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Abstract
Buccal epithelial cells serve as a primary barrier against the inhalation and ingestion 
of harmful substances, working alongside immune system cells such as natural killer 
cells to protect the body from health-damaging factors. These epithelial cells can 
also be used as an alternative tissue source for monitoring the genotoxic effects 
of external factors such as chemical exposure. This assessment can be performed 
using molecular biomarkers of aging, which reflect biological age and indicate 
cellular aging acceleration due to internal and external damage factors, such as 
environmental hazards. In contrast to chronological age, which merely reflects 
the passage of time, biological age accounts for individual variation in aging 
processes. Molecular biomarkers are crucial for distinguishing between normal and 
pathological processes in the body and for identifying the effects of external factors 
such as chemical exposures. The identification of specific biomarkers enhances the 
ability to detect and monitor adverse biological responses and accelerated aging. 
This review aims to highlight the routes through which environmental hazards enter 
the body, the application of buccal epithelial cells in assessing genetic modifications, 
and the introduction of potential molecular biomarkers. However, further research is 
necessary to elucidate the roles of these biomarkers in determining aging rates and 
individual variability. Understanding their implications may also help identify new 
therapeutic targets for preventing premature aging, treating age-related diseases, 
and developing potential treatments.
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1. Introduction
Aging is a complex and inevitable process characterized by the accumulation of damage 
caused by both internal and external factors. These factors may be endogenous, such 
as genetic predispositions, or exogenous, including environmental exposures and 
lifestyle influences.1 Humans are continuously exposed to various health risks, including 
inherited, nutritional, and environmental hazards, which may lead to contact with toxic 
substances. These hazards, encountered in workplaces or industrial settings, have the 
potential to cause harmful effects, such as mutations, cancer, and congenital defects,2 as 
well as accelerate the aging process through genetic and epigenetic changes.3

Hazardous substances enter the body through various routes such as the oral cavity.4 
The oral mucosal epithelium plays a crucial role in protecting the body from chemical, 

*Corresponding author: 
Sima Ataollahi Eshkoor 
(simaataolahi@yahoo.com)

Citation: Eshkoor SA, 
Fanijavadi  S. The environmental 
impact on aging: Insights from 
buccal mucosa and molecular 
biomarkers. Gene Protein Dis. 
2024;3(4):4418. 
doi: 10.36922/gpd.4418

Received: August 2, 2024 
Accepted: September 13, 2024 
Published Online: October 23, 2024

Copyright: © 2024 Author(s). 
This is an Open-Access article 
distributed under the terms of the 
Creative Commons Attribution 
License, permitting distribution, 
and reproduction in any medium, 
provided the original work is 
properly cited.

Publisher’s Note: AccScience 
Publishing remains neutral with 
regard to jurisdictional claims in 
published maps and institutional 
affiliations.

Gene & Protein in Disease

https://dx.doi.org/10.36922/gpd.4418
https://orcid.org/0000-0003-4657-6024
https://orcid.org/0000-0001-9977-5479
https://dx.doi.org/10.36922/gpd.4418
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Volume 3 Issue 4 (2024)	 2� doi: 10.36922/gpd.4418 

Gene & Protein in Disease Buccal mucosa and aging

microbial, and physical threats, serving as a barrier 
between external aggressors and underlying tissues.5 Due 
to its constant exposure to environmental hazards, cells in 
this region, including buccal epithelial cells6,7 and immune 
cells, such as natural killer (NK) cells,8 are particularly 
valuable for studying genetic and epigenetic changes. 
Research on oral epithelial cells and oral immunity offers 
significant potential for identifying biomarkers of genetic 
damage, assessing the impacts of aging, and understanding 
susceptibility to age-related diseases.5 By exploring genetic 
changes within these cells, researchers may gain insights 
into the mechanisms of aging and develop strategies for the 
early detection of age-related conditions.

