
Introduction

Genome maintenance and ageing

Ageing is characterized by progressive changes in

cells, tissues and organs of the body, leading to a

decline in function and death. Adverse factors,

both environmental and genetic, which cause age-

ing, primarily act at the cellular level, rather than

at the level of the organism. There are many re-

ports on the association between the old age of do-

nors and cellular symptoms, such as altered cell

morphology, decrease in proliferative ability, de-

regulation of repair processes and apoptosis, in-

creased level of DNA lesions, mutations and

chromosomal aberrations (loss of the genome sta-

bility), changes in gene expression, and decline of

protein function (e.g. Ogawa et al. 2000, Monti et

al. 2000, Suh et al. 2002, De Magalhaes 2004,

Geigl et al. 2004, Gorbunova and Seluanov 2005,

Guarente 1996, Gorbunova et al. 2007). However,

many of these phenomena are involved in a vi-

cious cycle, such that they can be considered both

a manifestation and a cause of cellular deteriora-

tion. In addition, the question of a causative rela-

tion between cellular ageing and ageing of a

multicellular organism is complicated and still far

from being fully settled (Balcombe and Sinclair

2001; Bird et al. 2003; Pelicci 2004;

De Magalhaes 2004, 2005; Patil et al. 2005).

During the entire lifespan, a variety of adverse

conditions cause damage to DNA; they include

exposure to external damaging factors (UV light,

ionizing radiation, genotoxic drugs) and endoge-

nous factors, such as oxidative stress and replica-

tion or recombination errors (e.g. Kregel and

Zhang 2007; Akbari and Krokan 2008). Main-

taining genomic integrity and accurate DNA repli-

cation requires a network of pathways responsible

for damage recognition, activation of repair mech-

J Appl Genet 50(3), 2009, pp. 261–273

Review article

Cytogenetic perspective of ageing and longevity in men

and women

E. Ziêtkiewicz1, A. Wojda1, M. Witt1,2

1Institute of Human Genetics, Poznañ, Poland
2International Institute of Molecular and Cell Biology, Warsaw, Poland

Abstract. Analysis of relationships between the ageing cell phenotype and the age of cell donors is one of the

ways towards understanding the link between cellular and organismal ageing. Cytogenetically, ageing is associ-

ated with a number of gross cellular changes, including altered size and morphology, genomic instability, and

changes in expression and proliferation. Genomic instability can be easily assessed by analyzing the level of

cytogenetic aberrations. In this review, we focus on the differences in the level and profile of cytogenetic aberra-

tions observed in donors of different age and gender. Centenarians are a small fraction of the population at the ex-

treme of human longevity. Their inclusion in such studies may shed light on one of the basic questions: whether

genome stability is better maintained in successfully aged individuals compared to the rest of the population. At

the same time, comparing the profile of age-related amount of chromosomal aberrations in men and women may

help explaining the commonly observed gender differences in longevity.

Keywords: aneuploidy, centenarians, chromosomal aberrations, DNA damage, gender, genomic instability,

lymphocyte, micronuclei, nondisjunction.

Received: April 3, 2009. Accepted: May 8, 2009.

Correspondence: E. Ziêtkiewicz, Institute of Human Genetics, Strzeszyñska 32, 60–479 Poznañ, Poland;

e-mail: zietkiee@man.poznan.pl



anisms, and successful DNA repair (Berardi et al.

2004; Palitti 2004; Peterson and Cote2004;

Gorbunova and Seluanov 2005). In order to assure

faithful duplication and distribution of the

genomic DNA to daughter cells, several check-

point pathways have evolved to regulate mitotic

cell cycle progression and to delay cell division

until DNA damage is repaired (Kaufmann and

Paules 1996; Gottifredi and Prives 2005; Harrison

and Haber 2006; Niida and Nakanishi 2006;

Houtgraaf et al. 2006). When the damage exceeds

DNA repair capacity, the cell-cycle checkpoint ac-

tivation may lead to controlled cell death

(apoptosis) or to cellular senescence (permanent

growth arrests) (Toussaint et al. 2002; Gire et al.

2004; Rodier et al. 2007).

As the organism ages, the DNA repair effi-

ciency and fidelity decline (e.g. Hasty 2005;

Kregel and Zhang 2007; Gorbunova and Seluanov

2005; Gorbunova et al. 2007; Chen et al. 2007).

