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To James C. Thompson: Master surgeon, devoted mentor, dear friend
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Preface

It has been a decade since the first edition of this textbook came to press, and the field of
geriatric surgery is growing. Over the last decade, Geriatrics has been recognized as a distinct
aspect of surgery by leadership in our field and others. The American College of Surgeons
established the Task Force for Geriatric Surgery, a Geriatrics Section in the Surgical
Forum, and a community for Geriatric Surgery on the ACS Web portal. The American
Geriatrics Society created the Jahnigan Scholars Program to expand geriatric clinical and basic
research in the surgical disciplines as part of its Geriatrics-for-Specialists Initiative. Recently,
the American Board of Surgery and Surgical Residency Review Committees expanded the
requirements for working knowledge of the geriatric patient, most notably using the ABS
Surgical Council on Resident Education (SCORE) curriculum project, which now includes a
Geriatric module.

Evidence of the growing interest in geriatric aspects of surgery can be found in the rapidly
growing literature and in the numerous panels, discussions and presentations at local and
national meetings. One of the most notable of these was the panel at the 2009 American
College of Surgeon’s Clinical Congress entitled “She’s 92, what do I do?” The audience was
standing room only; the questions were thoughtful and nearly unending; there is obvious hun-
ger for knowledge by surgeons from all practice venues.

Most importantly, in 2008 the Institute of Medicine published a 250 page report on
“Retooling for an Aging America: Building the Health Care Workforce.” In it, the Committee
on the Future Health Care Workforce for Older Americans, clearly outlined the population
statistics, described the prevalence of chronic disease in the elderly population, and predicted
the resource challenges for our health-care system. The report suggested a three-pronged
program to meet these challenges: (1) to enhance the competencies of all practitioners in
geriatric care, (2) to increase the recruitment and retention of geriatric specialists, and (3) to
redesign models of care and broaden provider and patient roles to achieve greater efficien-
cies. Surgery will be an integral part of the care for this population, and this textbook provides
the foundation of knowledge for the teams that will be caring for these patients.

In this edition of Principles and Practice of Geriatric Surgery, we have kept the same for-
mat as the last edition, with each section preceded by an invited commentary from a well-
known and widely respected senior member of each discipline. The opinion pieces submitted
are all highly relevant and informative. For the chapters, we chose authors who are recognized
leaders in their fields, and were gratified with their enthusiasm and high quality of the submis-
sions. We added a number of new chapters to enhance the focus on the latest topics of interest
such as frailty (Chap. 9), geriatric models of care (Chap. 21), unique complications (Chap. 29),
oral cavity (Chap. 41), and dysphagia (Chap. 44). Another new chapter addresses geriatric
surgical education and provides links and information for a number of additional educational
resources (Chap. 15). The final addition provides a hard look in our own mirror as surgeons,
with an excellent discussion of the effects of age on surgeon performance (Chap. 18).
Also new to this edition, the physiology chapters begin with a table that summarizes the key
points regarding changes in physiologic function with age. The clinical chapters contain an
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illustrative clinical vignette designed to drive home the critical learning points for each topic.
As you will see, a simple example makes a seemingly complex topic manageable.

The passion for bringing this book to completion was palpable from our first informal edi-
torial lunch in New York in the spring of 2007 to the present volume in your hands. The editors
have become close friends and greatly appreciate the hard work done by all the authors. On the
editorial side, Portia Bridges, our development editor from Springer was as dedicated as we.
She was professional, persistent, and relentless in the pursuit of fresh ideas, manuscript dead-
lines, quality figures, and simple excellence (we have several thousand emails from Portia in
our archives, etc.). We have all been through a lot over the last few years, and hope this book
symbolizes both the deep affection we have for each other and the commitment we have to
improve the quality of care for older surgical patients.

We each would like to thank our families, co-workers, and patients for their patience and
support in creating this textbook. They all understand that Geriatric Surgery is a real disci-
pline, and have lived with our enthusiasm to bring this field to the forefront of surgery.

Maybe the next edition will start off with a chapter whose title is borrowed from the pedia-
tricians: “Your geriatric patient is not just an ‘older human,” s/he has specific needs.”

Ronnie Ann Rosenthal New Haven, CT
Michael E. Zenilman Bethesda, MD
Mark R. Katlic Wilkes-Barre, PA
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Chapter 1
Invited Commentary

Jesse Roth

Get in league with the future.

Horace Greeley

The Future

By reading this piece, you are identifying yourself as a part
of the vanguard in geriatric surgery. Textbooks of surgery
and textbooks of geriatrics cover geriatric surgery very
sparingly. You have chosen to tackle a textbook on geriatric
surgery.

Demographics and Dollars

The elderly are the fastest growing segment of the popula-
tion, with the so-called old—-old in the lead. The elderly are
highly overrepresented in the hospital population and in the
medical expenses column. The application more widely of
basic well-established principles of care for the elderly will
almost certainly reduce the number of elderly in the hospital
and increase the return on money spent. Most important, we
can expect better outcomes for the elderly patients, espe-
cially for those who were hospitalized. Hospitalization and
surgery are each serious threats for the elderly patient.

Geriatrics Is a Frontier

“Go West, young man,” [1] was an exhortation to move from
the built up to the new, the frontier, the so-called cutting edge.
Geriatrics as a branch of medicine is young and is having a

J. Roth (D<)

Feinstein Institute for Medical Research, Albert Einstein College
of Medicine, North Shore-Long Island Jewish Health System,
149-37 Powells Cove Blvd, Whitestone 11357, NY, USA

e-mail: jesserothmd @hotmail.com

R.A. Rosenthal et al. (eds.), Principles and Practice of Geriatric Surgery,

growth spurt. The subspecialties in medicine are increasing
their attention to issues related to care for the elderly. In geri-
atric surgery, the frontiers are open.

History provides us with some models. Harvey Cushing
was one of the twentieth century’s giants, a pioneer. In the
early years of the twentieth century, with great daring and
deep thought, he took principles of general surgery and very
meticulously applied them to the brain. In addition to his
skills in the operating theater, he gave his patients extraordi-
narily attentive care, before surgery as well as after. Indeed,
infection rates on his patients in the pre-antibiotic area,
would win a commendation medal today. Today we revere
him as the father of neurosurgery [2].

Pediatrics emerged from adult medicine at about the same
time [3]. Now pediatrics has a complete array of sub-specialists
covering all aspects of care for the young. When I was a medi-
cal student 50 years ago, pediatric surgery was just coming into
its own. Now it is a well-established subspecialty.

Quest for Excellence

As the age of the patient increases, the gap grows that sepa-
rates the good physician from the excellent physician. A simi-
lar gap shows itself as the age of the child decreases. The
premature baby and the frail elderly share many features. One
very big difference — pediatrics, pediatric surgery, pediatric
nursing, neonatology, pediatric gastroenterology, pediatric
endocrinology, and their cousins are well-developed areas of
expertise with highly trained practitioners. Their counterparts
in the care of the elderly are fewer and are less deeply trained.
It is much more difficult for physicians involved in the care of
an elderly patient to get expert help than it is for the doctor
caring for a child. Worse yet, the adult physicians (and other
medical providers) who are inadequately trained in geriatric
care are often unaware of their deficiencies.

DOI 10.1007/978-1-4419-6999-6_1, © Springer Science+Business Media, LLC 2011
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Fifty years ago, all of us were deficient as well as unaware
of our deficiencies in care of the elderly. I have clear memories
of a man in his eighties cared for by me and by a surgeon. The
surgery was successful but the patient had a series of compli-
cations and died. Today, I can think of many useful interven-
tions that were unknown and unused by us in those days.

The Challenge

The elderly patient is intrinsically more complex and chal-
lenging than the equally ill youngster. The young patient
typically has one disease — complications and medications
are few. The older patient classically has multiple conditions
and a long list of medications, co-conspirators that blur the
diagnosis and complicate the therapy. Laboratory values in
young patients have established norms developed in young
people. Normal ranges for the elderly are much less reliable,
often guesses, appropriated with little testing from a much
younger age group. Family responsibility for the young
patient has a well-defined societal pattern whereas family
links to the elderly patient are very variable and may require
high level diplomacy. Yet, optimal outcomes for the young
patient and for the old often require skillful and energetic
family involvement.

Medical decisions with an elderly patient require profes-
sional skills at their best. The physician may start with an
evidence-based algorithm conceived on experience with
younger patients but the plan needs to be custom made for
the particular patient at hand. In addition to deciding which
tests and which surgery should be done, an important part of
the care is deciding which tests and which surgery should not
be performed. Even when a patient fulfills all the criteria for
surgery, good judgment may modify or veto that decision for
an elderly patient.

Medical Care from Here to the Future

Someday, care for the elderly will be totally in the hands of
skilled caregivers who are highly trained in geriatrics, as
exists now in pediatrics. Today, individual caregivers must
gain multiple skills in many aspects of caring for the elderly.
There are unique opportunities at your medical center to be
among the pioneers who are importing best geriatric prac-
tices into surgery. In addition, you need to search for and

recruit as advisors the minority of health care deliverers in
your community who are skilled in caring for the geriatric
patient.

Learning, teaching, and research opportunities will
abound.

Scientific Advances in Geriatrics

The opening chapters of this book tackle several important
scientific areas related to aging and the elderly patient. I
recall meetings in geriatrics 20 years ago when the papers
dealing with lab studies on aging fit a single track for 1 day.
Now multiple tracks on multiple days are needed. The scien-
tific basis of bone health, muscle wasting, and longevity are
each a rich lode of discovery. The coming age of science in
geriatrics is best epitomized by studies of cell aging that led
to the 2009 Nobel Prize for pioneer work on telomeres.

The Road Ahead for the Physician

Intense focus in a well-circumscribed area can add great
value to the physician’s effort. These efforts often translate
into shorter less expensive stays in the hospital, a language
understood by administrators. At a time when burnout is
increasingly widespread among physicians, these efforts can
also be very rewarding to the professional soul.

Treatment for burnout has a poor prognosis. Prevention is
more likely to succeed. Given the large loan balances and
uncertain retirement programs that burden young physicians,
the journey ahead may be unexpectedly long. Passionate
commitment to a segment of one’s professional life may be
the key to a long happy satisfying medical career at this dif-
ficult time. Care for the elderly is energized by a pioneer
spirit that makes it especially attractive for a long career.
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Chapter 2
Cell and Molecular Aging*

Priyamvada Rai and Bruce R.Troen

Every day you get older — that’s a law.

Butch Cassidy to the Sundance Kid

Aging seems to be the only available way to live a long life

Daniel Francois Esprit Auber

There is no such thing as a free lunch

Introduction

Discussions of aging invariably begin by establishing a sat-
isfactory definition for the term aging and the related word
senescence. Although the term aging is commonly used to
refer to postmaturational processes that lead to diminished
homeostasis and increased organismic vulnerability, the
more correct term for this is senescence (derived from the
Latin word “senescere,” meaning to grow old or to dimin-
ish), which explicitly refers to the process of growing old
and sustaining related deterioration. Aging on the other hand
can refer to any time-related process. We will use senescence
to refer to cellular phenomena and aging to refer to changes,
as organisms grow old.

Gerontologists often categorize the process of aging into
normal, usual, or successful aging. Normal aging involves
inexorable and universal physiological changes, whereas
usual aging includes age-related diseases. For example,
menopause and the decline in renal function represent aspects
of normal aging. In contrast, coronary artery disease is an
example of usual aging and is not found in all older persons.
Successful aging encompasses the concept of growing older
without significant impairment of physiological, cognitive,

*Portions of this chapter are reprinted with permission from Troen BR
(2003) The biology of aging. Mt Sinai J Med 70(1):3-22.
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and social function. This approach to aging enables the utili-
zation of a conceptual framework that identifies intrinsic
(developmental-genetic) versus extrinsic (stochastic) causes.
However, accumulating evidence increasingly stresses the
importance of both. Indeed, the altered homeostasis in older
organisms is likely the result of a genetic program that deter-
mines the response to exogenous influences and thereby
increases the predisposition to illness and death.

Life Span and Life Expectancy

The average/median life span (also known as life expec-
tancy) is represented by the age at which 50% of a given
population survives, and maximum life span potential
(MLSP) represents the longest-lived member(s) of the pop-
ulation or species. The average life span of humans has
increased dramatically over time, yet the MLSP has remained
approximately constant (Fig. 2.1) [1]. For 99% of our exis-
tence as a species, the average life expectancy for human
was very short compared to the present. During the Bronze
Age (circa 3,000 B.c.), the average life expectancy was 18
years due to disease and accidents. Average life expectancy
in 275 B.C. was still only 26 years. By 1900, improved sani-
tation helped to improve the average life expectancy at birth
for humans to 47 years, but infectious disease was still a
major killer. As of 2005, better diet, health care, and reduced
infant mortality had resulted in an average life expectancy
of 77.8 years [2]. The increase in the average life expec-
tancy has resulted in a compression of morbidity (a squaring
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Ficure 2.1 Percent survival curve for humans at different times in history
with varying environments, nutrition, and medical care. The 50% survival
values have improved, but maximum life-span potential has remained the
same (From Troen BR (2003) The biology of Aging. Mt Sinai J] Med
70(1):3-22. Reprinted with permission of John Wiley & Sons, Inc.).

of the mortality curve) towards the end of the life span
(Fig. 2.1). Of note, the longest-lived human for whom docu-
mentation exists was Jeanne Calment, who died at the age of
122 in August 1997. The longest-lived male was Christian
Mortensen, who died in 1998 at the age of 115. As causes of
early mortality have been eliminated through public-health
measures and improved medical care, more individuals have
approached the maximum life span. Between 1960 and
2000, the population of those aged 85 years and over grew
356%, whereas the elderly population in general rose 111%,
and the entire U.S. population grew only 57% [3].

A number of physiological functions begin a progressive
decline from the fourth decade onward, including the cardio-
vascular, pulmonary, renal, and immune systems. In women,
this correlates with a decline in reproductive capacity.
Interestingly, one study has shown that women who are fer-
tile in their forties are nearly four times as likely to survive to
the age of 100 than women who are not [4], suggesting that
reproductive fitness later in life may be an indicator of lon-
gevity. The age of menopause has also been linked to life
span. Controlling for socioeconomic factors, women who
undergo menopause before the age of 40 are twice as likely
to die before those who experience menopause after the age
of 50 [5, 6]. These findings hold true even when a history of
estrogen replacement therapy is taken into account, suggest-
ing that reduced estrogen alone is not responsible for the
ostensible reduction in life span. Another study found that
while late reproduction correlated with increased longevity
in postreproductive Sami women, maternal age at first birth
and total fecundity did not appear to impact female longevity
[7]. In males, although spermatogenesis per se does not show
a significant age-related decline, testosterone levels fall
with advancing age, and a few studies have linked reduced
bioavailability of testosterone to age-related functional

degeneration [8, 9]. Therefore, it would appear that there is a
link between reproductive health, aging, and life span (see
the disposable soma theory discussed below).

MLSP appears to be species-specific, implying a signifi-
cant genetic component to the rate of aging. For example,
humans have an MLSP 25- to 30-fold higher than mice.
Some biodemographic estimates predict that elimination of
most of the major killers such as cancer, cardiovascular dis-
ease, and diabetes would add no more than 10 years to the
average life expectancy, but would not affect MLSP [10, 11].
This implies an upper limit to the MLSP. Some models sug-
gest that genes operate by raising or lowering the relative
risk of death by making cancer, coronary disease, or
Alzheimer’s disease more likely, rather than by fixing the life
span. One mathematical model predicts that if participants in
the Framingham Heart Study had been able to maintain the
levels of 11 different risk factors similar to those of a typical
30 year old, the men and women would have survived to an
average age of 99.9 and 97.0 years, respectively [10].

There are three known regimens that can extend life span.
The first two involve lowering ambient temperature and
reducing exercise and are effective in poikilotherms (cold-
blooded species). A 10°C drop or the elimination of a house-
fly’s capacity to fly extends the maximum life span
approximately 250% [12]. Both of these manipulations
decrease the metabolic rate and are accompanied by decreases
in free radical generation and oxidative damage to protein
and DNA.

The third intervention is caloric restriction, which can
extend life span in yeast, worms, flies, grasshoppers, spi-
ders, water fleas, hamsters, mice, rats, and dogs [13].
Dietary restriction without malnutrition can increase both
the average and maximum life spans of mice and rats by
more than 50% [14, 15]. Although calories are severely
restricted (up to 40%), essential nutrients such as vitamins
and minerals are maintained at levels equivalent to those
found in ad libitum diets. The diet-restricted animals also
exhibit a delay in the onset of physiological and pathologi-
cal changes with aging [16]. These include hormone and
lipid levels, female reproduction, immune function, neph-
ropathy, cardiomyopathy, osteodystrophy, and malignan-
cies. Size, weight, fat percentage, and some organ weights
are markedly less in calorically restricted animals [17]. The
specific metabolic rate, the amount of oxygen consumed
per gram of tissue, decreased in rats subjected to caloric
restriction [18, 19]. However, in one study, long-term food
restriction did not alter the metabolic rate [20]. This finding
suggests that the specific metabolic rate may not be a criti-
cal determinant of longevity. To date, life span extension in
mammals by dietary restriction has been most convincingly
demonstrated in rodents. However, dietary restriction in
primates [21-24] and in humans [25, 26] does appear to
improve a number of metabolic and cardiovascular disease
risk parameters.
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Characteristics of Aging

There is evidence supporting at least five common character-
istics of aging in mammals (Table 2.1):

1. Increased mortality with age after maturation: In the early
nineteenth century, Gompertz first described the exponen-
tial increase in mortality with aging due to various causes, a
phenomenon that still pertains today [27]. In 2005, the
deathrate forall causes atthe age of 25-34 was 104.4/100,000
and at the age of 3544 was 193.3/100,000. Death rates at
the age of 65-74, 75-84, and 85 and over were
2,137.1/100,000, 5,260.0/100,000, and 13,798.6/100,000
respectively: a greater than 130-fold increase from young
adults to the oldest group [28]. Indeed, the pattern of age-
related survival is similar across species, including inverte-
brates and single-cell organisms (Fig. 2.2).

. Changes in biochemical composition in tissues with age:
There are notable age-related decreases in lean body mass
and total bone mass in humans [29, 30]. Although subcu-
taneous fat is either unchanged or declining, total fat
remains the same [29]. Consequently, the percentage of
adipose tissue increases with age. At the cellular level,
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cerevisiae (From Troen BR
(2003) The biology of Aging.
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Reprinted with permission of
John Wiley & Sons, Inc.).
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many markers of aging have been described in various
tissues from different organisms [31]. Two of the first to
be described were increases in lipofuscin (age pigment)
[32] and increased cross-linking in extracellular matrix
molecules such as collagen [33, 34]. Recent studies have
shown that DNA damage markers such as gamma-H2AX
and 53BP1 are upregulated in tissues of aged primates
[35, 36] and mice [37], presumably arising from DNA
double-strand breaks (DSB) and/or dysfunctional chro-
mosome ends called telomeres. Additional examples
include age-related changes in both the rates of transcrip-
tion of specific genes and the rate of protein synthesis and
numerous age-related alterations in posttranslational pro-
tein modifications, such as glycation and oxidation
[38, 39]. For instance, the pl6INK4a gene product has
been found to be upregulated in a number of tissues from
aging individuals and animals (see below).

. Progressive decrease in physiological capacity with age:

Many physiologic changes have been documented in both
cross-sectional and longitudinal studies. Examples include
declines in glomerular filtration rate, maximal heart rate,
and vital capacity [40]. These decreases occur linearly
from about the age of 30; however, the rate of physiologi-
cal decline is quite heterogeneous from organ to organ
and individual to individual [41, 42].

4. Reduced ability to respond adaptively to environmental

stimuli with age: A fundamental feature of senescence is
the diminished ability to maintain homeostasis [43]. This
is manifested, not primarily by changes in resting or basal
parameters, but in the altered response to an external
stimulus such as exercise or fasting. The loss of “reserve”

1001

Survival (%)

0. Mouse

30000 0 300 600 900 1200
Days

Survival (%)

20 25 0 10 20 30 40
Generation



P. Rai and B.R. Troen

can result in blunted maximum responses as well as in
delays in reaching a peak level and in returning to basal
levels. For example, the induction of hepatic tyrosine
aminotransferase activity by fasting is both attenuated
and delayed in old rodents [43]. The immune response
also appears to be impaired in older individuals, leading
to reduced ability to fight infections, less protection from
vaccinations, higher incidences of autoimmunity, and
impaired antigen affinity and class-switching by lympho-
cytes (reviewed by Dorshkind et al. [44]).

5. Increased susceptibility and vulnerability to disease: The
incidence and mortality rates for many diseases increase
with age and parallel the exponential increase in mortality
with age [45]. For the five leading causes of death for
people over 65 years of age, the relative increase in death
rates compared to people aged between 25 and 44 is: heart
disease — 92-fold, cancer — 43-fold, stroke — >100-fold,
chronic lung disease — >100-fold, and pneumonia and
influenza — 89-fold [46]. The basis for these dramatic rises
in mortality is incompletely understood but presumably
involves changes in the function of many types of cells
that lead to tissue/organ dysfunction and systemic illness.
Interestingly, a retrospective study of centenarians dem-
onstrated that they live 90-95% of their lives in very good
health and with a high level of functional independence
[47]. The centenarians do suffer a 30-50% annual mortal-
ity at the end of their lives, but this represents a marked
compression of morbidity towards the end of life and is
close to the idealized survival curve in Figs. 2.1 and 2.2.

