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ABSTRACT

Aging is a multilevel biological process characterized by the progressive loss of structural and functional integrity in
tissues and organs, ultimately leading to various diseases. Advances in geroscience and computational biology have
accelerated the discovery of potential anti-aging compounds, especially through drug repurposing approaches that utilise
existing natural products and approved drugs for novel therapeutic applications.

In this review article, we summarize the current understanding of the molecular hallmarks of aging, including DNA
damage, genomic instability, mitochondrial dysfunction, impaired proteostasis, and dysregulation of nutrient-sensing
pathways. The review discussed the computational and Al approaches that have been used to systematically search for
geroprotectors, including machine learning, deep learning, network-based and signature-based approaches, along with
the high-throughput techniques that have enabled the rapid identification of compounds that extend lifespan.

In summary, the present review provides an updated framework to harness the advances in molecular biology and
computational science for Al-assisted repurposing of anti-aging therapeutics.
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INTRODUCTION

Aging is the gradual deterioration of bodily functions and increased risk of disease and death. It was believed to be an
immutable, universal, and inevitable process, but it is now clear that the process is modifiable. Metabolic, environmental,
and genetic factors are responsible for this, and as a result, aging is no longer considered an inevitable degenerative
process but a biological change that can be modified and treated [1-6].

In the last 10 years, the goal of aging research has changed from extending the lifespan to extending the healthspan (the
number of years a person stays healthy). Out of various approaches to developing pharmaceuticals, drug repurposing is
one of the most cost-effective. Finding new therapeutic uses for existing drugs that have already been proven to be safe
can help ease the clinical approval for geroprotective therapies [7,8].

Therefore, this study aims to analyze current advancements in geroscience and computational drug repurposing, as well
as to present a conceptual framework for Al-enabled precision gerotherapy. By combining molecular hallmarks of aging,
multi-omics technologies, network pharmacology, explainable artificial intelligence, and translational clinical research,
this review gives an in-depth vision of the future of individualized anti-aging therapy. It highlights the present scientific
hurdles, identifies crucial information gaps, and depicts a translational roadmap to expedite the development of safe,
efficacious, and personalized gerotherapeutic approaches.

2. BIOLOGICAL BASIS OF AGING

2.1. Molecular and Cellular Hallmarks

The main characteristics of aging consist of DNA damage, shortening of telomeres, changes in epigenetics, dysfunction
of mitochondria, loss of proteostasis, depletion of stem cells, and persistent inflammation [5,7]. These molecular
disruptions lead to a decrease in the physiological resilience of aging organisms.

2.2. DNA Damage and Genomic Instability

Genomic instability and DNA damage play crucial roles in the aging process. Reactive oxygen species, commonly referred
to as ROS, are known to cause significant damage to DNA. These species originate from both internal metabolic activities
and external influences like UV radiation and environmental toxins. Although cells have complex repair mechanisms,
these systems generally become less effective as we grow older. This results in an increase in mutations, a decline in tissue
regeneration, and the presence of older cells that are more susceptible to illness.[4,5,7]
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2.3 Mechanistic Basis of Major Anti-Aging Pathways

The biological processes that govern aging consist of linked signaling pathways that manage cellular metabolism, stress
response, autophagy, inflammation, and the balance of mitochondrial function [8-10]. Various pharmaceutical and natural
substances demonstrate geroprotective properties by influencing these conserved molecular pathways.

2.3.1 AMPK Signaling Pathway

AMP-activated protein kinase (AMPK) acts as a cellular energy sensor that activates during metabolic stress and when
ATP levels are low [11-12]. When AMPK activates, it encourages autophagy, mitochondrial biogenesis, glucose balance,
and fatty acid oxidation. At the same time, it reduces anabolic processes linked to mTOR signaling [11-13]. Metformin,
resveratrol, berberine, and EGCG are AMPK activators that have been linked to longer lifespans in experimental models.
[12-14].

2.3.2 mTOR Pathway

The mechanistic target of rapamycin (mTOR) controls protein synthesis, nutrient sensing, cellular growth, and autophagy
[15]. Long-term activation of mTOR speeds up aging by reducing autophagy and increasing cellular senescence [16].
Rapamycin and substances that mimic caloric restriction lower mTOR activity, which improves the removal of damaged
proteins and organelles through autophagy. [17-18].

