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ABSTRACT: As human life expectancy continues to rise, becoming a pressing global concern, it brings into focus the 

underlying mechanisms of aging. The increasing lifespan has led to a growing elderly population grappling with age-

related diseases (ARDs), which strains healthcare systems and economies worldwide. While human senescence was 

once regarded as an immutable and inexorable phenomenon, impervious to interventions, the emerging field of 

geroscience now offers innovative approaches to aging, holding the promise of extending the period of healthspan in 

humans. Understanding the intricate links between aging and pathologies is essential in addressing the challenges 

presented by aging populations. A substantial body of evidence indicates shared mechanisms and pathways 

contributing to the development and progression of various ARDs. Consequently, novel interventions targeting the 

intrinsic mechanisms of aging have the potential to delay the onset of diverse pathological conditions, thereby 

extending healthspan. In this narrative review, we discuss the most promising methods and interventions aimed at 

modulating aging, which harbor the potential to mitigate ARDs in the future. We also outline the complexity of 

senescence and review recent empirical evidence to identify rational strategies for promoting healthy aging. 
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1. Introduction 

 

Human aging is a multifaceted phenomenon resulting 

from the declining force of natural selection with age [1, 

2] and pleiotropic constraints [3, 4]. According to the 

Disposable Soma Theory, aging arises from evolutionary 

trade-offs wherein resources are allocated between sexual 

reproduction and somatic maintenance [5]. Modern aging 
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theories are rooted in evolutionary explanations [6], 

providing a robust framework for understanding the 

complex interplay of genetic, environmental, and 

physiological factors in the aging process. 

Mechanistically, aging is predominantly attributed to 

the accumulation of molecular and cellular damage, 

leading to a gradual decline in homeostatic capacity [5, 7–

10]. Geroscience, a burgeoning field of research dedicated 

to extending healthspan and alleviating aging-associated 

healthcare burdens [11, 12], emphasizes the role of 

hallmarks as key drivers of aging [13–16]. The 

geroscience hypothesis posits that since aging underlies 

most chronic diseases and debilitating states, such as 

geriatric syndromes, interventions that retard aging could 

simultaneously prevent, delay, or mitigate multiple age-

related conditions [10–14].  

 
Figure 1. Age-related diseases (ARDs) result from the interplay of intrinsic hallmarks of aging and 

extrinsic environmental and lifestyle factors. Aging is a multifaceted phenomenon, and there is no single, 

overarching mechanism that governs the onset of all ARDs. Instead, aging involves a complex interplay of 

various biological pathways and processes. These mechanisms are diverse and multifactorial, encompassing 

genetic, epigenetic, metabolic, and environmental factors, among others. Each age-related disease may be 

influenced by a distinct subset of these factors. Elucidating the pathophysiological mechanisms driving both 

normal aging and these ARDs are paramount for devising effective interventions and tailored treatment 

strategies to enhance health outcomes in older people. 

However, despite its promise, geroscience faces 

several challenges [17], including translating findings 

from animal models to humans [18] and overcoming the 

limitations of reductionistic approaches to aging [19, 20]. 

Studies in animal models like worms, fruit flies, and mice 

have demonstrated the remarkable malleability of aging. 

Interventions such as senescent cell clearance [21, 22] and 

inhibition of aging-related signaling pathways [23, 24] 
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show promise in extending healthspan and longevity. For 

example, inhibition of the mechanistic target of 

rapamycin (mTOR) pathway has extended lifespan in 

various animal models [25, 26]. Moreover, emerging 

prospects like epigenetic reprogramming [27], repurposed 

drugs such as metformin [28–34, 34], and innovative 

methods targeting evolutionarily conserved mechanisms 

of aging [10–15, 35–44] offer promising avenues for 

rational interventions.  

In aging research, elucidating the connections 

between aging and age-related diseases (ARDs) is crucial. 

ARDs include conditions such as cancer, type 2 diabetes 

mellitus (T2DM), cardiovascular diseases (CVDs), 

cerebrovascular diseases, and neurodegenerative 

disorders like Alzheimer’s and Parkinson’s disease (Fig. 

1). Advancements in medicine and public health have 

significantly increased human life expectancy, making 

aging and ARDs a global healthcare concern. Since aging 

is a major risk factor for ARDs, their prevalence rises with 

advancing age, influenced by genetic predispositions, 

environmental factors, and lifestyle choices. The 

causative mechanisms by which aging affects these 

conditions, independently of other risk factors, remain to 

be fully elucidated. Current evidence suggests that the 

hallmarks of aging, such as genomic instability, telomere 

shortening, epigenetic alterations, cellular senescence, 

deregulated nutrient-sensing, mitochondrial dysfunction, 

and so forth, are fundamental to modulating both normal 

aging and many ARDs [13, 14]. ARDs can affect aging 

trajectories through various interconnected mechanisms. 

For example, CVDs and T2DM induce cellular and 

molecular damage via oxidative stress and chronic 

systemic inflammation, exacerbating physiological 

decline. Similarly, neurodegenerative disorders, such as 

Alzheimer’s and Parkinson’s disease, which are 

associated with neuronal dysfunction and the aggregation 

of misfolded proteins, can exacerbate the aging process. 

Furthermore, systemic effects of ARDs impact diverse 

organs and physiological functions. Chronic 

inflammation associated with conditions such as cancer, 

arthritis, and CVDs can advance their progression, 

impacting overall health and survival. Necessary medical 

interventions, such as cancer treatments, can also induce 

cellular senescence, potentially affecting the rate of aging 

in cancer patients. Finally, ARDs significantly impact 

healthspan and longevity, leading to a diminished quality 

of life and increased healthcare dependence.  

In this article, we critically discuss the most 

promising methods aimed at modulating aging and related 

pathologies, which hold the potential to mitigate ARDs in 

the future. We also address the complexity of human 

senescence and review recent empirical evidence to 

identify rational interventions and strategies for 

promoting healthy aging. 

2. Cellular and molecular mechanisms involved in 

aging: current views and future perspectives 

 

2.1. Cellular senescence: where physiology and 

pathology meet  

 

Hayflick and Moorhead [45] demonstrated that a 

population of normal human fetal fibroblasts can divide in 

vitro between 40 and 60 times before entering a phase of 

‘senescence’, where they are unable to divide but remain 

alive. This phenomenon, known as the Hayflick limit, 

marked a significant advancement in our understanding of 

the cellular basis of aging. Later studies revealed that 

human fibroblasts do not die off after ceasing to divide but 

can be maintained in culture for years [46].  

Subsequent research has shown that cellular 

senescence in vivo is a major mechanism underlying 

organismal aging and related pathologies [13, 14]. This 

process is often considered a double-edged sword [47–

49]. On the one hand, it prevents damaged cells from 

dividing and becoming cancerous and supports tissue 

remodeling functions, enabling vital body processes such 

as wound healing and tissue repair. On the other hand, the 

accumulation of senescent cells with advancing age, due 

to various reasons [50], contributes to age-related decline 

and the progression of ARDs such as cancer and CVDs. 

This is particularly due to the effects of the senescence-

associated secretory phenotype (SASP), which consists of 

proinflammatory cytokines (such as interleukins IL-1β, 

IL-6, and tumor necrosis factor α, TNF-α), chemokines, 

and extracellular matrix-degrading proteins [51]. Notably, 

these factors have deleterious paracrine and systemic 

effects, including inducing senescence in otherwise 

healthy cells in remote tissues, a phenomenon known as 

the bystander effect [52–54]. Moreover, SASP factors 

play a crucial role in orchestrating inflammatory 

responses during aging.  