Mechanisms/Theories of Aging

In an effort to adequately explain the phenotype of aged organ-
isms, many speculations about the cause(s) of aging have been
proposed. However, what is known about the fundamental
molecular mechanisms involved in aging remains controver-
sial and largely unproven. A major reason for this is the obvi-
ous complexity of the problem. Aging changes are manifested
from the molecular to the organismal level; environmental
factors affect experimental observations; secondary effects
complicate elucidation of primary mechanisms; there exist a
dearth of easily measurable “biomarkers” that are consistent
over different tissues and species. No one unifying theory may
exist since the mechanisms of aging could be quite distinct in
different organisms, tissues, and cells, although there appear
to be certain mechanisms, such as DNA damage, that are
broadly conserved despite differences in specific response.
Theories of aging have historically been divided into two
general categories: developmental-genetic and stochastic
(Table 2.2). The term “developmental-genetic” implies a
more active genetic control of aging than likely exists. In

TasLe 2.2 Theories of aging
Developmental/genetic

Antagonistic pleiotropy theory
Longevity-associated genes
Disposable soma theory

Stochastic
Free radical/oxidative stress
Mitochondrial dysfunction theory
DNA damage theory of aging

addition, as described below, these categories are not mutu-
ally exclusive, particularly when considering the free radical/
mitochondrial DNA theory of aging. Indeed, there is likely a
spectrum from birth to senescence that reflects a decreasing
influence of active genetic influences and an increasing effect
of stochastic events. This would parallel the shift in impor-
tance in general versus species-specific genes.

Developmental/Genetic Theories

A general framework for a plausible theory of aging begins
with attempting to understand the evolutionary basis of senes-
cence. Developmental-genetic theories consider the process
of aging to be part of the genetically programmed and con-
trolled continuum of development and maturation. Although
this is an attractive notion, the diverse expression of aging
effects is in sharp contrast to the tightly controlled and very
precise processes of development. Also, evolution selects for
the optimization of reproduction; the effects of genes
expressed in later life probably do not play a large role in the
evolution of a species. This class of theories is supported by
the observation that the maximum life span is highly species-
specific. As noted above, the maximum life span for humans
is 30 times that of mice. In addition, studies comparing the
longevity of monozygotic and dizygotic twins and nontwin
siblings have shown a remarkable similarity between monozy-
gotic twins that is not seen in the other two groups.
However, it is also likely that the interplay of genetic
responses to extrinsic stresses may modulate the extent of
aging. An interesting example of this theory comes from a
study by Niedernhofer et al. who demonstrated that aging
mice as well as normal adult mice treated with mitomycin C
to elevate DNA damage levels showed a shift in gene expres-
sion that was very similar to that observed in a mouse model
of XPF-ERCC deficiency, a novel genetic disorder associ-
ated with accelerated aging [48]. The alterations in the tran-
scriptome reflected enhanced antioxidant and anabolic
pathways and reduced insulin growth factor (IGF-1) signal-
ing (a known longevity assurance mechanism), suggesting a
systemic shift of the somatotrophic axis from growth to
maintenance under genotoxic stress. Thus, in the model of
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XFE/ERCC- progeroid syndrome, the phenotypic outcomes
depend not just on DNA damaging stimuli, which likely
cause a functional decline, but also on the genetic adaptive
response to the damage mediated by the IGF metabolic
pathway [48].

Antagonistic Pleiotropy

Evolutionary pressures select for a minimum successful life:
this includes the ability to reach reproductive age, procreate,
and then care for offspring until weaned (so that they, in turn,
will achieve reproductive age and continue the cycle) [49,
50]. Within this context, it is likely that the postreproductive/
parental physiology of an organism is an epigenetic and
pleiotropic manifestation of the optimization for early fitness.
Kirkwood proposes that three categories of genes may be
involved in senescence [51]: (1) those that regulate somatic
maintenance and repair, (2) negatively pleiotropic genes that
enhance early survival but are disadvantageous later in life
(antagonistic pleiotropy), and (3) harmful late-acting muta-
tions upon which little evolutionary selection is exerted.
The presence of these genes may represent a spectrum
from general to species-specific. Genes involved in cell main-
tenance and repair are likely to be present in all (or most)
organisms, since such essential processes are similar across
species. Late-acting mutations are probably species-specific
because they are likely to be individualistic and random.
Nonmaintenance pleiotropic genes could be universally found
within a population or species, but may not be shared between
species. An example of antagonistic pleiotropy would be the
high expression of testosterone in a male gorilla that could
lead to increased aggression and strength that would allow
the male to become dominant and mate more frequently, but
may eventually lead to a shortened life span due to increased
atherosclerosis. Recent studies at the molecular genetic level
have suggested that cellular senescence may be antagonisti-
cally pleiotropic because it prevents tumorigenesis but also
contributes to organismal aging (see below).

Longevity Genes

There is ample evidence in multiple species that MLSP is
under genetic control, though the degree of heritability is
likely to be less than 35% [52]. Despite this apparently low
figure, genetic mutations can significantly modify senes-
cence. In yeast, a number of genes affect both the average and
maximum life span [53]. The products of these genes act in
diverse ways, including modulating stress response, sensing
nutritional status, increasing metabolic capacity, and silenc-
ing genes that promote aging. In the nematode (C. elegans),
mutants with increased life span have revealed various genes

that appear to play a role [54]: age-1 — altered aging rate,
daf-2 and daf-23 — activation of a delay in development, spe-
26 — reduced fertility, and clk-1 — altered biological clock.
These genes alter stress resistance (particularly in response to
ultraviolet light), development, signal transduction, and met-
abolic activity. The daf-2 gene appears to encode an insulin
receptor family member [55]. Mutations in daf-2 can double
the life span but require the daf-16 gene [56]. A mutation in
the daf-16 gene suppresses the UV resistance and increased
longevity of the other gene mutants, suggesting that it acts at
a critical point downstream of the other genes [54]. The daf-
16 gene is a member of the hepatocyte nuclear factor-3/fork-
head family of transcriptional regulators involved in a variety
of signal transduction pathways, including insulin signaling
[57]. A notable connection between single gene effects upon
aging in yeast and higher eukaryotes was revealed by the
finding that overexpression of the SIR2 gene and its homolog
Sirtl (sirtuin 1) extend life span in yeast and nematodes,
respectively [58]. Sir2 (silent information regulator) is an
NAD+-dependent histone deacetylase that silences transcrip-
tion and stablizes repetitive DNA in yeast. Aging and DNA
damage induce Sir protein complexes to relocalize to sites of
genomic instability, resulting in desilencing of genes. Sirtuin
genes can function as antiaging genes in yeast, worms,
and flies [59]. There are seven mammalian sirtuin genes
whose protein products function as histone deacetylases
(SIRT1,2,3,5,6,7) and/or ADP-ribosyltransferases (SIRT4,6).
SIR2 and its homologs appear to exert their effects by linking
metabolism to aging and also enhancing mitochondrial bio-
genesis and efficiency [59, 60] (see below). SIRT1 modulates
the activity of multiple critical transcriptional regulators of
metabolism, including FOXO1, FOXO3a, PPARa, PPARY,
and PGC-1a, which in turn impacts fatty acid oxidation, glu-
coneogenesis and glycolysis, oxidative capacity, fat mobili-
zation and adipogenesis, and insulin secretion.

A line of Drosophila melanogaster has been identified
that exhibits an approximately 35% increase in average life
span and enhanced resistance to various forms of stress,
including starvation, high temperature, and dietary paraquat,
a free-radical generator [61]. The mutation responsible,
dubbed methuselah, appears to reside within a single gene
that is homologous to GTP-binding transmembrane domain
receptors. Another single-gene mutation leads to almost a
doubling of the average adult Drosophila life span without a
decline in fertility or physical activity [62]. This gene, named
Indy (for I'm not dead yet), is homologous to a mammalian
sodium dicarboxylate cotransporter, which is a membrane
protein that transports Kreb’s cycle intermediates. The inves-
tigators speculate that the mutation in the Indy gene may cre-
ate a metabolic state that mimics caloric restriction. Previous
studies have demonstrated that one group of long-lived flies
is more resistant to oxidative stress [63], whereas another
group exhibits resistance to starvation and desiccation [64].
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Genetic analysis of longevity in mammals has not been as
revealing. However, immune loci in mice and humans have
been implicated in long-lived subjects [53]. In addition, a
mutation in the gene encoding the signaling molecule
p66(shc), which significantly enhances the resistance to oxi-
dative stress, increases the mean life span of mice by 30%
[65]. The Snell dwarf mouse contains a single-gene mutation
that alters pituitary development and prevents the production
of growth hormone, thyrotropin, and prolactin [66]. The
dwarf mouse also exhibits an extended life span of 25-50%
but is much smaller than normal mice. In contrast, the mice
with the mutant p66 develop normally and are not signifi-
cantly smaller than wild-type mice (see Table 2.3).

There does appear to be a genetic component to longevity
in humans. A number of mitochondrial DNA polymorphisms
and variants are associated with life span (reviewed by De
Benedictis et al. [67] and by Salvioli et al. [68]). The J hap-
logroup was found in a significantly greater percentage of
male centenarians in northern Italy than in younger subjects.
Interestingly, this same mitochondrial haplotype is overrep-
resented in a number of complex diseases [69], raising the
possibility of an antagonistically pleiotropic gene or genes
that exert deleterious effects in younger patients, but lead to
better health at later ages (successful aging). To complicate
matters further, mitochondrial DNA polymorphisms are
present in different frequencies in various aged populations
from Italy, Ireland, and Japan [70].

Single-nucleotide polymorphisms in nuclear chromo-
somal DNA that appear to be linked to either increases or
decreases in life span have been identified in a variety of
populations (reviewed by Capri et al. [71] and by Glatt et al.
[72]). An interesting pattern is emerging that strongly sug-
gests that polymorphisms in genes implicated in metabolic
signaling, inflammation, and stress response pathways play a
role in aging and longevity. Metabolic genes implicated
include the cholesterol ester transport protein [73], Foxo3A
[74, 75], FoxolA [76], SIRT3 [77, 78], the IGF1 receptor
[79], and the insulin-degrading enzyme [80]. Inflammatory
genes implicated include IL-6 [81, 82], IL-2 [83], CRP [84,
85], and TNF [86]. A number of genes from both of the pre-
vious categories fall into the stress response domain. It is
important to stress that many gene association studies
uncover modest relationships that may pertain to specific
population groups. Individual genes may contribute in only
small ways to aging or longevity, and it is highly likely that
multigenic impacts and interactions play more significant
roles in modulating longevity within the context of environ-
mental stresses and lifestyle behaviors. Furthermore, there is
intriguing evidence that a number of gene variants may play
a more important role in increasing the human “health span,”
rather than extending actual life span [72].

Interestingly, the human epsilon 4 allele of apolipoprotein
E (ApoE), which is associated with increased coronary

disease and Alzheimer’s disease, is inversely correlated with
longevity [87]. In contrast, the epsilon 2 allele of ApoE and
an angiotensin-converting enzyme (ACE) allele are found
more frequently in French centenarians [87], although the
ApoE2 allele is associated with type III and IV hyperlipi-
demia, and the ACE allele predisposes to coronary disease.
These findings further suggest that genes can exert pleiotro-
pic age-dependent effects upon longevity. Further support
for a genetic contribution to human longevity is provided by
data demonstrating that siblings and parents of centenarians
live longer [88]. In addition, centenarian offspring are sig-
nificantly less likely to experience myocardial infarction,
stroke, and diabetes and to die than offspring of noncentenar-
ians [89]. Linkage analysis implicates the presence of a gene
or genes on chromosome 4 that are associated with excep-
tional longevity [88]. Perls et al. note that a high percentage
of centenarians had children while in their 40s (well before
assisted reproduction). They, therefore, postulate that an evo-
lutionary force to prolong the period of childbearing would
lead to the selection of longevity-enabling genes. Collectively,
these studies also raise the question whether some genes
affect susceptibility to disease rather than alter intrinsic
aging.

In contrast to studies that uncover alterations in the expres-
sion of single genes during aging, Weindruch and Prolla and
their colleagues have investigated the broad program of
changes in gene expression that occur during aging and
caloric restriction in mice and in monkeys [90-93]. A com-
mon theme is that aging induces a differential gene expres-
sion pattern in muscle and brain, consistent with inflammatory
and oxidative stress and reduced expression of metabolic and
biosynthetic genes. In muscle and brain from mice, caloric
restriction either completely or partially prevented the age-
related changes in gene expression. Interestingly, caloric
restriction did not ameliorate the aging-induced alteration in
the program of gene expression seen in muscle from aging
monkeys. So, even though the age-related changes in gene
expression may be similar across species, the response to
caloric restriction may not.

Disposable Soma Theory

The disposable soma theory [94] postulates that indefinite
maintenance of somatic cells and tissues is not favored by
natural selection, which instead allots available energy and
resources towards the reproductive health of the organism in
the early years of life. The basic prediction of this theory is
that while immortal germline cells are faithfully maintained,
the reduced investment in somatic cells causes deterioration
and accumulation of unrepaired damage. Thus, the primary
genetic control of longevity operates through ability to mod-
ulate the investment in basic cellular maintenance systems in
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relation to the level of environment hazard. Accordingly, one
claim of this theory would be that there is a tradeoff between
fertility and longevity, with long-lived populations exhibit-
ing reduced fertility. One study that assessed correlations
between the number of children and age of members of
British aristocratic families noted that the longest-lived
members had the fewest children [95]; however, the oldest
women studied had a mean age of 68 years. As noted above,
middle-aged women who give birth tend to live longer. These
two disparate observations do not necessarily need to be con-
tradictory in the context of the disposable soma theory, as
longer-lived individuals may possess a genetic advantage
that allows the tradeoffs between longevity and reproductive
ability to take place later in life.

Two other theories of longevity which may be broadly
classed under the disposable soma theory of aging are the
neuroendocrine theory and the immunologic theory of
aging, both of which suggest aging is a result of declining
somatic function. The neuroendocrine theory proposes that
functional decrements in neurons and their associated hor-
mones are central to the aging process [96]. An important
version of this theory holds that the hypothalamic—pituitary—
adrenal (HPA) axis is the master regulator of aging in the
organism. Because the neuroendocrine system regulates
early development, growth, puberty, control of the repro-
ductive system, metabolism, and many other aspects of nor-
mal physiology, functional changes in this system could
exert effects throughout the organism. The decline in female
reproductive capacity is an obvious neuroendocrine age-
related change. Mounting evidence suggests both the ovary
and the brain play key roles in the menopause (rather than
the previously held view of ovarian exhaustion) [97]. The
neuroendocrine theory of aging is supported by experiments
that show that hypophesectomy, followed by the replace-
ment of known hormones, maintains (and may extend) life
span in rodents [98]. In addition, reductions in brain dop-
aminergic neurotransmission are more prominent in a
shorter-lived rat strain [99]. Levodopa, a dopaminergic drug
can prolong the mean life span in mice [100]. Treatment of
rats with deprenyl facilitates the activity of the nigrostriatal
dopaminergic neurons and protects these neurons from their
age-related decay [101], and deprenyl increases both the
average and maximum life span [102, 103]. Many human
studies demonstrate gradually decreasing levels of periph-
eral hormones accompanied by normal levels of trophic hor-
mones [96]. This suggests either increased response to the
peripheral hormones by the HPA axis or inappropriately low
expression of the stimulating hormone. However, many
organisms with aging phenotypes similar to those of higher
vertebrates lack complex neuroendocrine systems. The
changes that occur in the neuroendocrine system may be
due to fundamental age-related changes in all cells and are
therefore secondary manifestations of the aging phenotype.

However, the neuroendocrine theory received some validation
via a study of aging phenotypes in a mouse model of reduced
neuronal growth signaling. Partial inactivation of the IGF-1R
receptor in the murine embryonic brain inhibits growth hor-
mone and IGF signaling, leading to smaller size and an
increased mean life span, apparently due to inhibition of the
somatotrophic axis (see Table 2.3 [104]).

The immunologic theory of aging is based upon two main
observations: (1) the functional capacity of the immune sys-
tem declines with age, as evidenced by a decreased response
of T cells to mitogens and reduced resistance to infectious
disease and (2) autoimmune phenomena increase with age,
such as an increase in serum autoantibodies [105]. There is a
shift to increasing proportions of memory T cells, accompa-
nied by enhanced expression of the multidrug resistance
p-glycoprotein [106]. Humoral (B cell mediated) immunity
also declines with age, as evidenced by decreased antibody
production and a disproportionate loss in the ability to make
high-affinity IgG, IgA antibodies. In addition, differences in
the MLSP of different strains of mice have been related to
specific alleles in the major histocompatibility gene complex
[107]. The genes in this region also contribute to the regula-
tion of mixed-function oxidases (P-450 system), DNA repair,
and free radical scavenging enzymes. Caruso et al. suggest
that mouse and human histocompatibility genes may be
associated with longevity via different mechanisms: in mice
via susceptibility to lymphomas and in humans via infec-
tious disease susceptibility [108]. There is also evidence that
cytokine gene polymorphisms may interact with histocom-
patibility genes to influence longevity [108]. Although the
immune system obviously plays a central role in health main-
tenance and survival through the life span, similar criticism
can be directed at the immunologic theory as at the neuroen-
docrine theory. Complex immune systems are not present in
organisms that share aspects of aging with higher organisms.
In addition, the inability to distinguish between fundamental
changes occurring in many types of cells and tissues, not just
those of the immune system, and the secondary effects medi-
ated by the aging-altered immune system make interpreta-
tion of the theory difficult. Proposed mechanistic studies of
the immune theory include producing transgenic mice carry-
ing the histocompatibility complex from a longer-lived
rodent species to determine effects on disease incidence and
life span.

The discovery of caloric restriction as a means to extend
organismal life span (at least in lower organisms and rodents)
calls the disposable soma theory into question because it
would predict reduced rather than increased life span in the
face of limiting nutrient resources and consequently energy.
Indeed, early studies of rodents fed on restricted diets
reported a delay in the onset of puberty and lower reproduc-
tive capacity [109, 110]. A survey of the reproductive pro-
files of long-lived mice, including naturally long-lived



14

P. Rai and B.R. Troen

variants such as the Snell dwarf mouse as well as transgenic
models such as FIRKO mice (see Table 2.3) also suggests
that, as a general rule, mice with longer life span show
reduced fecundity (reviewed by Partridge et al. [111]).
However, another study utilizing moderate caloric restriction
(60% of normal dietary intake) of adult rodents discovered
that CR conferred both increased fecundity in mice as well
as increased survival of their pups [112], suggesting that an
optimal balance in maintaining the reproductive axis without
compromising the somatic axis may be achieved via nutri-
tional interventions (see below).

Stochastic Theories

Free Radical/Oxidative Stress

Denham Harman proposed one of the oldest and most endur-
ing theories of aging over 50 years ago when he postulated
that most aging changes are due to molecular damage caused
by free radicals [113, 114], which are incompletely reduced,
highly reactive intermediates of oxygen. The term “free radi-
cal” is misleading because one of these intermediates is
hydrogen peroxide, which contains no unpaired electrons
and is therefore not a radical. The more accurate nomencla-
ture for these intermediates is reactive oxygen species or
ROS, and for the purposes of discussion herein and in the
context of aging theories, we use the term free radical inter-
changeably with ROS, which likely is what Harman intended
when he named his theory of aging.

Aerobic metabolism generates the superoxide radical
(O,*), which is metabolized by superoxide dismutases to
form hydrogen peroxide (H,0,) and oxygen [115]. Hydrogen
peroxide can go on to form the extremely reactive hydroxyl
radical (OHe). These oxygen-derived species can react with
macromolecules in a self-perpetuating manner; they create
free radicals out of subsequently attacked molecules, which in
turn create free radicals out of other molecules thereby ampli-
fying the effect of the initial free radical attack [12]. ROS
appear to play a role in regulating differential gene expres-
sion, cell replication, differentiation, and apoptotic cell death
(in part by acting as second messengers in signal transduction
pathways) [116—118]. In addition, nonradical prooxidants, for
instance metals such as iron and copper that catalyze forma-
tion of the hydroxyl radical, as well as high concentrations of
certain antioxidants can together generate a retrograde redox
regenerative cycle, leading to homeostatic imbalance and oxi-
dative stress (reviewed by Valko et al. [119]).

In lower organisms, the role of antioxidants on life-span
extension is also complex. Increasing expression of the
mitochondrial Mn-superoxide dismutase (aka SOD2) in flies
has yielded conflicting results, with one study reporting

approximately 15% extension in mean and maximum life
span without changes in oxygen consumption [120] and
another reporting no significant effect on life span [121].
However, SOD2 reduction in flies reduces life span and
mimics aging-related defects; progressive reduction in
SOD?2 activity correlates with further shortening of life span
[122]. This dose-dependent effect of SOD2 on life span is
consistent with overexpression of SOD2 in flies [120].

Overexpression of Cu, Zn-superoxide dismutase (aka
SOD1), the cytosolic superoxide dismutase, has been reported
to extend life span in flies by around 40-50% [123, 124];
however, the significance of these results to the oxidative
stress theory of aging are undercut by the facts that the major-
ity of life extension was seen in the shortest-lived flies or by
overexpressing SOD1 in tissues where there was a clear defi-
ciency of the enzyme. In ant colonies, where large differences
exist in life span between queens and workers, SOD1 activity
correlates mostly negatively with life span with the shorter-
lived males having higher SOD1 expression and activity com-
pared to the long-lived queens [125]. Overexpression of
catalase alone in transgenic flies also does not extend life span
[126]. Some transgenic flies with increased expression of both
Cu, Zn-superoxide dismutase and catalase, which act in tan-
dem to remove superoxide and hydrogen peroxide, respec-
tively, exhibit up to a one-third extension of average and
maximum life span [126]. In addition, they exhibit increased
resistance to oxidative damage and an increase in the meta-
bolic potential (total amount of oxygen consumed during
adult life per unit body weight). However, combinatorial over-
expression of the major antioxidants, SOD1, SOD2, catalase,
and thioredoxin reductase in relatively long-lived flies did not
appear to enhance longevity [127]. It has also been shown that
overexpressing glutathione reductase extends the life span of
transgenic flies kept under hyperoxic or oxidant-treated con-
ditions, but not under ambient conditions [128].

