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ABSTRACT 

Aging delay is an intricate thing that involves efforts of stress minimization and organism resilience enhancement so that homeostasis can 
be maintained in order to survive longer in healthy settings. Lately, metformin has become the most common drug used as a 
pharmacological intervention in both pre-clinical and clinical anti-aging research. Unfortunately, even though metformin research has 
progressed to clinical trials, the molecular mechanism behind metformin's impact in delaying aging and age-related diseases remains 
unknown. Countless hypotheses exist regarding the role of mTOR as a crucial gene in the emergence of aging, but there is no systematic 
explanation that can relate the gene's contribution to modest molecular processes such as cellular senescence, the aging process, and its 
association with the deceleration provided by metformin. This narrative review discusses the involvement of mTOR in the aging process. 
Understanding the core molecular pathway of metformin through its primary target gene will help determine the effective dose that 
provides the maximum slowing effect of aging along with the emphasis on minimum undesirable side effects, both short and long-term. 
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Introduction   

mTOR or mechanistic target of rapamycin is a serine-threonine 

kinase that is composed of two distinct multiprotein complexes 

that differ functionally and structurally in their sensitivity to 

rapamycin. mTORC1 complex is made up of the regulatory-

associated protein of mammalian target of rapamycin 

(RAPTOR); catalytic subunit; mammalian lethal with Sec13 

protein8 (mLST8); DEP domain containing mTOR-interacting 

protein (Deptor) and the proline-rich Akt substrate 40 kDa 

(PRAS40), whereas the mTORC2 complex is made up of the 

rapamycin-insensitive companion of mTOR (RICTOR), 

mammalian stress-activated map kinase-interacting protein 1 

(mSin1) and protein observed with Rictor 1 and 2 (Protor 1/2) 

[1, 2].  

mTOR belongs to the PI3K-related kinase family that plays an 

important role in cellular responses through an immense number 

of external and internal cues perceivation and integration, 

amongst them are growth hormones also nutrition [3]. The 

landscape of mTOR signaling has broad to light that mTOR 

regulates mass accumulation and metabolism by altering 

important cellular activities such as protein integration and 

autophagy [4]. Due to the notability of these pathways in 

maintaining cellular and physiological equilibrium, mTOR 

signaling dysregulation is linked to metabolic diseases, 

neurodegeneration, cancer, and aging [5, 6].  

Aging is a natural biomechanism that causes an unchangeable 

progressive decline throughout organism unit organs due to the 

accumulation of damage caused by a certain range of stresses [7]. 

Aging has contributed to several prolonged sicknesses in humans 

and also increased the risk of common diseases including but not 

limited to diabetes, Alzheimer's, Parkinson's, cardiovascular, 

pulmonary chronic obstruction, osteoporosis, and even 

osteoarthritis [8, 9]. Aging begins at the cellular level in the form 

of progressive loss of cell multiplication ability, as well as cellular 
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function, throughout time [10]. This puts cellular senescence as 

a major causal element in the organismal aging process and 

facilitates aging-related diseases [11]. 

Metformin, the mTOR inhibitor other than rapamycin, has been 

authorized by the FDA as an anti-aging agent [12]. Many studies 

show the effect of metformin in slowing aging and the upgrowth 

of age-related diseases [13, 14]. Unfortunately, even though the 

molecular action mechanisms have been extensively researched, 

they were found to be complex and only partially understood. It 

made the major target point and the main pathway remains 

elusive [15]. To provide a better understanding through a 

comprehensive point of view, we offer a current perspective of 

mTOR contribution on aging deceleration through cellular 

senescence, the state when the cell lost its capability to build back 

cellular balance and loss the functional integrity after stress 

exposure.  

Materials and Methods 

The narration we made is based on the data collected from 

former experiments through the literature study approach. The 

journal articles that were found in Pubmed, Scopus, and Google 

Scholar using “metformin”, “mTOR”, “cellular senescence”, 

“age-related disease”, and “aging” keywords, were first filtered 

by the title and abstract. These keywords were used individually 

or in combination to establish a logical relationship between 

concepts. The articles were then refiltered by reviewing the 

complete content. The publication or article chosen must be a 

complete paper article in English published between 2017-2023, 

an experimental study, comprising in vivo, in vitro, and clinical 

experiments (not a review article).  

