, the issues of radiation safety of the population are very relevant, since the Semipa-
latinsk nuclear test site has been operating on the territory of our country for a long time. During the testing
period, several hundred thousand people were repeatedly exposed to it [15], and these consequences of nu-
clear explosions pose a serious threat to the health of the population of Kazakhstan. In addition to
technogenic contamination, Kazakhstan also has a very high level of natural radiation exposure of the popu-
lation. For example, in the north of the country there is the North Kazakhstan uranium province, which be-
longs to the'North Tien Shan uranium belt and includes about 50 uranium deposits. As a result, the product
of radioactive decay of uranium is radon gas, recognized by the World Health Organization (WHO) as a car-
cinogen [16].

Other studies, however, reported the opposite effect, with some showing that radiation exposure could
lead to global hypermethylation, which was an increase in the overall level of DNA methylation. For exam-
ple, one study exposed an increase in DNA methylation levels in the sperm of mice exposed to low-dose ra-
diation, which the authors suggest may be a compensatory response to radiation-induced DNA damage [17].

There is evidence to suggest that the change in DNA methylation following ionizing radiation exposure
can be dependent on the type of radiation. For example, one study comparing the effects of low-dose gamma
radiation and high-energy iron ions found that gamma radiation exposure resulted in global DNA
hypomethylation, while iron ion exposure resulted in both hypo- and hypermethylation in a tissue-specific
manner [18].

Other studies also reported radiation-induced changes in DNA methylation that are dependent on the
dose, timing, and specific tissue or cell type studied [12]. Therefore, the effect of ionizing radiation on DNA
methylation may be complex and context-dependent.
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It is also worth noting that different types of radiation can induce different types of DNA damage,
which may lead to distinct downstream effects on DNA methylation. For example, high-energy charged par-
ticles such as iron ions can cause more complex DNA damage than low-energy photons, which could poten-
tially lead to different DNA methylation changes.

Overall, while there is evidence to suggest that the type of ionizing radiation can influence the change
in DNA methylation following exposure, further research is needed to fully understand the relationship be-
tween radiation type and DNA methylation changes.

Overall, both aging and ionizing radiation exposure can affect DNA methylation patterns, potentially
leading to changes in gene expression and increased risk of disease. Understanding the epigenetic effects of
these factors is important for developing targeted therapies and improving radiation safety.

It was shown, that several chemical modifications of histones were associated with aging.

Age-related changes in histone methylation were reported in various species, including humans, mice,
and fruit flies. For example, decreased levels of H3K4me3 and H3K36me3, two histone marks associated
with active transcription, were observed in the brains of aged mice [19].

Histone acetylation, which is generally associated with transcriptional activation, declines with age in
various tissues, including the liver, brain, and muscle [20].

Histone phosphorylation was implicated in the regulation of chromatin structure and gene expression,
and changed in histone phosphorylation patterns were observed in aged cells and tissues [21].

The level of histone ubiquitination was shown to decrease with age in some tissues, such as the liver
and brain [22].

These modifications can alter chromatin structure and gene expression, leading to changes in cellular
function and potentially contributing to age-related phenotypes.

The ionizing radiation was shown to affect the chemical modifications of histones. For example, expo-
sure to ionizing radiation was reported to alter histone acetylation.and methylation patterns in various cell
types, including human lymphoblastoid cells and mouse bone marrow cells [23]. Additionally, ionizing radi-
ation was shown to induce histone phosphorylation-and ubiquitination, which are important modifications
involved in DNA damage response pathways. The effects of ionizing radiation on histone modifications may
contribute to radiation-induced changes in gene‘expression and cellular function [24].

There is limited research on the coincidence of changes in histone modifications associated with aging
and exposure to ionizing radiation. However, some studies suggest that the effects of radiation exposure on
histone modifications may accelerate or exacerbate changes associated with aging. For example, it was
shown low-dose radiation exposure induced epigenetic changes in mice that resembled changes observed
during aging, such as decreased levels of histone H3K4me3 and H3K36me3 marks. These findings suggest
that radiation exposure may contribute to premature aging through its effects on histone modifications [25].
However, further research is needed to fully understand the relationship between histone modifications asso-
ciated with aging and those induced by radiation exposure.

MicroRNAs (miRNAs) are small non-coding RNAs that play important roles in regulating gene expres-
sion. There is increasing evidence that miRNAs are involved in the process of aging and age-related diseas-
es, as they regulate key cellular pathways that are associated with aging, such as DNA repair, oxidative
stress, and inflammation.