In C. elegans, a model system in which a number of long-
lived mutants have been identified, the role of oxidants and
antioxidants is similarly complicated. Although nutrient-
sensing pathways appear to be a dominant mechanism of
life-span determination in C. elegans, a causal role for oxida-
tive stress in their aging still has neither been validated nor
disproved. In long-lived worms that overexpress daf-2, ROS
production was higher than in wild-type worms throughout
the life span, but protein carbonylation was reduced [129].
The observed reduction in damage in the face of elevated
ROS levels has been ascribed to compensatory protective
effects due to enhanced enzymatic antioxidant activity from
SOD proteins and glutathione-s-transferases [129-131].
However, treatment of wild-type C. elegans strains with SOD
and catalase mimetics failed to extend life span despite
increasing antioxidant activity [132]. Yet, the role of oxygen
tension nevertheless appears to have an effect on life span
and oxidative damage because worms kept at 1% oxygen
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have lower carbonyl levels and show approximately 24%
increase in life span relative to counterparts kept at ambient
oxygen [133].

Production of ROS in the heart, kidney, and liver of a
group of mammals was found to be inversely proportional to
the maximum life span, although the activities of individual
antioxidant enzymes were not consistently related to maxi-
mum life span [134]. However, catalase overexpression tar-
geted to the mitochondria does increase life span and improve
functional health of the mice as they age [135]. Transgenic
mice that overexpress thioredoxin, another antioxidant pro-
tein, also exhibit about a 30% improvement in mean life span
[136]. A series of studies has demonstrated that oxidative
stress resistance of dermal fibroblasts correlates with the lon-
gevity of the species [137-139].

The studies discussed above illustrate the complexity
behind the free radical theory of aging. Antioxidants, in gen-
eral, only appear to have a significant effect on life-span
extension if their levels/function are limiting or under condi-
tions of stress. Thus, overexpression of enzymes that are
already present at robust levels are not likely to have an effect
on life span simply because increasing expression does not
enhance catalytic efficiency of these enzymes, which are
already operating at near optimal rates. Furthermore, given
the importance of antioxidant enzymes to survival of aerobi-
cally respiring organisms, there is a certain amount of redun-
dancy between different antioxidants, and different tissues
require their individual actions to different extents. This het-
erogeneity and overlap of function may also be obscuring the
effects of altering antioxidant levels in animal models of life-
span extension. Thus, rather than overexpressing antioxi-
dants alone, a more viable strategy of life-span extension
perhaps needs to center on reducing production of ROS by
modulating mitochondrial function or the prooxidant factors,
which contribute to the deleterious effects of oxygen
radicals.

Mitochondrial Dysfunction Theory of Aging

The mitochondrial DNA/oxidative stress hypothesis repre-
sents a synthesis of several theories and therefore comprises
elements of both stochastic and developmental-genetic
mechanisms of aging (see below). It is proposed that ROS
contribute significantly to the somatic accumulation of
mitochondrial DNA mutations, leading to the gradual loss
of bioenergetic capacity and eventually resulting in aging
and cell death [140-142]. Ozawa has dubbed this the “redox
mechanism of mitochondrial aging” [143]. Mitochondrial
DNA (mtDNA) undergoes a progressive age-related increase
in oxygen free radical damage in skeletal muscle [144-146],
the diaphragm [147, 148], cardiac muscle [149-152], and
the brain [153, 154]. This exponential increase in damage

correlates with the increase in both point and deletional
somatic mtDNA mutations seen with age. Interestingly,
extrapolation of the curve to the point where 100% of car-
diac mtDNA exhibits deletion mutations gives an age of
129 [143].

Mitochondrial DNA is maternally transmitted, continues
to replicate throughout the life span of an organism in both
proliferating and postmitotic (nonproliferating) cells and is
subject to a much higher mutation rate than nuclear DNA.
This is due, in large part, to inefficient repair mechanisms
and its proximity to the mitochondrial membrane where
reactive oxygen species are generated. Defects in mitochon-
drial respiration with age are found not only in normal tis-
sues [155] but alsoin diseases that are increasingly manifested
with age such as Parkinson’s disease [156, 157], Alzheimer’s
disease [158, 159], Huntington’s Chorea [160], and other
movement disorders [161]. Diseases for which mtDNA
mutations have been found include Alzheimer’s [162, 163],
Parkinson’s [153, 163—166], and a large number of skeletal
and cardiac myopathies [147, 167-171]. Apoptosis has also
been associated with mtDNA fragmentation [172]. As noted
above, mitochondrial haplotype J is associated with human
longevity. However, the role of inherited and somatic muta-
tions in mitochondrial DNA during human aging is clearly
complex, and additional studies are required to gain further
insight (reviewed by Salvioli et al. [68].)

The idea of mitochondrial involvement in aging postu-
lates that accumulation of mtDNA damage leads to defective
mitochondrial respiration, which in turn enhances oxygen
free radical formation, leading to additional mtDNA dam-
age. However, the reality appears not to be quite so simple.
A mouse model has been developed to address the issue
whether phenotypic aging of tissues depends on mitochon-
drial DNA mutations. These mice express an error-prone
version of the major mitochondrial DNA polymerase, pol-
gamma, generated by mutating the proofreading domain of
the enzyme. The mutant mice show fairly uniform accumula-
tion of both deletions and point mutations in the mitochon-
drial genomes of different tissues and an accelerated aging
phenotype [173]. The observations from the mutant pol-
gamma mouse model mirror previous findings regarding the
role of mitochondrial mutations in aging. On the surface,
these observations fit well with the free radical/oxidative
stress theory of aging, since mutations in mitochondrial
genes coding for respiratory chain enzymes could in princi-
ple result in leakier electron transfer, thus leading to increased
accumulation of ROS. However, this does not appear to be
the case in mouse embryonic fibroblasts derived from the
mutant mice that, despite impaired respiration, show neither
augmentation of ROS production nor sensitivity to oxidative
stress-mediated cell death [174]. Lack of change in protein
carbonylation levels is presented to support the idea that
these mice suffer no elevation in oxidative stress, although
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these lesions may not be appropriate as the sole marker of
cellular oxidative damage as they are detected only if they
are presentin a degradation-resistant state [ 175]. Furthermore,
since mitochondrial deletions in the pol-gamma mutant mice
lead to linearized mitochondrial genomes, another possibil-
ity is that the premature aging phenotype observed in these
mice is the result of a DNA damage response (DDR) (see
below) rather than accruing directly due to mitochondrial
dysfunction. Nevertheless, the pol-gamma mice provide an
elegant and useful system in which to further explore the role
of mitochondrial mutations and ROS in engendering the
aging phenotype.

In humans, specific mutations, while increasing with age,
seldom account for more than several percent of the total
mtDNA. However, some studies suggest that the total per-
centage of mtDNA affected by mutations is much greater, as
much as 85%, and increases with age [143]. In addition,
caloric restriction in mice retards the age-associated accu-
mulation of mtDNA mutations [176]. Agents that bypass
blocks in the respiratory chain such as coenzyme Q10,
tocopherol, nicotinamide, and ascorbic acid would be pre-
dicted to ameliorate some of the effects of mitochondrial dis-
ease and aging. Withdrawal of coenzyme Q from the diet of
nematodes extends the life span by approximately 60%
[177]. Caloric restriction, which can extend life span, reduces
oxidative damage in primates [178]. There are epidemiologic
studies that appear to implicate dietary antioxidants in the
reduction of vascular dementia, cardiovascular disease, and
cancer in humans [179]. However, results to date, in treat-
ment of patients with myopathies, have been variably or only
anecdotally successful [143]. This suggests that a complex
interaction exists between prooxidant and antioxidant forces
in the cell and that regulation of the balance between the two
may be the critical determinant in mitochondrial, and subse-
quently, cellular and tissue integrity during aging.

An increasing number of studies have implicated mito-
chondrial biogenesis and efficiency as playing significant
roles to enhance cellular fitness and organismal longevity
[180]. Maintenance of energy production and prevention
and/or amelioration of oxidative stress by mitochondria are
key to healthy aging. As previously discussed, caloric restric-
tion is the most reliable intervention to extend life span in a
number of species, including mammals such as rodents,
dogs, and rhesus monkeys [13]. Multiple signals modulate
PGCla activity and subsequent mitochondrial production
and efficiency, such as AMP kinase, sirtuins, and nitric oxide,
all of which can be increased by caloric restriction [180].
Furthermore, caloric restriction increases mitochondrial bio-
genesis in healthy humans [181]. However, perhaps the best
intervention to enhance mitochondrial production and func-
tion is exercise, which can at least partly normalize age-re-
lated mitochondrial dysfunction [182] and can significantly
reverse age-related transcriptional alterations [183].

DNA Damage Theory of Aging: Somatic Mutation, DNA
Repair, Error Catastrophe

Stochastic theories propose that aging is caused by random
damage to vital molecules. The damage eventually accumu-
lates to a level that results in the physiological decline associ-
ated with aging. The most prominent example is the somatic
mutation theory of aging, which states that genetic damage
from background radiation produces mutations that lead to
functional failure and, ultimately, death [184, 185]. Exposure
toionizing radiation does shorten life span [ 186, 187]. However,
analysis of survival curves of radiation-treated rodent popula-
tions reveals an increase in the initial mortality rate without an
effect on the subsequent rate of aging [188]. The life-span
shortening is probably due to increased cancer and glomerulo-
sclerosis rather than accelerated aging per se [189].

The DNA repair theory is a more specific example of the
somatic mutation theory. Impairment of genomic mainte-
nance has been strongly implicated as a major causal factor
in the aging process [190]. Defects in DNA repair mecha-
nisms form the basis of a majority of human progeroid syn-
dromes (see below). The ability to repair ultraviolet
radiation-induced DNA damage in cell cultures derived from
species with a variety of different life spans is directly cor-
related with the MLSP [191]. Unfortunately, there is not
enough experimental support to conclude that these differ-
ences between species are a causative factor in aging.
Although the prevailing belief has been that overall DNA
repair capacity does not appear to change with age, several
studies now indicate that repair of oxidative DNA damage
lesions via base excision repair (BER) becomes more ineffi-
cient in aged mice [192, 193]. Caloric restriction can restore
the age-related decline in BER [194]. Repair of DNA dou-
ble-strand breaks (DSBs) is also compromised in replica-
tively senescent human fibroblasts [195] and in fibroblasts
and lymphocytes taken from older humans [196].

Additionally, the site-specific repair of select regions of
DNA appears to be important in several types of terminally
differentiated cells [197]. Biochemically, oxidative DNA dam-
age has been shown to affect specific DNA sequences more
than others, with the most affected sequences corresponding
to conserved motifs in transcriptional elements involved in the
regulation of stress-response genes [198]. Studies in cultured
human neurons show that promoters of genes involved in
memory, stress protection, and neuronal survival sustain selec-
tive oxidative stress-mediated DNA damage and exhibit
reduced BER [199]. Transcriptional profiling of the human
frontal brain cortex reveals that the genes under the control of
these promoter elements also show the most reduced function
after the age of 40. Thus, DNA damage to specific areas of the
neuronal genome appears to contribute to age-related cogni-
tive decline. Future studies will need to focus upon repair rates
of specific genes rather than indirect general measurements.
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The error-catastrophe theory also centers on the role of
DNA integrity in the aging process and proposes that random
errors in synthesis eventually occur in proteins that synthe-
size DNA or other “template” molecules [200]. Generally,
errors occurring in proteins are lost by natural turnover and
simply replaced with error-free molecules. Error-containing
molecules involved in the protein-synthesizing machinery,
however, would introduce errors into the molecules that they
produce. This could result in an amplification such that the
subsequent rapid accumulation of error-containing molecules
results in an “error catastrophe” that would be incompatible
with normal function and life. Although there are numerous
reports of altered proteins in aging, no direct evidence of
age-dependent protein mis-synthesis has yet been reported.
The altered proteins that do occur in aging cells and tissues
are, instead, due to posttranslational modifications such as
oxidation and glycation [201, 202]. The increases in altered
proteins appear to be due to decreased clearance in older
cells [203].

Models of Aging

Accelerated Aging Syndromes in Humans

Although no disease exists that is an exact phenocopy of nor-
mal aging, several human genetic diseases, including
Hutchinson—Guilford syndrome (the “classic” early-onset
progeria seen in children), Werner’s syndrome (‘“adult” pro-
geria), Cockayne’s Syndrome or NFE Syndrome (another
childhood-onset progeroid disease), and Down’s syndrome
exhibit features of accelerated aging.

Hutchinson—Guilford progeroid syndrome (HGPS) is an
extremely rare autosomal recessive disease in which aging
characteristics begin to develop within several years of
birth [204]. These include wrinkled skin, stooped posture,
early hair loss, and growth retardation. HGPS patients suf-
fer from advanced atherosclerosis, and myocardial infarc-
tion is the usual cause of death by the age of 30. However,
unlike Werner’s Syndrome patients (see below), these
patients do not typically suffer from cataracts, glucose
intolerance, and skin ulcers. HGPS is a laminopathy result-
ing from a single-nucleotide substitution (1824 C>T) in
the lamin A gene, which encodes two components of the
nuclear envelope, lamins A and C (reviewed by Meshorer
and Gruenbaum [205]). The mutation leads to activation of
a cryptic splice site and production of a truncated version
of the precursor protein, prelamin A, denoted progerin or
LAAS5O0 [206, 207], which then leads to formation of abnor-
mal nuclear lamina and delayed nuclear reassembly, as
well as DNA damage and chromosomal abnormalities
[208-212].

Werner’s syndrome (WS) is an autosomally recessive
inherited disease [204]. Patients prematurely develop arte-
riosclerosis, glucose intolerance, osteoporosis, early graying,
loss of hair, skin atrophy, and hypogonadism (reviewed by
Muftuoglu [213]). However, patients do not typically suffer
from Alzheimer’s disease or hypertension. WS patients have
an increased predisposition to cancer with a higher than usual
incidence of sarcomatous (mesenchymal) tumors and develop
cataracts in the posterior surface of the lens, not in the nucleus
as is usually seen in older people. In addition, they develop
laryngeal atrophy and ulcerations on the arm and legs. Most
patients die before the age of 50, usually of myocardial
infarction or cancer [214, 215]. The gene responsible for WS
has been localized to chromosome 8 [216] and appears to be
a helicase [217], an enzyme involved in unwinding DNA.
DNA helicases play a critical role in DNA replication and
repair. Cells from WS patients display chromosomal insta-
bility, shortened telomeres, elevated rates of gene mutation,
and nonhomologous recombination (reviewed by Brosh and
Bohr [218]). Furthermore, WS is characterized by hypersen-
sitivity to the chemical carcinogen, 4-NQO [219, 220], cross-
linking agents [221], and the topoisomerase inhibitor,
camptothecin [222, 223], suggesting impairment of DNA
repair mechanisms.

Cockayne’s syndrome (CS) is a congenital autosomal
recessive disorder characterized by stunted growth, extreme
sensitivity to sunlight, retinopathy, deafness, nervous system
abnormalities, and premature aging (reviewed by Stevnsner
et al. [224]). This is a progressive disease that becomes
apparent after 1 year of age and leads to mortality by 12
years of age. There are rare variants, one of which manifests
at birth and another which presents milder symptoms and
appears in late childhood. CS results from mutations in the
transcription-coupled repair (TCR) and global genomic (GG)
repair proteins, ERCC6 and ERCCS, also known as
Cockayne’s Syndrome B (CSB) and Cockayne’s Syndrome
A (CSA), respectively. The CSA protein is a 396-amino acid
protein with no known enzymatic activity [225] and is part of
a multicomponent ubiquitin ligase complex that also includes
the DNA damage binding protein DDB1 [226]. Not much is
known about its specific role in producing the CS phenotype.
CSB consists of 1,493 amino acids and is a member of the
SWI2/SNF2 family of DNA-dependent ATPases [227].
Although there is no phenotypic difference in disease whether
it arises from mutations in CSA or mutations in CSB, approx-
imately 80% of CS cases have mutated CSB. Neither the site
nor the specific nature of CSB mutations appears to correlate
with severity of the disease, and in one patient, complete loss
of the CSB gene product led to photosensitivity, but not CS
[228], suggesting that there may be an environmental or epi-
genetic component to the disease. Surprisingly, unlike
Werner’s syndrome and other DNA repair defect diseases,
Cockayne’s syndrome patients do not have a significantly
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higher incidence of cancer unless they also suffer xeroderma
pigmentosum (XP), which is linked to a strong predisposi-
tion to skin cancer.

People with Down’s syndrome have trisomy or a translo-
cation involving chromosome 21 [204, 229]. They suffer
from the early onset of vascular disease, glucose intolerance,
hair loss, degenerative bone and joint disease, and increased
cancer. The life span is apparently 50-70 years (not as short
as previously believed, since earlier mortality may have rep-
resented neglect of these individuals). Dementia occurs ear-
lier and more often in patients with Down’s syndrome than in
the general population. Patients develop neuropathological
changes similar to the changes seen in dementia of
Alzheimer's type, including amyloid deposition and neurofi-
brillary tangles. This may be related to the presence of the
B-amyloid gene on chromosome 21.

Although not strictly classified as progeroid syndromes,
two diseases that bear mention are Fanconi anemia (FA) and
dyskeratosis congenita (DC). Fanconi anemia is a rare auto-
somal recessive blood disorder, associated with multiple clini-
cal symptoms [230]. Classified as a developmental rather than
progeroid disorder, FA is nevertheless characterized by several
aspects of premature aging syndromes, including childhood-
onset bone marrow failure, susceptibility to squamous cell car-
cinomas, and congenital deformities. Furthermore, FA patients
exhibit growth hormone and thyroid hormone deficiencies,
glucose intolerance, and premature infertility. There are 13
FANC genes in which biallelic mutations lead to FA (reviewed
by Neveling et al. [231]). Their protein products can aggregate
into different core protein complexes in the nucleus; one of the
complexes acts as a ubiquitin ligase to modify another FANC
complex, thereby facilitating its recruitment to chromatin foci
in conjunction with the BRCA1, BRCA 2, and Rad51 DNA
repair proteins. Not surprisingly, FA cells exhibit chromo-
somal instability and are highly susceptible to several forms of
DNA damage, particularly interstrand cross-links (ICL), there-
fore displaying acute sensitivity to cisplatin, mitomycin, and
nitrogen mustard.

More significantly, cells derived from FA patients are
uniquely sensitive to ambient air and show a definitive effect
of oxygen concentration on formation of chromosomal aber-
rations [232]. Repeated hypoxia—-reoxygenation cycles have
been shown to induce premature senescence of bone marrow
cells in a murine model of FA [233]. Together, these observa-
tions suggest that the dramatic bone marrow dysfunction and
chromosomal aberrations observed in FA likely stem from
ROS-mediated DNA damage to hematopoietic cells.
Additionally, there is evidence that multimerization of FANC
proteins and formation of nuclear complex 1 may be redox-
dependent [234], suggesting that the observed sensitivity
to DNA damage may be compounded by an inability of
mutated FANC proteins to facilitate recognition and repair of
DNA damage. Thus, with its progeroid features and the

mechanistic convergence of oxidative stress and DNA
damage in its etiology, FA appears to be the only human
model for the stochastic theories of aging.

Dyskeratosis congenita is a rare syndrome associated with
severe bone marrow failure around the age of 30 years [235].
In addition, DC patients suffer from aging-associated pathol-
ogies such as increased risk of cardiopulmonary failure and
malignancy, early graying of hair, changes in skin pigmenta-
tion, brittle nails, and immune system failure which mani-
fests itself as mucosal leukoplakia. DC is also characterized
by chromosomal instability and telomere shortening at the
cellular level [236]. The X-linked version of DC results from
mutations in the dyskerin gene DKC1 that appear to impair
itsassociation with TERC, the RNA component of telomerase,
whereas the autosomal form arises from mutations in the
TERC gene itself [237]. Additionally, DC patients exhibit a
uniform reduction in TERC itself. Thus, DC is unique in
being the only human syndrome with progeroid features
associated with telomere dysfunction, long considered a
major causative biomarker of aging (see below).

Consistent with the classic theories of aging, the human
progeroid syndromes discussed above suggest that the criti-
cal determinants of aging are likely to be oxidative stress
levels, accumulation of DNA damage/chromosomal insta-
bility, and nonfunctional or reduced DNA repair mecha-
nisms. These three features have formed the basis of a
number of animal and cellular models of aging, which are
discussed below and which recapitulate the phenomenon of
aging to varying degrees.

Mouse Models of Aging

The major murine models of aging are summarized in
Table 2.4. These encompass defects in a fairly comprehen-
sive cross-section of biological processes implicated in aging
including DNA damage/repair, metabolic, and developmen-
tal processes. Some of these models display the gamut of
aging-related morphology and pathologies besides the oblig-
atory reduction in mean and/or maximal life span. For
instance, the klotho mouse suffers from a defect in a single
gene that codes for a membrane protein and exhibits a pleth-
ora of marked age-related phenotypes that are also seen in
humans. These include reduced life span, decreased activity,
premature thymic involution, skin atrophy, arteriosclerosis,
osteoporosis, emphysema, and lipodystrophy. There are a
number of strains of senescence-accelerated mice (SAM)
that exhibit a variable aging phenotype consistent with mul-
tigenic effects. Despite the fact that none of the mouse mod-
els displays all of the phenotypes associated with human
aging, they are likely to be valuable tools in permitting delin-
eation of some of the molecular mechanisms of aging.
Significantly, some of the mouse models display a more
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striking aging phenotype in conjunction with defects in other
systems, for instance the mice jointly deficient in TERC and
ATM or TERC and WRN [238, 239] experience accelerated
premature aging relative to mice deficient in TERC alone.

