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ABSTRACT

Background: Cellular senescence is closely related to genome instability and telomere shortening under oxidative
and environmental stress conditions. Telomeres are critical for maintaining chromosomal integrity and
determining cellular lifespan. Telomere dysfunction induced by stress contributes to aging-related cellular
damage.

Objective: The present study was designed to investigate the relation between oxidative stress, telomere dynamics
and genome stability in cellular aging processes induced by stress.

Methodology: Human fibroblast cell lines were treated with oxidative stress by hydrogen peroxide (H202) in
controlled laboratory conditions. Telomere length was analyzed by quantitative PCR and DNA damage was
analyzed by y-H2AX immunofluorescence assays. Cellular aging responses were also evaluated by measuring
telomerase activity and senescence-associated f-galactosidase staining.

Findings: Chronic exposure to stress reduced relative telomere length to 61% of control cells (100%). We found
increased y-H2AX signal intensity and increased senescence marker activity, suggesting increased DNA double
strand breaks and accelerated cellular senescence. Under oxidative stress conditions, reduced telomerase activity
was also observed.

Conclusion: Stress-induced telomere dysfunction plays a significant role in genome instability and aging of cells.
These findings underscore telomere maintenance pathways as potential therapeutic targets for age-related diseases
and strategies for genomic preservation.

KEYWORDS: Genome stability, telomeres, cellular aging, oxidative stress, DNA damage, telomerase,
senescence, molecular biology.

1 INTRODUCTION

1.1 Cellular Aging and Genome Stability

Cellular aging refers to the time-dependent deterioration of cellular function, diminished regenerative potential,
and heightened disease susceptibility. Aging is closely associated with the accumulation of molecular and genetic
damage with age, especially DNA damage caused by endogenous metabolic processes and environmental
stressors [1]. Genome stability is essential for the preservation of normal cellular function, chromosomal integrity
and faithful DNA replication. However, the efficiency of DNA repair declines with aging, leading to genomic
instability, mutations and chromosomal aberrations, which contribute to cellular dysfunction and organismal aging
[2]. Chronic DNA damage responses can induce signaling pathways involved in apoptosis, senescence and
inflammatory signaling, which can further worsen age-associated decline [3].

1.2 Telomeres and Cellular Senescence

Telomeres are the repetitive nucleoprotein structures at the end of the chromosomes that protect the genomic DNA
from degradation, fusion and recombination [4]. Telomeres shorten with each cell division because of the end-
replication problem and oxidative stress-induced DNA damage. Critically shortened telomeres induce DNA
damage responses leading to cellular senescence or apoptosis [5]. Telomerase is a ribonucleoprotein enzyme
complex that counteracts the shortening of telomeres by adding telomeric repeats to the ends of the chromosomes,
maintaining chromosomal stability and cellular lifespan [6]. But, in most somatic cells, telomerase activity is
limited and leads to telomere attrition with aging [1]. The pathways of cellular senescence caused by telomere
dysfunction include the p53, p21 and p16INK4a signaling pathways, which lead to an irreversible cell cycle arrest
and altered cellular metabolism [7].
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1.3 Stress-Induced Aging Mechanisms

Oxidative stress is a major cause of cellular aging and genome instability. Reactive oxygen species (ROS)
produced during mitochondrial respiration, inflammation, and environmental exposure can induce damage to
DNA, proteins, and lipids [8]. Telomeric DNA is highly sensitive to oxidative damage, so excess ROS production
accelerates telomere shortening. Environmental stressors such as radiation, pollutants, ultraviolet light and
metabolic imbalances contribute to genomic instability and aging-related cellular dysfunction [9]. Also, impaired
DNA repair pathways diminish the capacity of cells to preserve genomic integrity in the context of chronic stress.
Deficiencies in pathways such as homologous recombination and non-homologous end joining have been
associated with accelerated rates of mutation and premature cellular senescence [10]. Thus, the interplay between
oxidative stress, telomeres dynamics and genome stability should be known to find therapeutic targets against
age-associated diseases and cellular degeneration [11].

1.4 Aim and Objectives

Aim

To investigate the role of genome stability and telomere dynamics in stress-induced cellular aging mechanisms.
Objectives

1. Analyze telomere shortening under stress conditions.

2. Evaluate genome instability markers in aging cells.

3. Measure telomerase activity and DNA damage response.

4. Assess the relationship between oxidative stress and cellular senescence.

2 RELATED WORK

2.1 Genome Stability Mechanisms

Genome stability maintenance is essential for correct cellular functions and the prevention of age-related diseases.
Cells have evolved multiple DNA repair systems to correct DNA lesions and maintain chromosomal integrity,
such as base excision repair (BER), nucleotide excision repair (NER), homologous recombination (HR) and
nonhomologous end joining (NHEJ) [1]. Checkpoint signaling pathways involving ATM, ATR, CHK1 and p53
proteins regulate DNA damage responses and cell cycle arrest during genomic stress. However, aging and chronic
stress conditions reduce the efficiency of DNA repair, resulting in accumulation of mutations and genomic
instability [2].

