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Abstract: Researchers cannot predict as yet how long a human being can live. Life expectancy has been 

steadily increasing in the last century, but perhaps not always the quality of life in parallel with it. Future 

generations will be faced with the problems of an increased life expectancy along with the emergence of 

new age-related diseases. A deeper understanding of the aging process is crucial to ameliorate, if not to 

prevent, these projected new old-age diseases. One of the mechanisms responsible for healthy aging is 

through the effective maintenance of physiological, biochemical, and immunological functions. To carry 

this out, the organism needs to create new cells to replace old ones and to induce the disappearance of old 

and damaged cells. Apoptosis is involved in all these processes. However, if apoptosis is dysregulated, 

premature senescence-associated diseases are likely to appear. In our review, the focus will be on a better 

understanding of the role of apoptosis in the aging process. These signaling pathways will most assuredly 

be pharmacologically targeted in antiaging medicine therapies. 

 

 

 

 

 

 

 

 

 

mailto:sarguelles1@us.es


Accepted (peer-reviewed) Version 
 

3 
 

INTRODUCTION  

Aging is a multifunctional and progressive loss of physiological, biochemical, and immunological 

functions that leads to a decreased survival rate and an increased risk of chronic diseases and disabilities.1, 

2 Aging is the main risk factor for chronic pathologies.3 In addition, the extra years of life expectancy lead 

to an increased risk of multimorbidity.4 An important issue arising from our increased understanding of 

the molecular mechanisms of aging is how to translate this knowledge into therapeutic approaches that 

delay aging and prevent chronic age-related pathologies.5 

 

Although aging is a complex process, several molecular and cellular changes, such as metabolic 

dysfunction, dysfunctional mitochondria, diminished proteostasis, genomic instability, loss of stem cell 

regenerative capacity, increased persistent inflammation, generation of damaging reactive oxygen species 

(ROS), cellular senescence, telomere erosion, and chromatin and epigenetic alterations, have been 

reported as contributing to the aging process and aging phenotypes.1,2 Interestingly, all of these 

mechanisms of aging can modulate the programmed cell death caused by apoptosis. As a consequence of 

intracellular or extracellular damage, apoptosis is activated as an adaptive response for the maintenance of 

homeostasis. At physiological levels, apoptosis promotes the morphogenesis and proper development of 

tissues and organs.6 In the adult, apoptosis contributes to the elimination of nonfunctional damaged cells. 

Therefore, its dysregulation has an essential role in the development of age-related pathologies.7 In this 

review, we will focus on both how apoptosis contributes to the aging process and how different aging 

hallmarks modulate cell death. 

 

MOLECULAR MECHANISMS OF AGING  

Dysfunction of signaling pathways associated with metabolism promotes the risk of energy imbalance. 

Energy deficiency extends life span in various species through downregulation of two proaging pathways: 

(1) the mTORC1/S6K1 pathway, which is activated by anabolic signals in response to high amino acid 

concentrations that induce protein synthesis and proliferation and inhibit autophagy; and (2) the 

insulin/IGF-1 pathway, which regulates glucose metabolism and body fat distribution through activation 

of mTOR and inhibition of AMPK. However, energy deficiency promotes the upregulation of two 

antiaging pathways: (1) the AMPK pathway, which is stimulated by increased levels of AMP/ADP 

caused by ATP depletion, leading to the activation of SIRT1, ULK1, nuclear factor erythroid 2–related 

factor 2 (Nrf2)/SKN-1, FOXO/DAF-16, the p53 pathways, and the inhibition of CRTC1, mTOR, and NF-

κB; and (2) SIRT1, a sensor of increased levels of NAD+ that functions as a NAD+-dependent class 3 

histone deacetylase and activates important proteins associated with stress response, metabolism, and 

survival, such as LKB1/AMPK, PGC-1α, FOXO1, and FOXO3.1, 2, 8 

 

Dysfunctional mitochondria and the generation of damaging ROS contribute to aging and age-related 

diseases. Mitochondria and energy metabolism induce several signaling pathways, including apoptosis, 

autophagy, necrosis, stress response, and calcium homeostasis. Proaging pathways contribute to 

mitochondria dysfunction because increased energy availability (glucose), mitochondrial metabolism 

(ATP production), and respiration rate (ROS production) inhibit AMPK and SIRT1 antiaging pathways, 

with the consequent impairment of antioxidant enzymes (e.g., SOD and catalase) and PGC-1α activity.1, 2, 

9 

 

Increased oxidative damage and dysregulated stress response promote the accumulation of oxidatively 

damaged biomolecules and decrease energy efficiency. During aging, levels of ROS increase, while levels 

of antioxidant defense and proteins, such as CREB, NF-κB, and Nrf2, which mitigate cellular stress and 

eliminate or repair damaged molecules, decrease.1, 2, 10 Although ROS levels increase with age, ROS are 
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able to promote cell survival, senescence, or death, depending on their level and the cellular environment. 

For example, the major lipid peroxidation product 4-hydroxynonenal (4-HNE) at low levels contributes to 

cell signaling that promotes gene expression, increases cellular antioxidant capacity, and exerts an 

adaptive response; at medium levels, it causes cell damage, leading to the induction of autophagy, 

senescence, or cell cycle arrest; and at high or extremely high levels, it stimulates protein and/or DNA 

adducts, leading to apoptosis or necrosis cell death, respectively.11 

 

Dysregulated Ca2+ levels contribute to aging because continued increases in Ca2+ promote oxidative 

damage, metabolic stress, mitochondrial dysfunction, and apoptosis. In neurons, physiological levels of 

Ca2+ are essential for modulating synaptic transmission, synaptic plasticity, and survival, but an 

uncontrolled increase of Ca2+ activates phospholipases, endonucleases, and Ca2+-sensitive proteases 

such as calpains, promotes caspase-mediated apoptosis, stimulates PARP1-mediated cell death, and 

decreases expression of BDNF, which leads to age-related neurodegeneration.1, 12 

 

Diminished proteostasis promotes the formation of misfolded and abnormal protein aggregates since the 

capacity to eliminate damaged and dysfunctional proteins and organelles is decreased. Chaperones (e.g., 

HSP60, HSP70, and HSP90) contribute to protein folding, refolding, disaggregation, oligomeric assembly, 

trafficking, and degradation that prevent protein misfolding and abnormal protein aggregation. If folding 

occurs with errors, chaperones promote protein degradation by the ubiquitin–proteasome system or by the 

autophagy–lysosome system.1, 2, 13 Proaging pathways (insulin/IGF-1 and mTOR) decrease proteostasis 

through inhibition of autophagy, while antiaging pathways (AMPK and SIRT1) increase proteostasis by 

activating autophagy. 

