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Abstract Apoptosis is a vital component in the evolu-

tionarily conserved host defense system. Apoptosis is the

guardian of tissue integrity by removing unfit and injured

cells without evoking inflammation. However, apoptosis

seems to be a double-edged sword since during low-level

chronic stress, such as in aging, increased resistance to

apoptosis can lead to the survival of functionally deficient,

post-mitotic cells with damaged housekeeping functions.

Senescent cells are remarkably resistant to apoptosis, and

several studies indicate that host defense mechanisms

can enhance anti-apoptotic signaling, which subsequently

induces a senescent, pro-inflammatory phenotype during

the aging process. At the molecular level, age-related

resistance to apoptosis involves (1) functional deficiency in

p53 network, (2) increased activity in the NF-jB-IAP/

JNK axis, and (3) changes in molecular chaperones,

microRNAs, and epigenetic regulation. We will discuss the

molecular basis of age-related resistance to apoptosis and

emphasize that increased resistance could enhance the

aging process.
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Introduction

The aging process represents a progressive decline in the

physiological properties of tissues and the overall fitness of

the organism. The replication capacity of cells decreases

and the number of cell-cycle-arrested cells increases with

aging. Cells also display prominent age-related structural

and functional changes, e.g., dysfunction in mitochondrial

respiration, disturbances in proteasomal and autophagic

degradation, and accumulation of waste material into the

cytoplasm and the lysosomal compartment. Cellular

senescence is the state where cells have irreversibly lost

their proliferation ability, and they exhibit deficiencies in

maintaining their homeostatic processes [1, 2]. The number

of senescent cells increases in tissues with aging (Fig. 1).

There are diverse stress conditions that damage house-

keeping mechanisms during aging, e.g., oxidative,

metabolic, and genotoxic stresses (Fig. 2). Age-related

degeneration can be a consequence of a genetic program or

it may be an entropic process [3, 4]. Ultimately, disorders

in housekeeping ability jeopardize homeostasis and expose

cells to both apoptotic and necrotic forms of cell death.

There are different types of cell death programs, these

being triggered by the level of insult and cell type involved

[5]. Apoptosis is a highly regulated suicide-type mecha-

nism, in contrast to necrosis, which is a far less strictly
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controlled process. Kerr et al. [6] coined the term apopto-

sis, which means ‘‘falling leaves’’ in Greek. They

characterized the morphology of apoptotic cell death and

noted that apoptotic bodies can be phagocytized by

neighboring cells and tissue histiocytes. In contrast to

necrosis, apoptosis does not trigger inflammation and thus

it saves the tissue from suffering the consequences of an

inflammatory response that could aggravate the lesion.

There have been many articles that have emphasized that

apoptosis can proceed via multiple cascades and be bal-

anced by pro- and antiapoptotic mechanisms [7, 8]. In

addition, there is crosstalk between apoptosis and autoph-

agy, a self-eating process [9]. All these observations

indicate how versatile apoptotic cell death can be, e.g., in

adapting to a variety of external and internal insults and

proceeding via diverse pathways in different tissues [8, 10].

Apoptosis is a vital component of the evolutionarily

conserved host defense system of organisms. When sub-

jected to pathological attack, apoptosis is a guardian of

tissues, since it can cleanse of unfit and injured cells

without evoking inflammation [5, 9]. However, apoptosis

seems to be a double-edged sword since several defense

mechanisms increase resistance towards apoptosis by

enhancing anti-apoptotic signaling and thus prevent the

apoptotic death of sublethally injured cells (see below).

Increased resistance is an important safety mechanism in

acute stress since after the insult, the cell may still recover

and revert to homeostasis. However, in persistent stress,

such as in aging, increased apoptotic resistance can lead to

the survival of unfit cells that are not able to maintain

proper housekeeping functions. This increase in apoptotic

resistance may be relevant if one considers the context of

tissue integrity during aging, but it takes place at the cost of

housekeeping potential and leads to a senescent phenotype

in post-mitotic cells. Escalation of the host defense crisis

proceeds via the activation of low-level, chronic inflam-

mation in aging tissues [11–13]. We will discuss the

molecular mechanisms that increase the resistance to

apoptosis during the aging process and hypothesize that

this ‘‘age-related resistance to apoptosis’’ can enhance the

aging process.