2. Buccal mucosa
The oral mucosal epithelium acts as a barrier between 
the underlying tissues and the external environment,5 
protecting the body from chemical, microbial, and physical 
threats.9 The oral epithelium consists of basal, prickle, 
intermediate, and superficial layers, which comprise 
structural, progenitor, and mature cells.5,10 Due to constant 
exposure to environmental forces, oral mucosal epithelial 
cells undergo continuous shedding11 and renewal.12,13 
Homeostasis in this tissue is maintained by a rich source 
of epithelial stem cells.13 Cell division in the basal stem 
cells of the stratified squamous layer continuously replaces 
shedding cells.11 Newly generated cells by mitosis in the 
basal layer of the oral epithelium migrate to the surface 
to replace the sloughed-off epithelial cells.10 Potential risk 
factors for genetic damage in buccal cells include reactive 
oxygen species (ROS), viruses, seasonal changes, lifestyle 
factors, and chemical and physical conditions in residential 
and occupational settings.14 As buccal cells form the first 
barrier to inhaled and ingested substances,12,15,16 they can 
serve as an alternative tissue source for monitoring the 
genotoxic effects of chemical exposure11,17,18 in occupational 
and environmental settings.19-21

In addition, the fact that 92% of human cancers 
originate in epithelial cells highlights their significance for 
research20,22 and molecular studies. Furthermore, the direct 
exposure of buccal cells to environmental pollutants and 
their capability to metabolize carcinogens into reactive 
chemicals make them excellent sources for monitoring 
genotoxicity22,23 and for examining the relationship between 
occupational exposure and biomarkers.24 Accordingly, 
buccal cells are an accessible source for investigating DNA 
damage.25-27 Interestingly, unlike blood lymphocytes, 
chromosomal damage in buccal cells continues to increase 
with age, potentially making them a valid biomarker for 
aging and a valuable resource for investigating genotoxicity 
and cytotoxicity parameters.28

In addition, molecular modifications in the immune 
system, including oral immunity and related immune cells 
such as NK cells, can be used to identify the aging process. 
Since the majority of human pathogens are transmitted 
across mucosal surfaces, including the oral mucosae, 
studying oral immunity and the role of NK cells in 
defending against pathogens is essential.8 Buccal mucosal 
cells can be collected using cotton swabs, cytobrushes, 
the “swish and spit” method, or a modified version of 
the Guthrie card29 for research related to identifying 
biomarkers and assessing risk factors such as exposure to 
environmental hazards.

3. Environmental exposure
Humans are exposed to inherited, nutritional, and 
environmental health risks.30 Potentially harmful 
substances or situations, termed hazards,31 can cause 
toxic effects.32,33 These substances may be produced by 
agents in the workplace23 and/or be prevalent in industrial 
areas, where they can induce mutations, cancer, and 
congenital defects.30 Toxic materials typically enter the 
body by crossing barriers through dermal absorption, 
inhalation through the respiratory tract, or ingestion.31,34-36 
In occupational settings, inhalation is the most important 
route of entry for toxic materials, followed by dermal 
contact and ingestion. Ingestion is generally considered the 
least important route of entry.4 Injection and ingestion are 
rare routes of chemical intake.31 It appears that ingestion 
may offer some protective role against increased sensitivity 
to certain materials, such as metals.37,38 However, chemical 
absorption more commonly occurs through other routes 
such as dermal adsorption of corrosive or irritants through 
the skin, respiratory tract, and eyes.31

Hazards can cause toxicological effects, including lethal 
or irreversible non-lethal outcomes, such as mutagenic 
effects after repeated or long-term exposure. The health 
effects of chemical exposures can be acute, chronic, local, 
systemic, reversible, or irreversible. The adverse biological 
effects of hazards are classified as very toxic, toxic, harmful, 
corrosive, and irritant.31 Figure 1 illustrates the entry routes 
and health effects of chemical exposures. The severity of 
damage caused by hazards depends on the toxicity level 
of the chemicals, the duration of exposure, the route of 
entry, and the individual’s susceptibility to chemical effects 
(Table 1).