Several studies suggested that exposure to ionizing radiation could alter miRNA expression patterns and
contribute to radiation-induced aging. In some studies it was found that low-dose radiation exposure led to
changes inmiRNA expression in the livers of mice, including upregulation of miRNAs associated with aging
and downregulation of miRNAs involved in DNA repair and cell cycle regulation [26]. Similarly, a study by
Gao et al. (2017) found that exposure to high-dose radiation led to changes in miRNA expression in the
lungs of mice, including upregulation of miRNAs associated with aging and down regulation of miRNAs
involved in cell cycle regulation and DNA repair [27].

Radon is a naturally occurring radioactive gas that can accumulate in buildings and can be a source of
low-dose ionizing radiation exposure. The exposure to radon led to changes in the expression of several
miRNAs in mice, including miR-21 and miR-34a, which are both involved in the DNA damage response and
aging-related processes [28]. These findings suggest that exposure to radon may contribute to radiation-
induced aging through changes in miRNA expression. Some miRNAs infected during radiation-induced ag-
ing are shown in Table.
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Table
miRNAs in the radiation-induced aging
miR name Effect and function References
miR-34a: Upregulated in response to ionizing radiation and associated with aging, cel- [29]
lular senescence, and DNA damage response.
miR-21: Upregulated in response to ionizing radiation and involved in the regulation [30]
of DNA damage response, apoptosis, and cell proliferation. Was also impli-
cated in aging-related processes such as cellular senescence and inflamma-
tion.
miR-29: Down regulated in response to ionizing radiation and associated with aging- [31]
related processes such as tissue fibrosis, inflammation, and extracellular ma-
trix remodeling.
miR-146a: Upregulated in response to ionizing radiation and involved in the regulation [32]

of inflammation and immune responses. Was also implicated in aging-related
processes such as cellular senescence and age-related diseases.

miR-199a-5p: miR-199a-5p was significantly upregulated in response to radiation exposure, [33]
and that it may be involved in regulating the expression of genes.involved in
DNA repair and cell cycle regulation

miR-218-5p: miR-218-5p was significantly upregulated in response to radiation exposure, [34]
and that it may be involved in regulating the expression‘of genes.involved in
DNA repair, cell cycle regulation, and apoptosis

miR-150-5p: miR-150 was reported to decrease in the circulation of mammals exposed to [31]
radiation. miR-150-5p enhanced the radiosensitivity of the cancer cells, pos-
sibly by promoting DNA damage and inhibiting DNA repair.

miR-26b-5p: miR-26b-5p could be inhibit ATF2-€xpression to promote DNA damage, [35]
apoptosis and radiosensitivity of cancer cells

Overall, these studies suggest that miRNAs play a role in the process of radiation-induced aging and
may be potential targets for interventions to prevent or mitigate radiation-induced damage. However, further
research is needed to fully understand the mechanisms underlying these effects and to develop effective
strategies for using miRNAs to modulate radiation-induced aging.

MitomiRs are microRNAs that are involved in the regulation of mitochondrial function and metabo-
lism. Mitochondrial dysfunction, is.a hallmark of aging and is thought to contribute to age-related diseases.
Therefore, dysregulation of mitomiRs mayplay a role in the aging process. Therefore, mitomiRs are thought
to play a role in aging-related processes.

Several studies investigated the role of mitomiRs in aging. For example, one study by Bur-
gess et al. (2015) found that the'expression of several mitomiRs was altered in the livers of aged mice com-
pared to young mice, including miR-34a, hsa-miR-18a, hsa-miR-431-5p, etc. [36]. These changes were asso-
ciated with altered mitochondrial function and increased oxidative stress.

Another study found that the expression of several mitomiRs was associated with Alzheimer’s Disease,
including miR-107 [37], miR-125b [38]. These changes were associated with alterations in mitochondrial
function and’increased inflammation [39].

Overall, these studies suggest that dysregulation of mitomiRs may play a role in the aging process by
contributing to mitochondrial dysfunction and increased oxidative stress and inflammation.

In our last review (2021) we discussed the potential role of mitomiRs in the development of lung cancer
induced by exposure to radon, a radioactive gas found in many homes and workplaces [40].

Radon is a naturally occurring radioactive gas that is produced by the decay of uranium in soil, rock,
and water. It is colorless, odorless, and tasteless, and can seep into homes and other buildings through cracks
in walls, floors, and foundations. Radon exposure is a major cause of lung cancer, and is estimated to be re-
sponsible for tens of thousands of deaths from lung cancer each year worldwide.