 

Increased persistent inflammation promotes the aging process because the upregulated proinflammatory 

pathways (e.g., NF-κB, p38 mitogen-activated protein kinase (MAPK), IL-6, JAK/STAT, and PI3K) and 

mediators of inflammation (e.g., interferon γ, tumor necrosis factor alpha (TNF-α), growth factor, ROS, 

and hydrolytic enzymes) contribute to dysfunction of the immune system (decreased adaptive and innate 

immune response), increase cellular senescence phenotype, and decrease autophagy. On the other hand, 

the accumulation of damaged macromolecules and cells, harmful products that are produced by the 

microbiota, mitochondrial dysfunction, and cellular senescence, promotes age-associated chronic 

inflammation or “inflammaging,” which leads to the aberrant activation of immune cells, resulting in 

immunosenescence.1, 2, 14 

 

Cellular senescence is the irreversible arrest of cell proliferation (growth) as a consequence of persistent 

telomeric, genomic, or epigenetic damage; oncogenic or uncontrolled mitogenic signaling (e.g., activation 

of MAPK, growth factor receptors, chronic stimulation by cytokines, and loss of PTEN); or aberrant 

activation of tumor suppressive pathways (e.g., p53/p21 and p16INK4a/pRB pathway).14 In young 

organisms, senescence prevents the proliferation of damaged cells and encourages the optimal repair of 

damaged tissue. Meanwhile, the immune system eliminates senescent cells that produce a 

proinflammatory senescence-associated secretory phenotype (SASP). However, in the case of chronic 

senescence, the production of a less proinflammatory SASP or the age-related deficiency of the immune 

system makes elimination of senescent cells difficult, resulting in increasing age-associated degenerative 

phenotypes.2, 14 Depending on the cell type, senescence can be replicative (when mitotic somatic cell 

division ends), premature (when mitotic cells are exposed to stress), or postmitotic (when a mature 

nondividing cell undergoes cellular senescence).15 
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Telomere erosion contributes to aging because the telomere is essential in preserving the integrity of the 

genome by avoiding chromosomal degradation and short chromosomal ends. For the human telomere, 

length positively correlates with protection against age-related diseases, better cognitive functions, 

improved lipid profiles, and healthy aging, along with exceptional longevity. Moreover, progressive and 

cumulative loss of the telomere leads to replicative senescence or apoptosis, while its ectopic expression 

confers immortality on mortal cells. Most normal somatic cells have low telomerase activity, while 

human cancer cells have a high telomerase activity.2, 16 

 

Compromised DNA damage repair mechanisms contribute to aging, age-related diseases, and genomic 

instability. The impairment of DNA damage repair mechanisms, such as mismatch repair, base excision 

repair, single-strand break repair, nucleotide excision repair, homologous recombination, or 

nonhomologous end-joining, promotes cell death by apoptosis, cellular senescence, or reduced stem cell 

function.1, 2, 17 

 

Loss of stem cell regenerative capacity contributes to the aging process because the cell is not able to self-

renew and maintain tissue homeostasis after damage or injury, which leads to decreased proliferation and 

increased senescence and apoptosis. During development and reproduction, stem cell activity is high, but 

with age this activity declines in most tissues. However, excessive proliferation of stem cells can lead to 

exhaustion and premature aging.1, 2, 18 

 

Chromatin and epigenetic factors affect gene expression dynamically by regulating the access of 

transcriptional machinery to DNA. In the context of aging, it has been reported that as a consequence of 

environmental stimuli and glucose sensing, Ras/AC/PKA, mTOR, AMPK, SIRT, and the insulin/IGF-1 

pathway, the dysregulation of intracellular metabolites promotes epigenetic changes, such as loss and 

posttranslational modification of histones, transcriptional deregulation because of epigenetic change, 

reorganization of heterochromatic domains, alteration of DNA methylation levels and patterns, chromatin 

remodeling, and breakdown of the nuclear lamina, which dynamically contribute to the aging process.2, 19 

 

 

APOPTOSIS IN BRIEF  

In brief, it is possible to induce apoptosis by extrinsic and intrinsic pathways. Intrinsic (or mitochondrial) 

apoptosis is induced after cellular stress/damage, and includes inactivation of antiapoptotic proteins (e.g., 

Bcl-2) and the production of ROS and ceramide in mitochondria, which promotes release into the cytosol 

of proapoptotic proteins (e.g., Bax, cytochrome c, apoptosis-inducing factor, endonuclease G, and second 

mitochondria-derived activator of caspases/direct inhibitor of apoptosis (IAP)-binding protein with low pI 

(Smac/Diablo)), activation of the caspase activator apoptotic protease activating factor 1 (APAF-1) and 

caspase-9, formation of the apoptosome, and activation of caspase-3, -6, and -7. Extrinsic apoptosis can 

be activated through the death receptors family of proteins, such as CD95 (Fas/Apo1), TNF-related 

apoptosis-inducing ligand (TRAIL) receptors, and TNF receptors, which leads to induction of the same 

caspase cascade as that of the intrinsic pathway. Apoptosis can be inhibited by several proteins, such as 

XIAP, cIAP1, cIAP2, survivin, livin (ML-IAP), NAIP, Bruce (apollon), and ILP2. Moreover, efficient 

DNA repair machinery, activation of autophagy, heat shock proteins, and ER stress and the unfolded 

protein response (UPR) inhibit apoptosis and promote cell survival. Complete descriptions of apoptosis 

are available in excellent reviews (e.g., see Refs. 20 and 21). The cellular response to damage is 

summarized in Figure 1. 
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MECHANISM OF APOPTOSIS DYSREGULATION IN AGING   

 

Metabolic regulation and apoptosis 

Downregulated mTOR signaling under certain stimuli and in specific cell environments can stimulate 

apoptosis in some postmitotic cells (e.g., cardiomyocytes22) and some mitotic cells (e.g., endothelial 

progenitor cells23). In this context, downregulation of mTOR contributes to longevity by removing 

damaged cells, improving homeostasis, and inducing apoptosis to eliminate senescent cells accumulated 

during aging. However, aberrant downregulation of mTOR and upregulation of apoptosis in nonsenescent 

mature cells, which are unable to undergo mitosis or cell division (postmitotic cells), may lead to 

increased cell loss, tissue dysfunction, and exacerbated postmitotic cell-associated pathological conditions. 

Under certain conditions, such as cardiac ischemia/reperfusion (I/R) injury, the increased activity of 

mTOR helps to prevent uncontrolled stimulation of apoptosis or autophagy, decreasing cardiomyocyte 

death, and preserving cardiac function.24 Interestingly, it has been reported that in tubular epithelial and 

mesangial cells, the depletion of mTOR reduces apoptosis.25 

 

Insulin/IGF-1 is another proaging pathway with antiapoptotic effects, by promoting the activation of the 

RAF/MEK/ERK and PI3K/Akt pathways. Moreover, IGF-1 modulates apoptosis through several 

signaling pathways. For example, in some postmitotic cells, such as neurons, IGF-1 protects them from 

apoptosis by upregulating the antiapoptotic protein Bcl-2 and decreasing caspase-3 activity.26 In addition, 

netrin-1 protects cortical neurons from apoptosis by activating the ERK signaling pathway.27 In this 

context, we suggest that in response to certain cell damage, insulin/IGF-1 inhibits apoptosis to control 

tissue destruction and contributes to cell survival, proliferation, damage repair, and regeneration. 

However, oxidative cell death in neurons is associated with the upregulation of ERK.28 Moreover, it has 

also been reported that insulin/IGF-1 activates PI3K/Akt, which in turn activates mTOR and results in the 

stimulation of NF-κB, an important modulator of inflammation with both proapoptotic and antiapoptotic 

effects, depending on the cellular context.29 In this case, it could be possible that under certain conditions, 

aberrant activation of RAF/MEK/ERK contributes to preventing the proliferation of damaged mitotic 

cells or the accumulation of senescent postmitotic cells. 

