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PREFACE

This volume is a testament to the vitality and diversity of clinical chemistry as
a scientific discipline. With an international editorial board and a distinguished
complement of contributors, this series continues its efforts to serve the scientists
and practitioners of this field. This is the first volume of the new millennium, and
in this and subsequent ones, we will attempt to continue this series’ tradition of
publishing quality and relevant scientific subjects.

In order to reinforce the global nature of science in general and clinical chem-
istry in particular, two prominent Associate Regional Editors have accepted our
invitation to join the Board. Their talents and perspectives will provide critical
expertise in our efforts to provide the highest quality of publication possible.

There are six chapters in this volume, which cover the biochemistry of aging,
kidney function, receptors in prostate cancer, oxidative changes in protein struc-
tures, markers of bone biochemistry, and markers of ovarian function. Advances
in Clinical Chemistry will continue to incorporate the growing body of knowl-
edge resulting from the ever-increasing identification of the molecular basis of
human disease. The uniqueness of this field is the depth and diversity required for
its practice. With the help and input of our readership, the editors will strive to
address their expanding interests and the explosively growing science that is clin-
ical chemistry.

Once again, the Board of Editors would like to acknowledge the talents and
cooperation of the publisher, Academic Press. It is a privilege to work with such a
professional and proficient group of people. My personal appreciation is expressed
to my wife, Joanne, who is my unflagging cheerleader and unflinching supporter.

Finally, I would like to dedicate this volume to the hard work and intellectual
curiosity of clinical laboratory scientists. Their dedication and discovery makes
Advances in Clinical Chemistry possible.

HEeRBERT E. SPIEGEL
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1. Infroduction

Aging is a fascinating topic that has interested philosophers and scientists for
centuries. Indeed, interest in the aging process has markedly accelerated, particu-
larly over the past two decades, primarily due to the realization that not only do the

1
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2 JOSEPH A. KNIGHT

elderly form an ever-increasing percentage of the population, but they also utilize
a disproportionate percent of health care costs.

Although the term “aging” is generally understood in broad terms, the aging
process is extremely complex and multifaceted. As such, no single definition is
universally accepted. Over 100 years ago (1895) Bichat was quoted as defining life
as “the sum of the influences that resist death.” (E1) More recently, Harman (HS)
defined aging as “the progressive accumulation of changes with time associated
with or responsible for the ever increasing susceptibility to disease and death which
accompanies age.” Thus, although aging and disease are different processes, aging
predisposes one to various diseases. Strehler and North (S32) emphasized that
regardless of how aging is defined, itis (a) deleterious, (b) progressive, (c) intrinsic,
and (d) universal. As such, it is widely recognized that the effects of aging include
all of the following: (a) a progressive decrease in vigor and efficiency of most, if not
all, physiologic functions; (b) atrophy of most organs; (c) increased vulnerability
to infections, trauma, and various immune abnormalities (autoimmune disorders,
lymphoproliferative disorders, amyloidosis, etc.); (d) increased susceptibility to
malignancy; and (e) a decreased capacity to extract oxygen from air and transmit
it to the circulation (V,Oppax).

2. Life Expectancy versus Maximum Life Span

Do humans die of “old age”? Certainly, the bioscientific medical model assumes
that death always results from a single disease/event (e.g., acute myocardial infarc-
tion) or a combination of diseases (e.g., stroke followed by pneumonia). Although
this model is generally believed to be true, on occasion it is difficult to defend since
several diseases may be identified at autopsy but none appear severe enough to
cause death, at least in a younger person, either singly or in combination. Perhaps
aging predisposes one to the extent that a combination of mild diseases can result
in death.

Fries (F15) proposed that after traumatic deaths are excluded, the elimination
of coronary heart disease, stroke, cancer, diabetes, and various other chronic dis-
eases would result in a maximum average life expectancy of 85 years. As these
diseases become uncommon, he proposed that (a) the number of very old would
not increase; (b) the average period of decreased physical activity and vigor would
decrease; (c) chronic diseases would involve a smaller percentage of life span;
and (d) medical care needs in later life would decrease. Others, however, have
argued against these predictions (S10). Nevertheless, from 1900 to 1990 there has
been a definite rectangularization of the mortality curve (F15) in the United States,
with a resultant compression of mortality (N6, N7). Thus, a person would ideally
be healthy and both physically and mentally active until a very short time before
a final illness strikes and death rapidly follows (Fig. 1).
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Fic. 1. Comparison of the percentage of people living at various ages and periods of time with the
“ideal” maximum life span: A, “ideal”; B, 1980; C, 1920; D, 1900; E, 2000 Bc (After F15.).

It is estimated that about 2000 years ago, the average life expectancy (birth to
death) of a Roman citizen was 22 years (W6). From then to 1900 it increased to
47 years in the United States and over the subsequent nine decades (1992) in-
creased to 75.8 years (G16) (Fig. 1). This remarkable increase in life expectancy
since 1900 is due primarily to the prominent decline in neonatal, infant, and ma-
ternal mortality rates, along with the control of various infectious diseases. More
recently, there has been a significant, albeit much less, reduction in early deaths
due to coronary heart disease and stroke (i.e., due to atherosclerosis), as well as
to improved management and treatment of diabetes mellitus, cancer, and vari-
ous other chronic disorders. Nevertheless, the maximum theoretical life span has
possibly increased slightly over the past many centuries. The oldest-ever docu-
mented person in the world, Jeanne Calment of France, died on August 4, 1997,
at the age of 122 years, 5 months, and 14 days (W10). It has recently been
suggested that the maximum life span could be extended to 130 years or more
(M6).

3. Theories of Aging

Although the specific biologic basis of aging remains obscure, there is general
agreement that its elucidation will be at the molecular level. Furthermore, it should
be consistent, not only with the life span differences between species, but also with
the fact that noncycling cells (e.g., neurons and myocytes) undergo a relatively
uniform functional decline with age.
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TABLE 1
THEORIES OF AGING

A. Stochastic (random event; “wear and tear”)
1. Somatic mutation
2. Error catastrophe
3. Protein glycosylation
B. Developmental
1. Immune
2. Neuroendocrine
C. Genome-based
1. Intrinsic mutagenesis
2. Programmed
D. Free radical

There have been numerous theories to explain the aging process. However,
current thought generally proposes that senescence results from various extrinsic
events that lead progressively to cell damage and death and/or characteristric in-
trinsic events related to the genome-based theory. These general theories have been
presented in a variety of ways. Table 1 outlines the classification scheme referred to
in the current discussion. It should be emphasized, however, that no single theory
is entirely satisfactory. Rather, it is suggested here that aging is due to a combi-
nation of several theories, the programmed and free radical presumably being the
most important, while others may play a definite, albeit less critical, role. Moreover,
some theories are probably based on phenomena that are of secondary importance.

3.1. StocHASTIC THEORIES

3.1.1. Somatic Mutation

The somatic mutation theory is based, in part, on the idea that background radi-
ation and/or various endogenous mutagens produce random chromosome damage
in all cells. Over time, the genetic loci become sufficiently altered such that vari-
ous critical functions fail and the cell dies. The fact that irradiation of laboratory
animals results in accelerated aging and premature death lends some support to
this hypothesis. However, since irradiation produces free radicals, it could be con-
sidered part of that theory.

Deoxyribonucleic acid (DNA) has limited chemical stability. As a result, ox-
idative damage, hydrolysis, and nonenzymatic DNA methylation occur in vivo at
significant rates (L6). Thus, another aspect of this theory is that of intrinsic somatic
mutations and the ability of cells to repair the damage to both mitochondrial and
nuclear DNA. Indeed, mammalian cells have an elaborate system of DNA repair
enzymes which become less efficient with time. Thus, failure to repair damaged
DNA or to “misrepair” it could lead to gene inactivation or possible excision of
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specific genes. Since there is some correlation between the efficiency of DNA
repair and life span (H7), failure to completely repair the damaged DNA is of
considerable importance for certain types of damage that could further accelerate
the aging process (S31).

3.1.2. Error Catastrophe

The error catastrophe hypothesis suggests that through random errors in trans-
lation or transcription, erroneous copies of proteins associated with chromosomes
lead to genetic abnormalities (O2). This, in turn, may result in persistently ab-
normal protein synthesis, and an eventual “error catastrophe” destroys the cell.
As a result, the ability of a cell to produce its normal complement of functional
proteins depends not only on the correct genetic specification of the various amino
acid sequences, but also on the competence and fidelity of the protein-synthesizing
apparatus (i.e., the information must be translated correctly).

Although it is true that abnormal proteins increase with age, most of them
are a result of posttranslational changes. An example is the various isoforms of
creatine kinase (CK). Here, the major isoenzyme, CK-MM (isoform CK-33), is
normally synthesized in the heart and skeletal muscle. However, after its release
into the circulation, carboxypeptidase hydrolyzes the terminal lysine from one
of the M-peptides to form CK-3,. Subsequent hydrolysis of the terminal lysine
from the second M-peptide produces the third isoform, CK-3; (W8). Numerous
similar posttranslational proteins are produced. Hence, the presence of “abnormal”
proteins per se does not support this aging theory.

3.1.3. Protein Glycosylation

The protein glycosylation theory, although perhaps related to the error catas-
trophe theory, is somehat unique and therefore considered separately. It is based
on the fact that glucose reacts nonenzymatically with numerous proteins includ-
ing hemoglobin, enzymes, collagen, elastin, and many others to form advanced
glycosylated end products. Glucose reacts similarly with nucleic acids. Although
the exact chemical structures of the most advanced glycosylation end products are
not known, the cross-link shown in Fig. 2 has been identified as 2-furanyl-4-(5)-
(2)-furanyl)-1 H-imidazole (C4). These authors proposed that this nonenzymatic
reaction triggers a series of irreversible chemical reactions that result in the for-
mation and accumulation of various adjacent cross-linked proteins.

These abnormal proteins are seen to increase progressively and thereby con-
tribute to a wide variety of problems including stiffening of organs and tissues and
the loss of elasticity which is so characteristic of aging. It has been further hypothe-
sized that glycosylated proteins may decrease the elasticity and permeability of the
extracellular compartment and thereby impair the passage of nutrients and waste
products in and out of cells. In addition, both DNA and ribonucleic acid (RNA)
glycosylation might result in serious cell impairment. It is further suggested that, in
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Fic. 2. The reaction of glucose with a protein amino group to form a glycoslylated protein (Amadori
product) and subsequent glucose-derived cross-link (2-furanyl-4[5]-[2-furanyl]-1H-imidazole).

addition to glucose, other intracellular substances, including aldehydes, free radi-
cals, quinones, and polybasic acids, could participate in protein cross-linkages.

Although there is little question that glycosylated proteins increase with age,
there is no direct evidence that they affect the life span. Nevertheless, this important
area needs further study in order to more fully understand its effects on aging and
disease.

