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Anti-aging research has become central to understanding the biological processes 

that regulate aging and affect the health span and lifespan. This narrative review 

summarizes the evolution of anti-aging research from early theories to major 20th-

century breakthroughs, which established a foundation for this research, 

particularly in cellular senescence and antioxidant mechanisms. Now, 

contemporary research defines aging as the complex interplay shaped by genetic, 

molecular, and environmental factors. Revolutionary concepts such as caloric 

restriction, oxidative stress, telomere biology and cellular aging explained the basic 

mechanisms of aging. Current genetic and molecular approaches, regenerative 

medicine, and elaboration of anti-aging compounds such as NAD⁺ enhancers, 

metformin, and rapamycin push the range of therapeutic strategies for aging 

diseases. Moreover, genetic findings of longevity, such as SIRT1 and FOXO3, with 

their genome-editing technologies like CRISPR, opened new directions for 

interventions into aging. Advancements in stem cell therapies, tissue engineering, 

and personalized medicine aim to extend healthy longevity. Despite these advances, 

anti-aging research has many difficulties, such as ethical, scientific, and regulatory 

ones. However, anti-aging research may help to prevent chronic diseases, 

improving the quality of life, and socioeconomic and psychological outcomes. 

Future directions point toward emerging technologies, interdisciplinary 

collaborations, and global contributions of researchers to extend human health and 

improve lifespan. 
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1. INTRODUCTION 
Ever since the dawn of civilization, humans have been 
exploring methods for their fascination with longer and 
healthy lives. The scientific study focused on this purpose 
of extending healthy span and slowing down the effects of 
aging is today best known as anti-aging research. This 
multi-disciplinary research is focused on understanding 
the biological mechanisms to stop the aging process or at 
least halt it. A wide range of interventions, ranging from 
lifestyle changes to pharmacological approaches, 
regenerative medicines, and genetic engineering, have 
been explored for this purpose. According to UN research, 
in 2050, the population of people above 60 is over 2 
billion [1]. With the increase in the elderly population, the 

prevalence of aging-related diseases has shot up, leading 
to more pressure on already strained healthcare systems 
and anti-aging management and the cost associated with 
these. Thus, this research holds great potential in solving 
this problem, contributing to economic stability, and 
managing health problems [2]. This review aims to 
provide a comprehensive outlook on the evolution of 
anti-aging research, highlighting historical milestones, 
current innovations and interventions, and possible 
future directions. Most of the early theories on fighting off 
aging and their practice were related to mystic remedies 
and traditional medicine. In the 20th century, important 
developments included the discovery of antioxidants and 
further developments in cellular biology, which reshaped 
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understandings of aging [3].  
The pioneering work of a few researchers, such as 
Leonard Hayflick and his theory of cellular senescence, 
set the stage for the modern era of anti-aging research. 
The scientific thought about aging evolved from a very 
simple, straightforward concept to complex biological 
processes, to genetics, epigenetics, and cellular repair 
mechanisms [4]. Anti-aging research has made 
tremendous progress in recent years, in parallel with the 
advancements in molecular biology and genetic 
engineering, which have enhanced our knowledge of the 
molecular processes of aging. Research on longevity 
genes such as SIRT1 and FOXO3 has also improved our 
understanding of aging [5]. Nowadays, the most sought-
after interventions, i.e., regenerative medicines and stem 
cell-based therapies, have great potential in this regard. 
Pharmacological interventions such as rapamycin and 
metformin have also attracted a lot of scientific and 
public interest [6]. Anti-aging research has great potential 
in improving healthy span, overall life span, quality of life, 
relieving burden on healthcare systems, as well as 
psychological and cultural implications. However, there 
are many barriers to this research, ranging from negative 
public perception to misinformation and ethical 
dilemmas to regulatory challenges. In this review, we 
have discussed all of these aspects in detail.   

2. Historical Milestones in Anti-Aging Research 

Anti-aging practices have evolved significantly over the 
years, from simple milk baths in ancient Egypt and 
Ayurvedic herbal products to hormonal therapies and the 
use of retinoids in the previous century. In the modern 
era, Botox, stem cell therapies, and gene editing 
technologies have taken over the reins of anti-aging 
interventions. As of today, anti-aging research is a 
consortium of ancient wisdom as well as practices and 
advancements in science. 

2.1 Humoral Theory 
The Humoral Theory was pioneered by Hippocrates (370 
BCE) and, later, Galen (200 CE) in ancient Greece [7]. 
According to this theory, the human body is composed of 
four humors (bodily fluids) named as blood, phlegm, 
black bile, and yellow bile, each of which is synonymous 
with air, water, earth, and fire, respectively. This theory 
postulates that these humors determine the health, aging, 
and temperament of each individual [8]. Imbalances in 
humors were thought to lead to aging and diseases. This 
states that humors are balanced at birth, and as a person 
ages, the balance of humors in the body changes 
depending on the lifestyle and diet of a person. For 
example, excessive black bile in the body was expected to 
lead to aging and melancholy [9]. During that era, 
physicians used to counteract the effects of aging with 
prescriptions aimed at restoring the balance of humors. 
The prescriptions included a change in diet, bloodletting, 
and herbal remedies. Although these early 
understandings lacked a scientific or biological basis, they 
provided an initial framework that pioneered research in 
this area [10].  

2.2 Elixirs and Alchemy: From the Medieval Era to the 
Renaissance 

Throughout the Middle Ages and during the Renaissance, 
the art of alchemy was used in search of longevity and 
often immortality. The alchemist, part philosopher, part 
proto-scientific experimenter, searched for an "Elixir of 
Life," a mythical substance said to bestow on those who 
consumed it eternal youth or possibly even immortality. 
This was also closely associated with the often major, 
related quest for what was called the “Philosopher's 
Stone”, supposedly capable of changing the base metals 
into gold and also enabling the prolongation of life 
indefinitely [11]. Alchemists like Paracelsus started 
preaching that substances could restore the body. Often 
termed the father of toxicology, Paracelsus concluded 
that aging was a natural order of things; it was 
undoubtedly possible, if not to eliminate aging, then to 
postpone or significantly decrease its effects using 
defined minerals, chemicals, and a cocktail of herbs. The 
logic he applied was that a long life relied on mastery of 
understanding the body's chemistry [12]. While alchemy 
was practically mystical and speculative, it contributed 
something to early pharmacology. Alchemists 
experimented with various mixtures of substances that 
led to the discovery of their use, later influencing medical 
practices, including the use of minerals and compounds in 
contemporary medicine [13].  

2.3 Vitalism and the Vital Force  

Simultaneously with the mechanical explanation, in the 
17th and 18th centuries, the theory of Vitalism was taking 
center stage against the conceived explanation for life and 
aging. According to the vitalism theory, living organisms 
are controlled by a "vital force" or "life force" 
independent of those physical and chemical systems 
characterizing all non-living matter. This was supposedly 
in charge of the development, metabolism, and 
maturation or aging of living things [14]. This vital force 
is diminished with time, allowing aging to set in. They 
also believed that such a gradual depletion of the force 
may bring a decline in physical and mental aspects. 
Unlike earlier humoral theories, vitalism attempted an 
explanation for aging on a more abstract metaphysical 
level. Although the ritualistic view eventually was 
discredited by advances in biology and chemistry, it 
nevertheless played a crucial role in early scientific 
thought by encouraging the study of the processes of 
living organisms beyond mechanistic explanations and 
hence laid a limited foundation for the later cellular and 
molecular biology-based understanding of aging [15]. 