 

In response to nutritional stress, AMPK can promote gene expression to increase energy production in 

cells or promote apoptosis. Prolonged activation of AMPK induces apoptotic cell death by increasing the 

activity of JNK, p53, FOXO3, caspase-3/7, PARP, the Bax/Bcl-2 ratio, and by decreasing the activity of 

mTORC1 and the antiapoptotic protein Bcl-2.30, 31 However, modest activation of AMPK inhibits 

apoptosis by decreasing cleaved caspase-3 protein expression and caspase-3/7 activity.32 It is possible that 

apoptosis induced by prolonged activation of AMPK preserves homeostasis by preventing accumulation 

of mitotic senescent cells during aging, inducing loss of damaged postmitotic cells, and by limiting tissue 

dysfunction. On the other hand, inhibition of apoptosis by moderate activation of AMPK may prevent 

pathological conditions resulting from aberrant activation of apoptosis during cell injury/damage. 

 

In response to different stress conditions (e.g., nutritional, catabolic, mechanical, or oxidative), SIRT1 

inhibits apoptosis, increasing cell survival and life span through deacetylation of important apoptosis-

inducible nuclear proteins, such as p53, the forkhead box class O (FOXO) family of proteins, Ku70, and 

the RelA/p65 subunit of NF-κB, which leads to the inhibition of caspase-3/9, reduction of Bax, and 

upregulation of Bcl-2.33 FOXO3 plays a key role in promoting longevity, predominantly in response to 

stress, by inducing apoptosis through stimulation of death receptor ligands such as Fas ligand and TRAIL, 

and induction of Bin and PUMA (transcriptionally upregulated by p53).34 This antiapoptotic effect of 

SIRT1 can help in protecting organs from apoptosis during tissue injury and dysfunction. However, under 
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certain conditions, this antiapoptotic effect of SIRT1 is unfavorable because it promotes oncogenic 

transformation. Interestingly, it has been reported that in specific types of cancer, for example, human 

chondrosarcoma, SIRT1 has a proapoptotic effect and promotes deacetylation of p65 subunit of NF-κB 

complex and the activation of caspase-3.35 

 

Mitochondria, oxidarive stress, autophagy and apoptosis 

It is known that high levels of oxidative stress promote both damage of biomolecules and cell death 

through the mitochondrial apoptosis pathway.21 Physiological levels of oxidative stress and transient 

reduction of mitochondrial function lead to increased endoplasmic reticulum (ER) stress and induce a 

UPR to promote cell survival and longevity. In fact, pharmacological approaches that increase the life 

span (e.g., resveratrol and rapamycin) induce the activation of the UPR,36 but under high oxidative stress 

levels, the cell is unable to control high levels of ER stress by the UPR and the cell undergoes apoptosis.37 

In addition, when energy metabolism decreases, apoptosis is inhibited by AMPK through SIRT1. 

Although high levels of ROS/reactive nitrogen species promote mitochondrial dysfunction, resulting in 

the subsequent depletion of ATP and apoptosis, low levels of ATP production in certain contexts can 

have advantages for cells by promoting survival and longevity. In fact, under reduced levels of ATP, for 

example, during nutrient starvation, antiaging pathways, such as AMPK and SIRT1, and biological 

processes such as autophagy are stimulated, while proaging pathways such as mTOR are inhibited. An 

aberrant loss of mitochondrial function is possibly associated with apoptosis, while the transient loss of 

mitochondrial function could be linked to survival and longevity. Indeed, some long-lived postmitotic 

cells (e.g., osteocytes) undergo apoptosis during the aging process due to decreasing connexin 43 (Cx43), 

which disrupts the PTEN/pAkt pathway and blocks the antiapoptotic effect of IGF-1.38 Moreover, 

increased ROS, which is a hallmark of aging, promotes the activation of MAPKs, which then encourage 

the intrinsic apoptosis pathway by promoting mitochondrial dysfunction, ER stress, and Ca2+ overload, 

which can lead to osteoblast apoptosis.39 Aberrant loss of mitochondria function and oxidative stress-

induced apoptosis of skeletal muscle cells through NF-κB and FOXO have been implicated in sarcopenia, 

the age-related loss of skeletal muscle mass.40 Paradoxically, apoptosis contributes to the removal of 

skeletal muscle fibers by eliminating single nuclei (and their portion of cytoplasm) of myofibers 

(multinucleated cells) during muscle atrophy.41 

 

Although apoptosis and autophagy are stimulated to promote stress response, they have opposite effects 

on the aging process. Indeed, signaling pathways responsible for inducing apoptosis lead to an 

inflammatory phenotype that accelerates aging and promotes age-related pathologies, while signaling 

pathways that induce autophagy lead to increased survival and longevity. Moreover, accumulation of 

abnormal proteins and protein aggregates responsible for common age-related neurodegeneration involves 

a disturbance of autophagy that promotes mitochondrial dysfunction and induces apoptosis. Beclin-1, 

which is essential for the initiation of autophagy, is unable to induce autophagy when it is cleaved by 

caspase. However, the C-terminal fragment promotes the release of cytochrome c from mitochondria, 

resulting in apoptosis induction. For example, spermidine, an autophagy inducer, suppresses caspase-3 

activation and inhibits Beclin-1 cleavage and the release of cytochrome c from mitochondria, which leads 

to diminished neuronal cell damage.42 Interestingly, while apoptosis induced by the proapoptotic protein 

Bax reduced autophagy by enhancing caspase-mediated cleavage of Beclin-1 in cells deficient for 

antiapoptotic capacity, Bax can promote autophagy in cells with sufficient antiapoptotic capacity through 

disruption of the Bcl-xL–Beclin interaction.43 The complex interconnection between autophagy and 

apoptosis has also been elucidated in mesenchymal stem cells (MSCs). Here, the authors found that 

autophagy promotes the survival of MSCs under starvation but promotes apoptosis in an inflammatory 

microenvironment through inhibition of Bcl-2 and activation of caspase-3.44 Usually, autophagy is a 
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protective antiapoptotic process. Indeed, autophagy decreases with age, and pharmacological and genetic 

restoration of the pathways responsible for autophagy activation can potentially delay aging and increase 

longevity in diverse organisms.45 

 

Inflammation, senescence and apoptosis  

The inflammation process promotes a concomitant increase of oxidative stress and mitochondria 

dysfunction that result in upregulation of apoptosis. It is known that uncontrolled mitochondrial 

dysfunction promotes senescence and cells become resistant to apoptosis. In this case, the induction of 

apoptosis has the advantage because it can eliminate senescent cells and promote regeneration and 

homeostasis. The inefficient elimination of dysfunctional T cells is the major cause of immunosenescence 

because apoptosis is essential to immune system development, along with adult immune homeostasis (e.g., 

elimination of self-reactive T and B cells and virus-infected cells, and diminishing effector T cells after an 

immune response).46 However, an aberrant increase of apoptosis can promote immunosuppressive effects. 

It is possible that an increase in life span could be the result not only of an efficient immune system but 

also of an effective apoptosis machinery able to eliminate damaged immune cells. 

 

Interestingly, mitochondrial function and oxidative stress are regulated by p53, which also has a key role 

in senescence. Activation of p53 in response to genotoxic or oxidative stress induces DNA repair, inhibits 

IGF-1 and mTOR, and promotes apoptosis.47 A complete description of p53-induced apoptosis 

mechanisms has been provided by Chipuk and Green.48 In brief, after activation, nuclear p53 directly 

modulates the expression of proapoptotic genes, for example, BAX, PUMA, NOXA, and BID. 