3.2. DEVELOPMENTAL THEORIES

3.2.1. Immunity and Aging

A decline in immunologic function with increasing age has long been rec-
ognized. Thus, older individuals are more prone to various infectious diseases,
autoimmune phenomena, amyloidosis, myelomatosis, chronic lymphoprolifera-
tive disorders, and various forms of cancer. This decreased responsiveness of the
immune system is primarily related to thymus-derived (T) lymphocytes (B17).
However, B-lymphocytes are also affected since there is frequently a decreased
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capacity to produce antibodies with advancing age (W1, W2). More specifically,
the altered responsiveness of the immune system with age includes the following:

(a) Decreased interleukin-2 (IL-2) production

(b) Decreased T-cell response to IL-2

(c) Increased IL-6 production

(d) Decreased response to mitogen stimulation

(e) Increased frequency of autoantibody production

(f) Decreased antibody response to antigenic stimulation

Moreover, since B-cell function is dependent on T-cells, it is uncertain whether
these are primary or secondary effects, or both. Thus, supplementation with various
vitamin and mineral antioxidants have shown the following (C6, D13, E3, M12,
P12):

(a) Increased absolute number of T-cells

(b) Increased various T-cell subsets

(c) Increased T4/T8 cell ratio (helper cell/cytotoxic cell)

(d) Increased number and activity of natural killer cells

(d) Increased mitogen response to phytohemagglutinins and concanavalin A
(e) Improved delayed-type hypersensitivity skin test response

(f) Increased IL-2 levels

(g) Decreased prostaglandin (PGE2) production

(h) Increased antibody response

(i) Decreased lipid peroxidation

It is also of importance to note that the major histocompatability complex is
genetically linked with the antioxidant enzyme, superoxide dismutase (W9). Thus,
it appears that there exists a relationship between the free radical and immune aging
theories. As noted below, immunity is also influenced by the endocrine system.

The concentration of various interleukins (cytokines), as noted above, changes
with age. These small protein messengers represent mediators and regulators of the
innate immune system and play a role in lymphocyte growth and differentiation. In
this regard, they may act as both pro-inflammatory and anti-inflammatory agents.
Interleukin-6 (IL-6), a 25-kDa protein produced by a wide variety of cells, is a
multifactorial inflammatory cytokine. Along with IL-1, it is an important mediator
of acute-phase inflammatory responses, including B-cell proliferation and mat-
uration, inflammatory cell activation, and the hepatic production of acute-phase
proteins (E4). In the inflammatory response, as occurs with a wound or infection,
leukocytes and their mediators concentrate at the involved site. Here, IL-6 and other
cytokines (tumor necrosis factor-,, etc.) function as cell attractants; they bind to
leukocytes and stimulate the expression of adhesion molecules. These latter agents
allow leukocytes to bind to the endothelial cells and begin the healing process.
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Serum IL-6 levels are usually very low or not measurable prior to middle age.
However, subsequent IL-6 dysregulation results in increased production such that
it is readily measurable in older persons even in the absence of inflammation. It
has been suggested that dysregulation of IL-6 gene expression may be related to
increased autoantibody production and the presence of benign paraproteinemia,
both of which are commonly present in the elderly (R1). Moreover, increased IL-6
levels may be responsible for the age-associated development of malignant B-cell
tumors. In addition, Ershler (E4) noted that increased IL-6 has been associated
with alteration of amyloid precursor protein, as is present in Alzheimer’s disease,
and stimulation of postmenopausal bone resorption. IL-6 has also been implicated
in multiple myeloma, lymphoma, rheumatoid arthritis, Castleman’s disease, and
cardiac myxoma (E4).

More recent studies also suggest that increased IL-6 production is associated
with age-related depression (D6) and disability due to muscle atrophy and/or var-
ious specific diseases (F8). Moreover, Straub et al. (S30) suggest that increased
IL-6 levels may be secondary to diminished levels of the steroid hormone, dehy-
droepiandrosterone (see below under neuroendocrine aging theory). The patho-
physiologic role of IL-6 in human disease has been recently reviewed (P7).

3.2.2. Neuroendocrine Theory

The neuroendocrine theory, first proposed in 1928 (S31), emphasizes a role for
the hypothalamic-pituitary system and the endocrine target organs in the aging
process. Although age-related neuronal loss occurs in various areas of the brain
(i.e., locus ceruleus, caudate nucleus, putamen, substantia nigra, hippocampus, and
cerebral cortex), no similar loss of cells has been reported in the hypothalamus
or pituitary. Moreover, a wide variety of neuroendocrine disorders (i.e., diabetes
mellitus, hypo- and hyperthyroidism, muscle and organ atrophy due to decreased
growth hormone production, gonadal dysfunction and hypertension) increase with
advancing age. However, several of these are most likely due to secondary factors.

Interestingly, the endocrine system has been linked to aging through dehydro-
epiandrosterone (DHEA), an adrenal steroid hormone which has been referred
to as a “fountain of youth” (S14). Although none of the described benefits has
as yet been demonstrated in a large randomized placebo-controlled clinical trial,
supplemented DHEA sulfate to mice reportedly decreases the incidence of cancer
and atherosclerosis and increases longevity. It also improves the immune system.
Thus, using a mouse model, Daynes and Araneo (D2) demonstrated that aging
mice remain immunologically normal if they are regularly supplemented with
DHEA -sulfate. Moreover, others (D5) reported that a one-time supplemental dose
of DHEA-sulfate with influenza vaccination enhanced the immune response of
aging humans.

Decreased DHEA production has also been linked to increased IL-6 levels in
mice. Here, the administration of DHEA sulfate to old mice resulted in decreased
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IL-6 levels (D3). In addition, Straub et al. (S30) reported that increased IL-6
levels were inversely related to serum DHEA levels in elderly humans. They also
showed that DHEA and androstenedione inhibit IL-6 production by peripheral
blood mononuclear cells in both males and females.

An alternative neuroendocrine postulate suggests that aging is a pathologic
disorder due to decreased age-associated pineal gland synthesis of melatonin
(N-acetyl-5-methoxytryptamine) from serotonin, leading to a syndrome mani-
fested by the “diseases of the aged.” That is, “aging is a syndrome due to relative
melatonin deficiency resulting from the gradual failure of the pineal gland” (R8a).
In this regard, melatonin levels are normally up to 10 times higher at night than
during the day in young adults. Just as light is an exogenous timing signal, mela-
tonin is an endogenous one. As such, light and melatonin are complementary, with
melatonin providing a nighttime signal to the body’s “master clock” while light is
the daytime signal. Interestingly, Reiter (R3) reported that melatonin is a potent
antioxidant, being particularly effective in neutralizing the hydroxyl radical (HO¢),
the most toxic and damaging naturally occurring free radical. Hence, if melatonin
is of primary importance in the aging process, some of its positive effects may be
due to its antioxidant actions.

Various other changes occur in the neuroendocrine system as one ages. Whether
these alterations are primarily related to the aging process per se, or whether they
are secondary to other events, is largely unknown and must await future studies.

3.3. PROGRAMMED THEORY (GENOME-BASED)

There is a significant body of evidence suggesting that the aging process is, to a
significant extent, under genetic control. That is, although everyone is programmed
individually, an internal “clock” starts at conception and runs a specific period of
time. Accordingly, genes carry specific instructions that control not only growth
and maturation, but also decline and death. This theory has considerable support,
including that obtained from both observational and laboratory studies.

3.3.1. Observational Studies

It is widely believed that there is a significant familial correlation with life
expectancy. That is, we inherit many characteristics, including longevity, from our
parents and grandparents. Indeed, several genealogical studies have shown some
relationship here, but perhaps less than many have believed. For example, Abbott
et al. (1974) published data from 9000 offspring of an original group who lived
into their 90s. Here, the children of parents who lived to 80 years lived only 6 years
longer than those whose parents both died before reaching 60 years. In addition,
Kallman (K4) reported on 1700 pairs of twins, of which about one-third were
identical. Regardless of whether they lived in different or similar environments, on
average there was a difference of 3 years between the time of death of the identical
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twin pairs. However, the same-sex fraternal twins died within 6.2 years of each
other; the different-sex fraternal twins died within 8.8 years of each other.

3.3.2. Accelerated Aging Syndromes

A graphic overview of aging is seen in both early-onset (Hutchinson-Guillford
syndrome) and adult-onset (Werner’s syndrome) progeria, as well as in Down’s
syndrome. Other, less common forms of progeria have also been described
(Cocayne syndrome, Wiedemann-Rautenstrauch syndrome, etc.). These disorders
are all characterized by accelerated aging and a significantly reduced life span.

3.3.2.1. Early-Onset Progeria. Early-onset progeria (Hutchinson-Guillford
syndrome) is a very rare disorder of unknown pathogenesis. The birth incidence
is about 1 in 8 million; familial cases have not been reported. Males and females
are equally affected, and there are no known racial differences. The lives of these
individuals are quite characteristic and uniform in that they appear normal at birth
but within a couple of years somatic growth slows markedly and clinically appar-
ent aging features appear: baldness, loss of eyebrows, skin atrophy, and wrinkling.
Before 10 years of age they usually begin to look old and frail. Although the
average life expectancy is only about 13 years, they can live until 20 years or
more. Death is most commonly secondary to atherosclerosis (i.e., heart attacks,
congestive heart failure); diabetes, cancer, senility, and arthritis are all relatively
uncommon. Most studies have indicated that the endocrine system remains func-
tionally normal. More recently, however, Abdenur et al. (A3) presented data from
five progeria patients suggesting that increased growth hormone levels are char-
acteristic of this disorder. Moreover, they had an elevated basal metabolic rate,
which was suggested as a cause for their failure to thrive.

There is some evidence that early-onset progeria is due to a dominant mutant
gene. However, Oshima et al. (O4) reported an absence of mutations within the
coding region of the Werner’s syndrome gene. In addition, Wang et al. (W3)
demonstrated, in the first case of progeria reported in China, ultraviolet light (UV)-
induced unscheduled DNA synthesis in four progeria cell strains was only 33-50%
of the normal level. In addition, the fraction of progeria cells surviving after UV
irradiation was significantly lower than in normal cells. They suggested that the
presence of a “built-in” defect in progeria cells is responsible for the reduced DNA
repair capacity. Others (C14) studied two strains of fibroblasts derived from skin
biopsies. The two cell populations initially multiplied normally but soon rapidly
senesced and stopped proliferating after 14—15 population doubling levels (normal
cells divide, on average, 50 times).