2.4 Key Breakthroughs in the 20th Century 

In the 1930s, Clive McKay and his colleagues at Cornell 
University discovered that limiting the caloric intake of 
rats significantly extended their lifespan. The process, 
now termed caloric restriction (CR), would later be 
studied in great detail using a variety of organisms such 
as yeast, worms, flies, and mammals [16]. Although 
details of the exact mechanisms of CR are still under 
investigation, it is believed to extend lifespan by reducing 
metabolic rates, diminishing oxidative stress, and altering 
signaling pathways such as insulin/IGF-1 that are 
involved in growth and aging. The finding of CR-induced 
longevity promoted a whole new era in aging research, 
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inclusive of the pursuit of CR mimetics, namely. These 
drugs could mimic the effects of CR without drastic 
dietary restrictions. Denham Harman proposed this 
phenomenon in 1956. Free radical theory of aging 
suggests that highly reactive molecules with unpaired 
electrons, called free radicals, cause cell damage like DNA, 
Proteins and Lipids. This oxidative damage was 
considered a major factor in aging and developing age-
related diseases [17]. In the early 1960s, Leonard 
Hayflick and his coworker Paul Moorhead discovered that 
human cells have a finite capacity to divide. This 
phenomenon, later called the "Hayflick limit", 
demonstrates that cells can only divide 40-60 times 
before going to a state of senescence where cell division 
stops, but cells remain metabolically active [18]. There 
are repetitive DNA sequences at the ends of 
chromosomes to save them from degeneration due to cell 
divisions, called telomeres. Elizabeth Blackburn, along 
with her colleagues, discovered an enzyme known as 
telomerase. The enzyme rebuilds telomeres, allowing the 
cells to divide beyond their capacity. This enzyme is 
highly active in cancerous cells. In the 1990s, specific 
genes controlling longevity began to be identified. The 
age-1 gene was identified, among others, by Cynthia 
Kenyon in the nematode worm Caenorhabditis elegans 
and shown to double the life span of the worm when 
mutated. Other key genes and pathways controlling life 
span were, and continue to be, rapidly identified, 
including the insulin/IGF signaling pathway [19]. 

3. Current Innovations in Anti-Aging Research 
3.1 Genetic and Molecular Approaches 

Bio-gerontology is the subfield of gerontology that 
focuses on biological mechanisms involved in the process 
of aging and the relevant diseases [20]. Biogerontology is 
a multidisciplinary research field on comprehending 
biological aging's effects, causes, and mechanisms. Of 
special significance is that bio-gerontologist Leonard 
Hayflick has calculated that human life expectancy is 
around 92 years. He thinks that in the absence of 
innovative ways to combat aging, humanity is going to be 
constrained by this life expectancy [21]. These genetic 
factors are linked to stress response, DNA repair, cellular 
maintenance, and longevity. As the organisms age, their 
cells also acquire damage from environmental stress, like 
ultraviolet light toxins, as well as internal processes, 
including oxidative stress. Cells sustain a continuous rate 
of DNA damage. The capability of efficient repair of DNA 
damage through genes such as ATM, BRCA1, and TP53 
maintains DNA in a non-damaged state. An impaired 
capacity for DNA repair has been associated with both 
aging and age-related diseases, including cancer [22]. 
Aging has been characterized as a chronic low-grade 
inflammation state, and is thus sometimes referred to as 
Inflammaging [23]. Candidate genes include those 
responsible for regulating inflammatory responses, such 
as NF-KB. A decrease in chronic inflammation promotes 
longevity by reducing the incidence of age-related 
diseases such as cardiovascular disease and diabetes [24]. 
Impairment of the insulin/IGF-1 signaling pathway (IIS) 
has been variously associated with the extension of life 
span in organisms ranging from nematode worms to 

mammals. It represents one of the most important 
mechanistic pathways in nutrient sensing and energy 
metabolism. Reduced insulin signaling is characterized by 
more stress resistance, retarded cellular growth, and 
enhanced cellular repair processes. These factors are of 
paramount importance in the quest for longevity and to 
delay age-related diseases. IIS-reducing mutations 
orchestrate longevity in animal models by triggering 
pathways that enable cells to cope more effectively with 
stress and nutrient availability [25].  

3.1.1 Senolytics 

Senolytics are agents (small molecules, peptides) that 
remove senescent cells by targeting their dependence on 
anti-apoptotic, pro-survival pathways (e.g., BCL-2 family, 
PI3K/AKT, HSP90, ephrins), thereby lowering the 
senescence-associated secretory phenotype (SASP) and 
the downstream pro-inflammatory and tissue-
remodelling damage [26]. Representative compounds 
include dasatinib + quercetin (D+Q), navitoclax (BCL-
2/BCL-xL inhibitor), fisetin, and newer peptide or 
conjugate senolytics aiming for cell-type specificity. In 
preclinical mouse studies, intermittent or late-life 
treatment with D+Q has improved physical function 
(walking speed, endurance, grip strength), reduced 
frailty, preserved tissue structure (intervertebral discs), 
lowered markers such as p16, p21 and SASP cytokines, 
improved metabolic function, and in some cases extended 
median and maximal lifespan [26]. For example, fisetin 
given in old or progeroid mice reduced markers of 
senescence across tissues and extended lifespan. 
However, human evidence is still sparse: small pilot 
studies of D+Q show reductions in senescence 
biomarkers in patients with diabetic kidney disease or 
pulmonary fibrosis, but robust clinical endpoints remain 
to be established [27].  

3.1.2 Caloric-restriction (CR) Mimetics 

Caloric-restriction (CR) mimetics are designed to 
reproduce the metabolic benefits of CR by modulating 
nutrient-sensing pathways such as mTOR, AMPK, sirtuins 
and insulin/IGF-1 signaling [28]. Thereby enhancing 
stress resistance, autophagy and metabolic efficiency 
mechanisms consistently linked to lifespan extension in 
model organisms [29]. Prototypical agents include 
rapamycin and its analogues, which inhibit mTORC1, 
stimulate autophagy and robustly extend median and 
maximal lifespan in multiple mouse strains (with short or 
intermittent dosing lessening immunosuppression); 
metformin, which activates AMPK and exerts pleiotropic 
effects on mitochondrial function, inflammation and 
insulin signaling (epidemiology and rodent studies 
support metabolic and health span benefits, and the large 
TAME trial aims to test age-related endpoints); and 
sirtuin activators such as resveratrol, which show SIRT1-
linked benefits in preclinical models but have mixed 
translational evidence. In humans, data are still limited: 
low-dose or intermittent rapamycin regimens are being 
explored with small trials suggesting improved immune 
markers, and metformin is widely prescribed for 
diabetes. Still, it is only now being evaluated formally as a 
seroprotective, and evidence for resveratrol and newer 
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sirtuin activators remains inconsistent [30].  

3.1.3 Gene Editing 

Gene therapies prevent aging by targeting the genetic 
effects of aging cells. Gene therapy targets telomere 
attrition, repairing poor DNA, and oxidative stress 
pathways. Regenerative medicine uses stem cell 
transplantation to reprogram or replace old cells. Key 
approaches include AAV-mediated gene delivery, 
CRISPR/Cas-based genome editing to correct or regulate 
genes, and in vivo or ex vivo cellular therapies. 
Representative examples include telomerase (TERT) gene 
therapy, in which systemic AAV-TERT delivery in mice 
increased median lifespan by approximately 13-24% and 
improved tissue features, and partial cell reprogramming, 
which uses temporary expression of Yamanaka factors 
(OCT4, SOX2, KLF4) to rejuvenate tissues and increase 
lifespan in preclinical studies while being carefully 
controlled to avoid tumorigenesis. CRISPR-based editing 
of DNA repair, senescence, or metabolic genes also holds 
promise for gene correction and epigenetic manipulation 
in animal models [26]. The need for safe and tissue-
specific delivery in humans (due to AAV immunity and 
tropism concerns), the possibility of off-target or on-goal 
mutations with CRISPR, the oncogenic risks of telomerase 
activation or mis-regulated reprogramming, species 
differences in telomere biology and the susceptibility of 
most cancers, the difficulty of extrapolating from mice to 
humans, and significant regulatory and financial barriers 
are some of the significant translational obstacles that 
these successful proofs of concept must overcome [31].  

