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Abstract
Here, through this review, we aim to serve this purpose by first discussing the sta-
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along with the gender life expectancy gap observed throughout the world, followed
by explaining the hallmarks and integral causes of aging, along with the role played by
senescent cells in controlling inflammation and the effect of senescence associated
secretory phenotype on longevity. A few of the molecular pathways which are crucial
in modulating the process of aging, such as the nutrient-sensing mTOR pathway, insu-
lin signaling, Nrf2, FOXO, PI3-Akt, Sirtuins, and AMPK, and their effects are also cov-
ered in paramount detail. A diverse number of ingenious research methodologies are
used in the modern era of longevity exploration. We have attempted to cover these
methods under the umbrella of three broad categories: in vitro, in vivo, and in silico
techniques. The drugs developed to attenuate the aging process, such as rapamycin,
metformin, resveratrol, etc. and their interactions with the above-mentioned molecu-

lar pathways along with their toxicity have also been reviewed in detail.
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1 | INTRODUCTION

So far, research has identified a few independent root causes re-

sponsible for the widespread effects of aging and age-associated dis-

Aging, in simple words, is the gradual decline of an individual or-
ganism's health and vitality. Aging, as of yet, is the inevitable side
effect of the body's normal functioning. Aging, arguably the most
complex human phenotype, is the combined effect of all processes
in an organism that leads to a probabilistic increase in the occurrence
of disease and eventually death. The characteristics of aging are its
complexity and its late-life multimorbidity. The enormous complex-
ity of the aging process is attributed to the large number of intercon-
nected networks of pathways that influence the aging phenotype.
Because aging occurs throughout the body of an organism, it leads
to a combined loss of efficiency in conventional organ/tissue, such
as breakdown of tissue integrity, stem cell dysfunction, and cancer,

leading to multimorbidity.

ease, which comprise cell death or senescence; rapidly dividing cells;
cells resistant to death; mitochondrial dysfunction; accumulation of
extracellular toxic substances; molecules leading to DNA damage
such as oxidizing species (ROS and RNS); and loss of stem cells. The
effect of aging and the occurrence of aging-associated diseases in an
organism can be considerably brought down by targeting these basic
causes.

Our body has its own aging mechanism working at a different mag-
nitude, therefore giving a differential contribution to the phenotype of
aging. Hence, there is a promising future for personalized medicine to
enter and affect the field of aging. Every person can be predisposed to
having a higher rate of aging in one system than another (for example,

the heart, liver, metabolic system, and immune system).
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Aging shows a correlation with a substantial number and variety
of diseases in the older population (>65years). These age-associated
diseases and conditions largely include cardiorespiratory disease,
strokes, high blood pressure (hypertension), cancer, type 2 diabe-
tes (T2D) and dementia (Alzheimer's disease, vascular dementia, and
Parkinson's disease; Figure 1).

2 | STATISTICS

2.1 | Aging demographics of the world
Globally, it is foreseen that the number of older people will more
than double in the next 3 decades, crossing the mark of 1.5 billion
individuals by 2050. Growth in the size of the older population is
expected in the decades between 2019 and 2050 in several regions
comprising of Sub-Saharan Africa, Northern Africa and Western
Asia, Central and Southern Asia, Eastern and South-Eastern Asia,
Latin America, as well as the Caribbean, Australia/New Zealand,
Oceania, and Europe and Northern America. Throughout the east-
ern and south-eastern regions of Asia, a widespread increase (+312
million individuals) is projected to happen from 261 million in the
year 2019 to 573 million people 65 years or older in the year 2050.2

During the 1990s, a considerable proportion, around 40% of the
total world population, consisted of working-age people who were
around 25-64years of age. Thirty-three percent of the population
were children matured to the age of 14 and youth aged 15-24 years
old contributed to the 19% of total population. The portion of older
people only amounted to 6%. From 1990 to 2050, the portion of the
older population will increase to about 16% of the global population
and the population of the working class to 49%, whereas the portion
of children will reduce to approximately 21% and that of youth is
expected to drop to 14% of the world's population‘3

Globally, in the years 2015-2020, a 65 aged individual can ex-
pect to live an extra 17 years, and by the years 2045-2050, expect
an extra 19years. The average life expectancy at 65years is cur-

rently unsurpassed in Australia and New Zealand at 17.5years and

is anticipated to climb to 23.9 years by 2050. At the lower end of the
spectrum, in Oceania and sub-Saharan Africa, elderly individuals are
generally expected to live only 14.0 and 14.2years longer in 2050,
respectively (Figures 2 and 3).