2.2 Telomere Biology

Telomeres are repetitive DNA-protein complexes located at the ends of chromosomes and protect the genomic
material from degradation and chromosomal fusion. The shelterin complex, composed of the proteins TRF1,
TRF2, POT1, TIN2, RAPI and TPP1, helps stabilize the telomere architecture and regulate telomere replication
[3]. Telomeres shorten progressively with repeated cell division and exposure to oxidative stress, ultimately
leading to cellular senescence and apoptosis. Telomere dysfunction has been strongly implicated in aging, genome
instability and aging-related diseases [4] .
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Figure 1. Telomere structure and stress-induced shortening mechanisms

Figure 1 depicts the relationship between telomere structure and stress-induced mechanisms of shortening
involved in cellular aging. Under normal conditions, telomeres are protected by the shelterin complex, and
chromosomal stability is maintained. Reactive oxygen species (ROS) generated by oxidative, environmental and
metabolic stress factors cause damage to DNA and proteins at telomeric regions. Chronic exposure to stress leads
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to premature telomere shortening and the breakdown of telomere integrity. Critically shortened telomeres activate
pathways of cellular senescence and apoptosis, resulting in genome instability, reduced cellular function and the
progression of aging-related cellular degeneration.

2.3. Oxidative Stress and DNA Damage

Cellular aging and genomic instability are major players of oxidative stress . Reactive oxygen species (ROS)
produced by mitochondrial metabolism and environmental stressors induce DNA base modifications, strand
breaks and telomere erosion [5]. Mitochondrial dysfunction causes increased ROS production and a vicious cycle
of oxidative damage and failure of energy metabolism. Chronic oxidative stress also induces DNA double strand
breaks, which in turn trigger persistent DNA damage responses and promote cellular senescence [6].

2.4 Previous Research Studies

Recent studies have highlighted the importance of telomere maintenance in aging biology. Lee et al. (2022)
demonstrated that telomerase activation in stem cells reduced senescence progression. Kumar et al. (2023)
reported that impaired DNA repair pathways increased genome instability in aging epithelial cells. Furthermore,
advanced molecular analyses have shown that chronic oxidative stress accelerates telomere shortening and
promotes cellular dysfunction under stress conditions [7].

2.5 Research Gap

Despite recent progress, the combined impacts of oxidative stress, telomere dysfunction, and genome instability
are still not well understood. There are few studies investigating chronic stress-induced telomere attrition in
combination with DNA repair pathway impairment. In addition, integrated molecular aging models that can
explain the mechanisms of long-term cellular senescence are also not available yet.

3 MATERIALS & METHODS
3.1 Experimental Design Flow

The purpose of this study was to evaluate the effect of oxidative stress on telomere dynamics and genome stability
in human fibroblast cells. The experimental procedure consisted of stress induction, DNA isolation, telomere
length and genome instability analysis and statistical validation. Oxidative stress was induced on human fibroblast
cells by H202 (hydrogen peroxide) exposure for different time periods of exposure to model stress-related cellular
aging conditions. Additional assessments included telomere shortening, accumulation of DNA damage,
telomerase activity and expression of senescence markers [11].
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Figure 2. Experimental workflow for analyzing telomere dynamics and genome stability

The sequential workflow of the study is presented in Figure 2, which includes cell culturing, induction of oxidative
stress, isolation of DNA, quantification of telomere length, assessment of DNA damage, analysis of senescence
and the statistical interpretation of the parameters of genome stability.

3.2 Conditions for cell culture

Human fibroblast cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine
serum (FBS). Cells were kept in a humidified incubator at 37°C and 5% CO2 as demonstrated in table 2. Hydrogen
peroxide (H202) was used to induce oxidative stress with controlled concentrations for 24-72 hours exposure
time to assess the cellular aging responses in a stress-dependent manner [17].
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Table 1. Cell Culture Conditions

Parameter Description

Cell line Human fibroblast cells
Culture medium DMEM with 10% FBS
Incubation temperature | 37°C

CO:2 conditions 5%

Stress inducer Hydrogen peroxide (H202)
Exposure duration 24-72 hours

pH conditions 7.2-7.4

3.3 Experimental Procedures

Cultured cells were treated with H-O: under standard laboratory conditions to induce oxidative stress. Genomic
DNA was extracted using commercial DNA isolation kits and relative telomere length was measured by
quantitative polymerase chain reaction (qQPCR) analysis [15]. To quantify double-strand breaks, DNA damage
was evaluated by y-H2AX immunofluorescence assay. Telomerase activity was measured by telomeric repeat
amplification protocol (TRAP) assay. Cellular senescence was assessed by senescence-associated B-galactosidase
staining for detection of age-associated changes in the cells.