In this article we highlight several mitomiRs that were shown to be dysregulated in response to radon
exposure and might play a role in promoting cancer development, including miR-21, miR-34a, and miR-
200c [40].
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Based on the above, it can be concluded that mitochondria play an important role in the response of
cells to ionizing radiation.

Mitochondria

Radiation-induced aging was shown to be associated with changes in mitochondrial function, including
alterations in mitochondrial DNA (mtDNA) and the production of ROS in mitochondria. Mitochondria are
organelles responsible for generating cellular energy and play a key role in regulating cellular processes such
as apoptosis, metabolism, and signaling. Exposure to ionizing radiation can cause damage to mtDNA and
impair mitochondrial function, leading to an increase in ROS production and oxidative stress. This, in turn,
can contribute to cellular senescence and aging-related processes.

As mtDNA is located close to the site of ROS production, it is highly susceptible to oxidative damage
caused by ionizing radiation. This damage can accumulate over time, leading to mutations and deletions in
mtDNA that impair mitochondrial function and contribute to the aging process.

Several studies investigated the relationship between radiation exposure and mtDNA damage. For ex-
ample, a study by Melin et al. (2022) found that low-dose radiation exposure led to significant increases in
mtDNA damage and mutations in the liver tissues of mice [41]. Another study by Liu et ‘al. (2012) reported
that radiation exposure caused mtDNA damage and accelerated aging in the brains of mice [42]:

One example of mutations in mtDNA leading to aging is mitochondrial myopathy, which is caused by
mutations in mtDNA that affect the function of mitochondria, leading to muscle‘'weakness and atrophy. An-
other example is Leigh syndrome, a rare genetic disorder caused by mutations in mtDNA that affect energy
production in the brain, leading to developmental delays, seizures, and other neurological problems. Many
studies suggested that radiation exposure can cause mitochondrial dysfunction, exacerbating the symptoms
of mitochondrial diseases [43]. The radiation exposure can lead to changes in mitochondrial DNA, which
may increase the risk of developing mitochondrial diseases [44].

There is evidence to suggest that radiation exposure can lead to changes in the copy number of free-
circulating mitochondrial DNA (cf mtDNA). For example, a study by Borghini et al. (2015) found that expo-
sure to ionizing radiation led to an increase in the levels of free circulating nuclear acids, including the frag-
ment of mtDNA in the blood of cardiologists [45]. Similarly, Bisserier et al. (2021) measured cf-mtDNA
levels in blood samples from astronauts before and after long-duration spaceflight on the International Space
Station. The researchers found that cf-mtDNA levels increased during spaceflight and remained elevated af-
ter return to Earth, suggesting cf-mtDNA abundance might be a biomarker of stress or immune response re-
lated to radiation [46].

Our previously results showed a significant difference in the level of ¢f mtDNA in the blood plasma of
healthy volunteers exposed and not exposed to high doses of radon. Moreover, our data indicated that the
level of cf mtDNA in the radonsinduced lung cancer patients was significantly higher than that of the other
study participants with lung cancer [47].

In general, mtDNA copy numbertends to decrease with age in many tissues, including blood, muscle,
and brain tissue [48]. This.decline in mtDNA copy number was suggested to contribute to age-related decline
in mitochondrial function and the development of age-related diseases. Yue et al. (2018) used a meta-
analysis to examine the relationship between mtDNA copy number and healthy aging in human populations.
They found that fewer copies of mtDNA associated with higher risk of cardiovascular disease [49].

It is_generally believed that a higher mtDNA copy number is associated with better health and longevi-
ty. However, there is no consensus on the exact relationship between mtDNA copy number and aging. Some
studies suggested that a higher mtDNA copy number was protective against age-related diseases while others
found no association or even a negative association between mtDNA copy number and aging [50]. More re-
search is needed to fully understand the relationship between mtDNA copy number and aging.

Additionally, studies suggested that mitochondria might contribute to the radiation-induced aging pro-
cess by increasing oxidative stress and inflammation.

Ocxidative stress

Oxidative stress is known to play a role in aging. It refers to an imbalance between the production of
ROS and the ability of cells to detoxify these reactive molecules. ROS can damage cellular components such
as DNA, proteins, and lipids, leading to cellular dysfunction and senescence.