3 | APPROACHES TOWARD ANTI-AGING
DRUGS

3.1 | Invitro approaches towards anti-aging drug
discovery and potential drug targets

Human cell culture provides a comparatively cheap and low main-
tenance yet highly relevant alternative, but, unfortunately, the
functional decline in tissues is not discernible in such conventional
cell culture models. Organoids have the capacity to resolve this
issue and show an immense promise for aiding longevity research.
An organoid is referred to as a simple, small-scale organ which rec-
reates 3D physiological tissue architecture and cellular organiza-
tion in vitro conditions. Organoids consist of a vast diversity of
3D in vitro culture systems, such as a mass of spheroid cells or
cells originating from stem cells, typically cultured with extracel-
lular matrix (ECM).

The rise of high throughput screening (HTS) to rapidly test protein-
protein and protein-DNA interactions has been a great aid to throwing
some light on detecting components of molecular pathways to find
novel anti-aging therapeutics. HTS is the application of automated
equipment to screen thousands to millions of samples for biological ac-
tivity at the molecular level, cellular level, pathway, or model organism.

3.2 | Invivo approaches towards anti-aging
drug discovery

In vivo methods to investigate the aging phenotype involve the uti-
lization of model organisms. The most popular choices of model or-

ganisms to study aging include:
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FIGURE 2 The figure above is the
graphical representation of the trend
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e Caenorhabditis elegans: This model system is especially valuable

due to its ease of use as compared to the other model organisms.
Despite its simple anatomy, the organism shows similar age asso-
ciated physiological changes at the cellular, molecular, and tissue
(reproductive, nervous, and muscular) levels.

In older C. elegans, structural and functional characteristics, such
as tissue integrity, motility, learning and memory, and immunology,
are all lost.* Caenorhabditis elegans is a handy model system for ex-
perimenting on lifespan affecting mutations, which usually regulate
the aging process through the insulin, AMPK, and mTOR pathways.
Notably, C. elegans has been particularly useful in high throughput
drug screening and in determining the effects of dietary restrictions.
Drosophila melanogaster: Any wild-type and well-maintained
Drosophila population will have an average life expectancy of
around 70days, with 90days being the far end of the spectrum
at 25°C.>¢ These flies prove to be an exceptionally beneficial or-
ganism for studying evolutionarily conserved molecular as well as
physiological aspects of aging.

Interestingly, these flies exhibit complex behavior, which is partic-
ularly useful in studying the age-related behavioral changes and
has been extensively reviewed in 2010.”

Year

e Mus musculus: The sequencing of its genome has allowed the

identification of gene variations (alleles) in mice which have
been shown to promote longevity. As they have most of their
genome similar to humans, it is not unreasonable to hope for
the same effect of variations in humans. Mice have proved to
be an ideal mammalian model for studying the genetic aspect
of aging owing to the fact that considerable resources are
available, they reproduce fast and have a significant number of
offspring, and their growth environment can be easily manipu-
lated.® More research conducted on mice can be referred to in
Table 1.

Saccharomyces cerevisiae: Yeast, being a unicellular organism, has
been a tremendous asset to studying cellular aspects of aging. Many
age-regulating pathways tend to be evolutionarily conserved from
unicellular organisms such as yeast to complex organisms, such as
humans. These pathways include: nutrient sensing and signaling; cy-
clin/CDK cell cycle regulation; and DNA repair mechanisms, which
have been covered above; mitochondrial function; lipid metabolism;
protein formation, folding, transport, secretion, and degradation;
oxidative stress response; and apoptosis.g’18 Based on sequence
similarities, over 90% of the 6000 yeast genes have been previously
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TABLE 1 The above table is a compilation of experiments done in vitro, including aging related studies on mesenchymal stem cells
(MSCs), fibroblasts, and adipocytes

Sr No.

In vitro research

1.

In vivo research

1.

In silico research

1.

