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Abstract The incidence of cancer increases with age

in humans and in laboratory animals alike. There are

different patterns of age-related distribution of tumors

in different organs and tissues. Aging may increase or

decrease the susceptibility of various tissues to initi-

ation of carcinogenesis and usually facilitates

promotion and progression of carcinogenesis. Aging

may predispose to cancer in two ways: tissue accumu-

lation of cells in late stages of carcinogenesis and

alterations in internal homeostasis, in particular, alter-

ations in immune and endocrine systems. Increased

susceptibility to the effects of tumor promoters is found

both in aged animals and aged humans, as predicted by

the multistage model of carcinogenesis. Aging is

associated with a number of events at the molecular,

cellular and physiological levels that influence carci-

nogenesis and subsequent cancer growth. An improved

understanding of age-associated variables impacting

on the tumor microenvironment, as well as the cancer

cells themselves, will result in improved treatment

modalities in geriatric oncology.
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Introduction

It is well documented that the incidence of malignant

tumors increases progressively with age, both in

animals and humans (Anisimov 1987; Dix and Cohen

1999; Parkin et al. 2001; Balducci and Ershler 2005).

Three major hypotheses have been proposed to

explain the association of cancer and age. The first

hypothesis holds that this association is a conse-

quence of the duration of carcinogenesis. In other

words, the high prevalence of cancer in older

individuals simply reflects a more prolonged expo-

sure to carcinogens (Peto et al. 1985). The second

hypothesis proposes that age-related progressive

changes in the internal milieu of the organism may

provide an increasingly favorable environment for the

induction of new neoplasia and for the growth of

already existent, but latent malignant cells (Anisimov

1983, 2003a, b, c; Miller 1991; Dilman 1994;

Simpson 1993). These mechanisms may also include

proliferative senescence, as the senescent cells lose

their ability to undergo apoptosis and produce some
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factors which stimulate epithelial cells with oncogenic

mutations (Campisi 2000, 2005). The third hypothesis

proposes that the cancer-prone phenotype of older

humans might reflect the combined effects of cumu-

lative mutational load, increased epigenetic gene

silencing, telomere dysfunction and altered stromal

cell milieu (DePinho 2000). Aging is associated with a

number of events at the molecular, cellular and

physiological levels that influence carcinogenesis

and subsequent cancer growth (Anisimov 2003a, b,

c; Balducci and Ershler 2005) such that individualized

treatment of each patient’s tumor will require taking

this into account. The elucidation of causes of an age-

related increase in cancer incidence may thus be the

key to a strategy for primary cancer prevention and

improved treatment in geriatric oncology.

Multistage model of carcinogenesis and aging

There are two pathways which a stem cell can follow in

the adult organism (Fig. 1). One is physiological cell

proliferation, differentiation and aging, resulting in its

individual death (apoptotic or necrotic) (von Wangen-

heim and Peterson 1998). When the stem cell reserve

reaches some limit to compensatory capacity to

support tissue repair and functional homeostasis, the

death of the organism as a whole take place once a

critical organ or critical mass of dysfunctional tissue

has been reached. The second stem cell pathway under

the influence of exogenous or endogenous harmful

factors leads to pathological dedifferentiation, immor-

talization and possibly formation of a clone of

neoplastic cells (von Wangenheim and Peterson

1998; Reya et al. 2001). Both pathways comprise

multi-stage processes, many steps of which are well-

characterized in relation to the process of development,

maintenance and carcinogenesis (Anisimov 1983,

2003a, b, c; Moolgavkar et al. 1999; Hahn and

Weinberg 2002; Weinberg 2008). However, the

multi-stage pattern of aging needs serious studies and

formalization (Butov et al. 2002; Anisimov 2000c). It

is worthy of note that multistage models of cellular

aging and immortalization have been developed in an

attempt to explain delayed genomic instability, in

which initiation of carcinogenesis is linked not only to

a direct increase in chromosomal aberrations and

mutations of oncogenes and tumor suppressor genes,

but also to enhanced levels of aberrations and muta-

tions in distant progeny and a predisposition to

immortalization (Butov et al. 2002). Carcinogenesis

is a multistage process: neoplastic transformation

implies the engagement of a cell through sequential

stages, and different agents may affect the transition

between contiguous stages in different ways (Berenb-

lum 1975; Hahn and Weinberg 2002; Weinberg 2008;

Hu and Polyak 2008).

The process of neoplastic development is frequently

divided into three operationally defined stages—initi-

ation, promotion and progression. During the first stage

of carcinogenesis (initiation) irreversible changes in the

genotype of the normal target stem cell leading to its re-

acquisition of immortality take place. It is worthy of

note that initiation may involve changes leading to

conditions such as atypical hyperplasia and carcinoma

in situ. Some of these changes may be epigenetic, and in

theory reversible with appropriate treatment. During the

second stage of carcinogenesis (promotion) an initiated

(latent, immortalized) cell acquires phenotypic features

of a transformed (malignant) cell, and under the

influence of microenvironmental factors can proceed

to tumor progression. Carcinogens affect not only the

target cell itself but also influence many microenviron-

mental factors to create conditions for the promotion of

immortalized cell growth (growth factors, cytokines,

immunodepression, biogenic amines, hormonal and

metabolic imbalance). Carcinogens affect both stages

(initiation and promotion) whereas tumor promoters
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Fig. 1 Two pathways that stem cells may follow after

exposure to carcinogens
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affect only the second stage. Unlike initiation, promo-

tion requires prolonged exposure to the carcinogen and

may be reversible to a large extent. A carcinogen that is

able to act as both initiator and promoter is referred to as

a full carcinogen. Although the dissection of carcino-

genesis into initiation, promotion, and progression is

useful as a frame of reference, it should not be assumed

that only three carcinogenic stages exist: each stage can

be subdivided into multiple sub stages. Promotion may

involve the activation of several enzymes, such as

protein kinase C and ornithine decarboxylase; enhanced

hexose transport; increased polyamine production,

prevention of cell differentiation; and inhibition of

cell-to-cell communication (Weinberg 2008). Discov-

ery of oncogenes and of their function has provided new

insights into the carcinogenic process. One may view

carcinogenesis as a ‘‘cascade’’ phenomenon, resulting

in serial activation of multiple cellular oncogenes and/

or inactivation of tumor-suppressing genes (e.g. p53)

(Hanahan and Weinberg 2000).