Given the importance of the free radical/oxidative stress
theory of aging (see above), a definitive mouse model for
oxidative stress in aging is lacking, although several of the
systems listed in Table 2.4 include elements of oxidative
stress such as elevated oxidative DNA lesions, defects asso-
ciated with ROS signaling (such as insulin resistance), and
inflammation-related disorders. SOD1—/—mice show slightly
reduced life span (~21 months relative to 28 months in the
wild-type mice), elevated levels of 8-oxoguanine, a major
oxidized DNA lesion, increased incidence of liver carcino-
genesis [240], and increased retinal dysfunction [241].
SOD2—/- mice do not show a life span defect but do have
increased age-related incidences of lymphomas and cardiac
defects [242]. Mice deficient in catalase [243] and glutathi-
one peroxidase [244] also appear to have a normal life span,
with the former exhibiting tissue-specific sensitivity to
hyperoxic insults and the latter showing some mild redox
imbalance in platelets. The same is true for the mice in which
SOD?2 and glutathione peroxidase is jointly abrogated [245].
However, these results do not disprove the oxidative stress
theory of aging but rather provide a caveat that laboratory
mouse models, being protected from disease and fluctuations
in living conditions and nutrition, perhaps do not accurately
reflect the requirement for protection against oxidative stress
that may alter life span. It is telling that despite a lack of
longevity enhancement, many of the above model systems
show a clear effect of altered redox status on stress resistance
of the organism, which ultimately is a key benchmark in
defining functional characteristics of the aging process.
Given the importance of DNA damage and the pleiotropic
effects of ROS in signaling pathways, perhaps a clearer pic-
ture of the role of oxidative stress will emerge by generating
and studying mouse models deficient in antioxidant defenses
as well as DNA repair/signaling mechanisms.

Cellular Senescence as a Model for Aging

The complexity of studying aging in organisms has led to the
use of well-defined cell culture systems as models for cellu-
lar aging or senescence. Hayflick and Moorhead [246] pio-
neered the model of replicative senescence and identified
normal human diploid fibroblasts in culture as an experi-
mental system for aging by observing an initial period of
rapid and vigorous proliferation, invariably followed by a
decline in growth rate and proliferative activity, finally lead-
ing to cessation of proliferation. This model proposed that
aging is a cellular as well as an organismal phenomenon and
that the loss of functional capacity of the individual reflected

the summation of the loss of critical functional capacities of
individual cells. It is important to note that populations of
senescent cells do not necessarily die and that, in fact, a num-
ber of senescent cell types (although not all) are thought to
be resistant to apoptosis mediated by caspase 3 and inhibited
by bcl-2 [247-249]. In culture, they can be maintained for
years in a postmitotic (nonproliferating) state with regular
changes of culture medium [250-252].

Although a majority of studies on cellular senescence
have been conducted on skin and fetal lung fibroblasts, lim-
ited in vitro life span has been reported for glial cells [253],
keratinocytes [254], vascular smooth muscle cells [255], lens
cells [256], endothelial cells [257], lymphocytes [258], and
human breast epithelial cells (HMECs) [259, 260]. In vivo,
serial transplants of normal somatic tissues, such as skin and
breast, from old donor mice to young genetically identical
recipients show a decline in proliferative activity and even-
tual failure of the graft [261]. Similarly, skin from old donors
retained an increased susceptibility to carcinogens whether
transplanted to young or old recipients [262].

Do changes in cells in culture parallel changes in cells
from aging organisms? The replicative life span of fibro-
blasts in culture is inversely related to the maximum life span
of several diverse vertebrate species [263]. Studies suggest
that the replicative life span of cells in culture is inversely
related to the age of the donor in both humans and rodents
[264-266]. This in vivo—in vitro relationship also holds for
several different cell types, including skin fibroblasts [267],
hepatocytes [268], keratinocytes [269], arterial smooth mus-
cle cells [255], and T lymphocytes [270]. However, in these
cross-sectional studies, there is a great deal of variability, and
the correlation coefficient, though statistically significant, is
low. Cells cultured from healthy individuals do not appear to
exhibit a consistent age-related proliferative capacity [271].
Cells from people with Werner’s syndrome do senesce more
rapidly in culture than age-matched controls; however, a
consistently similar relationship does not hold for cells from
people with Hutchinson—Guilford syndrome [204]. Thus,
under some circumstances, the proliferative characteristics
of cells during aging in vivo are maintained in culture. There
are several studies that point to an accumulation of senescent
cells in vivo with advancing age of both humans and pri-
mates [35, 270, 272, 273].

The number of population doublings achieved before
reaching a replicative limit is intrinsic to different cell types
[246]. Even more significantly, cells rederived from animals
that are the result of reproductive cloning via nuclear transfer
show the same replicative proliferative capacity and rate of
telomere shortening as the donor cells [274], suggesting an
inherent mechanism of cellular life-span determination that
is conserved even during the genetic reprogramming that
occurs after nuclear transfer. The number of times the cells
divide is more important in determining proliferative life
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span than the actual time the cells spend in culture [275].
Cells continuously passaged in culture until the end of their
proliferative life span achieve approximately the same num-
ber of population doublings (PDLs) as cells that are held in a
stationary phase for an extended period (months) and then
recultured until senescence. Therefore, under a given set of
culture conditions, cells seem to possess an intrinsic mecha-
nism that “counts” the number of divisions and not the time
that passes.

However, suboptimal culture conditions or environmental
stresses can adversely affect cellular replicative life span,
leading to accelerated loss of proliferative capacity that is
referred to as premature senescence or stress-induced prema-
ture senescence (SIPS) [276-278]. A number of acute exoge-
nous stresses can lead to premature senescence, including, but
not limited to oxygen radical producers, radiation, chemother-
apeutic drugs, and high oxygen tension culture. Additionally,
creation of endogenous DNA damage due to failure of repair
mechanisms and elevated ROS stemming from mitochondrial
dysfunction or oncogene activation can also lead to rapid
induction of a permanent proliferative arrest.

In morphological and biochemical respects, SIPS is
almost identical to replicative senescence, leading to the idea
that all exhaustion of replicative capacity may be a form of
stress-induced proliferative arrest. In accordance with this
idea, one pervasive common denominator between replica-
tive and SIPS appears to be induction of a DDR ([279] and
reviewed in [280]). In fact, a persistent DDR and elevated
intracellular ROS production appear to play a critical role not
only in the induction of the senescent phenotype but also in
its maintenance [279, 281].

Products of the retinoblastoma (Rb) and p53 tumor
suppressor genes have been identified as the major molecular
pathways implicated in cellular senescence [282, 283].
The Rb gene product is not phosphorylated in senescent cells
[284]. Simian virus 40 large T antigen, which is bound by the
p53 and Rb gene products, can facilitate escape from senes-
cence [285]. T-antigen deletion mutants that lack either Rb-
or p53-binding domains are unable to mediate escape from
senescence [286]. Furthermore, treatment with antisense oli-
gonucleotides to the Rb and p53 tumor suppressor genes can
extend the in vitro life span of human fibroblasts [287]. The
p21 CIP1/WAF]1 [288-290] and p16 INK4a [291-293] inhib-
itors of cyclin kinases (and therefore cell cycle progression)
are overexpressed in senescent cells. The p21 protein appears
to act by forming complexes with members of the family of
E2F transcription factors in senescent cells (Rb/CDK2/cyclin
E or with the Rb-related p107/CDK2/cyclin D), downregulat-
ing transcriptional activity, and thereby inhibiting progres-
sion through the cell cycle [288]. Targeted disruption of the
p21 gene delays the onset of senescence in fibroblasts derived
from human lung [294]. However, adrenocortical cells
express high levels of p21 throughout their in vitro life span,

up to and including senescence [295]. Skin fibroblasts from
patients with Li—Fraumeni syndrome are heterozygous for
pS3. These cells in culture lose the remaining p53 allele and
are subsequently unable to express p2l but still undergo
in vitro aging [296], suggesting that p53 and p21 are not
required for senescence. In senescent cells, p16 complexes to
and inhibits both the CDK4 and CDKG6 cell cycle kinases
[291]. Induction of expression of pl6 by demethylation-
dependent pathways or of p21 by demethylation-independent
pathways can induce senescence in immortal fibroblasts that
do not express p53 [297]. Of genes whose expression is
required for G1/S cell cycle progression, senescent fibro-
blasts express no cdk2 and cyclin A and reduced amounts of
the G1 cyclins, C, D1, and E, compared to young cells [298].
The expression of early G1 markers, but not late G1 markers,
indicates that senescent cells may be blocked at a point in late
G1 [299].

The p53/p21 and the p16/Rb pathways are not induced to
equivalent extents during cell senescence and do not contrib-
ute equally to the senescent phenotype; the dominating path-
way depends both on cell type and the nature of
senescence-inducing stress. In general, the pS3 pathway is
activated in response to genotoxic stress, DNA damage, and
telomere dysfunction, whereas the pl6 arm of tumor sup-
pression is engaged under conditions of oncogenic and other
stresses. Skin fibroblasts typically enter senescence via the
pS3 pathway and have low levels of p16 even as they approach
cellular senescence; in these cells, inhibition of the p53 path-
way is sufficient to reverse the senescent phenotype [300].
Lung fibroblasts, on the other hand, tend to show elevated
levels of both tumor suppressor proteins in a senescing popu-
lation as a whole, although individual cells may show one
pathway is more dominant than the other (reviewed by
Itahana et al. [301]). Even so, a mosaicism has been reported
in senescent cultures whereby both p53- and pl6-mediated
senescence programs are activated either in parallel or even
jointly in individual cells [302].

The ras oncogene product can induce senescence that is
accompanied by accumulation of p53 and p16 [303]. This
occurs only in nonimmortalized cells and may reflect a
tumor-suppressive response of the cell to a transforming
stimulus, as discussed below. However, it has been reported
that the RAS oncoprotein can only induce senescence in cells
that have already upregulated levels of p16 [304]. Induction
of a DDR and senescence by increasing oxidized nucleotides
and accompanying genomic DNA damage in human skin
fibroblasts also leads to upregulated levels of both p53 and
pl6, but the senescence response can be rescued by abroga-
tion of the p53 (but not the pl16) pathway [305]. In human
mammary epithelial cells, there appear to be two different
barriers to proliferation. After the initial four to five popula-
tion doublings, these cells enter an early senescent-like arrest
termed MO that is mediated by p16, but a number of cells in
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a population are able to escape this proliferative barrier and
continue to divide before reaching a p53-mediated senes-
cence termed M1 [306]. In keratinocytes, abrogation of both
p16 and p53 is needed to extend life span, but these cells still
undergo senescence unless immortalized by introduction of
hTERT. However, expression of hTERT alone does not
immortalize these cells if one of the senescent pathways is
still functional [307]. Together, these observations empha-
size the presence of complex and incompletely understood
overlapping networks regulating cell cycle progression and
proliferation. Depending upon the balance of positive and
negative influences, cell proliferation can continue or senes-
cence may ensue.

Although many biochemical, metabolic, and phenotypic
differences have been reported between senescent cells and
their early passage counterparts, several characteristics
appear to be shared across a majority of cells that have
entered senescence and can therefore be accurately referred
to as markers of senescence. These include a lack of prolif-
eration and response to proliferative stimuli, absence of DNA
replication, a marked morphological change involving a flat-
tened appearance, accumulation of stress fibers and vacuoles
as well as nuclear abnormalities, upregulation of p53 and/or
pl6 proteins, and beta-galactosidase activity detected at an
acidic pH [308]. Senescent cells also exhibit autofluorescent
globules of oxidized cellular proteins denoted as lipofuscin
[309]. Additionally, heterochromatic nuclear DNA foci
called SAHFs (senescence associated heterochromatic foci)
have been observed in cell types in which Rb/p16 signaling
is the dominant molecular mechanism of senescence [310].
These foci consist of a transcription-silencing variant mac-
roH2A and various heterochromatic proteins and are believed
to be formed by the action of chromatin regulator proteins,
HIRA and ASFla. They can be readily detected by their
punctate appearance during DAPI staining of cell nuclei.
Formation of DNA double-strand break (DSB) foci via acti-
vation of the ATM/ATR pathway has also been reported as a
senescence marker, both in senescent cells as well as aging
mice and primates [36, 37, 279, 302].

The senescence-associated (SA) beta-galactosidase activ-
ity, which is detected at pH 6.0, is commonly used in studies
that assess induction of senescence both in cells and tissues
[272]. Despite its common usage, conflicting data exists
regarding the status of SA beta-gal activity as a specific
marker for senescence. For instance, in situ expression of
beta-galactosidase exists in confluent quiescent presenescent
cells [311] and in cells undergoing crisis [312] or terminal
differentiation [313]. The origin of SA beta-galactosidase
activity appears to result from increases in lysosomal mass
during the cellular aging process [314] or under cellular
stresses that can induce senescence [311, 315]. Fibroblasts
from patients with the lysosomal disorder GM 1-gangliosidosis
(in which lysosomal beta-galactosidase is defective) do not

show SA beta-galactosidase activity [316]. Furthermore,
beta-galactosidase activity at low pH is also observed in
nonsenescent cells with high lysosomal content such as vas-
cular smooth muscle cells and endothelial cells [314, 317].
Thus, it would appear that SA beta-galactosidase activity is
not a direct measure of senescence but a reflection of the
lysosomal alterations that commonly occur as a consequence
of senescence. Nevertheless, in general, for most cell types,
beta-galactosidase activity is still a reliable if nonspecific
marker, although it is advisable to look for beta-galactosidase
positivity in conjunction with the other markers of
senescence.

The three markers most commonly used to assess senes-
cence in vivo are lack of proliferation (measured by Ki67
staining), SA beta-galactosidase activity, and levels of p16
protein. In particular, pl6 protein is likely to be a good
marker for in vivo aging as well because it has been reported
to be strongly upregulated (sevenfold to eightfold) in aging
human skin and in islet cells from aged humans [273, 318]
and in a number of tissues from aged rats and mice [319].
Additionally, a DNA microarray screen of oncogene-induced
senescence in vitro identified three de novo markers of senes-
cence which were validated in vivo, namely, p15INK4b,
Decl, and DcR2 [320].

Telomere length is another commonly used marker of
senescence. The phenomenon of telomere shortening with
aging represents a potential “clock” or counting mechanism
for cellular lifespan [321]. Telomeres are structures at the
end of chromosomes that prevent degradation and fusion
with other chromosome ends [322]. The average length of
the terminal restriction fragment of chromosomes decreases
with both in vitro and in vivo aging of fibroblasts and periph-
eral blood lymphocytes [321, 323-327]. Indeed, telomere
length in lymphocytes progressively declines as a function of
donor age from newborn to great-grandparents in their eight-
ies [328]. Immortalized and transformed cells and germline
cells express telomerase, which prevents shortening of the
telomeres [329, 330]. However, some immortal cells exist
without detectable telomerase [331], whereas stem cells and
some normal somatic cells express telomerase, yet continue
to experience telomeric shortening [332-334]. Telomere
length has been correlated with better health in centenarians
[335]. Interestingly, telomere length also appears to be
related to physical activity [336]; however, no correlation
was found between telomere length and frailty in an elderly
cohort [337].

Shortened telomeres are associated with the progeroid
pathology of dyskeratosis congenita and Werner’s syndrome
(see earlier discussion; reviewed by Hofer et al. [338]) and
also appear to lead to a form of premature aging in in vivo
mouse models [339]. Mice lacking the RNA component of
hTERT, TERC, do not show significant aging defects until
the sixth generation [339]. Transgenic mice that overexpress
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TERT exhibit increased tissue regeneration and a modest
increase in maximal life span; however, these benefits are
offset by the increased incidences of tumorigenesis suffered
by these mice. Experimental nonenzymatic elongation of
telomeres extends the life span of cells [340]. Furthermore,
reactivation of telomerase, via the introduction of the telom-
erase reverse transcriptase unit into normal human cells,
increased telomere length and extends the life span of a num-
ber of different cell types without inducing morphological or
pretransformative abnormalities [341].

Furthermore, despite a clear ability to inhibit replicative
senescence in a number of different cell types, telomerase
cannot prevent or rescue many forms of SIPS, which are
sometimes referred to as telomere-independent forms of
senescence [342, 343]. However, it is not clear if telomeres
are indeed not affected or whether telomerase is unable to
heal certain types of damage to telomeres. Interestingly, while
telomerase can readily immortalize adult lung fibroblasts
under ambient culture conditions, fetal lung fibroblasts can
only be immortalized under 3% oxygen and by addition of a
number of chemical antioxidants to the culture medium [344],
suggesting either that the integrity of the telomerase complex
or its function may be affected by oxidative stress or that
oxidative damage to telomeres may alter telomeric structure
in a way that inhibits recognition/healing by telomerase.

Telomeric shortening has been attributed to inefficient
repair of DNA single-strand breaks, which are hallmark
lesions of oxidative damage [345]. Improvement of mito-
chondrial function, the major determinant of cellular ROS
production, also slows down telomere shortening [346].
Although irrefutable in vivo proof for a causal role for oxida-
tive stress in generating senescence-inducing telomere dys-
function is still lacking, telomeres appear to be excellent
candidates for the missing link between DNA damage and
oxidative stress that will allow us to achieve a complete
understanding of the mechanism behind the internal “clock”
that governs cellular life span.

Using the markers of senescence discussed above, senes-
cent cells have been detected in tissues from aged rodents,
primates, and humans [35, 36, 272, 273, 319]. Nevertheless,
the question remains whether the in vivo presence of senes-
cent cells in renewable tissue is coupled to any loss of organ-
ismal function. Presumably, such cells do not need to divide
in vivo to the point of replicative exhaustion because they
can be replenished by tissue progenitor cell populations.
Thus, the role of cellular senescence in organismal aging,
over and beyond its role as a tumor suppressor mechanism,
may have greater functional relevance in stem cell popula-
tions than in more differentiated cells. The self-renewal and
differentiation of stem cells is critical for the maintenance of
tissue function, repair, and homeostasis. Hematopoietic stem
cells (HSC) from older mice, which have deficiencies in self-
renewal, repopulating, and homing mechanisms, accumulate

high levels of p16 that impair their ability to undergo serial
transplantation; HSCs displayed improved function and
stress resistance in the absence of p16 [347]. There is also
evidence to suggest that self-renewal ability of the lympho-
hematopoietic stem cell system correlates with life span as a
whole in mice ( [348] and reviewed by Geiger and Van Zant
[349]). Increasing p16 levels are also linked to decreased
regenerative potential in pancreatic islet cells [318] and
reduced proliferation of progenitor populations in the mouse
forebrain [350].

Aging and Cancer

The idea that aging acts as a deterrent to tumorigenic trans-
formation is one of the bases of the antagonistic pleiotropy
theory of aging (discussed above). Within this context, traits
that enhance the fitness of a younger organism (cellular
senescence prevents cancer) may exert adverse effects later
in life (increased predisposition to senescence leads to tissue
aging and overall dysfunction). At a cellular level, senes-
cence and tumorigenesis appear to be two sides of the same
coin. Spontaneous transformation of normal primary human
cells is an extremely rare event. Indeed, in the absence of
telomerase activity or abrogation of the tumor suppressor
pathways via viral oncoproteins, onset of senescence is an
inevitable outcome of culturing primary cells, which must
necessarily overcome this antiproliferative barrier before
undergoing tumorigenic transformation. Cells that are
immortalized via introduction of the catalytic subunit of
telomerase, hTERT, and/or viral oncoproteins such as SV40
large T antigen or human papilloma virus proteins E6/E7,
which block the p53 and p16 pathways, can continue to pro-
liferate indefinitely [351], (reviewed by Vaziri and Benchimol
[352]). These cells exhibit changes in morphology and
growth rate and can be readily transformed by introduction
of oncogenes [351, 353-355]. In contrast, introduction of
activated oncogenes leads to premature senescence in pri-
mary cells [303, 356], again emphasizing the role of senes-
cence in preventing tumorigenic transformation.
Significantly, senescent cells have been detected in tissue
surrounding primary tumors, as well as in regions of nontu-
morigenic growths such as melanocytic nevi [357] and
benign prostate hyperplasias [358, 359]. Similar results were
observed with mice containing a conditionally expressed
KRAS-V12 allele. Senescence markers were observed with
far greater frequency in premalignant adenomas than in ade-
nocarcinomas, which rarely exhibited senescence [320].
Together, these observations strongly suggest that senes-
cence induction is a cellular response to hyperproliferative
stimuli and that tumorigenic lesions are outgrowths of cells
that have sustained further mutations/adaptations, thereby
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allowing this tumor-suppressive block to be circumvented.
This theory is further substantiated by the finding that DNA
damage and senescent markers are sharply increased in pre-
neoplastic and early neoplastic tissue, but are not observed in
late-stage tumors [356, 360]. Additionally, mouse models of
oncogene activation exhibit in vivo induction of DNA dam-
age-mediated senescence in response to the hypermitogenic
signaling associated with oncogene stress [361, 362].
Similarly, short dysfunctional telomeres are able to induce a
senescent response in pretumorigenic cells in Emu-myc
transgenic mice (a model for Burkitt’s lymphoma) crossed
with TERC-null mice [363]. Interestingly, the tumor sup-
pressor function of shortened telomeres can be rescued by
abrogating p53, but not by expression of the antiapoptotic
protein, bcl-2. In mouse models of inducible p53, restoring
P53 expression in murine liver carcinomas leads to induction
of senescence (rather than apoptosis) in the entire tumor and
to its clearance by activation of an innate immune response
[364]. Similarly, intact p53 and p16 senescence pathways are
required for c-Myc inactivation-induced regression of lym-
phomas [365]. These results not only point to the importance
of cell senescence as a major antitumorigenic barrier but also
suggest that, at least in certain types of tumors, it may be a
more dominant barrier than cell death.

