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Research Article

Individual Aging and Cancer Risk: How Are They Related?

Svetlana V. Ukraintseva !
Anatoli |. Yashin 2

Abstract

When individuals get older, the risk of many chronic diseases increases. Thisincreaseis
in agreement with common theories of aging, such as mutation accumulation, wear and
tear, antagonistic pleiotropy, etc. Surprisingly, however, the risk of some chronic
conditions (e.g. asthma, arterial hypertension) declines in the old. The cancer incidence
rate also declines at old ages after a steep increase during adult life. It contrasts with the
continuing increase in total mortality that is often referred to as the aging process.
Which forces contribute to a decline in cancer risk in the old? In this paper we review
evidence from experimenta biology, illustrating the ambivalent role of individua aging
in cancer risk, in particular in forming non-monotonic age-patterns of cancer incidence
rate. We show that age-associated changes in the organism may contribute not only to
therise, but also to the decel eration and the decline in cancer risk at old ages.
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1. Introduction

Cancer used to be regarded as an aging-related disease. However, in contrast to the
increasing pattern of total mortality (often referred to as the aging process), cancer
incidence and death rates firgt increase rapidly and then decelerate or even decline
(Source: IARC 1965-1997, Smith 1996, 1999). The risk of many chronic diseases
increases with advanced age, and this fact is in agreement with common theories of
aging such as mutation accumulation, wear and tear, antagonistic pleiotropy, etc.
However, the deceleration or decline in this risk a oldest ages are surprisng and
unexplained from the point of view of contemporary aging theories. These were shown
not only for cancer, but dso for a variety of other pathological conditions such as
asthma and arterial hypertenson (Sankaranarayanan et al.1999, Ukraintseva and
Sergeev 2000, Ukraintseva 2000). One explanation of this phenomenon involves effects
of a population’s heterogeneity (e.g. related to difference in carcinogenic exposure)
(Vaupd and Yashin 1985, 1988). Othersrequire a better understanding of the universal
aspects of the aging process, developing at the individual level.

In this paper we show that age-related changesin an organism may not only favor,
but also suppress cancer devel opment, and thus they may contribute not only to therise,
but also to the deceleration and the decline in cancer risk at old ages. We analyse
findings from human and animal experimental studies in support of this view.

2. Cancer incidencerate pattern: typical featuresand explanations

2.1. Age-pattern of overall cancer incidencerate
Typical features of the age-pattern of overall cancer incidence rate include (Fig. 1):

i apeak in early childhood

i low ratein youth

iii increasein thisrate afterwards

iv thedeceeration or declinein therate a old ages

These features arerecurrent over time and place (IARC 1965-1997).

The explanation of cancer rate patterns has a long history. It has been noticed for
many years that cancer is more common among the old than among the young. Most
researchers who studied relationships between age and cancer risk paid attention mainly
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to the increase in cancer risk with age (see e.g. Peto et a. 1975, Rainsford et al. 1985,
Volpe and Dix 1986, Dix 1989, Krtolicaand Campis 2002). They ignored other typical
features of the cancer rate pattern such as the deceleration and the decline in the rate at
old ages. One reason for this might be the use of data on age-specific cancer mortality
rather than incidence data. Typical data on cancer mortality are limited by age 75,
which does not alow for observation of the decline in the rate at oldest ages (see e.g.
EUCAN and GLOBOCAN databases (Ferlay et a. 1999, 2001)). However, the data
from specia studies on age-specific cancer mortality among the oldest old, combined
with available data for earlier ages (Health, US 1997, Smith 1996, 1999), alow us to
conclude that the risk of dying from cancer among the oldest old declines with age
(Fig. 2).

Cancerincidence and mortality rates
for all sites and both sexes combined, the USA
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Figure2:  Cancer incidence rate (1988-92), average annual, and mortality rate
(1990) in the USA (IARC 1997, Health US 1996-1997, Smith 1996).

Based on 1990 United States vital statistics, Smith (1996, 1999) found that the
mortality rate of all kinds of cancer combined, as well as from cancer of most sites,
peaks at 80-94 years, and declines at greater ages. The author attributed this decline in
cancer mortality rate to a respective decline in cancer incidencerate at earlier ages. The
latter has been recorded in many epidemiological studies (see e.g. Miller 1980, Yancik
1993, Yancik and Ries 1994, Pompei et al. 2001). Nevertheless, most studies relating to
age and cancer risk have focused on the explanation of the increase in cancer risk with
age only.
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2.2. Mechanisms of theincreasein cancer risk with age

Two kinds of mechanisms have been suggested to explain the increase in cancer risk
with age.

Exposures. The firs explanation refers to simple dose-duration effects of
carcinogenic exposures, regardless of any effects of aging. This explanation is
supported by the data from rodent experiments with carcinogens and observations on
occupational exposure in humans (Doll et al. 1970, Peto et al. 1975, Peto et al. 1985).
For example, an experiment involving 950 mice (Peto et al. 1975) showed that regular
benzpyrene application to the skin, beginning at 10, 25, 40 or 55 weeks of age, steeply
increased the incidence rate of malignant epithelial tumors with time. This increase was
associated directly with the duration of exposure but was independent of age at the start
of exposure, as were the growth rates of already established tumors. Authors concluded
that age equals the duration of exposure to carcinogenic stimuli.