Since toxic exposure in occupational environments can 
cause numerous health problems,32,33 early identification 
of potential hazards is of utmost importance.33 Workplace 
conditions and workers’ behaviors are two major factors that 
increase the risk of toxic damage.31 For example, activities 
such as washing hands with petrol and contaminated 
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water,30 inhaling toxic vapors,39 and exposure to brake 
lining products40 and engine ignitions can elevate the risk 
of genotoxicity in mechanical workshops.30,41-45 Workers 
are primarily exposed to complex chemical mixtures of 
organic or inorganic compounds in the forms of gases, 
vapors, fumes, mist, and particles.41 Once these chemicals 
enter or come into contact with the body, they can induce 
cytotoxic and genotoxic effects,30,41-45 leading to health 
damage.34-36 For instance, exposure to high concentrations 
of diesel exhaust is associated with an increased risk of 
lung and gastric cancers.46

One of the known health damages of environmental 
exposure is premature aging, which is associated with 
changes in metabolic rates and the body’s ability to 
activate, detoxify, and excrete xenobiotic compounds. 
These changes can affect the extent of damage and toxicity, 
as well as the rate of aging.47,48 In addition, environmental 
exposure can result in modifications in the activation 
of immune system cells, including NK cells,49,50 whose 
maintenance is essential for healthy aging.49

Accordingly, occupational health is a major societal 
concern. Further studies are needed to identify genotoxic 
agents at environmental exposures, particularly in 
occupational settings, to protect the body from health 
damage.41,51 Developing strategies to improve health and safety 
in workplaces, such as mechanical workshops, is essential.46 In 
addition, actions should be taken to either reduce the levels 
of harmful chemicals or increase the protection of exposed 
individuals to minimize adverse health effects.30 For instance, 
diluting chemicals or using less toxic substances can reduce 
the risk of toxicity51 and genotoxic effects from chemical 
hazards.37,52-55 These measures can help protect the body 
from molecular modifications caused by hazardous chemical 
exposure, which may accelerate biological aging.3

4. Aging process
Aging results from the cumulative effects of damage 
caused by endogenous and exogenous factors.48,56 It can be 
defined in terms of both chronological and biological aging. 
Chronological age is measured from birth and indicates 
the time a person has lived. While it is linked to declining 
health, morbidity, and mortality, it does not accurately reflect 
the internal biological processes or individual variation. 
Therefore, the focus has shifted toward using biological 
markers of aging to measure biophysiological aging processes 
and determine biological age, which reflects the aging of 
cells within the body. The concept of “aging biomarkers” 
was first introduced by Baker and Sprott57 in 1988 to predict 
functional capability based on biological parameters.

However, aging transitions an organism from full 
maturity to death, diminishing reproductive capability and 
survival.58 It occurs in both unicellular and multicellular 
organisms,59 progressing differently across tissues 
due to specific intrinsic cellular mechanisms. There is 
ongoing debate regarding whether aging originates from 
a specific tissue, such as the brain,60 or affects all tissues 
simultaneously.61 Despite this, aging is known to start at 
the cellular level due to DNA damage and reduced DNA 
repair capacity.62,63 Senescent cells remain metabolically 
active but, morphologically, exhibit an increased volume 
and a flattened cytoplasm, accompanied by changes in 
gene expression, nuclear structure, protein processing, and 
metabolism.64 Various factors, especially ROS and nitrogen 
species such as hydroxyl radicals, peroxyl radicals, ozone, 
and nitrogen oxides, induce oxidative stress, leading to 
DNA damage, accelerated aging, and age-related health 
issues.65 The accumulation of ROS66 and toxic metabolic 
byproducts in the body results in decreased physiological 
function, loss of homeostasis,58 tissue atrophy, neoplasms, 
and reduced organ and tissue function.67 ROS contribute 
to aging by causing DNA damage, mitochondrial 

