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Aging is associated with susceptibility and reduced ability to
respond to internal and external stressors. A reduction of functional reserve
occurs in many physiological systems and determines increased vulnerability
to diseases and high risk of functional dependence. While these
modifications can be observed in most persons, particularly in the context of
longitudinal studies, they are characterized by extreme variability across
individuals and only modest synchronism with chronological aging. As a
result, the degree of susceptibility to stressors and exhaustion of functional
reserve is dispersed over a wide spectrum in persons of the same age, and the
amount of dispersion becomes even greater when we consider older age
groups.

By convention, geriatricians define “frail” as those individuals that
are at the extreme edge of the severity spectrum in this process. Because of
this conventional attitude, frailty is often used as an exchangeable term for
disability, comorbidity and poor health status, and it is also considered as an
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irreversible condition leading to adverse health outcomes. On the
contrary, it is important to conceptualize “frailty” as a continuous, other than
a discrete process, where several stages or degrees of severity can be defined
as they become useful in research and clinical practice, and that below a
certain degree of severity it can be reversed with appropriate interventions.

The aging process is probably associated with the development of
some unavoidable degree of “frailty” which in the literature is often referred
to as “normal aging”. Even the healthiest octogenarian is more sensitive to
the effects of stressors than the healthiest teenager. Diseases and behavioral
risk factors contribute to frailty in ways cannot be completely explained by
traditional biomedical expectations. The effect of environment on frailty is
complex. An environment that is too challenging causes a rapid exhaustion
of functional reserves and leads to an overt instability of the biological
homeostasis. On the other hand, an environment that is not at all challenging,
leads to a progressive “atrophy” of the homeostatic mechanisms and makes
the individual more susceptible to future stressors.

Clinicians who care for older patients face several times daily the
complex implications and questions posed by the age-associated frailty. For
example, it is clearly difficult to prescribe a pharmacological treatment,
make decisions about rehabilitation, give advice to patients about the
risk/benefits of a specific surgical procedure or establish the prognosis of
diseases, without having information regarding the degree of functional
reserve and ability to respond to stress. On the other hand, there is still much
disagreement and discussion of the criteria that should be used for the
operational definition of frailty, and most have no idea as to how to grade its
severity.

There is some consensus that the basic clinical features of the frailty
syndrome should include the following domains: a) mobility, such as lower
extremity performance and gait abnormalities; b) muscle weakness; c) poor
exercise tolerance; d) unstable balance; e) factors related to body
composition, such as malnutrition, and sarcopenia (loss of lean body mass),
and weight loss. Validity of these factors as critical elements of the frailty
syndrome is provided by studies showing that in older, non-disabled persons,
individual components are associated with the classical geriatric syndromes
(e.g. falls, symptomatic depression, urinary incontinence and functional
impairment) and are strong and independent risk factors of disability and
death.

In 1999, Walston and Fried 1 developed an interpretive framework
that combines the elements of the “body composition” and “mobility”
domains of the frailty syndrome into a pathophysiologic pathway where
sarcopenia and poor muscle strength, by limiting mobility and physical
activity, reduce total energy expenditure and nutritional intake, which, in
turn, lead to weight loss and further aggravate sarcopenia. Using data from



CLINICAL AND BIOCHEMICAL CHANGES 137

the Cardiovascular Health Study the elements of the pathway were as
follows: 1) unexplained weight loss; 2) poor grip strength; 3) self-reported
exhaustion; 4) slow walking speed; and 5) low physical activity. After
adjusting for significant confounders, participants with 3 or more of these
characteristics were at significantly increased risk of disability,
hospitalization and death. The work of Walston and Fried 1 demonstrates
that aggregating measures in the domains of physical function and body
composition are an effective initial basis for developing screening criteria for
an intrinsic vulnerability that have predictive validity. However, without
understanding the pathophysiologic pathway that leads to frailty as a
syndrome that justifies the aggregation of the domains proposed by Waltson
and Fried 1, we lack the critical information to envision any serious attempts
to apply the concept of frailty into clinical practice. In this chapter we
explore some of the biological mechanisms that tend to become dysregulated
with aging and may contribute to the pathophysiology of the frailty
syndrome. Some of this information concerns biological markers of frailty
that can be already measured. So the possible use of these measures in
current clinical practice are pointed out in the various sections of this
chapter. As our understanding of the pathophysiology, clinical presentation,
and consequences of the frailty syndrome improves, many additional uses of
the measures will emerge, and will help identify new potential targets for
intervention.

1. HUMAN AGING

Gradual physiological changes that often parallel the aging process
contribute to the conventional view of “normal” aging. Normal aging
implies a progressive decline of the physiological reserve and the ability to
compensate, but it is compatible with autonomy over the entire life span. In
frail, older persons the decline in functional reserve is accelerated and
compensatory mechanisms start failing with consequent negative health
outcomes as the functional reserves are depleted.

A better understanding of physiologic changes that proceed and
accompany frailty and, over time, lead to disability is needed if we want to
capture this pathological process in an early stage, and develop targeted
interventions that will delay or postpone the onset of disability.
Unfortunately, we have very little information on this topic and, worse yet,
what is known is sparse and difficult to reconnect to an overall paradigm.
This chapter attempts to address this problem. We will focus on body
composition changes, chronic inflammation, oxidative stress and hormonal
changes that often occur in older persons and are accelerated over the aging
process. Additionally, in the final part of our discussion, we provide our
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view on how this information can be used in clinical practice to provide
better care to frail older persons.