Several studies demonstrated a correlation between oxidative stress and aging. For example, a study by
Sastre et al. (2000) found that oxidative damage to mitochondrial DNA increased with age in humans [51].
Another study by Stadtman and Levine suggested that oxidative damage to proteins accumulates with age
[52].

40 BecTHuk KaparangmHckoro yHuBepcuTeTa



Molecular mechanisms of radiation...

In addition, research showed that interventions that reduce oxidative stress can extend lifespan in model
organisms such as worms and mice. For instance, a study by Melov et al. found that over expression of anti-
oxidant enzymes in transgenic mice led to increased lifespan [53]. Similarly, a study by Van Raamsdonk and
Hekimi found that administration of antioxidants to worms increased their lifespan [54].

Ionizing radiation exposure can lead to the production of ROS, which can damage cells and tissues and
contribute to aging. ROS can cause oxidative damage to lipids, proteins, and nucleic acids, including
mtDNA. Over time, this damage can accumulate and contribute to age-related decline in cellular and physio-
logical functions.

Several studies investigated the relationship between oxidative stress and radiation-induced aging. It
was shown that low-dose ionizing radiation exposure led to increased oxidative stress and accelerated aging
in mice. The authors suggested that antioxidant therapies could potentially mitigate the effects of radiation-
induced aging [55].

Another study by Hauer-Jensen et al. (2014) investigated the effects of ionizing radiation exposure on
the gastrointestinal tract and found that radiation exposure led to increased oxidative sttess andrinflamma-
tion, which contributed to tissue damage and accelerated aging. The authors suggested that antioxidants and
anti-inflammatory agents could potentially be used to prevent or treat radiation-induced gastrointestinal
damage [56].

Inflammation

Chronic low-grade inflammation, also known as “inflammaging”, is believed to be a contributor to
many age-related diseases, including cardiovascular disease, Alzheimer's disease, and cancer. Inflammation
can also lead to the accumulation of oxidative stress and damage, which ‘further accelerates the aging pro-
cess. Several studies demonstrated that levels of inflammatory markers such as C-reactive protein (CRP) and
interleukin-6 (IL-6) increased with age, and that reducing inflammation could improve healthspan and
lifespan in animal models.

Exposure to ionizing radiation can cause acute or.chronic inflammation, which can contribute to tissue
damage and the development of radiation-induced diseases. It is very interesting that all the above mecha-
nisms intersect here.

Ionizing radiation can cause damage to DNA, which triggers a cascade of events leading to the produc-
tion of pro-inflammatory cytokines and chemokines. These molecules recruit immune cells to the site of ra-
diation exposure and activate the inflammatory response.

Radiation can also cause oxidative stress, which occurs when there is an imbalance between ROS and
antioxidants in the body. ROS can damage cellular components and trigger inflammation.

It can activate immune cells such as macrophages and dendritic cells, which release pro-inflammatory
cytokines and chemokines. These molecules recruit other immune cells to the site of radiation exposure and
amplify the inflammatory response.

The rates of cytokines released by irradiation will vary depending on the assay used to measure them.
Thus IL-6, obtained from epithelial cells 24 h after exposure to 1.2 Gy of x-rays, the radiation level increases
and determined by ELISA, RNA transcripts increase much earlier (by 1 h), and reach a maximum after 2 h
by approximately 8-24 h later [57].

The nuclear factor-kappa B (NF-kB) pathway is a key regulator of inflammation can be activated by ra-
diation, which leading to the production of pro-inflammatory cytokines and chemokines. Interleukin-6 (IL-6)
is a pro-inflammatory cytokine that is produced by immune cells and plays a role in regulating the immune
response. The level of IL-6 can be influenced by a variety of factors, including radiation exposure.

Studies showed that exposure to ionizing radiation could cause an increase in IL-6 levels in both ani-
mals and humans [58]. For example, a study in mice exposed to a single dose of whole-body radiation
showed an increase in IL-6 levels in the blood within 24 hours of exposure [59]. Similarly, a study in human
subjects exposed to radiation during diagnostic procedures showed an increase in IL-6 levels in the blood.

The magnitude and duration of the increase in IL-6 levels can vary depending on the dose and duration
of radiation exposure, as well as individual factors such as age, sex, and genetics. In some cases, the increase
in IL-6 levels may be transient and return to baseline levels within a few days, while in other cases it may
persist for longer periods.