Figure 1. Entry routes of chemicals into the body and related reactions

Table 1. Factors affecting the toxicity level of chemicals in 
the body

Factors Characteristics

Host Age, heredity, gender, health status, immunology, 
nutrition, and hormones

Exposure dose Concentration, rate of exposure, route of exposure, 
and duration

Chemicals 
properties

Composition (salt, free base, etc.), physical 
characters (particle size, liquid, solid, etc.), physical 
properties (instability, solubility, etc.), presence of 
impurities, breakdown product, and carrier

Others Combination of chemicals, carrier
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dysfunction, and altering protein and lipid content in the 
body (Figure 2). Aging has also been linked to changes in 
DNA methylation levels and epigenetic modifications, both 
of which are influenced by environmental factors such as 
occupational exposures. The effects of ROS on aging are 
thought to be mediated through histone modification 
and DNA methylation, processes that contribute to the 
regulation of gene expression.68

Molecular modifications in immune cells, such as NK 
cells, can play a critical role in the initiation and progression 
of senescence and age-related diseases,69 including infection, 
malignancies, and inflammatory disorders. These changes 
are consequences of decreased immune system function 
and a process known as inflammaging, which refers to the 
chronic, low-grade inflammation associated with aging.70 
Therefore, NK cells in the buccal mucosa provide an 
interesting resource for assessing aging in the body.8

Exposure to environmental hazards can transform 
normal cells into abnormal ones71 by interacting with 
genetic material and changing DNA and/or RNA in cells.72 
These genetic alterations can affect cellular functions, 
including those of immune system cells such as NK cells.50 
This transformation may occur within a latency period of 
4 – 40 years following initial exposure.71 As aging is a time-
related process resulting from life-long exposure to low and 
natural levels of environmental agents, regular exposure to 
chemicals in daily occupational activities poses a higher 
risk of premature aging, health damage, and decreased 
productivity.67 Biomarkers of aging and biological aging can 
assess these risks, reflecting individual-specific age-related 
vulnerabilities, physiological function, and overall health.3

5. Related molecular biological markers of 
aging
Aging is a heterogeneous process, with significant 
variability in health outcomes among individuals of the 

same chronological age. At the individual level, different 
cells, tissues, and organs age at different trajectories. 
Biological aging can be affected by exposure to chemical 
hazards, particularly through DNA damage in cells such as 
buccal cells, which serve as the first line of defense against 
foreign particles entering the body.9

DNA damage resulting from both internal and external 
factors poses a significant threat to living cells.73 Genotoxic 
agents derived from exogenous or endogenous sources 
– including UV light, ionizing radiation, chemicals, 
and the intrinsic biochemical instability of DNA – can 
disrupt cellular homeostasis by causing DNA damage74,75 
and altering its chemical structure.76 DNA damage, along 
with chromosomal changes caused by mutations, DNA 
adducts, DNA breaks, and alkali-labile sites,77 can trigger78 
and accelerate the aging process.77 The effects of chemical 
exposure on genotoxic materials can be monitored30 using 
biomarkers, which assess molecular and cellular events 
in biological systems.79,80 These biomarkers, as listed in 
Table  2, are categorized into three groups: exposure, 
susceptibility, and early effects24,81 (Figure 3).

Exposure biomarkers measure substances, metabolites, 
or products resulting from the interaction of target 
molecules with tissue, reflecting external and/or internal 

Table 2. Types of biomarkers

Biomarkers Description

Exposure Biomarkers of internal dose, biomarkers of biologically 
effective dose (e.g., DNA adducts)

Effect DNA breaks, chromosome aberrations, micronuclei, 
sister chromatic exchange, biochemical effects, 
oxidative damage, DNA repair enzymes, metal‑binding 
proteins

Susceptibility Single nucleotide polymorphisms, telomere length, 
epigenetics, metabolism enzyme induction, varying 
DNA repair capacity

