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Abstract
Cellular senescence is the final fate of most cells in response to specific stimuli, but is not the end. Indeed, it is the beginning 
of a singular life, with multiple side roads leading to diverse effects on the organism. Many studies have been done in the 
last few years to elucidate the intriguing role of senescent cells in the organism, demonstrating them as the cause of several 
age-related diseases. However, these cells are also positively implicated in other important pathways, such as embryogenesis 
and wound healing. It appears that the multiple effects are time-dependent: long-term senescence is mostly implicated in 
chronic inflammation and disease, whereas in the short term, senescent cells seem to be beneficial, being rapidly targeted 
by the innate immune system. The influence of senescent cells on their neighbors by paracrine factors, differential activity 
depending on developmental stage, and duration of the effects make the cellular senescent program a unique spatial–tem-
poral mechanism. During pathological conditions such as progeroid syndromes, this mechanism is deregulated, leading to 
accelerated onset of some aging-related diseases and a shorter lifespan, among other physiological defects. Here, we review 
the three primary cell senescence programs described so far (replicative, stress-induced, and developmentally programmed 
senescence), their onset during development, and their potential roles in diseases with premature aging. Finally, we discuss 
the role of immune cells in keeping senescence burden below the threshold of disease.
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The road so far: routes toward cellular 
senescence

Cellular senescence is a specific form of irreversible growth 
arrest, coupled to stereotypical phenotypic changes includ-
ing resistance to apoptosis, expression of anti-proliferative 
molecules, and activation of damage-sensing signaling 
routes, among others [1, 2]. Cellular senescence was first 
described by Leonard Hayflick and Paul Moorhead [3], 
whose pioneering work was based on cultured human fibro-
blast cells (WI-38 fibroblasts) that lost their ability to pro-
liferate, reaching permanent arrest after about 50 population 
doublings (referred to as the Hayflick limit). Though met 
with some skepticism at the time, the study of cellular aging 
had begun, with three primary cellular senescence routes 
identified to date.

Replicative senescence (RS)

The first pathway of cellular senescence to be identified is 
related to the finite proliferation capacity of replication-
competent cells, due to telomere shortening during each 
population doubling (the so-called “DNA end replication 
problem”) [4]. In this phenomenon, observed by Hayflick 
and Moorhead [3], shortened telomeres lead to chromosomal 
instability and pro-tumorigenic events if the cell continues 
dividing [5]. To avoid this process and safeguard genomic 
stability, the DNA damage response (DDR) mechanism 
is activated, triggering a cascade of events involving the 
ataxia telangiectasia mutated (ATM)/ATM and Rad3-related 
(ATR)-p53-p21CIP1 and p16Ink4a pathways, leading to perma-
nent cell arrest and/or apoptosis [6]. RS is age-dependent 
and considered to be a tumor-suppression mechanism [7–9].

Stress‑induced premature senescence (SIPS)

Cells can become senescent in response to a multitude 
of stressors that include, but are not limited to, DNA 
damage (independent of telomeric shortening). The first 
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experimental evidence was obtained from hydrogen per-
oxide treatment and oncogene over-expression [10, 11]. 
Currently many stress inducers have been identified from 
oncogenic, oxidative, and genotoxic sources, which can 
lead to SIPS by activating the ATM/ATR-p53-p21CIP1 and 
p16Ink4a DDR pathways. This premature cell cycle arrest 
is also considered to be a tumor-suppression mechanism, 
by arresting pre-neoplastic (damaged) cells [7–9]. The 
nomenclature for SIPS is diverse, since it originated from 
the nature of the stressors, such as oncogene-induced 
senescence (OIS), chemotherapy-induced senescence 
(CIS), or epigenetically induced senescence (EIS) [11, 12]. 
The main differences between RS and SIPS are the shorter 
time required for cell cycle arrest in SIPS and the shorter 
telomeres in RS [13]. However, they share some pheno-
typic aspects and seem to depend on the same pathways, 
p53-p21CIP1 and p16Ink4a-retinoblastoma protein (pRB), 
which cause cell cycle arrest by inhibiting E2F [1, 14].

Developmentally programmed senescence (DPS)

The latest senescence pathway to be described, DPS, has 
been detected in the first days of organism development 
(embryogenesis) [15, 16]. Two ground-breaking studies 
reported that senescence occurs at multiple locations dur-
ing mammalian embryogenesis [15, 16]. Interestingly, 
these studies did not detect DNA damage markers in 
the senescent cells, nor the activation of DNA damage-
dependent kinases ATM and ATR; rather, DPS is depend-
ent on p21CIP1 expression, and shares features with OIS. 
The biological function of these senescent cells seems to 
be the establishment of a correct balance between cell 
populations. The authors claimed that this new cell senes-
cence program is a physiological process, orchestrated 
through developmental signals, which may have evolved 
to arrange tissue regeneration and healing upon damage in 
adult organisms [15, 16].

Other senescence processes have been reported, with 
characteristics similar to DPS. In the context of embryo 
development, senescence of placental cells displays some 
(though not all) features of DPS [17, 18]. An earlier study, 
in 2012, described senescence in natural killer (NK) cells 
during embryo implantation, the features of which also 
resembled DPS [19].

A recent study suggested that senescence may be part of 
normal maturation in pancreatic β cells, executing a pro-
grammed developmental role not triggered by stress, leading 
to insulin secretion and maintaining glucose homeostasis 
[20]. In contrast, another recent study showed that senescent 
β cells (positive for insulin growth factor 1 receptor, IGF1R, 
and p16Ink4a) secreted less insulin than non-senescent β cells 
[21]; more work is needed to resolve this controversy.

