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Abstract  One of the most striking findings in
biogerontology in the 2010s was the demonstra-
tion that elimination of senescent cells delays many
late-life diseases and extends lifespan in mice. This
implied that accumulation of senescent cells pro-
motes late-life diseases, particularly through action of
senescent cell secretions (the senescence-associated
secretory phenotype, or SASP). But what exactly is
a senescent cell? Subsequent to the initial characteri-
zation of cellular senescence, it became clear that,
prior to aging, this phenomenon is in fact adaptive.
It supports tissue remodeling functions in a variety
of contexts, including embryogenesis, parturition,
and acute inflammatory processes that restore normal
tissue architecture and function, such as wound heal-
ing, tissue repair after infection, and amphibian limb
regeneration. In these contexts, such cells are normal
and healthy and not in any way senescent in the true
sense of the word, as originally meant by Hayflick.
Thus, it is misleading to refer to them as “senescent.”
Similarly, the common assertion that senescent cells
accumulate with age due to stress and DNA dam-
age is no longer safe, particularly given their role in
inflammation—a process that becomes persistent in
later life. We therefore suggest that it would be useful
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to update some terminology, to bring it into line with
contemporary understanding, and to avoid future con-
fusion. To open a discussion of this issue, we propose
replacing the term cellular senescence with remod-
eling activation, and SASP with RASP (remodeling-
associated secretory phenotype).
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Introduction

As anyone who has ever marked student essays on
aging will know, the terms senescence and cellular
senescence are easily confused. Senescence refers
to age-related deterioration (aging in other words),
while cellular senescence is a particular type of
change that can occur in some cell types in verte-
brates, typically involving entry into a hypertrophic,
hypersecretory state [1].

How cellular senescence is understood has
changed over the years. When it was originally
observed that after many rounds of subculture, cul-
tured fibroblasts lose the ability to divide and then
seemingly die off, Leonard Hayflick deduced that
such replicative exhaustion involves some form of
cellular aging (senescence), or replicative senescence
[2]. Subsequent work established that after ceasing
to divide fibroblasts do not in fact die off, but can be
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maintained in culture for years [3]. Moreover, such
cells become enlarged and secrete a complex cocktail
of growth factors, cytokines, chemokines, extracellu-
lar matrix (ECM) components, and proteases into the
media—the senescence-associated secretory pheno-
type (SASP) [4, 5]. In a subtle shift of meaning, cells
in this arrested, hypertrophic and hypersecretory state
became known as senescent cells and their entry into
this state as cellular senescence. It was then demon-
strated that during aging, senescent cells accumulate
within tissues and promote disease, particularly due
to effects of the SASP [1, 6, 7].

Here, we argue that over the course of the last
decade studies of the biology of cellular senes-
cence in vivo have so transformed our understand-
ing that the term “cellular senescence” has ceased to
be accurate. What were initially viewed as damaged
and dysfunctional cells are now understood to be, in
many contexts, normal, healthy cells that contribute
to normal development, and to tissue homeostasis
and remodeling during adulthood [8—12]. An emerg-
ing perspective is that it is pathogenic action of such
developmental functions in later life that promotes
late-life disease [13]. Thus, it may be argued that,
thanks to recent advances, the term ‘“cellular senes-
cence” has become obsolete and misleading. Like
children’s shoes, it has been outgrown. We suggest
that the time has come to replace it.

Stochastic and programmatic causes of cellular
senescence

Cellular senescence is often presented as a conse-
quence of stress and damage. Consistent with this,
DNA damage can trigger cellular senescence. Early
studies established that replicative senescence in
cultured human cells is attributable to shortening of
telomeres [14]. Importantly, DNA damage (includ-
ing telomere shortening) triggers cellular senescence
through tumor suppressors such as p53, p21, and p16,
and oncogene activation is sufficient to cause cellular
senescence (oncogene-induced cellular senescence, or
OIS) [15]. Thus, damage-induced cellular senescence
provides a means to kick potentially cancerous cells
out of the cell cycle, thereby reducing cancer risk [1].
However, as a side effect, senescent cells accumulate
in later life, and actually promote cancer development
through influence of the SASP; therefore cellular
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senescence promotes fitness in early life but causes
pathology in later life, an example of antagonistic
pleiotropy [16, 17]. Why senescent cells should be so
perversely destructive was initially a mystery.