Indeed, universal characteristics of cancer rate patterns suggest an influence of
universal factors as well. Carcinogenic exposures might be among such factors only if
their effects are similar across human populations and mammalian species. In principle,
there are exposures that are universal such as exposure to oxygen. Although these
exposures are not directly carcinogenic, they might influence cancer risk through the
age-associated change in the internal milieu. However, the mechanism proposed above
implies that susceptibility to carcinogens does not increase with age. Thus, the concept
suggested by Peto et a (1975) does not involve all kinds of effects of carcinogenic
exposures, but only those which do not affect age-associated susceptibility to cancer.

Somatic aging. Ancther explanation for the age-associated increase in cancer risk
implies that individual vulnerability to cancer increases with age, and that aging-related
processes in an organism may be responsible for this increase (see e.g. Dilman 1968,
1983, Anismov 1987, 2003, DePinho 2000, Rubin 2001, Krtolica and Campis 2002).
Some in vitro and in vivo experiments revealed that tissues taken from old mice are
more susceptible to transformation by carcinogens than those from young animals
(Summerhayes and Franks 1979, 1984). There have been severa mechanisms
suggested, explaining how individual aging may increase vulnerability to cancer. Some
researchers (Dilman 1968, 1983, Cheresov 1997) proposed that aging may increase
susceptibility of an organism to cancer due to a disturbance of hormona balance, an
increase in the number of loci of chronic proliferation, and the decline in immune
surveillance with age. The latter is not obvious because the role of the decline in
immune surveillance in cancer risk has been shown to be complex and contradictory
(seee.g. Zinzar et al. 1978, Bast et al. 2000). Krtolica and Campisi (2002) proposed that
the accumulation of senescent cells in the stroma, with age, disrupts the local tissue
integrity with factors secreted by these cells. This may, in the authors' opinion, create a
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pro-oncogenic tissue microenvironment. DePinho (2000) suggested that cancer-prone
phenotype in old age might represent the combined pathogenetic effects of mutation
load, telomere dysfunction, and altered stroma milieu. The role of altered stromal
milieu was emphasized by most researchers explaining the increase in vulnerability to
cancer with age (Cheresov 1997, Rubin 2001, Krtolica and Campisi 2002, Anismov
2003). These concepts taken together associate the increase in vulnerability to cancer to
multiple effects of age. Some of these effects (e.g. changesin tissue microenvironment)
actudly may arise from age-associated exposures, such as to infectious agents.
Although some of the above concepts give acceptable explanations of age-associated
increase in cancer risk, they till do not explain the deceleration and the decline in
cancer incidencerate at old ages.

2.3. Mechanisms of the deceleration and the declinein cancer risk at old ages

Detection bias. The detection of new cases of cancer often involves complex diagnostic
procedures. The use of a number of such procedures (e.g. colonoscopy) may be
restricted in the oldest old ages, when individuas are frail, or have multiple chronic
conditions. This may create the detection bias since a number of cancers may stay
undetected among the oldest old. For this reason the deceleration or decline in the age
pattern of cancer incidence rate a oldest old ages, caculated from the available data,
may not necessarily reflect the real pattern of changesin cancer risk with age. Several
studies have been performed to address thisissue.

Stanta et a. (1997) have analysed a group of 507 autopsies of elderly subjects,
divided into three age groups, 75-90 years, 95-99, and over 99 (centenarians). The
prevalence of cancer was 35% among the younger persons, and 20% and 16%
respectively, for two other groups of the oldest old. Accuracy of diagnosis also declined
in the oldest old. The authors concluded that both the incidence of cancer and the
importance of cancer as a cause of death might decline after age 95. Kuramoto et al.
(1993) analysed the prevalence, rate of correct clinica diagnosis, and mortality of
cancer in 4,894 consecutive autopsies at the Tokyo Metropolitan Geriatric Hospital
from 1972 to 1990. Cancer prevalence decreased with advancing age: 50.0% in the
sixties, 47.9% in the seventies, 43.2% in the eighties, and 39.3% in the nineties and
over. There is aso evidence concerning cancer incidence turnover at old age in
laboratory mice (Pompel et a 2001). This significant finding suggests that old age
decline in cancer risk isnot spurious. Indeed, in the case of experimental animals, such
decline can not be related to a diagnostic bias.

Despite the fact that additional efforts are necessary in order to evaluate the
contribution of detection bias into observed estimates of cancer incidence and mortality
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rates, many cancer epidemiologists agree on a decelerating and even declining age
pattern of these rates at oldest old ages. Some of them have tried to explain such a
pattern (Macieira-Coelho 1986, 2001, Vaupel and Yashin 1988, Benson et al. 1996,
Ukraintseva and Yashin 2001). The late deceleration in cancer risk could, for insance,
reflect diminishing exposure to prevalent carcinogens (e.g. tobacco smoking) at old
ages, rather than the effect of somatic aging. Macieira-Coelho (1986) suggested that the
fact that cancer risk might level off, or decline at old ages, means that this risk “is
related to age rather than to aging”. This point of view implies that physiological aging
is not able to decrease cancer risk. Macieira-Coelho (2001) concluded that cancer
results from tissue-specific action of genetic, environmental and developmenta factors,
which arenot related to aging.