2. OVERVIEW OF BIOCHEMICAL MARKERS AND AGING (OR
FRAILTY)

Many efforts have been made to identify biochemical markers of
aging in both normal and frail older individuals 2,3. Traditionally, clinical
chemistry results obtained from laboratory testing are compared with the
corresponding reference values in order to determine whether such values
fall within the central 95% area under the Gaussian symmetric bell-shaped
curve, or the “normal range”. Reference values calculated using this method
are reported, for example, in the recommendations of the Expert Panel on
Theory of Reference Values of the International Federation of Clinical
Chemistry and the published guidelines of the National Committee for
Clinical Laboratory Standards 4. In spite of this generalized trend, several
lines of research indicate that a purely statistical approach to the
identification of “normal” values can be misleading, and methods based on
predictive validity in relation to health outcomes should be explored. This is
particularly evident for reference values in geriatric patients. Tietz et al. 5

obtained data from 236 individuals, ages 60 to 90 years, 22 individuals, ages
90 to 99 years, and 69, 100 years of age or older. As shown in Table 1 (Tietz
et al), plasma levels of dehydroepiandrosterone (DHEA) and DHEA sulphate
(DHEAS) were lower in individuals over the age of 90 compared to those of
young adults. Other sex hormones, estradiol, estrone and testosterone were
found to be much lower in persons over the age of 90 than those of young
adults. Interestingly, insulin levels tended to increase in adults aging from 60
to 90 years of age, while a decline in insulin levels was observed in persons
over the age of 90.* (Table 1)

The need for biological markers of pathology in the evaluation of
older persons is justified by the peculiar relationship that exists between
diseases and health status in old age. Because aging is associated with an
increment in the global susceptibility to diseases, multiple morbidities are
very common. Analogously, diseases that are not clinically overt are often
associated with pathological processes that already affect the health status
but have not reached the severity threshold that makes them identifiable as
“diseases”. Thus, the global burden of comorbidity can be captured only
indirectly, using functional or biological markers.

* Note that age-adjusted “normal” values for most of these hormones are lacking and
the values prepared in the literature are highly variable from author to author.
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Impaired glucose, protein and lipid metabolism in older individuals
is common. Aging is associated with impaired glucose handling, mainly due
to a decline in insulin activity 6-8. There is strong evidence that increased
resistance to insulin activity is one of the main components of diminished
homeostatic glucose regulation in older persons. Insulin-mediated glucose
uptake, measured using a glucose clamp technique combined with

infusion, was shown to progressively decline over aging 9. The
response to insulin resistance is increased insulin production. When the
ability to compensate for insulin resistance by increasing insulin production
is exhausted, the glucose homeostasis becomes dysregulated, and type 2
Diabetes Mellitus occurs. Therefore, insulin resistance along with the
reduced ability to secrete insulin, as seen during glucose tolerance test
administration in elderly subjects, also contributes to impaired glucose
homeostasis 10,11. However, the dysregulation in the glucose metabolism due
to peripheral insulin resistance is important long before diabetes can be
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diagnosed and cannot be overlooked in the clinical evaluation of older
persons.

Total body protein, lean body mass and the rates of protein synthesis
decline with increasing age. More importantly, such changes are components
of an impaired homeostatic phenomenon, which is not always balanced with
adequate dietary protein intake. Furthermore, an altered state of hepatic
protein synthesis with reduced fibrinogen and other protein carriers, such as
thyroxine-binding protein and iron-binding protein may result in an altered
coagulatory state, reduced thyroxine plasma concentrations and an anemic
state. In addition, reduced plasma concentrations of albumin have been
correlated with a higher degree of oxidative stress.

Lipid and lipoprotein concentrations vary over an individual’s
lifespan 12 . In particular, total cholesterol and triglyceride levels tend to
increase up until 50 years of age and then a gradual decline starts to occur.
Interestingly, a positive correlation exists between total cholesterol and/or
triglyceride levels with the incidence of cardiovascular disease up to the age
of 50 years. However, the ability of total cholesterol to predict coronary heart
disease in very old individuals remains controversial. Raiha et al 13 reported
that an elevated level of total cholesterol was not a cardiovascular risk in
older persons, but predicted survival for non-cardiovascular disease
mortality, while Manolio et al 14 did not find any correlation between total
cholesterol and all-cause mortality in older subjects 13. Interestingly, studies
have reported that persistently low cholesterol levels increased the risk of
mortality in males aged 71 to 93 l5. Low total cholesterol levels have also
been associated with all-cause mortality in elderly Italian men and women,
thus underscoring the potential importance of low levels of cholesterol as a
warning sign of rapidly declining health 16.

Such discrepancies can be explained by one of the major differences
between middle-aged and older populations, which is the presence of an
increased prevalence of poorer health of older individuals. In fact, older frail
persons with low total cholesterol levels are more likely to have a decreased
survival rate than older persons with little or no disease in the presence of
chronically low cholesterol values 17. Interestingly, after adjusting for frailty
markers in a large sample of older persons, elevated total cholesterol levels
predicted an increased risk for death from CHD, and the risk of death from
CHD decreased as cholesterol levels declined 18. These authors also
emphasized the finding that frailty markers were consistently associated with
low cholesterol levels, thus confirming similar previous reports. Only further
investigations aimed at evaluating controlled clinical trials with lipid-
lowering therapy in non-frail older persons can shed light on the risks or the
benefits of such treatment.