Apoptosis: vital force in morphogenesis and cancer

Apoptosis and embryonic development

In 1965, Lockshin and Williams [14] coined the term pro-

grammed cell death (PCD) to point out that this kind of cell

death, nowadays usually called apoptosis, is a programmed

process and a part of normal embryogenesis. Studies have

demonstrated that PCD has an important role in morpho-

genesis, e.g., un shaping the central nervous system and limb

development [15]. Many genes that were later identified to be

important players in the mammalian apoptotic process were

first described in a genetic screen for developmental defects

in Caenorhabditis elegans [16–18]. For instance, the genes

Fig. 1 A schematic presentation of age-related changes in cellular

phenotypes. Several studies indicate that cellular replication capacity

declines in different tissues and immune system during aging [107–

110], whereas the appearance of senescent cells increases (see text).

Age-related changes are tissue specific, and the diagram depicts only

the trend during aging rather than absolute changes. Alterations in

cellular phenotypes are associated with an increase in the resistance to

apoptosis

Fig. 2 Increased resistance to apoptosis escalates the age-related host

defense crisis. Persistent types of stress, e.g., oxidative, proteotoxic,

and genotoxic stresses, enhance the cellular resistance to apoptosis

leading to the survival of unfit, sublethally damaged cells that display

a pro-inflammatory phenotype. The molecular basis of increased

resistance to apoptosis involves several mechanisms, e.g., (1)

functional deficiency in the p53 network, (2) increased activity in

the NF-jB-IAP/JNK axis, and (3) changes in molecular chaperones,

microRNAs, and epigenetic regulation. Mitotic cells can also undergo

carcinogenesis, which also involves increased resistance to apoptosis

but not the host defense crisis. the pro-inflammatory phenotype

accelerates the aging process and aggravates age-related degenerative

diseases
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of ced (cell death abnormal) and ces (cell-death specifica-

tion) families have conserved homologues in Drosophila

melanogaster and mammals [18]. In particular, studies using

model organisms have revealed the inducer mechanisms of

apoptosis, e.g., reaper gene activation in D. melanogaster

[19, 20] and egl-1 (egg-laying defective) in C. elegans [18].

In mammals, BH3-only proteins, such as BAD (Bcl-xL/

Bcl-2 associated death promoter) and BID (BH3-interacting

domain death agonist), are proapoptotic triggers [21] (see

below). Currently, it is considered that PCD is an integral

part of animal development, and it is often called physio-

logical apoptosis [18, 21].

Apoptosis and cancer

Cancer is a good example of the crucial role of apoptosis in

its battle to maintain tissue stability in the face of a severe

pathological assault. p53 is a major tumor suppressor

protein that can recognize DNA damage and subsequently

arrest the cell cycle and trigger the DNA repair process. If

the damage cannot be repaired, p53 induces apoptosis in

order to eliminate injured cells and thus prevent possible

neoplastic transformation [22]. Moreover, p53 can also

combat tumor progression by triggering cellular senes-

cence of transformed cells [23–25]. There are several other

tumor suppressor proteins, e.g., the p16INK4 family, that

can arrest the cell cycle, induce senescence, and in that way

prevent tumor progression [26]. Interestingly, increased

resistance to apoptotic cell death is a hallmark of rapidly

proliferating cancer cells inhibiting intrinsic and extrinsic

pro-apoptotic pathways [25, 27]. Targeted inhibition of

anti-apoptotic defense will provide novel cancer therapies

in the future [28]. BCL-2, survivin, and XIAP are typical

target proteins. Currently, antisense oligonucleotides, e.g.,

oblimersen for BCL-2 mRNAs and AEG35156 for XIAP

mRNA, are in phase II and III clinical studies [28]. Another

approach is to design small-molecule inhibitors or mimet-

ics for antiapoptotic proteins. ABT-737 and Obatoclax are

promising BH3 domain mimetics that bind to the BCL-2

hydrophobic cleft and can kill cancer cells [29]. There is

also drug development for inhibitor of apoptosis (IAP)

proteins [30]. In fact, cancer is only one example of several

diseases where the ability to perform apoptosis-mediated

cleansing of defective cells is impaired, which aggravates

the disease process [31]. Apoptosis is involved in many

age-related disorders, e.g., in cardiovascular diseases and

neurodegeneration [31–33].

In conclusion, apoptosis plays important roles in

developmental processes and in adult tissue, where it

results in removal of infected, transformed, and damaged

cells. However, cancer cells can hijack the anti-apoptotic

capacity and escape the pro-apoptotic control mechanisms

and jeopardize tissue integrity.

Resistance to apoptosis: a hallmark of cellular

senescence

By definition, cellular senescence is an irreversible cell

cycle arrest, but it also involves significant changes in gene

expression, cellular morphology, and function [1, 23, 24].