After reviewing the literature regarding a possible role for oxidative stress in
early-onset progeria, Poot (P16) concluded the following: (a) a minor depletion in
cellular reduced glutathione by exposure to a model lipophilic peroxide results in a
significant decrease in DNA and protein synthesis, suggesting that the gluathione
redox cycle is intrinsically fallible in protecting the DNA replication system;
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(b) aging in culture cells results in partial uncoupling of the NADPH-producing
and NADPH-consuming systems; and (c) the addition of antioxidants to culture
media does not significantly extend the lifespan of cultured diploid somatic cells.
Thus, the level of antioxidants appears to be a modulator rather than a primary
determinant of cellular aging in culture. Although several lines of evidence sug-
gest that DNA damages accumulate during aging, as yet no oxidant-related DNA
damage has been specifically identified in progeria cultured cells.

3.3.2.2. Werner’s Syndrome. Werner’s syndrome (WS; late-onset progeria) is
a rare autosomal recessive premature aging disorder which is usually apparent
before 20 years. Goto and associates (G12) identified the gene linkage in this syn-
drome to five markers on chromosome 8. The incidence of WS is between 1 and 10
in a million. WS is clinically diagnosed in those individuals with at least three of
the following criteria: (a) characteristic habitus and stature; (b) premature senes-
cence; (c) scleroderma-like skin manifestations; and (d) endocrine abnormalities,
especially diabetes mellitus. WS is also characterized by early graying and loss of
hair, skin atrophy, and an “aged appearance.” These individuals also prematurely
develop the major age-associated diseases (i.e., atherosclerosis, malignancies, dia-
betes mellitus, osteoporosis, and cataracts). However, as with Hutchinson-Gilford
syndrome, there is a striking tendency for premature atherosclerosis and acute
myocardial infarction. Death occurs at a median age of about 47 years.

Cultured fibroblasts from WS patients demonstrate a severely limited capac-
ity to divide in vitro (i.e., <50). This limited in vitro division potential is sim-
ilar to, albeit more extreme than, that displayed by fibroblasts from normal
elderly people. Fukuchi et al. (F16) reported two lines of evidence suggesting
that somatic mutations may be important in the pathogenesis of WS and of
associated age-associated diseases: (a) somatic cells from WS patients have a
propensity to develop chromosome translocations, inversions, and deletions; and
(b) simian virus 40-transformed fibroblasts from unrelated WS patients display
an elevated spontaneous mutation rate at the X chromosome-linked hypoxan-
thine phosphoribosyltransferase (HPRT) locus. They also reported the biochemical
and molecular characterization of spontaneous mutations at the X chromosome-
linked HPRT locus in 6-thioguanine-resistant WS and control cells. Analysis
of 89 independent spontaneous HPRT mutations in WS and control mutants
lacking HPRT activity revealed a high proportion of HPRT deletions in WS as
compared with control cells (75% versus 39%, respectively). The authors sug-
gested that the high somatic mutation rate, primarily deletions, may be patho-
genetically important in WS and in several associated age-dependent human
diseases.

Increased oxidative stress is apparently not a factor in WS since cultured cells
from WS patients revealed normal levels of the antioxidative enzymes Cu-Zn and
Mn superoxide dismutases, catalase, and glutathione peroxidase (M7). In addition,
WS patients had normal lipid peroxidation levels.
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3.3.2.3. Down’s syndrome. Down’s syndrome (DS), compared with the other
accelerated aging syndromes, is relatively common; it occurs approximately once
in every 700 live births; however, if the mother’s age is 40 years or more, it
occurs in about 1 in 25 live births. The syndrome is usually characterized by
various dermatoglyphic features (epicanthal folds, broad flat nose, fissured tongue,
palmer “simian crease,” etc.), a distinctive sloping face with slanting eyes, short
stature, short thick hands and feet, some degree of mental retardation (most DS
subjects have an IQ less than 50), and a distinctly shortened life span (average
about 48 years). In contrast to those with Werner’s syndrome and early-onset
progeria, these individuals often undergo marked mental deterioration with aging;
postmortem studies reveal brain changes similar to those commonly found in the
elderly, including those with Alzheimer’s disease (i.e., increased neurofibrillary
tangles, senile plaques, and vascular amyloid deposition). Individuals with DS
also have an increased incidence of cancer, including leukemia, atherosclerosis,
cataracts, autoimmunity, and age pigmentation.

Down’s syndrome is the first clinical condition shown to be associated with a
chromosomal abnormality; about 85% of these individuals have 47 chromosomes
(three chromosomes 21) while in the remaining 15% the extra chromosome is
borne by another chromosome (translocation), usally group D. As with the other
accelerated aging syndromes, the factors responsible for accelerated aging in DS
are not well understood. However, of probable importance here is that the gene
encoding cytoplasmic superoxide dismutase (Cu/Zn-SOD; SOD-1) is on chro-
mosome 21, resulting in three copies of this gene. Moreover, a literature review
indicated an approximate 50% increase in SOD-1 activity in erythrocytes, blood
platelets, leukocytes, and fibroblasts in accordance with a simple gene—dosage
effect (K9). However, SOD-2 (mitochondrial SOD; Mn-SOD) activity was report-
edly decreased by about one third in DS patients. The majority of studies indicate
an increase in glutathione peroxidase (GPx) activity, while catalase activity is in-
variably normal. Thus, the major intracellular antioxidant enzymes are increased
or normal in DS patients.

In spite of the increased activities of SOD-1 and GPx and normal catalase ac-
tivity, increased lipid peroxides in the blood plasma of DS patients have been
reported (K10), as has as an increased accumulation rate of “age pigments” (i.e.,
lipofuscin and ceroid, known products of lipid peroxidation) (K9). In addition, an
early study showed increased lipid peroxides in the cerebral cortex of DS fetal
brains (B15). More recently, cortical neurons from fetal DS and age-matched nor-
mal brains were shown to differentiate normally early in cell cultures. However,
DS neurons subsequently degenerated and underwent apoptosis, whereas the nor-
mal cells remained viable (B18). In addition, the DS neurons exhibited a three- to
fourfold increase in reactive oxygen species and increased lipid peroxidation that
preceded cell death. Importantly, DS neuron degeneration could be prevented by
treatment with the free radical spin trap N-fert-butyl-2-sulphophenylnitrone, the
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free radical scavengers vitamin E, butylated hydroxyanisole and N-propyl gallate,
and the glutathione precursor/radical scavenger N -acetyl-L-cysteine. In addition,
catalase inhibited the degeneration of DS neurons, whereas SOD had no significant
effect.

Odetti and others (O1) noted that early brain cortical dysgenesis and late neu-
ronal degeneration are probably caused by amyloid beta-peptide overproduction
followed by increased cellular oxidation. These workers studied DS fetal brain cor-
tex and evaluated the presence and quantity of lipid and protein oxidation products
(thiobarbituric acid reactive substances and 4-hydroxynonenal; protein carbonyl-
2,4-dinitrophenylhydrazine reactive products, respectively). They also quantified
two forms of glycation end products (pyrroline and pentosidine) known to be in-
volved in cellular oxidation. These authors found that all of these parameters were
significantly increased in DS fetal brains compared to controls.

Direct evidence for increased oxidative stress in DS was recently reported by
Jovanovic et al. (J6). These workers analyzed urine samples from 166 individuals;
samples from those with DS were matched with their siblings. Here, the levels
of 8-hydroxy-2’-deoxyguanosine, an established biomarker of hydroxy radical
reaction with DNA, and malondialdehyde, a lipid peroxidation product, were both
significantly elevated compared with the controls. In this regard, recent evidence
indicates that mitochondrial DNA (mtDNA) is about 10 times more susceptable
to mutation than nuclear DNA. Druzhyna et al. (D12) hypothesized that defective
repair of oxidative mtDNA damage would lead to defective electron transport and
concomitant enhanced production of reactive oxygen species. To demonstrate this,
these researchers treated fibroblasts from several DS patients with menadione, a
reactive oxygen generator. Oxidative damage was then evaluated at 0, 2, and 6 h
after exposure using a Southern blot technique and a specific mtDNA probe. Their
results showed that DS cells are indeed impaired in their ability to repair mtDNA
oxidative damage compared with age-matched control cells.

Although these findings are somewhat confusing in that the increased antioxi-
dant enzyme levels might be expected to be protective, various theories have been
proposed to explain the increased oxidative stress in DS. As suggested by Jovanovic
et al. (J6), increased oxidative stress resulting from excess SOD-1 activity is due to
the increased SOD-1 to catalase ratio plus GPx alteration such that SOD-1 gener-
ates more H, O, than catalase and GPx can inactivate. This then results in oxidative
imbalance. On the other hand, although they noted that increased H, O, levels were
reported by others, Teixeira et al. (T4) reported decreased H,O, steady-state levels
in transfected V79 Chinese hamster cells in which SOD-1 activities were 2.2- to
3.5-fold higher than in the parental cells. Thus, their data provided in vivo support
for the hypothesis that superoxide dismutation prevents the formation of increased
H,O; levels by other reactions. Thus, it is apparent that considerably more work
is needed to more clearly explain the phenomena of increased antioxidant enzyme
activity and increased oxidative stress in DS.
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In addition to the various complexities discussed above, DS is characterized
by several other abnormalities which also frequently accomany normal aging. For
example, DS is characterized by the following immune system deficiencies (N2):

(a) Decreased total number of T-lymphocytes

(b) Decreased in CD4™" cells (“helper” cells)

(c) Increased CD8™ cells in adult DS with resultant decreased CD4+/CD8™ ratio

(d) Accelerated increase in CD57% cells

(e) Decreased natural killer cell activity

(f) Altered immunoglobulin subclasses in older DS patients (increased levels of
IgG1 and 1gG3; decreased levels of 1gG2 and 1gG4)

Whether these changes are primary or secondary to other factors such as ox-
idative stress, poor nutrition (i.e., protein and/or micronutrient malnutrition) is
currently unknown. Importantly, similar deficiencies have been significantly im-
proved by antioxidant supplementation in the elderly (K13). In this regard, zinc
deficiency is also common in the elderly and has been reported in DS patients.
This topic is more fully discussed later.

3.3.3. Finite Doubling Potential

Thirty five years ago, Hayflick (H7a) demonstrated that serially cultured human
diploid cells have a finite in vitro life span. That is, human cells dividing in vitro
have a limited number of potential cell doublings (50 £ 10), presumably because
of a built-in genetic senescence program. A rough correlation between the number
of fibroblast doublings and life span has been noted in several animal species.
Moreover, cells from individuals with progeria and Werner’s syndrome have fewer
doublings than cells from unaffected people. On the other hand, there is a relatively
poor correlation between donor age and doubling potential (M9).

Following exposure to certain viruses and chemical agents, transformed cells
become malignant and continue to replicate; they become “immortal” with re-
spect to their replicative potential (L1). In this regard, the enzyme telomerase is
expressed in some malignant cells but not in normal cells (C18). Each time a
cell divides, the telomere (chromeric tip of the chromosome arm) chain shortens.
Once critically shortened telomere length is reached, the cell stops dividing and
presumably senesces. In some cancer cells, telomerase stimulates continued cell
replication by maintaining the telomere length.