Overview

The aging of human MSCs was analyzed in vitro. It was seen that they gradually lose their
fibroblast-like spindle shape and become inhomogeneous. The doubling rate of the
population decreases over time. MSCs at both passages 4 and 8 could differentiate
into adipocyte-like cells, whereas the osteogenesis of aged MSCs was significantly
compromised.?®

Oxidative stress and hypoxia are seen to increase in aging adipocytes with a senescent
phenotype, the level of apoptosis and intracellular ROS pile up as well as the gene
expression profile of aging adipocytes was determined?’

In vitro, fibroblasts are commonly utilized to research aging at the cellular level. The study of
the effects of antioxidants on fibroblasts in vitro sparked interest because of the interest
in the effects of antioxidants on human lifespan and skin aging.?®

It was inferred that MSCs enter senescence early on during in vitro culturing and gradually
lose their stem cell features and characteristics. The abnormalities observed resembled
those of the Hayflick model of aging.?’

The efficacy of a possible senolytic drug called seno-7284 was tested in an atherosclerosis
mice model and it was observed that it reduced the accumulation of senescent cells in
visceral adipose tissue of dietary obese mice, which was shown to improve the defect of
insulin tolerance and inflammation of adipose tissue.*°

It was observed that the plasma concentration in the elderly population contains significantly
higher levels of IL-1 receptor antagonist (IL-Ira) and soluble TNF receptor (STNFr) as
compared to younger individuals, which are the antagonists of cytokines: interleukin 7 (IL-
1p) and tumor necrosis factor a (TNFa) respectively. This antagonistic effect is suspected
to contribute to the immune related changes associated with aging.®*

Stopping mitochondrial ROS mediated damage using MitoQ and BGP-15 prevents defects in
the meiotic spindle and chromosome in the oocytes of mice and humans®2

The Erccl gene mutants in mice were studied to probe the cause of different rates of aging in
different organs. It was found that Ercc1*/~ intestine shows hardly any accelerated aging,
ISCs retain their organoid-forming capacity, but organoids perform poorly in culture, and
the liver ages dramatically, even causing early death in Ercc1-KO mice.*®

The developed model suggests that the somatic mutations in an organism are not the major
contributor to aging, and an unrealistically high mutation rate is required to explain
senescence if the mutation rate was assumed to be constant over time. However, if the
mutation rate increased with time, it was predicted that senescence would occur after
60-100 population doublings.3*

The goal of this model was to perceive situations in which aging or the presence of elderly
individuals was beneficial to the population. The model predicted that the rapid decline
in the number of weakened elderly individuals would save the younger individuals in the
condition of resource shortage.®”

The model suggests that multicellular aging cannot be avoided because there exists a
competition and selection between somatic cells, which eliminates poorly functioning
cells but can also lead to the selection of non-compatible, non-cooperative cells that do
not work together with other cells.®®

This computational model aimed to elucidate the relationship between key genes and
miRNAs regulating cardiac senescence processes®’

Author and year

Yang et al (2018)

Zoico et al (2019)

Sadowaska-Bartosz
et al (2020)

Bonab et al (2006)

Katsuumi et al (2020)

Cantania et al (1997)

Al-Zubaidi et al (2021)

Vougioukalaki et al (2022)

Kirkwood et al (2003)

Chistyakov et al (2018)

Nelson and Masel (2017)

Politano et al (2017)

Note: Examples of experiments done in vivo include analyzing the effects of new drugs and studies associated with age-related immunological
changes. The in silico experiments mentioned consist of a model-based approach to study various aspects of aging and discovering age associated

genes.

Abbreviations: ISCs, intestinal stem cells; MSCs, mesenchymal stem cells.
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described, and around 30% of the yeast genome is conserved in hu-
mans. The comparably short yeast lifetime in the post-mitotic phase
is especially useful in large-scale aging investigations.