However, it has been difficult to identify senescent cells

since there are no specific biomarkers available. SA-b-gal

(senescence-associated b-galactosidase), a lysosomal

hydrolytic enzyme, is a generally accepted marker

although it is not an exclusive marker of senescence.

Another good marker is p16INK4a, an inhibitor of cyclin-

dependent kinases [24, 26]. The protein level of p16INK4a

is augmented in senescent cells, but its expression also

clearly increases during organismal aging, probably

reflecting cell cycle exit of cells in the tissues of old ani-

mals. It seems that p16INK4a could be an effector protein

of senescence, in contrast to SA-b-gal, which reflects age-

related biochemical responses. For instance, p16INK4a

protein can regulate the senescence-related p53 network,

especially during oncogene-induced senescence. A third,

chromatin-level marker of senescence is SAHF (senes-

cence-associated heterochromatin foci), which is a

chromosomal condensed heterochromatin locus, organized

by histone chaperones from heterochromatin-forming pro-

teins [34]. Most likely, SAHF can repress the expression of

genes promoting cellular proliferation and thus induce

irreversible replication arrest.

In addition to growth arrest, increased resistance to

apoptosis is a significant functional hallmark of senescent

cells. In 1995, Eugenia Wang [35] demonstrated that

replicatively senescent human fibroblasts were resistant to

apoptotic insults. The protein level of Bcl-2 was signifi-

cantly higher in late-passage fibroblasts compared to their

young counterparts, and apoptotic treatment did not affect

its expression level. This original observation has been

replicated since in a variety of experimental models [36,

37]. Moreover, fibroblasts of progeroid Werner syndrome

patients exhibit attenuation of p53-induced apoptosis [38].

Interestingly, expression of wild-type WRN gene, mutated

in Werner patients, rescued the p53-mediated apoptotic

capacity. Since WRN protein binds to p53 [38], this is

evidence that p53 is involved in the regulation of cellular

senescence (see below). Repeated, subtoxic UVB exposure

is a well-known inducer of cell cycle arrest and can

cause the appearance of apoptosis resistance. Using this

photoaging model, Chen et al. [39] demonstrated that

p53-mediated gene expression is involved in the appear-

ance of apoptosis resistance in human skin fibroblasts.

Recently, Rochette and Brash [37] reported that the appear-

ance of resistance to UVB-induced apoptosis clearly precedes

the progressive development of replicative senescence in

human fibroblasts. They observed that UVB exposure could

Resistance to apoptosis in aging 1023



induce a prominent increase in the expression of Bcl-xL in old

cells, but not in their young counterparts. In contrast, the

levels of the pro-apoptotic Bax were clearly increased in

young cells and triggered apoptosis.

There are clear cell type–dependent differences in the

apoptotic resistance induced by growth arrest and cellular

senescence in cultured cells. Senescent keratinocytes are

resistant to UV-induced apoptosis [40], as are skin fibro-

blasts (see above). In fact, many studies have observed that

senescent endothelial cells are more vulnerable to apop-

tosis than their younger cohorts if examined under in vitro

cell culture conditions [41]. However, endothelial cells in

cultured arteries have been reported to display an increased

resistance to apoptosis in long-lived rodents [42]. One

explanation could be that senescent endothelial cells in

culture undergo anoikis, not apoptosis. Anoikis is a specific

apoptotic process triggered by the loss of extracellular

matrix interactions [43]. The mechanisms conferring

resistance to anoikis are quite different from those inhib-

iting apoptosis.

In conclusion, as revealed in cell culture experiments,

growth arrest and resistance to apoptosis are two hallmarks

of senescent cells. Cellular senescence seems to be an evo-

lutionary conserved defense against cancerous growth in

multicellular organisms, but is the aging process the price?

Organismal aging: apoptosis repressed, cleansing

impaired

As mentioned earlier for cultured cells, there are only a few,

if any, direct indicators of cellular senescence. The

expression level of p16INK4a has been a consistent

senescence marker in vitro (see above), and Krishnamurthy

et al. [44] demonstrated that its expression, at both mRNA

and protein levels, also significantly increases in almost all

rodent tissues during aging. Moreover, they noted that its

expression clearly decreases during caloric restriction, a

recognized longevity factor. Jeyapalan et al. [45] observed

that in addition to p16INK4a, the markers of telomere

damage and senescence-related heterochromatin proteins

also significantly increased with aging in baboon skin

fibroblasts. Melk et al. [46] demonstrated that the expres-

sions of p16INK4a and SA-b-gal increase in rat kidney with

aging. SA-b-gal staining was clearly associated with lipo-

fuscin, a prominent aging pigment. In addition, studies on

premature and accelerated aging models have revealed an

increased level of senescence markers in the tissues. Hinkal

et al. [47] observed that hyperactive p53?/m mice exhibited

increased numbers of SA-b-gal-positive cells in all tissues

studied, i.e., kidney, liver, and spleen, particularly with old

age. Recent reviews have discussed in detail the role of

cellular senescence in organismal aging [1, 2, 23, 48].

