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How might replicative
senescence contribute
to human ageing?

Richard G.A. Faragher! and David Kipling?*

Summary

Cell senescence is the limited ability of primary human cells to divide when
cultured in vitro. This eventual cessation of division is accompanied by a specific
set of changes in cell physiology, morphology, and gene expression. Such
changes in phenotype have the potential to contribute to human ageing and
age-related diseases. Until now, senescence has largely been studied as an in
vitro phenomenon, but recent data have for the first time directly demonstrated the
presence of senescent cells in aged human tissues. Although a direct causal link
between the ageing of whole organisms and the senescence of cells in culture
remains elusive, a large body of data is consistent with cell senescence contribut-
ing to a variety of pathological changes seen in the aged. This review considers
the in vitro phenotype of cellular senescence and speculates on the various
possible routes whereby the presence of senescent cells in old bodies may affect

different tissue systems.
© 1998 John Wiley & Sons, Inc.

Introduction

With the proportion of the elderly within the population set to
increase dramatically, ageing will become the major health-
care challenge of the next century. It has been predicted that
by the year 2015 approximately a fifth of the UK population
will fall into the over 60 age category.() Human ageing is
associated with an increased chance of death, mostly due to
a subset of diseases largely restricted to later life. These
diseases, which were first recognised as being age-related by
the nineteenth century mathematician Gompertz,® include
potentially fatal cardiovascular disorders, diabetes and neo-
plasms, and crippling conditions such as cataract, macular
degeneration, auditory impairment, and neurodegeneration,
all of which can greatly reduce the quality of later life.
Although at first glance these diseases might appear more
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common nowadays, this is largely because most people in
the past simply did not survive long enough to suffer from
them. Cancer, heart disease, and cataract are by no means
new diseases, having been reported throughout recorded
history. For example, the Greek statesman Timoleon was
forced to retire from public life in 336 BC due to age-related
blindness, and the Byzantine empress Theodora died from
throat cancer in 548 AD.® The diseases of later life have
become the major causes of morbidity and death in the West
today simply because there is practically nothing else left to
routinely kill people.

Whilst living longer is vastly preferable to the alternative,
the downside is a population which contains more people with
distressing or fatal age-related conditions. The prospect of an
increasing fraction of the population with such chronic health-
care needs is not reassuring, whether viewed from a social or
a financial perspective. Since these diseases are age-
related, understanding the normal process of human ageing
may give important insights into the means by which they
develop.

Why do we age? Evolutionary considerations argue that
organisms do not age “for” any particular reason but rather as
a side effect of the optimisation of evolutionary fithess in
animal populations. This concept of antagonistic pleiotropy
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stems from the idea that the force of natural selection
declines with age and that late-life deleterious effects are thus
not effectively selected against. Postreproductive years are
essentially removed from the force of natural selection since
the phenotype of the organism in this period can no longer
affect its ability to contribute to the next generation. Accord-
ingly, any mutation which favours early reproductive success
but produces detrimental effects later in life will be selected
for; the result are a series of late-life emergent phenotypic
changes which we call ageing.

These themes are explored in some detail in the dispos-
able soma theory of ageing.® This argues that in nature a
trade-off occurs between reproduction and somatic mainte-
nance. For example, a short-lived animal, such as a vole,
obtains resources in the form of food and distributes them
between somatic repair and maintenance and reproduction. If
more is used for reproduction, correspondingly less is avail-
able for somatic repair. In the wild, voles do not live for very
long because of environmental hazards such as predation.
Thus, there is no selectable advantage to a vole in having a
body that could live for 50 years if it has a minimal chance of
living for more than 2 before being eaten. A more sensible
strategy to maximise offspring is thus to allocate the bulk of
resources for a high rate of reproduction. Although this
balance between somatic repair and reproduction was origi-
nally set in the natural environment, it can still be seen when
animals are placed in artificial environments without major
hazards. Immortality cannot and does not occur.