Figure 2. A schematic representation of reactive oxygen species effects on cellular senescence
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exposures.24,82,83 These biomarkers indicate short-term 
DNA or chromosomal damage in cytogenetic analyses30 
and serve as sensitive indicators of recent human 
exposures to hazards.84 Consequently, the potential risk 
posed by hazards and their ability to induce long-term 
health problems can be determined.30 Biomarkers of effect 
show early health effects, such as health impairment and 
critical and clinical effects.24,82,83 Biomonitoring the effects 
of exposure through various cytogenetic tests enables the 
evaluation of genotoxic effects by detecting DNA damage, 
such as sister chromatid exchange and micronuclei.46 
Micronuclei, an example of such biomarkers,84 are formed 
due to chromosomal damage,85 typically arising from 
chromosomal fragmentation or lagging.86 This biomarker 
is evaluated in cells, such as buccal cells, and reflects 
genotoxic damage in the dividing basal cell layer of target 
organs 1 – 3  weeks earlier.46 Micronucleus levels tend to 
increase with age.86 The first effective biomarkers used to 
assess the aging process were micronuclei, sister chromatid 
exchange, and chromosome aberrations.77

Biomarkers of susceptibility indicate an individual’s 
increased sensitivity to specific target molecules or 
metabolic processes, leading to a higher dose of the target 
compound upon exposure.24,82,83 These biomarkers reveal 
the inherent or acquired capability of an organism to 
metabolize xenobiotic substances upon chemical exposure, 
resulting in variations in metabolic pathways and toxic 
responses among individuals. Examples of susceptibility 
biomarkers include cytochrome P-450 (CYPs) and 
glutathione transferases (GSTs).87 Telomere shortening and 
epigenetic modifications are also included in this group.88 
Epigenetic biomarkers reflect stable changes to the genome 
that affect gene expression or silencing.3,89 Factors such 
as DNA methylation levels, cell metabolism, and signal 
transmission control through epigenetic mechanisms play 
significant roles in human longevity.68

Moreover, changes in biomarkers related to NK cells, 
such as cytokines, including interferon (IFN)-γ, IFN-β, 
and interleukins (IL-2), as well as alterations in NK cell 
types, are associated with aging. NK cells may also exhibit 
telomere shortening, a marker of aging,70 which can be 
investigated using buccal cells. This approach enhances 
our understanding of aging and age-related diseases 
and aids in designing future immune therapies targeting 
NK cells in the elderly population.69 Identifying reliable 
biomarkers is crucial for accurate risk stratification and 
exploring antiaging interventions.3 Given the challenge of 
pinpointing a single biomarker that reflects the intricate 
interaction between environmental exposures and 
aging, further studies are needed to identify biomarkers 
sensitive to mixed or low-dose exposures. In addition, a 
combination of biomarkers reflecting various levels of 
cellular organization, such as DNA, RNA, and proteins, 
may provide the most effective approach.

6. Interaction between molecular 
biomarkers and aging
Genomic damages after exposure to chemicals can occur 
in two forms: (i) point mutations at the nucleotide level in 
a gene and (ii) structural changes in chromosomes, such 
as chromosomal aberrations.90 Two major perspectives 
on senescence include: (i) a specific genetic program 
for senescence and (ii) evolutionary forces, particularly 
reproductive success, that suggest a genetic basis for 
senescence.58 Senescence results from the coordinated 
actions of multiple genes, and mutations in these genes can 
lead to premature aging.67

Genetic analysis of aging helps identify regulatory links 
between gene expressions and lifespan,91 involving pathways 
such as insulin/IGF-1 signaling, PI3K, TOR, MAPK, 
AMPK, PKC, NF-κb, TGF-β, Notch, WNT, S6K,92-96 and the 
p53/p21 and p16INK4A/pRb pathways.64 The p16INK4A/
pRb pathway can lead to premature senescence or stress-
induced premature senescence. Oncogene-induced 
senescence is characterized by the activation of pathways 
involving p53 and DNA damage and is marked by tumor 
progression restriction without telomere shortening.64

DNA repair pathways play an important role in 
correcting damage caused by mutagens, such as DNA 
damage73 and chromosomal alterations,79 which pose 
significant threats to living cells. These repair processes 
involve cell cycle regulation97 and mechanisms such as 
the SOS response,76 utilizing ATP and NADH to remove 
DNA lesions.62 It is estimated that over 130 genes in the 
human genome are involved in DNA repair,98 with more 
than 70 genes contributing directly to the major nuclear 
DNA repair pathways.99 Mutations in these repair genes 