3.1.4 Key Discoveries in Gene Longevity 

Sirtuins are a family of nicotinamide adenine dinucleotide 
(NAD+)- dependent deacetylases implicated in the 
regulation of important cellular processes, including DNA 
repair, metabolism, gene expression, and cellular stress 
responses. Of these, SIRT1 has been the most studied 
with aging and longevity [25]. SIRT1 is becoming 
increasingly recognized as a key regulator of the integrity 
of the genome, either directly through commanding DNA 
repair pathways for the restoration of double-strand 
breaks or indirectly by preventing their accumulation 
with aging. SIRT1 delays cellular aging by regulating 
chromatin structure and modifying gene expression. 
SIRT1 allows mitochondrial biogenesis and enhances 
mitochondrial function through the activation of PGC-1α, 
enabling cells to meet their energetic needs more 
efficiently, especially under calorie-restricted conditions. 
Improved mitochondrial function has been related to 
longevity enhancement in animal models [32]. SIRT1 
overexpression contributes to longevity in animal models 
like mice by protecting them against age-related 
metabolic diseases. Resveratrol is a polyphenol from red 
wine, now shown to give CR-like effects by activating 
SIRT1, thereby improving mitochondrial function and 
oxidative stress responses [33].  
The FOXO family of transcription factors is one of the 
central regulators of longevity and controls the 
expression of genes related to cellular responses to 
stresses, antioxidant defense, metabolism, and apoptosis. 
Of these, FOXO3 is an important member, associated with 

human longevity and protection against age-related 
diseases [34]. FOXO3 regulates the transcription of genes 
that counteract oxidative stress, including superoxide 
dismutase and catalase, neutralizing ROS. High levels of 
ROS lead to cell damage, inflammation, and aging. FOXO3 
protects cells from this oxidative damage, hence 
promoting longevity. The centenarian populations have 
been studied to find out special variants of the FOXO3 
gene responsible for extended human life with protection 
from age-related diseases of cardiovascular nature and 
cancer [35]. These genetic variants increase FOXO3's 
ability to modulate stress response pathways, hence 
promoting the longevity of these people. FOXO3 also has a 
crucial function in maintaining stem cell functionality. 
With the progress of aging, the efficiency of stem cells 
that regenerate tissues declines. FOXO3 maintains the 
stem cell pools by preventing DNA damage and fostering 
mechanisms of cellular repair, another important aspect 
of healthful aging [36]. In the case of the latter, targeting 
longevity genes, CRISPR modifies genes such as SIRT1, 
FOXO3, and other longevity candidate genes in animal 
models. Overexpression or suppression enables the study 
of new means of extending the life span and protecting 
against age-related diseases. Such that, for instance, in 
mice, CRISPR-mediated upregulation of SIRT1 improves 
mitochondrial function and resists age-related decline 
[37].  
Scientists are trying to use CRISPR technology to reverse 
certain aspects of aging in the cells. One promising area 
involves the modification of telomerase, an enzyme that 
elongates telomeres, the protective caps on the ends of 
chromosomes; their shrinkage is a general feature of 
aging. The results of one such study, which reactivated 
human telomerase using CRISPR, indeed showed 
elongated telomere length and reduced markers of 
cellular aging [38]. Recently, CRISPR has begun to be 
applied to mutation correction that is associated with 
aging, with the hope of improving DNA repair 
mechanisms. The first example includes the use of 
CRISPR technology to repair age-related mutations in 
mitochondrial DNA, one of the key sites of damage. 
CRISPR-based therapies in the near future may be 
employed in treating diseases of aging anchored on 
sequential accumulation of specific genetic mutations 
[39]. Most of the life-threatening diseases, such as 
Alzheimer's and Parkinson's, do have a genetic 
predisposition; fortunately, CRISPR does have the ability 
to correct such mutations and may slow down 
neurodegenerative progression. Klotho protein protects 
the neurons, enhances antioxidant defenses, and repairs 
the injured nerve fibers [40]. These results suggested that 
approaches aimed at increasing the Klotho expression 
could represent a potentially promising strategy for gene 
therapy in the context of neurodegenerative disease, 
kidney disorders, and even certain cancers associated 
with cognitive decline [41]. 

3.2 Advancements in Regenerative Medicine  

3.2.1 Stem Cell Research and Therapies 

It has emerged as one cornerstone in regenerative 
medicine for anti-aging, and the great potential therein is 
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not only for the treatment of conditions associated with 
aging but even for reversing the age of tissues and organs 
within the body. Uniqueness relates to stem cells in their 
proficiency to self-renew and give rise to other cell types, 
thus permitting tissue regeneration and repair [42]. The 
kinds of stem cells utilized in anti-aging treatments 
include embryonic stem cells (ESCs), adipose-derived 
stem cells (ASCs), and mesenchymal stem cells (MSCs), in 
general, and induced pluripotent stem cells (IPSCs). ESCs 
are pluripotent stem cells, meaning they come from 
embryos and have the ability to give rise to every cell 
type in the body. Recent studies have put in perspective 
the potential of stem cell-based treatments in tissue 
rejuvenation and the combat of aging. Mesenchymal stem 
cells derived from adipose tissue (ADSCs) and bone 
marrow (BMSCs) secrete extracellular vesicles and 
exosomes that enhance collagen production, fibroblast 
cell proliferation, and oxidative stress reduction. They are 
hence skin rejuvenation and wound healing agents [43]. 
These advances are towards stem cell therapy with an 
emphasis on epigenetic changes and gene editing as 
beneficial tools in the retardation of aging and treatment 
of age-related diseases. Therapies based on IPSCs are 
under clinical investigation regarding their potential for 
the regeneration of tissues and organs that have been 
damaged or aged. The safety of IPSC therapies remains to 
be resolved concerning tumor formation [44].  

3.2.2 Tissue Engineering  

Tissue engineering is one of the relatively advanced fields 
of regenerative medicine, committed to repair, 
regeneration, or replacement with innovative 
methodologies such as 3D printing, scaffolding, and 
biomaterials. This technology has been applied in the 
restoration of aged tissue structure and function, 
particularly skin, as an advantageous marker for anti-
aging [45]. 

3.2.2.1 3D Bioprinting 

Three-dimensional bioprinting is a novel technology 
capable of attaining some of the biological materials with 
precise detail, such as cells, biomaterials, and bioactive 
factors, assembling into functional tissues and organs 
layer by layer [46]. In anti-aging treatment, 3D 
bioprinting can do much for skin regeneration and 
rejuvenation. It can also print skin grafts or patches 
designed from autologous cells, which are cell material 
taken from the patient themselves, thereby minimizing 
the possibility of an immune response against a foreign 
material [47]. The anti-aging skin tissues that are 
bioprinter fill in the loss of elasticity, structure, and 
firmness associated with aging. The bioprinter tissue in 
this tissue would contain skin with its extracellular 
matrix, which is architecturally similar to that of its 
natural counterpart and is thus responsible for many of 
the skin's mechanical properties, such as elasticity and 
strength. Applications may involve areas where elasticity 
has been lost due to aging or other types of damage to the 
skin, such as wrinkles, scars, or skin thinning [48]. During 
the bioprinting process, the application of growth factors 

induces cell proliferation and collagen production in the 
dermis under such a crucial skin rejuvenation process. 3D 
bioprinting in the future might be able to speed up the 
healing process of wounds with individually tailored skin 
grafts that optimally integrate with the patient's skin for 
faster healing and thus preserve the youthful appearance 
of the skin [49]. Figure 1 depicts the process of 3D 
Bioprinting for skin regeneration. 

Figure 1 
The procedure begins with the imaging of the patient's skin 
and the application of computer-aided design (CAD) to 
create a precise model. Meanwhile, the patient's cells are 
cultured and combined with biomaterials to create the bio-
ink. A tailored skin construct is printed by the 3D 
bioprinter, which is implanted in a patient, a promising 
procedure for wound healing and skin tissue engineering 
[50]. 