Regarding lipoproteins, high-density lipoprotein cholesterol (HDL-
C) is a considered a protective factor for CHD 19. In particular, HDL-C levels
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have been associated with good health status, while reduced HDL-C
values are recognized as risk factors for CHD in both middle-aged and older
persons. Furthermore, it has been shown that reduced HDL-C also predicts
non-CHD/stroke mortality in older persons 20. Thus, low HDL-C may also be
considered a valid biomarker for chronic disease and poor health status in old
age.

Ueno et al3 have recently described biomarkers of aging in women.
In particular, these authors suggest that five variables should be considered
specific biomarkers for aging in women: forced expiratory volume in 1.0 s

systolic blood pressure (SBP), glucose (GLU, mg/dl), ratio of
albumin to globulin (A/G) and mean corpuscular hemoglobin (MCH, pg).
Such multiple physiological variables reflect the function of diverse vital
functions, in particular, pulmonary function, blood pressure, glucose
handling, protein metabolism and hematological functioning. Biological age
scores (BAS) were calculated using the parameters mentioned above. Ueno
et al 3 concluded that the rate at which women age is relatively slow up until
65 years of age. Then after 65 years of age their rates of aging rapidly
increase. Therefore, the biological processes aimed at maintaining a stable
homeostasis correctly function up to age 65; after 65, false signaling of such
a complex system occurs causing it to lose its effectiveness. This observation
is of extreme importance as altered biomarkers are highly correlated with
mortality 21 and the frailty syndrome is commonly observed in persons over
the age of 65.

The aggregation of variables in global indices based on their
predictive role for specific outcomes is very appealing for clinical use, but
adds very little to our understanding of the global burden of disease in old
age. Recently, authors have also suggested that the involvement in multiple
physiological systems that is characteristic of older patients with comorbidity
should be interpreted in the context of the “frailty syndrome”. According to
current views of frailty, homeostasis is disrupted when the ability of
individuals to respond to internal and external changes declines below the
threshold of effective compensation. When this occurs, abnormal
concentrations of specific biomarkers of frailty become detectable in the
biological fluids, and structural changes take place in cells and tissues.
Unfortunately, serum biomarkers are not currently used to identify frailty,
which still remains a clinical diagnosis based on medical history, symptoms,
and signs. Clinically, the frailty syndrome is characterized by an excessive
reduction in lean body mass, in walking performance and in endurance,
associated with a perception of exhaustion and fatigue 22. Several lines of
evidence, however, show that this syndrome is often paralleled by important
changes in physiological systems accompanied by changes in serum levels of
biomarkers.
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3. FRAILTY AND THE NEUROMUSCULAR SYSTEM

There is growing evidence that the core target of the frailty syndrome
is motor organization, specifically the muscular and nervous systems.
Disease, disuse and aging trigger a mechanism that impoverishes the
redundancy of muscular and nervous backup systems, leading to a
measurable decline of motor performance. Once the process is activated, its
consequences follow a common pathway leading to a more generalized loss
of motor functioning. There is good evidence that measures that are related
to mobility and motor performance are interpretable as proxy markers of
frailty. However, the “diagnosis” of frailty, as a syndrome, hides an array of
different pathologic processes that may involve the integrity and
functionality of selected physiological subsystems implicated in motor
performance 2. Some of these subsystems include: bone, joints, muscles,
peripheral nerves, metabolic efficiency, aerobic capacity and energy
production. Clinically, the best criteria for screening of frailty are tests of
mobility, gait, balance, manual dexterity, activities of daily living (ADLs) 23,
instrumental activities of daily living (IADL) (24) and the Barthel Index 25.
However, it is conceivable that specific biomarkers could be measured in
order to identify the involvement of each one of these physiological systems
in the early stages of the disablement process.

Lower extremity performance in non-disabled persons is an excellent
predictor of poor quality of life, deterioration of health status, incident
disability, health care utilization, nursing home admission and death. Thus,
physical performance measures have been considered “vital signs” of
functional decline in older persons 26. In particular, gait speed and the short
performance battery, developed in the context of the EPESE study, have
been identified as quantitative estimates of future risk for functional decline
and hospitalization 26 Observational studies provide good evidence that
performance-based measures of mobility are valid proxy measures of frailty
and global susceptibility to adverse health outcomes.

In older persons, poor muscle strength and poor physical
performance often coexist. Midlife handgrip muscle strength has been
recognized as an important factor that predicts old age functional ability 27.
Observational studies have consistently shown that chronic conditions such
as coronary heart disease, diabetes and pulmonary obstructive disease are
associated with lower muscle strength. These findings suggest that a core
mechanism exists that is responsible for changes in body composition and
disease susceptibility in old age and ultimately to the age-associated changes
in functional capacity. Possible links between diseases in old age and
“frailty” are: nutritional depletion, inflammation, reduced physical activity
or inactivity. These mechanisms are, in turn, risk factors for mortality. Thus,
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in persons afflicted with chronic illness, reduced muscle strength could
be considered an important marker of disease severity. Indeed, handgrip
muscle strength has also been associated with overall mortality,
independently of poor nutritional status, inflammation and physical inactivity
28. These findings suggest that muscle strength has a direct effect on
mortality or increases the risk of mortality through a mechanism that is still
unclear.