Oxidative stress, defined as an imbalance between 

reactive oxygen species (ROS) production and intrinsic 

antioxidant defenses, is closely linked to aging. ROS can 

damage cellular components such as DNA, proteins, and 

lipids, contributing to the stochastic process of cellular 

aging. ROS can also activate nuclear factor-kappa B (NF-

κB) and other proinflammatory pathways. 

Proinflammatory cytokines promote cellular senescence 

and can also stimulate the production of ROS. Increased 

ROS can impair mitochondrial function, leading to 

reduced energy production and further ROS generation, 

creating a vicious cycle of oxidative damage. It is widely 

accepted that cumulative molecular and cellular damage 

over time is a key factor in the aging process and the 

pathogenesis of various ARDs. 

 

 



 Chmielewski PP., et al.                                                                        Human aging: from mechanisms to interventions 

   

Aging and Disease • Volume 16, Number 4, August 2025                                                                            1856 

 

2.2. Triggers of cellular senescence  

 

One of the most critical triggers of cellular senescence is 

the activation of the DNA damage response (DDR), a 

complex system of genes and stress-signaling pathways 

responsible for detecting and responding to molecular 

damage [55–57]. Activation of the DDR, often due to 

telomere shortening or other dysfunctions, can lead to 

cellular senescence. When the extent of the damage 

exceeds the cell’s repair capabilities, the cell enters a 

stable state of irreversible cell cycle arrest [58]. The 

triggers of cellular senescence include intrinsic and 

extrinsic factors. Intrinsic factors encompass DNA 

damage, genomic instability, telomere shortening or 

telomere dysfunction, oncogene activation, epigenetic 

influences (e.g., epigenetic changes of histones induce 

senescence by activating p16-Rb signaling), cell-cell 

fusion, and various types of stress such as oxidative 

damage caused by ROS, whereas extrinsic factors include 

external influences such as ultraviolet (UV) exposure and 

ionizing radiation [59–61]. These stress stimuli can 

activate multiple molecular pathways that induce 

senescence [62].  

Typically, when cells encounter these types of stress, 

p53 can be activated though several mechanisms [63, 64], 

which involve the activation of kinases that phosphorylate 

and stabilize p53, as well as the expression of cyclin-

dependent kinase inhibitors (CDKIs) such as p21CIP1. 

Increased levels of p21CIP1 inhibit the activity of cyclin-

dependent kinases (CDKs), leading to permanent cell 

cycle arrest, which is a characteristic feature of 

senescence. Similarly, in response to damage and stress, 

the expression of p16INK4a, which is typically low in 

healthy tissue, can be unregulated. This protein acts as a 

tumor suppressor, inhibiting cell cycle progression and 

promoting cellular senescence. Specifically, p16INK4a 

inhibits the activity of CDK4 and CDK6, which play roles 

in phosphorylating and inactivating the Rb protein. 

Consequently, these processes are disrupted, leading to an 

irreversible cell cycle arrest.  

 

 
Figure 2. The major causes and effects of cellular senescence, along with the key characteristics of a senescent cell are crucial 

for understanding aging as both a physiological and degenerative phenomenon. The accumulation of senescent cells, particularly 

those exhibiting the senescence-associated secretory phenotype (SASP), is recognized as a significant contributor to the aging 

phenotype, thereby limiting human healthspan and lifespan. 

2.3. Features of senescent cells  

 

Senescent cells undergo a loss of gene expression 

necessary for proliferation while acquiring distinct 

features and functions that differentiate them from non-

senescent cells. These alterations encompass various 

aspects, including irreversible growth arrest, the 

formation of DNA damage foci, changes in the epigenetic 

landscape, such as senescence-associated 

heterochromatin foci (SAHFs), modifications in the 

nuclear envelope, such as reduced levels of lamin B1 and 

high mobility group box 1 (HMGB1), elevated levels of 

CDKIs like p21CIP1 and p16INK4a, accumulation of lipids 

such as ceramides, which are associated with the 

senescence phenotype, remodeling of the cell surfaceome, 

dysfunctional mitochondria, increased production of 

ROS, dysregulation of signaling pathways, impaired 

proteostasis, resistance to apoptosis, compromised 
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autophagy, and heightened levels and activity of 

lysosomal senescence-associated β-galactosidase (SA-β-

Gal), which indicates an increase in lysosomal mass and 

activity (Fig. 2) [65, 66].  

Senescent cells often exhibit a distinct characteristic 

known as a SASP. The SASP involves the release of 

various molecules, including proinflammatory cytokines 

and chemokines, growth factors, proteases, damage-

associated molecular patterns (DAMPs), and extracellular 

matrix components, such as diverse proteins and 

exosomes [40, 59, 67–71]. However, the composition of 

SASP factors can vary significantly depending on the 

factors that induce cellular senescence, the cell type in 

which senescence occurs, and the microenvironmental 

context [66, 72].  

 

2.4. Strategies for reducing senescent cell burden  

 

It has been established that cellular senescence plays a 

significant role in normal aging and ARDs [21, 39, 68, 

72–75]. Preclinical studies have shown that clearance of 

senescent cells can lead to improvements in age-related 

conditions. Interventions that genetically or 

pharmacologically remove senescent cells can improve 

health outcomes in animal models of aging, supporting the 

geroscience hypothesis. Therefore, several new methods 

and strategies have been developed to mitigate the 

harmful effects of senescent cells and SASP factors [40, 

76, 77].  

One such approach involves the use of small-

molecule agents termed senolytics, which selectively 

target and eliminate senescent cells, thereby improving 

physiological function [59]. These drugs have the 

potential to slow down aging and delay the onset of 

multiple pathologies. Many studies have revealed that 

senescent cells exhibit ongoing metabolic activity and 

progressively accumulate with age in various tissues and 

organs in vivo, contributing to both normal aging and 

multiple ARDs. It has also been shown that the 

accumulation of senescent cells and SASP factors exert 

detrimental effects on the aging organism, promoting 

chronic low-grade systemic inflammation [78], which is 

an integrative hallmark of aging that stems from all other 

hallmarks [14].  

Experimental studies have revealed that elimination 

of senescent cells and inhibition of SASP factors have 

yielded promising outcomes in animal models [21, 72, 79, 

80]. Nonetheless, there is a possibility that these 

promising results may not translate into humans. Recent 

studies have shown that the accumulation of p16INK4a-

positive cells during adulthood in mice can reduce 

lifespan, whereas removing these cells has been found to 

extend both healthspan and lifespan [22]. In mice, the 

removal of senescent cells and the amelioration of SASP 

factors using a JAK inhibitor (JAKi) have been found to 

increase bone mass, improve bone density, and strengthen 

bone tissue [81]. Other experimental studies have also 

demonstrated the potential of senolytic treatment to 

improve health outcomes and extend lifespan in animal 

models [82].  

Interestingly, initial studies exploring the effects of 

reducing senescent cell burden in humans have shown 

promise in the context of age-related health outcomes. For 

example, Justice and associates [83] conducted a study 

focusing on older adults with idiopathic pulmonary 

fibrosis (IPF) and reported that senolytic treatment with 

dasatinib and quercetin alleviated physical dysfunction in 

these older patients. This suggests that reducing senescent 

cell burden through senolytic treatment has the potential 

to enhance health outcomes, such as gait speed and chair-

stands time, in older adults aged 50 years and above. 