3.4 Analysis of genome stability

Genome stability was evaluated by measuring DNA damage intensity, chromosomal aberrations and cellular
viability. After staining of DNA, chromosomal integrity was microscopically evaluated. MTT assays were used
to determine cell viability as a measure of stress-induced cytotoxicity.

Table 2. Genome Stability Assessment Parameters
Analysis Parameter Method Used
Telomere length Quantitative PCR
DNA damage v-H2AX assay
Telomerase activity | TRAP assay
Senescence detection | B-galactosidase staining
Cell viability MTT assay

3.5 Statistical Analysis

All experiments were conducted in triplicate to ensure reproducibility and accuracy. Data were analyzed using
one-way analysis of variance (ANOVA), and statistical significance was determined at p < 0.05. Mean values and
standard deviations were calculated for all experimental observations.

4 RESULTS & DISCUSSION

The experimental findings demonstrated that oxidative stress significantly affected telomere integrity, genome
stability, and cellular senescence in human fibroblast cells. Chronic stress exposure accelerated telomere
shortening, increased DNA damage accumulation, and reduced telomerase activity compared with control cells.
Elevated y-H2AX signal intensity and senescence-associated P-galactosidase activity further confirmed stress-
induced genomic instability and aging-related cellular dysfunction. These results indicate a strong relationship
between oxidative stress, telomere dynamics, and cellular aging mechanisms, highlighting the importance of
genome maintenance pathways in preventing stress All experiments were performed in triplicate to ensure
reproducibility and accuracy. Data were analyzed by one-way analysis of variance (ANOVA) and statistical
significance was set at p < 0.05. Mean values and standard deviations were calculated for all the experimental
observations.

4 Results and discussion

The experiments showed that oxidative stress has a major effect on telomere integrity, genome stability and
cellular senescence in human fibroblast cells. Chronic stress-exposed cells demonstrated increased telomere
shortening, accumulation of DNA damage and decrease in telomerase activity in comparison to control cells.
More intense y-H2AX signal and senescence-associated B-galactosidase activity further confirmed stress-induced
genomic instability and aging-related cellular dysfunction. These results indicate a strong interplay between
oxidative stress, telomere dynamics and cellular aging mechanisms, highlighting the key role of genome
maintenance pathways in the prevention of stress-induced cellular degeneration.

4.1 Telomere Length Analysis
Table 3. Relative Telomere Length Under Stress Conditions

Experimental Group Relative Telomere Length (%) | Observation
Control cells 100% Normal telomere integrity
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Mild stress exposure 82% Moderate shortening
Chronic stress exposure | 61% Severe telomere attrition

Table 3 shows that chronic oxidative stress significantly reduced telomere length compared with control cells.
Mild stress exposure led to moderate telomere shortening (82%), whereas chronic stress exposure resulted in
severe telomere attrition with relative telomere length diminished to 61%. These results suggest that oxidative
stress promotes telomere loss and induces age-related chromosomal instability.

4.2 DNA Damage and Genome Instability

In order to estimate genome instability, DNA double-strand breaks were measured using y-H2AX
immunofluorescence assays under stress-induced aging conditions. Prolonged exposure to oxidative stress
increased DNA damage and senescence marker activity.
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Figure 3. y-H2AX Immunofluorescence Analysis of DNA Damage Under Stress-Induced Aging Conditions

Figure 3 is Effect of oxidative stress on DNA damage in human fibroblast cells analyzed by y-H2AX
immunofluorescence staining. DAPI staining (blue) for cell nuclei, y-H2AX signals (green) for DNA double
strand breaks. The control cells show minimal y-H2AX expression, which suggests low DNA damage. Mild stress
exposure induces increased foci formation of y-H2AX while chronic stress conditions induce intense y-H2AX
signals and extensive nuclear damage. Merged images confirm that prolonged oxidative stress significantly
increases genome instability and accelerates cellular aging processes.
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Figure.4. Quantitative Analysis of DNA Damage and Cellular Senescence under Oxidative Stress Conditions