As recently reviewed by Fossel (F10), cell senescence can be reversed by trans-
fection with a gene for the catalytic component of telomerase. He suggested that
“telomeres are the clock of replicative aging.” They not only shorten with cell
aging, but relengthening the telomere appears to reset gene expression, cell mor-
phology, and the replicative life span. Nevertheless, the author noted that there is,
as yet, no evidence “that telomerase expression per se is resposible for malignant
transformation.”
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3.4. Free RapicaL THEORY

3.4.1. Free Radicals

According to the free radical theory, the production of highly reactive oxygen
free radicals cause progressive, random damage to DNA, RNA, enzymes, and other
proteins, as well as unsaturated fatty acids and phospholipids, which eventually
leads to cell death (H4).

A free radical is an atom, molecule, or compound that contains one or more un-
paired electrons. Common radicals include the hydrogen atom and most transition
metal ions, as well as oxygen, which is a biradical since its outer two electrons have
parallel spins and, therefore, are unpaired. The first reported free radical reaction
was presumably by Fenton (F7), although free radicals were not known to exist
at the time. The classic mechanism (Fenton reaction) with ferrous iron (as well as
various other transition metal ions) predicts that hydrogen peroxide is reduced at
the iron center with generation of the hydroxyl free radical (HO-).

Fe’* + H,0, — Fe’* + HO™ + OH-

Free radicals may also be formed by (a) homolysis of covalent bonds, (b) addition
of an electron to a neutral atom, or (c) loss of a single electron from a neutral atom.
These radicals, especially if they are of low molecular weight, are usually extremely
reactive; hence, they are short-lived. Since they have an unpaired electron, they are
highly electrophilic (i.e., “electron loving™) and attack sites of increased electron
density, as in compounds with nitrogen atoms (e.g., proteins, amino acids, DNA,
RNA) and carbon—carbon double bonds (i.e., polyuunsaturated fatty acids and
phospholipids which make up bilipid cell membranes).

Upon exposure to air, animal and vegetable fats and oils become rancid
(i.e., develop color changes and a musty, rank taste and odor). Here, the hydrogen
atoms of the —CHj,—groups located between alternating double bonds (i.e.,
—CH=CH—CH,—CH=CH—) of a polyunsaturated phospholipid or fatty acid
(LH) are very susceptible to abstraction by free radicals. This process can then
lead to a general reaction known as autoxidation, which results in the formation
of a lipid hydroperoxide (LOOH) and the generation of a new free radical; hence,
an autocatalytic reaction results (lipid peroxidation).

LH+R- — RH+ L
L + 0O, — LOO-
LOO: +LH — LOOH + L-

Importantly, lipoperoxides can also result in the formation of various aldehydes
(malondialdehyde, 4-hydroxynonenal, etc.), which are very reactive and can re-
sult in further damage by causing cross-links with proteins and lipids. A single
free radical may result in the formation of hundreds of lipoperoxides before it is
neutralized.
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3.4.2. Oxygen Toxicity

Oxygen has often been referred to as “a double-edged sword.” Although it is
critical for life, many essential intracellular reactions in which it is required result
in the formation of free radicals. Soon after oxygen was independently discovered
by Priestley and Scheele in 1774, Lavosier reported that oxygen inhalation had
poisonous effects. The “classic” studies of Bert in 1878 later documented that
oxygen at high tension “is a powerful poison,” leading to convulsions and death in
sparrows, various laboratory animals, insects, and earthworms (B8). Lorrain Smith,
a Belfast, Ireland, physician, carried out a series of experiments demonstrating that
increased oxygen tension results in severe pulmonary congestion with pneumonia-
like changes in mice, rats, and guinea pigs (S15). Nevertheless, this information
was completely ignored by physicians for several decades, in spite of numerous
similar studies, including that of Comroe and associates (C16), who reported on
the toxic effects of oxygen inhalation at high concentrations in normal men at sea
level and at the simulated altitude of 18,000 ft elevation.

Failure to recognize the potential toxic effects of increased oxygen tension led
to an estimated 10,000 worldwide cases of blindness (retrolental fibroplasia) in
newborns in the late 1940s and early 1950s (S19). Nevertheless, wide acceptance
that increased oxygen tension was potentially toxic to humans did not occur until
Nash et al. (N3) correlated the concentration and duration of inspired oxygen before
death with the pathologic lung findings at autopsy; 1 year later, the formation of
pulmonary hyaline membranes in adults was attributed to oxygen toxicity (S17).

4. Support for Free Radical Theory

4.1. NATURAL ProDUCTION OF FREE RADICALS

Because of their extreme reactivity, the existence of free radicals in biolog-
ical systems was generally not considered possible until Gerschman and asso-
ciates (G3) hypothesized that oxygen poisoning and X-irradiation have a common
basis of action. Here, they reported the homolytic dissociation of water by ionizing
radiation.

ionizing radiation
H,O —— H- + HO-

It was subsequently learned that oxygen-derived radicals are normally produced
in living organisms by a wide variety of reactions, especially in mitochondria and
the electron transport chains in the endoplasmic reticulum, where the addition of
an electron to molecular water produces superoxide (O;").

O," +e — 0O;°
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Superoxide is also a product of various enzyme reactions catalyzed by the flavin
oxidases (e.g., xanthine oxidase and monoamine oxidase). In addition, O;" is
a product of the noncatalytic oxidation of oxyhemoglobin, of which about 3%
is converted each day to methemoglobin. Moreover, O, " is readily formed in
phagocytic cells (i.e., neutrophils and monocytes) during the “respiratory burst.”
Furthermore, in addition to the Fenton reaction, the Haber-Weiss reaction results
in the conversion of O; " to the potent HO* via the following reactions (H3):

Fe’t + 0;" ——— Fe’™ + 0, ()
Fe’* + H,0, —— Fe’t + OH: + HO™ )
Sum: H0, 405" Y HO- 4+ OH™ + 0,
Various reduced transition metal ions (e.g., Cu'*, Fe?*) also react with O, to
produce O;".

Other important carbon-centered radicals also exist in biologic systems; these
include peroxyl (ROO-), alkoxyl (RO¢), and thiyl (RS+) radicals. Furthermore, the
endothelium-derived relaxing factor [nitric oxide (NO-), a gaseous free radical] is
the major signal for vascular smooth muscle relaxation (L10), NO- is produced by
nitric oxide synthase (NOS), an enzyme that exists in three isoforms; one constitu-
tive enzyme is restricted to endothelium, while the other one is found in the central
and peripheral neurons, skeletal muscle, pancreatic beta-cells, and epithelial cells
of broncheoli, uterus, and stomach (N5). The inducible isoform (iNOS) is calcium
independent and expressed in many cell types after challenge with immunologic or
inflammatory stimuli, including neutrophils, mast cells, endothelium, and vascular
smooth muscle cells (A11). All isoforms catalyze the following reaction:

L-Arginine + O, + NADPH — NO- + L-citrulline

Although direct toxicity of NO- is very modest, it is significantly increased when
NO- reacts with O5" to form peroxynitrite (ONOO™), a very strong oxidant.

NO- 4+ 0;" — ONOO™

Importantly, the concentration of NO- under various inflammatory and immuno-
logic conditions is enough to outcompete SOD for O;* (B4).

Peroxynitrite is involved in various neurodegenerative disorders (K14) and sev-
eral kidney diseases (K18), as well as in chronic inflammatory diseases such
as rheumatoid arthritis (K8). Here, as well as in other conditions, peroxynitrite-
mediated reactions with amino acid residues result in the formation of nitrotyrosine,
which can lead to enzyme inactivation (V3).

4.2. ANTIOXIDANT DEFENSES

Free radicals are produced in abundance in all cells. In order to protect them
against oxidative damage, a wide variety of natural mechanisms exist to either
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TABLE 2
NATURAL ANTIOXIDANT DEFENSES

1. Antioxidant enzymes
Catalase (Cat)
Glutathione peroxidase (GPx)
Glutathione reductase (GR)
Glutathione S-transferase
Superoxide dismutase (CuZn-SOD; MnSOD)
Thioredoxin reductase (TR)
2. Metal-binding proteins
Ceruloplasmin
Ferritin
Hemoglobin
Lactoferrin
Metallotheinein
Myoglobin
Transferrin
3. Radical “scavengers”
Bilirubin
Uric acid
Thiols (R-SH)
Vitamins A, C, E
Carotenoids (beta-carotene, lycopene, etc.)
Flavonoids (quercetin, rutin, catechin, etc.)
Lipoic acid
Melatonin
4. Other antioxidants
Copper (as CuZn-SOD)
Manganese (MnSOD)
Reduced glutathione (GSH)
Zinc (CuZn-SOD; other mechanisms)
Selenium (GPx and TR)

prevent the formation of radicals or neutralize them after they have been produced
(Table 2).

4.2.1. Antioxidant Enzymes

The general acceptance of free radicals in biological systems did not occur until
the discovery (M11a) of superoxide dismutase (SOD), of which there are two
enzymes, cytoplasmic CuZn-SOD and mitochondrial Mn-SOD. These enzymes
catalyze the following reaction:

O;. +2H+ — H202

Although it is not a free radical, H,O; is rapidly converted to HO- in the presence
of transition metal ions (Fenton reaction). However, both glutathione peroxidase
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(GPx) and catalase (Cat) inactivate H,O, as follows:

GP.
H,0, +2GSH — GSSG + 2H,0 3)
2H,0, + =5 2H,0+4 0, )

4.2.2. Metal-Binding Proteins

Although both GPx and Cat are very efficient in removing H,O,, HO- can still be
formed in abundance (Fenton and Haber-Weiss chemistry). To partially offset the
influence of transition metal ions on free radical production, there are numerous
metal-binding proteins which prevent these reactions from taking place; these
include, among others, ferritin, transferrin, ceruloplasmin, and metallotheinein
(Table 2).

4.2.3. Antioxidants (Radical “Scavengers”)

In spite of the protective effect of several antioxidant enzymes and metal-binding
proteins, free radicals are still widely prevalent. Thus, Ames et al. (A10) estimated
that in each rat cell there are 100,000 radical “hits” each day, while in every
human cells there are 10,000/day. Importantly, there are numerous natural free
radical scavengers/chain breakers, the most notable being vitamins C and E, various
carotenoids (beta-carotene, lycopene, etc.), flavonoids (rutin, quercetin, catechin,
etc.), uric acid, and bilirubin, among others (Table 2).