Increased cellular senescence is observed in several

pathological conditions [1, 49, 50]. A stressful microenvi-

ronment in tissues, e.g., oxidative stress and inflammation,

can trigger signaling pathways that induce the activation of

cellular senescence. For instance, cellular senescence is

augmented in vascular endothelium in many vascular dis-

eases [50]. It seems that senescent endothelial cells can

enhance the processes of atherosclerosis, thrombosis, and

inflammation. In particular, the capacity of senescent cells

to secrete inflammatory mediators may induce chronic

inflammation in blood vessels. In addition, tumors often

contain senescent cells, a process called oncogene-induced

cellular senescence (OIS) [51, 52]. OIS is a mechanism that

can restrict the tumorigenesis of benign tumors. In con-

clusion, it seems that the host tissues can react to

pathological insults by triggering cellular senescence,

which enhances the aging process (Fig. 2). This might be

an important mechanism in certain age-related degenera-

tive diseases.

It is still largely unclear whether age-related cellular

senescence and quiescence of mitotic cells can elicit

resistance to apoptosis in tissues, comparable to apoptotic

resistance in cultured cells. The problem seems to be that

apoptotic cells are not frequently encountered in tissue

sections, this probably being attributable to either their fast

clearance or to apoptotic resistance under normal condi-

tions. Recently, Kavathia et al. [53] demonstrated that the

intensity of global apoptosis significantly declines in

humans during aging. They studied changes in serum

markers of apoptosis, i.e., soluble Fas (inhibitor of apop-

tosis), sFasL (stimulator of apoptosis), and cytochrome c.

They observed that the serum levels of total cytochrome c

and sFasL decreased but the concentration of soluble Fas

increased during aging. Interestingly, several studies have

demonstrated that aging decreases the apoptotic response

to genotoxic stress [47, 54]. Hinkal et al. [47] observed that

ionizing radiation–induced apoptotic response was clearly

less in the lymphoid organs of mutant p53?/m mice com-

pared to wild-type mice. Instead, the extent of DNA

damage and the levels of senescence markers, e.g.,

p16INK4a and p21, were significantly higher in the

accelerated aging mice.

Organismal aging induces a decline in the function of the

immune system, a process called immunosenescence [55].

Apoptosis is crucially involved in the age-related remod-

eling of the immune system, which includes thymic

involution and alterations in T cells, i.e., decreased prolif-

eration capacity and increased resistance to apoptosis [56–

58]. De Martinis et al. [57] have described two different

kinds of apoptotic pathways present in immune cells: (1)

activation-induced cell death (AICD) and (2) damage-

induced cell death (DICD). AICD eliminates superfluous

clonal lymphocytes, e.g., via death receptors, whereas

1024 A. Salminen et al.



DICD prevents the transformation of damaged lympho-

cytes. Organismal aging seems to potentiate the apoptotic

pathway of AICD and decreases the sensitivity to DICD

[57]. A deficiency in the apoptotic capacity of the DICD

pathway triggers the accumulation of dysfunctional,

senescent lymphocytes. Subsequently, these lymphocytes

also lose their membrane receptors and become resistant to

apoptosis induced via the AICD pathway. The apoptotic

resistance of senescent lymphocytes seems to be mediated

by a defect in signaling of some death receptors, increased

expression of anti-apoptotic proteins and inhibitory recep-

tors, and inhibition of caspase activation [58]. The apoptotic

deficiency in immunosenescent lymphocytes can also pro-

voke autoimmune responses in the elderly. Lymphocyte

senescence is probably one form of the rather common

senescence-associated secretory phenotype (see below),

and in that way it supports the appearance of age-related

pro-inflammatory status, which accelerates the aging pro-

cess and aggravates age-related degenerative diseases.