Cellular senescence itself is readily explainable in such
evolutionary terms. It seems to have arisen because of
selection for its tumour-suppressive function (see accompany-
ing article by Reddel). The doubling potential of mammalian
cells may well be set at a point sufficient to allow for normal
growth, development, and cellular turnover during life but not
so great as to allow the large-scale cell division seen during
the establishment and progression of a potentially life-
threatening cancer. For this to occur, replicative life span
checkpoints must be bypassed, for example, by mutation in
genes such as p53. However, the side effect of a mechanism
(limited cellular life span) that successfully delays most
human cancers until the postreproductive years is the occur-
rence of senescent cells and, thus, perhaps ageing.

Many molecular mechanisms may contribute to human
ageing, but here we focus on the potential involvement of
cellular senescence. The cell hypothesis of ageing was first
advanced in its modern form by Hayflick® and proposes that
senescence, the intrinsic upper limit to growth in normal cells,
can also play a role in the ageing of tissues of which such
cells form a part. It does not suggest that cellular senescence
is the sole cause of ageing in humans, and indeed, it is
singularly ill-suited to explain the ageing of tissues principally
composed of nondividing cells. However, there are several

regenerative tissues whose decline could have a significant
impact on the ageing of an organism as a whole.

What is cellular senescence?

Normal human cells have a limited ability to proliferate in vitro
before they enter a phase of viable cell cycle arrest called
cellular senescence, a state associated with various changes
in cell behaviour and gene expression.® “Senescence” in
this context has a very specific meaning, as shown by the
qualified term “replicative senescence.” Such a qualification
avoids many potential confusions, such as the description of
cells from nonregenerative tissues as “senescent” because
they show impairment in aged individuals or growing cells
from the elderly as “senescent” because they came from an
old body. That neurones and other nondividing cell types
show true ageing-related changes is unquestioned. However,
these are preeminently progressive functional deficits, rather
than specific changes resulting in viable permanent growth
arrest. Replicative senescence occurs in cell populations with
an intrinsic capacity for replacement. There is thus a basic
distinction between regenerative adult tissue, which can
show replicative senescence, and postmitotic cell popula-
tions, such as mature neurones, which cannot.

Replicative senescence of a culture of primary cells is its
failure to grow under conditions which had previously allowed
cell division. This finite life span, measured in population
doublings (PDs), yields a final culture almost entirely com-
posed of permanently growth-arrested senescent cells whose
phenotype differs markedly from their dividing counterparts.®
Senescence is not quiescence or terminal differentiation, nor
is it cell death by either necrosis or apoptosis. Indeed, one of
the earliest observations concerning the senescence of cell
populations was that the phenomenon did not result from
necrosis.(). More recent observations have also demon-
strated that, under normal conditions, senescent cells them-
selves are neither more apoptosis-prone nor apoptosis-
resistant than their growing counterparts.® It has been
suggested that senescence might represent a form of termi-
nal differentiation.(®) However, merely because a cell is at the
end of its developmental lineage (“terminally differentiated”),
it is not necessarily nondividing.(1%11) A good example of this
distinction is provided by epidermal keratinocytes, where a
well-established differentiation pathway exists. A useful fea-
ture of keratinocyte cultures in vitro is the calcium depen-
dence of the differentiation pathway, which is inhibited when
the calcium in the medium is substituted with strontium or its
concentration reduced below 0.1 mM. Keratinocyte cultures
serially passaged at low calcium concentrations nonetheless
enter senescence,? as do cells from the NDK (nondifferenti-
ating keratinocyte) strain, in which the differentiation pathway
is inoperative.3 Furthermore, keratinocytes grown to senes-
cence under low calcium conditions will still differentiate if the
concentration is raised.® The evidence that senescence is
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distinct from terminal differentiation is thus, in keratinocytes at
least, rather strong.

Do senescent cells occur in vivo?