This may reflect the use of different repair mecha-

nisms in senescent cells (e.g. the error-prone

nonhomologous end-joining, NHEJ, instead of the

more accurate homologous repair mechanism) or

a decrease in apoptotic response to genotoxic

stress (Monti et al. 2000; Suh et al. 2002). Deterio-

ration of the genome maintenance mechanisms

leads to the progressive accumulation of

unrepaired DNA lesions, genomic instability, and

change/loss of function. If cells continue to divide,

this may lead to chromosomal segregation defects,

mitotic catastrophe, cell death by necrosis, or neo-

plastic transformation. Senescence and apoptosis,

while preventing cells with the unrepairable DNA

damage from proliferation, contribute to ageing by

depleting the organism of its cellular reserve (Bird

et al. 2003; Pelicci 2004; Effros et al. 2005; Suh

and Vijg 2006; Beausejour 2007). All these

age-related changes (Figure 1) result in the im-

paired response to environmental challenge and a

progressively increasing incidence of degenera-

tion and/or disease (Stankovic et al. 2002; Berardi

et al. 2004; Vijg 2004; Sedelnikova et al. 2004;

Gorbunova et al. 2007; Suh and Vijg 2006; Kregel

and Zhang 2007).

Genomic instability and cytogenetic

aberrations in studies of ageing

Genomic instability (GI), understood as an in-

creased amount of mutations and/or chromosomal

aberrations, can be detected cytogenetically as an

increased frequency of changes in chromosome

number and/or structure and formation of

micronuclei. GI, commonly used as a biomarker in

cancer studies (e.g. Solomon et al. 1991; Lengauer

et al. 1998; Sieber et al. 2003; Finkel et al. 2007;

Geigl et al. 2008), is highly relevant to the phe-

nomenon of ageing (Vijg 2007). GI contributes to

the ageing process by deregulating cellular func-

tions and increasing the possibility of further mu-

tations. At the same time, considering the

cell-to-cell variability, GI can serve as a marker of

ageing because it reflects the age-related decline in

cells’ ability to sense and repair DNA damage.

Comparison of the amount of cytogenetic aber-

rations in cells from healthy donors of different

age provides an important insight into the dynam-

ics of GI changes in living organisms. Indeed, a

number of cytogenetic studies point to the

age-related increase in the level of chromosomal

aberrations in healthy individuals; similar conclu-

sions can be derived from the studies of progeroid

syndromes, the genetic disorders characterized by

the premature ageing due to defects in the cellular

response to DNA damage (e.g. Palitti 2004;

Guarente 1996). An increased level of cytogenetic

aberrations in old women and men has been most

frequently demonstrated in peripheral blood lym-

phocytes and occasionally in other cell types, e.g.

skin fibroblasts (Mukherjee and Thomas 1997).

The age-related increase in the level of aberrations

was studied using classical and molecular

cytogenetic methods (from classical G-banding to

methods based on fluorescent in situ hybridiza-

tion, FISH). Similar results were obtained when

analyses were performed in metaphase spreads

(Abruzzo et al. 1985; Galloway and Buckton

1978; Martin et al. 1980; Nowinski et al. 1990;

Richard et al. 1993; Ganguly 1993; Ramsey et al.

1995; Bolognesi et al. 1997; Mukherjee and

Thomas 1997; Tawn and Whitehouse 2001;

Vorobtsova et al. 2001a; Wojda et al. 2006;

Sigurdson et al. 2008), interphase nuclei

(Guttenbach 1994, 1995; Mukherjee 1996;

Bolognesi et al. 1997; Mukherjee and Thomas

1997; Bukvic et al. 2001), and in binucleated cells

(Fenech and Morley 1985, 1986, 1987; Ganguly

1993, Hando et al. 1994; Guttenbach et al. 1994;

Richard et al. 1994; Nath et al. 1995; Surralles

et al. 1996; Bolognesi et al. 1997, 1999; Catalan

et al. 2000; Bukvic et al. 2001; Bakou et al. 2002;

Wojda et al. 2007).
Cytogenetic components of GI related to age-

ing include aberrations of chromosome number
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(aneuploidy, i.e. loss or gain of a chromosome;
polyploidy) and structure (chromosome rear-
rangements).

Hypoploidy

Hypoploidy (loss of one or more chromosomes),
in contrast to only sporadically observed
hyperploidy (gain of a chromosome), is the major
cytogenetic manifestation of GI associated with
ageing in both genders. In our analysis of
metaphase spreads from peripheral blood lympho-
cytes, performed in a group of 120 healthy donors
aged 21–108 years (Wojda et al. 2006), the contri-
bution of hypoploidy to all chromosomal aberra-
tions (of number and structure), depending on age,
amounted to 45–90% in men and 55–94% in
women. Numerous cytogenetic studies consis-
tently indicate that the age-related increase in
hypoploidy most frequently concerns the X chro-
mosome in females and Y chromosome in males
(Galloway and Buckton 1978; Nowinski et al.
1990; Richard et al. 1993, 1994; Hando et al.
1994; Nath et al. 1995; Guttenbach et al. 1994,
1995; Bukvic 2001; Wojda et al. 2006; Russel
et al. 2007). For example, in the analysis of
binucleated lymphocytes by in situ hybridization
with chromosome-specific probes (Hando et al.
1994), the X chromosome was found to be present
in over 72% of micronuclei, and the number of
X-positive micronuclei in women significantly in-
creased with age (micronucleus formation is one