 

3.2.2.2 Scaffolding 

Scaffolding in tissue engineering is a three-dimensional 
framework that gives cells a base to attach, grow, and 
consequently regenerate. These normally come in the 
form of natural or synthetic biomaterials, which mimic 
the extracellular matrix that provides support to cells in 
tissues [51]. The scaffolds in skin regeneration provide a 
platform on which the new skin cells grow, collagen 
develops, and the tissue is later repaired. Growth factors 
and stem cells can also be added to scaffolds to increase 
their stimulatory effects on cells, e.g., proliferation and 
differentiation. This stimulation not only contributes to 
the growth of new skin cells but also to the production of 
structural proteins, which are crucial in skin structure, 
i.e., collagen and elastin. Hence, it is very useful in 
providing the skin with its firmness and elasticity. The 
cells stretch and expand to the scaffold until the material 
structure is exhausted or recaptured by the body, and the 
new tissue is formed [52]. Bioactive materials or 
nanomaterials can also be added to advanced scaffolds, 
whereupon a further enhancement of the regeneration of 
skin is promoted. Such biomaterials can be designed to 
release growth factors or drugs in a regulated mode, thus 
producing an optimistic microenvironment for cell 
growth and healing of defective skin. More to the point, 
scaffolds should be composed of biodegradable materials, 
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the main benefit of which is that the body will absorb 
them in consequence with no negative effects and leaving 
behind a newly formed tissue. Nanoparticle-eluting 
collagen-chondroitin sulfate scaffold with anti-aging gene 
therapy β-Klotho for enhanced wound healing in human 
ADSCs. The presented β-Klotho gene-activated scaffold 
augmented the regenerative capability of the ADSCs 
themselves through positive regulations of transcription 
factors like Oct-4 and TGF-β3 in critical periods of the 
healing process. This was further manifested by enhanced 
basement membrane regeneration as expressed by the 
deposition of laminin and collagen IV, whereas scar-
associated proteins were reduced. In summary, the 
turned-on scaffold of the β-Klotho gene is much more 
effective in wound healing and therefore stands at an 
important place in rejuvenation therapy with the use of 
stem cells [53]. Biomaterial Scaffolds for Skin 
Regeneration are illustrated in Figure 2.  

Figure 2 
Biomaterial Scaffolds for Skin Regeneration: The scaffold is 
a three-dimensional support that enables cell adhesion, 
migration, and proliferation, facilitating critical 
regenerative processes such as fibroblast activation, 
epithelial regeneration, ECM reconstruction, and scar 
tissue remodeling. The process enhances the recovery of 
wounds by facilitating organized tissue regeneration and 
functional reformation of the skin [54]. 

 

3.2.2.3 Bioactive Materials 

Bioactive materials used in tissue engineering for anti-
aging therapies include hydrogels and nanomaterials. 
Such materials are designed to interactively act with 
biological systems for enhanced healing and regeneration 
of tissues, thus having a reverse effect on the damage 
related to aging [55]. Hydrogels are a class of highly 
absorbent polymers that can retain a great amount of 
water in their structure, thus creating a moist 
environment that is ideal for tissue growth and 
regeneration. Due to their excellent biocompatibility, 
hydrogels are preferred for carrying cells, nutrients, and 
growth factors in tissue engineering. Hence, they have a 
very distinctive role to play in anti-aging techniques 
when it comes to the rejuvenation and repair of damaged 
or aged tissues [56]. Concerning skin aging, the hydrogels 
are designed to stimulate cell proliferation and collagen 
synthesis. These, in fact, represent the two major 
contributors to maintaining firmness and elasticity in the 
skin. Collagen is the main structural protein of skin, which 

provides it strength and elasticity; however, its 
production decreases with age, causing wrinkles or 
sagging skin. Hydrogels can be engineered to provide 
growth factors and other active agents, offering a suitable 
microenvironment for the action of fibroblasts, which are 
specialized cells responsible for the synthesis of collagen. 
This process helps to reverse the signs of aging through 
the reduction of wrinkles. The hydrogels can be designed 
to release bioactive molecules over sometime, ensuring 
sustainable local effects. This mechanism of controlled 
release favors the maintenance of optimum conditions for 
tissue regeneration for a longer period and turns them 
into a formidable tool in long-term skin rejuvenation [57].  

Nanomaterials have been able to introduce a new level of 
accuracy in the field of tissue engineering. These 
materials are designed at the nanoscale and are capable 
of interacting with cells and tissues on the molecular 
level. This is particularly useful in enhancing cellular 
interactions because of their size; they can easily 
penetrate into tissues, incorporating into biological 
systems. For anti-aging uses, nanomaterials are designed 
to transport particular molecules, e.g., growth factors, 
peptides or drugs, directly to the target cells, e.g., 
fibroblasts in the skin. This offers a very focused delivery 
system that guarantees the accurate delivery of signals to 
the correct cells, resulting in improved collagen 
production and the other regenerative systems. 
Nanomaterials may be developed through imitating the 
natural ECM elements, hence, promoting cell adhesion, 
migration, and differentiation [58]. Because of their close 
mimicry with the in vivo environment, nanomaterials can 
support cells to reconstruct tissues in a way that their 
normal function and appearance are maintained. 
Similarly, their ability to interact at a molecular level also 
enables them to trigger certain cellular pathways, 
including wound healing and collagen formation [59].  

3.3 Development of Anti-aging Compounds  

Therapies that target biological mechanisms of aging 
include cellular senescence, mitochondrial dysfunction, 
telomere attrition, and genomic instability. The research 
aims to develop small molecules, peptides, and biologics 
that enhance lifespan and treat aging diseases.  

3.3.1 Current Research on Anti-aging Medications 

Cells stop dividing and enter the state of permanent 
growth arrest in the process of Cellular senescence. 
Senescent cells accumulate with age and release pro-
inflammatory factors, causing tissue dysfunction and 
chronic inflammation known as senescence-associated 
secretory phenotype (SASP). These senescent cells cause 
tissue degeneration and other age-related disorders like 
cardiovascular disease, osteoarthritis, and pulmonary 
fibrosis [60]. Senolytic drug therapies, including dasatinib 
and quercetin, are designed to eliminate senescent cells. 
Dasatinib is a tyrosine kinase inhibitor, while quercetin is 
a flavonoid with anti-inflammatory properties. A 
combination of these drugs has been shown to reduce 
senescent cells in aged mice. A combination of dasatinib 
and quercetin is one of the best-documented 
interventions known to extend life span and delay the 
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onset of age-related diseases in a wide variety of species, 
from yeast to worms, flies, and mammals [61]. 
Biochemists and gerontologists acknowledge that it is not 
easy to apply long-term CR in human beings. Because of 
this limitation, researchers have actively been developing 
CR mimetics-CRMs, or compounds that can effectively 
mimic all the beneficial effects of CR without the need for 
actual food restriction [62]. The two most well-known 
CRMs are resveratrol and nicotinamide riboside (NR). 
Resveratrol is a plant polyphenol derived from grape and 
berry skin, which has been identified as a natural 
activator of the SIRT1 pathway implicated in cellular 
resistance to stress and longevity [63]. Preclinical studies 
have shown the efficacy of resveratrol in improving 
mitochondrial function and metabolic health, with animal 
lifespan extension. Nicotinamide riboside (NR) is a 
nicotinamide adenine dinucleotide+ (NAD+) precursor 
associated with energy metabolism, DNA repair, and cell 
survival. NAD+ was found to decrease with age, just like 
mitochondrial impairment, thus declining metabolic 
health [64]. NR supplementation helps in rebuilding 
NAD+, thus improving mitochondrial function, reducing 
oxidative stress, and promoting longevity in animal 
models. In humans, administration of NR supplements 
resulted in improvement of metabolic health markers and 
reductions of inflammation [65].  

3.3.2 Notable Compounds in Anti-aging Medication  

A large number of compounds are being studied for their 
ability to extend lifespan and healthy aging, including 
metformin and rapamycin. Metformin, a drug used in the 
treatment of type 2 diabetes, has been shown to activate 
AMP-activated protein kinase (AMPK), which improves 
mitochondrial function, reduces oxidative stress, and 
enhances insulin sensitivity [66]. Clinical trials such as 
targeting aging with metformin (TAME), with the 
potential to delay age-related diseases, are ongoing. 
Rapamycin is an immunosuppressive drug that works 
through inhibition of the mTOR pathway, responsible for 
maintaining cell growth and metabolism. It also holds a 
great promise for life span extension, as shown in animal 
studies previously [67].  