Selection. Vaupel and Y ashin (1988) explained the deceleration and the decline in
cancer risk at old ages in terms of differentia selection in a heterogeneous population
(see aso Vaupd and Yashin, 1985 for detail on the concept). Such selection favors
survival of individuas who are less prone to cancer (eg. because they were less
exposed to carcinogens during life, or less genetically predisposed to the disease). As a
result, a proportion of such individuals increases in an old age population. The change
in population structure produces observed effects of the deceleration or the decrease in
old age cancer morbidity. This explanation does not involveindividua aging as a causal
factor.

Individual aging. Few attempts to explain the deceleration and the decline in
cancer risk were made in terms of effects of individua aging (Benson et al. 1996,
Ukraintseva and Y ashin 2001). Benson and co-authors (1996) suggested that therole of
aging in cancer incidence be determined by two components. One is responsible for the
increase in the incidence rate beginning near age 30 and another for the gradual
diminution in this rate of increase. The firs component may correspond to the
activation of cells with damaged DNA, to the deactivation of DNA repair or to impaired
apoptosis. The second one may correspond to the loss of cell divison potential with
age. The importance of this concept is that it relates aging to both an increase and a
deceleration in cancer risk with age. However, the authors have not described
mechanisms underlying such arelationship in detail.

We (Ukraintseva and Yashin 2001) suggested dividing age-associated changes in
an organism into three groups (time-dependent, basal, and ontogenetic) according to
their possibly different influence on risk of age-related diseases, including cancer. Let
us briefly describe thisidea.

Time-dependent changes in an organism represent direct effects of accumulating
harmful exposures over time, which favor the increase in cancer risk with age, but not
its deceleration and decline. The effect of tobacco smoking on lung cancer risk could be
an example of such an influence.
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Basal changes represent the effects of universal declinein the rate of physiological
processes in the aging organism. The age-related decline in the rate of metabolism, the
rate of information processing, and the rate of cell proliferation could be examples (see
e.g. Ademan 1971, Buetow 1971, Cameron 1972, Cheron and Desmedt 1980, Grove
and Kilgman 1983, Masoro 1985, Katzman 1995, Cerella 1993, Guyton and Hall 1996,
Rubin 1997) (Fig. 3).
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Figure 3: Human basal metabolism (Guyton and Hall 1996)

Within the framework of basal changes, the main difference between old and young
individuals is that the old one lives, thinks and performs basic physiological functions
dower than he did when he was young. As a result, some age-related changes, normal
as well as pathological, may accumulate at a dower rate with age (Fig. 4). We propose
that the basal dowing down may paradoxically contribute to both the increase and the
deceleration in the increase in cancer risk with age (see section 3 below).

The Ontogenetic component of aging represents effects of metabolic changes
accompanying switches in stages of ontogenesis during life (e.g. in infancy, in the
reproductive period, and at the climacteric). This aging component might be responsible
for a non-monotonic change in vulnerability of an organism to cancer with age. We
propose that the interacting of the different components of age-associated changes in
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the organism creates the background for wave-like patterns of chronic morbidity,
including that of cancer (Ukraintseva and Y ashin 2001).
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Figure 4: Examples on decelerated change in physiological parameters with age.

Below we discuss recent findings from human and anima studies, providing
compelling evidence on the ambivalent role of individual age-associated changes in
shaping age-patterns of cancer incidence rate. We show that aging may not only favor,
but also suppress cancer devel opment.
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3. Aging may not only increase but also reduce cancer risk

3.1 How age-associated exposur es may increase vulner ability to cancer

Available data strongly suggest that changes in tissue microenvironment may favor
cancer development (Zimmerman and Carter 1989, McCullough et a. 1994, Cheresov
1997, Bergers and Coussens 2000, Bissell and Radisky 2001, Chang and Werb 2001,
Rubin 2001, Krtolica and Campisi, 2002). According to this data, the major roles in
such changes are played by: (i) accumulation of harmful substances in extracelular
matrix (ECM); (ii) chronic inflammation. Both these conditions can result from age-
associated exposures. For example, any organism over the course of its lifetime
occasionally deals with substances that can not be utilised by its cells (eg. tac and
heavy metals). Such substances are stored in ECM as non-disposable, and their amount
increases with age, (De Duve 1983, Bilych et a. 1999) leading to the disruption of
ECM.

Persistent exposure to infection agents during life may promote the creation of loci
of chronic inflammation in tissues of an old organism. Chronic inflammation is
accompanied by the increase in loci of chronic proliferation, exposure to bacterial
toxins and its own ROS, accumulation of connective elements in tissues, and an
increased issue of metalloproteinases. Most of these features are associated with cancer-
promoting effects (Coussens and Werb 2002). For instance, an increased cell
proliferation is one of the established cancer risk factors (see eg. Cohen 1991,
Butterworth and Goldsworthy 1991, Croy 1993). An increased issue of
metalloproteinases may promote invasion and metastasis (Chang and Werb 2001). It
has been shown that under persistent inflammatory conditions, continua upregulation
of matrix metalloproteinases by stromal fibroblasts can disrupt the ECM with effects
promoting abnormal proliferation (Bissell and Radisky 2001). One should note that pro-
inflammatory status, typical of old age (Francesci and Ottaviani 1997), can aso result
from the age-related decline of the immune system, which may be partly related to
factors other than exposure to infection per se. For example, it may be due to age-
related decline in the proliferation rate, including the rate of lymphocytes (to be
discussed below) (Smith and Pereira-Smith 1996). Nevertheless, at least some age-
associated exposures might increase vulnerability to cancer with age.
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3.2 Age-related declinein cdl proliferation may favor aswell as suppress cancer
development