The increase in IL-6 levels is thought to contribute to the inflammatory response and tissue damage as-
sociated with radiation exposure. In addition, IL-6 was implicated in the development of radiation-induced
diseases such as radiation pneumonitis and fibrosis. Therefore, monitoring IL-6 levels may be useful in as-
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sessing the severity of radiation-induced inflammation and identifying individuals at risk for developing ra-
diation-induced diseases.

Radiation exposure can also inhibit anti-inflammatory pathways. Interleukin-10 (IL-10) is an anti-
inflammatory cytokine that is produced by immune cells and plays a role in regulating the immune response.
The level of IL-10 can also be influenced by radiation exposure [60].

Studies showed that exposure to ionizing radiation could cause changes in IL-10 levels in both animals
and humans. However, the direction and magnitude of these changes can vary depending on the dose and
duration of radiation exposure, as well as individual factors such as age, sex, and genetics.

Some studies reported an increase in IL-10 levels after radiation exposure. For example, a study in mice
exposed to a single dose of whole-body radiation showed an increase in IL-10 levels in the spleen within 24
hours of exposure [61]. Similarly, a study in human subjects exposed to radiation during cancer treatment
showed an increase in IL-10 levels in the blood [62].

Other studies reported a decrease in IL-10 levels after radiation exposure [63]. For example, a study in
rats exposed to ionizing radiation showed a decrease in IL-10 levels after radiation exposure [64].

The exact mechanisms underlying the changes in IL-10 levels after radiation exposure are not fully un-
derstood. However, it is thought that radiation-induced oxidative stress and inflammation may play‘a role in
modulating IL-10 levels. Further research is needed to better understand the relationship between radiation
exposure and IL-10 levels, as well as the implications of these changes for health:outcomes.

Aging markers for detection of radiation-induced aging

The accumulation of senescent cells generally contributes to tissue aging in all-organ systems and sug-
gests that aging biomarkers can be used to determine the “molecular age” of'a patient. Molecular age, in turn,
can be used for better risk stratification to maximize treatment efficacy and minimize adverse events [65].

Thus, a significant increase in the frequency of p16-positive melanoeytes was found in human skin with
age. The data obtained confirm that melanocytes are the main population of senescent cells in the human
skin epidermis [66].

Senescent macrophages express high levels” of aging-related markers pl6. They release pro-
inflammatory cytokines that promote chronic inflammation and cause excess ROS production [67].

However, a number of researchers question the usefulness of p16 as a macrophage aging marker, since
p16 expression is also upregulated in response to stimuli that induce macrophage polarization to the M2 phe-
notype. Moreover, activated macrophages in atherosclerotic lesions resemble senescent cells. Therefore, an
aging-like phenotype in macrophages may.represent a state of physiological activation rather than true ag-
ing [68].

The p16 gene belongs to the INK4 gene family and consists of four members: p16 INK4A, p15 INK4B,
pl18 INK4C, and p19 INK4D, all of which share common biological properties, namely cell growth inhibi-
tion and tumor suppression. After p53, p16 is the second most common tumor suppressor gene [69].

pl6 (also known as a cyclin-dependent kinase 2A inhibitor) can inhibit the formation of cyclin D-
CDK4/6 complexes and thereby prevent retinoblastoma (RB) protein phosphorylation, which in turn contrib-
utes to the inhibition of cell cycle gene expression [70].

Cellular senescence may have a twofold effect on carcinogenesis. On the one hand, activation of onco-
genes, loss of anti-oncogenes, and DNA damage not only cause apoptosis, but also cause cellular senescence,
thereby preventing tumor initiation. Thus, the p16-RB signaling pathway was shown to be involved in onco-
gene-induced aging and suppression of tumorigenesis [71].

Although aging may prevent cancer by inducing cell cycle arrest, evidence suggests that the chronic in-
flammation that’occurs with aging may contribute to tumorigenesis. In this connection, many studies link
high p16 levels with malignant transformation processes and poor outcomes in oncological diseases [72],
[73].

It is interesting that the change in p16 level can also be a marker of exposure to radiation. Thus, in irra-
diated C57BL/6 mice, an increased expression of pl6 in macrophages was observed, which indicates the
possibility of using p16 as a biomarker of radiation-induced aging [74].