Besides the obvious conclusion that in order to progress,
tumors need to overcome senescence, these observations
underscore another fact. Stimuli or stresses that lead to the
induction of senescence in a majority of cells may also select
for cells that are either inherently resistant to or are no longer
responsive to such stresses. When p53 function is restored in
established lymphoma cells, they experience rapid clearance;
however, most of the treated animals eventually relapse due
to the emergence of tumors with inactivated ARF or p53
[366]. In animal models of lung hyperplasia that experience
sustained DNA damage signaling and genomic instability,
progression to full-blown carcinoma is strongly associated
with an increasing trend of p53 inactivation, suggesting that
cells which have lost p53 function are strongly selected for in
an environment where a functional DNA damage-induced
tumor suppressor response is ongoing [367]. The notion of
such stress-resistant cell populations is congruent with the
emerging idea of tumor-initiating or cancer “stem cells”
(reviewed by Eyler and Rich [368]). Investigations as to the
behavior of such cells towards genotoxic stress or oncogene
activation and changes in their population with advancing
age should prove both interesting and instructive.

In addition to cell-autonomous means of senescence
induction, stressed or senescent cells release growth-inhibi-
tory soluble factors that may serve to engender or enforce the
senescent phenotype in neighboring cells. These include
upregulation of the secreted insulin-like growth factor
IGFBP7 in response to oncogenic BRAF signaling [369],
elevated expression of CXCR2 and cognate ligands leading

to p53 induction and senescence [370], and oncogene-in-
duced senescence mediated by the concerted action of C EBP
transcription factors and the cytokines IL-6 and IL-8 [371].
Recently, a broader senescence-associated secretory pheno-
type (SASP) in response to genotoxic stress has been identi-
fied and includes IL-6, IL-8 and insulin-like growth factor
proteins (although not IGFBP7) [372]. The SASP is found to
be amplified by loss of p53, by introduction of oncogenic
RAS, and, in vivo, by chemotherapeutic treatment of pros-
tate tumors. Further study of the role of these factors in
inhibiting outgrowths of resistant cells is required to under-
stand the full extent of their tumor-suppressive function.

Consequently, these studies provide increasingly convinc-
ing evidence for a tumor suppressor function of in vivo cell
senescence. However, the argument for whether organismal
senescence is a tumor suppressor response is less clear. On
the surface, a paradoxical observation in this context is that
older organisms are more susceptible to cancer, not less so.
Interestingly, studies of in vivo senescence in mouse models
of tumorigenesis suggest that the link between cellular senes-
cence and transformation mimic the observed link between
organismal aging and cancer in that senescence precedes the
onset of tumorigenesis. This can be interpreted in two ways
— either that the process of aging/senescence creates condi-
tions for tumorigenic transformation or the conditions that
lead to aging or senescence can engender tumorigenesis in
the absence of senescence induction. At an organismal level,
the former hypothesis has been popular given that from 2001
to 2005, 55.2% of all cancers were diagnosed in people over
the age of 65, suggesting cancer is a disease of the elderly
[373]. Furthermore, the incidence rate of invasive cancers is
almost tenfold greater in those over 65 years of age. However,
at a cellular level, the latter theory is more strongly supported
because the markers of senescence are most strongly upregu-
lated in preneoplastic and early neoplastic tissue rather than
in late-stage tumors (see above). However, even in a cellular
context, there is evidence that once senescent cells are estab-
lished, they can nevertheless encourage an environment that
promotes carcinogenesis. To this end, it has been reported
that senescent cells can foster the growth of premalignant
and malignant epithelial cells in culture and the tumorigen-
esis of these cells in mice [374, 375] and that a genotoxic
damage-invoked SASP in premalignant epithelial cells
induced a potentially highly invasive and malignant mesen-
chymal phenotype in these cells [372].

These observations suggest that the role of senescence
and indeed aging as an antitumor measure may be more
complicated than initially believed. Just as activation of
tumor suppressor pathways represents an example of antago-
nistic pleiotropy, the process of senescence itself may also
become deleterious in later life, turning from a predomi-
nantly tumor suppressor mechanism, activated in response to
isolated stresses that threaten immediate survival of the
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Ficure 2.3 The cellular senescence paradox. In a background of low
general damage and optimal stress responses, the process of cellular
senescence can act as a prolongevity mechanism, activated in response
to isolated stresses that threaten immediate survival of the young organ-
ism. However, in the context of mounting systemic stresses, cellular
senescence may become deleterious in later life, turning from a pre-
dominantly tumor suppressor mechanism to a pervasive and ultimately
degenerative response, paradoxically contributing to increased malig-
nancies by allowing for selection and propagation of malignant cells
that are able to evade of the senescence response.

young organism, to a pervasive and ultimately degenerative
response to mounting systemic stresses (Fig. 2.3). Perhaps
cancer is an aging-associated disease, not just because the
stresses that induce aging also select from transformation-
prone cells, but because the senescent tissue itself may be
promoting tumorigenic growth in such cells.

From the mutant p53-expressing mouse model (see
Table 2.4), the discouraging conclusion appeared to be that
life span must be sacrificed to evade tumorigenesis [299,
376]. However, the above-mentioned models were the result
of a genetic method that essentially led to elevated levels of
p53 by eliminating its negative regulation by Mdm?2. A more
recent model of enhanced p53 function suggests that there
need not be an inevitable tradeoff between increased cancer
resistance and reduced life span. Transgenic mice that carry a
genetic element containing the intact pS3 gene [377] or the
ARF gene [378], leaving these genes under normal physio-
logic regulation, or mice with moderately reduced Mdm2
activity [379] appear to benefit from the increased cancer pro-
tection accorded by elevated p53/ARF expression but without
experiencing a concomitant reduction in life span. Even more
significantly, using the same genetic technique, transgenic
mice with combined enhanced p53 and ARF function have
been generated that exhibit both an increased cancer resis-
tance relative to the single gene-dose transgenic mice and
also a 16% increase in median life span and improved stress

resistance (see Table 2.3, [380]). These results provide the
first indication of an exciting new paradigm, namely, that
longevity-assurance mechanisms (such as optimal levels of
p53 function) exist that may cooperate with cancer protection
mechanisms. Furthermore, similar to the two-hit hypothesis
of tumorigenesis, the remarkable antiaging benefits that
appear to accrue from enhancing both p53 and ARF functions
suggest that perhaps the onset of aging is also triggered by
coordinated dysfunction/dysregulation in more than one path-
way. Thus, the genetic and stochastic components of aging
may be explained by inherited deficiency in one or both of
these pathways resulting in variable response to environmen-
tal stresses depending on the existing p53/ARF function.

Aging, Nutrition and Metabolism:
A Modern-Day Elixir of Life?

Nearly every culture and civilization has its own mythic
search for the elixir of life, from the desperate pursuit of
immortality by Gilgamesh in ancient Babylon and by the
Chinese emperor Qin Shi Huang before 200 B.c. to the
European alchemists’ attempts at creating the longevity-con-
ferring philosopher’s stone and the Spanish conquistador
Ponce de Leon’s quest for the fountain of youth. With an
improved understanding of the molecular and biochemical
pathways behind the aging process and the advent of nutra-
ceuticals, there has been resurgence in the interest to gener-
ate scientifically validated interventions that can extend life
span while minimizing the systemic disadvantages of aging.

Mouse models of life-span extension can be broadly cat-
egorized as either embodying alterations in metabolic/
nutrient responsive-pathways or in mitochondrial/oxygen
responsive pathways (Table 2.3). Most of these transgenic
animal models exhibit a 15-30% life-span extension, with
varied improvements in functional aging, such as low dam-
age levels, increased tissue function and stress resistance at
later stages of life, and reduced incidences of cancer.
However, few of these models have more than a modest
impact on MLSP, and almost none show the broad gamut of
improved physiologic function that would translate to sig-
nificant improvement in human quality-of-life aging issues.
A valid criticism leveled at murine models of aging is that
most of these organisms are studied under laboratory-con-
trolled conditions that are unlikely to mimic the environmen-
tal vagaries that affect true aging [381]. Therefore, while
these model systems offer mechanistic insights into the pro-
cesses that may impact aging, the actual effects of these
processes need to be assessed in human beings in a system-
atic and noninvasive manner.

The confluence of oxygen metabolism and nutritional sig-
naling on life span observed in animal models ranging from
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C. elegans to rodents suggests that dietary modifications are
the most likely candidate for yielding maximal dividends
when it comes to extending longevity and maintaining good
health later in life. The ability to modulate diet is relatively
simple, and accordingly, caloric restriction (CR) studies are
at the forefront of life-span extension strategies. Caloric
restriction in rhesus monkeys leads to reductions in body
temperature and energy expenditure, consistent with changes
seen in rodent studies in which aging is retarded by dietary
restriction [21, 22]. Calorie restriction also increases high-
density lipoprotein [23] and retards the postmaturational
decline in serum dehydroepiandrosterone sulfate in the rhe-
sus monkeys [382]. Levels of the aging biomarker, p16INK4a,
are reduced in tissue from aging rodents fed a calorically
restricted diet [319].

The Comprehensive Assessment of the Long-Term Effects
of Reducing Intake of Energy (CALERIE) study is a ran-
domized clinical trial to assess whether CR improves aging
biomarkers in humans. After an initial 6-months of CR in 48
healthy men and women in the their 40s and 50s, the study
found an improvement in two biomarkers of longevity,
namely, reduction in fasting insulin levels and body tempera-
tures in groups that underwent dietary restriction [25]. Other
CALERIE studies have found that CR improves liver [383]
and cardiovascular health [26] and increases muscle mito-
chondrial biogenesis and decreases oxygen consumption
[181].

Population-based characterizations of aging have also
identified diet and nutrition as likely major contributors to
longevity. Long-lived human populations tend to share a few
features in common, among them diets enriched in low-fat
proteins such as fish and in fruits or beverages high in poly-
phenols and low in sugar and processed carbohydrates, often
referred to as the Mediterranean Diet [384]. Consumption of
red wine is also believed to be conducive to a healthy life
span. In Sardinia and the south-western regions of France,
longevity of the local population has been correlated with the
high vasoactive polyphenol contents of the locally produced
red wine [385].

Polyphenols such as quercetin, epigallocatechin gallate
(EGCG), and resveratrol (3,5,4'-trihydroxystilbene) are
naturally occurring protective compounds found in dark-
green vegetables, fruits, green tea, dark chocolate, and red
wine currently being included in a number of studies of
aging and aging-related pathologies such as cancer and dia-
betes. Indeed, resveratrol is notable for its ability to activate
sirtuins and to increase maximum life span in lower organ-
isms, such as yeast, worms, and flies [386]. Resveratrol
treatment improves the exercise capacity, insulin sensitivity,
mitochondrial biogenesis, and survival of mice on a high
fat, high calorie diet [387]. Resveratrol can prevent diet-in-
duced obesity concurrently with improved mitochondrial
production, insulin sensitivity, and exercise endurance by

activating SIRT1 and PGCla [388]. Resveratrol treatment
of mice can also delay age-related changes in physical per-
formance, bone mineral density, inflammation, and the vas-
culature [389] and concomitantly induces transcriptional
profiles in a variety of tissues similar to those seen with
dietary restriction [389, 390]. Consequently, there has been
much interest in resveratrol as a supplement to enhance
health and increase life span in humans. However, resvera-
trol does not appear to extend the maximum life span of
mice, but can increase the mean life span of mice with car-
diovascular- and obesity-related pathology who would oth-
erwise die earlier.

Although nutritional interventions may be able to signifi-
cantly impact aging, it is likely that the genetic background
of the individual will determine just how effective any par-
ticular modification is likely to be. Both calorically restricted
and long-lived mice share common longevity assurance
mechanisms when compared to progeroid mice, although the
efficacy of such mechanisms varies widely in the two sets of
mice [391].

Conclusions

Despite the near-universal phenomenon of aging in living
organisms, there is an extraordinarily varied phenotype that
accompanies aging in specific individuals. Furthermore, it
appears that evolutionary pressures have led to the develop-
ment of a remarkable homeostatic complexity to the underly-
ing mechanisms that cause us to grow old. The three
quotations at the beginning of this chapter aptly represent
these processes. Butch Cassidy recognized the inexorable
forces that cause us to age. The concept of antagonistic
pleiotropy is reflected in the other two insights. It seems that
we clearly pay a price to maintain a high level of reproduc-
tive fitness — there is no free lunch. However, the ironic, yet
ultimately satisfying, paradox may be that the only way that
we can actually live as long as we do is, in fact, to grow old.
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Chapter 3
Cancer, Carcinogenesis, and Aging

Lodovico Balducci

Cancer is mainly a disease of aging. At present 50% of all
cancers occur in the 12% of the population aged 65 and older
[1]. By the year 2030, individuals over 65 years will repre-
sent 20% of the population of the United States and account
for 70% of all cancers [1, 2]. The management of cancer in
the older age group is going to become the most common
practice of oncology.

The interactions of cancer and age are multiple and com-
plex. They include carcinogenesis, tumor biology, as well as
cancer prevention and treatment. We will explore these inter-
actions after reviewing the extent of the problem.

Epidemiology of Cancer in the Aged

The incidence and prevalence of most cancers increase with
age (Fig. 3.1). The association of cancer and age elicits a num-
ber of important questions: Is there a linear association between
age and the incidence of cancer? Is the patient going to die or
suffer from cancer? Does the presentation of cancer differ in
older and in younger individuals? What are the consequences
of cancer and its treatment for the older person? Epidemiology
may provide important insights into these questions.

The Age Window

The incidence of most cancers increases steeply between ages
55 and 80, plateaus between 80 and 85, and declines thereafter.
The prevalence of cancer, even occult cancer discovered only
at autopsy, is negligible after age 95 [3]. This observation
suggests a number of explanations including the possibility
that the so-called longevity genes confer a protection against
cancer or alternatively that an increasingly catabolic status
prevents cancer growth after age 95.
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Variations in the Incidence of Different Cancers
in Older Individuals

Whereas the incidence of most cancers increases with age,
the pattern of increase varies from one neoplasm to another.
For example, the incidence of melanoma peaks at the age of
55 in men and plateaus thereafter; the incidence of breast
cancer plateaus around the age of 80, whereas the incidences
of cancer of the prostate and of the large bowel seem to
increase without plateau even beyond the age of 80 [2]. These
different incidence patterns suggest that a lesser number of
carcinogenic stages are involved in the cancers whose inci-
dence peaks earlier and also that some tissues, including the
prostate and the colonic mucosa, become more susceptible to
environmental carcinogens as the patient ages.

The case of lung cancer is of particular interest. In the last
20 years, the median age of lung cancer has changed from
age 55toage 71 [4]; the incidence of the disease has decreased
for those younger than 50 years but has increased for indi-
viduals aged 65 and older, and the incidence of lung cancer
in ex-smokers or non-smokers has increased. The likely
explanation involves a decreased rate of cardiovascular
deaths after smoking cessations, the development of a less
aggressive type of lung cancer in ex-smokers, and a persis-
tent susceptibility of the bronchial mucosa to environmental
carcinogens in ex-smokers or non-smokers exposed to pas-
sive smoke. This hypothesis is supported in part by the
change in lung cancer histology that includes higher inci-
dence of adenocarcinoma and lower incidence of the most
aggressive histologies, such as small cell and squamous cell.

Cancer Epidemics

Between 1950 and 1970, the incidence of non-Hodgkin
lymphoma has increased by 80% among individuals aged 60
and over, and the incidence of malignant brain tumors (ana-
plastic carcinoma and glioblastoma multiforme) has increased
sevenfold in those aged 70 and over [4]. These findings
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Ficure 3.1 The incidence of cancer increases with age (from Yancik [2].
Reprinted with permission of John Wiley & Sons, Inc.).

suggest one of two possibilities. The first is that the improved
life expectancy of the population has allowed the survival of
individuals predisposed to develop these neoplasias. The
second is that older individuals are natural monitoring sys-
tems for new environmental carcinogens. In other words,
when exposed to new environmental carcinogens, older peo-
ple are likely to develop cancer earlier than younger people.
An epidemic of cancer in older individuals may herald an
epidemic of cancer in the general population at a later time.

Who Are the Elderly with Cancer?

In studying the National Cancer Institute’s Surveillance
Epidemiology and End Results (SEER) data, Diab et al.
determined that breast cancer did not shorten the survival of
women aged 75-80 and was associated with an increased
survival when it was diagnosed at the age of 80 and over [5].
These findings suggest that cancer is a prevalent disease
among healthy elderly people. This suggestion is supported
by the findings of Repetto et al. [6], indicating that older
individuals with cancer were more likely than individuals of

similar age without cancer to be independent and to have
fewer comorbid conditions. The low prevalence of cancer
among long term nursing home residents also supports this
suggestion [7]. Obviously, cancer is a cause of mortality for
older individuals and the prevention and treatment of cancer
in the elderly can prolong life and preserve function.

Presentation of Cancer in the Older Person

A number of studies in the 1980s, on the basis of statewide
tumor registries, indicated that some cancers present at a
more advanced stage in older individuals [8]. These included
cancer of the breast, of the colon, and of the bladder, whereas
lung cancer was diagnosed at an early stage in older individu-
als. More recent studies of the issue are wanted. The increased
use of early detection might have increased the diagnosis of
breast and colon cancer. At least three explanations may
account for the presentation of some cancer at a more
advanced stage: increased aggressiveness of cancer with age
(unlikely), lesser use of cancer screening and early detection
by older individuals, and delayed recognition of cancer symp-
toms. It is well known that older individuals may harbor many
comorbid conditions at the same time. Comorbidity may
delay the diagnosis of cancer because early cancer symptoms
may be mistakenly ascribed to preexisting conditions.

Multiple Malignancies

Approximately 20% of individuals aged 70 and over with
cancer may carry a diagnosis of two or more malignancies
[9]. It is not clear whether multiple malignancies may be
attributed to increased susceptibility to cancer. In some cases,
the use of diagnostic tests for monitoring the first malignan-
cies may precipitate the diagnosis of a second one. For
example, the association of non-Hodgkin’s lymphoma and
renal cell carcinoma may be explained through this mecha-
nism. The frequent scanning of the abdomen to monitor the
lymphoma may lead to early diagnosis of kidney cancer. In
other cases, the treatment of a previous cancer may be
responsible for the second one: for example adjuvant chemo-
therapy of breast cancer may increase the incidence of myel-
odysplasia and acute myelogenous leukemia in women aged
65 and older [10-13]. In the majority of cases, the associa-
tion appears simply casual and because of the fact that age is
a risk factor for multiple cancers.

Cancer Behavior and Age

Some cancers become more aggressive and others more indo-
lent with age. For example, breast cancer in older women is
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more likely to metastasize to bone and skin rather than to the
viscera and the brain [14]. Likewise, older studies showed
that the metastases from non-small cell lung cancer had a lon-
ger doubling time in older individuals [14]. Conversely, age is
a poor prognostic factor for acute leukemia, lymphomas, and
ovarian cancer. The potential mechanisms of these differences
will be discussed in the biology of aging and cancer.

Consequences of Cancer and Its Treatment
in the Older Person

Cancer has become the most common cause of death up to
age 85 since 2000 [15]. Surprisingly, in the same period of
time, the overall cancer-related mortality has decreased, but
not as rapidly as mortality from cardiovascular disease.

A number of recent studies have also shown that age is a
risk factor for the development of acute myelogenous leuke-
mia [10-13] and of late congestive heart failure after chemo-
therapy [16—18]. A recent study based on the SEER data also
suggested an association between chemotherapy and dementia
[19]. Prolonged castration with LH-RH analogs for prostate
cancer has been associated with increased incidence of osteo-
porosis and bone fractures and possibly also with increased
incidence of diabetes and coronary artery disease [20, 21].

Are cancer and its treatment causes of disability? The
answer to this important question is still wanted. Older stud-
ies suggested an inverse relationship between incidence and
prevalence of disability and cancer, probably related to the
fact that cancer was associated with an early death which
prevented the emergence of chronic disabling conditions
[22]. This situation might have changed, however, with the
emergence of more effective cancer treatment that results in
prolonged survival from many malignancies.

In conclusion, the epidemiology of cancer and age pro-
vides important information that allows the formulation of
appropriate clinical and research questions (Table 3.1).

TasLe 3.1 The lessons from epidemiology

1. Cancer has become the main cause of mortality in the older aged
person: it is likely, but yet unproven that cancer is a major cause of
disability

2. Cancer affects predominantly older individuals in good health, for
whom cancer is a cause of morbidity and mortality. Effective
prevention and treatment of cancer may prolong the life and
preserve the function of older individuals

3. Cancer may be diagnosed at a later time in older than in younger
individuals, as a result of decreased use of cancer screening and
neglect of the initial symptoms of cancer

4. Multiple malignancies are found in as many as 20% of cancer
patients aged 70 and older. In the majority of cases, the association
appears casual; in some cases it may be related to treatment of a
previous cancer

5. The prognoses of some cancers change with age. The underlying
biology of these changes is described in the section of cancer
biology and aging

Biologic Interactions of Cancer and Age
Aging and Carcinogenesis

The association of cancer and age may be explained by three
non-mutually exclusive mechanisms: duration of carcino-
genesis, increased susceptibility of aging tissues to environ-
mental carcinogens, and environmental changes that favor
the development of cancer.

As carcinogenesis is a time-taking process, it is reason-
able to expect that cancer will become more common with
advanced age. Again, the example of lung cancer is compel-
ling. Smoking cessation has been associated with a spate of
lung cancer in older ex-smokers [4]. Apparently, smoking
cessation resulted in reduced mortality from cardiovascular
complications of smoking, and this allowed ex-smokers to
live long enough to develop cancer.

The application of the same dose of a carcinogen to the
skin of younger and older mice causes more cancers in the
older than in the younger animal, suggesting that the older
skin is in a condition of advanced carcinogenesis and conse-
quently more susceptible to “late stage carcinogens.” The
lymphatic system, the liver, and the central nervous system
of older animals also display increased susceptibility to envi-
ronmental carcinogens [23].