First, one should define what is age-related declinein cell proliferation. It refersto two
distinct processes. (i) age-related decline in cell proliferation rate; (ii) an increase in
proportion of replicatively senescent cells in an organism with age. The first implies
that time between two cellular doublings increases with the age of an organism for cells
appertained to the same stage of their replicative life. For instance, stem cells taken
from old mice proliferate slower than the stem cells taken from young mice (de Haan et
al. 1999). The second implies that cells decline in proliferative potential with each cell
doubling. This means that they decrease in the number of divisions left before entering
the state of irreversible growth arrest (or, otherwise, terminal non-dividing state). This
decrease is often named as “replicative aging”. The terminal non-dividing state is
respectively named as “replicative senescence”. Replicatively senescent cells seem to
accumulate in the organism with age (Campisi 2000). Each kind of age-related decline
in cel proliferation (i.e. decline in cell proliferation rate as well as an increase in
proportion of replicatively senescent cells) might have ambivalent influence on cancer
risk.

3.2.1. Agerelated declinein cell proliferation may favor survival of malignant
tumorsin an aging organism

To initiate cancer, normal cells must be transformed. In order to develop a tumor, the
transformed cells must proliferate, and the colony must survive in the environment of
normal cells. To date, there is extensive data supporting the idea that the probability of
survival of malignant tumorsis commonly higher in the old than in the young organism.
For example, it has been shown that grafts of neoplastic cells survive better in older,
rather than in younger recipient rats (McCullough et a. 1994). Studies of prevalence of
human carcinomas in situ, as well as larger latent invasive tumors, suggest that factors,
which increase probability of survival of the latent tumors in the organism, make an
important contribution to cancer incidence rate. For example, Breslow and co-authors
(1977) showed that the frequency of small latent carcinomas of the prostate did not vary
with age. However, rates for larger latent carcinomas have sharply increased with age,
and resembled patterns of clinica carcinoma of the prostate. Yatani and co-authors
(1988) recorded a divergence between an over time increase in the frequency of latent
invasive prostate carcinoma and the lack of the increase in frequency of non-invasive
latent tumor in situ (i.e. tumor at earlier stage) in Japan. Tulinius (1991) found that
latent carcinomas of the thyroid gland are more frequent in males whereas the clinica
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disease is twice as frequent in females. Avetisian and Petrova (1996) showed that there
was no positive correlation between the high frequency of latent thyroid cancer in the
autopsy data and the relativel y low annual incidence of clinically evident thyroid cancer
in the Ukraine. They have also not found significant differences in the frequency of
latent thyroid carcinoma with increased age, while the incidence of clinically evident
thyroid cancer increased with age. These results combined suggest that: (i) factors
favoring the survival of latent tumors influence cancer risk substantialy, (ii) not all-
latent tumors survive to contribute to cancer incidence rate, and (iii) the survival of
latent tumors depends on age, sex and other factors. Data discussed bel ow suggest that
age-related declinein cell proliferation might favor the survival of malignant tumorsin
an aging organism.

Decline in cell proliferation rate. Farber (1995) stressed that the inhibition of
proliferation in normal cells surrounding the tumor is one of the key factors of cancer
development. In such an environment, malignant cells may arise and be able to
proliferate selectively, relative to the surrounding cells. Tumor cells do not always
exhibit a higher proliferation rate than normal host cells (Baserga 1976, Rubin 2001).
However, they do not die from apoptosis, and they also do not undergo irreversible
growth arrest as norma cells do (Hickman 2002). This gives tumor cells a survival
advantage. The age-related decline in proliferation rate of normal cells surrounding the
tumor may give tumor cellsan additional survival advantage. Kozma (1998) has shown
that the norma growth rate of the target tissue needs to be exceeded by the potential
tumor. A dowly growing tumor in rapidly growing normal tissue is suppressed. The
author concluded that in young organisms (where proliferation rate is high) only fast
proliferating tumors might survive, while in old organisms (where proliferation rate of
normal cells is low) more cancers, including those with longer doubling time, can
establish themselves. This may contribute to the increase in the incidence rate with age.