4.3. Free RapIcALS (OXIDATIVE STRESS) AND AGING

The free radical theory of aging has gained significant credibility for the fol-
lowing reasons (Y8): (a) it satisfies most of the necessary critieria to define the
aging process; (b) it provides an excellent model to investigate the best molecular
insights and mechanisms; (c) it provides testable experimental approaches; and it
(d) provides the best molecular explanations for the interaction between aging and
various disease processes. However, these authors also suggested that recent stud-
ies have brought forth new roles for reactive oxygen species, including those for
nitric oxide (S9), various enzyme reactions (Y1), and the HO+ scavenging action
of melatonin, a pineal gland hormone, in the defense systems (R4). As a result,
they proposed that the free radical theory of aging be broadened to the “oxidative
stress” theory of aging (Y8).

4.3.1. General Observations

It has been repeatedly demonstrated that caloric restriction in laboratory an-
imals results in increased longevity. Thus, McCay and co-workers (M11) first
demonstrated that by restricting food intake of young rats, their longevity could be
significantly increased. Subsequent studies showed that food restriction in adult
rats is also effective in increasing their life span (Y7). In fact, the life span of various
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laboratory animals can be increased 30-50% by reducing their caloric intake to
60% of the amount normally consumed by those given food ad libitum (M10).

Based on data obtained from several recent studies, results strongly suggest
that the mechanisms in the antiaging action of caloric restriction have a broad
antioxidative effect. For example, long-term food restriction in mice selectively
increases the activity of the antioxidative enzyme catalase, and a subsequent de-
crease in hepatic lipid peroxidation (K17). Dietary restriction also suppresses the
production of reactive oxygen species in a variety of other tissues (L5, K12) in-
cluding lymphocytes, liver, kidney, and heart; it also inhibits lipid peroxidation of
brain synaptosomes (C9). Moreover, food restriction reportedly delays age-related
neoplastic diseases in laboratory animals (M10). Furthermore, Chung and asso-
ciates (C11) studied the effects of dietary restriction on DNA damage in both rat
cell nuclei and mitochondria. Their work showed about 15 times greater damage
to mitochondrial DNA than to nuclear DNA. Importantly, DNA damage in both
nuclei and mitochondria was significantly reduced in diet-restricted rats compared
to those who received food ad libitum.

Recent reports have also shown that caloric restriction lowers body tempera-
ture (L2), increases physical activity without exerting a negative influence on be-
havior (W5), and slows the postmaturational decline in serum dehydroepiandros-
terone sulfate (DHEA) levels in rhesus monkeys, as was previously shown in
rodents (L3).

Age pigments, primarily lipofuscin and ceroid lipopigments, have been recog-
nized in various organs of elderly people for well over 100 years. Since the pigment
accumulates principally in the lysosomes of nonreplicating cells, it is found pri-
marily in cardiac, smooth, and skeletal muscle, brain, and liver. This yellow-brown,
fluorescent pigment is formed as a by-product of lipid peroxidation. Although no
definite functional derangements have been attributed to it, its presence is sugges-
tive of continuing lipid peroxidation as a result of long-term inadequate defenses
against the stresses of activated oxygen.

Several experimental studies adding further support for free radicals in aging
were recently reviewed (R10). Here, in studies with laboratory-developed long-
lived strains of the fruit fly (Drosophila melanogaster) and tiny soil-dwelling worm
(Caenorhabditis elegans), the major demonstrated differences were the increased
activities of some antioxidant enzymes. More specifically, the age-/ mutation
described in C. elegans increased the mean life span by 65% and the maximum
life span by 110% (F14). Exactly how this single mutation results in the worm’s
highly increased life span is only partially understood. Nevertheless, the mutation
does confer resistance to hydrogen peroxide and paraquat, both of which promote
the generation of the potent hydroxyl radical. The mutant also accumulates fewer
deletions of the mitochondrial genome, an age-related phenomenon believed to
result from free radical damage. Importantly, this C. elegans strain has increased
activities of the antioxidant enzymes, Cu/Zn superoxide dismutase and catalase. In
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addition, when young worms were exposed to lethal heat shocks, the age-I mutants
were 40% more resistant than are their wild-type counterparts; short, nonlethal
heat shocks not only reduced thermotolerance, they extended the life span. More
recently, transgenic flies with three copies of CuZn-SOD and catalase exhibited
a one-third increase in life span, delayed loss of physical activity, and a lower
amount of oxidative protein damage compared with the diploid controls (O3).

Although studies involving oxidative stress and aging in humans are few,
Ceballos-Picot and others (C2) measured Cu-Zn superoxide dismutase (SOD-
1), glutathione peroxidase (GPx), glutathione reductase (GR), and glutathione-
S-transferase (GST) activities in human erythrocytes from 167 healthy subjects
(102 females, 65 males) ages 1 month to 63 years. They reported a significant
inverse correlation between age and enzyme activities for SOD-1, GR, and GST;
however, GPx correlated directly with increasing age. Upon dividing the partici-
pants into five groups (newborns to 1 year; >1-11 years; 12-25 years; 2640 years,
and 41-63 years), they found significant modifications in the 12- to 25-year-old
group for SOD-1, GR, and GPx; modified GST activity occurred in the 1- to
11-year-old group. No sex-related differences for any of the enzymes were noted.

Paolisso et al. (P6) recently measured plasma levels of malondialdehyde (a by-
product of lipid peroxidation), lipid hydroperoxides, vitamins C and E, and re-
duced/oxidized gutathione ratios and compared the results in different age groups:
adults (<50 years), aged subjects (70-90 years), and centenarians (> 100 years).
Their findings showed that the degree of oxidative stress was lower in healthy
centenarians than in the aged subjects, but higher than in the adult group. The
authors suggested that a greater daily intake of vegetables by the centenarians,
along with various metabolic parameters, might be important differences, but they
recognized that genetic factors may also play an important role (possible increased
antioxidant enzyme activity in the centenarians?).

In arelated study, Knight et al. (K16) measured malondialdehyde (MDA) levels
in healthy adult blood donors aged 18—65 years and noted a significant increase
in plasma MDA levels in a group of males aged 46—63 years compared with those
aged less than 46 years. Moreover, increased levels were present in women over
age 25 years compared with those under 25 years of age. Additionally, males had
significantly higher plasma MDA levels than females.

5. Magnesium, Zinc, and Selenium

5.1. MacGNEstuM (MG)

After sodium, potassium, and calcium, Mg is the most abundant body cation and
the second most prevalent intracellular cation after potassium. Only about 3% of
total body Mg is present in the extracellular fluids; approximately 57% is in bone



22 JOSEPH A. KNIGHT

and 40% is in soft tissues. Magnesium is a co-factor for more than 325 enzymes
involving energy metabolism and nucelic acid and protein synthesis. Examples of
important intracellular functions include a role in oxidative phosphorylation and
potassium—hydrogen ion exchange. Extracellularly, Mg plays a significant role in
the control of arterial vascular tone and modulation of the sodium—calcium pump; it
also stimulates the vasodilator, prostaglandin (PGI,). In addition, Mg is important
in both DNA synthesis and degradation, as well as in the lymphokine-mediated
effects of macrophage activation and migration inhibition.

Although serum Mg levels are probably not age-related per se, Touitou et al.
(T8) reported that hypomagnesemia is common in the elderly. They measured
both serum and erythrocyte Mg levels in 381 unselected healthy elderly men and
women, most of whom were older than 75 years. They found that 10% of these
individuals had decreased serum levels; however, 20% had low red cell levels. This
latter finding is particularly important, since it is a more accurate measure of total
body Mg. In this regard, the current minimum recommended daily Mg intake is
350-400 mg. It is estimated that prior to the Industrial Revolution, the average
intake was 450-500 mg/day. Currently, however, the average adult intake in the
United States is only 175-225 mg (A6).

Numerous studies have shown that hypo- and hypermagnesemia are common
and of considerable importance in various cardiac dysrhythmias, myocardial in-
farction, increased overall mortality, diabetes mellitus, among others (K13).

5.2. ZINC (ZN)

Zinc is an essential element, being important in a wide variety of critical bio-
chemical processes. Thus, zinc (a) is a component of about 200 enzymes including
Cu-Zn superoxide dismutase (SOD-1), DNA and RNA polymerases, and reverse
transcriptase; (b) competes directly with Cu™ and Fe?* to reduce hydroxyl rad-
ical formation by Fenton chemistry; (c) has a role in thyroid homeostasis; and
(d) isimportant for various immune system functions. More direct evidence demon-
strating the importance of Zn in reducing oxidative stress was reported recently
by Tate et al. (T3). Here, cultured human retinal pigment epithelial (RPE) cells
were maintained for 7 days in culture media containing either 14 or 0.55 pM total
Zn. Conjugated dienes and thiobarbituric acid reactive substances (TBARS), mea-
surements of lipid peroxidation, were measured in RPE cells treated with 0.5 mM
H;0;, 10 uM FeSO4 + 0.5 mM H,0,, or 10 uM FeSO,4 + xanthine/xanthine ox-
idase for 24 h or paraquat for 7 days. Oxidized proteins were determined by the
production of carbonyl residues. The antioxidants metallothionein, catalase, su-
peroxide dismutase, and glutathione peroxidase were also measured. Their results
showed that Zn was protective of RPE cells from the oxidative toxicity of H,O, and
paraquat. RPE cells in 0.55 uM Zn medium contained higher levels of TBARS,
conjugated dienes, and protein carbonyls compared to cells in 14 uM Zn. Catalase
and metallothionein content were both reduced in cells exposed to 0.55 uM Zn.
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TABLE 3
S1GNs/SyMPTOMS: ZINC DEFICIENCY VERSUS AGING

Signs/symptoms Aging Zinc deficiency
Anorexia Yes Yes
Poor wound healing Yes Yes
Taste/smell defects Yes Yes
T-cell deficiencies Yes Yes
Impotence Yes Yes

Plasma zinc levels are commonly decreased in the elderly (G11). These au-
thors reported mean (£SD) plasma levels in normal young adults at 12.7 (£1.4)
mmol/liter versus 10.5 (£4.7) mmol/liter in the elderly; intracellular levels (neu-
trophils) were 1.26 (£0.28) and 0.95 (£0.26) nmol/mg protein, respectively. This
deficiency is most often due to lack of dietary lean meat, poultry, and fish. As
a result, zinc intake is frequently less than the minimum recommended intake of
15 mg/day. Moreover, Zn deficiency is particularly common in individuals with di-
abetes mellitus, liver and renal diseases, malabsorption, alcohol abuse, and those
taking diuretic medications (K13). Interestingly, many of the signs and symp-
toms of Zn deficiency are the same as those often attributed to the aging process
(Table 3).

As discussed previously, the immune theory of aging is based, to a consider-
able degree, on the fact that the immune system becomes less efficient with aging.
Importantly, Zn also plays a role in the immune system. For example, Zn supple-
mentation in the elderly (a) increases the number of circulating T-lymphocytes;
(b) improves delayed cutaneous hypersensitivity to various antigens; and (c) in-
creases the immunoglobulin G antibody response to tetanus vaccine (D13). This
early study is supported by additional recent reports which also demonstrate that
Zn supplementation improves the immune system in the elderly (F9, R6).