For obvious reasons, these experiments cannot be per-
formed in humans. Epidemiological observations suggest
however that this may be the case in older humans as well. As
already discussed in the epidemiology section, the incidence
of prostate cancer, colonic cancer, and non-melanomatous
skin cancer increases geometrically with age, and this finding
suggests accelerated carcinogenesis. Likewise, one possible
mechanism for the increased incidence of lymphoma and
malignant brain tumors in older individuals includes enhanced
susceptibility of the aged to environmental carcinogens [4].
In addition, age is a risk factor for acute myelogenous leuke-
mia and myelodysplasia following adjuvant chemotherapy of
breast cancer [11-13].

The contribution of the body environment to carcinogen-
esis is less clear. Chronic inflammation may cause the forma-
tion of carcinogens from the adipose tissue [24-26].
Adiponectin, a hormone produced by the adipose tissues,
appears to stimulate the growth of colonic cancer in predis-
posed individuals [27]. Proliferative senescence of the
stromal cells may facilitate tumor growth and metastases and
possibly may influence carcinogenesis [28, 29]. Of special
interest is the fact that the small molecules thalidomide and
lenalidomide are able to reconstitute a normal hemopoiesis
in some patients with myelodysplasia and to abrogate, for
some time at least, the neoplastic clone involving the
5qg-mutations [30]. As these agents act mainly at the level of
the marrow microenvironment, their effectiveness suggests
that the stroma has a role in carcinogenesis.
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Aging and Tumor Growth

If one thinks of cancer as a plant, the growth of the plant
depends on the seed (the tumor cell) and the soil (the tumor
host). The importance of the tumor host was illustrated by a
now classical experiment by Ershler et al. [31] These inves-
tigators injected the same doses of Lewis Lung Carcinoma
and B16 melanoma into both older and younger mice [31].
The younger animals died earlier and with many more lung
metastases than the older ones. As the seed in this case was
exactly the same, only the diversity of the tumor bearers
could explain the different outcome.

Age related differences in the neoplastic cells are well
known. In older individuals, acute myelogenous leukemia
(AML) presents a number of negative prognostic and predic-
tive factors, including mutations in flt-3, wild type nucleo-
phosmin, and multidrug-resistant 1 (MDR-1) [32]. In
addition, AML in older individuals appears to be a disease of
the pluripotent stem cells, which renders its eradication all
but impossible. Breast cancer presents a more favorable pro-
teomic and genomic profile in older than in younger patients.
It has been known for a long time that the prevalence of hor-
mone receptor positive breast cancer was higher among older
women, whereas the prevalence of HER-2 positive or triple
negative breast cancers was more common among the
younger ones. More recently, a study from Duke University
showed that a cluster of 24 genes purporting a particularly
bad prognosis was more common in breast cancers occurring
in women aged 35 and younger [33]. In breast cancer, the
characteristics of the tumor bearer may also lead to a more
indolent disease in older women. These include endocrine
senescence and possibly immune senescence. Through
mechanisms that have not been completely clarified, immune
senescence may also be a favorable prognostic factor in the
case of breast cancer [34].

Age is a poor prognostic factor in both follicular and large
cell lymphoma. In the case of large-cell lymphoma, the prev-
alence of unfavorable genomic abnormalities does not seem
to change with age, so that the seed does not seem different
with age [35]. Increased concentration of IL6 in the circula-
tion may explain in part the poorer prognosis in older indi-
viduals, because IL-6 is alymphocytic growth factor. A recent
study showed that the stromal pattern (stromal II), rich in
new vessels, heralds a poor prognosis [36]. It is not clear
whether this pattern becomes more common with age.

In conclusion, aging is associated with a different behavior
and prognosis in a number of common neoplasms. These
changes may be explained by fairly well defined genomic and
proteomic changes in the tumor cell (seed effect) and less well
defined but equally well established changes in the tumor host
(soil effect). The exploration of soil effects in tumor growth
appears as a promising research area in geriatric oncology.

Aging and Cancer Prevention

Aging has contrasting effects on cancer prevention [22].
On one side, the increasing prevalence of cancer in the older
person makes the aged an ideal target of cancer prevention;
on the other side, reduced life-expectancy, increased risk of
treatment complications, and the less aggressive course of
some tumors, such as breast cancer, may lessen the benefits
of prevention in older individuals. We’ll briefly describe two
common forms of cancer prevention: chemoprevention and
early detection.

Chemoprevention

Chemoprevention involves offsetting carcinogenesis with
chemical substances. Older individuals appear as ideal targets
for chemoprevention because of their condition of advanced
tissue carcinogenesis and increased susceptibility to late stage
carcinogens. A number of chemopreventative agents are avail-
able (Table 3.2), but none of them has widespread clinical use.
The selective estrogen receptor modulators (SERM) tamox-
ifen and raloxifen prevent the occurrence of hormone-receptor
positive breast cancer, but neither has been associated with a
decreased risk of breast cancer mortality [37]. Both may exac-
erbate menopausal symptoms such as hot flashes and vaginal
dryness and may cause deep vein thrombosis (more common
in women 70 years and older who are overweight). Unlike
tamoxifen, raloxifen does not cause endometrial cancer. Both
substances prevent osteoporosis. Given the lack of demon-
strable survival advantage and the substantial compromise of
quality of life, the majority of practitioners do not recommend
this form of cancer prevention.

Finasteride reduces the incidence of prostate cancer but it
may increase the risk of aggressive prostate cancer [38]. Until
this issue is properly addressed, the value of finasteride as a
chemopreventative agent remains dubious. Furthermore, the
treatment may cause gynecomastia and decreased libido. An
ongoing trial explores the chemoprevention of prostate can-
cer with a dual Salpha reductase inhibitor, dutasteride [39].

Retinoids may reduce the risk of smoking-related cancer
of the upper digestive tract and airways, but the high inci-
dence of serious complications prevents the general use of
these agents [40].

TasLe 3.2 Chemopreventative substances

Selective estrogen receptors modulators (SERMs)  Breast cancer

Retinoids Upper airways
Finasteride Prostate
Non-steroidals (NAS) Large bowel
Statins Multiple cancers
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A number of retrospective studies support a reduction in
the incidence of colorectal cancer with aspirin and other non-
steroidal agents [41]. A small prospective study showed that
Vioxx, no longer clinically available, reduced the number
and the size of colonic polyps in patients with familial colonic
polyposis. The clinical applications of these findings are prob-
lematic; in the absence of prospective studies, the dose and
the treatment duration are unknown. The cancer-preventing
ability of statins is controversial [42].

In conclusion, some human cancers may be prevented with
chemoprevention, but the benefits of this cancer-preventing
strategy are marginal at best.

Screening and Early Detection of Cancer

Early detection of cancer by screening asymptomatic indi-
viduals at risk has reduced cancer-related mortality from
breast cancer among women aged 50-65, the mortality from
cervical cancer for sexually active women, and the colon
cancer-related mortality for people aged 50-80 [22]. The
benefits of early detection may decline with age, given the
patient’s limited life expectancy and increased susceptibility
to treatment complications. Is screening beneficial in older
individuals? Data from randomized controlled studies are
nonexistent and probably will never be obtained. Given the
rapid development of new diagnostic techniques, randomized
studies would become obsolete by the time they have been
terminated. Retrospective analysis based on SEER data sug-
gests that mammographic screening for breast cancer may be
beneficial up to the age of 85, even in women with moderate
degrees of comorbidity [43, 44]. Some form of screening for
colorectal cancer appears reasonable in individuals with a life
expectancy of 5 years and longer. Indiscriminate screening in
older individuals is not advisable as it may have more com-
plications than benefits [45]. In this respect, it is useful to
remember that the United State Preventive Service Task
Force (USPSTF) recently issued a recommendation against
screening men aged 75 and older for prostate cancer because
the risk of complications from unnecessary treatment appears
to overwhelm the potential benefits of early detection [46].

Aging and Cancer Treatment

It has already been highlighted that aging involves a reduced life
expectancy and reduced tolerance of stress, including cancer
and cancer treatment. The risk/benefit ratio of preventive and
therapeutic interventions may become smaller with age. The
risk of therapeutic complications may mandate the enactment
of measures that may ameliorate these complications, such as
the administration of myelopoietic growth factors following

cytotoxic chemotherapy or adjustment of the doses of chemo-
therapy to the glomerular filtration rate (GFR) [47].

In addition to prolongation of survival and preservation of
quality of life, preservation of function is another major goal
of cancer treatment in older individuals (which is often
referred to as “active life expectancy”) [48]. Functional
dependence purports a decline in a person’s life expectancy
and quality of life, and substantially increases costs of man-
agement of the older aged person. Cancer treatment in older
persons should therefore be undertaken with these consider-
ations in mind.

Assessing the Geriatric Patient for Cancer
Treatment

Clearly, elderly cancer patients may benefit from an array of
treatment modalities. The practitioner is often faced with the
vexing decision of whether to recommend a toxic treatment
to patients with compromised functional status. While aging
is universal, the rate of aging is highly individualized. For the
purpose of clinical decisions, it is thus important to estimate
each person’s physiologic age rather than relying on chrono-
logical age alone. As the prevalence of age-related changes
increases rapidly after the age of 70, it appears reasonable to
estimate the physiologic age of individuals aged 70 and older
[49-51]. In this estimate, it is important to remember that
social support is instrumental to overcome some age-related
limitations in a person’s activities. For example, a reliable
home caregiver may provide adequate access to care to a per-
son unable to use transportation and to mitigate the compli-
cations of treatment.

The time honored methods to assess the physiologic age
of an individual is a comprehensive geriatric assessment
(CGA) that includes ability to perform activities of daily liv-
ing and instrumental activities of daily living, comorbidity,
presence of geriatric syndromes, nutrition, and social sup-
port [47, 52, 53]. Activities of daily living (ADL) include
transferring, continence, feeding, grooming, dressing, and
ability to use the bathroom alone. Instrumental activities of
daily living (IADL) include use of transportation, ability to
take medications, to provide to one’s nutrition, to go shop-
ping, using the telephone, and to manage one’s finances. The
geriatric syndromes are conditions that become more com-
mon with aging, although they are not specific of age, and
include dementia, severe depression, delirium triggered by
diseases and drugs that do not affect the central nervous sys-
tem, spontaneous bone fractures, falls, dizziness, failure to
thrive, and neglect and abuse.

The CGA provides an estimate of life expectancy on the
basis of age, function, and co-morbidity. Using the CGA, 4
year mortality of patients of different ages (Fig. 3.2) can also
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1. Age 60-64: 1 point
65-69: 2 points
70-74: 3 points
75-79: 4 points
80-84: S points

>85: 7 points

2. Sex (Male/Female) Male: 2 points

3. a. Weight: BMI >: 1 point
b. Height:

703 x (weight in pounds/height in inches?)
BMI =

4. Has a doctor ever told you that you have
diabetes or high blood sugar? (Y/N)

Diabetes: 1 point

5. Has a doctor told you that you have cancer or
a malignant tumor, excluding minor skin
cancers? (Y/N) Cancer: 2 points

6. Do you have a chronic lung disease that
limits your usual activities or makes you
need oxygen at home? (Y/N) Lung Disease: 2 points

7. Has a doctor told you that you have
congestive heart failure? (Y/N) Heart Failure: 2 points

8. Have you smoked cigarettes in the
past week? (Y/N) Smoke: 2 points

9. Because of a health or memory problem
do you have any difficulty with bathing or
showering? (Y/N) Bathing: 2 points

10. Because of a health or memory problem,
do you have any difficulty with managing
your money — such as paying your bills and
keeping track of expenses? (Y/N) Finances: 2 points

11. Because of a health problem do you have
any difficulty with walking several blocks?
(Y/N) Walking: 2 points

12. Because of a health problem do you have any
Difficulty with pulling or pushing large

Objects like a living room chair? (Y/N) Push or Pull: 1 point

Total Points

Ficure 3.2 (a) The relationship between age, geriatric assessment, and
4-year mortality in a home dwelling population. (b) Mortality index:
each element of the geriatric assessment receives a score. The total
score provides an estimate of the 4-year mortality for individuals of
different ages (from Lee et al. [49] Copyright © 2006 American Medical
Association. All rights reserved).

be estimated [49]. The CGA also provides information on
treatment tolerance on the basis of function and co-morbidity,
as well as of family support and cognition (information of
how treatment and cancer affect quality of life). According
to recent studies, the CGA may also provide an estimate of
the risk of chemotherapy-related complications [54]. An
ongoing study, the Chemotherapy Risk Assessment Score in
High Age Patients (CRASH) is aimed to assess the contribu-
tion of the various components of the CGA to an individual’s
risk of myelotoxicity and other complications.

The CGA also provides a profile of potentially reversible
conditions, such as malnutrition, limited mobility, inadequate
social support, and unrecognized geriatric syndromes, which
may compromise treatment outcome.

Perhaps most importantly, the CGA translates the diver-
sity of the elderly population into objective categories that
may be used when planning clinical trials of cancer treat-
ment in old persons.

Systemic Therapy

Hormonal Therapy

The major forms of hormonal cancer treatment are listed in
Table 3.3. In the management of breast cancer, both adjuvant
and metastatic, the aromatase inhibitors have proven more
active than the SERMs and are now the management of
choice. The main complications of these agents include severe
arthralgias and osteoporosis [55]. The SERMs tamoxifen and
toremifene may delay osteoporosis, but do cause endometrial
cancer and deep vein thrombosis and the risk of these compli-
cations increases with age and in the presence of obesity. They
may still represent valid options for the occasional patient for
whom arthralgia causes severe impairment of movements.
The role of the pure estrogen antagonist, Faslodex®, is not
clear at present. This agent does not cause endometrial cancer
and deep vein thrombosis. Progestin, estrogen in high doses,

TaLe 3.3 Common hormonal treatment of cancer

Tumor Cancer

Aromatase inhibitors

Selective Estrogen Receptor Modulators (SERMs)
Pure estrogen antagonists (Faslodex)

Progestins

Estrogen in high doses

Androgen

Breast

Prostate  Orchiectomy
Estrogen
LH-RH analogs
Ketoconazol

Abiraterone
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and androgen are rarely used, although they may still have a
role, especially in patients without visceral disease who have
experienced a prolonged response to hormonal treatment.

Castration, surgical or chemical (LH-RH analogs, estro-
gen, ketoconazol, abiraterone), is the treatment of choice for
metastatic prostate cancer and for locally advanced prostate
cancer in combination with radiation therapy. The benefits of
treating patients experiencing a chemical recurrence (elevated
PSA) after prostatectomy or radiation have not been estab-
lished, although this approach has become a common prac-
tice. Prolonged castration with LH-RH may cause increased
risk of bone fractures, diabetes, and coronary artery disease
[20, 21]. Intermittent medical castration may be as effective
as continuous castration, and is associated with fewer
complications [56]. Estrogens are now seldom used, because
of the risk of deep vein thrombosis, but they had significant
benefits over LH-RH analogs, including preservation of
libido, as well as prevention of osteoporosis and hot flushes.

Ketoconazol blocks steroidogenesis throughout the body.
Without a supplement of corticosteroids, it would cause renal
insufficiency. It may also cause hepatitis. It is generally used
after disease progression with LH-RH analogs. Abiraterone,
currently in clinical trials, has two advantages over current
treatment [57]. Unlike ketoconazol, it selectively blocks the
production of sexual steroids in the testicles and the adrenal.
Also, it seems to prevent steroidogenesis within the neoplastic
tissue which is a major cause of resistance to current hormonal
treatment. Androgen antagonists are mainly used in combina-
tion with castration; as single agents, they are less effective than
castration. As single agents, they may represent the treatment
of choice for patients who do not want to lose their libido.

Cytotoxic Chemotherapy

Cytotoxic chemotherapy is still the mainstay systemic can-
cer treatment. Individuals over the age of 70 appear to benefit
from cytotoxic chemotherapy in terms of cure, survival pro-
longation, and palliation. It is important to recognize, how-
ever, that the information related to patients aged 80 and
older is very limited [58].

A number of complications of chemotherapy become
more common with aging (Table 3.4). This is due in part to
age-related alterations in pharmacokinetics and in part to
decreased functional reserve of normal tissues. The most
common pharmacokinetic change is reduction in GFR. Other
changes of interest that are more difficult to assess include
decreased intestinal absorption and hepatic metabolism, and
decreased volume of distribution of hydrosoluble agents.

Myelotoxicity and febrile neutropenia may be prevented in
more than 50% of older individuals with prophylactic myelopoi-
etic growth factors (filgrastim, pegfilgrastim, and lenograstim).
Prevention of malnutrition and anemia may also ameliorate the
complications of chemotherapy to some extent.

TasLe 3.4 Age and complications of chemotherapy
A. Acute complications
Neutropenia and neutropenic infections
Mucositis
Cardiomyopathy
Neuropathy

B. Chronic complications
Myelodysplasia (MDS) and Acute Myelogenous Leukemia (AML)
Chronic cardiomyopathy and congestive heart failure
Neuropathy
Dementia

Cardiotoxicity may be prevented by avoidance of cardio-
toxic anthracyclines, by combining anthracyclines with
dexrazoxane, a drug that chelates the iron in the heart sar-
comeres and prevents the release of free radicals responsible
for the cardiac damage, or by substituting doxorubicin with
pegylated liposomal doxorubicin that causes minimal car-
diac damage. The use of anthracyclines has decreased dra-
matically in recent years and is largely restricted to the
management of lymphomas and leukemias.

Mucositis is mainly a complication of methotrexate and
intravenous fluorinated pyrimidines. There is no proven anti-
dote to mucositis, but the utilization of the oral prodrug of
fluorouracil, capecitabine, in lieu of intravenous fluorouracil
may minimize this complication.

Peripheral neuropathy is a complication of alkaloids, plat-
inum derivatives, and tubulin modulators (taxanes and
epothilones), and may restrict considerably the independence
of older individuals. The only prevention is early detection
and dose-reduction. The substitution of cisplatin with carbo-
platin and of paclitaxel with docetaxel may minimize the risk
of peripheral neuropathy.

The long term complications of chemotherapy in older
individuals have been described only in the last 5 years
[10-13, 16—-19]. Age is arisk factor for anthracyclines induced
myelodysplasia and acute leukemia. The reduced role of these
drugs in the adjuvant treatment of breast cancer will minimize
the risk of this complication; likewise, age is a risk factor for
a chronic cardiomyopathy, incidence of which increased over
the years since the chemotherapy was terminated, and has
been described in patients treated for breast cancer, lym-
phoma, and small cell cancer of the lung. According to a
SEER study, the incidence of dementia increases progres-
sively in breast cancer patients treated with chemotherapy
beginning 3 years from the termination of the treatment [19].

Unfortunately, there is no information concerning the most
undesirable chronic complications of chemotherapy in older
individuals, loss of independent living, and decreased active
life-expectancy. Prospective studies of survivors are necessary
to establish the risk and the prevention of this complication.

The NCCN has issued a number of guidelines for the safe
management of older individuals with chemotherapy
(Table 3.5) [47].
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TasLe 3.5 NCCN guidelines for the management of older patients
with chemotherapy

1. A geriatric assessment is necessary in all individuals aged 70
and older with cancer. This may provide an estimation of life
expectancy and tolerance of treatment, and it may unearth
conditions such as comorbidity or inadequate social support that
may interfere with treatment

2. All patients aged 65 and older receiving moderately toxic
chemotherapy should receive prophylactic filgrastim or
peg-filgrastim

3. Hemoglobin should be maintained around 12 g/dl

4. In patients aged 65 and over, the dose of chemotherapy should be
adjusted to the GFR

5. When possible the less toxic forms of chemotherapy should be
utilized including capecitabine, pegylated liposomal doxorubicin,
gemcitabine, vinorelbine, weekly taxanes, and pemetrexed

Targeted Therapy

An exhaustive review of the subject is beyond the scope of
this chapter. We’ll describe here commonly used products
relevant to the management of older patients [59].

Imatinib is the quintessential form of targeted therapy.
This small molecule is an inhibitor of the cytoplasmic
tyrosine kinase, and has prolonged the survival of patients
with chronic myelogenous leukemia, who now rarely need
bone marrow transplantation. It is also effective against the
tyrosine kinase encoded by c-Kit and for this reason, it is
effective in gastro-intestinal stromal tumors (GIST).
Complications are rare and reversible, and include myelo-
suppression and fluid retention.

Rituximab is a monoclonal antibody with CD20 specific-
ity that has improved the survival in virtually all B-cell
malignancies. Besides rare allergic reactions, the incidence
of complications is minimal, although it has been reported
that long term use may lead to demyelinating disorders.

Alentuzumab is also a monoclonal antibody with CD52
specificity that is very effective in some of the most therapy-
refractory B-cell malignancies such as chronic lymphocytic
leukemia with 17p (-) mutation. This agent has considerable
myelotoxicity and should be used with prophylactic antimi-
crobial coverage.

Trastuzumab has revolutionized the history of the 25% of
breast cancers that over-express HER2neu. It is a monoclo-
nal antibody with specificity for Epidermal growth factor 2
(EGFR2). In combination with chemotherapy in the adjuvant
setting, it almost doubles the number of patients who are free
of disease 5 years from mastectomy. Trastuzumab causes
myocardial freezing by interfering with myocardial trophism.
Age is a risk factor for this complication that is generally
reversible upon discontinuance of the treatment.

Bevacizumab is a monoclonal antibody directed against
the endothelial growth factor, which inhibits tumor angiogen-
esis and decreases intratumoral pressure, thus allowing better
chemotherapy diffusion. As a single agent, bevacizumab is

active only in renal cell carcinoma, but it enhances the effects
of chemotherapy in cancer of the colon, of the lung, and of the
breast. Bevacizumab is associated with hypertension, bleed-
ing, and deep vein thrombosis. It should not be used within 4
weeks of surgery, because it interferes with healing. Rarely,
after abdominal surgery, bevacizumab has caused visceral
perforation. All complications of bevacizumab are more
common in the aged.