Cellular senescence. Concerning the role of cellular senescence in cancer
development, Krtolica and colleagues (2001) showed that the proliferation of human
pre-neoplastic epithelial cells in vitro is better in surrounding of senescent, but not
young cells. Krtolica and Campis (2002) proposed that senescent cells secrete factors
that can disrupt tissue architecture. Age-accumulation of such cellsin the organism may
create a pro-oncogenic tissue environment. We suggest one additional mechanism by
which cellular senescence may increase cancer risk in the old. It is related to direct
competition between malignant and senescent cells. Functional characterigtics of
malignant and aging cells are in many instances opposite, and this fact may
paradoxically contribute to the commonly higher cancer risk in the old. Cancer cells do
not “age’, their metabolic, proliferative, growth and sgnalling characterigtics are
opposite to those observed in aging cells. For instance, cancer cells may proliferate
infinitely, while aging cells exhibit a decline in the proliferative potentia and finaly
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undergo irreversible growth arrest. Cancer cells are de-differentiated, while the final
stage of norma celular life is terminal differentiation. Cancer cells often exhibit an
increased metabolism, while aging cells decline in metabolic activity. Besides, cancer
cells may secrete factors promoting angiogenesis, while aging cells do not (Abelev
1997, Hanahan and Weinberg 2000). Many of these cancer features are inherent to most
“young” cells in the organism — embryonic cells. Embryonic cells proliferate
vigoroudly, are capable of extensive migration, secrete factors that increase the local
supply of blood (i.e. promote angiogenesis), produce enzymes capable of degrading
basement membranes (Mintz and Fleischman 1981, Abelev 1997, Bast et al. 2000,
Hanahan and Weinberg 2000). One can say that cancer manifests itself as a local,
uncontrolled “rejuvenation” in an organism (Ukraintseva 2003, Ukraintseva and Y ashin
2003). In this light, the role of organism’s aging in cancer risk seems very peculiar,
because it sounds like the aging favors the “rgjuvenation”. How does this happen? The
fact that cancer cells do not “age’, gives them the proliferative and survival advantage
in the surrounding of aging cells. The increase in proportion of senescent cells in an
aging organism (Bayreuther et a. 1992, Campis 2000) might therefore favor survival
of already transformed cells and latent tumors, rather than an initial malignant
transformation (the latter may actually decline with age, we will discuss this below (see
3.2.3)).

3.2.2 Age-related declinein cell praliferation rate may increaserisk of malignant
transformation

Age-related decline in the cell proliferation rate may also paradoxically increase
the number of loci of chronic proliferation in an organism, which in turn may favor
malignant transformation in the old. As mentioned above, the pro-inflammatory status
isatypical feature of old age (Franceschi and Ottaviani 1997). It islinked to age-related
decline in the immune response. This decline often refers to the age-related decrease in
proliferation rate of lymphocytes in response to antigen (Smith and Pereira-Smith
1996). That is, the age-related decrease in the proliferation rate of lymphocytes may
favor chronic inflammation accompanied by the increase in local proliferation, and the
latter may contribute to an increasein cancer risk in the old.

One should add that some human tissues (e.g. endometrium) increase in
proliferative activity in old age due to programmed changes in the metabolism (e.g. a
the climacteric). This kind of age-associated process is discussed in a separate section
(see 3.3).
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Collectively, available data imply that age-related decline in cell proliferation
might favor cancer development. How is this in accordance with the fact that increased
cell proliferation is an established cancer risk factor (Cohen 1991, Butterworth and
Goldsworthy 1991, Croy 1993)? First, we have shown above that a decreased cell
proliferation rate may paradoxically increase the number of loci of chronic proliferation
in the old organism, thus favoring malignant transformation. Next, high proliferation
rate, as well as low proportion of senescent (non-proliferating) cells in a young
organism, may actually result in higher probability of initia malignant transformation
in the young organism, as compared with the old one. At the same time, the probability
of survival of earlier transformed cells and latent tumors may be higher in the old
organism, due to both alow proliferation rate of normal host cells and a high proportion
of senescent (non-proliferating) cells in the tumor’s surrounding. Thus, the dynamic
bal ance between probability of cell transformation and probability of survival of alatent
tumor might define the resulting impact of age-related decline in cell proliferation to
cancer incidencerate in the old.

3.2.3 How age-related declinein cell proliferation may suppress cancer
development

It has been shown that late developing tumors often progress more slowly. They
increase in time of tumor doubling, and respectively decrease in the rate of tumor
growth with age (Ingram et al. 1992, Peer 1993, PFili et al. 1994, Kozma 1999, Tanaka et
al. 2003). This could decelerate the rate of clinical manifestation of respective cancers
and contribute to the deceleration of an increase in the cancer risk at old ages (Fig. 5).

Decline in cell proliferation rate. The age-related decrease in the rate of tumor
growth might originate from the agerelated decline in the rate of physiological
processes. As we have stressed above, the general dowing down of physiological
processes in an aging organism (e.g. the decline in the rate of metabolism, information
processing, and cell proliferation) leads to deceleration in age-related changes of many
indices of an organism, normal aswell asrelated to pathology. As aresult, pathological
effects of such changes may accumulate in the organism at aslower rate with age.

The age-related decline in the rate of physiological processes may directly increase
the time between two subsequent doublings of tumor cells in an older organism. For
this reason, the time since tumor initiation, till its clinical manifestation, will increase
with age.

Another mechanism can be related to a selection effect of age-related decline in
the cell proliferation rate. Kozma (1998) proposed that survival of slow growing
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cancers is worse in a young organism (where the proliferation rate of normal
surrounding cellsis high) and better in an old organism (where such rateislow). Hence,
the proportion of slow growing cancers may increase with the age of the organiam. This
may create the effect of deceleration of the increase in cancer risk at old ages. The same
selection process may be responsible for the increase in the incidence rate with age,
because more cancers, including those with longer doubling time, can establish
themselves at old ages.

Finally, the age-related decline in the cell proliferation rate may increase time
needed to complete all cell divisions required for malignant transformation. This may
decelerate the appearance of newly transformed cells in an aged organism, which in
turn may contribute to the leveling off in cancer risk at old ages.