That DNA damage causes cellular senescence
also chimed with the long-standing belief that aging
is predominantly a function of molecular dam-
age and somatic maintenance. This may have rein-
forced the now widespread view that senescent cells
can be understood as damaged cells, and therefore
senescent in the original meaning of the word (since
aging is damage). However, findings over the last
two decades have led to doubts about how important
molecular damage is as a cause of aging, and to the
emergence of an alternative paradigm. Drawing on
diverse experimental findings, the programmatic (or
hyperfunction) theory argues that mechanisms of
aging are to a large extent driven by wild-type devel-
opmental processes that cause pathogenic changes
in the composition and properties of tissues and
organs [18-22]. Although specified by the wild-type
genome, such deteriorative changes are not adaptive:
though programmed in the mechanistic sense they are
not programmed in the adaptive sense [23], and may
therefore be described as quasi-programmed [18] or
programmatic [22]. Here senescence results not from
loss of function resulting from damage, but rather the
opposite: hyper-function [18]. How such program-
matic changes might arise from the evolutionary pro-
cess, including the role of antagonistic pleiotropy, is
discussed further elsewhere [17, 22, 24].

Mikhail Blagosklonny originally developed the
concept of quasi-programmed hyperfunction after
observing that cellular senescence in cultured fibro-
blasts can be induced by simultaneously blocking
the cell cycle and promoting growth, without any
involvement of damage [18, 25]. Moreover, cultured
senescent fibroblasts can trigger cellular senescence
in their non-senescent neighbors (paracrine senes-
cence) [26], again implying induction by damage-
independent mechanisms. Thus, cellular senescence
in vitro can be induced by both damage-dependent
and damage-independent mechanisms.

But what about the situation in vivo? Here the
capacity for DNA damage to induce cellular senes-
cence has been amply demonstrated [27], particu-
larly by increased levels of cellular senescence seen
in mice with artificially high levels of DNA damage
[28-30]. Yet, the origins of the senescent cells that
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accumulate in vivo during normal (wild-type) aging
remain poorly understood [31]; thus, the relative
importance of damage accumulation vs programmatic
mechanisms in late-life increases in senescent cells
remains an open question. If programmatic mecha-
nisms contribute significantly to cellular senescence
in vivo, what are the adaptive programs from which
the harmful quasi-programs later arise?

Cellular senescence can result from damage
or developmental change

This brings us back to the question of why senescent
cells in vivo are so actively destructive. Why would
natural selection favor the production of highly patho-
genic SASP? Here, it is helpful to recall that the cell
type most often used to study cellular senescence
is the fibroblast. The main function of fibroblasts is
in tissue development and maintenance, including
repair of tissue injury [32], particularly through syn-
thesis and remodeling of the ECM in which cells are
embedded, and provision of positional information
[33]. Thus, fibroblasts assure somatic maintenance,
but more at the tissue level than the molecular level,
i.e., the type of somatic maintenance involved is more
developmental and architectural than molecular. Tis-
sue injury activates fibroblasts’ tissue repair activ-
ity, rather than damaging the fibroblasts themselves
(though stress to individual fibroblasts may trigger
their repair responses).