Another example of DPS-like cellular senescence is 
induced by integrin β3 (ITGB3), via the p21CIP1 and trans-
forming growth factor β (TGFβ) pathways [22].

It remains to be seen if all these different mechanisms 
share the same pathway as DPS. The lack of DNA dam-
age and highly orchestrated program seems to support this 
hypothesis, though some differences have been observed, 
such as the finding that ITGB3, placental, NK and embryo-
genesis-induced senescence are p21CIP1-dependent, whereas 
senescence in β cells is p16Ink4a-dependent.

Targets of cell senescence

All cells in an organism (either in adults or developing 
embryos) are exposed to numerous signals and stressors that 
might activate either RS, SIPS, or DPS [13].

Supporting this is the finding that cellular senescence 
occurs in numerous cell types from NK cells, T and B lym-
phocytes, placental syncytiotrophoblasts, fibroblasts, muscle 
cells, lens epithelial cells, endothelial cells, β cells, megakar-
yocytes, foam cells, and post-mitotic neurons to cells from 
different structures and organs in the developing embryo 
[23–26]. This is an example of the complexity of this cellular 
process, triggered by different stimuli and affecting many (if 
not most) cells.

Are cellular senescence pathways interconnected?

It has been suggested that senescence pathways evolved from 
tissue remodeling mechanisms to damage repair processes 
[15, 16]. This evolution had to deal with several types of 
environments to develop a suitable cellular response, thus 
their complexity is not surprising (Fig. 1). In fact, not all 
tissues accumulate senescent cells to the same degree; for 
example, in aged mice the liver, skin, lung, and spleen have 
more senescent cells than the heart, kidney, and skeletal 
muscle, which show no change between young and old mice 
[27]. Similarly, in non-human primates, the skin accumu-
lates more senescent cells than skeletal muscle [28, 29].

Determination of which specific cellular senescence path-
way is activated can follow a two-step process: (1) what type 
of stimulus (DNA damage or not) is the cause? and (2) in 
what cell type/tissue/organ does it occur?

Answering these two questions will determine whether 
the triggered cellular senescence pathway is DPS, SIPS, or 
RS. In the case of telomere attrition, the activated pathway 
is RS, independent of the cell type or tissue. On the other 
hand, cellular senescence detected in the embryos seems to 
exclusively correspond to DPS [15, 16]. In adult organisms, 
DPS has been also detected in placental syncytiotrophoblasts 
and megakaryocytes [23, 24].

Likewise, two other important factors define the final 
effect (output) of the “chosen” senescence pathway. (1) 
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Type of response: most senescent cells express a complex 
senescence-associated secretory phenotype (SASP) [30], 
whose exact composition determines the influence of senes-
cence on the surrounding environment/tissue. (2) Duration 
of response: this aspect is mainly related to the clearance 
efficiency of senescent cells (immunosurveillance) [9].

SASP

An important feature of cellular senescence is SASP, which 
involves a range of interleukins (ILs), inflammatory factors, 
chemokines, proteases and growth factors, among others 
[30, 31]. This secretome is fully active a few days after the 
persistent damage, and displays diverse functions dependent 
on both autocrine and paracrine signaling, such as pro-tumo-
rigenic and tumor suppression, inductor or reinforcement of 
senescence, and pro- and anti-inflammatory effects. Interest-
ingly, SASP composition is different between the senescence 
pathways, and follows a time-course with secretion of spe-
cific components [30, 32]. If this secretome remains chroni-
cally active, the effects on the surrounding cells can lead to 
organ dysfunction and disease. In fact, therapies based on 
cellular senescence with reduced SASP (via ectopic expres-
sion of p16Ink4a) have proven efficient to treat inflammatory 
diseases, such as rheumatoid arthritis [33].

The type and duration of response are directly linked; for 
example, in RAS-induced senescence (a type of OIS), there 

are two types of SASP responses over time [32]. The first 
is immunosuppressive and profibrotic, whereas the second 
is pro-inflammatory and fibrolytic [32]. Therefore, in this 
scenario if the senescent cells are not cleared, there are two 
antagonistic types of responses, ending in a chronic inflam-
matory response [8]. On the contrary, quick clearance is fol-
lowed by an immunosuppressive response. It remains to be 
elucidated which of these two scenarios are most desirable 
for proper tissue function, and may be tissue specific. The 
precise balance in the response (type and timing) is the dif-
ference between health and disease (Fig. 1).

Cellular senescence onset: from embryo 
implantation to old age

The in vivo detection of cellular senescence is a challenge 
due to the lack of universal markers. The earliest studies 
showed increasing senescent cells in aged tissues [28, 34], as 
well as SIPS in several murine and human tissues [35, 36]. 
Currently, there are many senescence-associated markers, 
including short telomeres, persistent DNA damage, lack of 
proliferation, lipofuscin accumulation, altered morphology, 
loss of lamin B1, SA-β-Gal activity, senescence-associated 
heterochromatin foci (SAHF), SASP (expression of > 50 fac-
tors), and expression of p16Ink4a, ARF, p53, p21CIP1, among 

Fig. 1   Scheme of the different cellular senescence pathways. Asterisks indicate that the cell senescence program needs further confirmation. 
Green arrows indicate a unique route
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others [2]. Improvements in current technology make the 
detection of senescent cells in tissues more reliable [37, 38].

Paradoxically, a cellular pathway that has been associ-
ated with aging is detectable in the first moments of embry-
onic development. However, the landscape is complex, and 
the three cellular senescence programs may be active from 
embryonic stages to old age (Fig. 2), with variable effects 
on the organism depending on how long the senescent cells 
exist in specific organs/tissues. This represents a complex 
equilibrium that separates health and longevity from disease 
and aging.