Receptor bound tyrosine kinase is critical to the signal
transduction. This enzyme is the target of a number of agents,
both monoclonal antibodies and small molecules. A com-
mon complication of all these agents is a maculopapular
rash, that is more common and severe in the elderly, in whom
necrolytic epidermolysis occasionally may be fatal.

Conclusions

Age is a risk factor for cancer because carcinogenesis is a
lengthy process, older tissues are more susceptible to envi-
ronmental carcinogens, and changes in the body environment
favor cancer growth. Changes in cancer behavior are seen in
some common malignancies. These are partly because of a
change in the neoplastic cell and of changes in the tumor
host. Although the elderly appear as ideal targets for chemo-
prevention, the benefits of this form of prevention have not
been conclusively demonstrated. Screening and early detec-
tion of breast and colon cancer may be beneficial in older
individuals with a life expectancy of at least 5 years. Systemic
cancer treatment is effective in older patients. Although the
complications become more common with age, most of the
time they may be minimized with appropriate interventions.
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Chapter 4

Effects of Aging on Immune Function

Raymond P.Stowe and James S. Goodwin

Physiologic changes with age — immune system

Parameter Change with age Functional impact of change
T-cells Increased susceptibility to acute viral infections; increased latent herpesvirus
Memory T cells Increase reactivation along with clonally expanded CD8* T-cells
Thymus gland Decrease (involutes)
Naive T cells Decrease
DTH Decrease
IL-2 production Decrease
Proliferation Decrease
Cytotoxicity Decrease
B-cells Increased autoantibodies; decreased antibody production
Number Decreased following vaccination
High-affinity antibodies Decreased
Non-specific antibodies Increased
Inflammation Increased morbidity and mortality; may play a role in age-related diseases
Low-grade inflammation (Alzheimer’s., Parkinson’s, osteoporosis, atherosclerosis,
Circulating IL-6 Increased and type-2 diabetes)
Circulating TNF-a Increased
CRP Increased

In this chapter we describe changes in the immune system
that are thought to be related to age per se. We subsequently
review the clinical implications of these changes, including
the effects of surgical trauma on immune function (see the
physiology table at beginning of chapter). We then discuss
how stress modifies many of these changes. We also describe
recent information on persistent infections, in particular
latent viral infections and how they may be partly responsi-
ble for shaping the aging immune system. We conclude with
a discussion of some of the latest research on ways to restore
or stimulate immune function in the elderly.

R.P. Stowe (X))
Microgen Laboratories, La Marque, TX, USA
e-mail: rpstowe @microgenlabs.com

R.A. Rosenthal et al. (eds.), Principles and Practice of Geriatric Surgery,

Changes in Immune Cell Function with Age
T Lymphocytes

Quantitative changes in T cell populations in aging humans
and experimental animals include declines in “virgin” (reac-
tive) T cells and increases in “memory” (primed) T cells
[1-5]. It is not clear which subpopulations account for the
accumulation of memory cells. Some studies have described
increases in the population of CD4* T-helper memory cells
[6] and others reported increases in CD8* T suppressor mem-
ory cells as well [1]. Although the number of naive T cells
declines in old animals, they appear to produce larger
amounts of interleukin-2 (IL-2) than naive cells from young
animals [7]. Memory T cells normally produce IL-2; and
although aged animals have larger proportions of memory
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cells, many studies have described decreased IL-2 produc-
tion by aged memory lymphocytes. This paradox of low pro-
duction of IL-2 despite increased proportions of
IL-2-producing cells may be related to a lack of other regula-
tory cytokine signals, such as IL-4 [8].

A decrease in the proliferative response of lymphocytes to
specific antigens or nonspecific mitogens was one of the ear-
liest age-related changes in immune function to be reported
[9-12]. Decreased responsiveness to mitogens is due to a
number of variables, including reduced numbers of mitogen-
responsive cells and decreased vigor of the proliferative
response [10]. A smaller percentage of T splenocytes from
old mice respond to mitogenic stimulation by entering active
phases of cell replication, a defect noted with CD4* T-helper
cells and to a lesser extent with CD8* T suppressor/cytotoxic
cells [13]. Some studies suggest that the type of stimulus
may affect the degree of decreased proliferation of lympho-
cytes from old animals [14]. T-helper cells from old mice
generate fewer cytotoxic effector cells involved in delayed
hypersensitivity skin reactions [15].

The ability of T cells to support antibody production
changes with increasing age. Lymphocytes from old subjects
display increased helper activity in vitro for nonspecific
antibody production [16, 17], and they proliferate more to
nonspecific stimulation [14]. Studies comparing suppressor
cells from young and old mice have shown that cells from
aged animals have more difficulty in recognizing and exert-
ing suppressive effects against specific antigens from self
and other old animals [17-20]. The increased incidence of
autoantibodies seen during aging (antibodies directed against
parts of the self) may be related to a failure of tonic inhibi-
tion by suppressor T cells [21] and has been correlated with
the decreased proliferation of T cells to mitogen [22] (i.e.,
the lower the proliferation of T cells to mitogens, the higher
was the level of autoantibodies).

One mechanism that is believed to contribute to the
decline in T cell immunity is involution of the thymus, which
precedes the age-related decline in T cell function and
decreased thymic hormone levels (Fig. 4.1). Thymic function
gradually starts declining from the first year of life [23, 24].
The thymic epithelial space, in which thymopoiesis occurs,
shrinks to less than 10% of the total thymus tissue by age 70.
Despite the reduction in functional thymic area, the aging
thymus still demonstrates T-cell output although at a lesser
rate [25]. The continual presence of T-cell receptor excision
circle-positive T-cells, which represent recent thymic emi-
grants, were found in the peripheral blood of elderly adults
[26]. Thymic atrophy has been speculated to be the result of
aging of the T-cell progenitor population [27], loss of self-
peptide expressing thymic epithelium [28], defects in TCRf3
gene rearrangement [29], and aging of the thymic microenvi-
ronment with loss of trophic cytokines such as IL-7 [30].

Another mechanism contributing to T cell immunosenes-
cence is “replicative senescence” [31]. Senescent T cells

in vitro exhibit a loss of CD28, a costimulatory molecule
critical to the outcome of antigen recognition and signal
transduction induced by the T-cell receptor [32]. Similarly,
during aging, there is a progressive accumulation of memory
CD8 T cells that are CD28-negative, with some elderly adults
having more than 50% of their total CD8 T cells being CD28-
negative [33, 34]. Notably, CD28 is involved in a number of
critical T-cell functions such as lipid raft formation, IL-2
gene transcription, apoptosis, stabilization of cytokine
mRNA, and cell adhesion [35-37].

Another observation of CD28-negative T cells is their
inability to proliferate, even when using phorbol esters to
bypass cell-surface receptors and directly signal prolifera-
tion [38]. Extensive research on a variety of cell types have
attributed this to the irreversible nature of the proliferative
block, which is linked to the upregulation of cell-cycle inhib-
itors and p53 checkpoints [39]. Once generated, these T cells
do not disappear, but show increased expression of bcl2 and
are resistant to apoptosis ex vivo [40]. Moreover, increased
CD8*CD28" T cells are often present as a result of oligoclo-
nal expansions that may reduce the overall spectrum of anti-
genic specificities within the T cell pool [31, 41].

A clinically important implication of large expansions of
antigen-specific CD8 T cells in the elderly is that they appear
to function as suppressor T cells and affect a number of
immune parameters. Poor antibody responses to influenza
vaccination in the elderly were significantly correlated with
high proportions of CD8*CD28~ T cells [42, 43]. High levels
of CD8*CD28™ T cells also correlate with greater disease
severity in patients with ankylosing spondylitis [44].
CD8*CD28" T cells have been implicated as the critical subset
in allogeneic organ transplant tolerance, whereby donor-
specific CD8*CD28" T cells can be found in peripheral blood
of stable transplant recipients but not in patients with acute
rejection [45]. Notably, CD8*CD28" T cells have been shown
to induce antigen-presenting cells to become tolerogenic to
helper T cells with cognate antigen specificity [45]. Importantly,
increased numbers of CD8*CD28~ T cells (along with low
CD4 and poor proliferative responses) were found to predict
higher 2-year mortality in a Swedish longitudinal study [46].

B Lymphocytes

Age-related quantitative changes in B cells have become
apparent more recently than those described in T cells. The
absolute number of B cells does not appear to change appre-
ciably with age [47]. Studies in aged mice have shown a
decrease in bone marrow B-cell precursors [48-50] and
structural changes in B-cell membranes [51]. B cells from
old individuals proliferate less efficiently in response to
mitogen stimulation, similar to what has been described for
T cells [21]. Also similar to T cells [52], activation of PKC
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Ficure 4.1 The human thymus across the lifespan. (a) Representative
views of human thymus morphology throughout aging. All tissue
was formalin-fixed, paraffin-embedded, and sections stained with
haematoxylin and eosin and anti-keratin antibody [brown] to deter-
mine the percentage thymic epithelial space [each panel, x25]. C,

and protein tyrosine kinases is reduced in B cells from old
humans [53]. The expression of PKC was not reduced in B
cells in this study [54].

The generation of antibody responses by B cells does
change with age [55], although much of it is related to changes
in T cell function. The distinction between antibody responses
to T cell-dependent and T cell-independent antigens is made
on the basis of whether there is an absolute requirement for T
cell help in the antibody response. The decrease in T cell-
dependent antibody responses is obvious in experimental ani-
mals, with 80% fewer antibody-forming cells in older animals
[2]. The accumulation of anti-idiotypes (antibodies directed
against other antibodies) with increasing age may interfere
with the production of specific antibody [56].

The ability to respond to specific antigenic challenge
with specific antibody production decreases with age [55].

cortex; M, medulla; P, perivascular space. (b) Graphical depiction of
the impact of age on human thymus morphology. Thymic epithe-
lial space, pink; perivascular space, white (reprinted with permis-
sion from [267], copyright 2000, The American Association of
Immunologists, Inc).

This phenomenon has been described in studies of both pri-
mary and secondary antibody responses. When subjects of
different ages were immunized with the primary antigen
flagellin, similar levels of anti-flagellin antibody were found
in both old and young subjects, but the older subjects were
unable to maintain the response [57]. In contrast, De Greef
et al. immunized old and young subjects with the primary
antigen Helix pomatia hemocyanin. Compared to young sub-
jects, old subjects had similar numbers of antibody-producing
cells after in vitro stimulation with the antigen [58].
Although most investigators agree that changes in anti-
body production with age are primarily the result of declines
in T lymphocyte function, there is also evidence for a decline
in intrinsic B cell function. Some studies suggest a dimin-
ished ability of purified human B cells to respond to purified
T-helper cells, or to T cell-derived helper factors [59, 60].
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Studies with murine cells have shown that certain subsets of
B cells from old animals function at a much lower level than
the same cells from young mice, whereas other subsets pro-
duce comparable levels of antibody [61]. Cerny et al. found
that the antiphosphorylcholine antibody produced by aged
mice did not protect animals against lethal doses of
Streptococcus pneumoniae, although old animals produced
levels of antibody comparable to those in young animals
[62]. The genes encoding the variable heavy portions of the
antibody molecule were different in the old mice. The result-
ing antibody had lower affinity for the bacterial antigen and
conferred less protection [62, 63].

Macrophage Function

Macrophage function during aging is particularly relevant to
the theme of this book, suggesting that “old” macrophages
are comparable to “young” macrophages in terms of produc-
ing similar levels of cytokines. Differences in function
appeared to be modulated through changes in T and B cell
responses to the cytokines [64, 65]. Studies of human mono-
cytes have shown decreased secretion of IL-1 with mitogen
stimulation [66]. Bone marrow stem cells from senescence-
accelerated mice are defective in their ability to generate
granulocyte/macrophage precursor cells [67]. In vivo func-
tion of macrophages illustrated by cutaneous wound healing
in mice, showed that wounds in aged control animals took
twice as long to heal as in young ones [68]. When peritoneal
macrophages from animals of different ages were added to
wounds on old mice, healing was accelerated regardless of
the age of the source animal, although, macrophages from
young mice accelerated the healing process to the greatest
degree [68].

Studies of macrophage function in aged mice and humans
suggest defects in macrophage—T cell interactions. Antigen-
sensitized macrophages from old mice stimulated signifi-
cantly lower levels of T cell proliferation than sensitized
macrophages from young mice [14]. Dendritic cells are tis-
sue-fixed macrophages that stimulate formation of germinal
centers in lymph follicles where B cell memory develops;
they thus play an important role in the secondary immune
response. Szakal et al. described serious age-related compro-
mise in this pathway [69]. When macrophages were replaced
with other sources for activation (e.g., IL-2, or an activator
such as phorbol-12-myristate-13-acetate), T cells from old
adults displayed enhanced responses [70]. Macrophages
from young adults were able to restore old T cell responses
to the level seen in young adults in 70% of the subjects stud-
ied. Because the “old” macrophages effectively supported
“young” T cells, the authors postulated that the defect resulted
from impaired macrophage-T cell communication [70].

In other studies, monocytes from old adults displayed less
cytotoxicity against certain tumor cell lines, decreased
production of reactive oxygen intermediates (H,0, and NO,),
and lower IL-1 secretion than monocytes from young adults
[66, 71].

Natural Killer Cells

Natural killer (NK) cells are cytotoxic cells with the ability
to lyse targets without the need for antigenic sensitization,
a characteristic that distinguishes them functionally from
cytotoxic T cells. Lymphokine-activated killer (LAK) cells,
thought to be highly activated NK cells, are able to lyse
certain cell lines that are resistant to NK cells. NK cells
from mice display a declining ability to lyse spleen cells
with increasing age [72, 73]. Most studies using old human
subjects have shown little or no change in NK cell cyto-
toxic ability [74]. There do appear to be differential require-
ments for maximal activation of NK cells by interferon-o
(IFNo). Young NK cells show maximal responses when
stimulated with low concentrations of IFNa [75]. The
activity of LAK cells from old humans appears to be
reduced compared to that of LAK cells from young humans
[74, 75].

Changes in Production and Response
to Regulatory Factors

Prostaglandins

Prostaglandin E, (PGE,), a metabolite of cell membrane
arachidonic acid, is a feedback inhibitor of T cell prolifera-
tion in humans [76]. T cells from adults over 70 years of age
are a magnitude more sensitive to inhibition by PGE, than
those from adults less than 40 years of age [9, 77]. Thus
PGE, may interfere with expansion of antigen-specific
T-helper cell clones. T cells from aged mice are not only
more sensitive to inhibition by PGE,, their splenocytes
appear to produce more PGE, than splenocytes from young
mice [78]. Meydani et al. have continued to provide evidence
that macrophage production of excess PGE, is a significant
mechanism in the suppression of T cell proliferation and
IL-2 production in old mice [79].

Delfraissey et al. found that PGE, suppressed the primary
antibody response to trinitrophenylated polyacrylamide
beads by lymphocytes from old adults [65]. Removing the
monocytes that were the source of PGE, production or add-
ing drugs that blocked production of PGE,, partially reversed
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the depressed response [9, 65]. Using a different system of
lipopolysaccharide-stimulated versus unstimulated lympho-
cytes, other investigators have not found increased PGE, pro-
duction in old versus young donors [80]. Polyclonal antibody
production was not suppressed by PGE, when added to lym-
phocytes from donors of any age [80].

The increased sensitivity to PGE, with age does not appear
to be part of a general increase in sensitivity to all immuno-
modulators. Lymphocytes from subjects over 70 years of age
are less sensitive to inhibition by substances such as hista-
mine and hydrocortisone [77].

Interleukins

Interleukins-1 and -2 play a primary role in activation,
recruitment, and proliferation of T lymphocytes. Activated T
cells then go on to produce a variety of growth and differen-
tiation factors. T-helper (Th) cells can be classified based on
the profile of the cytokines they produce and by distinct sur-
face receptors. Thl cells elaborate IFN-y, IL-2, IL-12, and
tumor necrosis factor-f (TNF-f), leading to the induction of
cytotoxic T cells and cellular immunity; Th2 cells elaborate
IL-4, IL-5, IL-6, IL-10, and IL-13, which ultimately results
in antibody production [81, 82].

A decreased response to IL-2 has been studied exten-
sively as a potential mechanism underlying the age-related
defect in cellular immunity. Work from various investigators
has demonstrated decreased production of IL-2 after mito-
gen stimulation, decreased density of IL-2 receptor expres-
sion, and decreased proliferation of T cells in response to
IL-2 [83—88]. The picture is complicated by variable sensi-
tivity to IL-2 depending on the activation signal [3, 89].
Human memory T cells generally produce low levels of IL-2
when stimulated by mitogen, in contrast to high IL-2 pro-
duction by young memory T cells [8]. However, production
of IL-2 by old cells was greater when a different stimulus
was employed [8]. Studies from Nagelkerken’s group found
no differences in T cell proliferation or IL-2 production
when memory T cells from old and young humans were
stimulated with a variety of activation signals [3]. CD4* T
cells from old mice accumulate similar levels of IL-2 tran-
scripts, though secretion of IL-2 is lower than that seen in
cells from young mice [90].

Increasing evidence has been accumulating that there are
age-related declines in lymphocyte production and response
to cytokines other than IL-2 [2, 91]. Monocytes from aged
humans produce levels of IL-1 precursor comparable to
monocytes from young humans, although they secrete less
IL-1 [67]. Lymphocytes from old individuals produce higher
levels of IL-1, IL-2, and TNF-a than those from healthy
young individuals in mixed lymphocyte culture [92].

Li and Miller found a threefold decline in IL-4 production
with age when activated murine T cells were immobilized
with antibody to the T cell receptor, CD3, and cultured with
anti-CD3 and IL-2 [93]. Memory T cells from old donors dis-
played a sixfold deficit in IL-4 production compared to cells
from young donors [93]. In a similar system, CD4* T cells
from young mice were more sensitive to stimulation with
exogenous IL-4, producing much higher levels of IL-2 than
old CD4* T cells [8]. Blocking endogenous IL-4 boosted
“old” lymphocyte production of specific anti-influenza IgM
and IgGl to levels seen in young animals during a primary
antibody response [94]. A similar effect was achieved by
blocking endogenous IFN-y and IL-10 [94]. We have shown
that lymphocytes from old adults produce less IL-4 when
stimulated with specific antigen than lymphocytes from young
adults [95]. When IL-4 is added early during the course of
stimulation, old lymphocytes are less inhibited to produce
specific antibodies [95], similar to findings described earlier
in mice [8].

Other investigators have found no differences between
lymphocytes from old and young adults in terms of their
ability to produce IL-4 or IL-6 when stimulated with the
mitogen phytohemagglutinin [96]. In this system, lympho-
cytes from old adults produced significantly less IFN-y [96].
With variation in the activating signals, old human T cells
produce larger amounts of IL-4 and IFN-y [3, 97].

Proinflammatory Cytokines

Aging is associated with elevated levels of circulating inflam-
matory cytokines such as TNF-a., IL-6, IL-1ra, and the acute
phase protein CRP [98-100]. The plasma levels of TNF-a
were positively correlated with IL-6, STNF-RII, and CRP in
126 centenarians indicating an interrelated activation of the
entire inflammatory cascade [101]. However, the increased
proinflammatory cytokines in healthy elderly adults is not
very marked and far from levels observed during acute infec-
tion. Thus, aging is associated with chronic low-grade
inflammation.

In agreement with low-grade inflammation in aging,
aged T cells produce much higher levels of the proinflam-
matory cytokines TNF-a and IL-6 [102]. Increased pro-
duction of TNF-a by unstimulated mononuclear cells has
been shown [103]. Increased production of IL-6 and IL-1ra
by unstimulated mononuclear cells was demonstrated, but
no difference was found in levels of TNF-a and IL-1f
[104]. However, cells in tissues other than peripheral blood
may also contribute to the increased levels of circulating
proinflammatory cytokines such as endothelial cells, adi-
pose cells, and macrophage-derived cells in CNS and
peripheral tissues.
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Clinical Implications of Age-Related
Immune Changes

All-Cause Mortality

We have described a variety of immunologic changes with
aging. What are the implications of these changes for the
occurrence of disease and maintenance of health in older
adults? There is little direct causal evidence linking specific
changes in immunity to specific clinical diseases or mortality.
Most authorities simply assume that a decline in immune func-
tion is deleterious, or use theoretic arguments to support this
belief. The question of whether decreased immune responses
contribute to morbidity and mortality in elderly persons has
been addressed mostly by cross-sectional studies looking for
associations between a particular abnormal immune response
and general health status [105]. For example, the Baltimore
Longitudinal Aging Study found that declines in absolute lym-
phocyte counts predicted mortality after 3 years in aging men
[106]. Ferguson et al. found that the presence of two or more
suppressed immune parameters predicted poor 2-year survival
in a group of adults over the age of 80 [46].

The response to delayed-type hypersensitivity skin tests
has been associated with mortality in a number of studies.
Delayed-type hypersensitivity skin testing is thought to be the
in vivo correlate of in vitro mitogen-stimulated proliferation.
Elderly subjects who respond poorly or not at all to a battery
of antigens placed intradermally (anergy), have an increased
risk of mortality compared to elderly subjects who respond
well to one or more antigens [12, 107]. We found a twofold
higher mortality rate and incidence of pneumonia during 10
years of follow-up in the one-third of healthy elderly indi-
viduals who were anergic at initial testing [107, 108].

We and others have examined mitogen-stimulated lympho-
cyte proliferation in community-dwelling adults over age 65
years [46, 105, 108, 109]. One study found that 18% of adults
seen in an outpatient geriatric clinic had lymphocytes that did
not respond to any of the three mitogens [109]. These nonre-
sponders had a 26% mortality rate at 3-year follow-up versus
13% mortality in those whose lymphocytes proliferated to at
least one mitogen. The increase in all-cause mortality remained
significant after controlling medication use, an indirect indica-
tor of health status. Our own studies showed slightly higher
all-cause mortality in old adults with low proliferative
responses to the mitogen phytohemagglutinin [105].