Cytoplasmic p53 interacts with antiapoptotic Bcl-2 proteins (Bcl-2 or Bcl-xL) and activates proapoptotic 

multidomain Bcl-2 proteins (Bax and Bak). The activation of p53 activity is essential because its low 

activity decreases apoptosis, causing uncontrolled proliferation and growth (e.g., cancer). However, high 

activity leads to acceleration of aging because of the increased senescent cells, which are resistant to 

apoptosis. Although the association of p53 with human aging is not well known, it has been reported that 

dysfunctional modulation of p53 by MDM2 results in an uncontrolled increase of p53 activity, which 

leads to deleterious effects on the human aging processes, including increasing premature senescence in 

fibroblasts.49 Likewise, other segmental progeroid syndromes, such as ataxia telangiectasia, Hutchinson–

Gilford progeria, and Cockayne syndrome, show high activation of the p53 pathway.49 Besides p53, the 

NF-κB pathway induces resistance to apoptosis by promoting senescence phenotypes. NF-κB, which is 

upregulated in aging, can be activated by proaging pathways (e.g., insulin/IGF-1 or mTOR) and inhibited 

by AMPK, SIRT1, and FOXO. NF-κB also induces an inflammatory response, which is essential for 

repair and regeneration, but an aberrant inflammatory response induces cell dysfunction, tissue 

degeneration, accelerated aging, and death. NF-κB can inhibit apoptosis by upregulating the expression of 

antiapoptotic survival genes, such as Bcl-xL and IAPs, and by inhibiting stress-activated protein kinases, 

such as JNK, which stimulate apoptosis through TNF-α and ROS.50 

 

Telomerase loss, dna damage and apoptosis 

Over-expression of human telomerase reverses trancriptase (hTERT) in mitotic cells (e.g. CHO K1) 

induces proliferation and promotes resistance to apoptosis 51. Moreover, in response to injuries, hTERT 

protects postmitotic cell (neurons) from apoptosis 52. Given that telomerase activity is essential to promote 

cellular resistance to apoptosis, inhibition of hTERT induces apoptosis. In fact, it has been reported that 

inhibition of hTERT induces mitochondrial-dependent pathway through upregulation of Bax and cleaved 

caspase-3/9, and downregulation of Bcl-2 53. Although the molecular mechanisms that determine whether 

telomere damage leads to senescence or apoptosis remains unclear. Recently it has been reported that 

association between p16, a cyclin‐dependent kinase inhibitors inductor of cell cycle arrest and senescence, 
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and caspase-3 lead to senescence induction by inhibiting caspase-3 activation and apoptosis, because 

telomerase instability encourages telomere damage-dependent caspase-3 activation and apoptosis, but not 

senescence, in p16-deficient cells. The authors suggest that p16 has a direct role in telomere damage-

dependent senescence by limiting apoptosis via binding to caspase-3 54.  

It is known that in both cancer and non-cancer cells, induction of DNA-damage promotes apoptosis. 

Indeed, several common anti-cancer drugs such as doxorubicin (DOX) increase DNA damage, which lead 

to cell cycle arrest and finally apoptosis through activation of p53/PUMA or Bim 55. Usually, mTOR is 

upregulated in cancer. Aberrant increase of mTOR, as a result of TSC2 or PTEN loss, promote DNA 

damage and apoptosis through CREB1 in autophagy-defective cells, and mTOR inhibition-mediated 

chemoresistance lead to inhibition of CREB1 through activation of autophagy 56. Although its role in 

protein degradation, autophagy protects hematopoietic cells from nuclear radiation exposure by 

promoting the elimination of ROS, blocking apoptosis and regulating DNA damage response 

components e.g. DNA ligase-4, Ku80, XRCC4, BRCA1 and p95/NBS1, probably through degradation 

of proteins that inhibit the expression of the DNA damage repair proteins, or through inhibition of  

ubiquitin-proteasomal degradation of the DNA damage repair proteins 57. 

 

Stem cell and apoptosis 

The use of stem cell therapy to repair and promote regeneration of damaged tissue is presently a growing 

area of research. However, the main problem is that the aggressive microenvironment generated by tissue 

damage and proinflammatory modulators makes transplanted stem cells extremely sensitive to apoptosis. 

In this context, promoting survival by inhibiting apoptosis in stem cells is a good option. For example, 

neural stem cells (NSCs) are critical for normal neurogenesis because they differentiate into neurons and 

glial cells. It has been reported that ketamine-induced neuroapoptosis leads to reduced neurogenesis and 

cognitive impairment. Treatment with dexmedetomidine protects NSCs from ketamine-induced injury 

through reduction of apoptosis by activating the PI3K/Akt/GSK-3β signaling pathway.58 The survival of 

MSCs in response to nutrient deprivation–induced apoptosis was improved by cyclic helix B peptide 

through mechanisms involving the activation of the Nrf2/SIRT3/FOXO3a pathway, improving 

mitochondrial dysfunction and preventing apoptosis.59 Adrenomedullin protects MSCs from hypoxia and 

serum deprivation–induced apoptosis through upregulation of pAkt and pGSK3β, activation of 

antiapoptotic Bcl-2 signaling pathways, and downregulation of the activation of caspase-3.60 However, in 

the context of cancer, patients will benefit from promoting apoptosis in cancer stem cells, which are 

considered the main cause of cancer recurrence. A set of molecules that can suppress cancer cell 

proliferation by inducing apoptosis has been reported. For example, quercetin-3-methyl ether induces 

apoptosis by inhibiting the expression of NOTCH1 and inducing the phosphorylation of PI3K and Akt.61 

Curcumin also decreases cell proliferation and promotes apoptosis in liver cancer stem cells through 

upregulation of caspase-3/9 and Bax, downregulation of Bcl-2, and inhibition of the PI3K/Akt/mTOR 

signaling pathway.62 

 

Epigenetic and apoptosis 

Lysine deacetylases (HDAC (Zn2+-dependent) and sirtuins (NAD+-dependent)) eliminate the acetyl 

group from the lysines of histones and nonhistone proteins, which, for example, can promote epigenetic 

regulation and protein stability and activity. These deacetylases are essential to detect DNA damage and 

contribute to DNA repair.63 In the context of cancer, where most of the HDACs are upregulated, 

inhibition of HDAC promotes apoptosis through different mechanisms. For example, HDAC inhibitors 

stimulate extrinsic apoptosis pathways by activating caspase-8/10 through death receptors such as Fas 

(Apo-1 or CD95), TNF receptor 1, TRAIL receptors (DR4 and DR5), DR3 (Apo3), and DR6. Moreover, 
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HDAC inhibitors stimulate the intrinsic apoptosis pathways by increasing proapoptotic Bcl-2 proteins 

(Bid, Bad, and Bim) and decreasing antiapoptotic Bcl-2 proteins (Bcl-2, Bcl-xl, and Mcl-1).64 

Interestingly, a new link between HDACs, autophagy, and apoptosis has been reported in postmitotic 

cells after injury. The authors found that valproic acid, an inhibitor of HDACs, protects neurons against 

traumatic brain injury–induced death through inhibition of HDAC3 expression; upregulation of 

antioxidative factors (Nrf2/ARE), histone H3/H4 acetylation, and autophagic markers (LC3-II, Beclin, 

ATG3, and ATG7); downregulation of inflammatory factors (TNF-α, IL-1β, and IL-6); and reduction of 

apoptotic factors (cleaved caspase-3 and Bax).65 

 