3.3.2.1 Metformin  

Metformin is one of the most frequently administered 
drugs for the management of type 2 diabetes. However, in 
recent studies, it has been indicated that this drug may 
have anti-aging potential and thus can be considered drug 
repurposing [26]. Its anti-aging properties are mainly 
mediated through AMP-activated protein kinase, the 
enzyme involved in the regulation of cellular energy. This 
drug activates AMPK and promotes healthy aging. AMPK 
activation reduces the production of reactive oxygen 
species that can cause cellular damage and stimulate 
aging. It also promotes mitochondrial efficiency and 
biogenesis, eventually improving the production of 
cellular energy. Metformin induces autophagy, in which 
damaged organelles and proteins are removed, 
contributing to cellular rejuvenation. The capability of 
metformin to lower blood sugar and increase insulin 
sensitivity eventually reduces the risks of metabolic 
disorders such as diabetes associated with accelerated 

aging [68]. The clinical trial “TAME” trial has evolved for 
the broader pharmacological potential of metformin in 
preventing age-related diseases. This large-scale clinical 
study has been designed to assess the ability of the 
medication to delay the onset of age-related conditions, 
including cardiovascular disease, cancer, and cognitive 
decline. Since these represent some of the most prevalent 
pathologies related to aging, the TAME trial seeks to 
position metformin as a seroprotective agent that delays 
aging and extends the health span [69]. 

3.3.2.2 Rapamycin 

The development of rapamycin as a leading compound in 
anti-aging research began originally as an antifungal 
agent and later was used as an immunosuppressant in 
organ transplant patients. The anti-aging potential of this 
drug has been found due to its ability to inhibit one 
important pathway known as the mechanistic target of 
rapamycin (mTOR). The mTOR pathway is the key 
regulator for cellular growth, metabolism, and protein 
synthesis, playing an important role in balancing anabolic 
and catabolic processes in cells [70]. Inhibition of mTOR 
has also been demonstrated to extend the life span in 
organisms from yeast to mice [71]. There are two 
complexes of the mTOR pathway: mTORC1 and mTORC2. 
Rapamycin largely inhibits mTORC1, which diminishes 
cell growth and proliferation and promotes repair 
processes such as autophagy. This shift away from 
growth toward maintenance is considered one avenue in 
which the process of aging may be delayed by the 
avoidance of accumulation of cellular damage [72]. This 
drug, given even at an advanced age in mice, has been 
shown to extend their lives by 9–14%, thus supporting 
the hypothesis that mTOR inhibition works even if 
initiated at an advanced age [73]. It has also been 
demonstrated that rapamycin decreases the incidence of 
cancer, neurodegeneration, and cardiovascular disease 
during aging at least partly due to the enhancement of 
cellular repair mechanisms and diminishment of 
inflammation [74]. Human clinical trials are currently 
underway with rapamycin as a prophylactic against age-
related pathology, for example, against 
neurodegenerative conditions like Alzheimer's and 
Parkinson's disease. This drug has also been considered 
to reduce the progression of these diseases. Its immune-
modulating effects can also enhance immune responses in 
the elderly against infections to reduce age-related 
immune decay [75]. 

3.3.2.3 NAD+ Precursors 

Anti-aging research focuses on using precursor 
compounds to raise levels of NAD+, nicotinamide 
mononucleotide, and nicotinamide riboside. The NAD+ is 
the abbreviation of nicotinamide adenine dinucleotide 
coenzyme, which is the most essential in the rate-limiting 
processes of cellular energy production, DNA repair, and 
cellular homeostasis. As NAD+ levels decline over time, 
aging symptoms such as mitochondrial malfunction, a 
diminished capacity for DNA repair, and a slowed 
metabolic rate occur. These are symptoms of aging [76]. 
Researchers employ NAD+ precursors, such as 
nicotinamide mononucleotide (NMN) and nicotinamide 
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riboside (NR), to replenish reduced NAD+ levels in aged 
cells and restore cellular function. NAD+ itself is also 
indispensable in mitochondrial health; restoration of 
NAD+ level has been associated with improved energy 
production and reduced cellular damage. For the 
activation of enzymes participating in DNA repair, such as 
PARPs, the presence of NAD+ is required [77]. An 
increased availability of NAD+, therefore, might lead to an 
enhanced cellular capacity to repair damaged DNA. This 
increases resistance to stress by activating enzymes 
known as sirtuins, which are key regulators of biological 
processes ranging from stress responses and 
inflammation to metabolism. NMN and NR 
supplementation may enhance cellular resistance to 
oxidative stress and other insults by the activation of 
sirtuins [74]. Early studies have shown promising results 
with NMN and NR, including optimum metabolic health, 
increased endurance, and markers reduced for aging in 
humans. Clinical trials are ongoing to examine the 
hypothesis that diseases associated with aging can be 
prevented by long-term administration of NAD+ 
precursors, thus promoting a healthy and longer life span 
[78]. 

3.4 Personalized Medicine in Anti-aging 

In anti-aging research, personalized treatments are 
designed and tailored to an individual’s genetic profile, 
physiological status, and health conditions. In this 
approach, treatment is directed at unique causes of aging 
in a person, emphasizing intervention at the levels of 
specific biological processes: DNA repair, oxidative stress, 
and inflammation. Genomic data and biomarkers can be 
used to tailor therapies in personalized medicine in such 
a way that aging will be slowed or reversed more 
effectively than it would be with generic or broad-
spectrum solutions [79]. Aging is indeed a very complex 
process. It relates to genetic and epigenetic factors, as 
well as many other environmental ones [80]. 
Personalized medicine against aging consists of the 
elaboration of therapies in relation to the particular 
genetic background of an individual. A detailed 
knowledge about how specific genes modulate particular 
cellular processes relevant to aging, including DNA repair, 
oxidative stress, and inflammation, will allow the 
formulation of therapies directed toward precise 
problems contributing to slowing down or reversing 
certain features of aging [81].  

3.4.1 Genetic Profiling in Anti-aging 

It involves the sequencing of the DNA of an individual's 
genome to search for genes believed to influence aging. 
Generally, personalized anti-aging treatment targets two 
kinds of genes, which are either involved in telomere 
length maintenance or the management of oxidative 
stress. Telomeres are the protective caps at the end of 
chromosomes that get shortened with every cell division 
[82]. The enzyme telomerase rebuilds them, while the 
TERT gene encodes the latter. This simple mechanism is 
underlain by mutations or reduced activity in this gene, 
accelerating telomere shortening and leading to early 
cellular senescence and hence contributing to aging. 
Therefore, personalized therapies could disturb the 

activity of these pathways by facilitating telomerase 
activity and thus act toward maintaining the length of 
telomeres and extending cellular lifespan [83]. Oxidative 
stress occurs due to an imbalance between free radicals 
and antioxidants in the body, to such a level that even cell 
damage occurs. SOD2 encodes an enzyme responsible for 
the neutralization of free radicals. Variants in this gene 
increase the susceptibility to oxidative damage, thus 
accelerating aging. Once these variants are identified, 
targeted antioxidant therapies can be devised that 
decrease oxidative stress and help protect cells [84, 85]. 

3.4.2 Epigenetics in Personalized Anti-aging 
Therapies 

Epigenetics is the alteration in gene expression that does 
not involve variations/alterations in the DNA sequence 
but might be caused by diet, lifestyle routine, aging, or 
any other environmental factor. With the advance of age, 
epigenetic modifications generally alter gene expression 
by silencing these genes and switching on others in a 
fashion that promotes aging [86]. There are a few major 
epigenetic modifications that usually result in the 
silencing of genes. During aging, there is an altered 
pattern of DNA methylation leading to gene silencing for 
maintaining cellular function. Inhibitors of DNA 
methylation could be administered to promote 
personalized anti-aging therapies that would counteract 
such age-related changes for the induction of youthful 
gene expression. For example, the restoration of the 
expression of genes involved in DNA repair contributes to 
genomic stability and therefore slows down aging [87]. 
Modifications to histones can stimulate or shut off gene 
expression. As histone modifications change with age, 
normal gene regulation goes away. The application of 
drugs to modify n-histones, known as HDAC inhibitors, 
can rejuvenate cells by restoring healthy patterns of gene 
expression. This activation of genes involved in survival 
and repair may slow down the aging process [88]. 