e Macaca mullata: The rhesus monkey is a useful model for human
aging because it shares approximately 93% of the human genome
sequence and many of its morphological, physiological, neuro-
logical, endocrine, and immunological traits with humans. Caloric
restriction was observed to reduce the occurrence of cardiovas-
cular diseases, insulin resistance, diabetes, and cancer in Macaca
mulatta substantially more than the control groups.19

e Heterocephalus glaber: The naked mole-rat (Heterocephalus gla-
ber), the longest-lived rodent, with a reported maximum lifetime
of >30years and demonstrates delayed and/or mitigated age-
associated physiological decreases. Furthermore, unlike all other
animals tested to date, regardless of sex or breeding status, the age-
specific hazard of death did not rise with age, even when they were
25-fold past reproductive maturity. In contradiction of Gompertz's
law, the naked mole-rat's lack of danger rise with age distinguishes it
as a non-aging animal, establishing its standing as an extraordinary
paradigm for biogerontology.?° This small, pink, hairless animal is
resistant to spontaneous tumorigenesis and has been shown to be
resistant to a variety of stressors when compared to shorter-lived
rodents, in addition to maintaining genomic and proteomic integrity,
cardiac health, reproductive capacity, and mobility, despite having
high levels of oxidative damage from a young age.?*

e Daniorerio: The zebrafish, a well-known gerontology model, offers
enormous promise for uncovering the underlying mechanisms of
aging, sickness, and healing. It has been utilized to confirm the
functions of aging resistance genes like oxidation resistance gene
1 (OXR1), where OXR1a-/- (knockout) mutant zebrafish were
shown to have higher mortality and more apoptotic cells than
their wild type counterparts.??

Furthermore, it has been utilized well to investigate cardiac aging
in recent research, which gives a better insight into the heart
aging process and will provide the groundwork for developing
innovative cardiac aging models that are helpful and applicable

in humans.?

3.3 | Insilico approaches toward understanding
aging and anti-aging drug discovery

The Human Aging Genomic Resources (HAGR) is a cluster of computer-
based resources and tools specifically designed to assist researchers
to study the genetics associated with human aging using modern tech-
niques, including functional genomics, network analyses, evolutionary
analysis, and systems biology.24 Some of the resources provided by
the HAGR include GenAge, GenDR, DrugAge, and CellAge.

In silico methods, such as computational modeling, are exploited
to characterize biological networks to find new targets in a molecu-
lar pathway. Computational modeling involves the use of determin-
istic ordinary differential equations (ODEs) or stochastic matrices to
represent biological processes or networks as accurately as possible.

e W LEYE

One such example is the modeling-experimental approach, where
it was determined that IRS can positively regulate AMPK and that
AMPK can be inhibited via the negative-feedback Ioop.25

4 | KEY PATHWAYS AFFECTING THE
AGING PROCESS
41 | mTOR signaling pathway
The Mammalian target of rapamycin, or frequently known as the
mTOR signaling pathway, is the core nutrient sensing pathway in
most organisms. The mTOR kinase controls the response to external
growth factors, nutrients, and cellular energy levels and works as a
key regulator of cell growth.

mTOR is a serine/threonine protein kinase that exists as two
multiprotein complexes called mTOR complex 1 (mTORC1) and
complex 2 (mMTORC2). Growth factors, amino acids, energy status,
stress, and oxygen levels activate mTORC1, which controls a variety
of biological processes, such as lipid metabolism, autophagy, protein
formation, and ribosome synthesis. mTOR, mSin1, Rictor, Proctor,
Deptor, mLST8, Tel2, and Ttil are subunits of the multiprotein com-
plex mTORC2. mTORC2 regulates cytoskeletal arrangement, cellular
metabolism, and durability in response to growth factors.

Suppression of aberrant mTOR in experiments using mTOR in-
hibitors sirolimus and everolimus has shown effect in neurodevelop-
mental disorders, such as tuberous sclerosis (TSC). Some problems
of cortical development, such as epilepsy, intellectual disability, and
autism, have been linked to mutations in the group of genes coding
for proteins that are part of the mTOR signaling pathway. mTORC1
acts as a major integrator of both growth factors and nutrition sig-
nals, exerting direct control over the cell's energy-producing and
energy-consuming processes and thereby maintaining metabolic ho-
meostasis. mMTORC1 hyperactivity, which does not react to growth
factor or nutrient signaling, has been linked to a number of chronic
disorders and is directly engaged in the aging process. As aresult, the
potency of mMTORC1 inhibitors is well acknowledged. Nonetheless,
the only medications that have demonstrated clinical efficacy tar-
geting the mTOR signaling system are rapamycin and several similar
compounds known as rapalogs or direct mTOR kinase inhibitors.