Both experimental and epidemiologic studies

illustrate the interaction of aging and carcinogenesis.

The malignant transformation of normal cells

involves both quantitative and qualitative changes

(Hahn and Weinberg 2002; Weinberg 2008). Carcin-

ogenic agents not only cause genomic transformation

of the cell, but also create the conditions that

facilitate proliferation and clonal selection in the cell

microenvironment (Anisimov 1987, 2003a, b, c; Vijg

and Campisi 2008).

Population aging and carcinogenesis

There is a large literature on spontaneous tumor

incidence in experimental animals of various species

and strains. It is well documented that the rate of

malignant tumors increases progressively with age,

both in rodents and humans (Dix et al. 1980; Anisimov

1987; Parkin et al. 2001; Napalkov 2004). Age-related

increases of spontaneous tumor incidence have been

observed in other species, too: amphibians, fish,

hamsters, guinea pigs, dogs and other domestic

animals. There is also evidence of an increase in

spontaneous neoplasm incidence with age in inverte-

brate animals (Ponten 1977).

The term ‘‘spontaneous tumors’’ can be mislead-

ing, as the majority of these neoplasia in humans are

caused by environmental and lifestyle-related factors,

including tobacco smoking, diet, alcohol consump-

tion, sexual promiscuity, industrial carcinogens,

ultraviolet radiation, some drugs, and oncogenic

viruses (Tomatis 1990). Some strains of mice and

rats have a high and low incidence of tumors,

characterized by the selective development of one

or two tumor localizations (Anisimov 1987; Staats

1980; Ward 1983). Tumor incidence, site, and type in

experimental animals vary greatly depending on both

endogenous (genetic) and exogenous factors. Even

under standard dietary and housing conditions, ani-

mals demonstrated a wide range of spontaneous

tumor incidence (Anisimov 1987; Ward 1983).

Genetic factors seem to determine the site (localiza-

tion) and age at tumor onset. There is evidence of

increased cancer risk in humans with some progeria

syndromes as well as in mice with accelerated aging

induced by certain genetic manipulations (Anisimov

2003a, b, c, 2006).

It is evident that the incidence of both total and

fatal tumors decreases in the oldest groups of males

and females. An analysis of data on tumor incidence

in ad libitum versus calorie restricted mice (Lipman

et al. 1999a, b) shows the same. This result corre-

sponds with observations on a decrease in cancer

incidence in centenarians (Bordin et al. 1999; Miyashi

et al. 2000).

Aging and carcinogenesesis: relationship

at the systemic/organ level

There is significant similarity between aging and

carcinogenesis at the level of systemic regulation of

integration at the physiological level. Desynchronosis

in circadian rhythms of melatonin and some other

hormones is common both for aging and carcinogen-

esis in rodents and humans (Anisimov et al. 1995;

Anisimov 2003a, b, c; Bartsch et al. 2001). Both the

levels of serum melatonin and its metabolite,

6-sulfatoxymelatonin excretion, decrease during nor-

mal aging and in cancer patients (Touitou 2001;

Bartsch et al. 2001). Hypothalamic levels of biogenic

amines (catecholamines and serotonin) significantly

decrease in aging animals and humans (Anisimov

2003a, b, c). A number of chemical carcinogens as

well as exposure to ionizing radiation also cause

decreases and/or disturbances in biogenic amines in
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the hypothalamus (Anisimov 1987; Arutjunyan et al.

2001). The hypothalamic threshold of the sensitivity

to feedback inhibition is a key mechanism of age-

related of switching-off of reproductive function in

female rodents and women (Dilman and Anisimov

1979a; Dilman 1994). We have found that exposure

to various chemical carcinogens leads to a similar

phenomena (Anisimov 1987).

The potential link between aging and insulin/IGF-

1 signaling has attracted substantial attention during

the last few years, on the basis of evidence including

age-related increased incidence of insulin resistance

and type 2 diabetes in accelerated aging syndromes

and life span extension by caloric restriction in

rodents, primates, and arguably, humans. Concomi-

tant reduction in plasma insulin and plasma glucose

levels, which implies increased sensitivity to insulin,

is emerging as a hallmark of increased longevity

(Bartke et al. 2003; Tatar et al. 2003). Hyperglycemia

is an important aging factor involved in the gener-

ation of advanced glycation end-products (AGEs)

(Facchini et al. 2000; Ulrich and Cerami 2001). There

is a great deal of evidence that hyperinsulinemia

favors accumulation of oxidized proteins by reducing

their degradation as well as facilitating protein

oxidation by increasing the steady-state level of

oxidative stress (Facchini et al. 2000). Untreated

diabetics with elevated glucose levels suffer many

manifestations of accelerated aging, such as impaired

wound healing, obesity, cataracts, vascular and

microvascular damage (Dilman 1994). It was shown

that centenarians have a preserved glucose tolerance

and sensitivity to insulin as well as a lower degree of

oxidative stress as compared to other aged persons

(Barbieri et al. 2003). It is perhaps not unrelated to

these findings that hyperinsulinemia is also known to

be an important factor in the development of cancer

as well (Dilman 1994; Colangelo et al. 2002; Gupta

et al. 2002).