Replicative senescence. The increase in the proportion of senescent, non-
proliferating cellsin an aging organism also may play arole in decreasing cancer risk at
old ages. It is well known that non-proliferating cells have low or no probability of
malignant transformation. Actually tumors developed from terminally differentiated
non-proliferating cells (e.g. mature muscle and nerve cells) are not found (Bast et a,
2000). Therefore, the increase in proportion of senescent (non-proliferating) cellsin an
old organism would reduce the number of newly transformed cells, “by definition”.
Studies of cel cultures support this view, showing that replicative senescence might
decrease the risk for neoplastic transformation (Ebbesen 1984, Smith and Pereira-Smith
1996, Campisi*? 2001).

Damaged proliferating cells. But does this mean that the tota of newly
transformed cells decreases with age? It could be that this number depends not only on
the rate of cell proliferation or on the proportion of replicatively senescent cdlls in a
tissue, but also on the proportion of damaged proliferating cells, including that of adult
stem cells. Proliferating adult stem cells (e.g. hematopoietic) show signs of age-related
functional decline (i.e. worsened quality rather than quantity) in adult tissue (Geiger and
Van Zant 2002). They may accumulate DNA damage which leads to initial malignant
transformation, such as loss of sensibility to outside cell signals. The proportion of
damaged praliferating cells was shown to increase with age in different tissues of an
organism (Bayreuther et al. 1992, Campisi 2000, Dolle et al. 1997, Hasty and Vijg
2002). Thisincreaseislikely due to age-related declinein apoptosis intensty (Suh et al
2002, Hickman 2002, Hasty and Vijg 2002) which favors survival of damaged and
newly transformed cells in a tissue. Paradoxically, age-rdated decline in apoptosis
intensity may also increase the proportion of senescent cells that avoided the apoptosis,
and thus reduce risk of malignant transformation in an old organism. That is, the same
factor (decline in apoptosis intensity) may increase as well as decrease the number of
newly transformed cells in an organism. The proportion of damaged cells may increase
with age, aso due to the increase of time needed for cell recovery after a stress (e.g.
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after exposure to carcinogens), on the grounds of slowed metabolism and rate of
information processing in an old organism. An increase in the proportion of damaged
proliferating cells in an organism with age may elevate the risk of malignant
transformation in the old.

Thus, age-related decline in the cell proliferation rate together with an increase in
the proportion of senescent (non-proliferating) cells may reduce the number of newly
transformed cells in an old organism, thereby contributing to the deceleration of an
increase in the cancer risk at old ages. However, it is not clear if the total of newly
transformed cells declines in an old organism. This is because this outcome is also
dependent on the proportion of damaged proliferating cells, the proportion of which
was shown to increase with age in some tissues of an old organism.

One can conclude that at least three effects of the age-related decline in cell
proliferation might contribute to the deceleration of an increase in the cancer risk at old

ages.

(i) The age-related decline in the rates of metabolism, information processing and
cell proliferation may directly increase the time of tumor doubling in an older
organism (Peer 1993, Ingram et al. 1992).

(ii) The survival of slow growing cancers may be worse in a young organism,
where proliferation rate of normal surrounding cellsis high. Such cancers have
higher chancesto establish themselvesin old individuals (Kozma 1998).

(iii)Age-related decline in the rate of cell proliferation, together with the increase
in the proportion of senescent cells, may reduce the number of newly
transformed cellsin an old organism.

To summarize the entire section (3.2), we conclude that the decline in the rate of
cell proliferation may increase the probability of survival of malignant tumorsin an old
organism. It may also favor chronic inflammation in an old organism, which in turn
would increase the risk of malignant transformation. At the same time, this decline may
increase the time since tumor initiation, until its clinical manifestation, thus contributing
to both the age-related increase in cancer risk, and the levelling off in cancer morbidity
at old ages. Similarly, a higher proportion of senescent (non-proliferating) cells in an
older organism may result in both decreased risk of initial malignant transformation,
and increased probability of survival of already transformed cells and latent tumors in
this organism. Thisisan example of an ambivalent effect of the same biological process
on age-specific cancer risk.
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3.3. Ontogeny contributesto non-monotonic patterns of cancer mor bidity

After progressive increase during adult life, the overall cancer risk declines in advanced
years (IARC 1965-1997). It also exhibits a peak early in life (see Fig. 1 above). The
non-monotonic pattern of cancer morbidity might reflect non-monctonic change in
vulnerability to the disease with age (i.e an increase in this vulnerability at early and
middie old age, and a decrease at young and oldest old age). Realization of the
ontogenetic program could be among factors influencing the vulnerability. This
program accounts for rebuilding metabolism at birth, growth, reproductive period and
climacteric. It was proposed and supported by a variety of experimental data that the
disturbance of neuro-endocrine-immune balance in the organism at critical periods of
ontogenesis (e.g. at the climacteric) might increase risk of some cancers (Dilman 1968,
1983, Zimmerman and Carter 1989, Cherezov 1997, Gilbert 1997). However, these
studies did not explain the relationship between the ontogenetic changes and the decline
in cancer risk at older ages.

