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Cell senescence in vitro refers to the multitude of physiological, structural, biochemical and molecular changes
that occur progressively during serial subcultivation of
normal diploid cells, culminating in the permanent cessation of cell division. The whole duration of serial passaging is considered as the process of cellular ageing, and
the end-stage irreversible growth arrest is termed as
replicative senescence. The limited proliferative capacity
of normal, diploid and differentiated cells is also known as
the Hayflick limit, and the overall phenomenon is called
the Hayflick phenomenon. A progressive loss of global
deoxyribonucleic acid (DNA) methylation and of telomeres is considered to be the critical determinants of the
Hayflick limit. However, in vivo, it is not the absolute
number of senescent cells which is responsible for agerelated impairments, but it is the drift in cell functions
occurring during repeated cell division that is relevant to
ageing and age-related diseases. Cell senescence in the
body is also considered to be a regulatory mechanism
against cancer.

s0001
p0001

Introduction
In a wide variety of multicellular organisms, including
human beings, several cell types retain the capacity to
divide during embryonic, postnatal and adult life. These
proliferative cell populations are required to divide frequently (e.g. in the skin and the gut) or infrequently (e.g.
during the immune response and in the endothelium) in
carrying out various functions of the body. These functions
include the immune response, blood formation, bone formation, epidermal turnover, gut renewal, and repair and
regeneration of tissues. Endothelial cells, epithelial cells,
epidermal basal cells, ﬁbroblasts, glial cells, lymphocytes,
myoblasts and osteoblasts constitute major diﬀerentiated
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and proliferating cell types of an organism, and are distinct
from the pluripotent stem cells. Not only are their diﬀerentiated and specialised functions critical for the organism,
but also their capacity to divide is an integral part of their
role in organismic growth, development, maintenance and
survival. The study of age-related changes in the physiology, biochemistry and molecular biology of isolated cell
populations has greatly expanded our understanding of
some of the fundamental aspects of ageing. See also:
Ageing; Cell Cycle
In modern biogerontology, the terms ‘cellular ageing’,
‘cell senescence’ or ‘replicative senescence’ imply the study
of normal diploid cells in culture, which – upon serial
subcultivation – progressively undergo a multitude of
changes culminating in the cessation of cell division. This
process of intrinsic and progressive cellular ageing in vitro is
generally known as the Hayﬂick phenomenon, and the
limited division potential of normal cells is called the
Hayﬂick limit, in recognition of the observations ﬁrst
reported by Leonard Hayﬂick in 1961 (Hayﬂick and
Moorhead, 1961; Hayﬂick, 1965, 2000). In more recent
times, the term ‘replicative senescence’ has been used more
frequently, and it underlines the ultimate senescent
phenotype of serially subcultivated cells as irreversibly
growth-arrested cells (Cristofalo et al., 2004; Campisi and
d’Adda di Fagagna, 2007).

Serial Subcultivation In Vitro
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Although normal diploid ﬁbroblasts of mesodermal origin
have been the most frequently used cells for studies on
cellular ageing in vitro, a variety of other cell types
including epithelial cells, endothelial cells, keratinocytes,
melanocytes, glial cells, lymphocytes, osteoblasts, bone
marrow cells, chondrocytes, articular cartilage cells and
muscle satellite cells have also been used. Once the primary
culture of normal cells is established in culture from the
normal tissue by way of any of the standard methods, such
as the explant growth and enzymic dissociation of cells, the
primary culture can then be subcultivated as a cell strain
repeatedly at 1:2, 1:4 or 1:8 ratio, generally after reaching
conﬂuence as a monolayer. Although the exact culturing
conditions (such as the type of the culture medium, the
source of growth factors, the use of antibiotics and the