The intensive investigations in the nematode worm

model organism C. elegans since the 1990s, which

have identified insulin signaling components includ-

ing daf-2, age-1 and daf-16 as the genes whose

mutations lead to life span extension, have shed new

light on the molecular mechanisms underlying aging

(Kenyon 2001; Bartke et al. 2003; Tatar et al. 2003).

Also in the fruit fly D. melanogaster, mutations of

genes operating in signal transduction from the insulin

receptor to transcription factor daf-16 (age-1, daf-2,

CHICO, InR) show that these same genes are closely

associated with longevity in other organisms as well

(Kenyon 2001; Dillin et al. 2002). It was demonstrated

that FKHR, FKHRL1 and AFX, which are mammalian

homologues of the daf-16 fork head transcription

factor, function downstream of insulin signaling and

akt/PKB (Richards et al. 2002). Thus, these pathways

may be conserved throughout evolution and also have

relevance for human aging.

Daf-2 and InR are structural homologues of tyro-

sine kinase receptors in vertebrates that include the

insulin receptor and the insulin-like growth factor type

1 receptor (IGF-1R); the insulin receptor regulates

energy metabolism, whereas IGF-1R promotes

growth. At least three genes (Pit1dw, Prop1dw, Ghr)

have been identified which, when knocked out, lead to

dwarfism with reduced levels of IGF-1 and insulin, and

at the same time result in increased longevity (Flurkey

et al. 2001; Coschigano et al. 2000). In Snell and Ames

dwarf mice, sexual maturation is delayed, and few

males are fertile, while females are invariably sterile.

These animals thus have a longer but presumably more

miserable life. These mice as well as Ghr-/- knockout

mice have significantly reduced glucose levels and

fasting insulin levels, decreased tolerance to glucose

and increased sensitivity to insulin which appears to be

combined with reduced ability to release glucose in

response to acute challenge (Bartke et al. 2003).

Further strong support for the role of the insulin/IGF-1

signaling pathway in the control of mammalian aging

and for the involvement of this pathway in longevity of

IGF-1-deficient mice comes from the experiments of

Hsieh et al. (2002a, b). They showed that in the Snell

dwarf mice, GH deficiency would lead to reduced

insulin secretion and alterations in insulin signaling

via InRb, IRS-1 or IRS-2 and that P13K affects genes

influencing longevity. They concluded that the Pit1

mutation may result in physiological homeostasis that

favors longevity.

Reduction in both glucose and insulin levels, as

well as an increase in insulin sensitivity is a well-

documented response to life-extending caloric restric-

tion in rodents and monkeys (Weindruch and Sohal

1997; Lane et al. 2000). It was shown that improved

sensitivity to insulin in calorie-restricted animals is

specifically related to reducing visceral fat (Barzilai

and Gupta 1999). It is worthy of note that Ghr-/-

mice have a major increase in the level of insulin

receptors (Dominici et al. 2000), while Ames dwarf
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mice have a smaller increase in insulin receptors and

substantially increased amounts of insulin receptor

substrates IRS-1 and IRS-2 (Dominici et al. 2002).

The development of tumors in Ames dwarf mice is

postponed and incidence reduced compared to con-

trols (Ikeno et al. 2003). The crucial mechanism

responsible for the longevity-promoting and anti-

carcinogenic effects of caloric restriction is thought

to be the maintenance of these low levels of insulin

and IGF-1 and also an increase in insulin sensitivity

in rodents (Chiba et al. 2002) as well as in monkeys

(Mattison et al. 2003). Many characteristics of the

long-lived mutants and GH-receptor knockout mice

resemble those of normal animals under caloric

restriction. These characteristics include reduced

plasma levels of IGF-1, insulin and glucose, with the

consequent reductions in growth and body size,

delayed puberty, and significantly increased sensitivity

to insulin action.

To directly test some of these ideas, Holzenberger

et al. (2003) inactivated the Igf1r gene by homolo-

gous recombination in mice. Although Igf1r-/- mice

died early in the life, heterozygous Igf1r?/- mice

lived on average 26% longer than their wild-type

littermates. These mice did not manifest dwarfism,

and their energy metabolism was normal. Food

intake, physical activity, fertility and reproduction

were also unaffected. These mice and embryonic

fibroblasts derived from them were more resistant to

oxidative stress than controls. However, spontaneous

tumor incidence in the aging cohort of Igf1r?/- mice

was similar to wild-type controls. At the molecular

level, insulin receptor substrates and the p52 and p66

isoforms of Shc, both main substrates of the IGF-1

receptor, showed decreased tyrosine phosphorylation.

Two main pathways—the extracellular-signal regu-

lated kinase (ERK)/mitogen-activated protein kinase

(MAPK) pathway and the phosphatidylinositol 3-

kinase (PI3K)-Akt pathway—were downregulated in

Igf1r?/- mice. Longevity extension was also reported

in fat-specific insulin receptor knockout (FIRKO)

mice (Bluher et al. 2003). These animals have

reduced fat mass and were protected against age-

related obesity and its subsequent metabolic abnor-

malities including deterioration of glucose tolerance,

despite normal food intake. Both male and female

FIRKO mice were found to have an increase in mean

life span (by 18%) with parallel increases in maxi-

mum life span. Extended longevity in FIRKO mice

was associated with a shift in the age at which age-

dependent increase in mortality risk becomes appre-

ciable and a decreased rate of age-related mortality,

especially after 36 months of age. In FIRKO mice,

resistance to developing obesity, despite normal food

intake, suggests that metabolic rate is increased,

rather than decreased (Bluher et al. 2003). It was

suggested that decreased fat mass could lead to a

decrease in oxidative stress in FIRKO mice. Another

possibility is that the increased longevity in these

mice is the direct result of altered insulin signaling.