2.3.3 Sirtuin Signaling and Mitochondrial Protection

Sirtuins are NAD+-dependent deacetylases that play a role in genomic stability, oxidative stress regulation, and
mitochondrial function [20]. Resveratrol, fisetin, and nicotinamide-related compounds activate SIRT1 signaling pathways.
This activation improves mitochondrial efficiency and reduces ROS-mediated cellular injury. [21-23].

2.3.4 Cellular Senescence and SASP

Cellular senescence is characterized by an irreversible cell-cycle arrest, along with secretion of pro-inflammatory
cytokines, chemokines and proteases collectively termed the senescence-associated secretory phenotype (SASP) [24].
Senescent cells persistently accumulate and have been accountable for the inflammaging, stem cell exhaustion, fibrosis,
and organ degeneration [23-25]. Senolytic agents (dasatinib, quercetin, and fisetin) selectively clear senescent cells by
targeting their anti-apoptotic survival pathways. [25-27].

2.3.4 Autophagy and Proteostasis

Lysosomal degradation of damaged organelles and dysfunctional proteins contributes to cellular proteostasis. Age-
associated autophagy impairment leads to protein aggregation, mitochondrial dysfunction, and neurodegeneration.
Spermidine, rapamycin, and caloric restriction enhance autophagic flux and cellular resilience in aging. (28-30)

2.3.5 Oxidative Stress and Nrf2 Pathway

Accumulation of reactive oxygen species (ROS) is one of the key factors contributing to DNA damage, lipid peroxidation
and mitochondrial dysfunction throughout aging.

Activation of the Nrf2 antioxidant pathway results in overexpression of cytoprotective enzymes such as superoxide
dismutase, catalase and glutathione peroxidase. Astaxanthin, curcumin, quercetin, and sulforaphane have been reported
to modulate Nrf2 mediated antioxidant defense systems.(31-35)

3. ANTI-AGING STRATEGIES: CONCEPTS AND SCOPE

Current biomedical research on 'anti-aging' therapies seeks to modulate the biological mechanisms of aging, rather than
treating its consequences. These approaches employ computational techniques, drugs, and changes in lifestyle for fighting
age-related diseases and slowing down the loss of physical functions [6, 7]. Anti-aging research has evolved into a
dynamic and progressive area of study, prioritizing prevention measures and the increase of resilience rather than a
primary focus on the treatment of current disorders.

4. NATURAL COMPOUNDS WITH ANTI-AGING ACTIVITY

An increasing number of studies show that naturally occurring substances can increase lifespan by modulating conserved
signaling pathways including as insulin/IGF-1, mTOR, AMPK, sirtuins and Nrf2 [6,7,36]. Bioactive compounds such as
resveratrol, curcumin, quercetin, spermidine, astaxanthin and urolithins were shown to reduce oxidative stress, induce
autophagy and maintain mitochondrial function in several experimental systems.

A comparative review of these substances, their target pathways and their biological effects is shown in Table No.1.

Table 1: Target pathways and their target and geroprotective effects

Drug Clinical Indication Primary antiaging | Geroprotective Evidence level
targets effects
Senolytic signalin
yue SIgnaling, | peduced senescent .
.. . . SIRT1 activation, . Preclinical; early
Fisetin Dietary flavonoid . cell burden, anti- ..
antioxidant . clinical
inflammatory effects
pathways
Autopha, . .
. . . phagy Cardioprotection, .
o Nutraceutical/polyamine induction, . . Preclinical and
Spermidine . . lifespan extension, .
supplement mitochondrial . . observational
. improved proteostasis
homeostasis
.. Improved .
. SIRT1 activation, 1pro . Extensive
Resveratrol Nutraceutical . . mitochondrial o
AMPK signaling . S preclinical
function, oxidative
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stress reduction
Insulin signaling, .
GLP-1 . mitochondrial Neur.oprotecn(?n, ..
Type 2 diabetes and . . cardiometabolic Clinical and
receptor . protection, anti- ) .
. obesity . improvement, reduced | preclinical
agonists inflammatory . .
inflammaging
pathways
Senolytics Oncolo BCL-2 family Selective elimination Preclinical
(Navitoclax) gy inhibition of senescent cells
Enhanced
+ . . . -
NAD . . NAD-+ restoration, mitochondrial Early clinical and
precursors Metabolic supplementation | . . . i linical
(NR/NMN) sirtuin activation meta.bo ism, DNA preclinica
repair support