While IPF is a distinct condition, it shares certain age-

related characteristics, and studying its effects in this 

context may shed light on potential anti-aging strategies. 

However, it should be stressed that the study sample was 

rather small, and other important characteristics, such as 

pulmonary function, clinical chemistries, frailty index FI-

LAB, and reported health, remained unchanged. While 

IPF itself may not be directly related to aging, it is crucial 

to recognize that aging is associated with a wide range of 

age-related conditions and diminished physiological 

function. Therefore, exploring the potential benefits of 

senolytic treatments in the context of conditions like IPF 

may offer valuable insights into broader anti-aging 

strategies for older adults. Thus, further research with 

larger and more diverse study populations is needed. 

SASP inhibitors (also referred to as senomorphics) 

are a novel class of interventions aimed at slowing down 

aging and preventing age-related pathologies. Unlike 

senolytics, which target and eliminate senescent cells, 

senomorphics suppress the SASP [40, 71]. Thus, they 

represent an exciting frontier in the field of geroscience. 

By targeting the underlying molecular mechanisms of 

senescence, SASP inhibitors have the potential to address 

the broader changes associated with aging, beyond the 

removal of senescent cells. It should be noted that the 

exploration of senomorphics as novel aging-modulating 

strategies opens up new possibilities for future 

interventions that can slow down aging and delay the 

onset of multiple pathologies. However, a more 

comprehensive understanding of these new methods is 

needed to fully harness the underlying mechanisms of 

aging. 

 

2.5. Dysfunctional mitochondria and mitochondria-

targeted therapeutics  
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Numerous studies have linked organismal aging to 

mitochondrial dysfunction, encompassing altered 

oxidative capacities and oxidative damage [84–96]. In 

older people, mitochondria experience impaired 

biogenesis and declining functionality in oxidative ATP 

production, phosphorylation, and antioxidant protection, 

resulting in increased ROS production. Increased ROS 

production accelerates cellular aging by causing 

deficiencies in DNA and vital mitochondrial components 

[87]. 

Recent research has revealed the impact of 

proinflammatory cytokines, such as TNF-α, on 

mitochondrial damage, biogenesis alterations, and 

structural changes, which contribute to the progression of 

CVD. Furthermore, ROS negatively affect contractile 

function, enzyme activity, transcription factors, and 

trigger apoptosis [88]. Given these findings and the 

established role of oxidative damage in mitochondrial 

dysfunction, targeting dysfunctional mitochondria 

emerges as a promising therapeutic strategy for healthy 

aging and age-related neurological conditions [89].  

Lifestyle interventions offer promising avenues for 

alleviating mitochondrial dysfunction associated with 

various pathological conditions, including cardiovascular, 

metabolic, and possibly neurodegenerative disorders. 

Most notably, physical exercise has demonstrated 

efficacy in stimulating mitochondrial biogenesis in 

skeletal muscles. A wealth of research suggests that 

regular physical exercise can suppress the age-related 

functional decline, leading to stimulation of adenosine 

monophosphate-activated protein (AMPK) and activation 

of peroxisome proliferator activated receptor gamma 

coactivator-1 alpha (PGC-1α) by direct phosphorylation 

of threonine and serine residues, thus increasing 

mitochondrial biogenesis. Over time, exercise engages 

diverse signaling pathways that regulate skeletal muscle 

mitochondrial dynamics, metabolism, and biogenesis, 

effectively slowing the progression of age-related muscle 

degeneration [90, 91].  

Caloric restriction (CR) represents another non-

genetic and non-pharmacological approach with 

significant effects on mitochondrial function. 

Interestingly, CR reduces excessive ROS production and 

oxidative damage, promoting mitochondrial activity, and 

suppressing nutrient-sensitive and inflammatory 

pathways in humans [92]. CR also maintains glucose 

homeostasis through the PGC-1α-SIRT1 complex, 

enhancing the AMP/ATP ratio, AMPK activation, and 

PGC-1α modulation via phosphorylation and 

deacetylation [85]. 

 

Table 1. Putative mitochondria-targeted senotherapeutics in relation to human aging. 

 
Intervention Main mechanism of action Outcomes References 

AMPK activators, 

e.g., metformin 

 

Increasing the activity of AMPK, a key 

sensor that regulates both energy balance 

and mitochondrial function 

Enhanced mitochondrial function and 

more efficient energy production 

 

[101, 102] 

Regular 

physical exercise 

Stimulation of AMPK and activation of 

PGC-1α by direct phosphorylation of 

threonine and serine residues 

Increased mitochondrial biogenesis 

in skeletal muscles 

 

[90, 91] 

 

 

Implementation  

of a healthy diet  

and nutritional regimen 

 

Maintaining glucose homeostasis involves 

the coordinated activity of the PGC-1α and 

SIRT1 complex. This coordination, in turn, 

modulates mitochondrial function, 

including processes such as biogenesis and 

maintenance 

Restriction of caloric intake reduces 

exaggerated ROS production and 

oxidative damage, enhances 

mitochondrial function, and inhibits 

nutrient-sensitive 

and inflammatory pathways 

 

 

 

[92, 103, 

104] 

 

 

Sirtuins 

 

Regulation of glucose and lipid metabolism 

Reduction in mitochondrial ROS levels 

and inflammation, 

promotion of glucose uptake, and 

stimulation of mitochondrial biogenesis 

 

 

 

[93] 

Antioxidants, e.g., 

Alpha-lipoic acid 

Coenzyme Q 

Glutathione 

MitoQ 

N-acetylcysteine  

Ubiquinol 

 

 

Neutralization or scavenging of free radicals 

 

These agents mitigate oxidative stress, 

safeguarding mitochondrial function and 

enhancing cellular homeostasis 

 

 

[94, 95] 

 

Mitophagy enhancement 

This intervention promotes the elimination 

of damaged or dysfunctional mitochondria 

via the activation of cellular processes 

responsible for autophagy 

Enhanced cellular function and 

longevity due to better mitochondrial 

quality control  

and increased cellular homeostasis  

 

 

[42–44] 
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In addition to lifestyle interventions and CR, 

pharmacological approaches offer another avenue to 

enhance mitochondrial health. It is worth noting that 

oxidative stress triggers structural and functional changes 

in mitochondria, leading to uncontrolled ROS production, 

which contributes to organ dysfunction and disease. 

Pharmacological agents that mitigate excessive ROS 

production hold potential for improving mitochondrial 

health in various diseases [97]. For instance, novel 

pharmacological strategies focus on enhancing 

mitochondrial function through SIRT1 activation. 

Resveratrol seems to safeguard against chronic 

inflammation and oxidative damage while promoting 

glucose uptake and mitochondrial biogenesis via PGC-1α 

activation [98]. Moreover, inhibitors of mitochondrial 

fission, such as mitochondrial division inhibitor 1 (Mdivi-

1), show promise in managing metabolic disorders by 

alleviating oxidative stress-related mitochondrial damage 

[99, 100]. Furthermore, novel antioxidant therapies hold 

potential to mitigate ROS overproduction in various 

conditions that are common in older adults such as CVD 

and cerebrovascular diseases. 