Also along this line of investigation, Shimokawa

et al. (2002) created a transgenic strain of rats whose

GH gene was suppressed by an anti-sense GH

transgene. Male rats homozygous for the transgene

(tg/tg) had a reduced number of pituitary GH cells, a

lower plasma concentration of IGF-1, and a dwarf

phenotype. Heterozygous rats (tg/-) had a phenotype

in plasma IGF-1, food intake, and body weight

intermediate between tg/tg and control (-/-) rats.

The life span of tg/tg rats was 5–10% shorter than

-/- rats. In contrast, the life span of tg/- rats was

7–10% longer than -/- rats. It was found that it was

enhanced tumorigenesis that caused earlier death in

tg/tg rats; in contrast, tg/- rats had reduced non-

neoplastic diseases and a prolonged life span.

Immunological analysis revealed a smaller popula-

tion and lower activity of splenic natural killer cells

in homozygous tg/tg rats. These results provided

evidence that an optimal level of function of the GH-

IGF-1 axis is required for longevity in mammals and

implicates innate immunity in this process.

Recently it was shown that the incidence of

mutations in insulin regulatory region (IRE) of

APO C-III T-455 C directly correlates with longevity

in humans. This is the first evidence showing that

mutations located downstream of daf-16 in insulin

signal transduction system is associated with longev-

ity in humans (Anisimov et al. 2001). As already

mentioned above, it is worth stressing again that

centenarians display a lower degree of resistance to

insulin and lower degree of oxidative stress as com-

pared with the average elderly person \90-year-old

(Barbieri et al. 2003). It was suggested that cente-

narians may have been selected for appropriate

insulin regulation as well as for the appropriate

regulation of tyrosine hydroxylase (TH) gene, the

product of which is rate limiting in the synthesis of

the stress-response mediators catecholamines. It was
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shown that catecholamine may increase free radical

production through enhancing the metabolic rate and

auto-oxidation in diabetic animals (Singal et al.

1983). Recent studies on aging parameters of young

(up to 39) and old (over 70) humans having similar

IGF-1 serum levels provides evidence of an impor-

tant role of this peptide for longevity in people too

(Ruiz-Torres and Soares de Melo Kirzner 2002). Roth

et al. (2002) analyzed data from the Baltimore Longi-

tudinal Study of Aging and found that survival was

greater in men who maintained lower insulin levels.

Immunodepression is a common feature of both

aging and carcinogenesis (Dilman 1994; Pawelec

et al. 2006; Derhovanessian et al. 2008). Some of the

characteristic dysfunctional attributes of T cell

immunity observed in the elderly (‘‘immune exhaus-

tion’’) may be shared by tumor-specific T cells in

younger cancer patients (Walter et al. 2005). Thus,

alterations of immune surveillance accompanying

immunosenescence may contribute to age-associated

increased cancer rates. That tumour regression fol-

lowing immunotherapy can be observed in

immunocompetent hosts but not in old hosts support

this contention in animal models (Gravekamp et al.

2008). Decreased specific T cell responses to tumor

antigens due to immune exhaustion may be part of

the explanation (Pawelec et al. 2006). This T cell

clonal exhaustion may itself lead to the development

of T-regulatory cells which suppress anti-tumor

responses (Derhovanessian et al. 2008). The unbal-

anced pro-inflammatory response in relation to the

relatively conserved innate immune response might

also favour cancer development due to the production

of free radicals (Derhovanessian et al. 2008). How-

ever, more studies are required to define the role of

immunosenescence in cancer in the elderly, about

which little can be currently stated with any certainty.

Aging and carcinogenesesis: relationship

at the cellular level

The term ‘‘cellular senescence’’, originally coined to

describe the many cellular changes associated with

aging, now refers more commonly to a signal

transduction program leading to irreversible arrest

of cell growth, accompanied by a distinct set of

changes in the cellular phenotype and genetic

program (Shay and Roninson 2004). Senescence is

proposed to have evolved as a potent anticarcino-

genic mechanism, with the process of neoplastic

transformation requiring a series of events allowing

cells to bypass senescence (Campisi 2003, 2005;

Shay and Roninson 2004). Thus, cellular senescence

is controlled by the tumor suppressor proteins p53

and pRb (Campisi 2005). Inactivation of these

proteins results in bypassing senescence; due to its

essentially irreveresible growth arrest and the require-

ment for p53 and pRb function, cellular senescence is

therefore considered a potent tumor suppressor

mechanism (Campisi et al. 2001; Kim et al. 2003;

Campisi 2003; Itahana et al. 2004). This may be true

for rodents, but not proved for humans. Reactivation

of telomerase is considered rate-limiting to bypass

sensecence and necessary for many human carcino-

mas (as distinct from rodents which express

telomerase and may have long telomeres), and is

not accomplished simply by inactivation of RB and

p53 (Rangarajan and Weinberg 2003). Although the

relationships between cellular senescence and aging

in vivo is not very clear yet, senescent cells do

accumulate in aging tissues, at least in human skin

and liver (Dimri et al. 1995; Paradis et al. 2001;

Dimri 2005) and in primate retina and skin (Mishima

et al. 1999; Herbig et al. 2006). The contribution of

the growth arrest and anti-tumor protein p16 has been

implicated in studies on human skin (Ressler et al.

2006). Senescent cells were shown to be capable of

stimulating the malignant progression of premalig-

nant keratinocytes and mammary gland epithelial

cells (Krtolica et al. 2001). Senescent cells have also

been detected at sites of age-related pathology,

including benign hyperplastic prostate (Choi et al.

2000) and atherosclerotic lesions (Vasile et al. 2001).