eLS & 2012, John Wiley & Sons, Ltd. www.els.net

AU : 2

1

p0003

Version 3:0 a0023697
Cell Senescence In Vitro

incubation temperature, humidity and gaseous composition) may vary for diﬀerent cell types, serial subcultivation (also known as serial passaging) of normal
diploid cells can be performed only a limited number of
times. This is in contrast to the high proliferative capacity
of transformed, cancerous and immortalised cells, whose
cultures can be subcultivated and maintained indeﬁnitely.
See also: Primary Cell Cultures and Immortal Cell Lines
p0004
The cumulative number of cell proliferations, represented as population doublings (PD), is estimated by
determining the number of times a population of cells
undergoes doubling between each subculturing. The
cumulative PD level (CPDL), which can be achieved by a
speciﬁc cell type during serial passaging in vitro, depends
upon several biological factors. These factors include the
maximum lifespan of the species, developmental and adult
age of the donor of the tissue biopsy, the site of the biopsy
and the health status of the donor (Cristofalo et al., 2004;
Macieira-Coelho, 2011). For example, for human ﬁbroblasts the range of CPDL for the cell strains originating
from embryonic tissues is between 50 and 70, whereas for
those originating from adult biopsies it is generally less
than 50 CPDL. Additionally, gaseous composition, especially oxygen levels, and the quality of the nutritional serum
added to the culture medium, can signiﬁcantly aﬀect the
proliferative lifespan of cells in vitro. It is generally believed
that culturing of cells in vitro in the air with approximately
20% oxygen levels signiﬁcantly reduces their lifespan,
which could be otherwise achieved at low level (2%) concentration akin to in vivo conditions (Wright and Shay,
2002).
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The Senescent Phenotype
Serial subcultivation of normal cells is accompanied by a
progressive accumulation of a wide variety of changes
before the ﬁnal cessation of cell replication occurs. The
progressively emerging senescent phenotype of serially
passaged normal diploid cells can be categorised into the
structural, physiological and biochemical and molecular
phenotypes, which can be used as biomarkers of cellular
ageing in vitro.
. Structural phenotype – characterised by increase in cell
size; change of shape from thin, long and spindle-like to
ﬂattened and irregular; loss of whorl-like spiral
arrangement in parallel arrays on the cell culture substrate; increased number of vacuoles and dense lysosomal autophagous bodies containing ultraviolet (UV)ﬂuorescent age-pigments such as lipofuscin; polymerised
actin ﬁlaments and disorganised microtubules in the
cytoskeleton; mitochondrial distortions, and increased
level of chromosomal aberrations, chromatin condensation, nucleolar fragmentation and multinucleation
(Holliday, 1995; Macieira-Coelho, 1998) (see, Figure 1).
See also: Cytoskeleton
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. Physiological phenotype – characterised by reduced
response to growth factors and other mitogens;
increased sensitivity to toxins, drugs, irradiation and
other stresses; altered calcium ﬂux, pH, viscosity and
membrane potential; reduced activity of ionic pumps;
reduced mobility; reduced respiration and energy production and increased duration of G1 phase of the cell
cycle. See also: Checkpoints in the Cell Cycle
. Biochemical and molecular phenotype – characterised by
altered activity, speciﬁcity and ﬁdelity of numerous
enzymes; accumulation of stochastically damaged
macromolecules deoxyribonucleic acid (DNA), ribonucleic acid (RNA), proteins and protein–lipid conjugates leading to increased molecular heterogeneity;
increased levels of post-translationally modiﬁed and
inactivated proteins; reduced rates of protein synthesis
and degradation; reduced levels of methylated cytosines;
reduced length of telomeres and altered (increased or
decreased) expression of thousands of genes (MacieiraCoelho, 2011; Rattan, 2006, 2008a, b). See also: Enzyme
Activity and Assays
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In addition to the above age-related changes that occur
progressively during serial subcultivation of normal cells,
the ultimate senescent phenotype is the permanent growth
arrest in late G1 phase of the cell cycle near the S phase
boundary. This phenotype is accompanied and maintained
by an increased expression of several so-called senescencespeciﬁc genes for ageing, which are considered to be
critical for cell cycle regulation and tumour suppression
(Cristofalo et al., 2004; Campisi and d’Adda di Fagagna,
2007; Kaul et al., 2007; Passos et al., 2010). See also: Cell
Cycle: Regulation by Cyclins
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Modulators of Cellular Senescence
In Vitro
The Hayﬂick system of cellular ageing in vitro is primarily a
model for the study of slow and progressive accumulation
of damage resulting in the arrest of cells in a nonproliferative state followed by cellular degradation and
death. Several physical, chemical and biological modulators have been tested for understanding various aspects
of this phenomenon of cellular ageing in vitro and their
implications in the origin of diseases, such as cancer
(Campisi and d’Adda di Fagagna, 2007; Cheung et al.,
2010). For example, irradiation, severe oxidative stress and
transfection with various genes have been used to cause a
sudden and rapid increase in molecular damage, resulting
in premature induction of the ultimate senescent phenotype (Toussaint et al., 2000; Sejersen and Rattan, 2009).
However, insertion of catalytically active component of the
telomerase gene can completely bypass the Hayﬂick limit in
many cell types, and such cells can proliferate indeﬁnitely
with or without becoming transformed (Simonsen et al.,
2002). Similarly, normal diploid cells can be transformed
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and immortalised by chemical carcinogens, irradiation and
viral genes. Such approaches are helpful for unravelling the
molecular details of cell cycle regulation in normal cells and
its dysregulation in cancer cells (Kaul et al., 2007; Rondo,
2006; Collado et al., 2007). See also: Telomeres in Cell
Function: Cancer and Ageing
The Hayﬂick system of cellular ageing in vitro has also
been very useful for testing various natural and synthetic
molecules and treatments that slow down the accumulation
of damage and delay the onset of various age-related
changes. Several growth factors including cytokinins kinetin and zeatin, a dipeptide carnosine and other extracts
from various medicinal plants and herbs have been tested
and discovered to have antiageing eﬀects (Barciszewski
et al., 2007; Rattan and Clark, 1994; McFarland and
Holliday, 1994; Rattan and Sodagam, 2005). Several of
these tests have resulted in the development, production
and marketing of various products with pharmaceutical,
cosmeceutical and nutritional applications. The model
system of cellular ageing in vitro has also been used extensively to test the applicability of hormesis (the phenomenon
of attaining beneﬁcial biological eﬀects by repeated
exposure to low level stress, such as heat shock, irradiation
and pro-oxidants) in ageing research and interventions.
For example, human skin ﬁbroblasts and keratinocytes
exposed to repeated mild heat stress (418C, 1 h, twice a
week) have more active protein degradation pathways,
higher levels of chaperones, increased resistance to other
stresses and slightly increased proliferative lifespan in vitro
(Rattan, 2008a, b; Rattan et al., 2009).