Aging and homeostasis 
Organisms, including humans, will survive when they can 

maintain internal stability that lies under a certain range of values, 

by putting back the general balance after disturbance from stress 

exposure. The successful self-regulated stability obtained from 

responding to the fluctuation of extrinsic circumstances is known 

as homeostasis. Homeostasis becomes a dynamic process due to 

the nature of external challenges [16]. At the organism level, 

homeostasis is the result of the total cumulation of organ systems 

homeostasis, each of which is composed of various tissues from 

different types of cells. Therefore, homeostasis in an organism is 

a projection of and built up by cellular homeostasis [17, 18].  

The complex physiological process when humans naturally and 

progressively experience irreversible loss of the ability to re-

establish equilibrium or homeostasis is known as aging. Aging 

brings clinical consequences for illness susceptibility since it 

reduces the human ability to maintain their health [8, 19, 20].  

Cellular  homeostasis, cellular senescence, 

and mTOR  
Cellular homeostasis is achieved when individual cells 

successfully cope with perturbation of intracellular stability 

which is related to cellular adaptation ability to stress. This ability 

also contributes to the organism's tremendous resilience as well 

as deterioration over time [21]. To maintain cellular 

homeostasis, cells characterize each trigger, receptor, signal 

transducer, effector, and adaptive response scheme from various 

stresses, in an outstanding molecular detail that will determine 

the appropriate cellular stress responses [16, 22]. Prolonged or 

severe homeostasis disruptions that cannot be managed by 

adaptive systems will result in cellular senescence, this state 

happens when a detrimental degree of stress exposure causes 

irreversible yet insufficient damage to cause elimination of 

stressed cells through regulated cell death [22].  

A progressive shortening in telomere structure alteration, the 

signal from mitogen, oncogene, tissue damage, as well as cellular 

stress due to cellular oxidation, radiation, genotoxic and 

chemotherapy agent exposure, and last but not least epigenetic 

changes, chromatin disorganization, proteostasis disorders, 

mitochondrial dysfunction and nutritional deficiencies, are all 

examples of external and internal senescence catalyst [20, 23]. 

Senescence is a protective apparatus that limits the risk of 

oncogenic transformation of damaged cells through a tumor 

suppression mechanism. Senescence can be useful or harmful to 

organisms, depending on the setting [11, 24, 25]. Cells undergo 

senescence via two most studied major mechanisms [26-28]: 

• The p53/p21 pathway 

Telomere shortening, oncogenic stress, and oxidative stress will 

trigger DNA damage which activates p53. Activation of p53 

regulates the expression of anti-proliferation gene p21. p21 is the 

part of Cip/Kip family together with  p27 and p57 that encoded 

by CDKN1A (Cyclin-dependent kinases 1A). p21 inhibits kinase 

activity in the cyclin D-CDK 4/6 and cyclin E-CDK 1/2 

complexes by binding to Cy1 and Cy2. This inhibition results in 

phosphorylation inhibition of the pRB family (RB1 (pRB), RBL1 

(p107), and RBL2 (p130)), further related to pRB-E2Fs (protein 

Retinoblastoma-Eukaryotes Transcription Factors) or DREAM 

(Dimerization Partner, RB-like, E2F and multi-vulval class B) 

protein complex formation, results in cell cycle arrest. E2F was 

suspected able to activate TSC2 by inducing mTORC2 

activation. HDACs (histone deacetylases) and SUV39H1 (histone 

methyltransferase) are the known factors that escalated this 

formation.  While p21 can also be triggered independently from 

the p53 pathway, the only high levels and nucleic p21 that cause 

cellular senescence and induce cell cycle arrest.  