Many of the significant advances relating to cel-
lular senescence have arisen from research led by
Judith Campisi, at the Lawrence Berkeley National
Laboratory and then the Buck Institute for Research
on Aging. A major discovery by her team, reported in
2014, was that large numbers of senescent fibroblasts
appear transiently in skin lesions, where they play an
active role in the wound healing process [34]. The
proteases of the SASP aid in the process of debriding
the wound, the clearing out of damaged matter prior
to replacing it with new tissue. The SASP growth
factors and cytokines help promote formation of
new tissue, and SASP chemokines recruit other cell
types (particularly macrophages) to the task of wound
healing. Thus the hypertrophic and hypersecretory
nature of senescent cells, rather than being some sort
of aging-induced cellular derangement, reflects their
useful role in tissue remodeling.

It is by now clear that senescent cells play a simi-
lar remodeling role in many contexts [13], including
repairing tissue injury not only in the skin, but also the
liver, heart, muscle, lung, and eye [9]; contributing to
morphogenesis during embryonic development [35];
triggering parturition [36]; and even promoting organ
and limb regeneration in teleost fish (e.g., zebrafish)
and amphibians (e.g., salamanders) [11, 12].

The healing of skin wounds is just one element of
the wider spectrum of inflammatory processes that
effect tissue remodeling and repair. Notably, pro-
gressive increases with age in levels of inflammation
throughout the body contribute to many diseases of
aging, diseases in which accumulation of senescent
cells is also observed. These include atherosclerosis,
chronic kidney disease, idiopathic pulmonary fibro-
sis, osteoarthritis, osteoporosis, diabetes, obesity,
and sarcopenia [10]. Age increases in senescent cell
number are symptomatic of late-life, chronic inflam-
mation, which can be understood as an inflammatory
quasi-program arising from futile and persistent acti-
vation of adaptive, acute inflammation processes that
promote tissue repair [9, 10, 37, 38]—processes of
which senescent cells are a part.

Arguably, the discovery of this remodeling role
rather pulls the rug out from under the concept of cel-
lular senescence. It clearly makes little sense to refer
to fibroblasts engaged in wound healing or, particu-
larly, in embryonic development as “senescent”—as
in the strange construction developmental senescence
[13]. How, then, might “cellular senescence” be rede-
fined to avoid such confusion? One possible way is
to draw a distinction between two forms of cellu-
lar senescence: adaptive (as in fibroblasts aiding in
wound healing) and non-adaptive (such as that result-
ing from DNA damage) [22]. Arguably though, this
does not cut deep enough. The difficulty remains that
the construction adaptive cellular senescence is still
problematic, given that such cells are not in any way
senescent in the proper sense of the word. Adaptive
cellular senescence is also something of an oxymo-
ron, given that aging is non-adaptive according to
evolutionary theory [17, 39].

Senescent cells are remodeling cells

If it is not possible to fix the term cellular senes-
cence by adding qualifiers then perhaps it would
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be worth considering replacing it altogether? Here,
for discussion, we offer some suggestions (and
others may have better ones). Given that adaptive
cellular senescence involves activation into a tis-
sue remodeling state, we suggest the replacement
term remodeling activation. Adaptive “senescent”
cells may then be referred to as remodeling cells
(Fig. 1). For remodeling cells, the term senes-
cence-associated secretory phenotype (SASP) is,
likewise, unsuitable and may be referred to instead
as remodeling-associated secretory phenotype
(RASP). Similarly, paracrine senescence may be
referred to as paracrine remodeling activation,
and the distinctly preposterous term developmental
senescence replaced with developmental remod-
eling activation.