Cellular senescence as an in vitro phenomenon has been
known for over 30 years, but only recently has direct proof of
a similar in vivo process been obtained. Prior to this, evidence
for the presence of senescent cells in ageing tissues was
essentially circumstantial. For example, cell cultures initiated
from embryonic fibroblasts achieve consistently higher PD
levels than those grown from neonates.® Studies with very
large numbers of subjects with chronological ages ranging
from foetal to 100 years(¥ demonstrate that the growth
potential of these cultures declines at a rate of 0.2 PD per
year of donor life. Similar data have been obtained for lens
epithelial cells,t® keratinocytes,® corneal endothelial
cells,17.18) and T cells.(1919) These data can be interpreted as
meaning either that all of the cells in the sample were closer
to the end of their lifespan with none yet senescent or that
significant numbers of senescent cells were present or both.
For this reason, such data are at best merely consistent with
the presence of senescent cells in old tissue and do not
formally demonstrate their existence. However, it is worth
stressing that the very fact that cells grow out of explanted
tissue from elderly donors does in no way exclude the
presence of significant numbers of senescent cells in that
sample.

One operational, if somewhat indirect, criterion of senes-
cence is a cell which fails to divide under appropriate
mitogenic stimuli. Such growth-refractory cells can be visual-
ised by continuous labelling of tissue and organ cultures (and
even living animals) with bromodeoxyuridine (BrdUrd). Endo-
thelial wound healing studies using organ culture of corneae
from donors of different ages reveals an age-related increase
in refractory cells.29 Similar observations have been made in
blood vessels, suggesting the presence of senescent vascu-
lar endothelial cells in regions of atherosclerotic stress.(21.22)
However, the most direct evidence for senescent cells in vivo
comes from a modified histochemical stain for B-galactosi-
dase that is specific for senescent fibroblasts in vitro.3
When applied to dermal tissue sections from donors with an
age range of 20 to 90 years, a clear correlation between the
number of senescent cells present and the age of the donor
tissue is seen. To date, this study constitutes the best formal
proof that senescent cells arise in aged tissues. It is this key
observation that makes it timely to explore some of the
potential ways whereby senescent cells might contribute to
age-related decline in the elderly.

What causes cellular senescence?

Potential triggers and effectors of cellular senescence have
been extensively reviewed.® There are no conclusive data
regarding the nature of the hypothesised cell division count-
ing “clock.” One widely discussed hypothesis is that the

shortening of chromosomal telomeres in telomerase-nega-
tive human somatic cells eventually leads to “critically short”
telomeres that signal cell cycle arrest. The recent observation
that introduction of the catalytic subunit of human telomerase
into mortal human cells prevents replicative senescence
greatly strengthens the telomere-shortening hypothesis (see
accompanying article by Reddel). However, the potential
exists for senescence to be triggered by multiple pathways.
For example, acute overexpression of activated H-ras (follow-
ing infection with a retrovirus expressing ras¥'?) leads rapidly
to a phenotype similar to senescence, although this does
cause highly elevated levels of p53, which is not the case for
normal senescence.®4

There are data to suggest that mitogenic signalling path-
ways can influence the decision to become senescent. For
example, vascular endothelial growth factor delays the senes-
cence of human dermal microvascular cells.?® Antisense
inhibition of the expression of the cytokine interleukin (IL)-1«
significantly delays the onset of senescence in human umbili-
cal vein endothelial cells (HUVECS).?® As is usual with
cellular signalling, it seems likely that senescence is triggered
by complex mechanisms which can integrate numerous
signals and are open to a variety of quantitative and qualita-
tive modulations. This may result in marked tissue and
species specificity; what is true in humans may not hold for
mice.??)

The link between cellular senescence and ageing
Cellular senescence and the division potential of explant
cultures are dependent on donor age. Although this indicates
that cellular senescence is a codependent variable, it gives
no information regarding causality. Similarly, many of the
changes in senescent cell behaviour are consistent with
known changes in tissue and organ function with age, but
again, this gives no insight into causal relationships. What
then is the basis for suggesting that cellular senescence may
contribute to human ageing? An important observation is that
the growth potential of fibroblasts in culture correlates ex-
tremely well with the mean maximum life span of the species
from which the tissue was derived.?® Furthermore, cellular
senescence and ageing co-vary in response to caloric restric-
tion or mutation.

