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Abstract
Aging is a complex biological process characterized by the gradual decline of physiological functions and an 
increased susceptibility to chronic diseases, including cancer, cardiovascular disorders, metabolic syndromes, 
and neurodegenerative conditions. Among the major molecular pathways associated with aging, the mecha-
nistic target of rapamycin (mTOR) signaling pathway has emerged as a central regulator of cellular growth, 
metabolism, and longevity. mTOR integrates signals from nutrients, growth factors, and cellular energy status 
to regulate essential cellular processes such as protein synthesis, autophagy, stress response, and metabolic 
homeostasis.
This review explores the role of mTOR signaling in aging and age-related diseases by summarizing findings 
from recent experimental and clinical studies. Evidence suggests that dysregulated mTOR activity contrib-
utes to several hallmarks of aging, including cellular senescence, impaired autophagy, metabolic imbalance, 
mitochondrial dysfunction, and stem cell exhaustion. Persistent activation of mTOR has been strongly associ-
ated with the progression of age-related disorders, whereas controlled inhibition of mTOR signaling has been 
shown to extend lifespan and improve healthspan in various model organisms.
Several therapeutic and lifestyle-based interventions targeting mTOR have demonstrated promising anti-
aging effects. Pharmacological agents such as rapamycin and its analogues regulate mTOR activity and delay 
the onset of aging-associated diseases. In addition, non-pharmacological strategies including calorie restric-
tion, intermittent fasting, regular physical exercise, and natural bioactive compounds have shown potential in 
modulating mTOR signaling and improving metabolic health.
Recent advances in geroscience further highlight emerging approaches such as combination therapies target-
ing multiple longevity pathways, integration of senolytic strategies, and precision medicine-based interven-
tions designed to personalize anti-aging treatments. Although preclinical findings are encouraging, further 
long-term clinical studies are required to evaluate the efficacy, safety, and translational potential of mTOR-
targeted therapies. A deeper understanding of mTOR signaling in aging biology may contribute to the develop-
ment of innovative therapeutic strategies for promoting healthy aging and preventing age-related diseases.
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Introduction

The world’s population is aging quickly, which presents 

serious problems for socioeconomic institutions and 
healthcare systems everywhere. The World Health Orga-
nization projects that by 2050, there will be more than 2 
billion people over the age of 60 [1]. Numerous chronic 
illnesses, such as cancer, metabolic syndromes, neurologi-
cal problems, and cardiovascular diseases, are primarily 
associated with aging. Global morbidity and mortality are 
significantly impacted by these illnesses’ rising preva-
lence. Crucially, aging is now understood to be a compli-
cated biological process marked by growing molecular 
and cellular degradation rather than just a temporal event 
[2]. Damage accumulation eventually causes tissues and 
organs to deteriorate functionally, making them more sus-
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ceptible to illness. In order to increase longevity and post-
pone the development of age-related illnesses, biomedical 
research has turned its attention to comprehending the 
molecular mechanisms behind aging [3].
Researchers have created the framework known as the 
hallmarks of aging, which describes the basic biological 
processes that lead to aging, in order to better understand 
the molecular foundation of aging [2]. Genomic instabil-
ity, telomere attrition, epigenetic changes, loss of proteos-
tasis, mitochondrial failure, cellular senescence, stem cell 
exhaustion, and altered intercellular communication are 
among the interrelated pathways identified by this con-
ceptual paradigm. In order to highlight the dynamic and 
complex nature of aging biology, more recent revisions of 
this framework have broadened the notion to incorporate 
new elements including dysregulated nutrient sensing and 
chronic inflammation [4]. These characteristics interact in 
intricate networks that gradually compromise physiologi-
cal function and cellular equilibrium rather than function-

ing independently. Understanding these processes has 
provided important insights into potential therapeutic tar-
gets that may slow aging and prevent multiple age-related 
pathologies simultaneously [5].
Nutrient-sensing pathways are one of the biological pro-
cesses that affect aging, and they are especially important 
for controlling lifespan and metabolic balance. Cells are 
able to adjust to environmental changes in food availabil-
ity and energy status due to these evolutionarily conserved 
signaling mechanisms. AMP-activated protein kinase 
(AMPK), sirtuins, insulin-like growth factor 1 (IGF-1) 
signaling, and the mechanistic target of rapamycin path-
way are important nutrient-sensing systems. In reaction to 
nutritional levels, these pathways regulate cellular func-
tions, including energy metabolism, autophagy, stress 
tolerance, and protein synthesis. Modulation of nutrient-
sensing pathways can dramatically increase lifespan and 
improve metabolic health, according to experimental data 
from a variety of model animals, including yeast, nema-
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Figure 1. Schematic representation of the mTOR signaling pathway illustrating the structural organization, upstream regulators, and 
downstream cellular functions of mTORC1 and mTORC2 complexes. mTORC1, composed of mTOR, Raptor, mLST8, and DEPTOR, is 
primarily activated by amino acids and cellular energy availability and regulates protein synthesis, autophagy inhibition, cell growth, and metabolism 
through downstream effectors such as S6K1 and 4E-BP1. In contrast, mTORC2, consisting of mTOR, Rictor, mSIN1, Protor-1/2, and mLST8, is 
mainly activated by growth factors and promotes AKT phosphorylation at Ser473, thereby regulating cell survival, lipid metabolism, and glucose 
metabolism. The figure further highlights the involvement of the PI3K–AKT and AMPK signaling pathways in modulating mTOR activity through 
regulation of the TSC1/TSC2 complex and Rheb signaling. Abbreviations: mTOR, mechanistic target of rapamycin; mTORC1, mechanistic target 
of rapamycin complex 1; mTORC2, mechanistic target of rapamycin complex 2; PI3K, phosphatidylinositol-3-kinase; PIP3, phosphatidylinositol-
3,4,5-trisphosphate; AKT, protein kinase B; AMPK, AMP-activated protein kinase; TSC1/TSC2, tuberous sclerosis complex 1/2; Rheb, Ras homolog 
enriched in brain; S6K1, ribosomal protein S6 kinase beta-1; 4E-BP1, eukaryotic translation initiation factor 4E-binding protein 1; RTKs, receptor 
tyrosine kinases; ATP, adenosine triphosphate; AMP, adenosine monophosphate; mLST8, mammalian lethal with SEC13 protein 8; DEPTOR, DEP 
domain-containing mTOR-interacting protein; Raptor, regulatory-associated protein of mTOR; Rictor, rapamycin-insensitive companion of mTOR; 
mSIN1, mammalian stress-activated protein kinase interacting protein 1; Protor-1/2, protein observed with Rictor-1/2.
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todes, fruit flies, and mammals [3]. Interventions such as 
caloric restriction and intermittent fasting exert many of 
their beneficial effects by influencing these molecular net-
works, highlighting their importance in the regulation of 
aging and longevity [6, 7].
The mechanistic target of rapamycin (mTOR) signaling 
pathway has become a key integrator of cellular growth, 
metabolism, and aging processes among these nutrient-
sensing regulators. Protein synthesis, lipid metabolism, 
cytoskeletal architecture, and autophagy are just a few 
of the cellular processes that mTOR controls through 
two different multiprotein complexes, mTOR complex 1 
(mTORC1) and mTOR complex 2 (mTORC2) [6]. Accel-
erated aging and a number of age-related illnesses, includ-
ing neurodegeneration, cancer, and metabolic disorders, 
have been connected to dysregulation or persistent activa-
tion of mTOR signaling [7]. On the other hand, in a num-
ber of experimental models, pharmacological inhibition of 
mTOR with drugs like rapamycin has been demonstrated 
to increase longevity and improve healthspan. These dis-
coveries have made mTOR one of the most promising 
biological targets for therapeutic strategies meant to slow 
down aging and stop age-related illnesses. Therefore, un-
derstanding the mechanisms and regulatory networks of 
mTOR signaling is essential for the development of novel 
strategies to promote healthy aging and longevity [8]. In 
this review, we aim to summarize the molecular mecha-
nisms of mTOR signaling, its role in aging and age-related 
diseases, and current therapeutic strategies targeting the 
mTOR pathway to promote healthy aging and longevity. 