It has been established that mitochondria-targeted 

antioxidants containing ubiquinone (MitoQ) or vitamin E 

(MitoVit E) demonstrate superior efficacy in reducing 

oxidative damage in mitochondria. For example, MitoQ 

has been found to reduce aortic stiffening in older mice 

through a partial restoration of elastin levels. Moreover, 

long-term supplementation with MitoQ has been shown 

to enhance endothelial function in healthy older 

individuals. Similarly, MitoVit E, known for its efficient 

permeation of lipid bilayers, exhibits significant 

protective efficacy against oxidative damage induced by 

elevated levels of ROS across a range of 

pathophysiological conditions [94–96]. Additionally, a 

TPP conjugated vitamin E is another derivative capable of 

easily crossing lipid bilayers and protecting mitochondria 

from oxidative damage caused by increased ROS levels in 

numerous pathogenic conditions. This derivative can also 

protect mitochondria from oxidative damage induced by 

augmented ROS generation in various pathogenic 

conditions. Therefore, both lifestyle-related interventions 

and pharmacological approaches can help attenuate 

mitochondrial dysfunction resulting from excessive ROS 

production and subsequent oxidative damage (Table 1). 

 

2.6. Nutrient sensing: modulation of GH/insulin/IGF-

1 signaling 

 

Experimental studies have demonstrated that pathways 

promoting cell protection and maintenance can extend 

lifespan, indicating their evolution to enable survival in 

challenging environments rather than specifically for 

longevity [105]. In fact, nutrient signaling via the growth 

hormone (GH)/insulin/insulin-like growth factor-1 (IGF-

1) pathway has been described as a complex network that 

plays a crucial role in regulating growth, metabolism, 

aging, and longevity across species [106–110]. 

Aging research on various model organisms, such as 

worms, fruit flies, and mice, has provided insights into the 

role of insulin/IGF-1 signaling in aging and longevity. 

Genetic manipulations that reduce insulin/IGF-1 

signaling, such as mutations in insulin/IGF-1 receptors or 

downstream effectors, have been shown to extend lifespan 

[111–114]. Furthermore, abrogation of insulin/IGF-1 

signaling can improve healthspan, as evidenced by 

substantial improvements in motor and memory function 

[115, 116]. However, human studies have yielded 

inconsistent results [109, 117], and the relevance of 

reduced insulin/IGF-1 signaling in human longevity 

remains controversial.  

It is important to note that insulin resistance is a 

common feature of aging, contributing to dysregulation of 

the insulin/IGF-1 pathway. Insulin resistance is identified 

as the impaired response of target cells and tissues to 

insulin stimulation, leading to various metabolic 

dysfunctions and ultimately diseases [118]. Numerous 

studies have shown that insulin resistance is associated 

with chronic inflammation, oxidative stress, and increased 

risk of ARDs, including T2DM and CVDs [119–121]. 

Moreover, patients with insulin resistance have a 

heightened risk of cancer, probably due to overproduction 

of ROS that damage DNA [122–124]. Furthermore, the 

role of insulin extends beyond glucose metabolism. 

Insulin signaling via both the phosphoinositide 3-kinase 

(PI3K) and Ras-mitogen-activated protein kinase 

(MAPK) pathways can contribute to cancer cell 

proliferation [125, 126]. The role of PI3K/protein kinase 

B (PKB or AKT) signaling has also been investigated, as 

AKT plays an important role in growth factor signaling 

downstream of PI3K [127], and several studies have 

confirmed the cancer-promoting effect of insulin 

signaling [128–130]. Thus, addressing insulin resistance 

is essential for promoting healthy aging. 

CR, as a dietary regimen that reduces calorie intake 

without incurring malnutrition, has been studied for its 

effects on insulin/IGF-1 signaling and longevity. Notably, 

one of the key mechanisms through which CR exerts its 

beneficial effects is by improving insulin sensitivity and 

reducing insulin resistance. The metabolic shift induced 

by CR promotes cellular maintenance and repair 

mechanisms, thereby delaying the onset of ARDs. In 

addition to dietary interventions, pharmacological 

approaches targeting the GH/insulin/IGF-1 pathway have 

shown promise in extending lifespan and improving 

healthspan in preclinical studies. For example, 

administration of rapamycin, an inhibitor of mTOR 

pathway downstream of insulin/IGF-1 signaling, has been 
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associated with lifespan extension in various animal 

models. Similarly, metformin treatment, known for its 

glucose-lowering effects and enhancement of insulin 

sensitivity, has been linked to lifespan extension and 

healthspan improvements (see Section 2.11).  

Observational studies in humans have provided 

insights into the relationship between GH/insulin/IGF-1 

signaling and aging. In general, lower IGF-1 levels have 

been linked to increased lifespan, suggesting a potential 

role of reduced GH/insulin/IGF-1 signaling in human 

longevity [131]. Furthermore, individuals with 

diminished activity of the GH/IGF-1 axis exhibit reduced 

rates of cancer and T2DM [117], whereas the IGF-1/IGF-

1R axis has been involved in the progression of breast, 

prostate, colorectal, and pancreatic cancer [124, 132–

134].  

The role of IGF-1 in cell growth and proliferation, 

along with the apparent protective effects against post-

natal malignancies observed in individuals with 

congenital IGF-1 deficiencies, such as Laron syndrome, 

indicates a possible link between IGF-1 signaling and 

cancer development [135, 136]. For example, a 

prospective, population-based study reported a positive 

relationship between higher serum IGF-1 levels and 

cancer mortality in older men. Study participants with 

IGF-1 levels over 100 ng/mL had a 1.82-fold increased 

risk of fatal cancer, whereas patients with baseline IGF-1 

levels above 200 ng/mL had a 2.61 increased risk of fatal 

cancer [137]. Similarly, a positive association between 

circulating IGF-1 concentration and risk of breast cancer 

was found for premenopausal women [138]. Recent 

research has shown that IGF-1R is linked to the PI3K and 

MAPK pathways, with evidence of its translocation to the 

cell nucleus, where it assumes a transcriptional activation 

role [110]. Furthermore, the co-localization of IGF-1R 

and MAPK within the nucleus hints at new paradigms. 

Given its anti-apoptotic functions and ubiquitous 

expression in cancer, IGF-1R emerges as a promising 

target in oncological research. 

Despite the evidence from observational and 

preclinical studies, translating these findings into clinical 

applications poses significant challenges. Human studies 

investigating the effects of interventions targeting IGF-1 

signaling are often limited by factors such as genetic 

variability, environmental influences, and lifestyle 

factors. Furthermore, the long-term effects and potential 

side effects of pharmacological interventions remain to be 

fully elucidated. In summary, while preclinical studies 

have shed light on the intricate mechanisms underlying 

the role of the insulin/IGF-1 pathway in aging and related 

diseases, further research is needed to develop targeted 

interventions that can effectively modulate aging and 

extend healthy lifespan. 

 

2.7. Nutrient sensing: mTOR as a molecular target 

 

The Hyperfunction Theory of Aging suggests that aging 

results from losing control over developmental 

mechanisms such as mTOR, a serine/threonine kinase that 

integrates nutrient and hormonal cues [139, 140]. From an 

evolutionary perspective, mTOR is crucial for growth, 

development, and survival, but its hyperfunction in late 

life contributes to ARDs and limits lifespan, which is in 

line with the Antagonistic Pleiotropy Theory [3, 4, 8], 

suggesting that genes that are beneficial early in life may 

become harmful later in life.  