• The p16 pathway  

The INK4/ARF locus (Alternative Reading Frame) encodes 

CDKN (Cyclin-dependent kinase inhibitor) genes that contain 

CDKN2A (p16INK4A and p14ARF) and CDKN2B 

(p15INK4B). p16/p15 will bind to CDK4/6 which blocks the 

formation of the cyclin D-CDK4/6 complex, thus preventing RB 

protein phosphorylation and triggering the expression of E2F 

target genes in the form of the RB-E2F complex which ends in 

cell cycle arrest. p14 works by binding to MDM2/4 (Murine 

Double Minute) and inhibits its functions in destabilizing p53. 
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P53 is the dominant pathway of senescence due to replicative 

stress, the type of stress that most resembles the stages of natural 

aging. This was demonstrated by research data on the cells 

without p53 that are not experiencing senescence. The level of 

p53 activation which is affected by the spatiotemporal (length, 

type, and size) exposure of stressor on the cell, is a fundamental 

part of initiating cellular response determination (senescence, 

autophagy, atau regulated cell death). In addition to p53, 

senescence occurs when the cell’s needs for proliferation are not 

met [29, 30]. The primary prerequisite for the cell to proliferate 

and differentiate properly, the cell must maintain a balance 

between increased protein, lipid, nucleotide production, and 

suppression of autophagic processes (since excess autophagy can 

end up in regulated cell death) [5, 31, 32]. The supreme 

regulator for this balance is mTOR (Mechanistic Target of 

Rapamycin), a serine/threonine protein kinase that coordinates 

the balance of the anabolic and metabolic response of cells when 

obtaining stress from the environment. mTOR is a versatile 

enzyme that consists of mTOR-Complex 1 and mTOR-Complex 

2, both complexes of mTOR are defined by a diverse protein and 

specific substrates set [2, 4]. The mechanism of mTOR in doing 

so is by: 

mTORC1  
mTORC1 play the anabolic path by phosphorylates the 

hydrophobic spot (Thr389) of its main effector unit, S6K1 

(P70S6-Kinase 1), that facilitates consecutive activation by PDK1 

(3-Phosphoinositide-dependent kinase 1). The S6K1 activation 

followed by phosphorylation and activation of mRNA 

(messenger Ribo Nucleic Acid) translation induction substrates, 

such as eIF4B (Yeast Eukaryotic Initiation Factor 4B) also 

induction of eIF4B inhibitor, PDCD4 (Programmed Cell Death 

4) to be degraded; increasing efficiency of mRNA translation 

through interaction with SKAR (S6K1 Aly/REF-like target), an 

element of the exon intersection complex. mTORC1 induces 

phosphorylation inhibition of elF4E Binding Protein (4EBP) to 

dissociate eIF4F so it can make eIF4F-5'cap complex dependent 

mRNA translation, occur. These events lead to protein synthesis. 

The activation of S6K1 also induces CAD (carbamoyl-phosphate 

synthetase) which enhances pyrimidine generation.  Together 

with purine generation by activation of MTHFD2 

(Methylenetetrahydrofolate dehydrogenase-2) through ATF4 

(Activating Transcription Factor 4) induction phosphorylation, 

both support nucleotide synthesis. In cholesterol and fatty acid 

biosynthesis, mTORC1 acts as NADPH production booster 

through C6H12O6 carbon units utilization by binding to SREBP 

(Sterol Responsive Element Binding Protein) and inducing PPP 

(pentose phosphate pathway) oxidation. mTORC1 also 

phosphorylates Lipin 1, the negative control of SREBP [3, 33].  

While for the catabolic, to support glycolysis domination more 

to oxidative phosphorylation metabolism, mTORC1 enhances 

HIFα (Hypoxia-Inducible Factors Subunit α) translation that 

induces the expression of several glycolytic enzymes such as PFK 

(Phospho-Fructo Kinase). mTORC1 also inhibits autophagy to 

some extent by phosphorylates ULK1 (Unc-51 Like Autophagy 

Activating Kinase 1); and inhibits autophagosome complexes of 

ULK1-ATG13 (Autophagy Related 13), FIP2000 (Fusion-

inhibiting peptide 2000), and ATG101 (Autophagy Related 101) 

formation; inhibits TEFB (transcription factor EB) translocation 

into nucleus, therefore, inhibiting autophagy and lysosome 

biogenesis; and reduce protein ubiquitylation that makes 

degradation by 20 S proteosomes, decreased [2, 34]. 