Structure and components of the mTOR path-
way

The highly conserved serine/threonine kinase signaling 
network known as the mechanistic target of rapamycin 
(mTOR) pathway is essential for controlling cellular 
growth, metabolism, survival, and aging. To coordinate 
anabolic and catabolic processes, mTOR integrates a 
variety of intracellular and extracellular cues, such as nu-
trition availability, growth hormones, energy status, and 
cellular stress [9]. From a structural perspective, mTOR 
serves as the catalytic core of two different multiprotein 
complexes called mTORC1 and mTORC2. These com-
plexes have different physiological activities, downstream 
substrates, regulatory mechanisms, and protein composi-
tions. mTORC2 is principally engaged in the regulation 
of cell survival, cytoskeletal architecture, and metabolic 
signaling, whereas mTORC1 predominantly controls 
protein synthesis, autophagy, and metabolic homeostasis 
in response to nutrient signals. Understanding these com-
plexes’ structural organization and biological functions is 
crucial since dysregulation of these complexes has been 
linked to a number of clinical illnesses, including cancer, 
neurological disorders, metabolic diseases, and aging-
related dysfunctions [10, 11]. The structural organization 
and major regulatory components of the mTOR signaling 
pathway are illustrated in Figure 1.

mTOR complexes

mTORC1

As a key regulator of cell growth and metabolism, the 
mTORC1 complex is the most researched branch of the 
mTOR signaling pathway. A number of essential elements 
make up the complex, including mTOR, proline-rich AKT 
substrate 40 kDa (PRAS40), DEP domain-containing 
mTOR-interacting protein (DEPTOR), mammalian lethal 
with SEC13 protein 8 (mLST8), and regulatory-associated 
protein of mTOR (Raptor). Among these, Raptor functions 
as a scaffolding protein that makes it easier to recognize 
and attract substrates, allowing mTORC1 to phosphorylate 
important downstream targets involved in cellular growth 
and protein translation [10]. Nutrients such as amino acids 
(particularly leucine and arginine), growth factors, and 
energy availability are the main triggers for mTORC1 ac-
tivation [11]. When mTORC1 is activated, it phosphory-
lates downstream effectors that drive mRNA translation 
and protein synthesis, such as ribosomal protein S6 kinase 
beta-1 (S6K1) and eukaryotic translation initiation factor 
4E-binding protein 1 (4E-BP1). Furthermore, autophagy, 
a cellular degradation process necessary for preserving 
cellular homeostasis and eliminating damaged organelles, 
is adversely regulated by mTORC1 [12]. While pharma-
cological suppression of this complex with drugs like 
rapamycin has been demonstrated to increase lifespan in 
numerous experimental organisms, chronic activation of 
mTORC1 has been associated with accelerated aging and 
several age-related illnesses [13].

mTORC2

The second functional arm of the mTOR signaling path-
way is represented by the mTORC2 complex, which 
differs from mTORC1 in both structure and regulation. 
mTOR, rapamycin-insensitive companion of mTOR (Ric-
tor), mammalian stress-activated protein kinase interacting 
protein 1 (mSIN1), protein observed with Rictor-1/2 (Pro-
tor-1/2), mLST8, and DEPTOR are the main constituents 
of mTORC2. In contrast to mTORC1, which predomi-
nantly reacts to the availability of nutrients, mTORC2 is 
largely activated by growth factor signaling pathways and 
is essential for controlling metabolism, cytoskeletal ar-
chitecture, and cell survival [11, 12]. The serine/threonine 
kinase protein kinase B (AKT), which is phosphorylated 
at Ser473 for complete activation, is one of the most sig-
nificant downstream substrates of mTORC2. mTORC2 
affects cell survival pathways, lipid synthesis, and glucose 
metabolism via AKT and other signaling molecules [13]. 
Long-term exposure to rapamycin may indirectly affect 
mTORC2 assembly in some cell types, despite the fact 
that mTORC2 is typically thought to be less vulnerable to 
acute suppression by rapamycin than mTORC1. Although 
its function in longevity is still less clear than that of 
mTORC1, new data indicate that mTORC2 also has a role 
in aging-related metabolic regulation [14].