Nonetheless, some published observations have failed

to support the existence in vivo of a significant

number of cells with the phenotype observed during

replicative aging. Thus, Cristofalo (2005) was unable

to demonstrate any donor age-specific increase in

senescence-associated beta-galactosidase (SA-b-gal)

activity staining in human skin samples.

The natural history of spontaneous tumors in

humans (the rate of tumor doubling, metastazing

potential) and on the survival of cancer patients

newly diagnosed at different ages provides informa-

tion on the effects of age on tumor growth in humans.

Available data both in experimental animals and in

humans are contradictory and support different
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effects of age on tumor development (Anisimov

2006). In general, an ‘‘age effect’’ may be recognized

both in experimental and in human malignancies.

Mikhnin et al. (2004) have studied the growth rate

and the volume doubling in 150 malignant melano-

mas of the skin in patients aged from 16 to 85 years.

Regardless of the pattern of melanoma growth

(superficial and/or nodular) there was no influence

of age on the kinetics of tumor growth. This

observation is not easily reconciled with the idea

that accumulation of senescent cells promotes tumor

growth in humans. Tissue origin (histogenesis) and

immunogenicity of the tumor are the principal factors

determining age-related differences in tumor growth.

Notwithstanding the above observations, there is

increasing evidence that age-related changes in the

tumor microenvironment might play a significant

role, perhaps mostly in tumors other than melanoma,

which is perhaps less dependent upon stromal

support. In our own experiments, lung-affine cells

of rat rhabdomyosarcoma RA-2 were intravenously

inoculated into rats of different ages (Anisimov et al.

1988). It was observed that the number of lung tumor

colonies was highest in 1- and 15-month-old animals

and lowest in 3- and 12-month-old animals. A positive

correlation was found between the number of tumor

lung colonies and somatomedine activity in the lung.

In another experiment, RA-2 cells from a 3-month-old

donor were inoculated into 2–3 or 21- to 23-month-old

recipients and 3 weeks later were separately taken

from ‘‘young’’ and ‘‘old’’ hosts and transplanted into

3-month-old recipients. The number of lung colonies

was significantly decreased in 3-month-old recipients

injected with RA-2 cell passed via ‘‘old’’ host. The

results obtained suggest the critical role of host and

donor microenvironment in lung colony forming

potential of RA-2 cells.

McCullough et al. (1994) have observed that

transformed rat hepatocytic cells lines were only

weakly tumorigenic following transplantation into the

livers of young adult rats. The tumorigenicity of these

cell lines increased progressively with the age of the

tumor recipients. These results suggest strongly that

the tissue microenvironment is an important deter-

minant in the age-related tumorigenic potential of

transformed cells. Thus, available data show that

some changes in structure and function of DNA are

evolving with natural aging. The character of these

changes could vary in different tissues and might

cause a mosaic of tissue aging. In turn, this may lead

to both age-related increases in spontaneous tumor

incidence and age-related changes in susceptibility to

carcinogens in various organs (Anisimov 2003a, b, c).

Aging and carcinogenesesis: relationship

at molecular level

One of the most popular theories of aging is the free

radical theory proposed in 1956 by Denham Harman

(Harman 1998). This theory postulated that various

oxidative reactions occurring in the organism (mainly

in mitochondria) generate free radicals as byproducts

which cause multiple lesions in macromolecules

(nucleic acids, proteins and lipids), leading to their

damage and aging. This theory explains not only the

mechanism of ageing per se but also a wide variety of

age-associated pathology, cancer included (Harman

1998; Hamilton et al. 2001; von Zglinicki et al. 2001).

Recent evidence suggests that key mechanisms of both

aging and cancer are linked via endogenous stress-

induced DNA damage caused by reactive oxygen

species. These include oxidative nuclear and mito-

chondrial DNA damage and repair, telomere

shortening and telomere-driven cellular senescence

and have been intensively discussed in a number

of comprehensive reviews (Hamilton et al. 2001;

Kawanishi et al. 2001; von Zglinicki et al. 2001). It is

worthy of note that free radical damage in chemically

and radiation-induced carcinogenic processes is crit-

ically related to cell transformation (Kawanishi et al.

2001; Anisimov 2003a, b, c). Epidemiological obser-

vations have shown that oxidative stress is one of the

major facilitators of carcinogenesis. Recent data

suggest that common molecular mechanisms exist in

oxidative stress-induced carcinogenesis, including

p16INK4A inactivation (Toyokuni 2008). Using novel

technique based on DNA immunoprecipitation it was

shown that the localization of oxidative DNA damage

is not random in vivo (Toyokuni 2008).

The intensity of natural damage to DNA is very

high, e.g. in a human cell, spontaneous depurinization

takes place at a rate of up to 10,000 events per day and

spontaneous deamination of adenine and cytosine at a

rate of hundreds of events per day (Singer and

Grunberger 1983). As a result, permanently active

mechanisms of DNA repair have evolved. It transpires

that in both the most intensive natural mutation
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processes (depurinization and deamination), thymine

is not present (mutations related to it are significantly

more rare (Singer and Grunberger 1983), and therefore

repair mechanisms for thymine may have evolved less

intensively. Hence, if we want to induce uniformly

distributed point mutations (and simultaneously to

minimize damage to other structures) in laboratory

animals then it is appropriate to use analogues of

thymine as a mutagen.

Some ‘‘in vitro’’ and ‘‘in vivo’’ effects of the

thymidine analogue, 5-bromodeoxyuridine (BrdUrd),

suggest that BrdUrd can be profitably used to

investigate the role of selective DNA damage both

in carcinogenesis and in aging. BrdUrd is incorpo-

rated into replicating DNA in place of thymine, and

this effect is mutagenic (Morris 1991). Assuming a

fairly even level of BrdUrd incorporation into the

DNA of various tissues of neonatal rats and long-term

persistence therein (Ward et al. 1991), cells with the

highest proliferative activity would be more likely to

undergo malignant transformation. Exposure to

BrdUrd has dramatic effects on cellular functions

including cell differentiation, inactivation of regula-

tory genes or master switching, and proliferation

(Anisimov 1994). These changes in cellular function

may favor tumor development.