EXTRAORDINARY AGING AND APOPTOSIS 

Some evidence shows that apoptosis is downregulated during aging, but improves considerably in 

people of extraordinary age (centenarians). For example, Fas and FasL are essential modulators of 

immune system apoptosis that promote clearance of stimulated T cells in order to avoid chronic 

inflammation and age-related inflammatory pathologies. It has been reported that sFas (an IAP) 

increases, while sFasL (a stimulator of apoptosis) and total cytochrome c (released from cells during 

apoptosis) decrease, in serum, which contributes to a global apoptosis balance that declines with 

age.66 Apoptosis in centenarians has been examined in several reports. The authors found by analysis 

of different forms of Fas and FasL in a group of centenarians that excessive lymphocyte apoptosis is 

prevented in physiological conditions but they have an enormously efficient Fas/FasL apoptotic 

pathway, inducible after stimulation with anti-CD3 mAb and TPA plus ionomycin.67 Functional 

transcriptomic analysis of peripheral blood mononuclear cells showed that apoptosis is maintained 

better in centenarians (extraordinary aging) than in septuagenarians (normal aging). Interestingly, the 

authors found that Bcl-xL, an inhibitor of intrinsic mitochondrial apoptosis pathways, is upregulated 

in centenarians, whereas cytochrome c, a marker of intrinsic apoptosis, was downregulated in 

centenaries, suggesting that Bcl-xL is essential to successful aging and protection against age-

associated damage. Moreover, other markers of healthy aging, such as mitochondria membrane 

integrity, lymphocyte function, and stress response, were also maintained in centenaries, probably as a 

consequence of Bcl-xL upregulation.68 

 

In an excellent review, Tian and colleagues summarized some pathways responsible for the 

differences in longevity between short- and long-lived species.69 The authors showed that some 

molecular mechanisms, such as extraordinary cancer resistance, potent DNA damage/repair capacity, 

downregulation of IGF-1 levels in plasma or IGF-1R in brain, upregulation of telomerase binding 

proteins (e.g., Ku80) that protect telomeres from damage, as well as an efficient proteostasis network, 

contribute to longevity in long-lived species. Interestingly, since all these mechanisms can modulate 

apoptosis, we suggest that under physiological conditions upregulation of apoptosis increases loss of 

nonsenescent mature cells, tissue dysfunction, and promotes pathological conditions. However, after 

damage/injury, an effective apoptosis response contributes to increasing longevity; in fact, apoptosis 

decreases the accumulation of mutations that promote genomic instability and aging. Maximum life 

spans differ up to 30-fold between mouse and human and apoptosis could have a key role for the 

interspecies discrepancy in longevity. It has been found that expression of Ku80 and DNA-dependent 

protein kinase catalytic subunit (DNA-PKcs) is higher in long-lived species (human) compared with 

short-lived species (mouse).70 In response to stress (e.g., oxidative or genotoxic), DNA damage 

induces apoptosis, and because short-lived species have lower levels of DNA repair machinery, it 

could be possible that short-lived species trigger apoptosis in response to higher levels of stress than 

long-lived species, which can be more efficient in maintaining tissue homeostasis after damage.  
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EFFECT OF ANTI-AGING APPROACHES ON APOPTOSIS 

Interestingly, some pharmacological and nonpharmacological antiaging interventions decrease age-related 

apoptosis in postmitotic cells, which is an advantage by preventing cell loss and tissue dysfunction, 

whereas in mitotic cells some antiaging interventions increase apoptosis, which is an advantage in 

avoiding accumulation of dysfunctional cells. For example, resveratrol inhibits apoptosis in 

gastrocnemius muscle and neurons,71 caloric restriction inhibits apoptosis in cardiomyocytes 72 and 

neurons,73 and exercise decreases apoptosis in gastrocnemius muscle and neuron cells.71 On the other 

hand, caloric restriction increases apoptosis in the liver.74 

Innovative research proposes a new antiaging approach to target aged senescent cells by using apoptosis-

activating agents.75 These agents that specifically remove senescent cells by inducing apoptosis are called 

senolytic drugs. Some examples of senolytics include dasatinib (tyrosine kinase inhibitor) and quercetin 

(flavonoid), which induce apoptosis in senescent cells in vitro. Interestingly, these senolytics also 

promote apoptosis of senescent cells in vivo, leading to extended healthspan in mice. Molecular 

mechanisms of senolytics include targeting senescent cell antiapoptotic pathways. The molecular targets 

of dasatinib are dependence receptors/Src kinase/tyrosine kinase, while quercetin targets the Bcl-2 family, 

p53/p21/serpine, and PI3K/Akt.75 

In mitotic cells with high proliferative capacity (cancer cells), antiaging interventions (e.g., resveratrol 

and metformin) promote cell death.76 Antiaging interventions such as caloric restriction and exercise 

reduce global protein synthesis through AMPK-mediated phosphorylation and inhibition of eukaryotic 

elongation factor 2 (eEF2). Research in our laboratory has shown that in response to oxidative stress-

mediated lipid peroxidation, eEF2 is modified and thereby contributes to the inhibition of global protein 

synthesis that occurs during aging, as well as encouraging selective translation of specific proteins that 

promote cell survival under oxidative stress conditions.77 Diminished rate of protein synthesis under 

conditions of stress, for example, ER stress, decreases the load of substrates presented to the folding 

machinery in the ER lumen and promotes cell survival. For example, it has been reported that AMPK 

protects cardiomyocytes against ER stress-induced apoptosis during hypoxia via inhibition of protein 

synthesis through inactivation of eEF2.78 We found that eEF2 is an important regulator of the synthesis of 

XIAP, an antiapoptotic protein able to inhibit activation of the caspase cascade.79 These findings suggest 

that under oxidative stress conditions, eEF2 contributes to cell survival through different mechanisms, 

one of which is to prevent apoptosis. 

CONCLUSION  

Physiological and biochemical functions decrease with age and could be a major risk factor for the 

dysregulation of signaling pathways such as apoptosis. In fact, as we have summarized, all molecular 

mechanisms of aging discussed in this manuscript can regulate programmed cell death by apoptosis (Fig. 

1 and Table 1). The advantages and disadvantages of apoptosis are summarized in Figure 2. In mitotic 

and postmitotic cells, low levels of apoptosis contribute to the accumulation of damaged cells, senescence, 

and genomic instability, but in response to injury/damage, low levels of apoptosis prevent tissue 

destruction and promote cell survival, proliferation, damage repair, and regeneration. In mitotic and 

postmitotic cells, physiological levels of apoptosis have several advantages for the aging process. In fact, 

elimination of dysfunctional cells and reduced accumulation of senescent cells improve homeostasis and 

longevity. A moderate increase of apoptosis in mitotic, highly proliferative cells improves cell turnover 

rates, whereas in postmitotic cells apoptosis contributes to cell loss and tissue dysfunction. In mitotic and 

postmitotic cells, high levels of apoptosis are a significant disadvantage because they exacerbate tissue 

damage and cell death. 



Accepted (peer-reviewed) Version 
 

12 
 

ACKNOWLEDGMENT 

S.A was supported by V Plan Propio US-Acceso USE-14793-G. 

 

REFERENCES 

1. Mattson, M.P. & T.V. Arumugam. 2018. Hallmarks of brain aging: adaptive and pathological modification 

by metabolic states. Cell Metab. 27: 1176–1199. 

2. López-Otín, C., M.A. Blasco, L. Partridge, et al. 2013. The hallmarks of aging. Cell 153: 1194–1217. 

3. Jaul, E. & J. Barron. 2017. Age-related diseases and clinical and public health implications for the 85 years 

old and over population. Front. Public Health 5: 335. 

4. Kingston, A., L. Robinson, H. Booth, et al. 2018. Projections of multi-morbidity in the older population in 

England to 2035: estimates from the Population Ageing and Care Simulation (PACSim) model. Age 

Ageing 47: 374–380. 