Upstream regulators of the mTOR pathway

PI3K–AKT signaling pathway
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The PI3K–AKT signaling pathway is one of the key up-
stream regulators of the mechanistic target of rapamycin 
(mTOR) pathway. This pathway is often triggered when 
external growth stimuli bind to and induce the phosphory-
lation of cell surface receptor tyrosine kinases (RTKs). 
Phosphorylated RTKs subsequently recruit and activate 
Class I phosphatidylinositol-3-kinase (class I PI3K), par-
ticularly the PI3Kα isoform, which plays a major role in 
growth factor-mediated signaling. This activation stimu-
lates phosphatidylinositol-3-kinase (PI3K), which cata-
lyzes the conversion of phosphatidylinositol-4,5-bisphos-
phate (PIP2) into phosphatidylinositol-3,4,5-trisphosphate 
(PIP3) [15].
AKT, a serine/threonine kinase, is recruited to the plasma 
membrane following the accumulation of PIP3, where 
it undergoes phosphorylation and complete activation 
by phosphoinositide-dependent kinase-1 (PDK1) and 
mTORC2. Activated AKT subsequently phosphorylates 
several downstream targets, including the tuberous scle-
rosis complex (TSC1/TSC2), thereby relieving its inhibi-
tory effect on mTORC1. As a result, mTORC1 becomes 
activated and promotes anabolic cellular processes such as 
protein synthesis, cell growth, and metabolism. This sig-
naling cascade is essential for regulating cellular prolifera-
tion and survival and is frequently altered under abnormal 
conditions such as cancer and metabolic disorders [16].

AMP-activated protein kinase (AMPK)

AMP-activated protein kinase (AMPK), a cellular energy 
sensor, is another important regulator of mTOR signal-
ing. When cellular energy levels are low, as indicated by 
an elevated AMP/ATP ratio, AMPK becomes activated. 
To maintain cellular energy homeostasis and metabolic 
balance, activated AMPK inhibits mTORC1 activity [16]. 
Protein synthesis and other anabolic processes are sup-
pressed through phosphorylation of the TSC2 complex, 
particularly at Ser1387, as well as direct phosphorylation 
of the mTORC1 component Raptor. Through this mecha-
nism, AMPK suppresses excessive energy consumption 
while promoting catabolic pathways such as fatty acid 
oxidation and autophagy.
In contrast, under nutrient-rich and growth factor-stimu-
lated conditions, AKT phosphorylates TSC2 at different 
regulatory sites, leading to inhibition of the TSC1/TSC2 
complex and subsequent activation of mTORC1. Thus, 
AMPK and AKT exert reciprocal regulatory control over 
the TSC2 complex under energy-deficient and energy-
sufficient conditions, respectively, thereby coordinating 
the balance between catabolic and anabolic cellular pro-
cesses. This reciprocal regulation ensures that cell growth, 
proliferation, and biosynthetic activities occur only when 
sufficient energy and nutrient availability are present [17].

Growth factors and nutrient availability

The availability of nutrients and growth factors is crucial 
upstream cues that control mTOR activity. Growth hor-
mones such as insulin and insulin-like growth factor-1 
activate receptor tyrosine kinases, which subsequently 
stimulate the PI3K–AKT pathway and promote mTORC1 

activation [15]. Apart from growth factor signaling, amino 
acids, particularly leucine, arginine, and glutamine, are 
essential activators of mTORC1. Specialized intracellular 
sensors detect amino acid availability and regulate the 
localization of mTORC1 to the lysosomal surface, where 
it is activated by the small GTPase Rheb. Glutamine ad-
ditionally contributes to mTORC1 regulation through 
multiple mechanisms, including amino acid exchange 
via transporters such as SLC1A5 and SLC7A5/SLC3A2, 
which facilitate intracellular leucine accumulation and 
subsequent mTORC1 activation [16]. Furthermore, 
glutaminolysis-derived metabolites support cellular bioen-
ergetics and promote cell cycle progression, thereby link-
ing glutamine metabolism with mTORC1 signaling [17]. 
Through these coordinated mechanisms, cells synchronize 
nutrient availability with anabolic metabolism, protein 
synthesis, and cellular proliferation. Conversely, nutrient 
deprivation suppresses mTOR signaling and induces au-
tophagy to recycle intracellular components and maintain 
cellular homeostasis [18].

Downstream targets of mTOR

Ribosomal protein S6 kinase beta-1

S6K1 is one of the main downstream targets of mTORC1. 
S6K1 is activated when mTORC1 phosphorylates it at 
particular sites, such as Thr389. A number of proteins 
involved in the control of mRNA translation, such as ribo-
somal protein S6, eukaryotic initiation factor 4B (eIF4B), 
and other translational regulators, are subsequently phos-
phorylated by activated S6K1. These phosphorylation pro-
cesses promote cellular development and protein synthesis 
by improving ribosome biogenesis and translational effi-
ciency. S6K1 signaling plays a crucial role in coordinating 
cellular growth responses downstream of mTOR activa-
tion, as evidenced by its contribution to the regulation of 
cell size, cell cycle progression, and metabolic pathways 
[19].

Eukaryotic translation initiation factor 4E-binding protein 
1

4E-BP1 is another important downstream effector of 
mTORC1. By attaching to the eukaryotic initiation factor 
4E (eIF4E) and blocking the development of the eIF4F 
translation initiation complex, 4E-BP1 acts as a transla-
tional repressor in baseline conditions. When mTORC1 is 
activated, 4E-BP1 is phosphorylated and dissociates from 
eIF4E. This release starts protein synthesis by enabling 
eIF4E to take part in cap-dependent mRNA translation. 
The mTOR–4E-BP1 axis is essential for controlling cell 
growth, proliferation, and metabolic activity through this 
method. Numerous illnesses, such as cancer and meta-
bolic disorders, have been linked to dysregulation of this 
system [20].