Senescent NK cells have been suggested to play an 
important role in the embryo implantation mechanism 
[19, 39], initiated by activation of NK receptor CD158d 
by the fetal trophoblast component, HLA-G, triggering a 
p21CIP1-dependent DDR signaling pathway in the absence of 
apparent DNA damage. It appears that this NK senescence 
could be part of an orchestrated senescence pathway (DPS), 
where SASP plays a role remodeling the decidua to promote 
the vascularization required for fetus implantation [40].

Senescence of syncytiotrophoblasts has been shown to 
play a pivotal role during placental formation. This cell-
fusion mechanism is important to maintain the viability of 
the placenta, and is dependent on syncytin-1’s function, 
with up-regulation of senescence markers such as SA-β-gal, 
p16Ink4a, p21CIP1, and p53 [18]. The fusion induces, among 
other things, cytoskeletal changes which activate proteins 
upstream of p53 and high reactive oxygen species (ROS) 
levels, suggesting a SIPS-related process. Although DDR is 
activated, specific DNA damage has not been described to 
date [18]. At this stage, failure or deregulation of the cell-
fusion process severely compromises the viability of the 
embryo [17, 18].

During the first weeks of embryo formation, there is an 
acute accumulation of short-term DPS cells that are rapidly 
eliminated by macrophages once they have executed their 

patterning task [15, 16]. These senescent cells are dependent 
on p21CIP1 activation, from TGFβ/mothers against decapen-
taplegic (SMAD) and phosphatidylinositol 3-kinase (PI3K)/
forkhead box proteins O (FOXO) signaling branches. Inter-
estingly, blocking senescence (i.e., p21 null mice) led to 
increased incidence (up to 15%) of vaginal septa that could 
compromise the fertility of females, as well as defects in 
the apical ectodermal ridge (AER) and patterning. To com-
pensate, an apoptotic program is activated in the absence of 
senescent cells [15, 16].

What is the trigger for these senescent cells? Neuro-
genic locus notch (NOTCH) signaling plays a pivotal role 
in embryogenesis [41], making it a promising candidate, 
though its role as the trigger for DPS is still undetermined 
[32]. Several components of NOTCH signaling are upregu-
lated in SIPS, and inhibition of NOTCH prevents or delays 
senescence. Moreover, ectopic expression of intracellular 
domains of NOTCH receptors induces senescence. The 
expression pattern of NOTCH encompasses very early 
stages of development [42], supporting a possible causative 
role for DPS.

After birth and during maturation, various stimuli acti-
vate the programs of cellular senescence. In this scenario 
it is plausible that in the first year of life, processes such as 
wound healing and tissue repair are quite normal, triggered 
by different types of injuries (stressors).

The acute onset of short-term senescent cells plays an 
important role in the wound-healing process [43–45]. Senes-
cent cells appear at wound sites a few days after the injury, 
promoting optimal healing by secreting the SASP factor 
platelet-derived growth factor subunit A (PDGFA) [45]. 
These senescent cells have been proposed to be part of an 
orchestrated DNA damage-independent DPS pathway, exe-
cuting an evolved embryogenic-related role [15]. However, 
cell senescence in the wound is triggered by CCN1 (also 
called CYR61, a matricellular cell-adhesion protein highly 

Fig. 2   The onset of cellular senescence occurs throughout organism 
development. Acute senescence is represented by “waves”, assuming 
an effective immunosurveillance process that clears senescent cells. 
Chronic senescence appears when the burden of old cells increases 
due to either immunosenescence or the downregulation of immu-

nosurveillance-dependent antigens. Asterisk indicates that the cell 
senescence pathway is still unknown for some physiological pro-
cesses. DPS developmentally programmed senescence, SIPS stress-
induced premature senescence, RS replicative senescence
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expressed during wound healing) through the activation of 
internal DDR mechanisms after accumulation of ROS [44, 
46]. Another difference between DPS and senescence in 
wound repair is the presence of SASP factors (including 
IL-6 and IL-8) in the latter, which have not been detected in 
embryos [16, 44]. In this regard, wound-induced cell senes-
cence can be considered a short-term SIPS mechanism, 
instead of DPS. Perhaps depending on the site of the injury 
(specific organ/tissue), different factors could be involved, 
triggering different cellular senescence pathways [47].

Interestingly, senescent cells also secrete plasminogen 
activator inhibitor 1 (PAI-1) [30], which reduces the capac-
ity for wound healing, thus exerting the opposite effects of 
PDGFA. The expression level and timing of each SASP fac-
tor has been suggested to differ by tissue, depending on short 
or long-term action (acute vs. chronic) for differential final 
effects in surrounding cells [32, 48].

A lack of senescent cells in wounds, such as in p16Ink4a/
p21CIP1 double-knockout mice, leads to increased fibrosis 
and less efficient repair, demonstrating that although impor-
tant, they are not essential [45]. In this sense, a lack of CCN1 
also leads to an increase in fibrosis, which persists for a few 
weeks after wound closure [44] and an absence of senescent 
cells at the wound sites. Interestingly, CCN1 expression is 
elevated in several human pathologies, associated with the 
occurrence of senescent cells in chronologically aged human 
skin [44, 49].

During repair of skeletal muscle injury, local transient 
senescent cells promote (facilitate) repair mainly through 
the SASP factor IL-6 [43]. Injury activates reprogramming 
of muscle stem cells, and this mechanism is directly related 
to the onset of neighboring senescent cells. These are short-
term (acute) senescent cells, mainly dependent on p16Ink4a 
and p19Arf activation with an active SASP program (IL-6 
secretion) [43]. Thus, similar to the wound-healing mecha-
nism, this pathway can be considered short-term SIPS, 
though additional studies are necessary to resolve this issue.