Also biomarker aging is human telomeres, are the exact structure of the DNA-protein complex covering
the ends of linear chromosomes. DNA telomeres include numbers of alternating tandem repeats of a double-
stranded TTAGGG and an enriched 3' G single-stranded protrusion, called a G-tail. The attachment of the 3'-
G-tail to the double-stranded region builds a high-order structure and a three-stranded structure called the T-
(telomeric) loop and the D-(shifting) loop. If the DNA polymerase complex stops replicating the 3'-end of
the lagging chain in linear chromosomes leads to telomere shortening at each DNA replication cycle during
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cell division, leading to a final replication problem. The more the number of cell divisions increases, the TL
gradually shortens. If TL decreases to a critical length, cells stop dividing and may fall into cellular senes-
cence or apoptosis [75].

Telomeres nowadays represent one of the powerful biomarkers of aging and pathological conditions as-
sociated with aging. Aging is a phenomenon involving multiple pathways and operating at different levels of
biological organization of the living system. Different data measuring different parts of the aging process.
Estimates of human biological age derived in different ways may differ from one another. Biomarkers of ag-
ing can change over the course of a lifetime [76].

Radiation exposure can also cause telomere shortening, as the ionizing radiation can damage DNA and
lead to the activation of cellular pathways that accelerate telomere attrition. As a result, telomere length was
suggested as a potential biomarker of radiation exposure, as it could provide a means of assessing an indi-
vidual's risk of radiation-induced health effects.

Studies showed that individuals exposed to ionizing radiation, such as nuclear plant workers [77] or
cancer patients undergoing radiotherapy [78] had shorter telomeres compared to unexposed individuals.
However, other factors such as age, lifestyle, and environmental exposures can also influence telomere
length, making it difficult to use telomere length as a definitive marker of radiation exposure.

In conclusion, while telomere length can be affected by radiation exposure, it is not a reliable marker on
its own and should be considered alongside other indicators of exposure to fionizing radiation, such as
dosimetry measurements or biomarkers of DNA damage.

Cytokines can also be classified as biomarkers of radiation-induced aging. Pro-inflammatory cytokines
are a class of signaling molecules that are involved in the immune response and play an important role in
regulating inflammation. Research was suggested that chronic inflammation might be a contributing factor to
the aging process and the development of age-related diseases.

Exposure to ionizing radiation was shown to induce chroni¢ inflammation, which may contribute to ra-
diation-induced aging. Studies demonstrated that radiation_exposure could lead to increased levels of pro-
inflammatory cytokines, including interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a), and interleu-
kin-1 beta (IL-1p) [79].

For example, a study of [80] examined the levels of various cytokines in the blood of mice exposed to
ionizing radiation. The researchers found that radiation exposure led to an increase in the levels of pro-
inflammatory cytokines, including IL-6 and TNF-a, and that these increases persisted for several weeks after
the exposure.

Another study found that radiation exposure led to an increase in the levels of IL-6 and IL-1, and that
these increases were associated with lung and liver radiation-induced damage [81].

Overall, these studies suggest that pro-inflammatory cytokines may serve as a marker of radiation-
induced aging and could potentially be used to assess an individual's risk of developing age-related diseases
following exposure to ionizing radiation. However, further research is needed to fully understand the rela-
tionship between radiation-induced inflammation and aging, and to identify the most reliable and sensitive
biomarkers of this process.

Conclusions

Due to the presence of the densely populated territories in the Republic of Kazakhstan contaminated
with radionuclides as a result of nuclear weapons testing at the Semipalatinsk test site, mining and processing
of uranium ores; high levels of radon radioactive gas, there is a significant threat to the health of our popula-
tion [82].

A number-of studies showed that ionizing radiation induced the development of cellular senescence,
and as a result, increased the risk of developing age-associated diseases such as cancer, neurodegenerative
diseases and diseases of the cardiovascular system. Therefore the issue of developing preventive measures
that could reduce the adverse effects of ionizing radiation on the Kazakhstan population is acute. But such
developments require a complete understanding of the mechanism of radiation-induced senescence. And alt-
hough the mechanisms of radiation-induced senescence are gradually being studied, a lot of things still re-
main unclear.

Thus, miRNAs was shown to play an important role in the radiation response of cells. miRNAs are
short non-coding RNAs involved in the regulation of almost all cellular processes, including the functioning
of such important organelles as mitochondria.

Mitochondria are unique organelles that, on the one hand, have their own genome, the functioning of
which is subordinate to the nuclear genome, and on the other hand, mitochondria are able to regulate the
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functioning of the nuclear genome. There is no doubt that mitochondria play a key role in cellular responses
to various types of ionizing radiation. Thus, it was shown that ionizing radiation leads to an increase in mito-
chondrial DNA, levels of intracellular reactive oxygen species (ROS) in the absence of increased mitochon-
drial activity, a change in the transmembrane potential, and, ultimately, the development of mitochondrial
dysfunction in irradiated cells.