From Cellular Ageing In vitro to
Understanding Ageing In vivo
A loss of proliferative capacity of any of the cell types has a
deteriorative impact on the functioning and survival of the
entire organism. A loss or slowing-down of proliferation of
osteoblasts, glial cells, myoblasts, epithelial cells, lymphocytes and ﬁbroblasts can lead to the onset of many agerelated diseases and impairments including osteoporosis,
arthritis, immune deﬁciency, altered drug clearance,
delayed wound healing and altered functioning of the
brain. However, the presence of a signiﬁcant number of
senescent cells in various tissues and organs in the body
during normal ageing is yet to be fully documented, and the
commonly used senescent markers, such as the senescencespeciﬁc beta-galactosidase and DNA damage foci, have
serious limitations and artifacts (Macieira-Coelho, 2011,
2010; Yang and Hu, 2005). Furthermore, in the body, it is
not the absolute number of senescent cells that is responsible for the age-related impairments; rather it is the drift in
cell functions occurring during repeated cell division that is
relevant to ageing and age-related diseases (MacieiraCoelho, 2011). Increased cellular heterogeneity in terms of
the occurrence of fully senescent or near-senescent cells
among actively proliferating cells in vivo can promote

dysfunctioning of the other tissues by producing harmful
signals, and can also promote and stimulate the growth of
other precancerous and cancerous cells.
The Hayﬂick system of cellular ageing in vitro has proved
to be very useful in developing the cellular and molecular
understanding of the overall process of ageing, which is
characterised by a progressive accumulation of macromolecular damage. The resulting increase in molecular
heterogeneity leads to interrupted molecular networks and
illegitimate molecular interactions, which are the ultimate
cause of ageing and age-associated diseases.

References
Barciszewski J, Massino F and Clark BFC (2007) Kinetin – a
multiactive molecule. International Journal of Biological
Macromolecules 40: 182–192.
Campisi J and d’Adda di Fagagna F (2007) Cellular senescence:
when bad things happen to good cells. Nature Reviews
Molecular Cell Biology 8: 729–740.
Cheung CT, Kaul SC and Wadhwa R (2010) Molecular bridging
of aging and cancer: a CARF link. Annals of the New York
Academy of Sciences 1197: 129–133.
Collado M, Blasco MA and Serrano M (2007) Cellular senescence
in cancer and aging. Cell 130: 223–233.
Cristofalo VJ, Lorenzini A, Allen RG, Torres C and Tresini M
(2004) Replicative senescence: a critical review. Mechanisms of
Ageing and Development 125: 827–848.
Hayﬂick L and Moorhead PS (1961) The serial cultivation of
human diploid strains. Experimental Cell Research 25: 585–621.
Hayﬂick L (1965) The limited in vitro lifetime of human diploid
cell strains. Experimental Cell Research 37: 614–636.
Hayﬂick L (2000) ‘Just a fellow who did his job_’, an interview
with Leonard Hayﬂick. Interview by Suresh I.S. Rattan. Biogerontology 1: 79–87.
Holliday R (1995) Understanding Ageing. Cambridge, UK:
Cambridge University Press.
Kaul SC, Deocaris CC and Wadhwa R (2007) Three faces of
mortalin: a housekeeper, guardian and killer. Experimental
Gerontology 42: 263–274.
Macieira-Coelho A (1998) Markers of ‘‘cell senescence’’. Mechanisms of Ageing and Development 103: 105–109.
Macieira-Coelho A (2010) Cancers and the concept of cell senescence. Biogerontology 11: 211–227.
Macieira-Coelho A (2011) Cell division and aging of the organism. Biogerontology 10.1007/s10522-011-9346-3.
McFarland GA and Holliday R (1994) Retardation of the senescence of cultured human diploid ﬁbroblasts by carnosine.
Experimental Cell Research 212: 167–175.
Passos JF, Nelson G, Wang C, Richter T et al. (2010) Feedback
between p21 and reactive oxygen production is necessary for
cell senescence. Molecular Systems Biology 6: 347.
Rattan SIS and Clark BFC (1994) Kinetin delays the onset of
ageing characteristics in human ﬁbroblasts. Biochemical and
Biophysical Research Communications 201: 665–672.
Rattan SIS and Sodagam L (2005) Gerontomodulatory and
youth-preserving eﬀects of zeatin on human skin ﬁbroblasts
undergoing aging in vitro. Rejuvenation Research 8: 46–57.