When the functions of senescent cells are inhibited, 
injury-dependent reprogramming is compromised, leading 
to chronic muscle deterioration [43]. To understand the pre-
cise mechanism and cells involved in this repair process, it 
is very important to consider the injury inductor, because 
the trajectories of the regenerative process could differ con-
siderably [50].

In youth, depending on the lifestyle, environment, and 
genetic background, senescent cells arise mainly from two 
mechanisms: RS and SIPS. Whereas RS is a cell duplica-
tion (time)-dependent process involving mainly prolifera-
tive tissues through telomere attrition, SIPS is time-inde-
pendent, leading to cell cycle arrest regardless of telomere 
length. Both processes are triggered by damage, and are 
p53-p21CIP1/p16Ink4a-pRB-dependent in most experimental 
settings [8]. Activation of senescence impairs the ability of 

damaged cells to proliferate, and thereby acts as a brake for 
cancer progression (tumor-suppressor mechanism).

In young organisms with fully functional immune sys-
tems, senescent cells are effectively cleared by macrophages 
and NK cells [51]. Thus, at this point there is a continuous 
onset of short-term and “potentially” long-term senescent 
cells, effectively removed by the innate immune system. 
The tumor-suppressor function of senescence is properly 
balanced within functional immune systems. It is important 
to note that it isn’t known whether RS cells are cleared by 
the immune system, unlike the SIPS and DPS-derived ones.

Cell senescence and physiological aging

As we age, the efficiency of our immune cells decays in the 
face of continuous senescence, leading to the accumulation 
of aged cells [52] via DPS, RS, and SIPS. Megakaryocytes 
and NK cells are the only cell type where DPS occurs in 
adults [23], whereas telomere attrition in mitotic cells leads 
to RS [5]. Shortened telomeres are associated with some 
age-related pathologies and increased mortality in elderly 
people [53], and deletion of telomerase in mice results in 
premature aging [54]. SIPS can be induced by numerous 
stressors, and OIS/CIS have been detected in human and 
murine tissues [12, 35].

While there is no universal marker for senescence, most 
accepted markers are present in DPS, RS, and SIPS, such as 
p16Ink4a, p21CIP1, and SA-β-Gal expression. The detection 
of these markers in aged tissues correlates with the onset 
of age-related diseases, although in some cases it is still 
unknown if the effect of senescent cells is beneficial or det-
rimental. Studies in mice where senescent cells have been 
cleared by either genetic or pharmacological approaches 
have shed light on the role of these cells at the onset of age-
related diseases such as cardiovascular disease, atheroscle-
rosis, cancer, diabetes, and neurodegenerative disease [23, 
53], which represent ~ 30% of all deaths [55].

Cell senescence has been associated with neurodegen-
erative disorders, such as Alzheimer’s and Parkinson’s dis-
eases [56, 57]. Importantly, some neurological functions 
were improved when senescent cells were removed either 
by genetic depletion or senolytics [58, 59], suggesting a 
detrimental role in the onset of neurodegenerative diseases. 
Senescence plays a causative role in atherosclerosis and car-
diovascular disease, supported not only by the detection of 
these cells in atherosclerotic plaques but also when they are 
in vivo removed [23, 60].

In the case of type 2 diabetes (DM2), it seems that senes-
cent cells may play a causative role [53]; however, more 
work is necessary to confirm the role of senescent β cells 
in glucose homeostasis, as indicated above. In cancer, the 
primary role of the senescent pathway is beneficial, as a 
brake for the progression of the disease [7–9]. However, 



3558	 C. von Kobbe 

1 3

there is strong evidence indicating that chronic senescent 
cells, through SASP, provide the appropriate environment 
for cancer development [30]. Senescent cells have been 
also associated as the cause of other age-related disorders, 
such as liver cirrhosis, idiopathic pulmonary fibrosis (IPF), 
cachexia, sarcopenia, osteoarthritis, cataracts, and glomeru-
losclerosis [23, 53].

In the physiological aging process, there is a moment 
when the balance between generation and clearance of 
senescent cells shifts toward their chronic presence, leading 
to dysfunction and disease in tissues and organs [1, 2, 52] 
(Fig. 2). It would be interesting to determine what percent-
ages of senescent cells present in old organisms correspond 
to RS, DPS, or SIPS, and the influence of each on the indi-
cated diseases.

Cell senescence and pathogenesis: lessons 
from progeroid syndromes

One scenario where cellular senescence programs are likely 
affected is in premature aging diseases, rare disorders with a 
prevalence from < 1 to 9 cases per million births, depending 
on the disease [61–63]. A hallmark of most of these diseases 
is premature/accelerated senescence of cells derived from 
patients, triggered by accelerated telomere erosion and/or 
accelerated accumulation of DNA damage [1].

This review will focus on three well-known progeroid 
syndromes: Werner syndrome (WS), Rothmund–Thomson 
syndrome (RTS), and Hutchinson–Gilford progeria (HGP), 
which share premature senescence of cells though differing 
in lifespan and other clinical features [63–67]. These dis-
eases are also called segmental progerias, as they are asso-
ciated with many, but not all, of the clinical characteristics 
seen in the normal aging process [68]. Could some of the 
clinical features of these diseases be explained by a defec-
tive/dysfunctional specific senescence program(s)?

Embryogenesis and DPS

To date, no data exist regarding senescence either from 
embryos of patients with progeroid syndromes, or from 
embryos of mouse models mimicking these diseases. Thus, 
possible dysfunctional DPS during embryogenesis can only 
be speculated based on the clinical features displayed in 
progeroid syndrome patients.