3.4.3 Integrating Genetic and Epigenetic Approaches 

The idea behind personalized anti-aging medicine would 
now be to involve both genetic profiling and epigenetic 
markers, for instance, therapies regarding telomerase 
activation, senolytic drugs, antioxidants, and epigenetic 
modulators together may address the 
multidimensionality of aging in one stroke, for example, if 
someone has a mutation in the TERT gene, causing 
shorter-than-normal telomeres, a personalized treatment 
can be devised involving a telomerase activator to extend 
their telomeres. If, at the same time, epigenetic 
modifications take place that shut down the expression of 
the DNA repair genes, they might further benefit from the 
use of an HDAC inhibitor to restore the expression of such 
genes. Involving both genetic and epigenetic aspects, 
personalized anti-aging treatments may well be a holistic 
and more effective approach to delaying aging and 
longevity [89].  

3.5 Role of Biomarkers in Personalized Therapies 

Biomarkers have a crucial role in personalized medicine 
in the context of evaluation of the biological process of 
aging, identification of risks for age-related diseases, and 
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management adaptation. Such measurable indicators 
allow us to observe various biological processes: cellular 
aging, inflammation, oxidative stress, and degradation of 
proteins, which have effects on the general aging process 
in humans. The following is the detailed description of a 
few key biomarkers used in anti-aging therapies [90]. 

3.5.1 Telomere Length 

The protective caps at the ends of chromosomes are 
known as telomeres; these are meant to protect against 
the loss of vital genetic material during cell division. 
Every time a cell divides, its telomeres get shortened. 
Once telomeres reach a critically short length, the cell 
enters either a state of senescence or it loses the ability to 
divide. Telomere shortening has been recognized as one 
of the hallmarks of biological aging [91]. The 
measurement of the length of the telomeres gives an idea 
about the biological age, which may or may not be exactly 
accurate with chronological aging. Short telomeres have 
been associated with the heightened possibility of age-
related diseases such as cardiovascular disease, cancer, 
and neurodegenerative diseases. Thus, the length of the 
telomeres has become a reliable biomarker to predict not 
only the aging condition but also the susceptibility to 
aging-related diseases. Telomerase is an enzymatic 
activity that can extend telomeres. Since most adult 
somatic cells lack expression of telomerase, numerous 
regenerative medicine therapies are pursuing activation 
of telomerase to slow down or reverse telomere 
shortening. For those whose telomeres are critically 
short, telomerase activators are tried as possible 
treatments aimed at extending cellular lifespan. Another 
regenerative approach is the use of stem cell therapy, 
where damaged or senescent cells are replaced with new, 
healthy cells having longer telomeres. In this regard, by 
the introduction of young cells with intact telomeres, 
researchers seek to improve tissue repair and postpone 
aging at the cellular level [92]. 

3.5.2 Inflammatory Markers  

Inflammation is the term used to describe the process of 
chronic, low-grade inflammation, which increases in 
intensity with the passage of time, contributing to the 
development of age-related diseases: cardiovascular 
disease, arthritis, and neurodegenerative conditions such 
as Alzheimer's disease [93]. It is usually driven by cellular 
damage, the accumulation of senescent cells, and an 
overactive immune system. IL-6 is a pro-inflammatory 
cytokine that is implicated in immune response and 
inflammation. High concentrations of IL-6 have been 
associated with frailty, disability, and chronic diseases in 
older age. CRP, a liver-derived protein, is secreted in 
response to inflammation. It is the most commonly 
measured marker of systemic inflammation and is 
associated with high risks of cardiovascular diseases and 
other aging-related conditions. If IL-6 or other pro-
inflammatory cytokines are high, medications against 
inflammation may be recommended to reduce chronic 
inflammation and improve health in older individuals, 
including cytokine blockers-e.g., inhibitors of IL-6 [94]. 

3.5.3 Oxidative Stress 

Oxidative stress occurs when the production of free 
radicals, very reactive molecules damaging to the cells, 
falls out of balance with the antioxidant defenses of the 
body. This leads to the accumulation of oxidative lesions 
to DNA, proteins, and lipids, thus contributing to aging 
and age-related diseases [95]. The product of lipid 
peroxidation is used as a marker of oxidative damage to 
cell membranes. 8-Hydroxy-2'-deoxyguanosine (8-
OHdG): 8-OHdG is the biomarker of oxidative DNA 
damage. In this case, these metabolites occur in higher 
amounts within either blood or urine, thus making 
oxidative stress with DNA damage obvious, leading to 
accelerated aging and cancer [96]. Conditions involving a 
high level of oxidative stress could be subjected to 
antioxidant supplementation such as vitamins C and E, 
Coenzyme Q10, or N-acetylcysteine. The purpose of 
antioxidant therapy is to neutralize free radicals and thus 
prevent cellular damage caused by free radicals. 
Antioxidant therapy can be tailored according to the type 
of biomarkers found in the patient. Oxidative stress can 
be regulated by personalized lifestyle changes such as 
regular exercise and a balanced diet rich in antioxidants 
[97]. 

3.5.4 Advanced Glycation Products 

Glycation involves the non-enzymatic attachment of 
sugars to proteins, lipids, or nucleic acids, forming 
injurious compounds known as advanced glycosylation 
end-products, or AGEs. The latter accumulate over time, 
contributing to the hardening and malfunction of tissues, 
leading to chronic diseases such as diabetes, 
cardiovascular pathology, and even senile dementia [98]. 
AGE levels might be measured in the blood or tissues to 
give an idea about the extent of glycation and the 
resulting damage. High levels of AGEs have been linked to 
aging and the development of degenerative conditions. 
One of the most scientifically valid ways to reduce the 
formation of AGEs is dietary modification [99]. Cooking 
on high heat, grilling, and roasting can result in the 
production of AGEs in food. Individualized dietetic 
practice aimed at taking steamed or boiled foods with a 
lower glycation index might lower the burden of 
advanced glycosylation products in the human body. 
Meanwhile, limiting the use of refined sugar and 
processed food intake can also slow the glycation process 
[100]. Investigations are going on to discover some 
pharmaceutical interventions that may include drugs 
inhibiting the formation of AGEs or breaking down 
already-formed AGEs. These can be prescribed, 
depending on a person's biomarker profile, to diminish 
the negative effect of glycation on aging [101]. 

4. Impact of Anti-Aging Research on Human Health  

The potential of anti-aging research in improving 
lifespan, especially healthy duration and quality of life, is 
a cut above the rest. According to the UN report on World 
Population Aging 2023, the number of individuals above 
60 years is expected to increase to 2.1 billion in 2050, 
according to the UN Report 2023. This is due to 
developments in medicine and improvements in food 
quality, especially in developed countries [102].  
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4.1 Improvement in Lifespan and Quality of Life 

Anti-aging research mainly focuses on enhancing healthy 
lifespan and longevity. Anti-aging researchers are trying 
to reduce aging-related diseases, maintaining good 
cognitive and physical activities in later life rather than 
reversing the biological processes of aging. Most of the 
recent research focuses on fundamental mechanisms of 
aging, such as genetic instability, mitochondrial 
dysfunction, cellular senescence, and telomerase 
shortening [103]. By targeting the above-mentioned 
fundamental mechanisms of aging researchers are hoping 
to slow down the gradual functional decline that leads to 
compromised health and the onset of different diseases 
such as Alzheimer’s disease (AD), cardiovascular diseases 
(CVD), type 2 diabetes mellitus (T2DM), osteoarthritis 
(OA), chronic obstructive pulmonary disease (COPD), and 
nonalcoholic fatty liver disease (NAFLD). Anti-aging 
research has led to reduced incidence of the above-
mentioned aging-related diseases [104]. It is due to focus 
of anti-aging research on various physiological, 
pathological, and biophysical conditions is the key to 
maintaining health. Till now, many products such as diets, 
supplements and medications are available in markets 
claiming to have anti-aging properties. But there are no 
proven ways of slowing the aging process at the moment. 
There is a lot of scope for research on how quality of life 
can be improved in the future [105]. 