Regulation of protein synthesis and metabolism

S6K1 and 4E-BP1 work together to allow mTORC1 to 
control metabolism and protein synthesis. While phos-
phorylation of 4E-BP1 encourages cap-dependent trans-
lation of growth-related proteins, activation of S6K1 
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increases translation of mRNAs involved in ribosome 
synthesis and metabolic enzymes. When combined, these 
strategies enable mTOR signaling to restrict catabolic 
pathways like autophagy while promoting anabolic activi-
ties including protein synthesis, lipid biosynthesis, and 
nucleotide synthesis. Thus, by combining upstream sig-
nals from nutrients, growth factors, and energy status with 
downstream translational machinery, the mTOR pathway 
functions as a master regulator of cellular metabolism and 
growth [6].

Role of mTOR signaling in aging biology

The mechanistic target of rapamycin (mTOR) signaling 
pathway plays a central role in regulating multiple biolog-
ical processes associated with aging [21]. Through its two 
complexes, mTORC1 and mTORC2, mTOR integrates 
signals from nutrients, growth factors, and cellular energy 
status to control protein synthesis, metabolism, autophagy, 
and cellular stress responses [22]. The major mechanisms 
through which dysregulated mTORC1 signaling contrib-
utes to aging, including cellular senescence, senescence-
associated secretory phenotype (SASP), impaired autoph-
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agy, mitochondrial dysfunction, altered nutrient sensing, 
and stem cell exhaustion, are illustrated in Figure 2. Dys-
regulated or chronic activation of mTOR signaling has 
been strongly associated with several hallmarks of aging, 
including cellular senescence, impaired autophagy, meta-
bolic imbalance, mitochondrial dysfunction, and stem cell 
exhaustion [23]. Conversely, inhibition of mTOR activity, 
particularly by pharmacological agents such as rapamycin, 
has been shown to extend lifespan and improve healthspan 
in several experimental organisms, highlighting mTOR 
as a critical therapeutic target for healthy aging and lon-
gevity [24]. The major roles of mTOR signaling in aging 
biology, including its involvement in cellular senescence, 
autophagy, metabolic regulation, and stem cell aging, are 
summarized in Table 1.

mTOR and cellular senescence

Cellular senescence is characterized by irreversible cell 
cycle arrest accompanied by metabolic and functional 
alterations. Persistent activation of mTORC1 promotes 
cellular senescence by enhancing protein synthesis and 
suppressing autophagy, leading to the accumulation of 
damaged proteins and organelles [31]. Hyperactivation 
of mTOR signaling also increases oxidative stress and 
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Figure 2. Role of mTORC1 signaling in aging. Dysregulated mTORC1 signaling contributes to multiple hallmarks of aging, including cellular 
senescence, SASP, impaired autophagy, mitochondrial dysfunction, altered nutrient sensing, and stem cell exhaustion, thereby promoting aging and 
age-related functional decline.
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activates cell cycle regulators such as p16 and p21, which 
contribute to senescence-associated growth arrest. Ac-
cumulation of senescent cells in tissues accelerates tissue 
dysfunction and aging-related degeneration [32].

Senescence-associated secretory phenotype (SASP)

Senescent cells actively secrete pro-inflammatory cyto-

kines, chemokines, growth factors, and proteases col-
lectively known as the senescence-associated secretory 
phenotype (SASP). mTORC1 regulates the translation and 
secretion of several SASP components, including interleu-
kin-6 (IL-6), interleukin-8 (IL-8), and matrix metallopro-
teinases [33]. Chronic activation of SASP contributes to 
low-grade inflammation, tissue remodeling, and progres-

Section Detailed mechanism Impact on aging References

mTOR and cellular senescence

Regulation of cellular 
senescence

Persistent activation of mTORC1 promotes cellular 
senescence by enhancing protein synthesis and metabolic 
activity while inhibiting autophagy. Excessive mTOR 
activity increases oxidative stress, DNA damage responses, 
and activation of cell cycle inhibitors such as p16 and p21, 
leading to irreversible cell cycle arrest.

Accelerates tissue aging and 
contributes to the accumulation of 
senescent cells in aging tissues.

[21-23]

SASP

mTOR signaling regulates the translation of inflammatory 
cytokines, chemokines, and growth factors that form the 
SASP. Activation of mTORC1 enhances production of 
pro-inflammatory molecules such as IL-6, IL-8, and matrix 
metalloproteinases.

S A S P  p r o m o t e s  c h r o n i c 
inflammation, tissue dysfunction, 
and age-related diseases such as 
cancer and neurodegeneration.

[22-24]

mTOR and autophagy

Interaction with autophagy

mTORC1 acts as a major negative regulator of Autophagy 
by phosphorylating ULK1 and preventing the initiation of 
autophagosome formation. Under nutrient-rich conditions, 
active mTORC1 suppresses autophagy, whereas nutrient 
deprivation inhibits mTORC1 and activates autophagic 
pathways.

Reduced autophagy contributes 
to accumulation of damaged 
proteins and organelles during 
aging.

[25]

Role in cellular homeostasis 
and longevity

Inhibition of mTOR signaling by compounds such as 
rapamycin promotes autophagy and enhances cellular 
stress resistance. This process facilitates the removal of 
dysfunctional mitochondria and aggregated proteins, 
thereby maintaining cellular homeostasis and extending 
lifespan in model organisms.

Improved longevity and delayed 
onset of age-related diseases. [26]

mTOR and metabolic regulation

Nutrient sensing

mTOR functions as a central nutrient sensor that integrates 
signals from amino acids, glucose, oxygen, and growth 
factors. Activation of mTOR stimulates anabolic processes 
including lipid synthesis, nucleotide synthesis, and protein 
translation, enabling cells to adapt to nutrient availability.

Dysregulated nutrient sensing 
contributes to metabolic diseases 
and aging-related metabolic 
decline.

[27]

Mitochondrial function and 
metabolism

mTOR signaling influences mitochondrial biogenesis, 
oxidative phosphorylation, and metabolic reprogramming. 
Hyperactivation of mTOR can increase mitochondrial 
activity but also elevate reactive oxygen species 
production, leading to oxidative stress and cellular 
damage.

Alters energy metabolism and 
contributes to age-associated 
mitochondrial dysfunction.