Currently, the only known way to retard the ageing process
in animals (as measured by maximum life span, mean life
span, or Gompertzian rate of increase in age-specific mortal-
ity) is to markedly reduce calorie intake below that seen in
animals fed ad libitum. The numbers of division-competent
cells in the lens epithelial tissue of young, old, and calorie-
restricted mice were compared by continuous BrdUrd infu-
sion in vivo (followed by histological examination) and by the
analysis of colony size distribution in explant cultures of lens
cells. Both assays showed that old mice had more senescent
lens epithelial cells than their young counterparts and that
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diet-restricted animals had lower levels of senescent cells
than age-matched mice fed ad libitum.2% Even though it falls
short of a formal proof, the observation that calorie restriction
not only extends life span and reduces a spectrum of
age-related changes®9 but also reduces the rate of accumu-
lation of senescent cells indicates a close relationship be-
tween replicative senescence and organismal ageing.

Cellular senescence can also be modulated by genetic
mutations which alter the ageing process. Patients with
Werner’s syndrome (WS) display a range of in vivo changes
which appear similar to those seen in normal ageing.GY
Fibroblast cultures from WS patients have a very limited
proliferative ability owing to a greatly increased rate of entry
into senescence.(®23%) There is some evidence for an in-
creased rate of telomeric shortening®% in such cells, perhaps
related to the WS gene product being a DNA helicase,®)
mutation of which renders the cell prone to delete large
regions of DNA.@% WS patients show greatly elevated frequen-
cies of age-related diseases such as atherosclerosis, arterio-
sclerosis, and cancer® together with impaired wound heal-
ing likened to that seen in elderly individuals.©b

Potential impact of cellular senescence

on human tissues

Despite what is known regarding the mechanisms whereby
senescent cells occur, it should be stressed that this is not
central to the cell hypothesis of ageing. This focuses on the
occurrence of senescent cells, not the mechanism by which
they become senescent. In the following section, we review
some of the potential routes whereby the limited life span of
somatic cells and the occurrence of senescent cells could
impact on human ageing. These hypothetical routes are
based on known patterns of the gene expression and growth
dynamics of in vitro cultures and the assumption that if
senescent cells are present in vivo, their phenotype will not be
substantially different. Table 1 gives a series of representative
changes in biochemistry and gene expression seem in
senescent cells.

One route is via a reduction in the division potential of
regenerative tissues. This could result from either the pres-
ence of significant numbers of fully senescent cells, an overall
approach of cells towards (but not yet at) the end of their life
span, or both. The prior cell division necessary to reach this
state could reflect the tissue having a continuous high degree
of cell turnover or might result from localised bursts of cell
division in response to damage or infection. The subsequent
reduction in mitotic potential could be relevant to human
tissues where a high level of cell division occurs throughout
life (e.g., the epidermis and the lining of the gut) or tissues
which normally have a low baseline rate of cell division (e.g.,
dermal fibroblasts and endothelium) but retain the capacity to
upregulate division in certain circumstances, such as when
damaged.

TABLE 1. Selected Alterations in Cell
Phenotype with the Onset of Senescence
Phenotypic
alteration
in senescence? Cell type Ref.
Permanent growth All 13,19, 64, 65
arrest
Repression of c-fos Fibroblasts, T lympho- 66, 67
cytes
Repression of cyclins A Fibroblasts 68
and B
G, arrest on restimula-  Fibroblasts, T lympho- 69, 37
tion without division cytes
Elevated collagenase  Fibroblasts 42
Elevated TIMP-2 Fibroblasts, endothelial 44,70
cells
Elevated PAI-1 Fibroblasts, endothelial 44
cells
Elevated ceramide Fibroblasts 71
Transcriptional repres-  Fibroblasts 72
sion of IGF-1
Induction of Ws3.10 Fibroblasts 73
inhibitor of Ca?*-de-
pendent membrane
currents
Elevated IL-1a expres- Fibroblasts 56
sion
Decreased IL-6 expres- Fibroblasts 74
sion
Senescence-associ- Fibroblasts, keratino- 23
ated B-galactosidase  cytes, mammary epi-
thelial cells, endothe-
lial cells, neonatal
melanocytes
Induction of SAG gene Fibroblasts 75
Repression of 17a-hy-  Adrenocortical cells 11
droxylase
Elevation of cyto- Fibroblasts 76
chrome b and NADH
4/4AL subunit
Elevated hic-5 expres- Fibroblasts 77
sion
aTIMP-2, tissue inhibitor of metalloprotein 2; PAI-1, plasminogen
activator inhibitor 1; IGF-1, insulin-like growth factor 1; IL, interleukin.