5. Goldman, D. 2015. The economic promise of delayed aging. Cold Spring Harb. Perspect. Med. 6: a025072. 

6. Suzanne, M. & H. Steller. 2013. Shaping organisms with apoptosis. Cell Death Differ. 20: 669–675. 

7. Favaloro, B., N. Allocati, V. Graziano, et al. 2012. Role of apoptosis in disease. Aging (Albany NY) 4: 330–

349. 

8. Salminen, A. & K. Kaarniranta. 2012. AMP-activated protein kinase (AMPK) controls the aging process 

via an integrated signaling network. Ageing Res. Rev. 11: 230–241. 

9. Bratic, A. & N.-G. Larsson. 2013. The role of mitochondria in aging. J. Clin. Invest. 123: 951–957. 

10. Haigis, M.C. & B.A. Yankner. 2010. The aging stress response. Mol. Cell 40: 333–344. 

11. Ayala, A., M.F. Muñoz & S. Argüelles. 2014. Lipid peroxidation: production, metabolism, and signaling 

mechanisms of malondialdehyde and 4-hydroxy-2-nonenal. Oxid. Med. Cell. Longev. 2014: 1–31. 

12. Chandran, R., M. Kumar, L. Kesavan, et al. 2017. Cellular calcium signaling in the aging brain. J. Chem. 

Neuroanat. 95: 95–114 

13. Sands, W.A., M.M. Page & C. Selman. 2017. Proteostasis and ageing: insights from long-lived mutant 

mice. J. Physiol. 595: 6383–6390. 

14. Campisi, J. 2013. Aging, cellular senescence, and cancer. Annu. Rev. Physiol. 75: 685–705. 

15. Sapieha, P. & F.A. Mallette. 2018. Cellular senescence in postmitotic cells: beyond growth arrest. Trends 

Cell Biol. 28: 595–607. 

16. Zhu, H., M. Belcher & P. van der Harst. 2011. Healthy aging and disease: role for telomere biology? Clin. 

Sci. (Lond.) 120: 427–440. 

17. Jackson, S.P. & J. Bartek. 2009. The DNA-damage response in human biology and 

disease. Nature 461: 1071–1078. 

18. Goodell, M.A. & T.A. Rando. 2015. Stem cells and healthy aging. Science 350: 1199–1204. 

19. Sen, P., P.P. Shah, R. Nativio, et al. 2016. Epigenetic mechanisms of longevity and aging. Cell 166: 822–

839. 

20. Portt, L., G. Norman, C. Clapp, et al. 2011. Anti-apoptosis and cell survival: a review. Biochim. Biophys. 

Acta 1813: 238–259. 

21. Redza-Dutordoir, M. & D.A. Averill-Bates. 2016. Activation of apoptosis signalling pathways by reactive 

oxygen species. Biochim. Biophys. Acta 1863: 2977–2992. 

22. Mazelin, L., B. Panthu, A.-S. Nicot, et al. 2016. mTOR inactivation in myocardium from infant mice 

rapidly leads to dilated cardiomyopathy due to translation defects and p53/JNK-mediated apoptosis. J. Mol. 

Cell. Cardiol. 97: 213–225. 

23. Miriuka, S.G., V. Rao, M. Peterson, et al. 2006. mTOR inhibition induces endothelial progenitor cell 

death. Am. J. Transplant. 6: 2069–2079. 

24. Fan, G., J. Yu, P.F. Asare, et al. 2016. Danshensu alleviates cardiac ischaemia/reperfusion injury by 

inhibiting autophagy and apoptosis via activation of mTOR signalling. J. Cell. Mol. Med. 20: 1908–1919. 

25. Lu, Q., Y. Zhou, M. Hao, et al. 2017. The mTOR promotes oxidative stress-induced apoptosis of mesangial 

cells in diabetic nephropathy. Mol. Cell. Endocrinol. 473: 31–43. 

26. Jover-Mengual, T., R.S. Zukin & A.M. Etgen. 2007. MAPK signaling is critical to estradiol protection of 

CA1 neurons in global ischemia. Endocrinology 148: 1131–1143. 



Accepted (peer-reviewed) Version 
 

13 
 

27. Chen, J., H. Du, Y. Zhang, et al. 2017. Netrin-1 prevents rat primary cortical neurons from apoptosis via 

the DCC/ERK pathway. Front. Cell. Neurosci. 11: 387. 

28. He, K. & E. Aizenman. 2010. ERK signaling leads to mitochondrial dysfunction in extracellular zinc-

induced neurotoxicity. J. Neurochem. 114: 452–461. 

29. Gudkov, A.V., K.V. Gurova & E.A. Komarova. 2011. Inflammation and p53: a tale of two stresses. Genes 

Cancer 2: 503–516. 

30. Chen, M.-B., Y. Zhang, M.-X. Wei, et al. 2013. Activation of AMP-activated protein kinase (AMPK) 

mediates plumbagin-induced apoptosis and growth inhibition in cultured human colon cancer cells. Cell 

Signal. 25: 1993–2002. 

31. Queiroz, E.A.I.F., S. Puukila, R. Eichler, et al. 2014. Metformin induces apoptosis and cell cycle arrest 

mediated by oxidative stress, AMPK and FOXO3a in MCF-7 breast cancer cells. PLoS One 9: e98207. 

32. Dai, Y.-L., S.-L. Huang & Y. Leng. 2015. AICAR and metformin exert AMPK-dependent effects on INS-

1E pancreatic β-cell apoptosis via differential downstream mechanisms. Int. J. Biol. Sci. 11: 1272–1280. 

33. Hori, Y.S., A. Kuno, R. Hosoda, et al. 2013. Regulation of FOXOs and p53 by SIRT1 modulators under 

oxidative stress. PLoS One 8: e73875. 

34. Zhang, X., N. Tang, T.J. Hadden, et al. 2011. Akt, FoxO and regulation of apoptosis. Biochim. Biophys. 

Acta 1813: 1978–1986. 

35. Chao, S.-C., Y.-J. Chen, K.-H. Huang, et al. 2017. Induction of sirtuin-1 signaling by resveratrol induces 

human chondrosarcoma cell apoptosis and exhibits antitumor activity. Sci. Rep. 7: 3180. 

36. Mouchiroud, L., R.H. Houtkooper, N. Moullan, et al. 2013. The NAD(+)/sirtuin pathway modulates 

longevity through activation of mitochondrial UPR and FOXO signaling. Cell 154: 430–441. 

37. Karthikeyan, B., L. Harini, V. Krishnakumar, et al. 2017. Insights on the involvement of (–)-

epigallocatechin gallate in ER stress-mediated apoptosis in age-related macular 

degeneration. Apoptosis 22: 72–85. 

38. Davis, H.M., R. Pacheco-Costa, E.G. Atkinson, et al. 2017. Disruption of the Cx43/miR21 pathway leads 

to osteocyte apoptosis and increased osteoclastogenesis with aging. Aging Cell 16: 551–563. 

39. Zhu, S.-Y., J.-S. Zhuang, Q. Wu, et al. 2018. Advanced oxidation protein products induce pre-osteoblast 

apoptosis through a nicotinamide adenine dinucleotide phosphate oxidase-dependent, mitogen-activated 

protein kinases-mediated intrinsic apoptosis pathway. Aging Cell e12764.  

40. Buonocore, D., S. Rucci, M. Vandoni, et al. 2011. Oxidative system in aged skeletal muscle. Muscles 

Ligaments Tendons J. 1: 85–90. 

41. Marzetti, E., R. Calvani, M. Cesari, et al. 2013. Mitochondrial dysfunction and sarcopenia of aging: from 

signaling pathways to clinical trials. Int. J. Biochem. Cell Biol. 45: 2288–2301. 