4. BODY COMPOSITION CHANGES

The two main components of body composition are fat mass and
lean (fat-free) mass. Fat-free mass consists of body cell mass, extracellular
fluid and the extracellular solids such as collagen and bone mineral 29. The
body cell mass may be further subdivided into the fat-free portion of cells
within muscle, viscera and the immune system. The body cell mass is
functionally the most important compartment in determining energy
production and expenditure, protein needs, and metabolic response to stress
(acute phase response).

There are substantial changes in body composition that accompany
the aging process 30. In particular, the fat mass increases and accumulates
preferentially in the abdominal area, while a parallel decline in muscle mass
and bone density occurs. Interestingly, the changes in body composition that
begin to manifest during adulthood may be partially explained by an
imbalance of energy intake and expenditure. In older adults, however, these
changes are extremely accelerated compared to younger cohorts, and cannot
be explained simply as an imbalance between energy intake and expenditure.

In most older persons, fat mass constitutes a greater percentage of
total weight than individuals at younger ages. A population-based study in
which anthropometric parameters were measured over the entire life span
(age range: 20-103 yrs.) demonstrated that the accumulation of abdominal fat
with age occurs primarily during middle age 31 but is different for men and
women. In particular, the greatest change of waist circumference seems to
occur in men between 20 and 55 years of age, while in women, the waist
circumference tends to increase progressively across the entire life span.

Many studies have shown that increased visceral fat is a risk factor
for age-related diseases such as hypertension, type 2 diabetes, cardiovascular
disease and some types of cancer 20,32. Adipose tissue has also been
correlated with oxidative stress, reduced glucose uptake, and reduced insulin
clearance. Understanding how changes in body composition and, in
particular, fat distribution, affect the risk for many disease states and
mortality is one of the most important research questions that should be
addressed in future studies.
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The simplest clinical indicator of visceral fat is the waist
circumference. A number of studies have shown that waist circumference is
an independent risk factor for cardiovascular disease in adults, including
those 65 years and older. On the contrary, the relationship between body
mass index (BMI), cardiovascular disease and all-cause mortality is
controversial. The highest mortality rates have been found in older persons
with very low BMI, while in middle-aged persons, BMI was positively
associated with mortality 33. These data suggest that the relationship between
body composition and health-related outcomes in older persons cannot be
evaluated simply in conventional terms of body fat, but rather fat distribution
and type of fat accumulated, both providing essential information for
assessing such risk.

The notion that aging is associated with gradual reduction of lean
body mass is also generic. In fact, selected tissues seem to be more affected
by aging than others. In particular, the decline in non-fat mass is largely
attributed to sarcopenia. Sarcopenia has been increasingly used to describe
the age-related decline in both muscle mass and muscle strength. However,
despite the term “sarcopenia”, the precise criteria that define such a state
have still not been agreed upon.

Changes in body composition that parallel the aging process are
strongly associated with a decline in physical function and mortality risk.
The underlying mechanisms responsible for the excess age-associated
decline of muscle mass and function compared to other sections of lean body
mass are still unknown. Several hypotheses have been proposed, which
include: i) intrinsic biochemical and physical changes leading to muscle
atrophy 34; ii) reduced neuronal stimulation due to reduction in the number of

or their activity 35; iii) oxidative damage of mitochondrial
DNA with accumulations of mutations that reduce the efficiency of the
metabolic pathways aimed at energy production 36,37; iv) influence of
external factors such as malnutrition, sedentary life-style and disease
typically observed in older persons (38); v) loss of endogenous hormone
production 39,40; and vi) dysregulation of catabolic cytokines 41,42. Over the
aging process, both changes in the contractile efficiency of muscle fibers and
changes in tissue quality, such as an increase in connective tissue and
pericellular fat infiltration, may also contribute to altered muscle function.

There are many methods that simultaneously measure body fat and
fat-free components of body composition. Some important measures are as
follows: 1) skin-fold measurements are obtained using hand-held calipers,
which exert a standardized pressure at various body locations. The sum of
these measurements is used to derive body fat percentage. The caliper
method is based on the idea that the thickness of subcutaneous fat reflects a
constant proportion of the total body fat and that the sites selected for
measurements represent the average thickness of the subcutaneous fat 43,44.
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Also, the mean arm circumference with triceps skin-fold thickness is
used to calculate muscle area and thus, derive fat-free mass; 2)
hydrodensitometry or underwater weighing is another instrumental method
that measures whole body density by determining body volume. This
technique is based on the two-compartment model (fat and fat-free mass).
The densities of bone and muscle are higher than water. Body fat percentage
is then calculated from body density using standard equations (sirk or
brozek); 3) bioelectrical impedance analysis (BIA) is measured utilizing a
safe electrical signal that passes through the body. Impedance is greatest in
fat tissue (10-20% water), while fat-free mass (70-75% water) allows the
signal to pass much more easily. The measurement obtained is entered into a
formula along with height, weight, and gender to determine lean and fat
mass. However, in order to obtain correct evaluations from the BIA it is
necessary that the body is within normal hydration ranges.