In WS, RTS, and HGP, senescence is not inhibited but 
accelerated, leading to an accumulation of aged cells. 
However, as DPS is a special pathway that is DNA dam-
age-independent [15, 16], both the timing of onset and the 
specific SASP components of DPS in progeroid syndromes 
embryos remain to be elucidated. Defects in developmental 
pathways could be masked (or attenuated) because embryos 

are particularly resilient, able to adapt to alterations. For 
example, and as explained above, a lack of senescence (p21 
null mice) activates an apoptotic programme [15, 16]. In 
this sense, children with WS, HGP, and RTS usually appear 
healthy at birth, and in some cases develop normally until 
adolescence [64].

Common clinical features of WS, RTS, and HGP include 
short stature [average of two standard deviations below the 
mean (− 2 SD) and − 4.3 SD in WS/RTS and HGP, respec-
tively], skeletal abnormalities, and micrognathia [65, 69, 
70]. Interestingly, haploinsufficiency in the homeobox gene 
SHOX has been implicated in idiopathic short stature (aver-
age of − 2.2 SD), skeletal malformations, and micrognathia 
among other clinical manifestations [71, 72]. SHOX is regu-
lated by signals from the AER, including those from fibro-
blast growth factor (FGF) and bone morphogenic proteins 
(BMPs) [72]. AER is an embryonic structure implicated 
in the proper development of the limbs, and DPS seems to 
play an important role there [15, 16]. Consistent with this, 
FGF and BMP-2 are SASP factors [30, 52]. It is tempting to 
speculate that defects in AER-dependent SHOX signaling 
due to altered DPS (from a disease-specific gene mutation) 
contributes to the clinical manifestations indicated above. 
In this hypothetical scenario, senescent cells carrying muta-
tions in WRN, RecQ4L or LMNA genes, could display a spe-
cific phenotype affecting SASP expression.

In this sense, a dysfunctional SASP has been hypoth-
esized in cells lacking lamin A/C (in cases of HGP); these 
cells fail to activate NF-κB, a transcription factor important 
in SASP expression [32, 73–75]. Conversely, an up-regula-
tion of NF-κB pathways has been detected in Wrn-mutant 
mice [76]. This situation may be a conserved characteristic 
of the WS phenotype, where over-expression of pro-inflam-
matory factors is normal not only in WS senescent cells but 
also present in WS fibroblasts [77]. Altogether, these results 
reinforce the hypothesis that progeroid syndromes have an 
altered SASP, which is already present in the embryo.

Altered SASP could also be responsible for reduced 
recruitment of macrophages, leading to a continuous pres-
ence of senescent cells in the AER due to a clearance defi-
ciency (“chronic-like” SASP signals). On the other hand, a 
similar situation could occur if the expression of antigens 
recognized by macrophages was downregulated in progeroid 
syndrome cells.

SASP expression starts a few days after senescence induc-
tion [30], and senescent cells have been detected in the AER 
within a 3- to 5-day window of mouse embryonic develop-
ment (7- to 8-day window for the whole embryo) [15, 16]. 
Thus, the time-course of embryo-related senescence sup-
ports the scenario presented here.

As indicated above, NOTCH signaling plays an essen-
tial role in embryogenesis [32]. Importantly, cells from 
transgenic mice mimicking HGP (LMNA c.1824C>T, 
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p.G608G) show downregulation in the NOTCH pathway 
[73]. In contrast, cells overexpressing progerin, a mutant 
form of lamin A/C (LMNA gene), activate downstream 
effectors in the NOTCH signaling pathway (without acti-
vation of upstream components), leading to dysregulation 
of this pathway [78]. While the difference in regulation 
of NOTCH signaling could be explained by the different 
experimental systems, it is clear that the NOTCH pathway 
was altered in both cases.

Wound healing and tissue injuries

One important clinical feature of WS is impaired wound 
healing, resulting in chronic ulcers, often located around 
the Achilles tendons and elbows, displaying subcutaneous 
calcifications and often leading to amputation of feet or 
lower extremities [64, 79]. WS fibroblasts express higher 
levels of PAI-1 than normal fibroblasts [80], which as indi-
cated previously, reduces the capacity for wound healing. 
Importantly, this process can be partially reverted by topi-
cal PDGF [81].

The signaling molecule nitric oxide (NO) plays an 
important role in wound healing, and its deficiency leads 
to impaired healing [82, 83]. High concentrations of NO 
induce both cell cycle arrest and growth inhibition [82, 
84], which resembles cellular senescence; interestingly, 
senescent fibroblasts express high levels of NO [30]. In 
this sense, WS fibroblasts show a premature replicative 
senescence, leading to an accumulation of these cells 
in vivo. It is plausible to hypothesize that in WS tissues 
and in response to injuries, there is a higher level of PAI-1 
and NO, which together with the pro-inflammatory envi-
ronment would lead to cytotoxic effects and impaired 
wound healing.

It is not clear whether there is a deficiency in wound heal-
ing in HGP patients (chronic wounds), although this is likely 
due to the short life expectancy. However, mouse models of 
HGP carrying either LMNA mutations or Zmpste24 defi-
ciency display impaired and delayed wound healing, respec-
tively [73, 85].

One of the clinical features in HGP and WS patients is 
atherosclerosis, which is directly related to injuries in vas-
cular smooth muscle and endothelial cells, leading to coro-
nary lesions [86]. Moreover, and as indicated above, WS 
fibroblasts express high levels of PAI-1 [80], which is a risk 
factor for atherosclerosis. In fact, the main cause of death in 
HGP and WS patients is myocardial infarction. Thus, a role 
of senescent cells in atherogenesis mainly through SASP has 
been hypothesized [9].

Altogether these data strongly suggest that following 
injury to the heart, accelerated accumulation of senescent 
cells contributes to cardiovascular disease in HGP and WS.