42. Yang, Y., S. Chen, Y. Zhang, et al. 2017. Induction of autophagy by spermidine is neuroprotective via 

inhibition of caspase 3-mediated Beclin 1 cleavage. Cell Death Dis. 8: e2738. 

43. Luo, S. & D.C. Rubinsztein. 2010. Apoptosis blocks Beclin 1-dependent autophagosome synthesis: an 

effect rescued by Bcl-xL. Cell Death Differ. 17: 268–277. 

44. Dang, S., Z. Yu, C. Zhang, et al. 2015. Autophagy promotes apoptosis of mesenchymal stem cells under 

inflammatory microenvironment. Stem Cell Res. Ther. 6: 247. 

45. Leon, L.J. & Å.B. Gustafsson. 2016. Staying young at heart: autophagy and adaptation to cardiac aging. J. 

Mol. Cell. Cardiol. 95: 78–85. 

46. Devitt, A. & L.J. Marshall. 2011. The innate immune system and the clearance of apoptotic cells. J. Leukoc. 

Biol. 90: 447–457. 

47. Aubrey, B.J., G.L. Kelly, A. Janic, et al. 2018. How does p53 induce apoptosis and how does this relate to 

p53-mediated tumour suppression? Cell Death Differ. 25: 104–113. 

48. Chipuk, J.E. & D.R. Green. 2006. Dissecting p53-dependent apoptosis. Cell Death Differ. 13: 994–1002. 

49. Lessel, D., D. Wu, C. Trujillo, et al. 2017. Dysfunction of the MDM2/p53 axis is linked to premature 

aging. J. Clin. Invest. 127: 3598–3608. 

50. Salminen, A. & K. Kaarniranta. 2009. NF-κB signaling in the aging process. J. Clin. Immunol. 29: 397–405. 

51. Crea, F., D. Sarti, F. Falciani, et al. 2006. Over-expression of hTERT in CHO K1 results in decreased 

apoptosis and reduced serum dependency. J. Biotechnol. 121: 109–123. 

52. Li, J., Y. Qu, D. Chen, et al. 2013. The neuroprotective role and mechanisms of TERT in neurons with 

oxygen-glucose deprivation. Neuroscience 252: 346–358. 

53. Li, Y., G. Pan, Y. Chen, et al. 2018. Inhibitor of the human telomerase reverse trancriptase (hTERT) gene 

promoter induces cell apoptosis via a mitochondrial-dependent pathway. Eur. J. Med. Chem. 145: 370–378. 



Accepted (peer-reviewed) Version 
 

14 
 

54. Panneer Selvam, S., B.M. Roth, R. Nganga, et al. 2018. Balance between senescence and apoptosis is 

regulated by telomere damage–induced association between p16 and caspase-3. J. Biol. Chem. 293: 9784–

9800. 

55. Yang, M.-C., R.-W. Lin, S.-B. Huang, et al. 2016. Bim directly antagonizes Bcl-xl in doxorubicin-induced 

prostate cancer cell apoptosis independently of p53. Cell Cycle 15: 394–402. 

56. Wang, Y., Z. Hu, Z. Liu, et al. 2013. MTOR inhibition attenuates DNA damage and apoptosis through 

autophagy-mediated suppression of CREB1. Autophagy 9: 2069–2086. 

57. Lin, W., N. Yuan, Z. Wang, et al. 2015. Autophagy confers DNA damage repair pathways to protect the 

hematopoietic system from nuclear radiation injury. Sci. Rep. 5: 12362. 

58. Lu, P., S. Lei, W. Li, et al. 2018. Dexmedetomidine protects neural stem cells from ketamine-induced 

injury. Cell. Physiol. Biochem. 47: 1377–1388. 

59. Wang, S., C. Zhang, S. Niyazi, et al. 2017. A novel cytoprotective peptide protects mesenchymal stem cells 

against mitochondrial dysfunction and apoptosis induced by starvation via Nrf2/Sirt3/FoxO3a pathway. J. 

Transl. Med. 15: 33. 

60. Si, H., Y. Zhang, Y. Song, et al. 2018. Overexpression of adrenomedullin protects mesenchymal stem cells 

against hypoxia and serum deprivation-induced apoptosis via the Akt/GSK3β and Bcl-2 signaling 

pathways. Int. J. Mol. Med. 41: 3342–3352. 

61. Cao, L., Y. Yang, Z. Ye, et al. 2018. Quercetin-3-methyl ether suppresses human breast cancer stem cell 

formation by inhibiting the Notch1 and PI3K/Akt signaling pathways. Int. J. Mol. Med. 42: 1625–1636. 

62. Wang, J., C. Wang & G. Bu. 2018. Curcumin inhibits the growth of liver cancer stem cells through the 

phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin signaling pathway. Exp. 

Ther. Med. 15: 3650–3658. 

63. Roos, W.P. & A. Krumm. 2016. The multifaceted influence of histone deacetylases on DNA damage 

signalling and DNA repair. Nucleic Acids Res. 44: 10017–10030. 

64. Singh, A., A. Bishayee & A. Pandey. 2018. Targeting histone deacetylases with natural and synthetic 

agents: an emerging anticancer strategy. Nutrients 10: 731. 

65. Chen, X., H. Wang, M. Zhou, et al. 2018. Valproic acid attenuates traumatic brain injury-induced 

inflammation in vivo: involvement of autophagy and the Nrf2/ARE signaling pathway. Front. Mol. 

Neurosci. 11: 117. 

66. Kavathia, N., A. Jain, J. Walston, et al. 2009. Serum markers of apoptosis decrease with age and cancer 

stage. Aging (Albany NY) 1: 652–663. 

67. Pinti, M., L. Troiano, M. Nasi, et al. 2004. Balanced regulation of mRNA production for Fas and Fas 

ligand in lymphocytes from centenarians: how the immune system starts its second 

century. Circulation 110: 3108–3114. 

68. Borras, C., K.M. Abdelaziz, J. Gambini, et al. 2016. Human exceptional longevity: transcriptome from 

centenarians is distinct from septuagenarians and reveals a role of Bcl-xL in successful aging. Aging 

(Albany NY) 8: 3185–3208. 

69. Tian, X., A. Seluanov & V. Gorbunova. 2017. Molecular mechanisms determining lifespan in short- and 

long-lived species. Trends Endocrinol. Metab. 28: 722–734. 

70. Lorenzini, A., F.B. Johnson, A. Oliver, et al. 2009. Significant correlation of species longevity with DNA 

double strand break recognition but not with telomere length. Mech. Ageing Dev. 130: 784–792. 

71. Liao, Z.-Y., J.-L. Chen, M.-H. Xiao, et al. 2017. The effect of exercise, resveratrol or their combination on 

sarcopenia in aged rats via regulation of AMPK/Sirt1 pathway. Exp. Gerontol. 98: 177–183. 

72. Yan, L., S. Gao, D. Ho, et al. 2013. Calorie restriction can reverse, as well as prevent, aging 

cardiomyopathy. Age (Dordr.) 35: 2177–2182. 

73. Shelke, R.R.J. & C. Leeuwenburgh. 2003. Lifelong caloric restriction increases expression of apoptosis 

repressor with a caspase recruitment domain (ARC) in the brain. FASEB J. 17: 494–496. 

74. López-Domínguez, J.A., H. Khraiwesh, J.A. González-Reyes, et al. 2015. Dietary fat and aging modulate 

apoptotic signaling in liver of calorie-restricted mice. J. Gerontol. A Biol. Sci. Med. Sci. 70: 399–409. 