But, arguably, there is a still deeper cut to be made
here, relating to non-adaptive cellular senescence.
Does it actually exist (i.e., does it involve senes-
cence in the true meaning of the word)? Cells can
respond to DNA damage by blocking the cell cycle,
as a defense against cancer [1]. In growth-stimulated
fibroblasts, blocking the cell cycle can trigger dif-
ferentiation into the hypertrophic, hypersecretory
remodeling state [25]. Part of the remodeling pro-
gram is production of RASP signals to the immune
system to trigger removal of the remodeling cell
once its work is complete [40]. Along with blocking
the cell cycle, the tumor suppressor program repur-
poses this component of RASP function to eliminate
potential cancer cells. Here, the “cellular senescence”
triggered by tumor suppressor programs is adaptive;
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Fig. 1 Rethinking cellular senescence. A Traditional concep-
tion of cellular senescence. Damage to cells causes exit from
the cell cycle and abnormal behavior (hypertrophy, hyper-
secretion) that contributes to aging pathology, particularly
through action of the SASP (senescence-associated secretory
phenotype). B Revised view. Remodeling activation (an alter-
native descriptor for cellular senescence) supports multiple
tissue remodeling functions, including embryogenesis, acute
inflammation (including wound healing) and tissue homeo-
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stasis, particularly through action of the RASP (repair-associ-
ated secretory phenotype). Such cells are healthy and useful,
and not senescent in any true sense of the word. In later life,
futile remodeling quasi-programs, including chronic sterile
inflammation, contribute to aging pathology [9]. Here, RASP
becomes pathogenic, e.g., due to chronic secretion. Develop-
mental cues include those directing restoration of tissue archi-
tecture after injury [33]
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again, such cells are not senescent in the true sense
of the word. To drive this point home, another way
that tumor suppressor programs get rid of potentially
cancerous cells is by inducing apoptosis; cells dying
in this way are not senescent either, in the true sense.
More precisely, the tumor suppressor program trig-
gers RASP-directed cell clearance. Thus, one may
refer to oncogene-induced remodeling activation
(OIRA, cf OIS, oncogene-induced senescence).

The existence of RASP-directed cell clearance pro-
vides a clue to the possible significance of another fea-
ture of remodeling cells: their resistance to apoptosis.
A hypothetical possibility is that in some contexts in
which remodeling cells are active (e.g., wound heal-
ing), triggers of apoptosis (e.g., growth signal hyper-
activity, DNA damage) may be present. Hence, apop-
tosis needs to be switched off to enable remodeling
cells to do their work. The increased cancer risk due
to DNA damage is not an issue here, since remodeling
cells are normally destroyed once their job is done.

To reiterate a key point, when Hayflick sug-
gested that fibroblasts in exhausted tissue cultures
were senescent, he meant this in the true sense of the
word: such a limit to proliferation could “bear directly
upon problems of aging, or more precisely, ‘senes-
cence’” [2]. In other words, the conjecture was that
cultured fibroblasts eventually stop dividing and die
as the result of aging [41]. Yet, since these pioneer-
ing studies, understanding of this cell biology has
transformed to a degree that by now use of the label
“senescent” is more traditional than meaningful. Cells
active in remodeling processes, or committing suicide
via RASP-induced immune clearance are not senes-
cent in the proper sense. The term “senescent” here
is like a label saying “banana’ attached to an orange.

Cellular senescence vs remodeling activation
as a cause of osteoarthritis

A concern is that confusion created by the cellular
senescence concept might have, at times, confounded
attempts to understand aging. A possible example of
this relates to the disease osteoarthritis (OA). A recent
hypothesis is that OA is promoted by accumulation in
articular joints of chondrocytes that have become senes-
cent, as the result of stress-induced damage (including
DNA damage) [42]. Supporting this account, chon-
drocytes from articular cartilage in older people show

increased levels of two markers of cellular senescence:
senescence-associated -f-galactosidase (SA-B-Gal) and
p16INK4a (p16) [43, 44]. However, both markers are also
characteristic of developmental remodeling activation,
as shown in fibroblasts involved in wound healing [34].
Thus, it is possible that such marker-positive chondro-
cytes are engaged in tissue remodeling.