mTORC2 
mTORC2 works by phosphorylates its main substrates 

PKCα,δ,ε,ζ, γ as well as PKA, PKG, and  SGK1, which belongs 

to the AGC protein kinase family that has accountability in the 

regulation of cytoskeletal remodeling, cell migration, and cell 

survival. mTORC2 activates the major effector in the insulin-

PI3K signaling pathway, Akt/PKB (protein kinase B). An active 

Akt phosphorylates and inhibits key substrates such as the 

transcription factor Fox O1-3a (Forkhead box protein O1-3a), a 

metabolic regulator GSK3b (Glycogen synthase kinase-3 beta), 

and TSC2 (Tuberous Sclerosis Complex 2) a Rheb and raptor 

(mTORC1-inducing proteins) inhibitors. Akt activation on 

Ser473 along with phosphorylation via Thr308 by PDK1 will 

make Akt activation stronger. PDK1 activation facilitated by the 

activated SGK1. These, certainly strengthen mTORC1 

activation [2, 33, 35]. 

There is evidence that p53 and mTOR cooperate in determining 

cell status as a response to stress exposure. p53 target genes such 

as REDD1 (Regulated in DNA Damage and Development 1), 

LKB1 (Liver Kinase B1), AMPKβ (AMP-Activated Protein 

Kinase Subunit β), TSC2, PTEN (coding phosphatase which 

inactivates the PI3K-AKT pathway by catalyzing PIP3 to PIP2), 

Sestri 1 and Sestrin 2 (activate AMPK and TSC2) are a series of 

mTORC1 inhibitor genes (the dominant mTOR subunit in 

determining cell proliferation). p53 can target some miRNAs as 

transcription objects that when these miRNAs attach to 3 UTR 

of mTOR results in repression of mTOR (miRNA 100) and 

mTOR downstream/upstream protein (miRNA 145,149,155) 

translation. p53 stimulates post-transcriptional miRNA 

maturation that when it binds to mTOR, ends up in mTOR 

cessation (miRNA 199a3p) due to elevation of degradation. On 

the other hand, the non-transcriptional pathway of p53 in 

regulating mTOR is through cytoplasmic translocation that 

induces ubiquitination degradation by MDM2, AMPK inhibition, 

and mTOR activation, all of which inhibits the autophagy process 

[36, 37]. 

Meanwhile, mTOR reciprocates p53 regulation via modulation 

of the p53 counter regulator protein, MDM2 (Mouse double 

minute 2 homolog). The main downstream of mTOR, S6K1 

binds to MDM2 thereby inhibiting its work in degrading p53 

when DNA damage occurs. In PTEN-deficient cells, mTOR 

competes with MDM2 to bind to p53 on Ser15 resulting in 

activation of p53 thereby triggering PICS (PTEN-loss induced 

cellular senescence) [38]. MDM2 also modulated by AKT via 

Ser166 and Ser 186 phosphorylation, triggers MDM2 

translocation into the nucleus and results in the degradation of 

p53 while  Ser367 phosphorylation makes  MDM4 protected 
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from the proteolysis process and getting stabilized to inactivate 

p53. The stabilization of MDM4 is heightened due to 

deubiquitinization of USP2A (Ubiquitin-Specific Protease 2a). 

Other than that, under glucose deprivation, AMPK will 

phosphorylate p53 through Ser 15 and trigger cell cycle arrest. 

AMPK also triggers p53 phosphorylation indirectly via ULK1 

(Unc51-Like Kinase 1) phosphorylation, ULK1 is an essential 

drive for autophagy. On excessive UV exposure, indirect 

activation of p53 through AMPK or direct phosphorylation 

through LKB1 via Ser15 and Ser392 followed by the activation of 

p21 transcription (Figure 1) [30, 37, 38].  

Based on the mTOR molecular action mechanism for cell cycle 

continuity, mTOR contributes to the process of cellular 

senescence not only by directly affecting the senescence inductor 

genes (p53, p21, p16) but also by conditioning the conduciveness 

of the environment through the availability of essential things to 

support the development of senescence. mTOR is considered the 

major regulator of the quiescence/senescence state of cel1 [1, 

39].