Response to Immunization and Infections

Adults over the age of 65 experience greater morbidity and mor-
tality in association with common infections, providing a basis
for targeting this population with preventive immunization.

Unfortunately, elderly people respond less well to preventive
immunizations against common infections compared with
young individuals because of the waning of immunity.
Epidemiologic evidence suggests that despite decreased effi-
cacy in the elderly, immunizations do reduce morbidity and
mortality. The next section focuses on influenza, pneumococcal
pneumonia, tetanus, tuberculosis, and herpes zoster, because
information is available on disease epidemiology and aging
immune responses specific to these entities.

Influenza

Influenza is a common viral respiratory illness that becomes
clinically important when complicated by bacterial pneumo-
nia, or when it occurs in debilitated or elderly patients (reviewed
by Burns et al.) [110] Individuals who suffer from one or more
chronic, systemic illnesses (e.g., chronic obstructive pulmo-
nary disease, diabetes, chronic renal insufficiency) experience
a 40- to 150-fold increase in the basal incidence rate for influ-
enzal pneumonia of four cases per 100,000 persons per year.
More than 80% of deaths related to influenza epidemics occur
in the elderly [111], and the risk of developing influenzal
pneumonia or superimposed bacterial pneumonia increases
with increasing age. Individuals living in long-term care facili-
ties are at particularly high risk of morbidity and mortality.

After vaccination with influenza, old mice display impaired
cytotoxic T cell function and ineffective antibody generation
against the virus [112]. When an intranasal viral load is
administered after vaccination, old animals are more likely to
develop influenzal pneumonia than young animals [112].
Studies in humans have described impaired production of
anti-influenza antibodies and impaired influenza-specific
cytotoxic activity in old adults compared to that in young
adults [113]. Some of the mechanisms mediating this response
include reduced IL-2 production and T cell activation in vivo
and in vitro [85]. NK cell cytotoxicity is unchanged in old
adults after vaccination against influenza, in contrast to
increased NK cell activity in young adults [114]. Elderly
individuals who do display a significant response to influenza
vaccine have increased numbers of T cells capable of respond-
ing to the specific viral stimulus, whereas nonresponders
have low numbers of such cells [115]. After immunization,
IgG and IgG1 antibody production and agglutinating ability
were decreased in the elderly compared to that in young sub-
jects [116]. The investigators were able to restore the
responses of the elderly subjects to the levels seen in young
subjects by doubling the dose of vaccine [116].

Although influenza vaccination is less effective in the
higher risk population of old adults, the incidence and sever-
ity of influenza infections is clearly reduced by annual usage
of the standard preparation [117]. The vaccine confers the
highest degree of protection when the epidemic strains are
similar to those in the vaccine [118]. Even when the antigenic
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determinants of the wild virus have drifted over the course of
a year, vaccine utilization can still have a substantial impact
on morbidity and mortality [117].

Pneumococcal Pneumonia

An increased incidence of morbidity and mortality due to
pneumonia has been recognized in the elderly for years [110].
Hospitalization necessitated by a diagnosis of pneumonia is
most often caused by bacteria, primarily (about two-thirds of
cases) S. pneumoniae. High mortality rates result from the
increased incidence of bacteremia and meningitis seen in old
adults. Similar to influenza, patients with one or more chronic
systemic diseases are at increased risk of complications and
mortality from pneumococcal infection.

Most of the information on the immunologic response to
pneumococcal vaccination derives from murine studies. After
vaccination with phosphocholine, old mice produced levels of
antibody similar to those in young mice, but with a molecular
shift in the antibody repertoire [62]. The antibody produced by
old animals has a lower affinity for its target and is less effec-
tive in preventing infection [62]. In old mice, many of the anti-
bodies produced after pneumococcal vaccination cross-react
with self-antigens [62]. In humans, serum antibody levels fade
more rapidly in old individuals, prompting recommendations
to re-vaccinate after 6 years in elderly patients [119]. The vac-
cine has been estimated to be about 70% effective for reducing
morbidity and mortality in the elderly [120].

Tuberculosis and Intracellular Infections

For more than 20 years the risk of active tuberculosis in the
Western world is increasingly confined to two populations:
those with immunocompromising diseases (e.g., AIDS) and
the very elderly [121, 122]. Animal studies show that old
mice display increased susceptibility to infection with
Mycobacterium tuberculosis [123]. The infection contain-
ment rate in old mice is similar to that in young animals; but
once pulmonary infection is established, there is increased
hematogenous spread to other organs [123]. Old animals dis-
play decreased CD4* T cell function, significantly lower lev-
els of IL-12 in the lung [123], and delayed emergence of
protective, IFN-y-secreting CD4* T cells [124]. The protec-
tive cells from old animals were slower to express surface
adhesion markers necessary for migration across endothelial
linings to sites of active infection [124]. The increased spread
of disease in old animals may also be related to alterations in
other cytokine levels [123]. Orme has shown that CD4* cells
from young mice protect old mice from infection, suggesting
that old macrophages function adequately and the major
defect lies in the T cell population [123, 124].

Herpes Zoster

There is a clear positive correlation between age and the inci-
dence of herpes zoster, with an annual incidence rate of 400
cases per 100,000 adults over age 75 [125]. Other surveys
suggest an even higher overall incidence [126]. The vari-
cella-zoster virus (VZV) is harbored in dorsal root ganglia
for many decades following childhood illness; and when it is
reactivated it causes a cutaneous, varicella-type vesicular
eruption involving the dermatome of the involved dorsal root
ganglion.

Cellular immunity, measured by cutaneous delayed hyper-
sensitivity to varicella zoster, wanes with increasing age,
although other factors may be involved in controlling viral
latency [127]. Cutaneous zoster is often an indication of
immune-compromised status in young persons and those
with early recurrence [126], but is not associated with occult
malignancy in old adults [128].

Stress, Immunity, and Aging (Table 4.1)

Physical Stress

A number of studies have described the effects of physical
stress on the immune system, although most have not analyzed
outcomes by age. Time-limited physical stress, such as hypoxia,
head-up tilt challenge (approximating conditions of acute hem-
orrhage), hyperthermia, and exercise, tend to enhance measures
of immunity on a transient basis (e.g., increased lymphocyte
numbers and increased NK cell activity) [129]. Physical stress
associated with tissue injury (e.g., trauma, burns, surgery) is
generally characterized by suppressed immune function. CD4*

TasLe 4.1 Immunologic changes during stress

Functional impact

Type of stress Parameter of change

Physical (e.g., surgical,
trauma, burns)

| T-cell number
and function

| NK cell number
and function

| PMN function

1 Inflammatory
cytokines

1 Post-op infections

Delayed wound healing

Psychological (e.g.,
academic exams,
major life events,
caregiving,
spaceflight)

| T-cell function 1 Herpesvirus

reactivation
| NK cell function
| Thl cytokines
(e.g., IL-2)
1 Th2 cytokines
(e.g., IL-10)

Delayed wound healing
| Vaccine responses
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and CDS8"* cells have been reported to decrease in number
[130-132], and T cell activation is decreased [133]. Mitogen-
induced lymphocyte proliferation is decreased after surgery
and trauma [134—136], and anergy is increased [137]. The pres-
ence of anergy has been associated with an increased incidence
of postoperative infections [137]. Neutrophil function is
adversely affected by surgery, with decreased chemotaxis [137,
138], decreased intracellular killing [139], and disruption of
superoxide release [138, 139].

One of the most consistently demonstrated findings is
decreased cytotoxicity of NK cells [129, 130, 140-142]. In
murine studies, decreased NK activity following surgery is
associated with increased tumor metastases [143]. Levels of
IL-2, mRNA for IL-2, IFN IL-10, and IL-12 are decreased
[131, 135, 137, 144], whereas IL-4 and IL-6 levels are gener-
ally increased [131, 133, 136, 137, 144], although some
investigators have reported decreased IL-6 [133, 145]. Of
clinical relevance are observations that the degree of immune
suppression correlates positively with the duration of surgery
and volume of blood loss [137, 139].

The mechanisms underlying immune suppression with
physical stress are slowly becoming elucidated. Tissue damage
results in release of inflammatory substances, including TNF,
IL-1, and IL-2 [146-148]. Hypothalamic production of corti-
cotropin-releasing hormone (CRF) and arginine vasopressin
(AVP) is stimulated by the locally produced cytokines and by
afferent nerve signals from the site of injury. CRF and AVP
stimulate pituitary adrenocorticotropic hormone (ACTH)
release and subsequent adrenal glucocorticoids, the latter two
of which are also directly stimulated by the cytokines from the
site of injury [149, 150]. Activation of the hypothalamic—pitu-
itary—adrenal (HPA) axis stimulates transformation of uncom-
mitted Th cells to Th2 cells and inhibits transformation to Th1
cells [151]. The cellular immune responses are thus suppressed
partly due to a lack of Th1 cells. The cytokines secreted by the
Th2 cells (e.g., IL-1, IL-6, TNF-a) further stimulate the HPA
axis and glucocorticoid production [152] and subsequently
cause immune suppression [153, 154]. Given the extensive
age-related changes in immunity, it is not surprising that old
age in surgical patients has been associated with increased
postoperative immune suppression and septic complications
[139]. It is interesting to speculate that postsurgical immune
suppression might be less pronounced in the elderly than
expected because of decreased sensitivity to glucocorticoids
[76], as mentioned previously.

Psychological Stress

In addition to physical stress from trauma or surgery, psy-
chological stress can have a significant impact on immune
system function. Complex and direct links have been
described between the immune system and the perceptual

capabilities of the central nervous system. Ader and Cohen
demonstrated that it was even possible to condition specific
immune responses with sensory cues [47]. In a series of
taste-aversion learning experiments in rats, saccharin water
was initially administered to the animals along with a dose of
cyclophosphamide. The rats were subsequently injected with
sheep red blood cells with or without readministration of the
saccharin solution. Animals who received the saccharin
along with the injection had profound suppression of the
hemagglutinin response to sheep red blood cells [47].

Carefully controlled experiments with rodents and pri-
mates have demonstrated the neurohumorally mediated
effects of stress on the immune system [155, 156]. Similar
findings are seen in cross-sectional studies with humans,
though it is impossible to achieve the same degree of control
as in the animal studies. Clusters of illness, from the common
cold to cancer, have been reported to occur around the time of
major life changes [157]. Strong negative correlations have
been seen between loneliness and the proliferative response
of lymphocytes to mitogens, NK cell activity, and DNA splic-
ing and repair [157, 158]. We found that healthy old adults
with a strong social support system had greater total lympho-
cyte counts and a stronger mitogen-induced proliferation of
lymphocytes than those without a close confidant [159].

Studies of individuals in “naturally occurring” stressful
situations have also demonstrated links to suppressed
immune function and illness. Mitogen-induced lymphocyte
proliferation is suppressed after bereavement [160] and with
depression [161]. The stress of taking final examinations has
been correlated with recurrence of cold sores, rises in serum
antibody titers against herpes simplex type I virus [162], and
decreased proliferation of memory T cells [163]. Caregiving
for a demented spouse is associated with a poor response to
influenza vaccination [164]. Lymphocytes from the caregiv-
ers produced less IL-1P and IL-2 when stimulated with influ-
enza virus in vitro compared to age-matched, non-care-giving
controls [164]. Caregivers displayed slower wound healing
after skin biopsy than did matched controls [165].

Spaceflight

Many studies have reported similarities between spaceflight
and aging. The average age of NASA astronauts is early to
mid 40s [166-169]. In 1998, however, former Senator John
Glenn flew on STS-95 at the age of 77 as a payload specialist
(PS2). This afforded a unique opportunity to compare the
effects of stress and microgravity in an aged individual to
those of six younger astronauts under identical spaceflight
conditions. After the 9-day mission, blood and urine samples
were collected and neuroendocrine and immune responses
were compared to those before flight. As shown in Fig. 4.2,
variable levels of plasma and urinary cortisol were observed
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Ficure 4.2 Postflight change in plasma cortisol (PCort), ACTH, urinary
cortisol (UCort) and urinary epinephrine (UEPI). Filled circles indicate
values for PS2. Open circles indicate individual values for the remaining
six STS-95 crewmembers. Data are expressed as the percent change at
landing as compared to L-10 values.

after spaceflight for all seven crew members. However, PS2
had the greatest increase in both plasma and urinary cortisol.
Little change was found in ACTH for the younger astronauts,
but once again a significant increase was found in PS2.
Postflight levels of urinary epinephrine were mostly increased
for the seven astronauts. Again, the aged astronaut had one
of the highest epinephrine levels.

Given prior studies of psychological and physical stress on
circulating leukocytes and lymphocytes, it would be expected
that spaceflight would also result in significant changes in
these white blood cell populations. As expected, significant
increases in neutrophils were found postflight for all seven
astronauts [170]. Excluding PS2 from data analysis, there was
a significant increase in circulating B-cells (Fig. 4.3). A non-
significant decrease was found in NK cells at landing, while
significant increases were found in CD3* T-cells and CD4*
T-cells. Notably, the magnitude (=20% difference) and the
direction of the shift in lymphocyte subsets for PS2 was oppo-
site from that of the other six crew members. Given the recent
explosion in commercial spaceflight and associated opportu-
nities for adults (both young and old) to fly in space, this will
be an important area of future research.

Reactivation of Latent Herpesviruses:
A Potential Role in Shaping the Aged
Immune System

Herpesviruses commonly establish latent infections in the
majority of adults. The best known members of this family
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Ficure 4.3 Postflight change in circulating lymphocytes. Filled circles
indicate values for PS2. Open circles indicate individual values for the
remaining six STS-95 crewmembers. Data are expressed as the percent
change at landing as compared to L-10 values.

include herpes simplex virus (HSV), VZV, cytomegalovirus
(CMYV), and Epstein-Barr virus (EBV). Herpesviruses are
medically important viruses; HSV-1 infects 70-80% of all
adults and is classically associated with oropharyngeal
lesions such as cold sores, pharyngitis, and tonsillitis [171].
EBV infects over 85% of the adult population and is the
causative agent of infectious mononucleosis, Burkitt’s lym-
phoma, undifferentiated nasopharyngeal carcinoma, and dif-
fuse polyclonal B-cell lymphoma [172]. Most CMV
infections in adults are asymptomatic, but may result in an
infectious mononucleosis-like syndrome, central nervous
system infections, and febrile illnesses [173]. Notably, CMV
infections can be severe in immunocompromised individuals
such as AIDS and post transplant patients [174]. VZV causes
chicken pox on primary infection and remains latent thereaf-
ter; VZV may reactivate resulting in episodes of zoster or
“shingles” [175].

Recent work on has focused on herpesviruses, in particu-
lar CMV. Numbers of CD8*CD28" T cells have been found
to positively correlate with CMV seropositivity independent
of age [176]. This correlation was also found in the OCTO
study [177] as well as the subsequent NONA study [178].

The recent development of MHC tetramers, which allows
direct detection of T cells carrying receptors for single peptide
epitopes [179], has yielded new information on the way that
CMYV shapes the immune system. Using tetramers, numerous
studies have demonstrated detectable levels of CMV-specific
CD8* T cells present in both healthy and diseased individuals
[180-184]. Notably, studies of CMV tetramer-positive cells
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have demonstrated the following: (a) CMV tetramer-positive
cells are mainly pp65-specific, owing to the fact that pp65 is the
most abundant structural protein throughout CMV infection
and it is regarded as the dominant antigen recognized by CD8
T cells [185, 186]; (b) the frequency of pp65 tetramer-positive
cells can reach 25-50% in healthy individuals and are often
present as oligoclonal expansions as determined by TCR-V[3
analysis [181, 187-189]; (c) CMV-specific T cells increase in
direct proportion with age [189, 190]; and (d) pp65-positive
cells are CD28-CD57* indicating a fully differentiated effector
T cell [178, 181, 187, 188, 191].

Importantly, high levels of CMV pp65-specific T cells
may downregulate immune responses to other herpesviruses.
Recently, Khan and coworkers [192] who found that CMV
infection in the elderly impaired the CD8 T cell immunity
against EBV, another important member of the herpesvirus
family that is known to cause numerous diseases including
carcinomas and lymphomas. The authors found aged related
increases in the number of EBV-specific T-cells. However,
the frequency of EBV-specific CD8" T cells never exceeded
3% in CMV seropositive individuals, whereas in CMV sero-
negative individuals it was a high as 14%. Additionally, they
also found that the proportion of functional EBV-specific
CDS8* T cells was significantly lower than for CMV-specific
CDS8* T cells. This study confirmed an earlier report that also
demonstrated reduced IFN-y production by EBV-specific
CD8* T cells in the elderly [193]. Subsequently, Vescovini
and coworkers [194] showed that several elderly subjects
had a predominance of CD8* T cells specific for EBV latent
epitopes rather than lytic epitopes typically found in younger
subjects. Collectively, these observations suggest a lack of
immune control over EBV in the elderly.

It was not known until recently whether the clonally
expanded herpesvirus-specific T-cells represented increased
viral reactivation or simply reflected an accumulation over
time. We showed for the first time direct evidence of increased
viral reactivation in the elderly which included increased
antiviral antibodies and increased viral load (EBV) in periph-
eral blood B-cells [195]. In addition, we found plasma vire-
mia (EBV DNA), which was supported by a program of viral
gene transcription (e.g., LMP-1, gp350) similar to that found
in patients with infectious mononucleosis. CMV DNA was
not found in peripheral blood mononuclear cells; however,
we did frequently detect CMV DNA in urine. These results
were accompanied by clonal expansions of CD8* and CD4*
T-cells directed against EBV (Fig. 4.4) and CMV (Fig. 4.5).

Notably, recent reports have suggested a link between
herpesviruses and inflammation. Elevated levels of CMV
antibodies have been associated with increased IL-6 and
TNF-a levels in older adults [196-198]. The EBV-encoded
dUTPase has also been shown to upregulate TNF-a, IL-1f3,
and IL-6 [199, 200]. EBV and CMYV infection also result in
a clonal expansion of virus-specific CD8* T-cells [181, 187,

192, 195, 201]. Thus, activation or an increase in the numbers
of virus-specific CD8* T-cells, as well as direct interaction
with viral antigens, may result in increased levels of circulat-
ing inflammatory cytokines. Consistent with this notion, we
found increased urinary IL-6 levels in elderly subjects with
plasma viremia as compared to those without viremia
(Fig. 4.6, unpublished data).

The increased levels of proinflammatory cytokines associ-
ated with herpesvirus infection may have important health
consequences. CMYV, and more recently, EBV have been impli-
cated in the development of coronary artery disease [202, 203].
Strandberg and coworkers [204] found that HSV and CMV
were associated with cognitive impairment in elderly adults
with cardiovascular disease. A subsequent study identified
CMYV as a predictor of cognitive impairment even after con-
trolling for numerous covariates including age, education, and
health conditions [205]. In perhaps the most striking study,
Wikby et al. [197] found that the immune risk phenotype, char-
acterized in part by co-infection with EBV and CMYV, was sig-
nificantly associated with cognitive impairment; the individuals
with cognitive impairment were all deceased at follow-up,
which was attributed to allostatic overload due in part to mul-
tiple herpesvirus infections. Future studies are needed to inves-
tigate the role of herpesvirus reactivation in healthy aging.

Reversal of Age-Related Declines
in Immune Function

When considering physiologic changes of aging it is important
to keep in mind that the changes described do not appear to be
synchronized with each other [2, 206]. Defects occur to varying
degrees in different systems within a given individual, and
immune modulatory substances may affect some systems and
not others. It is increasingly clear that there are complex interac-
tions between the nervous, endocrine, and immune systems,
although no “global” mechanism has been found that might be
the common underlying cause of immune senescence [207]. We
conclude with a brief discussion of potential ways to stimulate
a failing immune system in elderly persons and review a num-
ber of investigations reporting attenuation or reversal of surgi-
cally induced immune suppression in animals and humans.
One of the most obvious organ changes that occur with
aging is involution of the thymus, loss of thymic hormones,
and a subsequent decline in T cell function [208]. In humans
and experimental animals, involution begins during adoles-
cence; and the lymphatic mass, particularly in the cortical
area, decreases with age [209]. These observations stimulated
a number of experiments attempting to enhance lymphocyte
function by reestablishing “young” levels of thymic hormone.
Exposing lymphocytes of old individuals to thymic hormones
in vivo or in vitro, or transplanting young thymic tissue into
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old animals has resulted in at least partial restoration of
immunity on a temporary basis [210-216]. IL-7 therapy alone
in old mice can rejuvenate the thymus, but never to the point
of the thymic size and output observed in young mice [217,
218]. Although production of IL-7 by thymic epithelial cells
and dendritic cells clearly plays a role in murine thymocyte
proliferation, attempts to show an age-related change in IL-7
in human studies have failed [219]. Other growth factors
have been studied including IL-12, which appears to slow
down thymic involution [220], while keratinocyte growth
factor may provide critical survival signals for the thymic
epithelium [221].

Other hormonal substances being studied for their poten-
tial to reverse age-related declines in immunity include mela-
tonin, growth hormone, and adrenal androgens. The pineal
hormone melatonin has free-radical-scavenging properties,
and its production declines with age [222]. When melatonin
has been administered to individuals with a variety of can-
cers, improved measures of immunity after surgery have
been observed (increased number of lymphocytes, T cells,
and Th cells) [223] as have partial tumor regression and
enhanced 1-year survival of patients with metastatic solid
tumors [224]. When melatonin is injected into old mice, it
enhances antibody production and increases Th cell activity
and IL-2 production [225].

Growth hormone (GH) and its precursor insulin-like
growth factor-I (IGF-I) have immune-enhancing effects,

including stimulation of phagocyte activity and cytokine
production, both of which may help protect against bacte-
rial infection [226]. Elderly patients with GH deficiency
have low NK cell activity, but it can be at least partially
restored in vitro by exposing NK cells to IGFI [227].
However, healthy old women who were not GH-deficient
did not dis