Figure 3. Biomarkers associated with environmental exposure
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can trigger premature aging syndromes, such as Werner 
syndrome, Cockayne syndrome, Bloom’s syndrome, and 
ataxia telangiectasia, suggesting possible roles of replicative 
senescence genes in the aging process.62 CDK6, CCND1, and 
p16 are examples of such genes that contribute to aging.100 
The CDK6 and CCND1 genes play crucial roles in regulating 
the cell cycle through the retinoblastoma pathway101 and 
in growth arrest alongside the p16 and Rb genes. During 
senescence, the Rb and p53 genes are activated but gradually 
lose their ability to regulate cell proliferation.91

Many genes involved in aging are primarily located on 
chromosomes 1, 4, 6, 7, and 20. Telomerase suppressor 
genes are found on chromosomes 3 and 4, whereas the 
WRN gene, which is associated with Werner syndrome 
and premature aging, is localized on chromosome 8.62 
Several genes also serve as biomarkers for susceptibility 
to environmental damage.102 This group includes genes 
from the CYP and GST families, which are crucial for the 
metabolism and detoxification of environmental hazards 
and xenobiotics.103,104 CYP enzymes contribute to phase I 
xenobiotic metabolism by oxidizing compounds, leading 
to the formation of active substances and highly reactive 
mutagenic metabolites.105 Key members of this group 
include CYP1A1, CYP1A2, and CYP2E1. While CYP1A1104 
and CYP1A2105 have been documented to potentially 
offer protective effects against DNA damage and aging, 
some reports suggest paradoxical effects, particularly 
for CYP1A1.106 For instance, polymorphisms in CYP2E1 
have been shown to impact aging24,107 by inducing DNA 
damage.107-109 The GST family, also involved in xenobiotic 
metabolism, detoxifies xenobiotics.110 Notable members 
include the GSTT1, GSTM1, and GSTP1 genes, which have 

been studied for their effects on aging. For instance, the 
absence of GSTM1103 and GSTT183,102 has been associated 
with aging, and polymorphisms in the GSTP1 gene have 
demonstrated both progressive24,111,112 and non-progressive 
effects24,113 on the aging process.

Another significant activator of cellular senescence 
is telomere dysfunction, which operates through the G1 
DNA damage checkpoint and the upregulation of p21/p16. 
Telomeres are complex DNA-protein structures at the ends 
of eukaryotic chromosomes, and their shortening serves as 
a marker of DNA damage in cells.88 By capping chromosome 
ends, telomeres prevent nucleolytic degradation, end-
to-end fusion, irregular recombination, and other lethal 
cellular events.114 Telomere length is inversely correlated 
with age114 and shortens in all replicating somatic cells,88 
including NK cells, which are crucial for recognizing 
and eliminating senescent cells. As telomere shortening 
progresses with age, it gradually impairs NK cell function.115 
The functional activities of NK cells, such as cytokine 
production in CD56bright cells and cytotoxic activity in 
CD56dim cells, shift with aging – CD56bright cells decrease 
whereas CD56dim cells increase.116{Weber, 2024 #118} This 
shift results in impaired immunity and a heightened risk of 
age-related diseases.117 These changes are associated with 
declines in biomarkers such as IL-2, IL-15, and CD56bright, 
alongside increases in others such as IL-6,70 IFN-γ,118 and 
CD38,119 all of which contribute to accelerated aging and 
age-related health issues. Consequently, these changes 
lead to a weakened immune response and increased 
inflammation associated with aging, making NK cells a 
significant target for interventions aimed at mitigating age-
related immune decline. In addition, the function of NK 

Figure 4. Consequences of DNA damage following chemical exposure
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cells120 and the aging process121 can be regulated through 
epigenetic changes in the body.