Newer more sophisticated methods for the assessment of body
composition include the Dual Energy X-ray Absorptiometer (DEXA),
computed tomography (CT), magnetic resonance imaging (MRI) and air
displacement plethysmography . DEXA is a relatively new method that uses
three compartments (total body mineral, fat-free mass, and fat mass). DEXA
consists of a dual energy beam (two low dose x-ray sources) that scans bone
and soft tissue simultaneously. DEXA is currently considered the “gold
standard” measure because of the high degree of precision in a single
measurement and the ability to provide the exact location of fat tissue
distribution. CT scanning produces cross-sectional scans of the body. As the
beam rotates data is collected, stored and applied to algorithms to build
images that describe body composition. MRI utilizes a magnetic field that
“excites” water and fat molecules, producing a measurable signal, which is
then measured and analyzed. Whole body air displacement plethysmography
(trade name BOD POD) is a new technique that is similar to the underwater
method, but uses air displacement instead of water. It is based on Boyle’s
law, which states that volume and pressure are inversely related. All the
methods described above are summarized in Table 2 (shown on page 154),
with information on their reliability, advantages and disadvantages.

It is interesting to speculate on the consequences of sarcopenia that
are not directly related to poor muscle strength. A number of physiological
functions that take place within muscle tissues have a critical effect on
human metabolism: muscles are a reservoir of body proteins and energy that
can be utilized in periods of extreme stress or malnutrition; amino-acids can
be mobilized during acute infections and are used as building blocks for
antibodies; hormones are produced and catabolized in muscle tissue. Thus,
age-related muscle mass reduction may explain the lower metabolic
adaptation and immunological response to disease. Indeed, poor muscle
strength is a strong predictor of mortality, independent of any other known
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risk factors for poor muscle strength. The rate of decline varies among
individuals and is influenced by factors that modulate the balance between
catabolic and anabolic processes. There are several possible mechanisms that
may be involved in the genesis of sarcopenia (Fig. 1). The most important of
these mechanisms are prolonged pro-inflammatory state, change in hormone
secretion signaling activity, and unopposed oxidative stress. However, recent
data suggest that these three pathophysiological mechanisms are highly
interconnected and should be interpreted as components of a unique process
leading to frailty and disability in old age 45.

Figure 1. Possible factors involved in the genesis of sarcopenia

5. INFLAMMATION

Increased circulating and tissue levels of inflammatory markers have been
observed in older persons, especially those who are frail and/or affected by
comorbidity. Normally, cytokines or other biomarkers of inflammation
initiate and regulate the acute phase inflammatory response during an
infection, a trauma or any other type of stress. However, studies have
suggested that a primary dysregulation of the mechanisms that initiate,
modulate and shut off an inflammatory response often occurs with aging 46,47.
Such a dysregulation is mainly testimonied by high plasma levels of pro-
inflammatory cytokines such as tumor necrosis
Interleukin-6 (IL-6) (48-50), (Interleukin-1) IL-1 and acute phase proteins in
older persons 46. In extreme situations, such as diseases that cause prolonged
hypercatabolic states, severe muscle “wasting” may develop over a short
period. However, a certain degree of muscle “decline” has been attributed to
the reduced capacity of skeletal muscles to synthesize new proteins in the



CLINICAL AND BIOCHEMICAL CHANGES 147

aging process 29. An imbalance between muscle protein synthesis and
degradation occurs, ultimately leading to reduced muscle mass, protein
content and strength. Such imbalance has been linked to pro-inflammatory
cytokines capable of inducing proteolysis or inhibiting protein synthesis.

induces muscle proteolysis and plays a significant role in muscle
wasting (cachexia). and IL-6 can also inhibit protein synthesis, either
directly or by interfering with IGF-1 signaling51.

Elevated plasma levels of each of the pro-inflammatory cytokines
mentioned above have also been observed in many age-related diseases, such
as anemia, osteoporosis, sarcopenia, atherosclerosis, cancer, type 2 DM,
impaired cognitive functioning, and Alzheimer’s disease. This further
supports the theory that a core mechanism contributes to overall age-
associated changes in functional capacity.

6. HORMONES

Anabolic agents shift the anabolic/catabolic balance of protein
metabolism toward the synthesis of new proteins, which is needed to replace
the proteins that are continuously catabolized, therefore maintaining muscle
integrity and volume. Hypertrophy requires the proliferation of muscle nuclei
(hyperplasia) in order to maintain the nuclear/cytoplasmic ratio (52).
Hormonal factors shown to be related to muscle hypertrophy are: Insulin-like
Growth Factor-1 (IGF-1), Growth Hormone (GH), testosterone and
dehydroepiandrosterone. High IGF-1 concentrations are associated with
characteristics that are opposite to those typical of aging, including decreased
body fat content, increased muscle mass and improved metabolic
homeostasis of glucose and lipids. At the muscular level, IGF-1 stimulates
protein synthesis and satellite cell differentiation, thus, playing a crucial role
in the maintenance of muscle mass and function. Many studies have
provided insight into the signaling pathways by which IGF-1 affects muscle
anatomy and function 53-55. Circulating IGF-1 concentrations decrease with
advancing age. The age-associated decline in IGF-1 plasma concentrations is
influenced by reduced GH levels, and also by nutritional status, insulin and
inflammatory cytokines. Specifically, the biologic activity of IGF-1 on
muscle strength can be inhibited by IL-6 55, suggesting that the detrimental
effect of inflammation on muscle functioning may be mediated by IGF-1.
Furthermore, studies provide evidence that the higher concentrations of pro-
inflammatory cytokines found in older persons directly interferes with the
IGF-1 gene protein expression and receptor sensibility in muscles 55,56. High
IL-6 and low IGF-1 plasma concentrations are considered risk factors for
poor muscle strength, poor lower extremity performance and disability.
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The aging process is associated with the loss of many anabolic
signals to muscle function. Recent studies have shown that age is not only
accompanied by a decline in anabolic activity, but an increase in catabolic
signals as well. In fact, impairment of the anabolic IGF-1 signaling pathway
may have several negative effects:
1)