In a series of experiments (Napalkov et al. 1989;

Ward et al. 1991; Anisimov and Osipova 1992) rats

received subcutaneous injections of BrdUrd at 1, 3, 7

and 21 days of postnatal life at the single dose of 3.2 mg

per rat. Exposure to BrdUrd caused a decrease in the

mean life-span of the animals of 38% in males and 27%

in females by increasing the rate of aging (calculated

according to the Gompertz equation). Monitoring estrus

showed an earlier natural age-related switching-off of

reproductive function in female rats, due to disturbances

in central regulation of gonadotropic function in the

pituitary. The exposure of rats to BrdUrd was accom-

panied by signs of immunodepression, increased

incidence of chromosome aberrations and decreased

latency of spontaneous tumors. Moreover, in offspring

of rats neonatally treated with BrdUrd, there was an

increased incidence of congenital malformation and of

spontaneous tumors, and accelerated aging was

observed. Neonatal exposure of rats or mice to BrdUrd

was followed by the initiation of the neoplastic process

and, consequently, by increased tissue susceptibility to

‘‘late stage’’ carcinogens such as NMU, X-irradiation,

urethane, estradiol-benzoate and TPA (Napalkov et al.

1989; Anisimov and Osipova 1992; Anisimov 1994).

Our data thus provided evidence that perturbation of

DNA induced by BrdUrd exposure contributed sub-

stantially to the initiation of tumorigenesis and to the

acceleration of aging not only in exposed animals but

also their offspring.

In vitro, BrdUrd was found to induce flat and

enlarged cell shapes, characteristic of senescent cells,

and SA-b-gal expression in mammalian cells regard-

less of cell type or species. In immortal human cells,

fibronectin, collagenase I, and p21(waf1/sdi-1)

mRNAs were immediately and very strongly induced,

and the mortality marker mortalin changed to the

mortal type from the immortal type. Human cell lines

lacking functional p21(wafl/sdi-1), p16(ink4a), or p53

behaved similarly. The protein levels of p16(ink4a)

and p53 did not change uniformly, while the level of

p21(wafl/sdi-1) was increased by varying degrees in

positive cell lines. Telomerase activity was suppressed

in positive cell lines, but accelerated telomere short-

ening was not observed in tumor cell lines (Michishita

et al. 1999; Suzuki et al. 2001; Minagawa et al. 2005).

These results suggest that BrdUrd induced senescence-

like phenotypic resemblance in both mortal and

immortal cultured mammalian cells and, possibly,

activated a common senescence pathway present in

both types of cells (Suzuki et al. 2001). The level of

gene expression in HeLa cells and normal human

diploid fibroblasts (TIG7 cells) exposed to BrdUrd has

been examined by others (Suzuki et al. 2001). BrdUrd

was found to induce expression of various known and

novel genes in addition to several senescence-marker

genes in HeLa cells, and more than half of these genes

were found to be induced in normally senescent human

fibroblasts. The affected genes in BrdUrd-treated HeLa

cells include those involved in remodeling of the

extracellular matrix, cell cycle progression, and

metabolism of intracellular compounds essential for

normal cell growth. These observations reflect features

characteristic of normal senescent cells, e.g. specific

morphological changes and the cell cycle arrest at the

G1/S boundary, and support the view that BrdUrd

induces a senescence-like phenomenon. In another set

of in vitro experiments, it was shown that BrdUrd

activates a silenced transgene integrated in HeLa cells

(Suzuki et al. 2001), supporting the idea that similar

mechanisms may operate in the regulation of BrdUrd-

inducible genes and the senescence-associated genes.

It is important to stress that BrdUrd immediately
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induces premature senescence in normal cells and the

senescence-like phenomenon in any type of immortal

cells (Suzuki et al. 2001). Recently, Minagawa et al.

(2004) have shown that BrdUrd immediately and

dramatically induces senescence-associated genes in

human cells. Together, these data imply shared pathways

of ‘‘normal’’ ageing and the response to carcinogens/

mutagens.

Mathematical modeling of processes of aging and

carcinogenesis in tissues based on the experimental

data alluded to above (Napalkov et al. 1989; Anisimov

and Osipova 1992; Anisimov 1994, 1995) has been

performed (Butov et al. 2002) on the basis of the

recurrent algorithms constructed on the stochastic

equations in terms of semi-Martingale characteristics

of these processes. The results support the conclusion

that BrdUrd treatment causes accelerated aging in

tissues with proliferating cells, as well as a mortality

increment directly due to tumorigenesis. Thus, math-

ematical modeling further supports the hypothesis that

levels of tissue damage resulting from mutagenesis and

oxidative stress accelerate aging.

Senescence of cancer cells

Senescence, like apoptosis, is a barrier to tumorigen-

esis and SA-b-gal-positive cells have been detected in

early, but not late stages of carcinogenesis (Narita

and Lowe 2005). However, escaping the senescence

program during cancer progression does not shut it

off completely as many tumor cells retain the ability

to undergo senescence in vitro (Han et al. 2002; Kim

et al. 2003; Roninson 2003; Eom et al. 2005; Xu et al.