Epigenetics, including DNA methylation, histone 
modifications, and non-coding RNAs,122 plays a crucial role 
in the regulation of aging. These epigenetic modifications 
are key regulators of gene expression122 and influence 
cellular responses to environmental exposures,99 as well as 
changes associated with aging.122 Various environmental 
factors, such as diet, exposure to toxins, stress, smoking, 
and childhood trauma, can significantly impact individual 
epigenetic clocks and gene regulation.123 These changes 
are directly linked to longevity across a wide range of 
organisms, from yeast to humans.124

Exposure to environmental chemicals can lead 
to changes in epigenetic biomarkers and genome 
function,125,126 which accelerate aging by influencing 
caloric restriction, mitochondrial function, the activity 
of housekeeping genes, and metabolic enzyme control.122 
Figure 4 illustrates how these factors contribute to cellular 
senescence. Despite these findings, further efforts are 
needed to identify the genetic and epigenetic factors that 
contribute to aging and to determine their precise effects, 
thereby expanding the list of contributing factors (Table 3).

7. Conclusion
Given the profound impact of aging on mortality and disease 
susceptibility, researchers are continually developing non-

invasive methods and identifying molecular biomarkers 
to monitor cellular damage caused by both external 
and internal factors. Environmental hazards are well-
documented contributors to aging, leading to DNA 
damage and premature aging, which, in turn, increase 
the incidence of diseases and premature mortality. As a 
result, molecular biomarkers are being investigated for 
their potential to assess DNA damage in cells, including 
buccal and NK cells found in the oral mucosa, to enable the 
screening and diagnosis of individuals at risk of premature 
aging. This review aims to clarify the intricate relationship 
between environmental hazards, cellular senescence, 
and DNA damage, thereby aiding in the development of 
diagnostic and preventive measures. Further research 
is essential to fully understand the role of biomarkers in 
assessing DNA damage during aging and to identify new 
targets for strategies aimed at preventing and treating 
premature aging and age-related health issues.
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Table 3. Examples of biomolecular changes in aging

Type Effect Examples References

Pathways Mediated cell survival, growth, and 
DNA repair

AKT1, ATM, FOXO1, FOXO3, GHR, HIF1A, IGF1, 
IGF1R, PIK3CA, and PIK3CB

96

Mediated apoptosis/senescence 
signaling pathway

BAX, BCL2, CDK4, CDK6, CDKN1A (P21), CDKN2A 
(P16), CDKN2B (P15), FAS, and TP53

96

Autophagy/Survival AMPK subunits (PRKAA1, PRKAA2, PRKAB2, 
PRKAG1, PRKAG2), SIRT1, RPS6KB1 (S6K), and TSC2

96

Cross‑talk between the aging 
pathways

KL, MYC, NFKB1, NFKB2, PPARGC1A, PTEN, TGFB1, 
and TGFBR2

96

Sirtuins are involved in metabolic 
control, apoptosis, cell survival, 
development, inflammation, and 
healthy aging

Sir2, SIRT1, PGC‑1α, Ku70, NF‑κB, AceCS1, MEF2 and 
p53, FOXO transcription factors

127

Lifespan regulation through 
mitochondrial DNA

PGC‑1α, PGC‑1β, NRF‑1, and ERRα 127

Stable housekeeping genes in aging 18s, HPRT1, ACTB, and TMEM199 128,129

Epigenetics DNA methylation, histone 
modifications, non‑coding RNAs

130

Natural killer cells in the 
buccal mucosa (CD56dim cells 
and CD56bright cells)

Biomarkers modifications during 
aging

IFN‑γ, TNF‑α, TNF‑β, GM‑CSF, CXCR3, CCR6, CCR9, 
CCR4, IL‑10, IL‑4, IL6, IL‑13, IL‑2, IL‑15, and IL‑12

69,70,117,131‑137

Abbreviations: IFN‑γ: Interferon‑γ; TNF‑α: Tumor necrosis factor‑α; TNF‑β: Tumor necrosis factor‑β; IL: Interleukin.
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