However, mTOR comprises two distinct protein 

complexes: mTOR Complex 1 (mTORC1) and mTOR 

Complex 2 (mTORC2) [141–145]; mTORC1 coordinates 

cellular growth and metabolism in response to nutrient 

stimuli and plays a crucial role in aging mechanisms such 

as autophagy, cellular senescence, and chronic 

inflammation [146]. Hyperactivity of mTORC1 can 

exacerbate oxidative stress by promoting mitochondrial 

dysfunction and impairing antioxidant defenses, and 

mitochondrial dysfunction plays a critical role in the 

development and progression of many ARDs, including 

cancer, CVDs, and neurodegeneration [147]. Inhibition of 

mTORC1 can reduce metabolic activity and protein 

synthesis, conserving cellular resources and mitigating 

the accumulation of age-related damage. Another crucial 

benefit of mTORC1 inhibition is the stimulation of 

autophagy [148, 149], the process of removing cellular 

debris and maintaining cellular homeostasis.  

In contrast, mTORC2 primarily promotes cell 

survival, regulates metabolism, cytoskeletal organization, 

and modulates stress responses, aiding in tissue 

homeostasis [144]. Although mTORC1 and mTORC2 

have distinct downstream effects, they can influence each 

other’s activity. Understanding the interplay between 

these signaling pathways is crucial for developing 

strategies to improve human health and delay aging. 

Recent studies have shown promising results with 

rapamycin and its analogs, known as rapalogs (e.g., 

RAD001 or everolimus), in extending healthy lifespan by 

dampening mTOR signaling [25, 150, 151]. Other 

compounds, such as metformin [152–154] and resveratrol 

[155, 156], have also emerged as potential inhibitors of 

mTOR signaling. Human studies suggest that modulating 

mTOR activity could improve physiological parameters 

associated with aging [157]. 

Dysregulation of the mTOR pathway has been 

observed in various types of cancer, where mTOR 

activation promotes tumor growth and metastasis. 

Therefore, multiple inhibitors of mTOR have been 

developed to treat cancer [158]. Inhibition of mTOR can 

be achieved through the use of rapamycin and rapalogs, 

which work by binding to the FK506-binding protein 12 
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(FKBP12), forming a complex that inhibits the mTOR 

signaling [159]. By blocking mTOR, these inhibitors can 

impede the growth and survival of cancer cells. These 

inhibitors have been approved for the treatment of certain 

diseases such as renal cell carcinoma, breast cancer, and 

pancreatic cancer. However, mTOR inhibition is not 

universally effective in cancer treatment. Moreover, 

dysregulation of mTOR is an important factor in other 

diseases, including metabolic disorders and 

neurodegenerative diseases. Altered mTOR activity has 

been observed in the brains of individuals with 

Alzheimer’s disease, suggesting its role in the 

development and progression of this type of dementia 

[146]. Thus, ongoing research into mTOR signaling holds 

significant potential for advancing our understanding and 

treatment of various ARDs. 

Despite the potential benefits of mTORC1 inhibition 

in extending human lifespan, it is essential to consider 

potential drawbacks such as impaired wound healing, 

insulin resistance, and an increased risk of certain age-

related conditions such as cataracts [160]. Therefore, 

while targeting mTOR shows promise for future 

interventions, it is crucial to weigh the benefits against the 

risks. Further research is needed to elucidate the 

underlying mechanisms and potential clinical applications 

of drugs targeting both mTORC1 and mTORC2 for 

promoting healthy aging in humans.  

 

2.8. Epigenetics of aging: resetting the epigenetic 

clocks 

 

Epigenetic alterations encompass a wide spectrum of 

heritable and often reversible changes in DNA that do not 

change the DNA coding sequence but occur with age and 

exposure to environmental factors, and can affect a 

person’s risk of disease. These regulatory modifications 

include alterations in DNA methylation patterns, histone 

modifications, chromatin remodeling, and noncoding 

RNA regulation [13, 14]. The epigenetic alterations are 

vital for regulating gene activity and are closely related to 

aging and ARDs [60, 161]. Normal aging is frequently 

accompanied by a gradual decrease in global DNA 

methylation levels, particularly in repetitive regions of the 

genome such as transposable elements. In addition to 

global changes, aging is also characterized by alterations 

in DNA methylation at specific genomic loci. While some 

regions may become hypomethylated with age, other 

regions may experience hypermethylation.  

A particularly fascinating concept within this field is 

the epigenetic clock, that is, a biomarker that estimates a 

person’s biological age based on epigenetic changes in 

their DNA [162, 163]. This clock measures the pace a 

person ages. The prospect of resetting the epigenetic clock 

for aging involves targeting and reversing age-associated 

epigenetic changes to restore a more youthful gene 

expression profile. Remarkably, experimental studies 

have shown the feasibility of this approach, leading to 

improvements in various age-related changes [27, 164]. 

While research has demonstrated the potential 

reversibility of these epigenetic modifications and the 

potential rejuvenation of senescent cells through 

reprograming methods such as somatic cell nuclear 

transfer (SCNT) or induced pluripotent stem cell (iPSC) 

induction, it is important to note that systemic aging is a 

highly complex and multifaceted phenomenon extending 

beyond epigenetic aging. Thus, neither epigenetic aging 

can effectively measure all features of systemic aging, nor 

interventions resetting the ‘epigenetic clocks‘ are likely to 

stop or effectively delay aging. 

Within this landscape, interventions resetting the 

‘epigenetic clocks’ based on DNA methylation status 

have shown great promise, as protocols aimed at thymus 

regeneration revealed the possibility of mitigating the risk 

of multiple aging-associated pathologies, thus slowing 

down the morbidity and mortality rates by roughly 2 

years, which persisted 6 months after discontinuing 

treatment [164]. Interestingly, a retrospective analysis of 

42 adults taking α-ketoglutarate for an average period of 

7 month has revealed an average decrease in epigenetic 

aging of 8 years [165]. Remarkably, α-ketoglutarate 

supplementation was effective across different 

individuals and notably beneficial for older age groups, 

suggesting its potential in delaying human aging. 

Similarly, the sirtuin family (SIRT1, SIRT2, SIRT3, 

SIRT4, SIRT5, SIRT6, and SIRT7) of histone 

deacetylases, reliant to NAD+ as a cofactor, has emerged 

as a focal point for therapeutic exploration due to their 

involvement in regulating gene transcription and energy 

metabolism [166]. SIRT1 and other members have been 

implicated in various mechanisms of aging and longevity, 

prompting aging investigations into modulators targeting 

these proteins. For example, resveratrol, a phytoalexin 

found in red wine, has shown potential in mitigating 

senescence and enhancing longevity in several animal 

models, including mice on a high-calorie diet [167]. 

However, its efficacy in humans remains contentious due 

to issues with bioavailability and inconsistent study 

outcomes.  

Despite significant strides in understanding the 

epigenetic mechanisms of aging, the precise role of 

interventions regarding DNA methylation in improving 

human health and extending lifespan remains uncertain 

[41]. Moreover, a crucial distinction exists between 

‘developmental reprogramming’, which resets cells to an 

embryonic state, and ‘age reprogramming’, aimed at 

restoring a youthful phenotype while preserving cellular 

function and identity.  
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While age reprogramming holds promise for 

regenerative therapies [168, 169], its efficacy and 

feasibility require further validation. Although there may 

be significant upfront costs associated with the 

development and implementation of epigenetic 

interventions, advancements in technology, regulatory 

processes, and healthcare delivery models can help 

improve the financial feasibility and ensure that treatment 

outcomes are affordable for the general population in the 

long term. Collaborative efforts among stakeholders will 

be crucial in addressing these major challenges and 

realizing the potential of epigenetics in improving human 

healthspan and longevity in the future.  