eLS & 2012, John Wiley & Sons, Ltd. www.els.net

3

p0013

Version 3:0 a0023697
Cell Senescence In Vitro

Rattan SIS (2006) Theories of biological aging: genes, proteins
and free radicals. Free Radical Research 40: 1230–1238.
Rattan SIS (2008a) Increased molecular damage and heteroAU : 3
geneity as the basis of aging. Biological Chemistry 389: 267–272.
Rattan SIS (2008b) Hormesis in aging. Ageing Research Reviews
7: 63–78.
Rattan SIS, Fernandes RA, Demirovic D, Dymek B and Lima CF
(2009) Heat stress and hormetin-induced hormesis in human
cells: eﬀects on aging, wound healing, angiogenesis and diﬀerentiation. Dose–response 7: 93–103.
Rondo TA (2006) Stem cells, ageing and the quest for immortality.
Nature 441: 1080–1086.
Sejersen H and Rattan SIS (2009) Dicarbonyl-induced accelerated
aging in vitro in human skin ﬁbroblasts. Biogerontology 10:
203–211.
Simonsen JL, Rosada C, Serakinci N et al. (2002) Telomerase
expression extends the proliferative life-span and maintains the
osteogenic potential of human bone marrow stromal cells.
Nature Biotechnology 20: 592–596.
Toussaint O, Dumont P, Dierick JF et al. (2000) Stress-induced
premature senescence as alternative toxicological method for
testing the long-term eﬀects of molecules under development in
the industry. Biogerontology 1: 179–183.
Wright WE and Shay JW (2002) Historical claims and current
interpretations of replicative aging. Nature Biotechnology 20:
682–688.
Yang NC and Hu ML (2005) The limitations and validities of
senescence associated-b-galactosidase activity as an aging
marker for human foreskin ﬁbroblast Hs68 cells. Experimental
Gerontology 40: 813–819.

4

Further Reading
Anisimov VN (2001) Life span extension and cancer risk: myths
and reality. Experimental Gerontology 36: 1101–1136.
Budovsky A, Tacutu R, Yanai H et al. (2009) Common gene
signature of cancer and longevity. Mechanisms of Ageing and
Development 130: 33–39.
Campisi J and Sedivy J (2009) How does proliferative homeostasis
change with age? What causes it and how does it contribute to
aging? Journal of Gerontology A: Biological Sciences and Medical Sciences 64: 164–166.
Cesare AJ and Reddel RR (2010) Alternative lengthening of telomeres: models, mechanisms and implications. Nature Reviews
Genetics 11: 319–330.
Hasan K, Cheung C, Kaul Z et al. (2009) CARF is a vital dual
regulator of cellular senescence and apoptosis. Journal Biological Chemistry 284: 1664–1672.
Jeyapalan JC and Sedivy JM (2008) Cellular senescence and
organismal aging. Mechanisms of Ageing and Development 129:
467–474.
Kaul SC and Wadhwa R (eds) (2003) Aging of Cells in and Outside
the Body. Biology of Aging and Its Modulation. Dordrecht:
Kluwer Academic Publishers.
Ran Q and Pereira-Smith OM (2000) Genetic approaches to the
study of replicative senescence. Experimental Gerontology 35:
7–13.
Warren LA and Rossi DJ (2009) Stem cells and aging in the
hematopoietic system. Mechanisms of Ageing and Development
130: 46–53.

eLS & 2012, John Wiley & Sons, Ltd. www.els.net

Version 3:0 a0023697
Cell Senescence In Vitro

Article Title:
Article ID:

A0023697

Article doi:

10.1002/9780470015902.a0002567.pub3

Article copyright holder:
Version:

rather it is the drift in cell functions occurring during
repeated cell division that is relevant to ageing and agerelated diseases.