We recently developed an account of the role of acti-
vated remodeling chondrocytes in the wider pathophys-
iology of OA (D. Gems and C.C. Kern, in preparation).
This incorporates an earlier developmental model of
OA etiology [45], which is as follows. Two types of car-
tilage can be distinguished: temporary cartilage which
is an intermediate step in the process of bone devel-
opment, and permanent cartilage which remains as
cartilage, as in the hyaline cartilage that lines articular
joints. Bone development involves a program in which
chondrocytes synthesize first temporary cartilage, and
then bone. To generate permanent cartilage, the bone
development program is effectively blocked in mid-
stream, through action of TGF-p [46, 47]. According
to the theory, during aging the TGF-f block becomes
disengaged, causing the chondrogenic program to roll
on into bone formation [45], i.e., for program to run on
into quasi-program. This could account for the bone
overgrowth that characterizes OA (including bone spur
formation). Consistent with this, blocking TGF-f sign-
aling in mice leads to high levels of bone-generating
chondrocytes in their articular cartilage [46].

In the normal process of bone development from
cartilage (endochondral bone formation), activated
chondrocytes become hypertrophic, increasing
10-15-fold in volume [48], and hypersecretory, with
a RASP. The latter includes collagen X, which is
used as a marker to identify bone-forming chondro-
cytes. Collagen X is not expressed in healthy adult
articular cartilage, but appears in arthritic joints
where new bone growth is taking place [45, 49, 50].
Activated, hypertrophic chondrocytes also promote
bone fracture repair [51], just as activated remod-
eling fibroblasts promote wound healing [34]. Taken
together, this suggests that the senescence marker-
expressing chondrocytes associated with OA may in
fact be bone-generating, hypertrophic cells, i.e., that
such chondrocytes are not damaged, but rather are
normal and healthy—though hyperfunctional relative
to what is optimal for tissue health [52] (Fig. 1b).

Another area of understanding that may have
been obfuscated by the concept of damaged, harmful
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senescent cells accumulating with age involves the
relationship between cellular senescence and late-
life inflammation. Cellular senescence is sometimes
viewed as a cause of inflammation, such that remov-
ing senescent cells reduces inflammation and facili-
tates repair [38]. More precisely, using fibroblasts
as an example: prior to aging, fibroblasts in the acti-
vated remodeling state are part of the repair process
that is acute inflammation [34]. In this process, fibro-
blasts act in concert with macrophages [12], a simi-
larly hypertrophic and hypersecretory cell type [53].

Notably, pro-inflammatory M1 polarized mac-
rophages present in the earlier stages of acute
inflammation can also express SA-f-Gal and
p16™%4 and such macrophages increase in number
during aging [54]. Their elimination could in princi-
ple have contributed to the life-extending effects of
deletion of pl6-expressing cells [6, 54, 55]. Nota-
bly, like senescent cells, macrophage action contrib-
utes to diverse diseases of aging, including cancer,
osteoarthritis, atherosclerosis, diet-induced insu-
lin resistance, and fibrosis [56]. Thus, in later life,
activated remodeling fibroblasts are not so much a
cause of chronic inflammation as a component of it,
as part of an inflammatory quasi-program: broadly
speaking, of acute inflammation repair processes
which fail to resolve [57].

Similarly, in later life, microglia of the brain prolif-
erate and activate, leading to neuroinflammation and,
in turn, neurodegeneration. They also increasingly
express SA-B-Gal and p16™¥4 which has been inter-
preted as cellular senescence [58—60]. An alternative
possibility is that this reflects inflammatory remod-
eling activation in these tissue resident macrophages.

In a good illustration of the pathogenic develop-
mental role of remodeling activation, “senescent”
cells play a critical role in the enamel knot, a transient
embryonic signaling hub that directs tooth morpho-
genesis. Similar cells appear in a type of benign brain
tumor called a craniopharyngioma, in which odon-
togenetic programs are activated, occasionally leading
to fully formed teeth [61, 62].

Reconceiving senotherapy
The ground-breaking discovery that elimination of

pl6-positive cells retards development of multiple
diseases of aging in mice [6, 55] provided proof for
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the principle of senotherapy. The emerging perspec-
tive was that damaged, senescent cells that accumu-
late with age are a pathogenic agent whose phar-
macological removal or inhibition should improve
late-life health [63]. But arguments presented here
paint a somewhat different picture. They suggest that
pl6-positive cells that contribute to pathology often
do so by acting within late-life quasi-programs aris-
ing from beneficial remodeling programs opera-
tive earlier in life, as for example when destructive
chronic inflammation develops from benign, repara-
tive acute inflammation [9]. Thus, another way of
looking at senotherapy is that it works by suppressing
hyperfunctional quasi-programs.