 

2.9. Enhancing cellular function: the role of autophagy  

 

Autophagy, a lysosomal-dependent degradation pathway, 

is crucial for maintaining cellular integrity, especially 

under stress [42, 43]. Autophagy allows cells to survive 

under nutrient-limited conditions by recycling proteins 

and organelles. This process removes damaged 

organelles, misfolded proteins, and cellular debris, 

thereby ensuring cellular homeostasis. However, 

autophagic activity declines with age, leading to the 

accumulation of cellular and molecular damage. Recent 

research suggests that enhancing autophagy could be a 

promising intervention to modulate aging [44].  

Indeed, studies in yeast, worms, and fruit flies have 

shown that inactivating autophagy shortens lifespan, 

whereas promoting autophagy extends lifespan. 

Moreover, autophagy dysfunction is implicated in ARDs, 

including cardiovascular and neurodegenerative diseases 

[170–172]. Strategies to boost autophagy, such as various 

biochemical interventions, have shown potential in 

promoting healthspan and mitigating age-related declines 

in cellular function [173, 174].  

During nutrient abundance, mTORC1 inhibits 

autophagy by phosphorylating the autophagy-initiating 

kinase ULK1 and autophagy-related protein 13 (ATG13), 

along with other components of the autophagy initiation 

process. Conversely, during nutrient deficiency, 

autophagy is activated due to the activation of AMPK and 

the reduction of mTORC1 activity.  

In several mouse cell types, autophagy is impaired 

with aging. Genetic activation of autophagy in aged 

mouse liver has been shown to rejuvenate liver tissue and 

improve function. Although rapamycin is not as potent a 

stimulator of autophagy compared to mTOR kinase 

inhibitors, studies in mouse models of Alzheimer’s 

disease have indicated increased autophagy effects 

attributed to rapamycin use [175]. 

However, it is crucial to fine-tune autophagy, as 

excessive autophagy can have adverse effects. Therefore, 

further research is essential for developing safe and 

effective therapies targeting autophagy in humans. 

 

2.10. Nutritional strategies: intermittent fasting and 

fasting-mimicking diets 

 

While CR has shown certain health benefits [103, 176, 

177], other promising strategies include intermittent 

fasting (IF) and fasting-mimicking diets (FMDs). IF 

involves short-term daily or weekly fasting periods that 

have the potential to extend healthspan and longevity, 

whereas FMDs are nutritional regimens designed to 

mimic the biochemical and metabolic responses of 

fasting. Accumulating evidence supports the beneficial 

effects of Time-Restricted-Eating (TRE) in humans [103, 

104].  

TRE typically involves an 8-10 hour daily eating 

window, lasting several weeks. Studies have shown a 

significant reduction in adiposity and improved 

cardiovascular markers, although a more stringent TRE 

(e.g., 6-hour windows) might be more effective in 

improving insulin sensitivity. Although alternate day 

fasting for several weeks has demonstrated certain 

improvements in makers of general health in healthy 

adults [178], many studies have raised concerns about 

longer fasting periods and skipping breakfast, which have 

been associated with increased cardiovascular risk and 

mortality [179].  

It has been established that restricting food intake can 

lead to overconsumption during eating periods, especially 

if people compensate by consuming larger meals and 

unhealthy foods, which may ultimately lead to metabolic 

dysregulation. Moreover, prolonged fasting can trigger 

stress reactions in the body, which can raise cortisol levels 

and cause problems with sleep. It can also lead to 

nutritional deficiency or imbalance, which can aggravate 

cardiovascular risks [180]. In fact, multiple studies have 

highlighted the importance of eating breakfast as a simple 

way to promote health, as skipping breakfast is associated 

with a greater risk of hypertension, atherosclerosis, 

dyslipidemia, T2DM, metabolic syndrome, overweight, 

as well as obesity [181–187]. Habitual breakfast skippers 

were found to be at increased risk of CVD and all-cause 

mortality [179, 188, 189]. 

Thus, both dietary composition and fasting periods 

can affect established markers of aging and ARDs [104]. 

In conclusion, IF and FMDs show promise for improving 

health outcomes, but issues with compliance and side 

effects suggest an ideal daily easting period of 12 hours 

until further research identifies safe, feasible, and 

effective TRE lengths.  
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2.11. Repurposed drugs: metformin 

 

Metformin (1,1-dimethylbiguanide hydrochloride) is a 

widely prescribed antidiabetic drug that inhibits hepatic 

gluconeogenesis and enhances glucose uptake in skeletal 

muscles [190, 191]. However, emerging evidence 

suggests that metformin could be protective against 

neoplastic diseases, as it has both direct and indirect anti-

cancer properties [192, 193]. Furthermore, metformin has 

been shown to reduce the pathogenesis and mortality of 

CVD [194, 195], although the mechanisms underlying its 

therapeutic effects remain incompletely understood [196].  

It has been established that metformin exerts its action 

through multiple pathways (Fig. 3), including the 

reduction of insulin and IGF-1 signaling [197], inhibition 

of mTOR signaling [152, 153], and attenuation of ROS 

generation, thereby mitigating DNA damage. Moreover, 

metformin activates the AMPK pathway while inhibiting 

signal transducer and activator of transcription 3 (STAT3) 

[101, 102], leading to alterations in cytokine production 

by immune cells such as tumor necrosis factor (TNF) and 

interleukin-10 (IL-10). Furthermore, metformin treatment 

has been demonstrated to suppress inflammatory 

mediators such as NF-κB and TNF-α [198].  

 
Figure 3. Metformin, a repurposed drug, can target the basic pathways involved in aging. Extracellularly, it lowers insulin 

levels and suppresses IGF-1 signaling, while also affecting multiple cytokines. Intracellularly, it activates AMP-kinase (AMPK), 

which is a key regulator of cellular energy metabolism, thereby maintaining and promoting mitochondrial function. Concurrently, it 

inhibits the mechanistic target of rapamycin (mTOR) pathway, while activating SIRT1 and suppressing NF-κB. 

Experimental studies in animal models have 

demonstrated promising effects of metformin on age-

related neurodegenerative disorders [10]. For example, 

continuous administration of metformin to the senescence 

accelerated mouse prone 8 (SAMP8) mice for eight weeks 

resulted in a significant reduction in amyloid precursor 

protein (APPc99) and phosphorylated Tau (pTau) 

expression in the brain, accompanied by improved 

cognitive function [199]. Similarly, metformin induced 

functional recovery of memory deficits in APP/ presenilin 

1 (PS1) mice and exerted neuroprotective effects by 

promoting neurogenesis and anti-inflammatory responses 

through the regulation of AMPK/mTOR/S6K/Bace1 and 

AMPK/P65 NF-κB signaling pathways in the 
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hippocampus [200]. In human studies, long-term 

metformin treatment has been associated with a reduced 

risk of dementia and cognitive impairment in older adults 

with T2DM [201]. Moreover, metformin exhibits 

potential anticancer properties, with in vitro and in vivo 

studies showing inhibitory effects on various cancer cells, 

including rectal and colon cancer [202, 203]. Also clinical 

trials have reported a lower incidence of several types of 

cancer, such as breast, gastric, and prostate cancer [204–

206]. Furthermore, metformin treatment has been linked 

to improved survival rates in patients with pancreatic 

cancer [207]. 