Irregular mTORC1 signaling has been hypothesized to be a con-
tributing factor to the process of aging®® as well as several chronic
diseases, including, but not limited to, fibrotic disease, for exam-

3

ple, idiopathic pulmonary fibrosis,>’ metabolic diseases, such as

T2D and obesity,40 progressive neurodegenerative diseases, like

4142 and autoimmune disor-

Huntington's and Alzheimer's diseases,
ders (eg, lupus)*® as well as some cancers** and even uncommon
diseases including lymphangioleiomyomatosis (LAM) and TSC.*>#¢
Upregulation of mTORC1 is known to aid the synthesis of MKKé
and raise the level of the p38 MAPK-p53 pathway, resulting in a de-
crease in the number and functioning of intestinal stem cells (ISCs) as
well as villus size and density. By addressing the p38 MAPK or p53,

ISC and villus aging can be saved from this functional decrease and
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any resulting deficiencies in nutritional absorption can be avoided.
These findings demonstrate the stress response role of mTOR by
identifying p38 MAPK as one of the anti-aging targets downstream
of mTORC1 (Figure 4).*’

4.2 | FoxO signaling pathway
FOXO stands for Forkhead Box O, a collection of transcription
factors (TFs) that regulate the expression of genes involved in
cellular physiological processes, such as apoptosis, cell-cycle con-
trol, glucose metabolism, oxidative stress response, and eventu-
ally life extension. FOXO1, FOX0O2, FOXO3a, and FOXO4 are the
four isoforms of FOXO transcription factors found in humans.
Phosphorylation of FOXO proteins by the serine-threonine kinase
Akt/protein kinase B (Akt/PKB), which is triggered by phosphati-
dylinositol 3-kinase (PI3K), insulin, and a few other growth hor-
mones, is a critical regulatory mechanism. After phosphorylation
at three conserved residues, FOXO proteins are exported from
the nucleus to the cytoplasm, lowering the level of expression of
FOXO target genes. The stress-activated c-Jun N-terminal kinase
(JNK) and the energy-sensing AMPK, on the other hand, phospho-
rylate FOXOs after sensing oxidative and nutritional stress stimuli.
Aside from Akt, JNK, and AMPK, multiple players influence FOXO
TFs by a range of post-translational modifications, including as the
addition of a phosphate group (phosphorylation), an acetyl group
(acetylation), a methyl group (methylation), and the addition of a
ubiquitin tag (ubiquitination).*®->°

FOXO TFs are involved in a variety of physiological pro-
cesses as well as illnesses, such as cardiovascular disease, can-
cer, T2D, and neurodegenerative disease. FOXO proteins, for
example, are thought to function as context-dependent tumor
suppressors that are commonly inactivated in human malignan-
cies, and FOXO3 is the second most duplicated gene linked to
exceptional human lifespan. As a result, targeting FOXO TFs is a

AMPK Signalling Pathway

Hypoxia J

viable strategy for developing cancer treatments and anti-aging

therapies (Figure 5).°*

4.3 | AMPK signaling pathway
Energy metabolism, stress resistance, and proteostasis are all regu-
lated by the AMPK. The AMPK is a serine/threonine kinase that has
been conserved throughout evolution. The AMPK signaling cascade
acts as a cellular energy sensor. It is activated by a drop in the cellu-
lar ATP:AMP ratio, that is, low energy status produced by metabolic
stressors that either block ATP generation (eg, glucose or oxygen
deprivation) or enhance ATP consumption (eg, hypoxia and muscle
contraction). The AMPK activators include liver kinase B1 (LKB1),
calcium/calmodulin kinase kinase beta (CaMKK beta), and TGF-
beta-activated kinase-1 (TAK-1). After activation, AMPK suppresses
energy-intensive biosynthetic pathways, like protein, fatty acid, and
glycogen creation, and initiates ATP-producing mechanisms like
fatty acid oxidation and glycolysis, rescuing the cell from an energy-
stressed condition.

AMPK activity has been demonstrated to reduce with age in sev-
eral investigations, suggesting that AMPK suppression may contrib-
ute to the aging process (Figure 6).5?