Zinc deficiency may also be of importance in Down’s syndrome (F11). Thus,
oral supplementation of DS patients increased their serum thymic factor (TF)
levels, decreased the levels of inactive zinc-free TF, and significantly increased
the number of circulating T-lymphocytes. In addition, these individuals had fewer
infections.

5.3. SELENIUM (SE)

Selenium is an essential trace element, being important in at least two critical
enzymes, the antioxidant glutathione peroxidase (GPx), and type 1 iodothyronine
deiodinase. GPx converts hydrogen peroxide to water, in the presence of reduced
glutathione, while iodothyronine deiodinase catalyzes the conversion of thyroxine
to tritodothyronine, the physiologically active hormone species.
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Decreased plasma Se levels are commonly present in elderly people (B7). More-
over, low Se levels are associated with decreased cellular GPx activity. Although
reports differ slightly, plasma reference values for “healthy” adults were reported
as 1.38-153 umol/liter, while “house-bound” elderly individuals had levels of
1.08-1.35 wmol/liter (K13).

In addition to Keshan disease, a dilative cardiomyopathy first described in the
Keshan Province of China, Se deficiency has been associated with an increase in
various malignant diseases. Thus, well over 50 studies have demonstrated signif-
icant reductions in experimental cancer in laboratory animals supplemented with
Se. Moreover, reports from Finland and the United States support the hypothesis
that Se deficiency results in decreased cellular GPx activity, increases oxidative
stress, and increases the incidence of cancer, particularly carcinoma of the breast,
prostate, and colon (K13).

6. Heat Shock Proteins

The heat shock protein (HSP) system is a ubiquitous cell defense mechanism
involved in the response to acutely induced cell damage by numerous processes
(i.e., heat, oxidative stress, hypoxia, fever, inflammation, ethanol, heavy metal
ions, and metabolic deprivation). These stress proteins represent a large multigene
family conserved from prokaryotes to eukaryotes; they are classified into several
subgroups according to molecular weight. Although HSPs are rapidly induced
in stressed cells, some are also constitutively expressed and are important in the
maintenance of cellular integrity during basal conditions. Moreover, HSP may also
slow the aging process (L7).

The most abundant of the HSPs is the 70-KDa subfamily (HSP70), represented
in mammalian cells by several distinct proteins that exhibit both constitutive and
inducible forms. Acting as chaperonin in protein folding, unfolding, and transloca-
tion across membranes, HSP70 also recognizes and interacts with nascent protein
chains and forms complexes with malfolded proteins and plays a role in both the
anabolic and catabolic phases of their metabolism. The major stimulation of HSP
production is the intracellular accumulation of incomplete, damaged, or modified
proteins. Thus, age-related alteration in the ability of cells to express HSP70 in
response to stress could severely compromise the ability of a senescent organism
to respond to changes in its environment.

During the period of aging, posttranslational modified proteins and advanced
glycosylation end products, which accumulate in tissues, might chronically stim-
ulate HSP production, and affect the basal synthesis of this cell defense mech-
anism. In this regard, acutely induced HSP synthesis does decrease with aging.
However, since the effect of age on the basal expression of HSP70 had not previ-
ously been addressed, Maiello and associates (M3) studied the age-dependent basal



THE BIOCHEMISTRY OF AGING 25

HSP70 mRNA in rat kidney from young (2-3 months), adult (6—11 months), and
old (22-27 months) male rats by measuring steady-state levels of HSP70, gamma-
actin mRNA, rRNA, and pentosidines, a measure of posttranslational modified
proteins. The basal unstimulated results showed HSP70 mRNA was significantly
increased in both young and old rats compared with adults rats and pentosidine
levels increased progressively with age. The authors suggested that (a) different
mechanisms are responsible for increased HSP70 basal synthesis in both young
and old rats; (b) pentosidine accumulation chronically enhances HSP70 synthesis
in aged animals; and (c) decreased synthesis of other proteins accompanying HSP-
selective production might contribute to the impairment of specific cell functions
in aging cells.

Gutsmann-Conrad et al. (G15) recently studied the effects that in vitro cellular
senescence and cells cultured in vitro from young and old human donors have on
the ability of cells to regulate the expression of HSP70. Here, the ability of early
and late passage lung and skin fibroblasts and epidermal melanocytes obtained
from young and old human donors to express HSP 70 was determined after a brief
heat shock. Their results showed that the levels of HSP 70 protein and mRNA
were lower in late passage cells and cells from old donors compared with early
passage cells and cells from young donors. In addition, the binding activity of the
heat shock transcription factor (HSF1) was significantly higher in early passage
cells and cells from young donors compared to late passage cells and cells from
old donors. Moreover, HSF1 was decreased in late passage cells and cells from
old donors.

As is well established, the gaseous free radical nitric oxide (NO-; endothelium
relaxing factor) is a double-edged sword that can stimulate smooth muscle cell
(SMC) relaxation, resulting in vasodilation. It can also be cytotoxic, especially
by reacting with superoxide anion (O; ") to form the potent oxidant, peroxynitrite
(ONOO7). Xu et al. (X1), noting that HSP70 is augmented in arterial SMCs during
acute hypertension and atherosclerosis, demonstrated that NO- generated from sev-
eral sources [i.e., sodium nitroprusside (SNP), S-nitroso-N-acetylpenicillamine,
and spermine/NO- complex] led to HSP70 induction in cultured SMCs. Since in-
duction of HSP70 mRNA was associated with activation of HSF1, this suggests
that the response was regulated at the transcriptional level. Moreover, HSF1 acti-
vation was inhibited by hemoglobin, dithiothreitol, and cycloheximide, suggesting
that NO--induced protein damage and nascent polypeptide formation may initiate
the activation. Importantly, SMCs pretreated with heat shock (42°C for 30 min)
were protected from death induced by NO-.

As previously noted, caloric restriction (CR) is the only known effective ex-
perimental manipulation shown to retard the aging process. CR has also been
shown to alter various age-related processes. Moore and co-workers (M14) stud-
ied the effects of aging and CR on the ability of alveolar macrophages to produce
HSP70. Here, they isolated alveolar macrophages from young (4—6 months) and old
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TABLE 4
MaJOR AGE-ASSOCIATED
DiseasES/DISORDERS

Atherosclerosis

Cancer

Cataracts and macular degeneration
Diabetes mellitus

Immune system disorders
Neurodegenerative disorders
Neuroendocrine disorders
Nutritional deficiencies

(24-27 months) rats fed either ad libitum or a restricted diet (60% of ad libitum
diet). Although there was no age-related change in the number of cells recovered
from young and old rats on the ad libitum diet, the total number of macrophages
recovered from the CR animals was reduced. HSP70 was measured under two con-
ditions: in suspension and following cellular adherence to plastic culture plates.
The macrophages incubated at 37°C in suspension showed no detectable HSP70 ex-
pression; however, HSP70 expression was induced at 37°C when the macrophages
adhered to the plastic dishes. HSP70 levels were rapidly induced by heat shock
(43°Cfor 1 h) in cells cultured both in suspension and on plastic. HSP70 expression
did not change significantly with either age or CR in cells cultured in suspension.
On the other hand, HSP70 levels in cells adherent to plastic decreased about 70%
with age, and HSP70 induction was greater in macrophages isolated from CR rats.
HSP70 induction by heat shock also decreased with age in the adherent cells. CR
increased HSP70 expression three- to fourfold in adherent cells from both young
and old rats.

7. Age-Associated Diseases/Disorders

Although aging and disease are distinctly separate processes, aging predisposes
one to numerous diseases/disorders (Table 4). Several of the major age-related
diseases will be briefly discussed in the following sections.

7.1. ATHEROSCLEROSIS

7.1.1. Etiology/Pathogenesis

Atherosclerosis (“hardening of the arteries”) is clearly the most common disease
process leading to disability and death in the industrialized countries. That is, coro-
nary artery disease (CAD) was the number 1 cause of death in the United States,
while cerebrovascular disease (stroke and ischemic dementia) was the third major
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cause of death in 1995 (G16). In addition, common abnormalities in renal func-
tion tests, often inferred to be a result of “aging,” are also due to atherosclerosis
(arterionephrosclerosis).

The commonly recognized risk factors for atherosclerosis include increasing
age, sex (males > females until menopause, after which the incidence is simi-
lar), serum lipid levels (increased total cholesterol and low-density lipoprotein
cholesterol, decreased high-density lipoprotein cholesterol, etc.), diabetes melli-
tus, hypertension, and obesity. Other less well recognized but very important risk
factors include increased plasma homocysteine, fibrinogen, and coagulation fac-
tor VII; increased blood hematocrit, leukocyte count (increased neutrophils), and
C-reactive protein; and clinical depression.

Oxidative stress is now widely believed to be the major mechanism of athero-
genesis. Interestingly, it was demonstrated 47 years ago that atheromatous plaques
contain abundant lipoperoxides and other lipid peroxidation products (G9). More
recently, our understanding of this process was advanced when evidence was pro-
vided for significant free radical activity and the lipid oxidative modification hy-
pothesis was presented (P10). A subsequent study provided further evidence that
oxidatively modified low-density lipoproteins (LDL) play a major role in the for-
mation of the fatty streak, the earliest visible atherosclerotic lesion, and the sub-
sequent production of the atheroscelrotic plaque (S27). The proposed sequence,
which involves arterial endothelial and smooth muscle cells, as well as mono-
cytes/macrophages, is as follows (Q1, S25).

(a) Circulating monocytes are recruited by a chemotactic factor produced by
injured endothelial cells due to locally produced toxic oxidized LDL (ox-
LDL).

(b) The recruited monocytes migrate through the endothelium and engulf the
ox-LDL. Although monocytes/macrophages have LDL receptors, they take
up very little normal LDL, but ox-LDL is taken up rapidly via acetyl-LDL
receptors (scavenger receptors), leading to the formation of foam cells (as
early as 3—4 years to age).

(c) Ox-LDL is also toxic to the monocytes/macrophages; they lose their motility
and are unable to reenter the circulation.

(d) As ox-LDL increases, the arterial smooth muscle cells become activated,
enter the submucosa, and ingest ox-LDL and become foam cells. In time,
the foam cells progress to the fatty streak. The process continues with the
subsequent formation of fibrous/calcified plaques.

(e) Endothelial integrity is eventually lost due to cytotoxic ox-LDL. P-selectin
and von Willebrand factor may become exposed and trigger platelet activa-
tion, adhesion, and possible thrombosis.