 
Figure 4. The concept of regulatory roles of miRNA in cellular senescence. Various miRNAs operate within the cytoplasm to 

orchestrate cellular senescence through a process called posttranscriptional gene silencing. This involves targeting specific mRNAs, 

resulting in translational inhibition and subsequent mRNA degradation. These miRNAs selectively target mRNAs encoding transcription 

factors, DNA repair machinery, and proliferative genes to induce senescence. Conversely, to prevent cellular senescence, these miRNAs 

focus on mRNAs that encode pro-senescence factors like p53, p21, and p16. Inside the nucleus, the miR/AGO2 complexes play a crucial 

role in initiating cellular senescence by guiding RB and chromatinmodifying entities toward pro-proliferative E2F genes. This sets off 

a noncanonical nuclear cascade known as transcriptional gene silencing (TGS), marked by H3K9me3 and H3K27m3 histone 

modifications that create an inhibitory chromatin treatment. 

However, the notion that disease-focused approaches, 

such as pharmaceuticals, can delay normal aging and 

extend healthspan and longevity in healthy adults, appears 

to be flawed. First, these drugs have been designed to treat 

diseases, and their aging-modulating effects are still under 

investigation. One concern is the potential for off-target 

effects, where the drug may interact with other pathways 

in unintended ways, leading to adverse effects. While 

metformin has a relatively good safety profile when used 

for T2DM management, its long-term safety as an aging-

modulating intervention is uncertain. Furthermore, aging 

is a complex and heterogenous phenomenon, and not all 

individuals age in the same way, hence any type of 

intervention for healthy aging should improve the 

outcomes in all individuals, regardless of their aging 

trajectories. Drugs or lifestyle-related factors may interact 

with other interventions like pharmaceuticals, potentially 

diminishing their effects. Thus, considering these issues is 

essential for a comprehensive evaluation of potential 

aging-modulating interventions and for informing future 

research directions and public health initiatives in the field 

of biogerontology.  
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3. Noncoding RNAs 

 

3.1. The role of microRNAs in aging and longevity  

 

MicroRNAs (miRNAs) are short, non-coding RNAs that 

play a pivotal role in regulating gene expression by 

promoting mRNA degradation or translational repression 

in a sequence-specific manner [208]. They have been 

extensively studied in the context of aging (Fig. 4). For 

instance, it has been established that microRNAs can 

regulate the SASP by regulating proteins in the 

senescence signaling pathway [209]. In C. elegans, miR-

71 and in mammals, miR-17-92, have been identified as 

essential regulators of aging [210, 211]. These miRNAs 

influence well-established longevity pathways, such as 

the IGF-1/insulin-like signaling pathway and are 

associated with age-related changes. In mice, miRNAs 

have been found to differ significantly between young and 

old brains [212, 213], with some targeting genes related 

to the insulin growth pathways. Similarly, the livers of 

older mice exhibit altered expression of specific miRNAs 

[212], affecting genes associated with regeneration 

capacity, detoxification, mitochondrial function, and 

maintenance. 

Several other miRNAs have been implicated in 

mammalian aging, including miR-681, miR-143, miR-

470, miR-27, miR-669b, miR-29, miR-146a, among 

others [214–216]. These miRNAs target various factors 

involved in aging. For instance, miR-146a and miR-143 

have been shown to regulate senescence in human 

fibroblasts [217]. Research across different organisms has 

revealed that miRNAs regulate age-related processes by 

targeting specific mRNAs, often related to the IGF/insulin 

pathway. Dysregulation of miRNAs, as observed in whole 

blood samples from older individuals [218], is indicative 

of their involvement in aging. Importantly, miRNAs can 

both promote and inhibit cell senescence through the 

posttranscriptional gene silencing mechanisms [219, 

220]. 

Research across different organisms has revealed that 

miRNAs regulate age-related progressions by 

concurrently targeting the 3'-UTRs (untranslated regions) 

of specific mRNAs. The genomic regions involved in 

coding for these miRNAs, which are responsible for the 

regulating processes of aging, are often subject to 

epigenetic regulation through histone modifications and 

DNA methylation. A significant proportion of these 

miRNAs regulate the IGF/insulin pathway, influencing 

the conveyance of forkhead transcription factors of the O 

class (FOXO), such as DAF-16, into the nucleus, 

ultimately leading to the suppression of genes regulating 

aging or antiaging processes [216]. When comparing 

expression of miRNA in whole blood samples from 

nonagenarians and centenarians (with 96.4 years as the 

mean age) to younger individuals (with 45.9 years as the 

mean age), the study revealed that approximately 10% of 

miRNAs exhibited differential expression. Among these 

miRNAs, 20% were upregulated, while 80% were 

downregulated [221]. In a separate comparison between 

centenarians and individuals aged 50 years, it was found 

that miR-363-5p (previously termed miR-363*) exhibited 

a significant decline with age [222]. Such studies may 

shed more light on the role of miRNAs in human aging 

and longevity and to identify genes and signaling 

pathways that are targets for age-related alterations.   

 

3.2. The role of long noncoding RNAs  

 

Long noncoding RNAs (lncRNAs) exert regulatory 

control over gene expression through various 

mechanisms, including transcriptional control, RNA 

processing, translational modulation, and post-

translational regulation [223–225]. They can interact with 

DNA, RNA, or protein molecules and are predominantly 

located in the nucleus. Notable lncRNAs include ANRIL, 

which regulates senescence by associating with PRC1 and 

PRC2 via chromodomain proteins SUZ12 and CBX7. 

PANDA, another lncRNA, acts as a negative regulator of 

the INK4 expression by recruiting transcriptional 

regulator SAF-A and PRC1/PRC2 protein complexes. 

HOTAIR modulates senescence by interacting with 

proteins responsible for RNA stabilization processes. 

Furthermore, lncRNAs play an important role in the 

regulation of cellular senescence by maintaining telomere 

homeostasis, as exemplified by telomeric repeat-

containing RNAs (TERRAs). In fact, dysregulation of 

these lncRNAs can contribute to the onset of senescence. 

Table 2 presents several types of ncRNSs that participate 

in cellular senescence.  

 

3.3. The role of extracellular RNAs  

 

Extracellular RNA (exRNA) refers to RNA located 

outside of cells, primarily within extracellular vesicles, 

and is detected in various bodily fluids [255, 256]. It has 

been demonstrated that exRNAs play significant roles in 

aging and ARDs [257]. For example, miRNAs present in 

exosomes have been linked to aging, with miR-34a 

identified as an early biomarker of aging [258, 259]. 

Changes in exosomal miRNA expression have been 

observed in older individuals [259], with potential 

implications for CVDs [260, 261]. Furthermore, these 

exosomal miRNAs can serve as diagnostic indicators for 

various age-related conditions [262, 263]. 
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Table 2. List of non-coding RNAs in humans and their role in aging. 

 
ncRNA Target Function References 

miRNA 

miR-29↑ Ireb2 Decreases the intracellular iron burden [226] 

Igf1 

Cx3cl1 

Promotes activation of microglia [227] 

miR-21↓ Pdcd4 Supports the development of osteoclastic bone, which causes bone loss and resorption [228] 

Spry1 Augments bone growth and osteogenic differentiation [229] 

Reck Decreases TNF-α-induced apoptosis and prevents bone loss [230] 

Pten Prevents osteocyte apoptosis [231] 

miR-126↓ -- Negatively controls skeletal muscle's IGF-1-induced growth signaling [232] 

miR-31↑ Fzd3 Prevents osteogenesis [233] 

miR-18a↓ Ctgf 

Tsp1 

Decreases cardiac fibrosis [234] 

miR-214↑ Atf4 Inhibits bone growth and osteoblast activity [235] 

Pten Augments osteoclast production and bone resorption [236] 

miR-218↑ Rictor Hinders osteoblast survival and adhesion [237] 

miR-188↑ Rictor 

Hdac9 

Promotes BMSC development into adipogenic rather than osteogenic cells, which 

causes bone loss. 