2)
3)

4)

Reduced physical activity that is often observed in advanced age causes
decreased stretch-activation stimulation of different muscle isoforms of
IGF-1;
An age-related decline of GH influences IGF-1 muscle response;
The progressive loss of appetite with reduced food intake can result in
malnutrition and eventual “wasting”;
Loss of motoneurons that are essential for skeletal muscle functioning
leads to atrophy and increased proteolysis.
There is evidence that the age-associated decline in GH levels in

combination with lower IGF-1 levels also contributes to the development of
sarcopenia 57,58. The reduced pituitary secretion of GH is probably due to
age-related changes in the GH-releasing hormone (GHRH). Unfortunately,
treatment with GH has demonstrated many adverse effects, such as
peripheral edema, arthralgias, glucose intolerance and type 2 diabetes 40.
Investigations have demonstrated that therapy with GHRH (somatorelin) in
older persons is capable of restoring the age-related decline of the GH
response 59. More studies attempting to verify whether such pharmacological
approaches can restore muscle functioning as well as the metabolic
homeostasis in elderly persons while minimizing side effects are underway.

Testosterone affects muscle mass and muscle strength both directly
and indirectly. It has been reported that testosterone increases protein
synthesis and intramuscular mRNA concentrations of IGF-1 and decreases
inhibitory IGF binding protein 4 concentrations 60. Due to evidence that
testosterone levels decline with advancing age, a negative impact on muscle
function is not surprising. Older men with low circulating levels of
testosterone tend to have lower muscle strength than men of the same age
with normal testosterone, and studies utilizing supplemental therapy with
testosterone have shown an increase in muscle mass and strength in elderly
males. Testosterone has also been linked to body composition changes such
as an increase in muscle mass and a decrease in fat mass 61. The widespread
use of testosterone replacement remains controversial due to safety concerns
and inconsistent reports regarding clinically important outcome measures.

The production and the circulating levels of adrenal sex hormone
precursors, dehydroepiandrosterone (DHEA) and DHEA sulphate (DHEAS),
decline significantly with aging 62. DHEAS serum levels have been
correlated with parameters of body composition. Some clinical trials have
shown that supplementation with DHEA resulted in increased muscle
strength and decreased body fat63. However, more recently these findings
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were not confirmed in a large randomised controlled trial performed in
men 60 to 80 years old. The mechanism by which DHEA acts on muscle
function is probably related to the peripheral conversion to testosterone and
dihydrotestosterone, but a direct effect of DHEAS cannot be excluded since
specific receptors have been identified in muscle tissue.

Estrogen levels also decline with aging. Although estrogen has a
direct anabolic effect on muscle cells in vitro, several authors believe that the
effect of estrogen on muscle is mediated by their conversion to testosterone
64. Interestingly, both estrogen and testosterone are capable of inhibiting IL-6
production, suggesting that an age-related decline of such hormones would
play a pivotal role in catabolic signaling on muscle tissue. However, the
available information regarding the effects of supplemental therapy of
estrogen on muscle function is limited and the results are inconclusive.
While some studies have concluded that estrogen therapy in postmenopausal
women does not significantly affect muscle mass or strength 65,66, others
suggest that estrogen therapy has a positive effect on body composition. For
example, Sorensen et al 67 demonstrated that estrogen replacement therapy
was significantly associated with an increase in lean body mass and also a
decrease in total body fat.

As previously mentioned, advancing age is associated with impaired
glucose handling mainly due to a reduction of insulin peripheral activity.
Since insulin plays a pivotal role for muscle contraction by increasing
glucose uptake and promoting intracellular glucose metabolism, it is
plausible that age-related insulin resistance (IR) may be an important cause
of poor muscle strength in old age. Furthermore, a reduction of insulin
peripheral activity may reduce the muscle tissue anabolic rate leading to a
relative catabolic state and in turn, facilitating sarcopenia. The contraction of
Type I fibers is especially dependent on glucose entry and metabolism
compared to contraction of Type IIa (fast twitch, oxidative, glycolytic) or IIb
(fast twitch, glycolytic) fibers 68. Type I fibers are more responsive to insulin,
and are more representative of the muscle in older persons 69.

Over the aging process, changes in both the contractile efficiency of
muscle fibers and changes in tissue quality, such as an increase in connective
tissue and pericellular fat infiltration, may contribute to altered muscle
function 70. Moreover, insulin resistance (IR) could be further worsened by
the occurrence of pericellular fat accumulation both directly and through the
increased production of pro-inflammatory cytokines, such as IL-6 and

Furthermore, a recent study demonstrated that a decline in aged skeletal
muscle force might also be due to a reduction of L-type calcium channels,
resulting in excitation-contraction uncoupling and less release by the
sarcoplasmic reticulum (SR) 71. Insulin has a stimulatory effect on
intracellular calcium uptake 71; thus, an age-related state of IR may
negatively affect muscle contraction via this mechanism. It is well known
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that IGF-1 actively stimulates insulin receptors. Since IGF-1 levels
decline throughout aging, the decline in muscle strength that is associated
with aging may be mediated by decreasing plasma IGF-1 levels that
contribute to IR. Studies will be needed in order to verify if the impact of IR
on specific muscle tissue and functioning in aged individuals exists.