[28]

mTOR and stem cell aging

Stem cell maintenance

Balanced mTOR signaling is essential for maintaining 
stem cell quiescence and self-renewal. Excessive 
activation of mTOR leads to stem cell exhaustion by 
promoting premature differentiation and metabolic stress.

Reduced regenerative capacity of 
tissues during aging. [29]

Stem cell regeneration

Controlled inhibition of mTOR signaling has been shown 
to enhance stem cell function and tissue regeneration. For 
example, reduced mTOR activity improves hematopoietic 
and muscle stem cell maintenance, thereby supporting 
regenerative potential in aging tissues.

Potent ial  therapeutic  target 
for regenerative medicine and 
healthy aging.

[30]

Table 1. Role of mTOR signaling in aging biology. 

Notes: mTORC1, mechanistic target of rapamycin complex 1; SASP, senescence-associated secretory phenotype; IL-6, interleukin-6; IL-8, 
interleukin-8; ULK1, Unc-51-like kinase 1.
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sion of age-related diseases such as cancer, neurodegen-
eration, and cardiovascular disorders [34].

mTOR and autophagy

Autophagy is an essential cellular degradation process 
responsible for the removal of damaged proteins and dys-
functional organelles. mTORC1 acts as a major negative 
regulator of autophagy by phosphorylating Unc-51-like 
kinase 1 (ULK1) and suppressing autophagosome forma-
tion under nutrient-rich conditions [35]. During nutrient 
deprivation or cellular stress, inhibition of mTORC1 acti-
vates autophagy and promotes cellular recycling mecha-
nisms. Age-associated decline in autophagy contributes to 
protein aggregation, mitochondrial dysfunction, and cellu-
lar damage, whereas pharmacological inhibition of mTOR 
enhances autophagy and supports cellular homeostasis 
and longevity [36].

mTOR and metabolic dysregulation

mTOR signaling functions as a central regulator of cel-
lular metabolism by integrating nutrient and growth factor 
signals. Activation of mTOR promotes anabolic processes 
such as protein synthesis, lipid biosynthesis, and nucleo-
tide production [37]. However, chronic mTOR activation 
contributes to metabolic imbalance, insulin resistance, and 
increased oxidative stress, all of which are associated with 
aging and age-related metabolic diseases [38]. Dysregu-
lated mTOR signaling also affects mitochondrial activity 
and reactive oxygen species production, further accelerat-
ing cellular aging.

mTOR and stem cell exhaustion

Balanced mTOR activity is essential for maintaining stem 
cell quiescence, self-renewal, and regenerative capacity. 
Excessive activation of mTOR signaling drives premature 
stem cell differentiation and metabolic stress, leading to 
stem cell exhaustion during aging [39]. Reduced regen-
erative potential of stem cells contributes to impaired 
tissue repair and functional decline in aging organisms. 
Experimental studies have demonstrated that controlled 
inhibition of mTOR signaling can improve stem cell 
maintenance and enhance tissue regeneration, suggesting 
potential therapeutic applications in regenerative medicine 
and healthy aging [40].

mTOR signaling in age-related diseases

Hallmarks of aging and the role of mTORC1

Aging is a complex and progressive biological process 
characterized by gradual functional decline, accumulation 
of cellular and molecular damage, impaired regenerative 
capacity, metabolic dysregulation, and increased suscep-
tibility to age-related diseases. To better understand the 
mechanisms underlying aging, several conserved hall-
marks of aging have been identified, including genomic 
instability, telomere attrition, epigenetic alterations, loss 
of proteostasis, mitochondrial dysfunction, deregulated 
nutrient sensing, cellular senescence, stem cell exhaustion, 

impaired autophagy, and altered intercellular communica-
tion. These hallmarks interact with one another and col-
lectively contribute to tissue degeneration and physiologi-
cal decline during aging [11]. Among the major nutrient-
sensing pathways, the mechanistic target of rapamycin 
complex 1 (mTORC1) has emerged as a central regulator 
of aging and longevity. Dysregulated or chronic activation 
of mTORC1 contributes to multiple hallmarks of aging 
through its effects on cellular growth, metabolism, protein 
synthesis, and stress responses. Persistent mTORC1 ac-
tivation promotes excessive protein synthesis while sup-
pressing autophagy, leading to loss of proteostasis and ac-
cumulation of damaged proteins and organelles. Inhibition 
of autophagy also impairs the clearance of dysfunctional 
mitochondria, thereby increasing oxidative stress and mi-
tochondrial dysfunction [12].
Aberrant mTORC1 signaling further contributes to cel-
lular senescence by enhancing metabolic activity, oxida-
tive damage, and activation of senescence-associated 
pathways. Senescent cells subsequently release pro-
inflammatory cytokines and mediators associated with the 
senescence-associated secretory phenotype (SASP), pro-
moting chronic inflammation and tissue dysfunction. In 
addition, prolonged mTORC1 activation disrupts nutrient 
sensing and metabolic homeostasis, contributing to insulin 
resistance and age-related metabolic disorders. Excessive 
mTORC1 signaling also accelerates stem cell exhaustion 
by promoting premature differentiation and reducing self-
renewal capacity, ultimately impairing tissue regeneration 
and repair [13]. Because mTORC1 integrates signals from 
nutrients, growth factors, and cellular energy status, it 
plays a critical role in coordinating anabolic and catabolic 
processes essential for cellular homeostasis. Therefore, 
pharmacological inhibition of mTORC1 has gained signif-
icant attention as a potential therapeutic strategy to delay 
aging, improve autophagy and metabolic balance, reduce 
chronic inflammation, and prevent the progression of age-
associated diseases [41]. The major age-related diseases 
associated with dysregulated mTOR signaling are summa-
rized in Figure 3.

Neurodegenerative diseases

Alzheimer’s disease

Amyloid-β plaque buildup, neurofibrillary tangles, and 
cognitive impairment are the hallmarks of Alzheimer’s 
disease, a progressive neurodegenerative illness. Because 
it affects autophagy, protein synthesis, and neuronal sur-
vival, dysregulation of the mechanistic target of rapamy-
cin signaling pathway has been linked to the pathophysi-
ology of Alzheimer’s disease. Amyloid-β and tau proteins 
can build up in neural tissues as a result of hyperactivation 
of mTOR signaling, which inhibits autophagic degrada-
tion mechanisms that remove harmful protein aggregates. 
Furthermore, increased mTOR activity accelerates neuro-
degeneration by causing neuroinflammation and synaptic 
dysfunction. Targeting mTOR may be a viable therapeutic 
approach for treating Alzheimer’s disease, as experimental 
studies have shown that inhibition of mTOR signaling can 
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increase autophagy and decrease amyloid-β accumulation 
[41].