RS/SIPS and cataracts

Cataracts are an age-related disease characterized by opac-
ity of the lens of the eye [87]. The lens is in a constant oxi-
dative environment (high levels of H2O2), which is one of 
the main causes of cataracts. As human lens epithelial cells 
(HLECs) are sensitive to oxidative stress, they acquire mark-
ers of senescence (SIPS) [88–90]. Importantly, lens capsules 
from patients suffering cataracts show an age-dependent 
increase of senescent HLECs [91], raising the possibil-
ity of a causal role. The strongest experimental evidence 
for a causative role of senescence in cataract formation is 
derived from mouse studies, where the specific removal of 
p16Ink4a-dependent senescent cells decreased incidence of 
cataracts in old mice (more than a 50% decrease in 2-year-
old C57BL/6 mice) [58]. If so, patients with progeroid syn-
dromes would be expected to have an increased incidence 
of cataracts early in life. Consistent with this, bilateral 
cataracts are present in 99 and 50% of WS and RTS cases, 
respectively. The age of onset varies from 30 years in WS 
to 5–7 years in RTS, in both cases being sub-capsular (lens 
located) cataracts [62, 64].

Altogether these results suggest than an accelerated RS 
or SIPS process in WS and RTS would lead to premature 
senescence in HLECs, triggering cataract formation. Sup-
porting this hypothesis is the finding that WS patients show 
an in vivo pro-oxidant state [92], and WS fibroblasts display 
a differential response to H2O2, leading to accumulation of 
damaged (oxidized) cells [93, 94]. It would be interesting to 
investigate the response to oxidative stress of HLECs from 
patients with progeroid syndromes. HGP patients do not 
show increased incidence of cataracts [95].

Cellular senescence and diabetes

DM2 is an age-related disease that usually develops over 
the course of years [96, 97], but approximately 70% of WS 
patients show early onset (at 30 years of age) [64]. Interest-
ingly, RTS and HGP do not show diabetes as a main clinical 
phenotype [65, 98], in the case of HGP probably due to the 
short life expectancy.

Cell senescence in insulin-sensitive tissues (such as the 
adipose tissue) leads to insulin resistance and an increase 
in β cell mass, which requires high proliferation rates [96, 
97]. If this response is not functional, DM2 will progress. 
It has been suggested that the premature and accelerated 
senescence of WS β cells contributes to the high rates 
of DM2 in WS patients, and their failure to respond to 
increasing insulin demands finally leads to disease [96]. 
Importantly, the double-null WS mouse model (Terc−/−; 
Wrn−/−) showed symptoms of DM2 [99], and Wrn−/− mice 
fed a diabetogenic diet had insulin resistance and hyper-
insulinemia [100]. Altogether these results support the 
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hypothesis that a deregulated β cell senescence, due to 
the lack of WRN protein, is the cause of DM2 in WS 
patients. However, the precise role of senescent β cells 
needs further confirmation, as indicated by the contradic-
tion between studies indicated above [20, 21].

Cellular senescence and cancer

Initially, senescence was identified as a tumor-suppres-
sion mechanism [8], so why do some progeroid syn-
dromes (premature senescence-prone diseases) show high 
cancer incidence? In this scenario there are two aspects 
to consider: (1) the cellular function of the mutated gene; 
and (2) the influence of the accumulated (premature) 
senescent cells on neighboring cells (pro-tumorigenic 
environment).

WS and RTS patients show higher rates of cancer 
incidence compared to age-matched controls, especially 
tumors of mesenchymal origin [62, 64]. The mutated 
genes in both WS and RTS belong to the RecQ helicase 
family (Wrn and RecQ4L, respectively), implicated in 
genomic stability [66]. Thus, genomic instability from 
a lack of these genes, together with the pro-carcinogenic 
environment of increasing populations of RS cells, is a 
combination of factors that greatly increases probability 
of new tumor formation. Data from mice mimicking these 
diseases support this hypothesis. G1–G3 Terc−/− and 
Wrn−/− mice die prematurely due to osteosarcomas and 
soft tissue sarcomas (like WS patients) [99]. Interestingly, 
G4–G6 Terc−/− and Wrn−/− mice are not cancer-prone 
[99], probably related to premature death, a situation that 
resembles HGP. The in vivo accumulation of senescent 
cells has also been demonstrated in a mouse model of 
RTS [67].

The most common neoplasms in WS are thyroid car-
cinoma, melanoma, meningioma, soft tissue sarcoma, 
primary bone tumors, and leukemia/myelodysplasia, with 
incidence being 2- to 60-fold higher than age-matched 
controls [64]. In the case of RTS, the most common can-
cers are osteosarcoma and skin carcinoma (basal and 
squamous) [62], which are the main causes of death. Can-
cer incidence is not increased in HGP. The mutated gene 
(LMNA) has an important structural function which affects 
many cellular processes [61], but the short life expectancy 
of the patients may be responsible for this low incidence.

Altogether these scenarios strongly suggest that con-
tinuous defects in the senescence programs, caused by 
mutations in Wrn, RecQ4L, or LMNA, can lead to some 
clinical characteristics of WS, RTS, and HGP, respectively 
(Table 1). Whether efficient clearance of these senescent 
cells could serve as a potential therapy for reducing cancer 
incidence in these patients remains to be determined.

Longevity: clearance efficiency of senescent 
cells matters

Both senescent and immune cells (mainly macrophages and 
NK cells) must be coordinated. Senescent cells, besides 
other physiological processes, “call” to immune cells 
through SASP, and the immune cells clear them in order to 
avoid their accumulation (Fig. 3). As we age, our immune 
system weaken, thus we accumulate more senescent cells. 
Once this balance has been upset, the risk for age-related 
diseases increases [1, 2] (Fig. 3).