of the major mechanisms of chromosome loss –
see the next section). Similarly, the age-related in-
crease in the frequency of Y-bearing micronuclei
was shown in lymphocytes from men (Nath et al.
1995). Guttenbach et al. (1995), by applying FISH
to interphase lymphocyte nuclei, demonstrated
that X chromosome hypoploidy in women was
several times higher than Y chromosome
hypoploidy in men, and estimated that the loss of
sex chromosomes in both women and men in-
creased with age. Another study using FISH in
interphase nuclei (Bukvic 2001) demonstrated that
the loss of the X chromosome in interphase cells
from centenarian females was twice as high as the
loss of the Y chromosome in centenarian males;
both values were significantly higher than those
observed in young control men and women. A
similar tendency was shown in the study of
metaphase lymphocyte spreads (Wojda et al.
2006), where the significant age-related increase
in the X chromosome loss in women and a much
lower increase in the Y chromosome loss in men
were observed.

The higher amount of X compared to

autosomal aneuploidy in female lymphocytes may

result from both an excess of X chromosome

losses and a better survival of cells with X chro-

mosome monosomy. The latter possibility is con-

firmed by observations at the organismal level,

where an inborn X hypoploidy in women leads to
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nonlethal pathologies (disorders of sex determina-

tion, Turner syndrome, etc.), whilst a loss of an

autosome in most cases results in miscarriages or

severe, frequently lethal, pathologies (including

cancer). A lower significance of the presence of

two X chromosomes for cell viability would thus

be conducive to the increase in the X chromosome

hypoploidy in ageing women. The age-related in-

crease in the loss of the Y chromosome in men

may in turn reflect a diminishing biological role of

the Y chromosome in elderly men, as it contains

genes involved in spermatogenesis and sex deter-

mination.

While the increased frequency of sex chromo-

some loss in peripheral blood lymphocytes from

ageing donors is consistently reported by various

authors, some discrepancies persist. For example,

Guttenbach et al. (1995) reported the age-related

increase in X hypoploidy to be significant only in

post-menopausal women, while Wojda et al.

(2006) found a significant positive correlation be-

tween the frequency of X chromosome loss and

women’s age for the whole age-spectrum ana-

lyzed (20-108 years). Preferential involvement of

the inactive X chromosome in hypoploidy is an-

other disputable question, demonstrated in some

studies of female lymphocytes (Abruzzo et al.

1985, Tucker et al. 1996) but questioned by others

(Surralles et al. 1996).

A correlation between the level of autosome

hypoploidies in lymphocytes and the age and gen-

der of donors has been a matter of dispute. Consis-

tent with earlier observations in metaphase cells

(Nowinski et al. 1990, Richard et al. 1993), FISH

studies in interphase lymphocyte nuclei

(Guttenbach et al. 1995, Mukherjee et al. 1996)

demonstrated that the frequency of autosomal

monosomies in men or women did not signifi-

cantly change during the course of ageing. In con-

trast, other authors reported that the contribution

of autosomes in micronuclei significantly in-

creased with age (Catalan et al. 1995, Bakou et al.

2002). In our study of metaphase lymphocytes

(Wojda et al. 2006), the frequencies of individual

autosome-specific losses were similar in both gen-

ders and did not exhibit any significant age-related

increase. However, the frequency of all the

autosomal hypoploidies pooled together was sev-

eral times higher than that of the X chromosome

loss in women and X/Y loss in men. In donors

younger than 60 years, the relatively high levels of

hypoploidies observed in females contrasted with

the low levels in males (several-fold, significant

difference); the frequency of autosomal losses in

donors over 60 years was similar in both genders.

The positive correlation of autosomal losses with

age (demonstrated by regression analysis) was sig-

nificant in men over a broad age range (20-100

years), whereas in women a plateau in the level of

autosomal hypoploidy was reached for individuals

over 60 years old (Wojda et al. 2006).

It is not clear whether the frequency of a loss of

a particular autosome depends on chromosome

length. Some lymphocyte studies indicated that

small chromosomes are lost more frequently than

large ones (Nowinski et al. 1990, Richard et al.

1993). However, other authors (Guttenbach et al.