Parkinson’s disease

Another prevalent age-related neurodegenerative condi-
tion is Parkinson’s disease, which is defined by the forma-
tion of α-synuclein aggregates and the progressive death 
of dopaminergic neurons in the substantia nigra. In Par-
kinson’s disease, the mTOR Signaling pathway is crucial 
for controlling mitochondrial homeostasis, autophagy, and 
neuronal survival. Neuronal degeneration may result from 
impaired autophagic clearance of damaged mitochondria 
and aggregated proteins caused by dysregulated mTOR 
activation. Furthermore, oxidative stress and mitochon-
drial dysfunction—two major clinical aspects of Parkin-
son’s disease—have been connected to changes in mTOR 
signaling. Therefore, pharmacological manipulation of 
mTOR activity has been studied as a possible treatment 
strategy to halt the onset of neurodegenerative illness in 
Parkinson’s disease and restore cellular homeostasis [42].

Cardiovascular aging

Atherosclerosis

The buildup of lipid-rich plaques inside artery walls is 
known as atherosclerosis, and it is a significant factor in 
cardiovascular aging. Endothelial cell function, vascular 
smooth muscle cell proliferation, and inflammatory re-
sponses are among the biological processes implicated in 
atherosclerosis that are influenced by the mTOR signaling 
system. Plaque formation and progression are facilitated 
by overactivation of mTOR, which also causes vascular 

inflammation and aberrant smooth muscle cell prolifera-
tion. Moreover, oxidative stress and fat buildup in the 
vascular system may be exacerbated by mTOR-mediated 
metabolic changes. Therefore, it has been suggested that 
targeting mTOR signaling is a viable method for lowering 
vascular inflammation and stopping the formation of ath-
erosclerotic lesions [43].

Cardiac hypertrophy

The heart’s structural and functional adaptation known as 
cardiac hypertrophy frequently happens as people age and 
in reaction to long-term stressors like high blood pres-
sure. The regulation of cardiomyocyte growth and protein 
synthesis, two processes that lead to the development of 
cardiac hypertrophy, is largely dependent on mTOR sig-
naling. Heart tissue undergoes pathological remodeling 
as a result of persistent stimulation of mTORC1, which 
promotes excessive protein synthesis and cellular expan-
sion in cardiac muscle cells. In the end, this remodeling 
may worsen cardiac function and raise the risk of heart 
failure in older people. Pharmacological suppression of 
mTOR signaling has been shown in experiments to reduce 
ventricular hypertrophy and enhance cardiac function, 
underscoring its therapeutic potential in aging-related car-
diovascular disorders [44].

Metabolic disorders

Type 2 diabetes

Insulin resistance and compromised glucose homeostasis 
are hallmarks of type 2 diabetes, a chronic metabolic dis-
ease. mTOR signaling is crucial for controlling metabolic 
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Figure 3. Dysregulated mTOR signaling in age-related diseases. Aberrant mTOR activity contributes to neurodegeneration, cardiovascular aging, 
metabolic disorders, and cancer progression by promoting inflammation, oxidative stress, cell proliferation, and reduced autophagy. Upward arrows (↑) 
indicate increased activity or pathological progression, whereas downward arrows (↓) indicate reduced activity or suppression of cellular processes.
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balance and insulin signaling pathways. Insulin resistance 
may result from long-term mTORC1 activity, which phos-
phorylates insulin receptor substrate proteins and inhibits 
insulin receptor signaling. Furthermore, dysregulated 
mTOR activity impacts glucose metabolism and pancreat-
ic β-cell function, aggravating hyperglycemia. As a result, 
mTOR signaling modification has been investigated as a 
possible treatment strategy for enhancing insulin sensitiv-
ity and controlling metabolic issues related to type 2 dia-
betes [45].

Obesity and insulin resistance

Insulin resistance and obesity are closely related metabolic 
disorders that have a strong correlation with lifestyle vari-
ables and aging. The mTOR pathway influences the de-
velopment of obesity by controlling energy balance, lipid 
metabolism, and adipocyte differentiation. Adipogenesis 
and lipid buildup in adipose tissues can be encouraged by 
excessive food intake and long-term mTOR signaling ac-
tivation. Persistent mTOR activation also adds to systemic 
insulin resistance by interfering with insulin signaling 
pathways. The significance of balanced mTOR activity in 
preserving metabolic health is highlighted by the fact that 
these metabolic changes raise the risk of obesity-related 
comorbidities, such as cardiovascular disease and type 2 
diabetes [46].

Cancer and aging

Age-related increases in cancer incidence are substan-
tial, and dysregulated mTOR signaling has been found 
to be a key factor in the growth and spread of tumors. 

Essential biological functions like protein synthesis, cell 
proliferation, metabolism, and survival are all regulated 
by the mTOR pathway and are often disrupted in cancer 
cells. Tumorigenesis and the advancement of cancer are 
facilitated by hyperactivation of mTOR signaling, which 
encourages unchecked cell proliferation and metabolic 
reprogramming. Furthermore, mTOR signaling in cancer 
cells can be enhanced by mutations or abnormal activa-
tion of upstream regulators like PI3K and AKT. Due to its 
crucial involvement in tumor biology, mTOR has emerged 
as a significant therapeutic target in oncology, and a num-
ber of mTOR inhibitors are either being utilized or being 
researched for the treatment of various cancer types [47].