Immunosenescence is the decline of functions of the 
immune system driven by age. In this age-related decline, 
there are two main causes: hematopoietic stem cell (HSC) 
exhaustion and cellular senescence of immune cells [101].

HSC exhaustion leads to diminished immunity and 
reduced NK cell activity, among other effects [53, 102]. 
NK cells, as explained before, are involved in clearance of 
senescent cells. Thus, in this scenario, aging of HSCs leads 
to reduced NK cell activity, which in turn contributes to the 
accumulation of senescent cells. Remarkably, healthy elderly 
individuals and centenarians show an increase of total NK 
cells [103]. It would be interesting to correlate these data 
with accumulation of senescent cells in different tissues.

NK cells recognize the receptor CD58/ICAM1 present in 
senescent cells, which in turn express IL-15, among other 
factors, which up-regulate NK cells receptors important for 
killing senescent cells [40]. Interestingly in a mouse model 
of lung metastasis, inhibition of NK cells led to increased 
cancer metastasis. Perhaps in this scenario senescent cells 
become chronic, leading to cancer progression [104].

Senescence of immune cells has not been as explored 
as in other cell types. Some markers are not indicative of 
senescent cells, but perhaps a new subset of active “aged” 
immune cells [51], and there are studies of aged organisms 
showing decreased activity in specific immune cell types.

B and T lymphocytes are key players of the adap-
tive immune response. A decline of their functions could 
explain some age-related pathologies. Elderly individuals 
show (1) decrease antibody responses, leading to increase 

Table 1   Some clinical features of WS, RTS, and HGP that could be 
explained by a dysfunctional cellular senescence pathway

Clinical features WS RTS HGP Senescence pathway

Short stature ✓ ✓ ✓ DPS
Skeletal abnormalities ✓ ✓ ✓ DPS
Micrognathia – ✓ ✓ DPS
Impaired wound healing ✓ – ✓ SIPS
Cataracts ✓ ✓ – SIPS
Diabetes ✓ – – RS
Cancer ✓ ✓ – RS/SIPS
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susceptibility to infectious diseases, (2) reduction in B cell 
repertoire diversity, and (3) low plasma cells in the bone 
marrow [105]. At the cellular level it has been described 
that some B-cells subsets display senescent markers, as is 
the case of late/exhausted memory (LM) B cells. LM B-cells 
have shorter telomeres, increased p16Ink4a expression and 
over-expression of pro-inflammatory cytokines [106]. More-
over, switched memory B-cells, implicated in the antibody 
responses, decrease with age [105].

T cells are generated in the thymus, and this organ decays 
with age, in a process that remains to be understood [105, 
107]. Elderly individuals show (1) reduced T-cell responses 
to neoantigens, (2) increased terminally differentiated T 
lymphocytes, (3) decreased T-cell receptor rearrangement, 
and iv) increased senescent T-cells [105]. The accumula-
tion of terminally differentiated T cells is related to hyper-
inflammatory status. Senescent T cells display surface senes-
cent markers, short telomeres and express a SASP involve 
in immune functions. Intriguingly, in some T-cells subsets, 
senescence (independent of telomeric shortening) may be 
triggered by ROS [108]. Some of these age-associated char-
acteristics can be found in young individuals after excessive 
T-cell proliferation (e.g., chronic infections). Importantly, 
the senescence status of T-cells is reversible, opening new 
avenues for therapies enhancing immune responses [108].

Macrophages are present in all vertebrate tissues [109], 
and studies in aged organisms have identified senes-
cent foamy macrophages as playing a causative role in 
atherosclerosis [60]. Moreover, there is a shift to type 
M2 macrophages during aging, which correlates with 
reduced immune response, tumor promotion, and impaired 

phagocytosis and chemotaxis, among other physiological 
consequences [109, 110]. It is tempting to speculate that 
reduced chemotaxis is involved in impaired capacity to 
migrate to the places where senescent cells accumulate 
(e.g., impaired response to SASP factors). Thus, in this 
scenario macrophages senescence would contribute to 
senescent cell accumulation.

As macrophages are key immune cells for the clear-
ing of senescent cells, their absence should lead to high 
levels of senescence markers (unless other compensatory 
pathways are activated) and/or the failure of senescence-
related mechanisms. Consistent with this, depletion of mac-
rophages in MaFIA-transgenic mice showed increased levels 
of SASP pro-inflammatory cytokines, such as IL-1β, IL-6, 
IL-8, tumor necrosis factor (TNF), and granulocyte colony-
stimulating factor (GCSF) [111], as well as an impairment 
in some tissue repair processes [112].

A recent study suggested that elimination of senescent 
cells by macrophages may play a role in tissue/organ regen-
eration. This mechanism could explain why some organisms, 
such as salamanders, are able to undergo indefinite rounds 
of regeneration [113]. Another study focused on the impor-
tance of macrophages in epimorphic regeneration in African 
spiny mice [114]. Depletion of macrophages during limb 
and fin regeneration resulted in the failure of this process 
[113, 115, 116].

Interestingly, macrophage self-renewal is suggested 
to be a relevant parameter of aging, with the SIRT1 pro-
tein acting as a key factor for this process [117]. SIRT1 
belongs to the sirtuin family of NAD-dependent protein 
deacetylases and ADP ribosyltransferases, and has been 

Fig. 3   Onset of cellular senescence and time-dependent effects. After 
persistent stimuli, a normal cell becomes senescent. The first days 
show a beneficial cellular response, affecting several physiological 
processes (represented in 1). Subsequently, senescent cells attract 
immune cells (mainly macrophages) through SASP, for proper and 

controlled clearance (represented in 2). When the immune system 
is not functioning efficiently (e.g., immunosenescence), the accu-
mulation of senescent cells increases (as in a flood caused by a dam 
eliminating water in an uncontrolled manner), leading to undesirable 
affects (represented in 3)
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implicated in genomic stability and enhanced metabolic 
efficiency, leading to healthy aging [1].