MitomiRs are microRNAs that regulate the expression of mitochondrial genes. However, there is no in-
formation in the literature about changes in the expression profile of mitomiRs under different types of ioniz-
ing radiation, or about the role of these regulatory molecules in radiation-induced senescence. At the same
time, the study of the relationship between mitochondria, mitomiR and radiation in the senescence process
will expand the range of possible approaches to slowing down the rate of senescence, delaying or completely
stopping the development of age-associated diseases, especially for people living under conditions of expo-
sure to high doses of ionizing radiation.

Radiation-induced aging can have significant implications for the preservation of human health, both in
terms of preventing age-related diseases and improving outcomes for individuals who haye-beentexposed to
radiation.

Understanding the mechanisms of radiation-induced aging can help identify potential interventions to
mitigate the effects of radiation exposure. For example, researchers may be able to identify  drugs or other
therapies that can help protect cells from radiation-induced damage, or promote the repair of damaged cells.

Radiation-induced aging can serve as a model for studying natural aging. Manyvof the molecular and
cellular changes that occur during radiation-induced aging are similar to those that occur during natural ag-
ing, such as telomere shortening, oxidative stress, and inflammation. By ‘studying radiation-induced aging,
researchers can gain insight into the mechanisms of natural aging, and identify potential targets for interven-
tions to improve healthspan and lifespan.

Radiation exposure is a significant risk factor for a range of’age-related diseases, including cardiovascu-
lar disease, neurodegenerative disorders, and cancer. By studying the effects of radiation on aging at the cel-
lular and molecular level, researchers can gain insight into‘the underlying mechanisms of these diseases, and
identify potential targets for prevention and treatment.

Overall, understanding the mechanisms of radiation-induced aging can have important implications for
the preservation of human health. By identifying potential interventions to mitigate the effects of radiation
exposure and studying the mechanisms of age-related diseases, researchers can work towards improving
health outcomes for individuals who have been exposed to radiation and preventing age-related diseases
more broadly.
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O.B. byinrakosa, H.b. Pexenosa

Pagnanus dcepiHeH KapTalAblH MOJIEKYJIAJIbIK MeXaHU3MAepi

PammanussHeIH ocepiHeH KapTaio — KONTeTeH MOJEKYJablK MeXaHU3MIep/i KaMTHTBIH Kypaeli Hpolecc.
PammanyisiHelH ocepiHeH KapTalofAblH HETi3ri MexaHM3MAepiHiH Oipi — TOTHIFY. KyH3seinici. CayreneHyniy
acepi peakTusTi orreri Typiepinin (ROS) Ty3inyine skenin coransl, 0y JJTHK-ra, akysi3napra sxone Oacka
KacyIlIaNblK KOMIIOHEHTTEPre 3aKbIM KedTipyi MyMkiH. Ocbkl MexaHM3MiepleH 0acka, paJualusHbIH
OCepiHeH KapTal0 TeH OKCIPECCHACBHIHBIH, JKAaCyIIaJblK META0OJIM3MHIH JKOHE SIHMICHETHUKAJBIK
MOIMGUKAMAIAFEl  ©3repicTepli KaMTybl MYMKiH. Bbyn e3reépictep opTypni JKacymIanblK >KOJIApAbIH
JKYMBICBIHA dCep eTyi )KoHe KapTalo IpoIeciHe BIKNa €Tyl MyMKiH. Pagnanus ocepineH 00IaThIH KapTalObIH
MOJIEKYJIIbIK MEXaHM3MIEPIiH TYCIHy OHBIH OCEpiH a3aiiTy CTpaTervsUIapblH d3ipiiey YIIH ©Te MaHbI3JBI.
blkruman apamacymapra TOTBIFY Kyi3emiciveH kypecy, JHK-HBI KanmbelHa KenTipyre KeMeKTecy,
SMUTEHETHKANIBIK JIAHAMA(TTH ©3TrepTy KOHE JKAaCyIIaNblK METa00IM3MAI MOy ILMsIIay Kipeni. Jlerenmen,
panuanusaaaH TybIHAAFaH KapTalora KaTbICAaThIH KYPZETi MOJEKYJIalbIK KOJAAPAbl TONBIFBIMEH TYCIHIIpY
KOHE THIMJII TepaIHsIIBIK TOCUIAEPAl aHBIKTAY YIIIH KOCBIMIIA 3epTTeyiep KaxeT. Tyracrail anraHia, ochl
IIOJTyJ1a KAapaCThIPbUIFAH PaJMallMAHBIH KapTaloFa ocep eTyiHiH MOJIEKYJIalblK MEeXaHH3M/Iepl paanalusian
TybIHAAFaH KapTaloFa >KaHAa KO3KapacHeH KapayFa >XOHE apanacyfAblH >KaHAa MAaKCaTTapblH aHBIKTAyFa
MYMKIiHZIK Oepeti.