Numerous subsequent reports further support this theory of atherosclerosis.
Thus, it has been demonstrated in both laboratory animals and humans that in vivo
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oxidation results in the modification of LDL (S26). Moreover, it was confirmed that
iron and copper can catalyze the oxidation of LDL in smooth muscle cells (H9). It
was also independently shown that LDL oxidation in vitro can be totally inhibited
by antioxidants and that LDL oxidation is dependent on the presence of catalytic
levels of iron or copper (M15, S28). Therefore, the oxidative process can be sig-
nificantly inhibited by metal chelation. Likewise, it was demonstrated in vitro that
oxidized LDL is cytotoxic to both endothelial and smooth muscle cells and that
the cytoxicity depends on LDL oxidation during cellular incubation (M15). Fur-
ther evidence was provided by several reports that showed an association between
plasma autoantibodies against oxidatively modified LDL and the progression of
CAD (P4, S2, M2). In addition, epitopes of the oxidatively modified LDL have
been detected in human arterial fatty streaks (Y3, Y4).

The oxidants responsible for initiating LDL oxidation have been under intense
investigation, and several possible mechanisms have been suggested. For example,
O, has been implicated as a major contributor to LDL oxidation mediated by
macrophages and smooth muscle cells (H8). Here, O," is converted to H,O5 by
SOD, which in turn is acted upon by a transition metal ion with the formation
of HO-. Another possible role for O;" is its reaction with NO- to form ONOO™,
which is capable of oxidizing lipids and sulfhydryl groups, even in the presence
of plasma antioxidants (V1). Moreover, in vitro studies have shown that ONOO™
can induce the formation of F,-isoprostanes, nonenzymatic products of the free
radical-catalyzed oxidation of arachidonic acid (M13).

Numerous experimental studies have provided strong evidence that various an-
tioxidants are antiatherogenic (P11, F13, J4, W15, V2). Representative of these
studies is arecent report (P18) in which the antiatherogenic effects of supplemental
vitamin E in rabbits were assessed in the presence of a high-cholesterol diet. Here,
levels of total cholesterol, LDL-cholesterol, HDL-cholesterol, VLDL-cholesterol,
triglycerides, and malondialdehyde (MDA), a product of lipid peroxidation, were
measured. In addition, each rabbit aorta was evaluated by gross and microscopic
examination, and MDA was measured in the aortic tissue. These parameters were
compared with nonsupplemented control animals. The study showed that the vita-
min E-supplemented rabbits had significantly lower blood and tissue MDA levels as
well as significantly decreased gross and microscopic aortic atheromatous changes
compared with the controls.

Several extensive human epidemiologic studies have also been published. For
example, two U.S. studies, one involving 87,245 female nurses (S23) and the other
38,910 male physicians (RS), both concluded that vitamin E supplementation was
directly associated with reduced risk for ischemic heart disease. In addition, Gey
and associates (G6) reported on a large cross-cultural European population which
differed sixfold in age-specific mortality from CAD. The data supported their
conclusions that this highly significant difference in CAD was primarily due to
increased plasma vitamin E levels in those with a relatively low incidence of
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CAD. Furthermore, atherosclerosis has long been associated with increasing age.
It is of importance to note here that Khalil ef al. (K11) reported increased LDL
susceptibility to oxidation by gamma-radiolysis with increasing age. Their results
indicated that the greater LDL oxidation susceptibility in old subjects compared
with a young group could be attributed to a fourfold lower LDL concentration of
vitamin E in the elderly.

There is an accumulating amount of information that some infections may be
linked to atherosclerotic disease. Infections may both augment atherogenesis and
contribute to later manifestations of overt clinical disease by facilitating plaque rup-
ture and thrombosis (D1). These workers presented data supporting the hypothesis
that Chlamydia pneumoniae, a gram-negative bacterium, may be a causative agent
for arterial disease. More recently, high titers of antibodies to C. pneumoniae have
been associated with a risk for future coronary and cerebrovascular diseases (F2).
This subject has been recently reviewed (M18). It should be noted that this theory,
if true, does not change the basic ox-LDL theory, since infectious agents stim-
ulate the inflammatory process which leads to increased numbers of neutrophils
and macrophages. The “respiratory burst” follows phagocytosis, resulting in the
formation of reactive oxygen species.

As a final note, an elevated plasma total homocysteine (tHcy) level is now
recognized as a major independent risk factor for coronary, cerebrovascular, and
peripheral vascular diseases. Although the mechanisms whereby tHcy induces
atherosclerosis are only partially understood, oxidative stress and endothelial in-
jury have been suggested. In this regard, F,-isoprostanes, a recently described class
of prostaglandin-like compounds, are produced by lipid peroxidation of arachi-
donic acid independent of cyclooxygenase (M17). Several additional studies have
added evidence that the measurement of plasma F;-isoprostanes is a reliable indica-
tor of lipid peroxidation in patients with atherosclerosis. More recently, Voutilainen
et al. (V5) tested the hypothesis that an elevated plasma tHcy concentration
is associated with enhanced lipid peroxidation in vivo as measured by plasma
F,-isoprostane concentrations. In short, their data clearly suggested that increased
fasting plasma tHcy levels is associated with enhanced in vivo lipid peroxidation.

7.2. NEOPLASIA

7.2.1. General Considerations/Etiology

Neoplasia is generally believed to result from one or more permanent cell
changes. Although a single mutational event may lead to malignant transfor-
mation, in most cases the process is a complex multifactorial process that can
broadly be categorized into five etiologic events: genetic, viral (e.g., oncogenes),
chemical (e.g., xenobiotics), physical (e.g., irradiation), and inflammatory (chronic
inflammation).
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The vast majority of malignant tumors arise during mid—late adulthood from a
complex interplay between genetic and environmental factors including life style,
nutrition, microorganisms, radiation, metals, etc. In broad terms, cancer develop-
ment involves several steps: initiation, promotion, and progression. Initiation is
an irreversible specific alteration in the DNA of a target cell. Promotion involves
the reversible stimulation of the expansion of the initiated cell or the reversible
alteration of gene expression in a cell or its progeny. Progression is characterized
by the development of aneuploidy and clonal variation in the tumor. In turn, these
result in tumor invasion and metastasis.

Cancer is a genetic disease that arises from an accumulation of mutations that
promote clonal cell selection with increasing aggressive behavior. The vast major-
ity of cancer mutations are somatic and found only in an individual’s cancer cells;
only about 1% of all cancers are due to an unmistakable cancer syndrome (F4).
However, mutations in several key genes can lead to neoplasia (V4). For exam-
ple, mutation in the tumor-suppressor gene p53 is present in about 50% of human
tumors. The p53 protein guards the check point of the cell cycle; its inactivation
results in uncontrolled cell proliferation. Other critical factors in tumorigenesis in-
clude (a) the rate of excision by DNA repair enzymes; (b) the rate of cell division;
and (c) defense systems (e.g., glutathione transferases protect DNA against muta-
gens; antioxidants prevent the formation of and/or neutralize free radicals) (AS8).

7.2.2. Oxyradicals and Cancer

There is now abundant compelling evidence that free radicals and other reactive
oxygen species (ROS) (e.g., singlet oxygen) are highly important factors in car-
cinogenesis. As noted earlier under “Antioxidants (Radical ‘Scavengers’)” Ames
and associates (A10) estimated that in every rat cell there are about 100,000 free
radical “hits” each day; in every human cell there are about 10,000/day. They noted
further that although DNA enzymes can repair most of the oxyradical-produced
lesions, there are still an estimated 2 million DNA lesions/cell in old rats (2 years)
and about 1 million lesions/cell in young adult rats. Moreover, ROS result in the
production of over 30 different DNA adducts, excluding protein and lipid addition
products, as well as inter- and intrastrand cross-links (F5). DNA damage from
free radicals and lipid peroxidation has been attributed to the following: (a) the
action of free radicals produced from the decomposition of peroxidized lipids; (b)
lipid hydroperoxides; (c) carbonyl derivatives; and (d) through a second messenger
resulting in clastogenic activity.

Floyd et al. (F8a) were the first to present in vitro evidence for DNA al-
terations by a free radical-generating tumor promotor when they showed that
8-hydroxyguanine was a product of oxidatively damaged DNA.

Guanine + HO* — 8-hydroxyguanine

This finding has now been repeatedly confirmed, and numerous subsequent studies
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have added additional support for the carcinogenic effects of ROS (KS5, K6,
C5). Normally, guanine pairs with cytosine during DNA replication. However,
8-hydroxyguanine may pair instead with adenine, which results ina G— T transver-
sion. Furthermore, misincorporation of 8-hydroxyguanine as substrate causes
A—C substitution (C8). This reaction is believed to be mutagenic and may be
responsible for tumorigenesis induced by DNA-damaging ROS (C8, W16). Ad-
ditional recent reviews of oxidative stress and carcinogenesis have been pub-
lished (A9, C7, G17, B3, K15).

7.2.3. Diet

Doll and Peto (D10) attributed about 35% of all cancer deaths in the United States
to diet, both undernutriton (vitamin and mineral deficiencies) and overnutrition
(obesity). More recently, Willett (W11) estimated this figure to be someplace
between 20% and 40%. Overnutrition has repeatedly been shown to be a major
risk factor for malignancy (P8). More specifically, one of many examples was that
of Huang and associates (H15), who reported that women with a body mass index
>31 kg/m? and/or recent weight gain were at significant risk for breast cancer. Tang
et al. (T2) reported that the incidence of colon and mammary cancers increased
rapidly when the dietary fat level increased from 15% to 30% of total calories.
Similarly, an increased cancer risk has been reported in meat eaters (increased
fat content) compared with vegetarians (T6). Others showed a direct correlation
between fat intake and the development of prostatic carcinoma (G1). More specif-
ically, this study found that those with increased plasma levels of alpha-linolenic
acid (from animal fat) had a two- to threefold increase in risk for prostatic carci-
noma compared with those whose levels were in the lowest quartile.

Conversely, caloric restriction has been shown to retard the onset of several
age-related malignancies, including leukemia in rodents (M1). In addition, Chung
et al. (C11) demonstrated that dietary restriction significantly reduces both mito-
chondrial and nuclear DNA damage, as shown by a reduction in the production of
8-hydroxydeoxyguanosine in caloric-restricted rats. Although protein restriction
has not been well studied, it apears to have the same effects (H14). In addition,
decreased mitotic activity was noted in various tissues in dietary-restricted rodents
compared to those fed ad libitum (L9, H11), a finding that presumably contributes
to the decreased cancer incidence by preferentially enhancing apoptosis in pre-
neoplastic cells (G14).