4.2 Socioeconomic Implications 

According to the WHO report, the population aged 65 
years or above has outnumbered the youth aged 15 years 
or less, largely due to improvements in healthy aging. 
Thus, countries worldwide are facing the enormous 
challenge of building and maintaining the healthcare 
sector to counter such a huge number. The total cost for 
healthcare spending on dementia/AD is about $594 
billion and is estimated to increase to $1.3 trillion in 2025 
[106]. In the USA, healthcare spending for PD is estimated 
to rise from $51.9 billion to $79 billion by 2050 [107]. For 
CVD in the EU, costs reached $327 billion as of 2023 
[108]. While these are estimated costs, the actual burden 
can be quite high. However, if people are given a 
comfortable environment where they can work and 
maintain their health, it will provide a great boost for the 
economy as well as a relief for the strained health-care 
system. Thus, interest in anti-aging research will continue 
to grow, but its complications can be addressed through 
several diverse approaches. Moreover, as the public 
interest in aging increases, public demand for aging 
consultations and management will also increase 
significantly. Anti-aging research will be able to play a 
critical role in mitigating various policies, environmental, 
and social challenges posed by the current aging 
population. As a result, interest in anti-aging medication 
has grown to be a problem with the potential for further 
growth and an essential complication for which there are 
several possible approaches to provide answers. 
Furthermore, anti-aging drugs can address the 
environmental, policy, and public challenges posed by the 
existing aging population by increasing public interest in 
consultation and support for aging management. 

Moreover, as the public interest in aging increases, public 
demand for aging consultations and management [109]. 

5. Current Struggles in Anti-Aging Research 

5.1 Ethical and Regulatory Challenges 

The ethics of anti-aging research are complex, as it 
requires redefining the boundary between aging and 
disease. This change could also mean that anti-aging 
treatments, which are now considered cosmetics by the 
FDA and EMA, will be classed as medicines in the new 
guidelines and need more regulations and stringent 
testing. This regulatory gap has raised concerns over 
some cosmetic anti-aging treatments for not being safe or 
effective, yet being marketed [110]. Currently, there is no 
single body controlling the regulation of medicinal drugs 
globally, but rather controlled by countrywide or regional 
bodies, i.e. FDA in the USA and the EMA in the EU. 
Although guidelines by the FDA are followed in most 
parts of the world, there is still a need for a universal 
regulator, which can be fulfilled by the International 
Council for Harmonization (ICH). But as of now, the 
mandate of ICH is just the harmonization of standards 
across the USA, EU and Japan, etc. [111].  
In addition, ethical issues regarding the research 
participation of older people with cognitive impairment 
may also arise. Such individuals must be shielded from 
compulsion or undue influence; thus, contemporary 
guidelines are needed. At the same time, it is necessary to 
make sure their participation in research, as they are the 
most vulnerable individuals [112]. Another ethical issue 
is the equitable access to anti-aging research for the 
benefit of all, not just those who can afford it. Currently, 
anti-aging treatments are expensive, leading to disparity, 
while lifestyle changes and exercise can be adopted by 
everyone [113]. The ethical issues regarding genetic 
enhancement are significant, particularly where the goal 
of the intervention is aimed at conferring superiority over 
others by selective changes. Also, modifications of the 
germline cause heritable changes that are passed on to 
the new generations. This may interfere with human 
evolution, unintended changes over longtime and moral 
obligation due to the inability to obtain consent from 
future generations [114]. The potential of anti-aging 
research in increasing lifespan raises questions in a few 
societies about diminishing resources more quickly, in 
addition to increased pressure on already strained 
healthcare systems, especially in third-world countries 
[112]. 

5.2 Scientific and Technical Hurdles 

Aging, being a multi-factorial complex biological process, 
has many major hurdles in anti-aging research. The 
efficacy of current therapies against factors, including 
epigenetics and lifestyle, has not yet been determined. 
The results of aging research are insufficiently conclusive 
to determine whether they can only prevent or delay the 
development of aging-related disorders [115]. The 
dependence of aging on medical conditions, genetic 
origins and environmental exposures also complicates 
the situation. This heterogeneity further complicates the 
innovation of universal therapies, and the chances of 
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success of any standard solution are very low. This 
heterogeneity favors the need for personalized and 
targeted therapies, which are still in their early stage of 
development [116]. 

5.3 Balancing Efficacy and Safety in Treatments 

The development of therapies to achieve an optimal 
balance between effectiveness and safety is the key 
challenge of anti-aging research. Although the goal of 
anti-aging research is to prolong health span and lifespan, 
most side effects are poorly understood, and research is 
still ongoing. Many proposed medications have the 
potential to create unintended results, particularly in 
older people already suffering from multiple health 
issues. Another challenge is the development of anti-
aging therapies with not only possible benefits but also 
fewer side effects, which require extensive clinical trials 
with a stringent evaluation of immediate and long-term 
consequences. This process is often met with funding and 
procedural challenges, making it undesirable for 
companies [117]. 

5.4 Public Perception and Misinformation 

The general public has the wrongful perception of anti-
aging research that has generated not just confusion but 
also unrealistic expectations. The ideas of heavenly 
(eternal) youth, power, and health are the major ones 
that attract the general public, which usually doesn’t 
focus on the scientific and ethical challenges involved in 
such research. This has led to scams and unproven and 
untested therapies that affect the masses. This has not 
just deprived them of their money but also their trust in 
scientific research. Furthermore, research agendas and 
funding are also determined by societal attitudes. Ageism 
and stigmatization of older people may lead to changes in 
such research, leading to the regressing of anti-aging 
research that otherwise would have made great progress 
[110]. Altogether, anti-aging research faces financial, 
ethical, scientific, and societal challenges. These problems 
must be handled by the key players, including scientists, 
decision-makers, and the general public, to have a 
significant impact [118]. 

6. Interactions between Aging Research and Diseases 

6.1 Aging as a Risk Factor for Chronic Diseases 

The major impact of aging on chronic disease is due to a 
disruption in biological function. In aging, sub-cellular 
capacity is lost in restoring DNA damage, maintaining 
cellular homeostasis, and regenerating new tissues. This 
contributes to the accumulation of senescent cells 
secreting pro-inflammatory cytokines, thereby promoting 
chronic inflammation or "Inflammaging” [119]. 
Mitochondrial dysfunction causes excessive oxidative 
stress, resulting in neurodegenerative diseases such as 
Parkinson’s and Alzheimer’s disease due to dysfunction of 
lipids, DNA and proteins. Telomere shortening acts as a 
counteract against telomerase shortening in the 
replication, while impaired autophagy impairs the ability 
to clear cellular components. The factors mentioned 
above lead to susceptibility to CVDs and metabolic 
disorders. Cellular senescence, inflammation, and 

mitochondrial dysfunction together provide a complex 
network that accelerates aging-related diseases and 
complicates their management [114]. One of the major 
risk factors for neurodegenerative diseases, such as 
Parkinson’s and Alzheimer’s diseases, is the process of 
aging. Neurodegenerative disease, one such type, leads to 
the buildup of amyloid-beta plaques and tau protein 
tangles, which can disrupt synaptic function, eventually 
leading to cognitive decline in Alzheimer's. Over time, 
these protein aggregates lead to neuronal death and loss 
of brain tissue, with a special impact on areas most 
responsible for memory and cognition hippocampus. As 
discussed earlier, accumulation of oxidative stress due to 
aging increases these pathological features, creating 
damage to proteins, lipids, and DNA [120]. 