4.4 | NRF2 signaling pathway

The NRF2 signaling cascade is a cellular antioxidant system that
protects against oxidative or electrophilic molecules/radicals.
It responds to electrophilic stress by activating and regulating
genes involved in the detoxification and elimination of ROS and
electrophilic compounds via conjugative processes while also
increasing cellular antioxidant capability. The cytosolic protein
Keapl regulates and mediates Nrf2 activity. Keapl is engaged in
nucleus-cytoplasm trafficking and binds Nrf2 for ubiquitylation.

MAPK Pathway
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FIGURE 4 The above figure, made in
the standard Systems Biology Graphical
Notation (SBGN), represents the key

players of the densely connected network
of the mTOR signaling, energy deficit, and
other signals activating the two complexes
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mTORC1 and mTORC2, producing a range
of effects.
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FIGURE 5 A wealth of studies to date has revealed that FOXOs target a range of genes involved in multiple cellular processes, including
metabolism, cell cycle, apoptosis, stress resistance, DNA repair, and the immune system.

The mechanisms by which Keap1 reduces Nrf2 activation are still
unknown.>®

The production of cytoprotective enzymes in response to ROS
and toxic stress is largely controlled at the transcriptional level.
This transcriptional response is controlled by ARE, a cis-acting el-
ement and a target of Nrf2, which is frequently located in the pro-
moters of genes encoding key endogenous antioxidant enzymes,
such as glutathione S-transferase A2 (GSTA2) and NADPH: qui-
none oxidoreductase 1. (NQO1). The ARE has structural and bio-
chemical characteristics that distinguish it from other oxidative
stress responders. It is activated not just by H,0,, but also by
other chemicals that cause oxidative stress, such as diethyl male-
ate, isothiocyanates, and dithiothione, which react with sulfhydryl
groups. As a result, cellular stress levels, such as increased reac-
tive oxygen and nitrogen species, as well as a diminished capacity
to release this stress, appear to constitute the pathway's initiating

factor.”®

4.5 | PI3K-Akt signaling pathway

Akt has three isoforms: Akt1 (PKB), Akt2 (PKB), and Akt3 (PKB). The
PI3K-Akt pathway is activated by a variety of cellular signals, includ-
ing growth factors and toxic insults, and it controls basic cellular
functions, such as transcription, translation, proliferation, growth,

and survival. When growth factors bind to the receptor tyrosine

kinase, they activate Ib PI3K isoforms (RTK). Phosphatidylinositol-
3,4,5-triphosphate is synthesized at the cell membrane by PI3K
(PIP3). PIP3 is a second messenger that helps Akt become activated.
Akt can impact critical cellular processes by phosphorylating sub-
strates involved in apoptosis, protein synthesis, metabolism, and the
cell cycle. Through mTOR, Akt also induces elF4 and p70Sé6K to initi-
ate protein synthesis.

It is well understood how growth factors and other extracellular
stimuli activate Akt isoforms, as well as oncogenic changes in up-
stream regulatory proteins, including Ras, PI3-kinase subunits, and
PTEN. A growing number of Akt substrates are being found, all of
which play a role in the control of activated Akt's diverse spectrum
of biological effects, including cell proliferation, survival, and me-
tabolism. Diseases with considerable unmet medical needs, such as
cancer, diabetes, cardiovascular disease, and neurological illness,
are caused by Akt dysregulation. As a result, a significant amount
of money has been spent developing tiny molecule Akt inhibitors
that operate allosterically or competitively with ATP or phospho-
lipid binding‘54 In this overview, we have quickly discussed how Akt
isoforms are controlled, the substrate proteins they phosphorylate,
and how all of this pertains to Akt's function in illness.

Many human malignancies have abnormal overactivation of
PI3K/Akt signaling. One of the main ways that PI3K/Akt promotes
cell survival is by keeping FoxOs away from apoptotic gene promot-
ers. By promoting diverse apoptotic gene expression, FoxOs have

emerged as a major effector arm of PI3K/Akt t signaling (Figure 7).>°



SHINDE ET AL.