Increased resistance to apoptosis of senescent cells rep-

resents a threat to functional integrity, e.g., in the immune

system, skin, and vascular endothelium. Increased tolerance

of cells to molecular damage leads to the accumulation

of intracellular waste products within nondividing cells,

e.g., senescent cells and post-mitotic cells (Fig. 2). This

activates autophagocytosis, a major cellular housekeeping

mechanism that can remove damaged molecules and

organelles. Recent studies have revealed that autophagy has

an effector role in the induction of the senescent phenotype

[59–61]. Young et al. [59] demonstrated that autophagy is

clearly activated during the transition phase into cellular

senescence in fibroblasts. This seems to be triggered by

a negative feedback inhibition of PI3K-mTOR pathway

(a well-known inhibitor of autophagy) that triggers

the expression of target genes of autophagy. Zmpste24-

knockout mice, an established premature aging model of

Hutchinson-Gilford progeria, also exhibit increased auto-

phagocytosis in several tissues [60]. These mice display

significant metabolic changes, e.g., decreases in serum

insulin and glucose concentrations, activation of LKB1-

AMPK signaling, and inhibition of mTOR. The induction of

autophagy in the early phase of the accelerated aging pro-

cess seems to be a survival mechanism that compromises

the metabolic disorders in the transition phase in order to

inhibit apoptotic cell death [61]. However, many studies

have demonstrated that autophagic clearance declines dur-

ing the normal aging process [62, 63].

Molecular basis of increased resistance to apoptosis

The decision as to whether cells live or die by apoptosis

involves the balance between pro-apoptotic and anti-

apoptotic players. Intrinsic and extrinsic inducers can either

enhance or repress the initiation of apoptosis. Mitochondria

have a key role in the activation process but also in the

repression [64]. The major components in the regulation

of apoptosis include the Bcl-2 family of pro- and anti-

apoptotic factors, death receptors, and caspase network.

Apoptosis as a process and its regulation have been

extensively reviewed recently [7, 8, 64]. However, the

role of apoptosis in the aging process and in particular,

the mechanisms of age-related repression, are largely

unknown. Here we will discuss some mechanisms linked to

age-related resistance of apoptosis and their impact on the

aging process.

p53 network

Tumor suppressor protein p53 is the guardian of genomic

stability, but the signaling network linked to p53 can rec-

ognize the viability of cells and choose which damaged

cells will undergo apoptotic suicide. The host defense

function of p53 has been thoroughly studied in the case of

cancer, i.e., p53 protects tissues against tumor growth via

apoptosis and cellular senescence (see above). Further-

more, mouse models of premature aging have revealed that

hyperactivity of p53 may accelerate the aging process [65–

67]. Increased p53 activity was induced by manipulating

p53 activity directly, e.g., in p53?/m mutant mice, or

indirectly via DNA damage in telomere-deficient mice,

Ku80 knockout mice, and Zmpste24 null mice. However,

the transgenic super-p53 mice carrying extra copies of

wild-type p53 genes show no evidence of accelerated aging

although they are cancer resistant [68]. Moreover, trans-

genic mice expressing a decreased level of Mdm2, an

inhibitor of p53, displayed p53 hyperactivity linked to a

normal aging process [69]. Given that the function of p53 is

associated with a complex network of protein interactions,

it seems that its connection to the aging process is depen-

dent on other factors present in the network.

The p53 can regulate apoptosis in a transcription

dependent and independent manner [64, 70]. The tran-

scriptional pathway involves the induction of pro-apoptotic

Bcl-2 factors, i.e., Bax, Bid, Noxa, and Puma (BH3-only

proteins), and repression of anti-apoptotic Bcl-2, Bcl-xL,

and survivin genes. The nontranscriptional pathway

includes interactions with members of the Bcl-2 family that

control MOMP (mitochondrial outer membrane perme-

abilization) and in that way the efflux of apoptogenic

factors, e.g., cytochrome c and apoptosis-inducing factor

(AIF) [7, 64, 70]. MOMP is regulated by the mitochondrial

apoptosis-induced channel (MAC), which is formed by

pro-apoptotic Bax and Bak proteins, but the inner mem-

brane permeability transition pores (PTP) can also be

involved in the passage of apoptogenic factors [71]. In this

Resistance to apoptosis in aging 1025



context, it is important to point out that a plethora of

studies have indicated that mitochondria play a crucial role

in the aging process [72]. Interestingly, Bax and Bak also

regulate the efflux of calcium from the endoplasmic

reticulum (ER) and subsequently can induce MOMP and

trigger apoptosis. In fact, ER and mitochondria form a

structural and functional interaction network, called mito-

chondria-associated membranes (MAM), which connects

ER stress to mitochondrial apoptosis [73]. In MAM, sigma-

1 receptors regulate calcium release from ER but also the

expression of Bcl-2 protein and in that way resistance to

apoptosis [74]. During aging, the efficiency of the stress

recognition system in ER declines [75], which can prevent

the initiation of apoptosis.