Certain changes typically occur in muscles of older adults. The
quantity of muscle declines, although this varies between individuals, but the
composition of the muscle changes with aging as well. Increased infiltration
of fat deposited in skeletal muscle tissue may affect muscular function. Much
of the existing data on the association between intramyocellular lipid (IML)
content has been obtained directly from muscle tissue biopsies. However, the
use of muscle attenuation through computed tomography (CT) scanning, as a
measure of IML, has been validated  72. In 45 men and women, the muscle
fiber lipid content determined histologically with oil red staining was
correlated with muscle attenuation. Thus, the use of CT-derived muscle
attenuation should be considered a non-invasive method of measuring IML.
In fact, Visser et al 73 demonstrated that increased skeletal muscle fat
infiltration measured by CT scanning was associated with poorer lower
extremity performance independently of total body fat and muscle area in
older men and women.

7. OXIDATIVE STRESS

The accumulation of lipofuscina 74 and increased cross-linking of
collagen 75 were the first observations reported on the effect of the aging
process at the cellular level. At that time it was unknown that these
modifications are, at least in part, related to oxidative stress. More recently,
researchers have focused on the progressive changes that occur in the DNA
structure and the underlying causes and potential consequences of these
mutations. For example, a number of studies suggest that excess and
unopposed oxidative stress is the main cause of increasing mitochondrial
DNA (mtDNA) mutations with aging and in several age-related diseases.
Accordingly, oxidative stress characterized by an uncontrolled production of
free radicals is considered a major factor in the aging process. In aerobic
biological systems, free radicals are primarily derived from oxygen and are
produced by splitting a covalent bond into atoms or molecules with an
unpaired electron, therefore forming highly reactive oxygen species (ROS).
In normal physiological conditions, the intra-mitochondrial environment is
characterized by a substantial equilibrium between the production of ROS
and the activity of anti-oxidant mechanisms, such as glutathione peroxidase
(GSH-Px) and superoxide dismutase (SOD). Several lines of research
suggest that the endogenous production of ROS increases with age and, in
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parallel, the activity (but not the tissue concentration) of anti-oxidants
declines, therefore increasing the risk of damage due to oxidative stress,
especially at the level of the mtDNA. In addition to its effect on mtDNA,
oxidative stress also adversely impacts other vulnerable targets, including
lipid and protein components of membranes. Free radicals can cause lipid
oxidation with a consequent reduction in transmembrane transportation. Age-
related overproduction of ROS may also lead to the activation of apoptosis.
Therefore, the accumulation of oxidatively damaged mtDNA, together with
enhanced apoptosis act synergistically to cause the general decline of
biochemical and physiological function of tissues over the aging process.
The underlying mechanisms by which these events accompany the aging
process remain to be identified and merit further investigation.

Studies suggest that the degree of unopposed oxidative stress is
predictive of mortality. In particular, the production of free radicals in the
heart, kidney and liver is inversely proportional to the maximum lifespan 76

and rate of mitochondrial oxygen radical generation is negatively associated
with animal longevity. In animal models, caloric restriction, which decreases
the rate of aging, also decreases mitochondrial oxygen radical production and
oxidative damage to mtDNA.

The mitochondrial DNA/oxidative stress hypothesis can explain
certain age-related disease states such as Parkinson’s disease, Alzheimer’s
disease and skeletal muscle myopathies. Recently, epidemiological studies
have suggested that dietary anti-oxidants may have a significant impact on
age-related disease states 77,78. This remains unproven in clinical trials. The
clinical implications of oxidative stress are complex, and intervention studies
are needed to further clarify the role of dietary and supplemental antioxidants
in the prevention of age-associated frailty.

SUCCESSFUL AGING8.

The possibility of reaching the extreme end of the human lifespan
results from the continuous adaptation of the body to respond to negative
insults over the aging process. Healthy centenarians are a very selective
group of persons representing one of the best living models of “successful
aging”. Many studies have focused on centenarians’ anthropometric,
endocrine and metabolic characteristics in order to formulate a clearer
clinical picture of successful aging. They report that the average fat free mass
(FFM) of healthy centenarians is similar to that of other aged subjects but
lower than middle-aged adult subjects 79. However, most healthy
centenarians do not undergo the usual anthropometric derangement found in
elderly persons. For example, the waist/hip ratio has been found to be lower
in healthy centenarians than in other aged individuals. Regarding endocrine
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factors, total plasma IGF-1 concentrations were similar in both healthy
centenarians and aged subjects, but the molar ratio IGF-1/IGF binding
protein-3, an expression of free plasma IGF-1 concentration, was observed to
be significantly elevated in healthy centenarians compared to elderly subjects
80. This ratio is negatively correlated with body mass index, body fat content,
plasma triglycerides, and FFA and LDL concentrations80.