1995, Wojda et al. 2006) reported no significant

differences between the number of lymphocytes

with the loss of large versus small chromosomes.

Mechanisms of chromosome loss

Aneuploid cells with hypoploid or hyperploid
chromosome numbers arise when chromosomes
fail to segregate properly during mitosis. This in-
volves one of two major mechanisms: (i) chromo-
some lagging and formation of micronuclei, which
leads to elimination of lagging chromosomes or
their fragments from the cell; and (ii)
nondisjunction, which results in reciprocal gain
and loss of chromosomes in daughter cells (e.g.
Zijno et al. 1996a, Bakou et al. 2002). A third
mechanism of aneuploidy occurs when chromo-
somes become lost from the nucleus by their elim-
ination into the cytoplasm. Analysis of
binucleated (cytokinesis-blocked) cells (Fenech
and Morley 1986), combined with chromo-
some-specific FISH, is a method of choice for de-
termination whether the loss of a given
chromosome from one of the daughter nuclei re-
flects its sequestration in a micronucleus or is a
part of reciprocal loss/gain resulting from
nondisjunction.

Not surprisingly, an age-related increase in the
frequency of chromosome loss corresponds well
with an up to several-fold increase in the fre-
quency of micronuclei in cells from older donors
compared to young probands (Ganguly 1993;
Hando et al. 1994; Guttenbach et al. 1994; Richard
et al. 1994; Nath et al. 1995; Tucker et al. 1996;
Surralles et al. 1996; Zijno et al. 1996 a,b; Fenech
1998; Bolognesi et al. 1999; Peace and Succop
1999; Bukvic et al. 2001; Bakou et al. 2002;
Wojda et al. 2007). While any chromosome may
become sequestered in micronuclei (Leach and
Jackson-Cook 2001; Norppa and Falck 2003), the
most frequent losses through this mechanism, es-
pecially in ageing donors, were shown for the sex
chromosomes. An age-related increase in the con-
tribution of X chromosome-positive micronuclei
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in women was the most prevalent observation (e.g.
Richard et al. 1994; Hando et al. 1994; Guttenbach
et al. 1994, 1995; Zijno et al. 1996b; Catalan et al.
2000; Bakou et al. 2002; Wojda et al. 2007); some
studies – but not all – also reported an increased
frequency of X and Y chromosome-positive
micronuclei in old men (Nath et al. 1995; Carere
et al. 1999). When the contribution of the X and
Y chromosomes was subtracted from the total of
centromere positive micronuclei, the autosome
contribution among all micronuclei was also
found to increase significantly with age (Catalan
et al. 1995).

The increase in the frequency of cells with

micronuclei in older donors may reflect

age-related deregulation of apoptosis, consistent

with the observation that inhibition of apoptosis

causes an increase in the number of

micronucleated cells (Kirsch-Volders and Fenech

2001) and that the levels of apoptosis-regulating

proteins change with age (Joaquin and Gollapudi

2001). In our study of lymphocytes from donors of

different age (Wojda et al. 2007), the frequency of

micronuclei among donors 20–80 years old in-

creased with age and was significantly higher in

women than in men; however, no gender differ-

ence was observed among centenarians, consistent

with a plateau in the frequency of hypoploidy ob-

served in metaphase spreads from women over

70 years old (Wojda et al. 2006). This is consistent

with the earlier observation (Bolognesi et al. 1997,

1999) that the age-related increase in micronuclei

frequency levelled off in female probands over

60 years old. The authors discussed this in the con-

text of proliferation capacity; it was lower in men

than in women, but the trend of the age-related

proliferation decrease was parallel in both gen-

ders, and therefore could not account for the pla-

teau in micronuclei frequency observed in elderly

women (Bolognesi et al. 1999). One of the possi-

ble explanations of the observed gender discrep-

ancies could be that women have a better

efficiency of elimination of micronucleated cells

through apoptosis and as a result more frequently

live to become centenarians.

While there is plenty of literature data concern-

ing the increase in chromosome loss through

micronuclei formation as a function of age, the

age-related changes in the frequency of mitotic

nondisjunction as the mechanism of chromosome

loss have attracted less attention. Several studies,

performed in binucleated lymphocytes using

FISH probes for selected chromosomes, showed

an increased incidence of nondisjunction of

autosomes and/or sex chromosomes with the in-

creasing age of donors of both genders (Zijno et al.

1996a,b; Carere et al. 1999; Catalan et al. 2000;

Bakou et al. 2002; Wojda et al. 2007). Estimated

frequencies of both types of chromosome

malsegregation, micronucleus formation, and

nondisjunction, point to nondisjunction as a major

mechanism causing aneuploidy (Bakou et al.