Transgenic gain-of-function models of p53 indicate that

an increase in p53 activity could be the driving force of the

aging process. However, Feng et al. [76] convincingly

demonstrated that the functional activity of p53 declines in

several murine tissues during aging. They observed that the

p53-dependent apoptotic response to irradiation decreases

during aging. This could be a consequence of the reduced

transcriptional activity of p53 observed in several tissues

with aging. Their study clearly indicates that premature

aging induced by forced activation of p53 does not repre-

sent a physiological aging process. The results of Keyes

et al. [77] also support this proposal since they observed

that the loss of p63 protein, a p53-related protein, accel-

erates the aging process in mice, e.g., the expression of

senescence markers SA-b-gal, p16INK4a, and PML con-

siderably increased in adult skin after the inducible ablation

of p63 in keratinocytes. The functional inefficiency of p53

could explain the reduction of mitochondrial respiration

and increase in glycolytic metabolism during aging [78].

Kawauchi et al. [79] demonstrated that the deficiency in

p53 activity increases glycolytic metabolism and activates

IKKb, which can stimulate the NF-jB-mediated resistance

to apoptosis (see below). The reduction of p53 activity can

also impair the expression of DRAM (damage-regulated

autophagy modulator) [80], an inducer of autophagy, and

in that way explains the paucity of autophagy during aging

[63].

NF-jB-IAP/JNK axis

The NF-jB system is an ancient host defense system

involved especially in the function of both adaptive and

innate immunity [81]. Transcription factor NF-jB has a

crucial role in the induction of resistance to apoptosis, e.g.,

in the carcinogenesis caused by inflammation [82]. NF-jB

signaling can activate the transcription of many tumor-

promoting cytokines and several anti-apoptotic survival

genes, such as Bcl-xL and inhibitor of apoptosis (IAPs).

The IAP family of apoptosis inhibitors includes several

members, e.g., X-linked IAP (XIAP), c-IAP-1 and c-IAP-2

(cellular IAPs), and neuronal apoptosis inhibitory protein

(NAIP) [83, 84]. IAPs contain BIR (baculovirus inhibitor

of apoptosis protein repeat) domains, which can bind to

caspases and inhibit the execution phase of apoptosis.

Given that NF-jB can induce the expression of IAPs, IAPs

can reciprocally stimulate the NF-jB signaling [83–85].

This positive feedback loop is one way to ensure a prompt

response to acute insults. XIAP can bind via BIR domain to

TAK1-binding protein 1 (TAB 1) and activate TAK1

(TGFb -activated kinase 1). Subsequently, TAK1 activates

NF-jB signaling, which further potentiates resistance to

apoptosis. XIAP can also enhance NF-jB signaling via the

inhibition of COMMD1, an inhibitor of NF-jB [85]. It

seems that the NF-jB-IAP-axis has a crucial role in the

induction of host defense, although all of the target proteins

for the different IAP protein domains have not been

clarified.

NF-jB signaling can repress apoptosis induced by c-Jun

N-terminal kinase (JNK), an important mediator of apop-

totic signals triggered by TNF-a and reactive oxygen

species (ROS) [86]. NF-jB signaling can combat JNK

activation by upregulating the expression of (1) Gadd45b,

which inhibits MKK7, an upstream kinase of JNK and (2)

manganese-dependent superoxide dismutase (Mn-SOD),

which inhibits ROS-mediated JNK activation. Blocking the

JNK signaling via NF-jB activation seems to be an evo-

lutionarily conserved mechanism intended to prevent cell

death in a variety of conditions of cell stress [86].

Several approaches have demonstrated that the aging

process is associated with increased activation of the

NF-jB system and the expression of several cytokines,

e.g., IL-1b, IL-6, and IL-8 [4, 13, 87, 88]. NF-jB signaling

is also one of the key factors in the appearance of the pro-

inflammatory phenotype in the senescent cells [11, 12].

Chronic inflammation is also present in tissues during the

aging process [13, 88, 89] as well as in several age-related

diseases [90] (Fig. 2). Secreted cytokines and other

inflammatory mediators can also activate NF-jB signaling

and thus induce the expression of anti-apoptotic proteins,

e.g., IAPs and Bcl-2, and inhibit JNK signaling, aug-

menting the resistance to apoptosis during aging.