Figure 4 shows the quantitative comparison of DNA damage and cellular senescence levels in the control, mild
stress and chronic stress groups. The left graph is the relative fluorescence intensity of y-H2AX, indicating the
increase of DNA double-strand breaks under oxidative stress conditions. The graph on the right indicates increased
cellular senescence with chronic stress exposure, as shown by the number of B-galactosidase-positive cells.
Control cells had low levels of DNA damage and senescence activity, but chronic stress induced a marked increase
in both parameters. The statistical significance values (*p <0.05, **p <0.01, ***p <0.001) indicate that prolonged
oxidative stress strongly induces genome instability and aging-associated cellular dysfunction.
The above Figure 3 & 4 shows the increase in levels of DNA damage under stress-induced aging conditions. The

Genetics and Molecular Research 25 (3s): 2026 5



increased oxidative stress resulted in an increased y-H2AX signal intensity as a marker of DNA double-strand
breaks, thus indicating higher genomic instability than the control cells.

Table 4. DNA Damage and Senescence Marker Activity

Cell Condition | y-H2AX Signal Intensity | Senescence Marker Activity
Control Low Minimal

Mild stress Moderate Increased

Chronic stress | High Significant

As shown in Table 4, the chronic stress conditions resulted in the highest intensity of y-H2AX signal and activity
of senescence markers, indicating severe DNA damage and accelerated cellular aging. Mild stress exposure also
increased levels of DNA damage in comparison to control cells, which confirmed the cumulative impact of
oxidative stress on genome stability.

4.3 Telomerase Activity and Senescence

Telomerase activity was found to be decreased in cells exposed to sustained oxidative stress. Decreased telomerase
activity led to progressive telomere shortening and chromosome protection. Moreover, senescence-associated 3-
galactosidase staining showed high levels of senescence in chronically stressed cells. Advanced cellular aging
was indicated by elevated reactive oxygen species (ROS)-induced cellular damage which further promoted
mitochondrial dysfunction and irreversible cell cycle arrest.

4.4 Discussion

The present results suggest that oxidative stress has a major role in telomere shortening and genome instability
during cellular aging. Chronic ROS exposure damaged telomeric DNA and decreased telomerase activity and thus
accelerated senescence progression . Persistent DNA double strand breaks induced genome instability, which
activated cellular aging pathways and disrupted normal cellular function.

4.5 Comparative Analysis

Compared to other studies on aging, the present study found a more pronounced association of chronic oxidative
stress with telomere attrition in human fibroblast cells. The findings are of clinical relevance as telomere
dysfunction and genome instability are closely associated with age-related disorders including cancer,
neurodegeneration and cardiovascular disease. These findings also suggest that therapeutic strategies targeting
telomerase activation, antioxidant defence systems and DNA repair pathways may be useful to mitigate cellular
aging and improve genomic preservation strategies.

5 CONCLUSION

This study demonstrates that chronic oxidative stress is important for the disruption of genome stability and
telomere dynamics and speeds up cellular aging mechanisms. Experimental data showed significant decrease in
telomere length, increase of DNA double-strand breaks and increase of cellular senescence markers in human
fibroblast cells after prolonged exposure to oxidative stress. The telomere dysfunction and the impairment of
chromosomal protection were also contributed by the reduced telomerase activity under conditions of chronic
stress. The observed increase in y-H2AX signal intensity confirmed increased genome instability and activation
of DNA damage response pathways. These results collectively indicate that oxidative stress-induced telomere
attrition is tightly correlated with genomic deterioration and progressive cellular dysfunction. Furthermore, the
study emphasizes the significance of telomere integrity and efficient DNA repair processes in maintaining cellular
homeostasis and postponing age-related decline. The understanding of the molecular link between oxidative
stress, telomeres biology and genome stability represents a key insight into aging-related pathologies such as
cancer, neurodegenerative and cardiovascular diseases. Together, this study offers support for developing targeted
therapeutic strategies for genomic preservation and healthy aging.

6. Future scope

Future studies should endeavor to develop therapeutic strategies that target telomerase, and can restore telomere
integrity and decrease stress-induced cellular aging. Advanced artificial intelligence (Al)-assisted models for
predicting genomic aging can contribute to early detection of genome instability and personalized assessment of
aging risk. The use of multi-omics approaches, integrating genomics, transcriptomics, proteomics and
metabolomics, has the potential to provide a complete picture of molecular pathways of aging and aging
biomarkers. Improved precision and efficacy of treatment can be further achieved by personalized anti-aging
therapeutic strategies based on individual genomic profiles. CRISPR-based genome editing technologies also have
a high potential to correct age-associated genomic instability and improve DNA repair efficiency. Furthermore,
future studies could investigate antioxidant therapies, mitochondrial protection strategies, and senolytic
interventions for delaying cellular senescence and promoting healthy lifespan extension.
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