 

 
Figure 1. The mTOR contribution to the process of senescence cellular. The fundamental ways mTOR regulates the senescence of cells 

are through modulation of genes involved in cell cycle progression and prevention of a decent cellular metabolism required for the cell 

cycle. 

 

Cellular senescence and age-related disease 

Senescent cells that undergo the cellular senescence process, 

have certain characteristics such as apoptosis resistance and, an 

increase in protein synthesis, along with changes in metabolism 

that include elevated glycolysis, reduced fatty acid oxidation, 

elevated production of reactive oxygen species, and the 

development of a secretory phenotype linked with senescence 

(SASP) [40]. The SASP involves the release of pro-inflammatory 

mediators such as cytokines, bradykines, prostenoids, miRNAs, 

damage-associated molecular pattern proteins (DAMPs), and 

chemokines that draw in immune cells. These substances all help 

to remove senescent cells. The SASP also induces stem cell 

dysfunction factors such as activin A, hemostatic factors such as 

PAI-1, pressors, and extracellular matrix-damaging molecules. 

Inflammaging, a persistent low-grade systemic inflammation that 

develops beyond any pathogenic episodes is also sustained and 

exacerbated by the SASP. SASP factors can cause secondary 

senescence in both proximal and distal directions, spreading and 

increasing the senecent load. When the senescence load exceeds 

the capacity of tissue, it causes age-related pathological 

alterations that eventually lead to illness, cancer, and death 

(Figure 2). Among those illnesses are: osteoporosis, 

osteoarthritis, frailty, cardiovascular, pulmonary fibrosis, renal, 

and other neurodegenerative disease [41-43].
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Figure 2. The mechanism of cellular senescence induced aging and age-related disease that eventually led to death. A problem is 

conducted by senescent cells when its accumulation reaches an organism's intolerable range. 

 

Metformin action mechanism and mTOR 

involvement 
Metformin works primarily through the OCT (Organic Cationic 

Transporters-1, -2, -3) and MATEs (Multidrug And Toxin 

Extrusion Transporters). Alternative metformin action 

mechanisms are through direct binding to mGPDH 

(Mitochondrial Glycerol 3-Phosphate Dehydrogenase) on the 

outer layer of the mitochondria inner membrane thereby 

inhibiting its function in glycerol-phosphate uptake process to 

reduce NADH and regenerate NAD+ cytosol. This inhibition 

will lower the Cytoplasmic NAD+/NADH ratio and affect the 

synthesis of glucose from lactate and glycerol in mitochondria 

[44]. As a result of ATP depletion, the cell's relative energy 

decreases, and the ratio of AMP (Adenosine 

Monophosphate)/ATP (Adenosine Triphosphate) increases. 

AMP inhibits fructose-1,6-bisphosphatase-1 (an enzyme that 

regulates the rate of gluconeogenesis) and triggers AMPK 

activation (5' AMP-activated Protein Kinase), the primary 

detector of the cellular metabolic state that is capable of 

switching anabolic pathways to catabolic energy generation 

pathways [14, 45].  

As a consequence,  AMPK activation leads to phosphorylation of 

raptors and mTORC1 substrates, namely S6K1 and 4E-BP1 thus 

reducing translation and inhibiting the action of mTORC1; 

PGC1-a (Peroxisome roliferator-activated receptor Gamma 

Coactivator-1 alpha) activation and mitochondrial biogenesis; 

activation of SIRT-1 (Sirtuin-1) and other nutrient-sensing 

pathways; Nuclear Factor kappa-light-chain-enhancer of 

activated B cells (NF-kB) and proinflammatory cytokines 

inhibition that also inhibits of AGE (advanced glycation end 

products) formation; and autophagy induction via ULK1 

activation [46]. At the same time, Metformin accesses the Non-

AMPK pathway through direct inhibition of mTORC1 via Rag-

GTPase or indirectly through upregulation of REDD1 

(Regulated in DNA Damage and Development 1) which triggers 

TSC2 phosphorylation and reducing insulin-IGF1 levels leading 

to the decrease of IRS (Insulin Receptor Substrate)  

phosphorylation and PI3K(Phosphoinositide 3-Kinases) 

inactivation, these, will inhibit PIP2 (Phosphatidylinositol-4,5-

Bisphosphate) transformation to PIP3 (Phosphatidylinositol-

3,4,5-Trisphosphate), as a result, inhibition of PDK1 

(Phosphoinositide-Dependent Kinase-1) uptake and Akt 

activation. When Akt is not activated, TSC inhibits Rheb and 

further inhibits mTORC1 activation (mTORC1 must bind to 

Rheb) [45, 47]. 