Molecular chaperones

Molecular chaperones form a vital survival mechanism in

cells against damaging insults. Chaperones, in particular

heat shock proteins (HSPs), assist in refolding of unfolded

proteins and can prevent detrimental aggregation. More-

over, HSPs can regulate different cellular functions by

binding to many target proteins that support protein inter-

actions. HSPs can be subdivided into families, including

Hsp90, Hsp70, Hsp60, Hsp40, and small Hsps. Several
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studies have indicated that molecular chaperones increase

stress resistance and cause longevity in model organisms,

e.g., in Caenorhabditis elegans [91]. HSPs can regulate

apoptosis and in many ways generate resistance against

apoptotic cell death [92]. In particular, HSPs control the

apoptotic process at the mitochondrial level targeting pro-

apoptotic factors, thus preventing the release of apopto-

genic factors from mitochondria. For instance, Hsp60 and

Hsp70 can bind to Bax protein and block its translocation

to the mitochondrial membrane [92]. Hsp27 binds to Bid

and inhibits its mitochondrial redistribution. HSPs can also

repress the formation of apoptosomes. Hsp70 and Hsp90

can bind to Apaf-1 and thus prevent the recruitment of

procaspase-9 into the apoptosomes. All these observations

indicate that HSPs are potent repressors of apoptosis. This

mechanism may be important in acute cellular stress since

the expression of HSPs is highly inducible by different

stressors.

Currently, there are conflicting results on the role of

HSPs in the aging process. Some studies have referred to

decreased function of HSPs during aging [93], but in

contrast, others have detected upregulation of HSP activity

[94]. The controversy seems to focus on the expression

levels in tissues being studied. However, one consistent

observation seems to be an age-related deficiency in the

induction of heat shock response via heat shock factor

(HSF) [93].

Epigenetics and microRNAs

The aging process and cellular senescence have been

associated with changes in epigenetic regulation, particu-

larly in DNA methylation and chromatin modification [34,

95, 96]. Several studies have demonstrated that global

DNA methylation of the genome declines with aging,

whereas the promoters of certain genes can be specifically

hypermethylated and genes silenced. Histones are also

modified during aging, i.e., specific methylation of histones

increases along with the global acetylation level. In

senescent cells, there appears to be transcriptionally inac-

tive SAHF domains [34], but also in aging tissues there

seems to be significant epigenetic changes. In cancer,

increased DNA methylation is linked to enhanced prolif-

eration, but there are emerging results demonstrating that

an increase in apoptosis resistance can also be caused by

DNA hypermethylation of some apoptotic regulatory genes

[97, 98] For instance, promoter hypermethylation can

downregulate the expression of FAS and XAF1 genes.

XAF1 protein is a potent inhibitor of anti-apoptotic XIAP

protein and thus silencing of the XAF1 gene increases

apoptosis resistance [97]. Whether age-related epigenetic

changes target apoptotic pathways remains to be

elucidated.

MicroRNAs (miRNAs or miRs) are small noncoding

RNAs that are emerging as important gene expression

regulators, e.g., in development, cancer, apoptosis,

inflammation, and aging [99]. There are over 1,000 mam-

malian miRNAs of which about 30 are associated with the

regulation of apoptosis. MiRNAs are repressors of gene

expression by degrading target gene mRNAs or inhibiting

their translation. MiRNAs can control both pro-apoptotic

and anti-apoptotic pathways [99]. In cancer, miRNAs can

induce resistance to apoptosis by downregulating pro-

apoptotic miRNAs, such as the miR-15/16 and miR-34

family, or by provoking the expression of anti-apoptotic

miRNAs, e.g., miR-17-92, miR-21, and miR-155 [99, 100].

Currently, there are only a few studies on changes in

miRNA expression patterns in cellular senescence models

and aging process. For instance, Bonifacio and Jarstfer

[101] observed that miR-143 can induce senescence-asso-

ciated growth arrest and it is upregulated in senescent

human fibroblasts. Drummond et al. [102] demonstrated

that the expression of Let-7 family members, Let-7b and

Let-7e, is significantly elevated in age-related human

skeletal muscle sarcopenia. Large-scale and multi-tissue

studies will be required to establish whether age-related

changes are associated with apoptotic miRNAs. Interest-

ingly, some apoptosis-linked miRNAs are targets of the

p53 network and under epigenetic regulation, e.g., the miR-

34 family [100]. Moreover, inflammatory signals can

activate a large set of miRNAs [103], some of which are

targets of NF-jB signaling, such as miR-146a and miR-

155, and in that way, can regulate the resistance to age-

related apoptosis.