One such example is provided by the immune system. The
demonstration of the senescence of T lymphocyte cultures
overturned a prevailing preconception among immunologists
that normal T lymphocytes were immortal.(10.19:3) A decline in
T cell proliferative response in vivo has been reported with
ageing and correlates with an increasing fraction of nonmito-
gen-responsive cells and a fraction of G,-arrested cells with
similar characteristics to those of restimulated cultures of
senescent T cells.(37-39) There is also evidence for a popula-
tion of “presenescent” T cells with reduced division potential
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in aged individuals.“® Theoretical calculations indicate that if
the proliferative potential of T cells is the same within the body
as it is ex vivo, then the number of expansions which a
particular cell clone can undergo in response to antigen
stimulation is not indefinite and is probably less than ten.()

The potential effect of senescent cells is not limited to a
reduction in division potential. The presence of senescent
cells could also have an effect as often they overexpress
proteins that act at a distance, such as the classic example of
collagenase overexpression by senescent dermal fibro-
blasts.? In this final section, we review how the known
changes in cell biology of senescent cells in culture might
have an impact on the ageing of various human tissues.

Effects of senescence on the vasculature

Vascular disease, particularly arteriosclerosis, is a major killer
of the elderly. The disease results from a progressive thicken-
ing of the arterial intima, which leads to a gradual narrowing of
the lumen of the vessel. Approximately 60% of men surviving
to the sixth decade show 75-100% stenosis of at least one
coronary artery.“3)

A variety of known senescence-specific changes have the
potential to contribute to this disease. The cell types involved
within the vascular wall are smooth muscle cells (in larger
vessels) or fibroblasts (in the capillary vasculature) and an
overlying vascular endothelium, which regulates haemosta-
sis. Senescent HUVECs, commonly used as a simple approxi-
mation for adult vascular endothelium, upregulate urokinase-
type plasminogen activator (u-PA) and plasminogen activator
inhibitor-1 (PAI-1) more than 50-fold relative to growing
controls.“4 Elevated PAl levels in vivo are a major risk factor
for myocardial infarction and deep vein thrombosis, and in
transgenic studies PAI-1 overexpression leads to thrombotic
disease.549) This may be made worse by a senescence
“pystander effect” on the endothelium.” Under normal
conditions, PAI-1 activity in endothelial cells is downregulated
by factors produced by the attendant smooth muscle cells or
fibroblasts. However, if cultured senescent cells of either type
are substituted for their young counterparts, the downregula-
tion of PAI-1 activity either disappears or is replaced by a
significant upregulation.

Similar cross-talk may occur in vivo with respect to the
regulation of vascular tone. Endothelial cells relax contracted
smooth muscle cells via nitric oxide production. Senescent
HUVEC:Ss in culture lack the ability to produce nitric oxide, and
thus senescent endothelial cells may be unable to modulate
vascular tone in vivo. Other changes potentially relevant to
arteriosclerosis include the reduced angiotensin-converting
enzyme activity of senescent bovine endothelial cells and the
elevated production of elastase by senescent smooth muscle
cells and of thrombospondin by senescent fibroblasts, which
may contribute to vascular degeneration.“8)

Senescence and dermal wound healing

Poor wound healing is an almost axiomatic feature of old age.
Much of the problem stems from indirect effects of age, such
as poor nutrition, infection, and drug side effects. Because of
such complications, data regarding a direct effect of age in
healthy individuals on wound healing are less coherent than
often supposed.“®59 Indeed, given these qualifications, it is
encouraging that the evidence for age-related alterations in
wound healing is as robust as it is.