2002; Wojda et al. 2007; but see Zijno et al. 1996a;

Catalan et al. 2000), consistent with the previous

reports that the efficiency of elimination of

micronucleated cells is higher than that of the cells

presenting chromosome nondisjunction (Levine

1997; Sablina et al. 1998; Decordier et al. 2002).

For example, the frequency of positive FISH sig-

nals indicating nondisjunction in our study (Wojda

et al. 2007) was an order of magnitude higher than

that for micronuclei; nondisjunction was more fre-

quent in women than in men and increased with

age in both genders, reaching the highest values in

centenarians. Interestingly, in centenarian women,

the contribution of the X chromosome to

nondisjunction events rapidly decreased. This is

consistent with an earlier observation of a lack of

gender differences in reciprocal gain/loss of the

X chromosome (Catalan et al. 2000) and indicates

that the age-related increase in X chromosome

loss in women (but not in men) is due to

micronuclei formation rather than to

nondisjunction.

Polyploidy

Polyploidy is a relatively common event in

eukaryotic organisms. It can arise by cell fusion,

endoreduplication, or an abortive cell cycle in the

G2/M phase; it is associated with an orchestrated

change in expression of multiple genes and in-

creases the probability of cell death (Gorla et al.

2001; Ravid et al. 2002; Storchova and Pellman

2004). Polyploid cells arise independently of age

in a variety of cells (cardiac myocytes, vascular

smooth muscle cells, hepatocytes, pulmonary epi-

thelium) in pathological conditions, like myocar-

dial hypertrophy and heart failure (e.g. Adler and

Friedburg 1986; Meckert et al. 2005), which are

frequent causes of death in men. In this context it is

interesting that in our study (Wojda et al. 2006),

notwithstanding the fact that we analyzed periph-

eral blood lymphocytes, the only age group where

frequency of polyploid cells differed between men

and women was that of 68–78 years old. This

group, where polyploidy was found to be 7 times

higher in men than in women, is very close to the

age window characterized by the highest mortality

rate in men. The gender discrepancy between the

level of polyploidy in people in their 70s may re-
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flect a lower incidence of certain pathologies

(such as heart failure) in women, which would

contribute to the fact that they survive this age and

more frequently than men live to become cente-

narians, despite the higher amount of other aberra-

tions (aneuploidies, structural aberrations).

Structural aberrations of chromosomes

Structural aberrations may be induced by exoge-

nous agents but also can occur spontaneously dur-

ing the cell cycle or, independent on replication,

due to a deficient repair mechanism (Prieur et al.

1988; Pfeiffer et al. 2000). Chromosomal rear-

rangements constitute a primary cause of genome

instability and as such may contribute to the pro-

cess of ageing. A number of studies reported a sig-

nificant age-related increase in the frequency of

certain structural chromosomal aberrations in pe-

ripheral blood lymphocytes (Ramsey et al. 1995;

Tucker et al. 1996; Bolognesi et al. 1997;

Vorobtsova et al. 2001a,b; Whitehouse et al. 2005;

Sigurdson et al. 2008).

The frequency of stable aberrations (especially

translocations) in lymphocytes increases with age

at a significantly higher rate than that of unstable

aberrations (isochromosomes, di- and acentric

chromosomes, rings), consistent with their greater

stability through the cell division and longer per-

sistence in the circulating blood (Ramsey et al.

1995; Vorobtsova et al. 2001b; Whitehouse et al.

2005). The presence of stable aberrations in cells

may provide a cumulative measure of damage ac-

quired over long periods of time (Tawn and

Whitehouse 2001). While many of the

translocations involving chromosomes 7 and 14

occurring in utero presumably correspond to im-

munoglobulin gene rearrangements (Prieur et al.

1988), others seem to accumulate progressively

and may reflect life-long exposure to mutagens,

UV, free radicals, etc. Comparison of FISH data

from 16 labs demonstrated a significant increase

in translocation frequencies in lymphocytes from

older donors, suggesting an acceleration of chro-

mosome damage above the age of 60 years, both in

men and women (Sigurdson et al. 2008). In our

study (Wojda et al. 2006), the frequency of

translocations detected in Giemsa-banded mitotic

spreads was higher than that of unstable aberra-

tions, but its correlation with age was not signifi-

cant.
DNA double-strand breaks (DSBs) are consid-

ered the critical primary lesion in the formation of
structural chromosomal aberrations (Pfeiffer et al.
2000); they may be induced by exogenous agents
but also can occur spontaneously during the cell

cycle. If left unrepaired or deficiently repaired,
DSBs are potentially lethal to the cell. Their repair
can involve various mechanisms; some of them
may lead to error-free elimination of DSBs, while
others may result in small-scale mutations or in
gross chromosomal aberrations (Pfeiffer et al.
2000, 2004; Li et al. 2008). DSBs are a particularly
dangerous type of DNA lesion in non-dividing
cells, where the more precise repair mechanism,
replication-dependent homologous recombina-
tion, is by definition inactive and replaced by er-
ror-prone nonhomologous end-joining (Vijg and
Dolle 2002; Valerie and Povirk 2003; Vilenchik
and Knudson 2003; Seluanov et al. 2004;
Sedelnikova et al. 2004; Gorbunova and Seluanov
2005; Peterson and Cote 2004; Brugmans et al.
2007).