Kinm ce30ep: kapraro, JJHK BakeiMmanysl, Tenomepiep, MutoxoHapus, MukpoPHK, xaOweiny, pl6,
paIuanusHBIH dCEpiHEH KapTalo.

O.B. byinrakosa, H.b. Pexenosa

MouJiekyIsipHble MEXaHU3MbI PAAUALMOHHO-UHIYIMPOBAHHOIO CTAPEHUSA

PaguanuOHHO-HHAYHUPOBAHHOE CTAPEHUE — 3TO CIOXKHBIII MPOLIECC, KOTOPBII BKIIIOUAET B Ce0s1 MHOKECTBO
MOJIEKYJISIPDHBIX /MeXaHH3MOB. OJHHUM M3 OCHOBHBIX MEXaHHM3MOB, JISKAlIUX B OCHOBE PpaJHalliOHHO-
MHIYIUPOBAHHOTO CTAPEHUS, ABIISIETCS OKUCIUTEbHBIA cTpece. Bo3nelicTBue pauaniy MOKET IPUBECTH K
oOpa3oBaHMIo peakTHBHBIX (hopM kuciopoga (ROS), kotopsie MoryT Be3BaTh noBpexaenue JHK, 6enxoB
JIPYEUX KIETOYHBIX KOMIOHEHTOB. [TOMHMO 3THX MEXaHM3MOB, PaJHallMOHHO-MHIYLMPOBAaHHOE CTapeHHe
TaKOKe MOXKET BKIIIOYATh H3MEHEHHUS B 3KCIPECCHH T€HOB, KJIETOYHOM METa00JIM3Me U SMUTCHETUIECKUX MO-
quukanusax. OTH U3MEHEHUsI MOTYT BIMATH Ha ()YHKIMOHMPOBAHHE PA3IMYHBIX KJIETOYHBIX IMyTeH W CIIO-
coOcTBOBaTh  mpoleccy  crapeHus. [loHMMaHME  MOJIEKYJSIPHBIX ~ MEXaHM3MOB  paJHalllOHHO-
WHIYLIHPOBAHHOTO CTapeHMsI MMEET pellalolee 3HauYeHUe 11 pa3paboTKU CTpATeruil Mo CMAr4eHuIo ero mno-
cnenctBuii. [ToTeHIManbHBIE MEPbl BMELIATENIBCTBA BKIIIOYAIOT OOPHOY ¢ OKUCIUTENBHBIM CTPECCOM, COJeH-
crBue BoccraHoBieHno JJHK, u3MeHeHune snureHeTHyeckoro ganauadTa 1 MOLYJISALUIO KISTOYHOTO MeTa-
6omm3ma. OTHAKO JUISt TTOJTHOTO BBISCHEHUS CIIOXKHBIX MOJICKYJIAPHBIX ITyTeil, y4acTBYIOIIHMX B paaHalliOHHO-
WHIYyLUPOBAHHOM CTapeHHH, W OmpeaeneHus 3(P(EKTUBHBIX TEPANEeBTUYECKHX ITOJXO0M0B HEOOXOANMBI
JaNbHEHIe UccieioBaHus. B 1iesoM, MoJeKyJIsIpHbIe MeXaHWU3MBI BIMSHUS paJyallid Ha CTapeHue, pac-
CMOTpEHHbIE B JaHHOM 0030pe, MO3BOJISIOT IT0-HOBOMY B3IVISHYTh Ha paJHallMOHHO-WHIYIIMPOBAHHOE CTa-
PEHUE ¥ OIPEe/IeNIUTh HOBBIE MUILICHH ISl BMELIAaTEIbCTBA.

Kniouesvie cnosa: crapenue, nospexaenue IHK, trenomeps:, muroxonnupus, MukpoPHK, Bocnanenue, pl6,
panuaoOHHO-UHYIUPOBAHHOE CTapeHHE.
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