There is a well-characterised change in the steady-state
extracellular matrix of elderly individuals which is indepen-
dent of environmental insults. In particular, the proportions of
collagen, elastin, and glycosaminoglycans alter in a manner
reminiscent of changes in extracellular matrix production
seen between senescent and growing fibroblasts in vitro.(50.51)
This coupled with the direct observation of senescent fibro-
blasts in the ageing dermis®9 strongly suggests that the
tissue balance in aged skin is altered towards a more
catabolic state.

The healing of dermal wounds is a complex process
involving inflammation, cellular proliferation, and tissue remod-
elling.“9) Although one obvious effect of senescence on the
fibroblasts which subsequently infiltrate the wound would be
their inability to proliferate, secondary effects include a
decreased movement rate,®25%) increased latent time,>* and
reduced overall ability of the population to contract the
extracellular matrix components.®Various matrix metallopro-
teinases, such as collagenase, stromelysin, and elas-
tase,(6:4256) are overexpressed by senescent fibroblasts. This
may adversely affect matrix resynthesis and lead to the
decreased tensile strength of the closed wound seen in the
elderly.®” Furthermore, terminal differentiation of senescent
keratinocytes occurs slower than for their growing counter-
parts,® which when coupled with their inability to divide could
contribute to reduced rates of epithelialisation.“9

Senescence and wound healing in the eye

A common denominator of a range of age-related ocular
problems is the need for surgical intervention to correct them,
usually involving incision surgery of the cornea. Compro-
mised wound healing by the corneal fibroblasts (keratocytes)
has been documented in both WS®8) and normal ageing.®?)
The keratocyte population appears potentially rather prone to
the production of senescent cells. Following surgical removal
of the overlying epithelium, anterior keratocytes respond by
entering apoptosis, followed by a wound healing and repopu-
lation cycle by the unaffected keratocytes in the posterior
layers of the stroma.(®9 It is unlikely that this process evolved
simply to irritate ophthalmologists trying to carry out reproduc-
ible photorefractive keratectomy. Rather, the current theory is
that this represents a “scorched earth” mechanism by which
viruses that infect the corneal epithelium (such as herpes
simplex virus and smallpox) are prevented from invading the

BioEssays 20.12 989



Review articles

deeper stromal layers and entering the eye.®) This is
supported by the observation that herpes simplex infection of
rabbit corneal epithelium triggers keratocyte apoptosis.(©

Surgery is a common treatment for age-related cataract.
One serious potential complication is damage to the highly
specialised endothelium which regulates corneal transpar-
ency. Cataract surgery can remove up to 20% of the endothe-
lium in a single operation and greatly increases the cell loss
rate in subsequent years.2 Although the principle repair
mechanism within the endothelium is cell enlargement to
reform a contiguous cell sheet, these cells can proliferate for
up to 30 PDs in vitro before undergoing senescence® and
mitoses are observed within the monolayer.(®3 Endothelial
cell number undergoes a gradual decline with advancing age
and the number of senescent cells within the layer (visualised
as label unincorporating) increases.?% Thus, an aged endo-
thelium appears less able to utilise whatever residual mitotic
healing it possesses precisely when its need to undertake
repair is greatest.

Conclusion
With the development of modern molecular and cell biology
techniques, the mechanism of the ageing process has moved
from the status of an “unsolvable” problem to that of an
“attackable” one.® The demonstration that senescent cells
do indeed occur in vivo has finally moved the field on from a
time when a link with human ageing was predominantly an act
of faith. The time is now ripe to ask which of the various
changes in cell physiology that have been documented in the
in vitro culture systems have a significant, quantitative contri-
bution to age-related degenerations. The challenge for the
future will be to determine not simply that such altered cell
biology could have an effect but that their effects are large
enough to make a significant contribution to age-related changes.
Although the cell hypothesis of ageing is not concerned
with the mechanisms leading to the appearance of senescent
cells, understanding this aspect may ultimately allow ex-
tremely powerful interventional tests of the hypothesis. Link-
ing senescence and ageing yields two predictions. First, that
some factors which increase life span should reduce the
appearance of senescent cells and, second, that reducing the
rate of senescence should alter physiological parameters
relevant to life span. Recent work suggests that the first
prediction may hold true.? The second, and perhaps most
exciting, test of the hypothesis remains to be undertaken.
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