Cytogenetically, DSBs are detected as chromo-

somal gaps or breaks. Because of the transient na-

ture of DSBs in dividing cells, the increase in the

frequency of chromosomal breaks in older donors,

observed in cytogenetic studies (Dutkowski et al.

1985; Marlhens et al. 1986; Gadhia 1998), should

be considered as representing increased suscepti-

bility rather than accumulation of chromosomal

damage with age. In our study (Wojda et al. 2006),

spontaneous gaps and breaks were practically neg-

ligible in probands younger than 50 years, and

their frequency increased in women aged 60–80

years and in men aged 70–80 years, apparently in-

dicating a higher level of stress or less efficient re-

pair mechanisms in cells of elderly individuals.

However, regression analysis revealed significant

positive correlations of these aberrations with age

only in donors younger than ~80 years, but not in

the oldest probands. The late-life decrease in these

primary lesions in centenarians may suggest that

these individuals recruit from the pool of a popula-

tion equipped with better mechanisms of cellular

stress defence.
Gaps and breaks preferentially occur at com-

mon fragile sites. These evolutionarily conserved,
specific micro- and mini-satellite regions in the
human genome appear to be an intrinsic part of
chromosomal structure; they are involved in chro-
mosomal rearrangements and foreign DNA inte-
gration (Sutherland et al. 1998, Zlotorynski et al.
2003) and may contribute to ageing. Indeed, the
majority of chromosomal gaps and breaks and of
stable structural aberrations observed in
metaphase spreads from peripheral blood lympho-
cytes occurred at the common fragile sites, as ex-
pected; in older groups (men over 70 and women
over 60 years) the increased contribution of break-
points at centromeres was observed (Wojda et al.
2006).
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Cytogenetic aberrations as a measure of

organismal ageing

There are several important issues to be taken into

consideration when the level of cytogenetic aber-

rations is to be used as a measure of organismal

ageing. Obviously, the type of cells analysed is of

great importance: different tissues and cell pools

are characterized by different proliferative capac-

ity, different rates of cell turnover and thus differ-

ent life-long exposure to stress-inducing agents.

For example, the average lifetime of a T cell was

estimated to be 20 years, but these estimates differ

depending on what pool of lymphocytes is consid-

ered; naïve T cells have a slow rate of turnover and

a relatively long life-span, compared with memory

cells (e.g. Tough and Sprent 1994; Mclean and

Michie 1995; Wallace et al. 2004). Furthermore,

peripheral blood lymphocytes may not be repre-

sentative of genome instability in the organism;

e.g. levels of constitutional aneuploidy observed

in human brain, including neurons, were reported

to be several-fold higher when compared to

interphase lymphocytes (Rehen 2005). However,

since most of cytogenetic studies concerning the

relevance of age to the frequency of aberrations

were done using the peripheral blood lympho-

cytes, comparisons of different results within this

model studies appear justified.

It is of great biological importance to distin-

guish whether the age-related increase in the level

of chromosome abnormalities reflects the pres-

ence of a limited number of cells with multiple ab-

errations or an increased number of cells with a

small number of aberrations. Several studies dem-

onstrated a large excess of multiple

malsegregation events in lymphocytes from older

donors (Zijno et al. 1996a,b; Carere et al. 1999).

The authors interpreted this as indicating (i) the

presence of cellular subpopulation(s) prone to

malsegregation, or (ii) malsegregation of one

chromosome affecting the fidelity of segregation

of the other chromosomes. In our study (Wojda

et al. 2007), the age-related increase in the fre-

quency of all aneuploidies reflected the increasing

frequency of cells harbouring only 1–2 lesions per

cell (the contribution of cells with the higher num-

ber of aneuploidies did not increase with age)

(Figure 2). These observations indicate the need

for a cautious definition of the “age-related in-

crease in the frequency of chromosomal aberra-

tions”, which should clearly distinguish between

“increased frequency of cells with only few aber-

rations” and “increased number of aberrations ac-

cumulated in single cells”.