6.2 Anti-aging Therapies' Effects on Disease 
Prevention and Management 

Aging plays a significant role in the development of 
cardiovascular diseases. Over time, blood vessels tend to 
lose some of their elasticity, eventually stiffening the 
arteries. This consequently produces a plausible chance 
for atherosclerosis, in which the deposit of some sort of 
fatty residue within the arterial lining narrows the 
passageway that blood would have to pass through. These 
latter changes of arterial stiffening and narrowing 
contribute to hypertension, forcing the heart to work 
harder to pump blood [121]. After many years, this extra 
work for the heart leads to the failure of the heart and 
increases the chances of heart attacks and strokes. 
Chronic vascular inflammation, common in aging 
individuals, also contributes to the development of these 
diseases [122].  
Metabolic processes deteriorate with the aging of the 
body, hence metabolic disorders such as type 2 diabetes 
and metabolic syndrome start to appear [123]. Cells 
gradually become insensitive to insulin until blood sugar 
levels go up, which, in general, is intertwined with a state 
of chronic, low-grade inflammation that in turn promotes 
metabolic impairment [124]. This general impairment of 
mitochondrial activity in old age further facilitates 
dysregulation of energy metabolism and correlates with 
increased weight gain, fat deposition and dyslipidemia. 
Taken together, these changes increase the 
predisposition to metabolic syndrome that puts an 
individual at risk of heart disease, stroke, and diabetes. 
The condition of oxidative stress, chronic inflammation 
and cellular dysfunction of the age-related processes is 
inseparably intertwined with diseases and, thus, 
predetermines so many chronic diseases in the elderly to 
be so complicated to treat [125]. Chronic back pain is one 
of the common conditions associated with aging. Though 
it is a multifactorial effect, its main reason is 
intervertebral disc degeneration accumulated over time 
[126]. Proper functioning of the intervertebral disc is 
necessary for movement, flexibility and is composed of 
three compartments. A change in any of the 
compartments affects the functions of the other, leading 
to back pain. There is evidence that senolytic drugs 
reduce intervertebral disc degeneration caused by aging 
in mouse models. This can be seen as a new avenue 
opened by anti-aging research [127].  
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Anti-aging therapies might therefore contribute 
significantly to the prevention of age-related diseases, 
especially cardiovascular and metabolic disorders. Anti-
aging therapies may help by targeting the very basic 
mechanisms of oxidative stress and chronic inflammation 
in maintaining vascular elasticity and reducing arterial 
stiffness to lower the risk for atherosclerosis and 
hypertension. Physical activities, together with 
antioxidant- and anti-inflammatory-rich nutrition, 
support medications like statins or inhibitors of 
angiotensin-converting enzymes in protecting the 
cardiovascular system. Other novel senolytics and NAD+ 
boosters are emerging treatments that aim to restore the 
vitality of mitochondria [128, 129]. This, in turn, 
improves insulin sensitivity and hence metabolic 
dysfunction, which contributes to type 2 diabetes and 
metabolic syndrome. Collectively, they contribute to a 
decrease in such cases of heart attack, stroke, and other 
chronic conditions related to aging [130]. 

6.3 Comorbidities and the Complexity of Treating 
Aging-Related Diseases 

Comorbidity is explained as the co-existence of more than 
one chronic disease in one person at the same time; 
therefore, treatment is more challenging in comparison 
with the treatment for one disease. In older people, 
comorbidities are very common because aging frequently 
influences more than one physiological system at the 
same time. For example, many aged individuals suffer 
from Cardiovascular Disease (CVD) and simultaneously 
have several conditions like diabetes, osteoarthritis or 
cognitive impairment. Overlapping conditions thus 
present some complications during diagnosis and 
treatment [130]. Managing multiple chronic diseases 
usually involves polypharmacy, or the use of multiple 
medications. While this may be necessary, it carries the 
risk of drug interactions when medications interfere with 
the efficacy of other drugs or produce harmful side 
effects. For example, blood thinners, used in the 
treatment of heart disease, may interact negatively with 
anti-inflammatory medications, resulting in severe side 
effects such as gastrointestinal bleeding. All these 
interactions make the optimization of treatment regimens 
quite challenging. In older patients, the liver and kidneys 
are usually the two organs that do not function as well, 
and these are the sites involved with drug metabolism 
and excretion, respectively [131]. Treating chronic 
conditions in elderly patients is challenging, as therapies 
for one disease often worsen another due to age-related 
systemic decline. Reduced physiologic reserves in organs 
like the heart, liver, and kidneys increase the risk of poor 
treatment outcomes. For example, cancer therapies may 
cause cardiovascular issues, while heart treatments can 
harm kidney function. Diabetes management also impacts 
other systems, as insulin-induced weight gain raises 
blood pressure and cardiovascular risks [132]. Precision 
medicine offers hope by tailoring treatments to genetic, 
environmental, and lifestyle factors, but its application in 
aging remains limited. Genetic diversity influences 
disease progression and drug responses, yet personalized 
treatments face obstacles due to comorbidities, biological 
variability, high diagnostic costs, and a lack of 

comprehensive datasets for older populations [133]. 

7. Future Directions in Anti-Aging Research 

Gene editing, therapies involving stem cells and 
nanotechnology hold great promise in anti-aging 
research. Tools such as CRISPR-Cas9 allow scientists to 
edit genes linked to aging and may provide ways to defer 
or even reverse cellular damage. In addition, treatments 
involving the replacement of stem cells aim at 
rejuvenating tissues with new cells from outside sources, 
restoring the youthfulness of tissues. Nanotechnology can 
finally provide focused treatments at the molecular level 
for specific mechanisms of aging, including oxidative 
stress or inflammation [134]. As anti-aging research 
becomes more available and effective, it increases the 
health span of people. This demands changes in current 
social and economic policies. Increased health span will 
eventually lead to a higher pension burden and changes 
in employment dynamics [135]. Certain rules about 
retirement ages and shifting aged populations to fewer 
demanding jobs will be needed. Easing retirement ages 
will benefit countries with a high population past the 
retirement age. It will also help retain experts who can be 
productive for a longer time [136]. Anti-aging research is 
becoming increasingly interdisciplinary, integrating 
biotechnology, pharmacology, genomics, and 
bioinformatics. These collaborations provide deeper 
insights into aging at the molecular level and accelerate 
the development of targeted interventions [137]. In 
addition, partnerships between academia-government-
private sector may also serve as a driving force for 
innovation in this field. The future of anti-aging 
interventions will focus on the extension of health span 
and quality of life, rather than just lifespan. In translation, 
it will focus on reducing age-related diseases like 
Alzheimer's, cardiovascular conditions, and arthritis. In 
the future, regenerative medicine may substitute aged 
organs and tissues with freshly generated ones with the 
help of stem cells and tissue engineering [138]. 
 

8. CONCLUSION 

Anti-aging research from ancient theories to the cutting-
edge science all stem from the human desire to increase 
the life and health span. Studies focused on unravelling 
the genetic basis of the aging process lead the way. Still, 
research in regenerative medicine, complemented with 
anti-aging pharmacology, is leading towards therapies 
that have an impact on every aspect of aging. Among 
these are optimistic prospects such as personalized 
medicine, stem cell therapies, and anti-aging drugs such 
as metformin and rapamycin in treating age-related 
diseases to enhance the quality of life, thereby decreasing 
the burden on the health system and the economy. 
Despite these advancements, anti-aging research faces a 
multitude of challenges: ethical, scientific, and 
problematic regulations and policies. Public perception 
and misinformation, along with the complexity of aging-
related disease, as well as rising research, are 
continuously adding to challenges. Despite these 
advancements, anti-aging research faces a plethora of 
challenges, ranging from ethical, scientific, public 
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perception, misinformation, and problematic rules and 
regulations. The multifaceted nature of aging is also 
making the research in this field complex. However 
profound effects of anti-aging research on human health 
cannot be denied, as it has to play a crucial role in halting 
aging, and even preventing many age-related chronic 
disorders, as well as enhancing longevity. 
In the future, anti-aging interventions based on emergent 

technologies and interdisciplinary collaborations will 
continue to evolve. Through a holistic vision involving 
scientists, policy makers, sustained financing, and most 
importantly, the involvement of the people, this field is 
set to deliver a lot in the paradigms that have been hard 
to change in the aging field and provide life-transforming 
benefits as well as economic stability. 
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