We have proposed that the realization of the ontogenetic program might create
conditions which oppose the devel opment of some cancers (and many other diseases) at
ages between critical points of ontogenesis (Ukrainsteva and Y ashin 2001, Ukrainsteva
and Sergev 2000, Ukrainsteva 2000). Similar to above concepts, we beieve that the
ontogenetic changes are associated with periods of neuro-endocrine-immune instability
of an organism a some critical ages. The neonatal period and climacteric could be
examples of such critical ages. For example, newborns are very sensitive to the
environment and become ill more often than older children (Roitt 1997). Hormonal
fluctuations, vasomotor instability and immune disbalance are very typica traits of
female climacteric (Dilman 1968, 1983, Gosden 1985, Gosden and Gosden, 1997),
when the organiam switches to the new metabolic parameters. Such imbalances might
favor increased risk of female hormone-dependent cancers (eg. ovarian and
endometrial). However, after ceasing the instability, its negative effects may also cease.
For example, in post-climacteric, the vasomotor instability and its accompanying effects
(e.g. fluctuations in blood pressure) disappear, and the organism becomes stabilized for
aperiod of time (Gosden 1985) (Fig. 6).
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Figure6: Decline in the proportion of women with vasomotor instability in post-
climacteric (Gosden, 1983)

For this reason, morbidity at old ages may sometimes be lower than before.
Experimenta evidence indicates that in stable periods of ontogenesis, an organism hasa
mechanism for destruction of the latent tumors, which had appeared in the unstable
periods before. The analyses of autopsi es taken from people who have died from causes
other than cancer showed that latent neuroblastomas of the adrenal gland appeared at a
rate of 1:39 in newborn infants (i.e. in the most unstable neonatal period). However, no
latent neuroblastomas were found in the glands of infants older than three months
(Tulinius 1991).

Ceasing the instability after the critical points of ontogenesis itsef may
temporarily reduce pathological risks. We, however, have suggested that it is not only
this factor that might create conditions for decline in cancer risk. The realization of the
ontogenetic program is accompanied by a large rebuilding of the metabolism. The
changes in metabolism may respectively change the spectrum of inner risk factors for
cancer. For instance, high exposure to estrogens has been shown to be associated with
elevated risks of ovarian and endometriad cancers in women (IARC 1998).
Respectively, late age onset of menopause (associated with longer exposure to
estrogens) has been shown to increase the risk of endometrial cancer in postmenopausa
women (de Graaff and Stolte 1978). However, in post-climacteric, the low estrogen
levels become established in the femal e organism (Dean 1988) (Fig. 7).
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Figure7:  Age-related changein serumestradiol in women (Dean, 1988).

The low estrogens may protect women from ovarian and endometria cancers
developing later in life, and thus contribute to the decline in risk of these cancers
observed at older ages (IARC 1965-1997) (Fig. 8). Thus, new metabolic parameters that
become established in the post-reproductive period, may themselves favor the declinein
risk of some cancersat old ages.
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Figure 8: Incidence rates for cancers of ovary and endometriumin the UK (1988-

92), average annual (IARC 1997).
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4. Discussion

We have shown that age-associated changes in an organism may favor as well as
suppress cancer development and have suggested several mechanisms explaining such
contradictory influence. Among these mechanisms, the ambivalent role of the age-
related decline in the rate of physiological processes (in particular, in the rate of cell
proliferation) in cancer risk seems to be most intriguing. Still, there are a number of
open questions. The first open question concerns the relative contribution of different
aging components (i.e. basal, ontogenetic and time-dependent in our terminology) in
the forming of non-monotonic patterns of cancer incidence rate. It needs to be defined.
Origin of age-related decline in the rate of physiological processes. The second
open question concerns the origin of the most puzzling, basal, component of aging,
which represents the age-related decline in the rate of key physiological processes (i.e.
the rate of metabolism, information processing, and cell proliferation). This declineisa
universal feature of mammalian aging and understanding its causes is a magjor point in
the study of aging. It may be a part of the developmental program, as well as just the
system effect, or it may arise from universal exposures, such as exposure to oxygen. For
instance, the rate of information processing may decrease with age due to changes in
the nervous system, such as: (i) death of neurons; (ii) increase in size and complexity of
neuronal network; (iii) aging of individua nerve cells. Some of these may be related to
exposure factors, while others may not. Harmful exposures may lead to accumulating
damage in non-proliferating neurons, which will trigger apoptosis in these cells. It has
been estimated that approximately half of al neurons in the neuroaxis die through a
process of apoptosis during the course of a human lifetime (Datta and Greenberg 1998).
Activity of the apoptosisis inversely related to the level of observed DNA damagein a
tissue. It has been shown that in the brain this activity is higher than in other tissues,
such as the liver. Because of this, the observed level of DNA damageis lower in brain
cells (Hasty and Vijg 2002). Thus, intensive apoptosis is probably required for the
maintenance of high quality brain tissue. The functions of dead neurons should be
carried out by other neurons, which may increase complexity of the network and time
of signal transmission. With age, this may lead to a decline in the rate of information
processing. This decline may also arise from system effects not related directly to
harmful exposures, such as the growth of the organism. This growth produces an
increase in circling information, in size and complexity of the neurona network, which
combined, may lead to the decline in the rate of information processing with age.
Finally, the age-related decline in the rate of information processing can result from the
decline in conductivity of individual axons (Choi et a. 1995). This decline may be
partly exposure-related and partly genetically determined. The relative contribution of
exposure and non-exposure factors underlying the age-related decline in the rate of
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information processing isnot clear. A similar problem arises with the anaysis of causes
of age-related decline in metabolism and cell proliferation rate. Both of these declines
may be just consequences of the decline in the rate of information processing, and thus
have as causal factors all reasons listed above. There might also be additional causes for
these declines. For ingtance, the age-related decline in the cell proliferation rate might
be largely due to the declinein proliferative activity of stem cellsin an aging organism.
Stem cells are responsible for tissue growth and renewal (NIH 2001). Regenerative
ability of stem cells taken from an older organism seems to be worse than that taken
from a younger organism. Recipient mice, transplanted with hematopoietic stem cells
taken from young donors, showed significantly higher survival rates than those mice
with transplants from adult donors (Hirayama et a. 2000). Recent data suggest that
stem cells may decline in proliferation rate, relative to the age of the organism. For
example, hematopoietic stem cells, isolated from old mice, show lower cycling activity
than the stem cells isolated from young mice. The age-related decline in proliferation
rate of stem cellsis stronger in short-living, as compared with long-living mice strains.
The initia proliferation rate as well as the rate of decline in cycling activity during
aging seem to be both related to genetically determined inner properties of the stem
cells (de Haan et a. 1997, 2000). This very significant finding suggests that the age-
related decline in the rate of major physiological processes (i.e. basal component of
aging in our terminology) may be a part of the genetic program. Stem cells also show
the potentia to hunt malignant cells. Neural stem cells (NSCs), when implanted into
intracranial gliomas in vivo in adult rodents, distribute themselves quickly and
extensively throughout the tumor, and migrate uniquely in juxtaposition to widely
expanding and aggressively advancing tumor cells. The NSCs surround the invading
tumor border while chasing down infiltrating tumor cells (Aboody et a. 2001). Age-
related decrease in proliferative activity of the stem cells may primarily contribute to
the better chances of survival of malignant tumorsin an older organism, being partly
responsible for the agerelated increase in cancer risk. Respectively, the higher
proliferation rate of stem cells in young organisms may primarily contribute to lower
cancer risk in the young as well as to commonly better survival of young individuals
from diagnosed cancer (IARC 1995).