A type of cytogenetic analysis constitutes an-
other factor to be taken into consideration. Ana-
lyzing cultured or uncultured cells, employing
different culture times, applying treatment with
mitogens (usually PHA) stimulating cell divi-
sions, or with cytochalasin B inhibiting
cytokinesis but not karyokinesis, makes it possible
to differentiate between cytogenetic effects in vivo
and in vitro, but if unaccounted for, may lead to
discrepancies in the results. For example, it has
been shown that, although formation of
micronuclei and preferential exclusion of the
X chromosome into these structures occurs in
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Figure 2. Proportion of mitoses with 1-2 and >2

aneuploidies per cell – correlation with age in male and

female donors (based on the data described in Wojda et al.

2006). Linear trends indicate that the relative number of

cells with 1-2 aneuploidies (n=1 or 2) increases faster than

that of cells with more chromosome losses (n.2); cells

with 1-2 chromosomal losses appear to accumulate in

women at a younger age than in men.

Men:

1-2 aneuploidies: y = 0.0046x - 0.121 ; r2 = 0.91

>2 aneuploidies: y =0.0009x - 0.024 ; r2 = 0.95

Women:

1-2 aneuploidies: y= 0.0035x + 0.015; r2 = 0.86

>2 aneuploidies: y = 0.0008x - 0.006; r2 = 0.97



vivo, its frequency is higher in cultured lympho-
cytes and still increases in cells cultured in the
presence of cytochalasin B (Surralles et al. 1996).
Besides, the frequency of chromosome losses ob-
served in cells depends on culture time (Richard
et al. 1993), and the frequency of aberrations re-
vealed in metaphase spreads differs from that ob-
served in interphase nuclei (Mukherjee and
Thomas 1997).

A related question is whether (for a given

cell-type) the increase in the amount of cells with

aberrations reflects proliferation of cells with

once-acquired abnormality or an increased num-

ber of cells with new lesions. This, in turn, mostly

depends on the proliferation history of the cells

under study and on whether the aberration is detri-

mental to the cell. The latter is best exemplified by

the predominance of female X chromosome loss,

compared to other types of age-related

aneuploidies (see above). The same concerns ab-

normalities of chromosome structure. Stable aber-

rations (e.g. translocations, some inversions, or

deletions not involving centromeres or telomeres)

can be effectively replicated, and thus they in-

crease in number with every cell division (both in

the living organism and in culture). Cells with un-

stable aberrations (e.g. dicentric or acentric chro-

mosomes) do not survive repeated divisions. Such

aberrations, therefore, reflect only events in the

cells under examination and are not expected to

proliferate due to cell divisions (e.g. Tawn and

Whitehouse 2001; Vorobtsova et al. 2001b).

Finally, while most authors agree that the fre-

quency of cytogenetic aberrations in peripheral

blood lymphocytes from healthy humans in-

creases with age, when discussing this trend, one

should recognize the importance of analyzing a

possibly continuous and broad age spectrum.

Two-point comparisons (e.g. elderly versus

young) would not provide full information on the

dynamics/shape of age-related changes in the fre-

quency of aberrations. For example, the already

mentioned late-life levelling off in the amount of

some aberrations (gaps and breaks, micronuclei)

observed in some studies (Bolognesi et al. 1997,

1999; Wojda et al. 2006, 2007), might have es-

caped undetected if analyses had involved only

young, middle-aged and elderly (60–70-year-old)

probands.

Centenarians in studies of successful ageing

Centenarians, being a human model of dis-

ease-delayed (or even disease-free) ageing, seem

to be an ideal study group to trace particular

genetic phenomena associated with a survival ad-

vantage (Perls et al. 2002b). Answering the ques-

tion whether the increase in the level of

cytogenetic aberrations in cells from centenarians

is proportional to their old age, should shed light

on the more basic issue, i.e. whether the genome

stability in the successfully aged individuals is

better maintained compared to the rest of the pop-

ulation (Davidowic 1999; Davidovic et al. 2007).

The relatively slow increase in the frequency of

some types of aberrations observed in the oldest

donors (Bolognesi et al. 1997; Wojda et al. 2006,

2007) appears to confirm that centenarians are an

exceptional group, characterized by a better effi-

ciency of DNA repair or elimination of aberrant

cells.

Nowadays, the overall number of centenarians

worldwide is estimated to be about 200 000 indi-

viduals; in highly industrialized countries the

number of centenarians is increasing at a rate of

about 8% per year, while the parallel population

growth is estimated at a level of 1% per year

(Vaupel et al. 1995; Franceschi et al. 2008; Perls

et al. 2002b). The ability to achieve exceptionally

old age depends on a combination of factors: sto-

chastic (luck), environmental (e.g. health-related

behaviour) and genetic (Perls et al. 2002). Twin

studies indicate that approximately 25–30% of the

variation in lifespan is caused by genetic influ-

ences: a lack of disease-predisposing genes and/or

presence of longevity-enabling genes (Skythe

et al. 2003).