Escalation of host defense crisis: pro-inflammatory

phenotype

The overwhelming resistance to apoptosis has devastating

effects during aging, i.e., mitotic cells can evolve into

tumorigenesis or cellular senescence, whereas post-mitotic

cells can survive excessive stress, e.g., oxidative, geno-

toxic, and metabolic stresses, although homeostasis is

compromised and sublethal damage accumulates as pro-

posed by the so-called garbage can hypothesis. As a

counterbalance, the affected cell can elicit innate immune

response in order to alert neighboring cells and the

organism of accumulating damage. There are receptors that

can recognize the molecular patterns of self-damage, so-

called damage-associated molecular patterns (DAMPs),

and then the cell can send alarm molecules, e.g., cytokines

and chemokines, to recruit phagocytes to support the rescue

process [104]. Resistance to apoptotic cell death escalates

the host defense crisis, generating a chronic inflammatory

reaction (Fig. 2).
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Campisi et al. [11, 12, 23] have demonstrated that

senescent cells secrete pro-inflammatory proteins, such as

interleukins, chemokines, growth factors, and proteases.

This pro-inflammatory state of senescent cells has been

called the senescence-associated secretory phenotype

(SASP). SASP can be induced by several senescence

inducers, e.g., DNA damage and oncogenic stress, in

fibroblasts and endothelial cells but also in many other cell

types [11]. Molecular regulation of the SASP is still

unknown but recently Orjalo et al. [105] observed that

cell surface-bound IL-1a is an important regulator of the

IL-6/IL-8-driven pro-inflammatory network. NF-jB and

C/EBPb are the key transcription factors involved in this

pro-inflammatory pathway.

There is a large body of evidence indicating that the

aging process is associated with the appearance of a pro-

inflammatory phenotype [13, 88, 89]. Franceschi et al. [89]

were the first to formulate the concept of inflamm-aging,

i.e., the decline in adaptive immunity with aging that

generates a state of immunosenescence that can stimulate

innate immunity reactions and provoke a chronic, low-level

inflammatory state. Gene expression profiles from mice,

rats, and human tissues have revealed that the most

common age-related signature is the upregulation of

inflammatory and immune response genes [88]. The levels

of serum cytokines, e.g., IL-6 and TNF-a, also increase

during aging [106]. Several studies have highlighted the

role of NF-jB signalling in the aging process [13, 87, 88]

as well as in cellular senescence [12]. Adler et al. [87]

demonstrated that the NF-jB binding domain was most

frequently associated with the promoters of genes upreg-

ulated during aging as well as with those that are

overexpressed in Hutchinson-Guilford progeria. The NF-

jB signalling pathway can be stimulated by a number of

environmental and internal danger signals, e.g., oxidative

stress, genotoxic stress, and tissue injuries [4, 81, 82, 90].

Interestingly, several pro-aging signals are NF-jB activa-

tors, whereas many longevity factors, e.g., SIRT1, p53,

and HSPs, are NF-jB inhibitors [4]. In conclusion, the

pro-inflammatory phenotype seems to be a driving force in

age-related host defense crisis.

Conclusions

Apoptosis, also called programmed cell death, is a vital

force in the shaping of tissues during embryogenesis. Later

in life, cells can combat cancerous growth by enhancing

apoptotic cell death or by triggering cellular senescence, an

irreversible growth arrest in response to cellular stress and

damage. There is clear evidence to indicate that senescent

cells are remarkably resistant to apoptosis. Obviously, the

regulation of apoptotic resistance is a crucial defense

mechanism against sublethal damage induced by environ-

mental and cellular stress situations, e.g., oxidative,

proteotoxic, and genotoxic stresses. Interestingly, both

cancer cells and senescent cells have adopted the same

strategy, i.e., enhancement of resistance to apoptosis. The

outcome may be detrimental to the organism in both cases

although via different phenotypes. In post-mitotic cells,

this substantial anti-apoptotic defense is a double-edged

sword that increases the entropy via the accumulation of

nonfunctional proteins and organelles, in particular during

periods of enhanced stress. UVB-induced photoaging is a

good example of this situation.

Deficient cleansing of tissues of damaged cells triggers

another host defense mechanism, i.e., inflammation. Recent

studies have revealed that senescent cells possess a pro-

inflammatory phenotype, secreting inflammatory media-

tors. Inflammation is a logical cellular response to

impending cell death. The cell can release inflammatory

factors that then recruit phagocytes to remove the soon-to-

appear apoptotic bodies or necrotic waste. An extensive

literature shows that low-level, chronic inflammation is

associated with the aging process. Inflammation aggravates

the microenvironment in aging tissues by secreting

(1) proteinases that degenerate the extracellular matrix and

(2) cytokines and growth factors that can even enhance

apoptotic resistance and stimulate cancerous growth. We

propose that the increased resistance to apoptosis of

senescent cells can aggravate the age-related host defense

crisis that is enhanced by chronic inflammation.
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