ﬂwl LE Y-Aging Medicine

Cytokines

Low Nutrients
OWIUINENtS ——a— Rise In AMP,ADP levels

Inside Cell

FOXO pathway —o~( ROS Detoxification |

STRAD %

Leptin = 1 CAl
o @ o SIRT1 Pathway —o—{ Overall Longetivity ]

ADIPOQ = Adipocytokine Pathway
TSC2
TSC complex [Inhibited Protein Synthesis]
(Inhibited Cell growth ]

%' TORC1 a (Increased Autophagy ]

mTOR Pathway Effects of inhbiting mTOR Pathway

Genotoxic Stress

FIGURE 6 The above figure, in the largely accepted Systems Biology Graphical Notation (SBGN) format, represents the interconnected
network of pathways while focusing on the densely connected node: AMPK. AMPK is shown to be activated by low nutrient conditions and
genotoxic stress. The end effect of AMPK activation leads to ROS cleaning, inhibition of cell growth, and promotes longevity.

Hypoxia

mTOR Pathway
AMPK Pathway TSC complex 7

{Gib2 }-o+ Ras }-o+~[sos ]— o ——={ MAPK Pathway
i o :

mTORC2| ["AKT || PPA2 |

Cell Membrane

3
T
@ éﬂ—{ Cell Cycle Progression ]

PR —— U7 bNA T —

FoxO Pathway & Metabolism
p53 Pathway |}

(PIBK 18] [ PTEN |

(JAK/STAT Pathway |

pS3

(Chemokine Pathway }———

FIGURE 7 Aktisadensely associated pathway which is connected to a number of aging pathways such as the foxO pathway, JAK-STAT
pathway, AMPK pathway, and the MAPK pathway. It regulates cell features such as DNA repair, cell proliferation, angiogenesis, cell cycle

regulation, cell survival, etc.
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4.6 | Sirtuin signaling pathway

Sirtuins are a family of molecules ranging from Sirtuin-1 to Sirtuin-7
in humans, possessing either mono-ADP ribosyltransferase or dea-
cetylase activity>® are one of the enzymes which use NAD+ as a sub-
strate for their activity.®” After it was discovered that sir2 (human
homologue SIRT1) may lengthen yeast lifespan by 70%, sirtuin's
popularity skyrocketed. It has been discovered that by boosting
the levels of sirtuin molecules, an appropriate lifestyle with regular
physical activity and food restriction can manage health span, de-
spite the fact that it has been shown in yeast that CR can lengthen
the lifespan of Sir2-deficient cells.’®? SIRT1 has been shown in 3
T3-L1 adipocytes to regulate adipogenesis and adipose differen-
tiation by inhibiting PPAR and C/EBP.° Sirtuins have become a hot

topic in aging research in recent years (Figure 8).

5 | ANTI-AGING DRUGS AVAILABLE

5.1 | Resveratrol

Resveratrol (RSV) was discovered in 2003 as part of an in vitro search
for compounds that activate the sirtuin SIRT1. RSV therapy enhances
the life span of S. cerevisiae,®* C. elegans,®? and Drosophila melanogaster®®
in accordance with the hypothesis that RSV activates SIR2 and its or-
thologs, and this effect is dependent on SIR2 (Table 2). However, it
should be noted that RSV-mediated life span modification may neces-
sitate certain experimental settings. In other laboratories, RSV had no
effect on life span when tested on yeast, worms, and flies.®*

RSV therapy has been shown to improve various physiological
parameters in obese mice. It improved glucose homeostasis, insu-
lin resistance, dyslipidemia, endurance exercise, and cardiovascular
dysfunction, all of which were caused by a high-calorie diet.657¢7

AMPK, which has similarly been demonstrated to activate
SIRT1, is another putative RSV substrate that has been discovered
in vitro and/or in vivo. When AMPK is activated, it phosphorylates
a wide variety of downstream targets, resulting in the inactivation
of energy-using/anabolic pathways and the activation of energy-
generating/catabolic pathways, which helps to restore the cell's
energy balance. RSV's AMPK has just lately emerged as another
possible aging-related target. RSV stimulates AMPK in worms,®®¢?
and AMPK overexpression has been demonstrated to extend the
nematode lifespan.”®

o -{ FoxO Pathway

e W LEYE

5.2 | Metformin
Metformin is a drug in the biguanides class, widely used as first-line
therapy for T2D. Metformin treatment lowers blood glucose pre-
dominantly by decreasing its production by the liver. It also increases
peripheral tissue insulin-dependent glucose uptake and promotes
fatty acid usage, leading to a lowering of animal fat mass.”*