From all the possible alternative pathways of metformin in 

delaying the process of aging and age related disease mentioned 

above, the underlining part of the explanation is that every of 

these pathways are ponting to the same thing and emphasize the 

major contribution of mTOR in senescence progression. It’s as 

well shown through the result from the former researches among 

them are the intervention using metformin in osteoarthritis mice 

model by Li et al. giving the attenuation of osteoarthritis 

symptom through senescence modulation which is supported by 

the reduction of p21, p16, and mTOR in molecular level. This 

finding are corroborate by Feng et al. research that served the 

data about cartilage degeneration attenuation in osteoarthritis 

mice model under metformin intervention followed by the 

reduction of p16INK4a and mTOR. Another research using 

multiple myeloma model by Wang et al. giving the fact that 

metformin excert anti-cancer effects through senescence 

induction in cancer cells projected by the rise of  p21,  p27 and 

the decrease of mTOR level so the proliferation of the cancer 

cells were inhibited. While those data confirming metformin 

impact in age related diseases progression, Chen et al. brings the 

evidence of mitophagy supression and cellular senescence 

inhibition on the UVA induced skin aging process by metformin 

through dimming p53, p16, p21 and mTOR action. And last but 

not least, the research by Zang confirms the evidence of 

senescence alleviation following metformin intervention on 
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human dental pulp stem cells through the decrease of p53, p21, 

p16 and mTOR concentration (Table 1).
 

Table 1. Studies of metformin with mTOR involvement on cellular senescence 

Subject Dosage Result 
Mechanism of senescence 

modulation 
Ref 

Mice ADSC 100 μM and 200 μM 
OA symptom attenuation ↓ p21  ↓ p16 ↓ mTOR [48] 

C57BL/6 mice 10 μL per joint 

C57BL/6 mice 100 and 200 mg/kg-weight 

OA amelioration ↓ p16INK4a ↓ mTOR [49] Mice articular chondrocytes 4 mM and 5 mM 

Mice cartilage explants 4 mM and 8 mM 

Kunming mice 10mg/kg-weight Attenuation of UVA-induced skin 

aging 

↓  p53,  ↓ p16, ↓ p21 

↓ mTOR 
[50] 

HFF 100 µM 

Murine 250mg/kg weight/day 
MM cell growth inhibition ↑ p21, ↑ p27, ↓ mTOR [51] 

Human MM RPMI8226 & U266 cell lines 5 mM and 20 mM 

Human DPSCs 100 μM Alleviation of DPSCs senescence 
↓ p53, ↓ p21, ↓ p16 

↓ mTOR 
[52] 

Met = metformin; Px = participants; ↑ = increase; ↓ = decrease; mTOR = mechanistic target of rapamycin; ADSCs = Adipose-derived mesenchymal stem cells; OA = osteoarthritis; HFF =  human 

foreskin fibroblast; UVA = ultraviolet A; MM = Multiple myeloma; DPSCs = Dental pulp stem cells 

 

Conclusion 

The collected studies provide significant scientific evidence of 

metformin's impact on aging and the progression of age-related 

diseases with the most molecular action mechanism observed in 

these studies involving the mTOR pathway. The chronological 

mechanism of human aging on a cellular level and the importance 

of mTOR contribution to cellular stress response support the 

builds of the perspective that metformin helps the organism's 

homeostasis maintenance through modulating mTOR in cellular 

homeostasis management. It is noteworthy that stressing the 

topic review on mTOR helps to determine the major pathway of 

metformin action mechanisms along with the advantages of 

minimizing the possible unwanted effect of the drug as well as 

confronts the challenges of finding a certain range of therapeutic 

window dose that effectively works on mTOR modulation.  
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