Therapeutic targeting of mTOR for longevity

One of the most promising therapeutic targets for inter-
ventions meant to increase longevity and improve health-
span is the mechanistic target of rapamycin (mTOR) 
pathway. Modulation of this system can have a substantial 
impact on metabolic regulation, autophagy, and cellular 
stress responses because mTOR integrates information 
relating to nutrition availability, growth factors, and cel-
lular energy status. Inhibition of mTOR signaling has 
been shown in numerous experimental studies in model 
organisms, such as yeast, worms, flies, and mammals, 
to postpone aging processes and lower the prevalence of 
age-related illnesses. By inhibiting excessive mTOR ac-
tivity and encouraging cellular maintenance mechanisms 
like autophagy, pharmacological treatments like rapamy-
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Figure 4. Mechanism and biological effects of mTOR inhibitors. Rapamycin, rapalogs, and Torin inhibit mTOR signaling, promoting autophagy, 
reducing protein synthesis and cellular senescence, and improving metabolic homeostasis and longevity.



cin and its derivatives, also referred to as rapalogs, have 
been demonstrated to increase longevity and improve 
physiological performance [48]. Figure 4 illustrates the 
mechanism of action of major mTOR inhibitors and their 
downstream effects on autophagy, protein synthesis, cel-
lular senescence, and longevity-associated pathways.
Apart from pharmaceutical inhibitors, dietary and lifestyle 
modifications like calorie restriction and intermittent fast-
ing can also affect mTOR activity and promote longevity. 
These treatments improve metabolic efficiency and cellu-
lar repair processes by decreasing nutrition signaling and 
activating cellular stress resistance pathways [12]. The 
major therapeutic strategies targeting mTOR signaling for 
longevity and healthy aging are summarized in Table 2. 
As a result, therapeutic targeting of the mTOR pathway 
is becoming more widely acknowledged as a viable tech-
nique for avoiding or postponing a number of age-related 
ailments, including cancer, metabolic dysfunction, neuro-
degeneration, and cardiovascular diseases. Therefore, the 
goal of ongoing research is to create safer and more effec-
tive mTOR-targeted treatments that can encourage healthy 
aging without causing serious side effects [49].

Emerging anti-aging strategies

Combination therapies targeting mTOR and other 
pathways

According to recent studies, anti-aging treatments that tar-
get the mechanistic target of rapamycin (mTOR) pathway 
in conjunction with other longevity-related signaling net-
works may be more successful. A number of interrelated 
mechanisms, including AMPK, insulin/IGF-1 signaling, 
and sirtuin-mediated metabolic control, are involved in 
the intricate and multifaceted process of aging. Therefore, 
treatment approaches that combine mTOR inhibitors with 
these pathway modulators may improve metabolic bal-
ance, increase longevity, and strengthen cellular stress 
resistance. In addition to attaining wider protective effects 
against age-related functional decline and disease devel-
opment, combination treatments may lessen the possible 
adverse consequences linked to long-term blockage of a 
specific mechanism [60].  

Integration with senolytics

Combining mTOR-targeted treatments with senolytic 
agents—which specifically destroy senescent cells—is an-
other potential approach in the study of aging. As people 
age, senescent cells proliferate and emit pro-inflammatory 
substances known as the SASP, which lead to tissue dys-
function. While senolytic substances eliminate already-
accumulated senescent cells from tissues, inhibition of 
mTOR signaling can prevent the onset of cellular senes-
cence and lower inflammatory signaling. Therefore, by 
avoiding senescence and eliminating senescent cell popu-
lations, the combination use of mTOR modulators and 
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Section Intervention Mechanism on mTOR Potential benefits References

Pharmacological 
inhibitors

Rapamycin Directly inhibits mTORC1 and 
promotes autophagy

Extends lifespan and delays age-related 
diseases in experimental models [50]

Everolimus Rapamycin analog that suppresses 
mTORC1 signaling and cell growth

Improves immune and metabolic 
regulation [51]

Temsirolimus Inhibi ts  mTOR-mediated cel l 
proliferation and angiogenesis

Reduces pathological cell growth and 
tumor development [52]

Torin
ATP-competitive inhibitor that 
globally suppresses mTORC1/2 
signaling

Promotes autophagy, suppresses 
ce l lu lar  senescence,  and shows 
potential anti-aging effects

[53]

Natural compounds 
modulating mTOR

Resveratrol Activates AMPK and indirectly 
suppresses mTOR signaling

Enhances mitochondrial function and 
longevity pathways [54]

Curcumin I n h i b i t s  P I 3 K – A K T / m T O R 
signaling and reduces inflammation

Provides antioxidant and anti-aging 
effects [55]

Polyphenols and dietary 
phytochemicals

Plant-derived compounds regulate 
nutrient-sensing pathways including 
mTOR

Support metabolic balance and cellular 
protection [56]

Lifestyle 
interventions

Caloric restriction Reduces nutrient signaling and 
suppresses mTOR activity Improves metabolic health and lifespan [57]

Intermittent fasting Periodic fasting inhibits mTOR and 
activates autophagy

Enhances  s t ress  res i s tance  and 
longevity [58]

Physical exercise Balances AMPK–mTOR signaling 
and improves metabolism

Promotes cardiovascular and metabolic 
health [59]

Table 2. Therapeutic strategies targeting mTOR signaling for longevity and healthy aging, including pharmacological inhibitors, natural compounds, 
and lifestyle interventions that regulate autophagy, metabolism, and cellular aging.
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senolytics may offer synergistic effects that improve tissue 
function and encourage healthy aging [61].

Precision medicine approaches for aging interventions
Advancements in molecular profiling and precision medi-
cine have created new opportunities for the development 
of personalized anti-aging therapies. The manner in which  
the mTOR pathway contributes to aging and disease risk 
can be greatly influenced by individual differences in 
genetic background, metabolic status, and environmental 
exposure. By identifying particular molecular signatures 
and biomarkers linked to dysregulated mTOR signaling, 
precision medicine techniques enable patient-specific 
therapies. Researchers can create tailored treatment plans 
that maximize mTOR activity modulation while reducing 
side effects by combining genetic, proteomic, and meta-
bolic data [62]. This will ultimately increase the efficacy 
of aging-related therapies and prolong healthy lifespan. 
Figure 5 illustrates the major emerging anti-aging strate-
gies targeting mTOR signaling, including combination 
therapies, senolytic integration, and precision medicine 
approaches.