5. DRUG REPURPOSING FOR GEROTHERAPY

5.1. Rationale

Drug repurposing employs existing pharmacological information to find new therapeutic uses for existing medications,
tackling the challenges of time, cost and safety inherent in traditional drug discovery [8]. Gerotherapy seeks repurposed
medicines that can alter molecular pathways that influence aging and thereby increase the healthspan of animals or humans
. [8,11].

5.2. Evidence from Preclinical and Clinical Studies

Resources like the Drug REVIEW ARTICLE Age database and the Intervention Testing Program (ITP) have allowed for
rigorous investigation of substances for lifespan modification [8,11]. Drugs like metformin, acarbose, rapamycin, beta-
blockers, bisphosphonates, and GLP-1 receptor agonists have demonstrated substantial preclinical evidence for
modulation of geroprotective pathways and improved outcomes in age-related disorders.

5.3. Senolytics and Senomorphics in Anti-Aging Therapy

Cellular senescence is a hallmark of aging and is defined as an irreversible cell-cycle arrest linked with the release of pro-
inflammatory molecules, the senescence-associated secretory phenotype (SASP) [13,36]. Accumulation of senescent cells
leads to persistent inflammation, tissue malfunction, stem cell exhaustion, and progression of age-related illnesses such
as dementia, cardiovascular disease, osteoarthritis and metabolic dysfunction [27 and 38]. Therefore, senolytics and
senomorphics have been recognized as potential therapeutic interventions for slowing biological aging and increasing
healthspan. Senolytics are drugs that preferentially kill senescent cells by targeting pro-survival signaling pathways,
whereas senomorphics reduce the detrimental SASP without triggering the death of senescent cells [28]. Several naturally
occurring and repurposed chemicals have shown senolytic promise in experimental aging models. Among these, dasatinib
with quercetin (D+Q), is one of the most studied senolytic combos, with reductions in senescent cell load and
improvements in physical function in preclinical investigations [28,29]. Fisetin is a further naturally occurring flavonoid
that showed substantial senotherapeutic efficacy by modulating oxidative stress, inflammatory signaling, and apoptosis-
related pathways [38]. Differential effects on cellular senescence-associated signaling pathways have also been seen with
navitoclax, rapamycin, metformin, and piperlongumine [39-41]. Senolytics primarily target anti-apoptotic survival
networks, including BCL-2 family members, PI3K/AKT, p53/p21, and FOXO-mediated stress responses [27,29].
Persistent senescent cells resist apoptosis by activating senescent cell anti-apoptotic pathways (SCAPs) contributing to
tissue deterioration and chronic low-grade inflammation described as "inflammaging" [26,38]. Removal of these defective
cells can improve mitochondrial function, reduce release of inflammatory cytokines, restore regenerative capacity of stem
cells and improve tissue homeostasis[28,37].

Recent breakthroughs in computational biology and artificial intelligence (AI) have sped the identification of novel
senolytic drugs by transcriptome signature matching, molecular docking, network pharmacology and machine learning-
assisted screening techniques. Al-enabled computational models may efficiently analyze multi-omics datasets to uncover
molecular signatures associated with senescence and prioritize prospective senotherapeutics above conventional drug
development methodologies [41]. Moreover, network-based pharmacology platforms can identify hub genes and signaling
pathways implicated in cellular aging, which can aid in the creation of precision senotherapeutics targeting certain aging
phenotypes [42,43].

6. Computational and AI-Based Strategies for Drug Repurposing

6.1. Network-Based and Systems Biology Approaches

Network medicine models aging as a failure of the biological networks that sustain cellular function. By mapping gene—
disease—drug interactions, researchers can identify molecular “hubs” that serve as promising intervention points [9,12].
Protein—protein interaction (PPI) networks, along with pathway enrichment analyses, improve the functional grouping of
genes linked to longevity. This, in turn, aids in the computational identification of potential candidates for repurposing,
with the goal of promoting longevity.