2005; Ota et al. 2006; Rebbaa et al. 2006; Sliwinska

et al. 2008). Thus, it seems that the phenomenon of

inducing senescence of immortal/cancer cells is not

restricted to BrdUrd and even not to genotoxic stress

as inhibition of histone deacetylation can give the

same effect (e.g. Rebbaa et al. 2006). However, the

majority of data showing senescence of cancer cells

were obtained using DNA-damaging agents. Indeed,

it was shown that cancer cells exposed to DNA-

damaging agents, such as many of those commonly

used in chemotherapy, undergo permanent cell cycle

arrest and acquire a phenotype similar to that

observed in replicative or premature senescence of

normal human cells (Chang et al. 1999; Roninson

2003; Sliwinska et al. 2008; Eom et al. 2005; Jackson

and Pereira-Smith 2006). This includes an enlarged,

flattened morphology, positive staining for SA-b-gal

and induction of p21. Recently, this capacity of

cancer cells was documented in vivo as well. The

presence of SA-b-gal-positive cells has been reported

in specimens from breast cancer (te Poele et al. 2002)

and lung cancer patients who received chemotherapy

(Roberson et al. 2005) as well as in an animal cancer

model (Puig et al. 2008). It is believed that inducing

the senescence of cancer cells is an important

outcome for the successful treatment of cancers—

especially those resistant to apoptosis—with many

chemotherapeutic agents (Berns 2002).

Interestingly, it is commonly believed that normal

human fibroblasts are blocked in the G1 phase of the

cell cycle when senescent, whilst cancer cells induced

to senescence with DNA-damaging agents can be

blocked also in G2 or even bypass cell cycle check-

points and undergo endoreplication by multiplying

their DNA content several times. Senescence-like

growth arrest upon treatment with the DNA-damaging

agent doxorubicin has been shown to be associated

with polyploidy in several human cell lines (Han et al.

2002; Kim et al. 2003; Roninson 2003; Eom et al. 2005;

Xu et al. 2005; Ota et al. 2006; Rebbaa et al. 2006;

Sliwinska et al. 2008) but not in breast cancer (Jackson

and Pereira-Smith 2006). Using the same concentra-

tion and time course of doxorubicin treatment we have

in fact shown that en route to senescence, colon

HCT116 cells became polyploid with a DNA content

reaching 16C, but breast MCF-7 cells were arrested in

the G1 and G2 phases of the cell cycle (Mosieniak and

Sikora, unpublished data). This implies that the genetic

background can influence the molecular pathways

leading to the terminal growth arrest of cancer cells. It

is believed that polyploidazation can be prevented by a

p53-dependent G1 checkpoint, the G2 checkpoint, and

the mitotic spindle checkpoint (Storchova and Pellman

2004; Vogel et al. 2004). Interestingly, HCT 116 cells,

like MCF-7, activate p53 upon doxorubicin-treatment

and have properly functioning mitotic checkpoint

controls, as revealed by nocodazole treatment. Despite

this, the majority of doxorubicin-treated HCT 116 do

not enter mitosis but endoreduplicate, suggesting that

active p53 is not enough to stop them in G1 or

tetraploid G1 (Sliwinska et al. 2008). It cannot be

excluded that another tumor suppressor, namely pRb,

is critical in blocking DNA replication and preventing

endoreduplication (Niculescu et al. 1998; Srinivasan
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et al. 2007). Indeed, we have identified several

differences between HCT 116 and MCF-7 cells

regarding expression of pRB family members (Mos-

ieniak and Sikora, not shown).

Polyploid cells are potentially dangerous as they can

undergo aberrant mitoses, giving rise to chromosom-

ally unstable progeny (Storchova and Pellman 2004).

One cannot exclude the possibility that on their route to

senescence, polyploid cells can infrequently escape

senescence and divide. Indeed, this was recently

documented in several laboratories (Sundaram et al.

2004; Erenpreisa and Cragg 2007; Puig et al. 2008;

Sliwinska et al. 2008). Although Bataller et al. (2008)

did not document senescence-like characteristics of

HCT 116 cells after treatment with mithramycin-SK,

they did find that a small number of polyploid cells are

able to divide and give rise to aneuploid progeny. In

contrast, MCF-7 cells which show senescence-like

growth arrest without endoreduplication are perma-

nently arrested and even rare cell division events are

never observed (Mosieniak and Sikora, unpublished

results).

In the view of these findings, the question is

whether senescence of cancer cells is actually a

desirable outcome of cancer treatment? Although this

can be true for some types of cancer cells (e.g. breast

cancer), this might not be the case for all (e.g. colon

cancer). The capacity for endoreplication en route to

senescence induced with anticancer agents may be a

valuable for prediction the outcome of cancer

treatment.

Interventions in aging and carcinogenesis:

the case of antidiabetic biguanides

Several years ago, it was suggested that biguanide

antidiabetics may act as a potential anti-aging inter-

vention (Dilman 1971). The antidiabetic drugs,

phenformin (1-phenylethylbiguanide), buformin

1-butylbiguanide hydrochloride) and metformin (N,N-

dimethylbiguanide) reduce hyperglycemia, improve

glucose utilization, reduce free fatty acid utilization,

gluconeogenesis, serum lipids, insulin, somatomedin,

reduce body weight and decrease metabolic immun-

odepression both in humans and rodents (Muntoni

1999; Dilman 1994). Thus, according to the above

arguments, they should decrease cancer occurrence and

enhance longevity. Although phenformin is no longer

used in clinical practice due to it side effects (mainly

lactic acidosis) in patients with non-compensated

diabetes, a [10-year-long experience of treating

patients without advanced diabetes did not reveal

problems with lactic acidosis or any other side effects

(Dilman 1994). Thus, analysis of the results of long-

term administration of this drug as well as other

antidiabetic biguanides (buformin and metformin) to

non-diabetic animals will be important for understand-

ing of links between insulin and longevity, and could

have potential application in humans. In this regard,

it was reported that treatment with antidiabetic

biguanides prolonged the mean life span of female

mice and rats (Dilman and Anisimov 1980; Anisimov

et al. 2003, 2005a, b, 2008) and that metformin also

significantly increases rat life span (G. S. Roth, personal

communication).