Regulation of mTORC1 by long non-coding RNAs (ln-
cRNAs)
Long non-coding RNAs (lncRNAs) have emerged as im-
portant regulators of the mechanistic target of rapamycin 
complex 1 (mTORC1) signaling pathway and are increas-
ingly recognized for their role in aging and age-related 

diseases. lncRNAs regulate mTORC1 activity through 
diverse mechanisms, including modulation of upstream 
signaling molecules such as PI3K/AKT, AMPK, and 
growth factor receptors, as well as through epigenetic and 
post-transcriptional regulation of mTOR-associated genes. 
Certain lncRNAs promote mTORC1 activation, leading 
to enhanced protein synthesis, reduced autophagy, cellular 
senescence, and metabolic dysregulation, whereas oth-
ers suppress mTOR signaling and exert protective effects 
against aging-related cellular damage [63].
Recent studies suggest that dysregulation of the ln-
cRNA–mTORC1 axis contributes to several pathologi-
cal conditions associated with aging, including cancer, 
neurodegenerative disorders, metabolic dysfunction, and 
cardiovascular diseases. Furthermore, targeting lncRNA-
mediated regulation of mTORC1 has emerged as a 
promising therapeutic strategy for modulating cellular 
senescence, improving autophagy, and promoting healthy 
aging. Therefore, understanding the complex interaction 
between lncRNAs and mTORC1 signaling may provide 
new insights into the molecular mechanisms of aging and 
facilitate the development of novel anti-aging interven-
tions [64].

Challenges 

Limitations of long-term mTOR inhibition

Long-term suppression of mTOR signaling may have 
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Figure 5. Emerging anti-aging strategies targeting mTOR signaling. The figure summarizes major therapeutic approaches, including combination 
therapies targeting mTOR and related pathways, integration of mTOR inhibitors with senolytic agents, and precision medicine approaches for 
personalized aging interventions.



unanticipated physiological repercussions, even though 
inhibition of the mechanistic target of rapamycin pathway 
has shown encouraging outcomes in prolonging longevity 
and increasing healthspan in various experimental models. 
Since mTOR controls vital physiological functions like 
protein synthesis, cell proliferation, and metabolic homeo-
stasis, long-term suppression may disrupt normal cellular 
processes and tissue healing systems. In order to minimize 
negative effects, it is crucial to optimize therapeutic op-
tions such as intermittent dosing or selective targeting of 
particular mTOR complexes. Continuous reduction of 
mTOR activity may potentially interfere with adaptive 
stress responses and metabolic regulation [65].

Side effects and immunosuppression

Because of its immunosuppressive and antiproliferative 
qualities, pharmacological inhibitors of mTOR, such as 
rapamycin and its variants, are frequently employed in 
cancer treatment and organ transplantation. Long-term use 
of these drugs, however, is linked to a number of negative 
consequences, including insulin resistance, immunosup-
pression, metabolic dysregulation, delayed wound healing, 
and heightened vulnerability to infections. The need for 
safer mTOR-targeted medicines with better selectivity and 
tolerance is highlighted by these adverse effects, which 
are especially worrisome in older people who may already 
be experiencing age-related immunological loss [66].

Need for clinical trials targeting aging rather than dis-
ease

Instead of addressing aging itself, the majority of mTOR 
inhibitor clinical trials have concentrated on treating par-
ticular diseases like cancer, cardiovascular conditions, or 
metabolic diseases. Interventions targeted at decreasing 
the biological aging process may be able to prevent or 
postpone many diseases at once because aging is the pri-
mary risk factor underlying a number of chronic ailments. 
However, extended research periods, a lack of standard-
ized biomarkers of aging, and regulatory constraints con-
tinue to make it difficult to design clinical trials that di-
rectly assess aging. The advancement of clinical research 
on longevity therapies will depend on the establishment of 
validated endpoints and aging biomarkers [67].

Future perspectives

It is anticipated that future studies on mTOR-based anti-
aging treatments will concentrate on creating safer and 
more accurate treatment approaches that alter the rapamy-
cin pathway’s molecular target without producing sys-
temic toxicity. The discovery of trustworthy biomarkers 
that represent mTOR activity and biological aging may be 
made possible by developments in systems biology, ge-
nomics, proteomics, and metabolomics. These biomarkers 
have the potential to monitor therapy responses, optimize 
dosage schedules, and tailor therapies based on individual 
biological profiles. Additionally, new strategies—includ-

ing combination therapies that target several longevity 
pathways, intermittent drug delivery, and specific inhibi-
tion of mTORC1—may improve the efficacy of aging 
therapy. To confirm the safety and long-term advantages 
of mTOR-targeted treatments for encouraging healthy 
aging in humans, more translational research and well-
planned clinical trials will be necessary [68].

Conclusions

By combining information about nutrition availability, 
growth factors, and cellular energy state, the mechanistic 
target of the rapamycin signaling pathway has become a 
key regulator of aging and lifespan. Cellular senescence, 
defective autophagy, metabolic imbalance, and stem cell 
failure are among the molecular processes linked to aging 
that are influenced by dysregulation of mTOR signaling. 
Age-related illnesses like cancer, metabolic syndromes, 
cardiovascular disease, and neurological disorders are 
mostly caused by these changes. As a result, mTOR path-
way modification has drawn a lot of interest as a poten-
tially effective treatment approach for prolonging life ex-
pectancy and postponing the development of age-related 
diseases [69].
In experimental models, pharmacological inhibitors like 
rapamycin and its analogues, as well as natural substances 
and lifestyle modifications like exercise and calorie re-
striction, have shown promise in controlling mTOR activ-
ity and extending life. Furthermore, new approaches to 
the development of more potent anti-aging medications 
include combination therapy, senolytic methods, and pre-
cision medicine-based interventions. Despite these devel-
opments, there are still a number of issues, such as immu-
nosuppressive effects, long-term safety concerns, and the 
requirement for carefully planned clinical trials that focus 
on aging rather than specific diseases. To translate these 
findings into safe and efficient treatments that support 
healthy aging in humans, future studies concentrating on 
specific mTOR regulation and the discovery of trustwor-
thy biomarkers will be essential [70].
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