6.2. Artificial Intelligence Approaches

Artificial intelligence has transformed biomedical research by quickly analyzing large and heterogeneous datasets.
Machine learning (ML) and deep learning (DL) methods exploit multi-omics, phenotypic, and clinical data to discover
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novel associations between medications and aging pathways [9,10]. These methods enhance the accuracy of drug target
predictions, disease modeling, and compound prioritization, thereby accelerating the identification of new gerotherapeutic
candidates.

6.3. Artificial Intelligence Tools and Computational Platforms in Geroscience

Artificial intelligence (Al)-based computational platforms have revolutionized geroscience by allowing integration,
interpretation and analysis of large-scale biological datasets generated from genomics, transcriptomics, proteomics,
metabolomics and clinical phenotypes, leading to accelerated identification of candidate geroprotective compounds and
therapeutic targets associated with aging and longevity [41,44,45]. Molecular markers of aging, prioritization of
therapeutic targets and prediction of drug-target interactions and computational drug repurposing are widely investigated
using machine learning (ML), deep learning (DL) and network-based techniques [44,46]. These computational approaches
have greatly contributed to the identification of candidate molecules modulating key longevity-associated pathways, such
as AMPK, mTOR, SIRT1, FOXO, insulin/IGF-1 signaling, and autophagy, which control cellular metabolism, stress
responses, and lifespan [46,48].

Among the available computational resources, network pharmacology platforms like STRING and Cytoscape are
extremely useful for building protein-protein interaction (PPI) networks, discovering hub genes and visualizing complex
signaling pathways involved in cellular senescence, mitochondrial dysfunction, oxidative stress, chronic inflammation
and other hallmarks of aging [47—49]. These platforms offer important systems-level insights into aging biology, but are
largely tools for biological interpretation and network analysis, rather than direct prediction of therapy efficacy. In
contrast, transcriptomics-based platforms, such as the LINCS Connectivity Map (CMap), leverage disease-associated
gene-expression signatures to compare with drug-induced transcriptional profiles, in an effort to identify compounds that
can reverse aging-related molecular perturbations, and are thus highly valuable for Al-assisted drug repurposing
[50,53,54]. Similarly, AlphaFold has transformed structure-based drug discovery by using deep learning to predict
extremely accurate three-dimensional conformations of proteins, which in turn improves molecular docking, target
identification, and rational drug design of longevity-associated proteins [51,55].

These computing platforms are remarkably capable, yet they have complementary rather than overlapping qualities. While
AlphaFold is an excellent tool in structural biology for its ability to predict protein structures with high accuracy in target-
based drug discovery, the LINCS Connectivity Map is one of the most powerful resources in transcriptomics-driven drug
repurposing as it links disease-specific molecular signatures directly with candidate therapeutic compounds. In contrast,
STRING and Cytoscape are still important systems pharmacology tools to find interaction networks and prioritize
potential genes, but they do not predict clinical efficacy, biological age or lifetime extension on their own. Moreover,
computational predictions obtained by these platforms are still constrained by cell-type specificity, limited biological
datasets, false-positive network linkages, and lack of experimental or clinical validation. Thus, no single computer
platform can forecast longevity in its entirety, nor can it discover universally successful gerotherapeutic therapies.

Thus, for future breakthroughs in Al-driven geroscience, it will be necessary to combine complementary computational
platforms with multi-omics datasets, explainable artificial intelligence (XAI), digital twin technologies, longitudinal
clinical cohorts and validated indicators of biological aging. Such an integrated computational ecosystem is expected to
enhance model interpretability, increase prediction accuracy, support personalized therapeutic decision-making, and
ultimately provide the basis for precision gerotherapy where individualized anti-aging interventions can be designed
according to patient-specific molecular and biological aging profiles [41,44—46,52,56—60].