75. Kirkland, J.L. & T. Tchkonia. 2017. Cellular senescence: a translational perspective. EBioMedicine 21: 21–

28. 

76. Aliper, A., L. Jellen, F. Cortese, et al. 2017. Towards natural mimetics of metformin and rapamycin. Aging 

(Albany NY) 9: 2245–2268. 

77. Argüelles, S., S. Camandola, E.R. Hutchison, et al. 2013. Molecular control of the amount, subcellular 

location, and activity state of translation elongation factor 2 in neurons experiencing stress. Free Radic. 

Biol. Med. 61: 61–71. 



Accepted (peer-reviewed) Version 
 

15 
 

78. Terai, K., Y. Hiramoto, M. Masaki, et al. 2005. AMP-activated protein kinase protects cardiomyocytes 

against hypoxic injury through attenuation of endoplasmic reticulum stress. Mol. Cell. Biol. 25: 9554–9575. 

79. Argüelles, S., S. Camandola, R.G. Cutler, et al. 2014. Elongation factor 2 diphthamide is critical for 

translation of two IRES-dependent protein targets, XIAP and FGF2, under oxidative stress conditions. Free 

Radic. Biol. Med. 67: 131–138. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Accepted (peer-reviewed) Version 
 

16 
 

FIGURES  

 

Figure 1. Cellular response to damage. Apoptosis is considered the ultimate result of severe rather than 

minor cellular damage, with the main goal being to get rid of undesired cells. Once the cells are subjected 

to a specific type of damage, the general and physiological sequence of events involves several 

biochemical mechanisms, depending on which tissue, type of cells, and subcellular organelles are 

involved, and if biomolecules become affected. All these mechanisms can basically be considered as 

cytoprotectives and include autophagy, response to ER stress, senescence, DNA repair, and antioxidant 

enzyme induction. Ideally, if the damage is not severe and these mechanisms are indeed efficient, the 

outcome would be cell survival and the ultimate reestablishment of cellular physiology and tissue 

function. But if the damage is severe and/or there are some failures in the cellular response mechanisms to 

mitigate the damage, a huge number of undesirable cells will accumulate, and the function of the tissue 

can be seriously compromised, leading to or aggravating several pathologies. 
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Figure 2. Advantages and disadvantages of Apoptosis. Advantages and disadvantages of apoptosis. 

Organisms continuously replace damaged cells as a part of a normal physiological program of 

maintaining tissue health. However, apoptosis can represent advantages or disadvantages, depending on 

whether the damage that causes apoptosis is transient or persistent, the type of tissue (whether or not the 
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cells frequently divide), and the degree of health of the individual and their age. The different types of 

damage that can cause apoptosis are: reactive oxygen species (ROS), lack of nutrients, hypoxia, protein 

aggregates, viruses, radiation, heat shock, toxins, energy deprivation, inflammation, increased protein 

synthesis, and defective defense mechanisms against these cellular insults. In terms of proliferative 

capacity, tissues in the body can be divided into three groups: (1) tissues whose cells continuously divide, 

for example, hematopoietic cells in the bone marrow and most surface epithelia, including skin, oral 

cavity, vagina, ducts, gastrointestinal tract, and others; (2) tissues whose cells divide regularly at certain 

times, for example, cells belonging to the parenchyma of most solid tissues, such as liver, kidney, and 

pancreas, and also endothelial cells, fibroblasts, and smooth muscle cells; (3) tissues whose cells do not 

proliferate, for example, neurons and cardiac muscle cells, although limited stem cell proliferation occurs 

in some areas of the adult brain. Also, there is evidence that heart muscle cells may proliferate after 

myocardial necrosis. Skeletal muscle cells are also classified into this group of cells, but satellite cells 

provide some regenerative capacity for muscle. In a young organism (A and B), which has a high 

regenerative potential, apoptosis after intense and persistent damage in tissues whose cells divide 

continuously (A) represents a safeguard mechanism to remove undesirable and senescent cells. These 

cells can be replaced from stem and progenitor cells and the function of the tissue can be reestablished. In 

young organism tissue with minimal proliferative capacity (B), excessive apoptosis would affect cellular 

and tissue activity since cells cannot be replaced. Nevertheless, this situation would be an advantage over 

that in which, due to the absence of apoptosis, the cell becomes cancerous. In old organisms (C and D), 

regenerative capacity is limited, in both continuously dividing tissues (C) and noncontinuously 

proliferative tissue (D). Although dead cells cannot be replaced, at least apoptosis would prevent the 

accumulation of senescent and damaged cells. Also, the problem is that apoptotic mechanisms as well as 

the response against damage fail with age. Therefore, the scenario in old tissues is a general loss of cell 

numbers along with an increased number of damaged cells with the tendency to become cancerous and 

cause or aggravate several pathologies. 
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Table 1. Signaling pathways that regulate both longevity and apoptosis. 

Signaling 

Pathway 

Activation 

level 

Effect on 

Longevity 
Apoptosis Biological function 

mTOR ↓ ↑ ↓ Promote autophagy under physiological conditions. 

 ↓↓ ↓ ↑ 
Promote non-senescent mature cells loss and tissue 

dysfunction under physiological conditions. 

 ↑ ↓ ↑ Decrease autophagy under physiological conditions. 

 ↑  ↑?  ↓a Preserve postmitotic cells function after injury.     

I/IGF1 ↓ ↑ ↓ Promote autophagy under physiological conditions.  

 ↑ ↓ ↑ Decrease autophagy under physiological conditions. 

 ↑  ↑?  ↓a Preserve postmitotic cells function after damage. 

AMPK ↑ ↑ ↓ 
Promote autophagy under physiological conditions. 

Moreover, preserve cells function after injury.  

 ↑↑↑  ↑?  ↑b 
Induce loss of damaged postmitotic cell and avoid 

increase of mitotic senescent cells after damage. 

SIRT1 ↑ ↑ ↓ 
Promote autophagy under physiological conditions. 

Moreover, preserve cells function after injury. 

 ↑ ↓ ↓↓↓ Oncogenic transformation (cancer).   

Stress ↑ ↑ ↓ 
Transient reduction of mitochondrial function lead 

to increase ER-stress and UPR to promote cell 

survival. 

 ↑↑ ↓ ↑ 
Uncontrolled increase of ER-stress by the UPR, 

increase persistent inflammation. 

Autophagy ↑ ↑ ↓ Promote cell survival and reduce cell damage. 

 ↓ ↓ ↑ 
Promote mitochondrial dysfunction/ inflammatory 

phenotype. 

p53 ↑ ↑  ↑b Prevent damaged cell accumulation and restore the 

homeostasis in response to acute stress. 

 ↑↑ ↓ ↑↑↑ 
Decrease stem cell regenerative function and 

promote senescence in response to chronic stress 

 ↓ ↓ ↓↓↓ Oncogenic transformation (cancer). 

TERT ↓ ↓ ↑ Cell death. 

 ↑ ↑ ↓ 
Preserve postmitotic and mitotic cell function after 

damage/injury. 
a 

Apoptosis transiently decrease; b
Apoptosis transiently increase. 

mTOR, mammalian target of rapamycin; I/IGF, insulin/insulin-like growth factor 1; AMPK, AMP-

activated protein kinase; SIRT1, Sirtuin 1; ER stress, endoplasmic reticulum stress; UPR, unfolded 

protein response; TERT, telomerase reverse transcriptas. 

 

 

 