Cell Senescence In Vitro

John Wiley & Sons, Ltd

3.0

Previous version(s): Cell Senescence In Vitro /10.1038/
npg.els.0002567 /published online: 19th April 2001 /
author(s) of previous version: Suresh IS Rattan
Cell
Senescence
In
Vitro
/doi:
10.1002/
9780470015902.a0002567.pub2 /published online: 14th
March 2008 /author(s) of previous version: Suresh IS
Rattan
Article type:

Standard

Readership level:

Introductory

Top level subject categories:

Cell Biology

Keywords: ageing # lifespan # gerontology # Hayﬂick
limit # mortality # immortality
AU : 1

Key Concepts:

. Normal, diploid and diﬀerentiated cells have a limited
division potential, known as the Hayﬂick limit.
. The Hayﬂick limit can be observed both in vitro and in
vivo, and is both cell type-speciﬁc and species-speciﬁc.
. Serial subcultivation of normal cells is accompanied by
hundreds of physiological, structural, biochemical and
molecular changes, culminating in cellular senescence.
. The progressive change in normal cells during serial
subcultivation is known as the Hayﬂick phenomenon,
cellular ageing, or replicative senescence.
. Cell enlargement, increased cytoskeletal rigidity in
terms of polymerisation and cross-linking, altered cellular responsiveness to stress, accumulation of
molecular damage, impaired cellular functions and the
reduced activity of maintenance and repair systems are
the main changes during cellular ageing.
. The senescent phenotype of cells is characterised by the
irreversible growth arrest in G0/G1 phase of the cell
cycle, which can be bypassed only through cell
transformation.
. Upregulation of a range of cell cycle check point genes
is the hallmark of cellular senescence.
. A stochastic and progressive loss of cytosine methylation and of telomeres in genomic DNA appears to be
the major factors that limit the cell proliferative ability.
. Cellular senescence in vivo is considered to be an
anticancer mechanism in evolutionary terms.
. In the body, it is not the absolute number of senescent
cells that is responsible for the age-related impairments;

Glossary:

Epidermal basal cells#Actively proliferating cells of the
epidermal region of the skin that progressively form
the specialised keratinocytes, which eventually come
off the skin as dead cells.
Fibroblasts#Cells present in the dermal region of the
skin and also in the connective tissue part of various
other organs, including lung and heart.
Glial cells#Nutrition-providing cells in the brain.
Hormesis#In toxicology, pharmacology and radiation
biology, the phenomenon of bi-phasic dose–response
is termed as hormesis. In the context of ageing,
hormesis is defined as the life supporting adaptive and
beneficial effects resulting from the cellular responses
to single or multiple rounds of mild stress followed by
a period of recovery.
Lymphocytes#Cells of the immune system involved in
fighting off infections, either by direct action or by the
production of antibodies.
Methylated cytosine#One of the bases in the DNA that
becomes modified by the addition of a methyl group,
and consequently can switch off the expression of a
gene.
Myoblasts#Muscle-forming cells.
Osteoblasts#Bone-forming cells that synthesise new
bone.
Oxidative damage#Changes in the chemical structure of
nucleic acids, proteins, lipids and carbohydrates by
the action of free radicals and various reactive oxygen
species generated in the normal course of oxygendependent metabolism.
Telomeres#The ends of chromosomes composed of long
arrays of repeated nucleotide sequences, do not carry
any genetic information, and are essential as a cap for
the protection of chromosomes from disintegrating.
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Aging of skin fibroblasts in culture
Sparse culture

Confluent culture

(a)

Young: less than 30% lifespan completed

(b)

Middle aged: Between 60 and 80% lifespan completed

(c)

Senescent: more than 95% lifespan completed

f0001 Figure 1 Cellular ageing in vitro. Giemsa-stained light microscopic phase-contrast pictures of serially passaged human skin fibroblasts at various points in
their in vitro lifespan. Sparse and confluent cultures at three stages during replicative lifespan are compared: (a) early passage young adult skin fibroblasts
with less than 30% lifespan completed; (b) middle-aged cells with 60–80% replicative lifespan completed; and (c) late passage senescent cells with more
than 95% lifespan completed.
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