[238] 

miR-19↓ Ctgf 

Tsp1 

Decreases cardiac fibrosis [234] 

miR-22↑ Ogn Augments heart cell senescence [239] 

Pparα Stimulates diastolic dysfunction, heart failure, and hypertrophy [240] 

Sirt1 Myocardial autophagy is prevented [241] 

lncRNA 

DDSR1 BRCA1 and 

hnRNPUL1 

Facilitate the homologous recombinational repair mechanism in case of double stranded 

breaks in DNA 

[242] 

NORAD PUM 

proteins 

Inactivation of NORAD conduces to aneuploidy [243] 

DINO P53 Activated in the event of DNA damage [244] 

RoR hnRNP I Substantially suppresses p53 in the event of DNA damage. [245] 

PANDA NF-YA Triggered in the event of DNA damage [246] 

ERIC E2F1 Overexpressed in the event of DNA damage [247] 

MALAT1 P53 A repressor of p53 [248] 

ANRIL SUZ12 ANRIL controls DNA repair and gene expression through the homologous 

recombinational repair process. 

[249] 

SAL-

RNA1 

N.A. Forestalls senescence [250] 

TERRA SUV39H1 Controls how deprotected telomeres are processed and built [251] 

SALNR NF90 Suppressed when cellular senescence occurs [252] 

GAS5 eIF4F 

complex 

Initiation of translation [253] 

HOTAIR Ataxin-1 

and 

Snurportin-1 

Increases during cellular senescence [254] 

 

3.4. Exosomes  

 

Exosomes are nanosized extracellular vesicles crucial for 

intercellular communication. They transfer bioactive 

molecules such as lipids, proteins, and nucleic acids 

(including miRNAs and lncRNAs) to target cells, playing 

integral roles in various physiological and pathological 

processes [264–267]. Exosomes can traverse distant 

tissues via the bloodstream, interacting with target cells 

and regulating intracellular signaling. Originating from 

the cytoplasm of host cells, exosomes encapsulate 

molecules associated with up-regulated survival 

pathways, indicating the donor cell’s health status.  

In diseases, exosomes from afflicted cells can 

exacerbate pathological processes. For example, 

macrophage-derived exosomes are implicated in the 

progression of CVDs such as atherosclerosis and heart 

failure [265]. Exosomes from atherosclerotic plaques can 

spread atherosclerosis to remote vasculature locations, 

worsening the disease [266]. Furthermore, exosomes can 

convey proinflammatory molecules such as cytokines and 

chemokines, activating immune responses and promoting 

systemic inflammation [267]. However, exosomal 
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miRNAs can also modulate gene expression and inhibit 

classical proinflammatory pathways [268]. 

Luo et al. [269] reported that miR-126-enhanced 

adipose-derived stem cell (ADSC)-derived exosomes 

protected myocardial cells against apoptosis, reducing 

myocardial injury, cardiac fibrosis, and inflammatory 

cytokine expression in a rat model of hypoxia-induced 

H9c2 myocardial cell injury. Building on these findings, 

further studies demonstrated that miR-126-

overexpressing ADSC-derived exosomes significantly 

enhanced cell viability under hypoxic conditions, an 

effect mitigated by the exosome inhibitor GW4869.  

Wang et al. [270] investigated the effects of miR-129-

5p-overexpressing mesenchymal stem cell (MSC)-

derived exosomes in a mouse model of myocardial 

infarction. Their findings revealed improved cardiac 

function, reduced expression of HMGB1 and 

proinflammatory cytokines, and decreased apoptosis and 

fibrosis in the cardiac tissue of myocardial infarction mice 

treated with these exosomes. This suggests that miR-129-

5p, transported through exosomes, can mitigate 

inflammation in myocardial infarction mice by targeting 

HMGB1.  

In a murine model of sepsis induced by 

lipopolysaccharide injection, Sun et al. [271] observed 

decreased expression of miR-24-3p and increased Tnfsf10 

expression. Their study confirmed that miR-24-3p 

derived from M2-exosomes had protective effects on 

cardiac tissue by enhancing cardiac function and reducing 

apoptosis in myocardial tissue. 

Charles and associates [272] investigated the 

effectiveness of MSC-derived exosomes in a porcine 

model of myocardial infarction. They found that a 7-day 

intravenous exosome treatment significantly reduced 

infarct size and preserved left ventricular function 

compared to the control group, despite increased cardiac 

fibrosis.  

Song et al. [273] explored the role of human umbilical 

cord blood-derived MSC exosomes in mitigating 

myocardial injury by inhibiting ferroptosis. They found 

that increased divalent metal transporter 1 (DMT1) 

expression promoted myocardial cell ferroptosis, while 

knocking down DMT1 inhibited it. These results indicate 

that human umbilical cord blood-derived MSC exosomes 

may attenuate myocardial injury by suppressing DMT1 

expression via miR-23a-3p, thereby inhibiting ferroptosis. 

Recent studies underscore the potential of exosomes 

as biomarkers for disease diagnosis and prognosis [274]. 

Understanding exosomal cargo and mechanisms can 

provide insights into disease progression and lead to 

innovative therapeutic approaches [275, 276]. Specific 

miRNAs in circulating exosomes have emerged as 

valuable markers for myocardial infarction. 

In aging research, exosomes have been implicated in 

cellular communication, contributing to age-related 

dysfunction through mechanisms like the regulation of 

SASP, oxidative stress, mitochondrial dysfunction, 

endothelial dysfunction, vascular calcification, and 

angiogenesis dysregulation [277–280]. Alterations in 

exosome composition and function are linked to both 

normal aging and CVDs [276, 281–283]. Notably, 

exosomes from the plasma of young mice can counteract 

pre-existing aging, reverse age-related degenerative 

changes, and substantially extend the lifespan in aged 

mice by improving mitochondrial energy metabolism 

[284]. However, despite significant strides in research, the 

specific rejuvenating mechanisms and precise roles of 

exosomes in aging and regeneration remain incompletely 

understood.  

 

4. Conclusions and future perspectives  

 

As global life expectancy rises, so does the prevalence of 

ARDs and geriatric syndromes among the elderly. 

Experimental studies have demonstrated the malleability 

of aging, indicating that genetic, nutritional, and 

biochemical factors can affect its pace. Contemporary 

research identifies aging through interconnected 

hallmarks, suggesting that interventions targeting any 

single hallmark may have broader effects, potentially 

delaying aging and the onset of ARDs. Strategies to 

modulate aging, such as senolytics, SASP inhibitors, and 

anti-inflammatory interventions, have shown promise in 

animal models, hinting at future applications in humans. 

However, it is essential to recognize the reductionistic 

nature of these approaches, which focus on specific 

molecular aspects of aging. Despite this, advancements in 

geroscience have shed light on the intricate nature of 

aging, offering novel opportunities to address these 

challenges and enhance the quality of life for the growing 

elderly population.  
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