Why does cancer incidence rate decline, while total mortality (from all causes)
continuesto increase at old ages? Thisis the third question yet open. Indeed, aging is
traditionally associated with an increased risk of death. How could it coincide with the
decreased risk of some diseases in the old? We have one suggestion concerning the
cause of such a divergence. We have shown above, that one consequence of age-
associated slowdown in the rate of major physiological processes is the decelerated
change in many indices of the organism, normal as well as related to pathology at old
ages (Fig 4 above). This in turn may lead to the deceleration in the risk of clinica
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manifestation of some diseases, including cancer, at old ages. Ancther conseguence of
the age-related decline in the rate of the physiological processes may be the decline in
resistance to acute stresses (such as the flu). This decline in stress resistance is one of
the universal features of aging. It is characterized by: (i) an increase in susceptibility to
stress, (ii) an increase in recovery time after the stress, and (iii) incompleteness of the
recovery (see examples in Cerella 1993, Grove and Kilgman 1983, Ida et al. 1984,
O'Neal and Polse 1986, Hall et al. 1989, Lavie et a. 1992, Choi et al. 1995, Hof and
Patri 2001). Age-related decreasesin rates of metabolism, proliferation and information
processing may produce all these features, especially the increase in recovery time after
the stress. The age-related decline in stress resistance has a consequence in a higher
probability of death following the same stress at older ages. This has been discussed as
a major hiological reason for the increasing risk of death with age (see e.g. Strehler
1962). Therefore, we speculate that age-related decline in the rate of physiological
processes could be grounds for both the increase in mortality from all causes (due to the
decline in resistance to acute stresses), as well as the deceleration in chronic morbidity
(due to the decelerated change in many parameters of the organism) at old ages (Fig. 9).

L. Decline in resistance to acute stresses

(i) decrease in threshold of susceptibility to stress » Increased risk of death from
{ii) increase in recovery time after the stress acute pathol ogical conditi ons
(iil) incompleteness of the recovery

II. Slowing down accumulation of * Deceleration in development
pathological changes with age of chronic diseases

Figure9: Hypothetical consequences of the age-related decline in the rate of
physiological processes.
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The next open question is how to apply these findings to cancer prophylaxis and
treatment? One of the aboveideasis that factors favoring survival of a malignant tumor
might be more contributory to the risk of clinical manifestation of cancer than cell
transformation per se. To accept this idea, then prophylactic gauges should include not
only avoiding exposure to direct carcinogens, but also methods of suppressing latent
tumors in aged organism. For example, one such method could involve a controlled
“rguvenation” of norma tissue in the area near a tumor with stem cell grafting. It
would aim to supplant cancer cells rather than to kill them. Of course, this idea is
merely speculation. Still, we believe that understanding the ambivalent role of
individual aging in cancer risk could be helpful for the development of new
therapeutics.

Therole of differential selection in a heterogeneous population in forming age-
patterns of cancer incidence rate. Thisisthe lagt, but not least, open question. It was
studied in depth by Vaupel and Yashin (1985, 1988). However, additiona studies are
needed to separate the effects of population heterogeneity from the effects of individual
aging on cancer risk inthe old.
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