Longevity shows evident family clustering,

since not only centenarians but also their closest

relatives appear to age at a relatively slower pace:

siblings of centenarians are 4-times as likely to

reach the age of 100 years, and their parents are

twice as likely to live this long, compared to their

control population cohort (Gudmundsson et al.

2000; Skythe et al. 2003). A family clustering of

extreme longevity to some degree indicates an in-

fluence of favourable environmental factors, but

the fact that mortality deceleration in these indi-

viduals is stable over the wide age range suggests

that the complex trait of survival advantage (lon-

gevity) is largely attributable to genetic factors

(Perls et al. 2002a; Perls et al. 2002b). A phenome-

non of mortality deceleration in old age is well

documented for various species: flies (Carey et al.

1992), worms (Brooks et al. 1994), as well as for

humans (Perls et al. 2002b). A number of pheno-

types and genotypes associated with longevity
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have been described (Gerdes et al. 2000; Atzmon

et al. 2004, 2005; Rabizadeh et al. 2005; Terry

et al. 2006; Hjelmborg et al. 2006; Bergman et al.

2007; Martin et al. 2007).
Centenarian women far outnumber centenarian

men, which is consistent with the average life span
in Poland being 80 years for women and 71 years
for men (data for 2007, Statistical Yearbook of Po-
land 2008). The fact that we recruited only 6 cen-
tenarian men compared to 46 women illustrates
this discrepancy in the Polish population (Wojda
et al. 2006, 2007). According to the survival data,
one could expect that women would be those with
a lower level of aberrations. The results of the
cytogenetic analysis in Polish centenarians
(Wojda et al. 2006, 2007) indicate that the average
frequency of most types of chromosomal aberra-
tions, especially of the prevalent aneuploidies, is
similar in centenarian men and women. However,
a comparison of middle-aged donors of both gen-
ders (individuals 40–60 years old) indicates that,
while the age-related increase in the overall level
of genome instability manifested as cytogenetic
aberrations affects both genders, it occurs earlier
and is more pronounced in women than in men.
This is especially pronounced when the frequency
of hypoploidy is concerned, and this is not neces-
sarily the effect of the “redundant” X chromosome
loss (Wojda et al. 2006). The proportion of cells
harbouring aneuploidies does not significantly in-
crease in centenarian women compared to the
group 40-50 years old; men reach a comparable
level of aberrations much later (in their 60s). The
amount of aneuploidies remains thereafter compa-
rable in men and women, indicating that there is a
certain threshold of the aneuploidy of potentially
dividing cells that cannot be surpassed. One hy-
pothesis states that, considering the quality of cen-
tenarians’ organisms and cells, they represent a
special subgroup of the general population, better
equipped to cope with the adverse effects of age-
ing, and are in fact at much the same position as
the normal middle-aged groups (Davidovic 1999;
Davidovic et al. 2007). Our data suggest that this
might be true indeed, at least for the level of
aneuploidy in peripheral blood lymphocytes.

The observation that women survive to ex-
tremely old age more often than men despite the
higher frequency of cytogenetic aberrations (or at
least, aneuploidies) during the earlier life phases
raises an important question: do women just “tol-
erate” a higher amount of aneuploid cells through-
out their lives than men, or are there other
mechanisms that give women an advantage during
the ageing process? One possibility could involve

gender differences in the cellular response to
genotoxic stress.

It cannot be excluded, for example, that the in-
crease in the proportion of apoptotic cells (or, al-
ternatively, accumulation of permanently arrested
senescent stem cells) occurs in men at an earlier
age than in women. The increasing proportion of
such cells in ageing men could be one of the rea-
sons why cells with chromosomal aberrations do
not accumulate at the same rate as they do in
women. The possible effect of the difference in the
proportion of senescent or apoptotic cells could be
in turn related to immunosenescence (Monti et al.
2000) or regeneration ability (Ogawa et al. 2000).
Perhaps, answering the question concerning the
gender-related difference in survival to the ex-
tremely old age would require resolving the puzzle
of the relative proportions of dividing versus se-
nescent versus dead (apoptotic, necrotic) cells,
rather than assessing the sole proportion of cells
with chromosomal aberrations in various age and
gender groups (Figure 3). These proportions could
reflect the stability of the genome and the effec-
tiveness of a complicated network of cellular con-
trol during different phases of life.
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