Such a reconception of senotherapy is not an
argument against its efficacy. For example, return-
ing to osteoarthritis, injury-induced OA in mice can
be reduced by eliminating pl6-positive cells [64].
As argued here, such cells may be hypertrophic
bone-forming chondrocytes; thus, the benefit from
their removal is consistent with the osteogenic
quasi-program model of OA. However, given that
the hypertrophic chondrocytes that promote OA
are not senescent in the true sense of the word, it is
inaccurate to refer to as “senotherapy” their removal
in order to treat OA. As an alternative term, one
could say that eliminating pl6-positive cells in
older individuals is a form of anti-hyperfunction
therapy, since it is when remodeling cells become
hyperfunctional that they become pathogenic.

But anti-hyperfunction therapy describes a
wider category of intervention. For example,
chondrocyte hypertrophy is promoted by mTOR
(mechanistic target of rapamycin) signaling [65],
as is that of remodeling fibroblasts [66]. Moreo-
ver, mTOR also promotes bone growth, which can
be inhibited by rapamycin [65, 67], suggesting
that rapamycin should inhibit quasi-programmed
bone formation, i.e., inhibit OA. In fact, both rapa-
mycin and cartilage-specific removal of mTOR
inhibit OA in mice [68-71]. This suggests that
mTOR inhibitors such as rapamycin might be able
to inhibit the development of OA in humans, par-
ticularly if applied when quasi-programmed endo-
chondral bone formation is actively taking place.
In conclusion, reconceiving senotherapy as anti-
hyperfunction therapy, with the better understand-
ing that this brings can, arguably, enable better
therapeutic design.
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Concluding remarks

The meaning of the term cellular senescence has
shifted over the years as its biology has become bet-
ter understood. There is nothing wrong in itself with a
word taking on a new, additional meaning, as long as
it is not a source of confusion. But such clear differen-
tiation between meanings does not exist in the case of
cellular senescence. Scientific terminology needs to be
precise. Yet, perhaps the most important consideration
when proposing new scientific terminology is utility,
and the fostering of progress in understanding. Does the
new terminology usefully capture an idea or describe
phenomena in a way that enables clearer thought and
discussion? And is the long-term benefit worth the
short-term cost of confusion caused by the changeover?

We have argued here that the terminology of
cellular senescence (including SASP, paracrine
senescence, and senotherapy) has been outgrown
by advances within the field, such that they risk
becoming obstacles to scientific progress. A com-
parable problem arose previously from a concep-
tion of stem cells that was based on hematopoietic
stem cells. This subsequently proved inapplicable
to solid tissue stem cells, motivating a redefinition
of the concept that draws more on function than on
cellular properties [72]. We hope that the ideas pre-
sented here will encourage discussion of this issue
in the aging research community. It may be appro-
priate to convene a meeting of researchers in the
field to discuss the matter.

That the concerted action of “senescent” cells
and macrophages in tissue remodeling is evolution-
arily ancient, seen even in fish and amphibians [11,
12], suggests that this is the original, ancestral role
of such cells. Arguably, the pathogenic action of
“senescent” cells in later life is best understood as
an element of wider tissue-remodeling programs that
become hyperactivated in later life (as in persistent
inflammation) [13]. Here, as in iatrogenic diseases, a
response to alleviate pathology makes it worse, lead-
ing to such conditions as fibrosis, which contributes
to almost half of all deaths in the developed world
[73]. Non-damaged remodeling cells are an active
part of these futile programs, but the relative con-
tribution of damage-induced remodeling cells as a
cause of senescence (including late-life inflamma-
tion) remains an open question.
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