Macrophages have several functional states, with M1 
and M2 as the extremes. M1 macrophages are implicated 
in inflammation, tumor destruction and tissue damage, 
whereas M2 macrophages are associated with tumor pro-
motion and tissue remodeling [118]. Cytokines and cel-
lular environment are key aspects that determine M1/M2 
polarization. For example, IL-13 and interferon gamma 
(IFN-γ) are triggers for the M2 and M1 phenotype, respec-
tively [118]. SASP is a very heterogeneous system and, as 
indicated above, its composition is dependent on the par-
ticular cellular senescence pathway [30]. Cells undergoing 
RS express IL-13 but not IFN-γ, while SIPS is associated 
with both, in addition to other cytokines [30]. Thus, it is a 
plausible scenario in which RS cells accumulate and pro-
mote tumorigenesis, whereas accumulation of SIPS cells 
could be both pro-inflammatory (atherosclerosis-prone) 
and pro-tumorigenic, depending on the time-course of 
specific cytokines secreted. Moreover, the presence of 
other immune cells can influence the M1/M2 polarization 
process [118], suggesting a finely balanced regulation of 
macrophage functions that leads ultimately to either tissue 
remodeling or destruction.

Interestingly, WS cells display premature RS and SIPS, 
and some of the main clinical features of WS patients are 
high tumor incidence, chronic ulcers and atherosclerosis 
[64].

It is plausible that organisms with an efficient mecha-
nism to clear senescent cells better deal with aging-related 
processes. In this regard, it has been hypothesized that long-
lived organisms are equipped with an immune system that 
efficiently eliminates these types of cells [119]. Such a pro-
cess would enable them to avoid or delay aging-related dis-
eases and to live longer. By contrast, a dysfunctional immune 
system has been detected in a progeria mouse model, leading 
to immunosenescence, susceptibility to infection [120], and 
defects in B-cell development [121].

Concluding remarks

Senescent cells are considered a hallmark of aging [1]. Far 
from being inactive, senescent cells are at the crossroads 
of several cellular pathways, and act as a driver for either 
disease or health (Fig. 4). The onset of the different cellular 
senescence pathways occurs throughout development, in 
response to a plethora of stimuli. Deregulation of this pro-
cess, as in some pathological conditions, has consequences 
that can be fatal for the organism. In addition, senescent cells 
are the final outcome of some anti-cancer therapies (e.g., 
TIS), although their accumulation (as occurs during normal 
aging) is deleterious for the organism unless a robust immu-
nosurveillance mechanism remains active (Fig. 4).

Interestingly, senescent cells play a key role in in vivo 
reprogramming, which could affect tissue responses to 

Fig. 4   Old cells to hyperactive ones: senescent cells at the crossroads of several pathways and therapies
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damage [122]. This indicates a key role of epigenetic remod-
eling during aging, opening new avenues for anti-aging 
therapies. Current therapies are also focused on targeting 
senescent cells by: (1) selectively killing them by senolytics; 
(2) inhibiting SASP functions; or (3) improving recognition 
and clearance by immune cells [25, 59, 123, 124].

The list of senolytics is continuously growing, with 
several compounds that specifically kill senescent cells 
by targeting specific cellular pathways and proteins, such 
as apoptosis (e.g., dasatinib, quercetin, ABT 737 and 263, 
A1331852, A1155463), chaperone protein HSP90 (e.g., 
alvespimycin, tanespimycin, geldanamycin), histone dea-
cetylase (panobinostat), or the FOXO4-p53 interaction 
(DRI), among others [25, 59, 124]. Some clinical trials are 
currently ongoing, using a combination of dasatinib and 
quercetin (D + Q) [25, 59].

SASP inhibitors are drugs that reduce the deleterious 
effects of chronic senescent cells. These inhibitors mainly 
target NF-κB (SB203586, UR-135756 and BIRB 796), 
p38MAPK (resveratrol, apigenin, wogonin, kaempferol), 
IL-1A (cortisol/corticosterone) and mTOR (rapamycin) 
functions. The drug BIRB 796 is currently in phase III tri-
als [101, 123].

Other approaches are based on the improvement of NK 
cells, macrophages, and CD4+ T cells to specifically recog-
nize and remove senescent cells. This strategy would coun-
teract the decline of the immune system by age [123].

Altogether, these scenarios place senescence as a key 
mechanism in the aging process and longevity. According to 
some theories of aging, the balance between energy used on 
different processes could define the longevity of the organ-
ism [125]. In this sense, an effective senescent cell clearance 
mechanism is linked to health, and in contrast, accumulation 
of senescent cells leads to disease.

There are several questions regarding cellular senescence 
programs that remain to be answered. For example, could 
an RS cell be converted into a SIPS cell (in terms of SASP 
expression) following peroxide exposure? Over time, if RS 
cells (with their specific SASP) become damaged by insults 
other than telomere attrition, could that trigger the activation 
of a new secretome? What percentages of senescent cells 
present in old organisms correspond to RS, DPS or SIPS? It 
is also important to keep in mind that in some diseases, cel-
lular senescence may be a consequence and not the cause of 
the clinical features; in these situations, targeting senescent 
cells would not alleviate the symptoms.

Future work is required to shed light on the exact role(s) 
of cellular senescence in the organism, from the developing 
embryo through old age.
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