Table 2. Representative AI and Computational Tools Used in Anti-Aging Drug Discovery

Tool/Platform Primary Application Biological Data Used Major Contribution
. . -y Transcriptomics, DNA Aging biomarker

DeepAge Biological age prediction methylation prediction
Geroprotective Lifespan experimental Co

DrugAge compound database data Drug prioritization

ﬁ:;CS Connectivity Signature matching Gene expression profiles | Drug repurposing

STRING .Protemfprotem . Proteomics Network construction
interaction analysis

Cytoscape Network V1sua11zat19n Multi-omics Pathway identification
and hub gene analysis

AlphaFold Protéln. structure Amino acid sequences Target. Interaction
prediction modeling

DeepPurpose Drug?—t:arget interaction Chemical and genomic Al-driven screening
prediction data

GeneMANIA Funct.lor.lal gene Gene expression and Gene prioritization
associlation interaction data

Table 3 : Comparative Evaluation of Computational Platforms in Geroscience
. - Suitability for
Primary o Clinical False-
Platform Function Al-Based Application Validation Positive Risk Drug .
Repurposing
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(This figure was created with the assistance of a generative Al tool and reviewed and verified by the authors)

7. DISCUSSION

The field of geroscience has evolved from descriptive studies of aging to a mechanistic and intervention-driven discipline,
with drug repurposing emerging as a promising strategy. Traditional drug discovery is associated with high costs,
protracted timelines and high attrition rates. Instead, drug repurposing makes use of existing safety and pharmacological
data, drastically shortening the time required to uncover molecules with new therapeutic value. Conversely, medication
repositioning harnesses current knowledge of safety and pharmacology in order to speed up the process of discovering
compounds with innovative therapeutic applications. Such an approach has the potential to transform the discipline,
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allowing researchers to test and confirm therapies against aging at an unparalleled speed and precision, especially when
paired with contemporary computational and artificial intelligence capabilities.

The integration of systems biology, bioinformatics and machine learning (ML) has demonstrated the presence of complex
biochemical links between aging pathways and druggable targets. Al systems can spot hidden connections between genes,
pathways and medications by analyzing vast amounts of genomic, transcriptomic, metabolomic and proteomic data.
Network-based models describe the interaction of proteins and genes to diseases. This allows us to identify hub molecules
that control our life-span. These approaches enable logical compound ranking, interaction prediction and systematic study
of naturally occurring or authorized medicines never shown to have geroprotective properties.

However, despite the rapid appreciation of computational advances, significant scientific and translational restrictions still
exist. The study of aging is made difficult by the biological variability of model species, cell types, and individuals,
sometimes making results inapplicable to human biology. In addition, the absence of validated biomarkers of aging
hampers the correct assessment of intervention efficacy. Public repositories can include missing data or bias, which can
make Al models less credible. This can lead to overfitting and spurious correlation. Good data curation, model
interpretability and multi-omics validation are important to build reliable computational repurposing pathways for drug
development.

Researchers encounter distinct problems in the ethical and therapeutic application of anti-aging medicines.
Gerotherapeutics, which aim to modulate normal physiological processes rather than to cure disease, are faced with
regulatory challenges and challenges in determining long-term safety. The changing demographics of the world to an
aging population needs that the development of scientific knowledge be accompanied by the development of ethical
norms, especially with respect to fair access and the impact on different groups in society.

However, the integration of artificial intelligence, network pharmacology, and molecular geroscience holds great promise.
With more abundant biological data and improved analytical models, the precision gerotherapy based on individual aging
trajectory is getting more feasible.

Future research should be directed on collaborative research infrastructure that incorporates computer scientists, molecular
biologists and clinicians that will allow the translation of predictive algorithms into therapeutic outcomes.

8. CONCLUSION

The combination of molecular biology of aging and artificial intelligence is a giant leap forward in the search and
development of therapies against the effects of aging. Computational drug repurposing provides an efficient data-driven
approach to identify existing drugs and natural compounds that may modulate key lifespan-regulating pathways such as
AMPK, mTOR and SIRT1. The combination of systems biology, deep learning and network modeling allows scientists
to predict drug-target interactions that they could not have predicted with standard experimental methods.

The most crucial new idea for the future will be the integration of Al-driven multi-omics analysis with translational clinical
research to discover safe, ethical, and successful approaches to assist people age. Scientists from molecular biology,
computational science, pharmacology and biostatistics will need to collaborate to transform prediction models into real-
life clinical situations.

Ultimately, computational repurposing is a revolution in both technology and concept for geroscience. It changes the focus
from curing age-related disorders to actually managing aging. These new tools, developed through ongoing collaboration
across different fields, have the potential to transform the quest for longer life from a general goal into a precisely designed
way to extend healthy years.
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