The Driscoll laboratory has shown that metformin increases
C. elegans average life span by 40%.”2 When metformin treatment
was applied to eat-2 mutants, a genetic model of DR in C. elegans,
in which the eat-2 mutation lowers food intake by slowing down
pharyngeal pumping, then the life span extension was no longer ob-
served. Metformin binds PEN2 and establishes a signaling cascade
that crosses, via ATP6AP1, the lysosomal glucose-sensing pathway
for AMPK activation, as evidenced by the fact that knocking out
pen-2 in Caenorhabditis worms abolishes metformin-induced life

span extension.”®

5.3 | Rapamycin

In both simple model organisms and, more recently, mammals, the
significance of rapamycin and/or TOR (Table 2) in life span exten-
sion has been clearly proven. In yeast, nematodes, and flies, inhibit-
ing TOR is enough to extend their lives.”* Furthermore, rapamycin
has been demonstrated to extend the life span of mice, and this
effect was observed in mice treated at an old age, roughly equiva-
lent to 60years in humans.”> The nutrient-sensing protein TOR is
involved in the starving response. Reduced food availability inhibits
TOR (in part, via AMPK), resulting in translational inhibition and au-
tophagy activation via, among other effectors, S6K phosphorylation.
Rapamycin and its analogs interact with the cellular accessory pro-
tein FKBP12 to produce a complex that inhibits mTORC1 allosteri-
cally, inhibiting particular downstream substrates selectively.”®

5.4 | Nicotinamide riboside and Nicotinamide
mononucleotide

NAD+ molecule acts as a coenzyme and is believed to be a part of
over 500 cellular enzymatic reactions.”” As we age, there is a gradual
drop in the active levels of NAD+ possibly via the action of CD38

enzyme,’® furthermore, data on single cell and mice experiments

~ DNA
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DNA Damage = 3
Proliferation
FIGURE 8 Sirtuin molecule is activated v - =
s (SIRT1_} =~ DNA - [ Metabolism Regulation ]
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shown to be activated by the intake of T
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ranging effect by controlling cellular

Cell Survival
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have shown an increase in life span through supplementation of
nicotinamide riboside (NR) and nicotinamide mononucleotide (NMN)
through replenishing NAD+ in cells, and therefore improved mito-

chondrial and stem cell function.”®

6 | CONCLUSION AND FUTURE ASPECTS
OF AGING RESEARCH

Studies based on Centenarians,**® those who have reached the
chronological age of 100, are attracting attention for the purpose
of finding “factors.” This increase in life span appears to be due to
both genetic and environmental factors. From these studies, some
single nucleotide polymorphisms (SNPs) have been thought to con-
fer the longevity phenotype, especially the SNPs of apolipoprotein E
(APOE) and the forkhead box O3A (FOXO3A)*¢ are observed to be
closely correlated to longevity.

Machine learning has been used to find out the biological age
based on 353 epigenetic markers on the DNA.¥” The 353 markers
measure DNA methylation of CpG dinucleotides. Applying deep neural
networks along with feature importance analysis, it has become possi-
ble to recognize which features provide the most predictive power to a
model. When using common blood sample values, this approach found
albumin to be a reliable predictor of aging. Even when blood samples
are not difficult to obtain, age prediction from even simpler datasets,
such as face pictures, appears to be extremely accurate.

Monitoring aging utilizing microscopy-assisted assays, noninva-
sive, automated longitudinal tracking in model organisms of aging,
and advancements in a thorough assessment of well-being in people
are among the cutting-edge technologies.

Multiple aging clocks built from machine learning have been gen-
erated from omics-like data,*®® including transcriptomics, proteom-
ics, metabolomics and microbiomics, blood-based biochemistry, and
even simple facial photographs. The artificial intelligence (Al)-based
Alphafold developed by Google's deepmind®®? is able to accurately
predict the 3D structure of proteins and complex predictions based
on their amino acid sequence and has the potential to accelerate re-
search in every field of biology, including the field of aging.

To summarize, the fusion of high throughput and computerized
and mechanistic approaches has the potential to generate a detailed
understanding of the process of aging on a single-cell and even a
complete model organism or at the human level. The advancement
of interventions and targets to ameliorate the physiology of aging
may be discovered quickly and in a cost-effective manner with such

technologies.
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