Paralleling the above findings, the anticarcinogenic

effect of antidiabetic biguanides has been demon-

strated in several models of spontaneous and induced

carcinogenesis. Treatment with phenformin normal-

ized glucose tolerance and serum insulin and IGF-1

levels in rats given intravenous injections of

N-nitrosomethylurea (NMU). Moreover, mammary car-

cinogenesis was inhibited in these animals (Anisimov

1987). Treatment of rats with 1,2-dimethylhydrazine

(DMH) caused a decrease in the level of biogenic amines,

particularly of dopamine in the hypothalamus, as well as

decreased glucose tolerance and increased insulin and

triglyceride levels in blood. Administration of phenfor-

min restored immunological indices and inhibited DMH-

induced colon carcinogenesis (Anisimov 1987). Growth

of colon 38 adenocarcinoma was significantly slowed in

liver-specific IGF-1-deficient mice, whereas injections of

IGF-1 promoted tumor growth and metastasis (Wu et al.

2002).

Postnatal treatment with biguanides started from

the age of 2 months significantly inhibited the devel-

opment of malignant neurogenic tumors in

rats transplancentally exposed to NMU or NEU

(Alexandrov et al. 1980). In hamsters fed a high fat

diet, treatment with N-nitrosobis-(2-oxopropyl)amine

caused development of pancreatic malignancies in

50% of the animals, whereas no tumors were found in

the hamsters exposed to the carcinogen but also treated

with metformin (Schneider et al. 2001). Thus, anticar-

cinogenic effects of antidiabetic biguanides have been

demonstrated in relation to spontaneous carcinogene-

sis in mice and rats, in different models of chemical
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carcinogenesis in mice, rats and hamsters, and in

radiation carcinogenesis models in rats (Anisimov

2008). Finally, phenformin administered orally to

rodents was also found to potentiate the antitumor

effect of cytostatic drugs on transplantable tumors

(Dilman and Anisimov 1979b).

Monitoring cancer patients over 10 years has

shown that metabolic rehabilitation in (including

restricted fat and carbohydrate diets and treatment

with antidiabetic biguanides) resulted in a significant

survival benefit in breast and colorectal cancer

sufferers, associated with an increased cancer-free

duration, and decreased incidence of metastasis

(Berstein et al. 2004; Berstein 2005). Consistent with

this, it was reported that in type 2 diabetics,

metformin treatment may be associated with reduced

cancer risk (Evans et al. 2005; Bowker et al. 2006).

The anti-diabetic biguanides inhibit fatty acid

oxidation, inhibit gluconeogenesis in the liver,

increase the availability of insulin receptors, inhibit

monoamine oxidase (Muntoni 1999), increase sensi-

tivity of hypothalamo-pituitary complex to negative

feedback inhibition, and reduce the excretion of

glucocorticoid metabolites and dehydroepiandroster-

one-sulfate (Dilman 1994). These drugs have been

proposed for the prevention of the age-related increase

of cancer and atherosclerosis, and for retardation of the

aging process (Dilman 1971, 1994). It has been shown

that administration of antidiabetic biguanides to

patients with hyperlipidemia lowers the level of blood

cholesterol, triglycerides, and b-lipoproteins. It also

inhibits the development of atherosclerosis, reduces

hyperinsulinemia in men with coronary artery disease.

It increases hypothalamo-pituitary sensitivity to inhi-

bition by dexamethasone and estrogens, causes

restoration of estrous cycle in persistent-estrous old

rats, improves cellular immunity in atherosclerotic and

cancer patients, lowers blood IGF-1 levels in cancer

and atherosclerotic patients with Type IIb hyperlipo-

proteinemia (Dilman 1994). There are also data on the

antioxidative effect of biguanides (Mattson et al. 2001;

Gargiulo et al. 2002) and their neuroprotective activity

(Lee et al. 2002). It was shown that biguanides inhibit

complex I of the respiratory chain in mitochondria that

leads to an activation of physiological intracellular

inhibition of mitochondrial respiration (El Mir et al.

2000). Biguanides stimulate a protein kinase cascade

inhibiting expression of the transcription factor

SREBP-1. Activation of this factor with cholesterol

leads to an increase in transcription of genes coding

lipogenesis enzymes and to suppression of free fatty

acid oxidation. Thus, stimulation of uptake of glucose

in tissues by biguanides inhibits lipogenesis and

activates oxidation of FFA (Zhou et al. 2001). It was

also shown that in vivo biguanides reduce appetite

(Paolisso et al. 1998) and serum levels of leptin and

IGF-1 (Fruehwald-Schultes et al. 2002). It was

suggested that biguanides regulate energy balance of

the organism at the fat tissue level (Mick et al. 2000).

In general, results of biguanide treatment effects seem

very similar to those of calorie restriction (Fig. 2).

Their use as mimetics may therefore be preferable to

the hard discipline of caloric restriction itself and

increase compliance for optimal anti-aging and anti-

cancer results.

Conclusions

Thus, data available in the literature and obtained in

our own experiments suggest that many of the

hormonal and metabolic shifts in the organism, as

well as alterations to immunity, and dysregulation at

the tissue and cellular levels are common to both

natural aging and different types of carcinogenesis in

vivo. Carcinogens could be supposed to initiate

transformation of a normal cell, interacting with its

elements on the molecular level, on the one hand, and

to produce diverse changes in the organism facilitating

promotion and progression of tumor growth, on the
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other. The logical consequences of this hypothesis are

that what we observe as ‘‘normal’’ or ‘‘natural’’ aging

is in fact also a product of environmental exposures

throughout life, at least to some degree.
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