While serum markers may be useful for helping identify successful
aging, caution should be used since the interpretation may be different in
younger adults than in older persons. For example, in older persons, the
ability of total cholesterol to predict age-related diseases such as coronary
heart disease (CHD) has been challenged. In middle-aged adults, total
cholesterol levels have been shown to have a direct association with CHD
and mortality, but such a relationship in individuals over the age of 65
remains controversial. In older persons, a J or U-shaped association has been
reported, suggesting that extremely high or low concentrations have an
increased risk of death 81,82; total cholesterol levels have also been shown to
have a positive association, an inverse association, and no association with
mortality in older persons.

Up to now, most studies have considered the association of total
cholesterol on CHD in subjects under the age of 85 years. Interestingly, a
recent study reporting data on fractionated lipoprotein levels among persons
over the age of 85 years, concluded that low HDL cholesterol, but not high
LDL cholesterol, is a risk factor for mortality from CHD and stroke in
persons over the age of 85 83. Lipoprotein (a) [Lp(a)], a genetically controlled
cholesterol-rich lipoprotein, has been hypothesized as an independent risk
factor for premature CHD, stroke, and peripheral artery disease in elderly
persons 84,85. This observation may be due to the presence of Lp(a) in
atherosclerotic plaques and its ability to stimulate smooth muscle
proliferation 86.

The physiological and pathological roles of Lp(a) probably change
with aging. Support for this comes from a study by Baggio et al 87, which
reported no significant differences in Lp(a) serum concentrations among
healthy centenarians, persons <65 and >65 years of age, even though Lp(a)
has been proposed as an independent risk factor for cardiovascular disease.
Centenarians with high Lp (a) levels had significantly higher IL-6 levels,
thus characterizing the paradox of successful aging. Such data questions the
idea that Lp(a) is under strict genetic control and suggests that environmental
factors may play a significant role in older adults, including subclinical
inflammatory states. Thus, a continuous remodeling of lipid metabolism may
occur with aging and may be critical for successful aging. The deleterious
reshaping of serum lipids and lipoproteins in young, adult and elderly
individuals are considered risk factors for age-related diseases, while their
biological significance in healthy centenarians remains unknown. Thus, only
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future investigations highlighting age-related changes in lipid physiology
of healthy centenarians on mortality rates will resolve such discrepancies.

Healthy centenarians have a lower degree of oxidative stress. In fact,
it has been shown that healthy centenarians have greater plasma antioxidant
defenses than aged individuals. According to the remodeling theory on
aging, the body continuously and correctly adapts to deleterious changes
over time. As previously mentioned, an age-related up-regulation of the
inflammatory response takes place over the aging process. In both sick and
healthy elderly individuals, peripheral blood markers of inflammation
(albumin, cholesterol, IL-6 and CRP) have been associated with increased
risk for mortality. Interestingly, the age-related increase of serum IL-6 levels
has been seen in both elderly and centenarian individuals 49,87. IL-6
dysregulation has been suggested to play a role in the pathogenesis of a
variety of age-related diseases, such as diabetes and atherosclerosis 88.
Indeed, healthy centenarians have elevated pro-inflammatory cytokine
concentrations, but do not have the same high incidence of most age-related
disease states in other elderly persons. Thus, in healthy centenarians such
abnormal cytokine levels may reflect a state of subclinical inflammation.
The reason why healthy centenarians adapt correctly to such insults remains
unknown.

Whether healthy centenarians have some protective genetic factors
that can protect against deleterious changes or facilitate the remodeling
process remain unknown. Future investigations will be needed in order to
provide the necessary answers.

Tables 3 and 4 summarize some of the clinical and biochemical
evaluations described in the text above, and that can be used to assess the
degree of “successfulness: of the aging process. Note that these are only
examples. An exhaustive list would be very large, and out of the scope of
this chapter.
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8. CONCLUSIONS

It is widely recognized that the assessment of diseases status
performed according to the traditional dichotomy “no disease vs. disease” is
insufficient to understand the complexity of problems that influence health
and well being in older persons. This concept was recognized long ago by
geriatricians and implemented in the paradigm of “Comprehensive Geriatric
Assessment”. Accordingly, many researchers and clinicians have proposed
that the direct assessment of physical and cognitive function provides the
essential information that is needed to design effective interventions in frail
older persons. However, this approach has never been completely translated
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into clinical practice and many geriatricians claim that the administration
of any available medical treatment is still conditioned to a previous diagnosis
of specific diseases and hypotheses about specific pathophysiological
pathways. Furthermore, significant changes in health status may occur and
be amenable to effective treatment long before any clear effect on physical
and cognitive function is detected.

We propose that the concept of frailty – a condition that involves
impairment in multiple physiological systems and is characterized by
exhaustion of functional reserve, massive use of compensatory strategies and
high risk of homeostatic breakdown – can be used by clinicians to gain a
better understanding of the global burden of disease and reduced physical
function in older persons and their interaction with the “pure” effect of aging.
Unfortunately, there is still no agreement on the criteria that should be used
in order to identify frail older persons. However, there is general consensus
that comorbidity, disease susceptibility and risk of developing multiple
health outcomes are commonly associated with the detection of abnormal
circulating levels of several biomarkers and changes in body composition.
Thus, composite measures of mobility, body composition, strength,
circulating hormones and biomarkers of inflammation may help clinicians
understand the severity of health status deterioration in their patients over
and beyond the information provided by the simple diagnosis of diseases.
Aggregate measures of these outcomes should be developed in future studies
and are likely to replace the current criteria for the definition of frailty, both
in research projects and in clinical practice.
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