Numerous studies have demonstrated an inverse correlation between cancer
rates and dietary intake of various antioxidants (foods rich in vitamins C and E,
beta-carotene, lycopene, etc.) (C13, G5, E3, P2, H10, YS5). For example, a recent
review (G8) showed a consistently lower risk of developing a variety of cancers in
those with a higher consumption of tomatoes and tomato-based products (rich in
lycopene, a potent carotenoid antioxidant), adding further support for the current
recommendations to increase the consumption of fruits and vegetables. In addition



32 JOSEPH A. KNIGHT

to these studies, numerous others have shown a protective effect of antioxidants
against cancer. Thus, Block (B10) reported that of 46 studies, 33 showed a sig-
nificant protective effect of antioxidants against various cancers. In addition, Blot
et al. (B11), in a study involving 30,000 Chinese, noted a significant decrease
in esophageal and gastric cancers in participants supplemented with vitamin E,
beta-carotene, and selenium compared with the nonsupplemented control group.
Moreover, over 55 published reports demonstrated a reduced incidence of exper-
imental cancer in laboratory animals supplemented with selenium (a component
of glutathione peroxidase). Furthermore, reports from both Finland (S1) and the
United States (W12) showed that selenium was important in reducing human
mammary, prostate, and colon cancers.

7.2.4. Smoking

The abuse of tobacco is the single most important risk factor for cancer and
several other diseases. It contributes to about one-third of cancer cases, one-fourth
of coronary artery disease, and an estimated 400,000 premature deaths each year
in the United States (D10, P14). Smoking is a major risk factor not only for lung
cancer, but for mouth, larynx, kidney, urinary bladder, esophagus, stomach, and
pancreas cancers (A8).

Although the carcinogenic mechanism(s) of smoking is not fully understood,
there is abundant evidence that free radicals are very important, along with other
mutagens and rodent carcinogens. Cigarette smoke reportedly results in the for-
mation of “more than a billion oxyradicals in each puff” (B12). As a result, it is
not surprising that to achieve normal ascorbic acid blood levels, a smoker must
ingest two to three times the normal intake (S7).

7.2.5. Hormones

Hormones are reportedly associated with a group of malignant tumors that
comprised almost one-third of new cancer cases in 1990 (H13). The major tumors
were endometrial, breast, prostate, and ovarian.

Endometrial cells divide in response to estrogen. Thus, it is not surprising that
increased cancer risks of 10- to 20-fold have been reported following long-term
exogeneous estrogen use (J5). Epithelial breast cells also proliferate in response
to estrogens; the simultaneous presence of progesterone further increases the rate
of cell division, thereby further increasing the rate of mammary cancer (H13).
Conversely, exercise may decrease the incidence of breast cancer, presumably by
its negative effect on hormone levels (B6).

Ovarian cancer is believed to develop primarily from the surface epithelial
cells, which proliferate to cover the exposed surface following ovulation. As a
result, factors which prevent ovulation (i.e., increasing numbers of live births, in-
complete pregnancies, use of oral contraceptives) are protective against ovarian
carcinoma.
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Although prostatic cancer is widely regarded as being related to androgens, few
studies have been reported. To complicate the matter, no definitive reproducible
hormone markers are present in males. Nevertheless, testosterone administration
has been reported to produce prostatic cancer in rats (N10). More recently, serum
testosterone and estrogen levels in black males have been shown to be significantly
higher than in white males, a finding that is presumed to account for the approx-
imate twofold higher incidence of protaste cancer in black men compared with
white men (R7).

7.2.6. Inflammation

The association of chronic inflammation with malignant diseases has been
known for over a century (T9). Inflammatory cells produce large quantities of re-
active oxygen species (ROS) during the respiratory burst; these ROS are generally
considered to be carcinogenic (see later discussion). In their review of this topic,
Weitzman and Gordon (W7) emphasized the following significant points: (a) DNA
strand breaks rapidly develop in target cells exposed to either activated neutrophils
or H,O,; (b) neutrophils and macrophages readily produce mutations in both bac-
teria and mammalian cells; (c) nontransformed C3H mouse fibroblast cell line,
when exposed to neutropils, H,O,, or a cell-free enzymatic oxyradical-generating
system (e.g., xanthine oxidase plus hypoxanthine), undergoes malignant transfor-
mation in tissue culture; (d) sister chromatid exchanges in Chinese hamster ovary
cells were produced when exposed to activated phagocytes from normal donors
but not in those exposed to phagocytes from patients with chronic granulomatous
disease (their phagocytes are unable to undergo the respiratory burst and produce
ROS); and (e) phagocytic activation can replace the mixed-function oxidase sys-
tem (cytochrome P450 oxidases) to convert polycyclic aromatic hydrocarbons into
potent carcinogens. Of further interest here is the recent report that nitric oxide
(NO*), produced by macrophages, can stimulate mutations in the X-linked hprt
gene (Z2).

7.2.77. Heredity

Heredity is primarily important in tumors that affect children and young adults.
Although heredity presumably affects one’s susceptibility to some cancers, its full
extent is not known. Rather, current knowledge indicates that noninherited factors
are of primary importance in most malignancies. For example, hereditary factors
are important in only about 10% of breast cancers (W4). Similarly, more than
90% of colorectal carcinoma cases are considered to arise sporadically, with no
identifiable genetic link (B14). Moreover, Fredrikson et al. (F12) investigated p53
gene mutations and colorectal cancer; there was no familial association. Others
also reported that heredity plays a minor role in renal cell (S8) and lung (B13)
cancers.
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7.2.8. Miscellaneous Factors

In addition to the major etiologic causes of cancer described above, up to 20% of
malignancies are caused by various infectious agents (viruses, bacteria, parasites),
drugs, ultraviolet light, X-irradiation, and various environmental agents (ozone,
radon gas, asbestos, and transition metals such as nickel and cadmium, among
others). In addition, polluted air contains nitrogen oxide and ozone, which bring
about the production of a wide variety of ROS.

7.3. CATARACTS AND MACULAR DEGENERATION

Ultraviolet light and lonizing radiation homolytically split water to form the
hydroxyl radical and hydrogen.

radiation/UV
H,O —— HO- + H-

As aresult, the lens and macula are prone to damage, especially without adequate
eye protection. In addition to appropriate external protection (e.g., sunglasses),
the eye requires an efficient internal antioxidant system. In this regard, Galileo
apparently became blind after repeatedly observing the sun. Centuries later, in
1912, an estimated 3500 Germans suffered visual impairment after watching a
solar eclipse.

The retinal lesions caused by direct visual sun exposure are similar to those
caused by less direct ultraviolet light, as well as by mild but repeated solar interac-
tions over many years, which occur in many of the elderly. In addition, the recent
diminishing level of atmospheric ozone may add to these problems, especially in
the future if its concentration continues to diminish. Moreover, numerous drugs, in-
cluding phenothiazines, tetracycline, and allopurinol, are photosensitizers, which
may further add to the problem in some individuals.

The macula is particularly prone to direct light exposure in comparison to the
more peripheral eye regions. Here, the metabolically active photoreceptor cells
mediate light transduction into neuronal impulses. In addition, their cell mem-
branes have the highest polyunsaturated fatty acid concentration of any known
tissue (G4). Furthermore, retinal oxygen turnover is very high and its cellular
mitochondria are abundant. Hence, the combination of light radiation, high mi-
tochondrial concentration, and abundant polyunsaturated fatty acids makes the
macula highly susceptible to free radical damage, especially via lipid peroxida-
tion (G4). Further indirect evidence supporting a role for oxyradicals is that the
concentration of lipofuscin (“age pigment”), a product of lipid peroxidation, is
very high in age-related macular degeneration (K7, Y6). In addition, zinc, an
important antioxidant (see below under immunity), has recently been shown to
protect cultured human retinal pigment epithelial cells against oxidative damage
(T3).
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Cataract is the world’s leading cause of visual impairment. As such, it is not
surprising that cataract surgery is the most common surgical procedure performed
in the United States. There is considerable evidence supporting a primary role for
free radicals in the oxidation of lens proteins. Thus, deficiencies of vitamins C and
E and the carotenoids have been linked to an increased incidence of cataracts. For
example, Seddon and associates (S11) studied 22,071 adult men and reported that
those who regularly took multivitamin supplements had a significantly decreased
risk for cataract formation. Similarly, Jaques and Chylack (J2) found that defi-
ciencies of both vitamin C and the carotenoids, and possibly vitamin E, are risk
factors for senile cataract. Garland (G2) emphasized that vitamin C is protective
against oxidative lens damage, “particularly photo-induced damage.” Moreover,
quercetin, an efficient flavonoid antioxidant, was recently shown to inhibit H,O,-
induced oxidation of rat lens (S3). Several epidemiologic reviews showing a strong
inverse relationship between the dietary intake of various antioxidants and cataract
formation have been reported (G4, S11, J2, G2).

7.4. IMMUNITY, AGING, AND NUTRITION

As noted earlier in this chapter, a decline in immune function has long been
recognized with increasing age. Thus, older individuals are more susceptible to
a variety of infectious disorders as well as various diseases, including amyloido-
sis, chronic lymphocytic leukemia, lymphoma, various forms of epithelial cancer,
and autoimmune phenomena. More specifically, aging is associated with a de-
crease in the total number of lymphocytes and T-cell subsets (e.g., CD3", CD4t,
CD8™) and a decreased mitogen response to concanavalin A and phytohemag-
glutinin (W10). In addition, there is a decrease in the number and percentage of
suppressor/cytotoxic cells (N1). Studies in mice suggest that the common underly-
ing element here is impaired production of interleukin-2 (IL-2) (TS5), an essential
growth factor for maintaining T-cell proliferation. Decreased IL-2 has also been
reported in aged humans (G7). There is also considerable clinical evidence that
both T- and B-cell activities are significantly related to the effects of oxidative
stress. Several examples will be given.

As noted previously, Zn has an important role in numerous critical biochemical
processes, including immunity. In addition to the positive effects of Zn supple-
mentation, various antioxidant vitamins have been shown to stimulate the immune
system. Thus, supplementation of elderly individuals with a combination of vita-
mins A, C, and E showed significant improvement in the following cell-mediated
responses (P12): (a) increased total number of circulating T-cells; (b) increased
the number of helper (CD4%) T-cells; (c) increased helper-to-cytotoxic cell ratio
(CD4* to CD8V); and (d) increased total number of lymphocytes in response to
phytohemagglutinin. Others (M12), in a double-blind, placebo-controlled study
of an elderly group supplemented with vitamin E, demonstrated: (a) increased
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positive antigen response to delayed-type hypersensitivity skin test; (b) increased
IL-2 levels; (c) increased mutagenic response to concanavalin A; (d) decreased
synthesis of prostaglandin E,; and (e) decreased plasma lipoperoxide levels.

In addition to these and numerous other studies involving vitamins C and E,
and the carotenoids, Chandra (C6) studied a large group of independently liv-
ing, healthy older people who were randomly assigned to receive placebo or
a multivitamin—mineral supplement for 12 months. Compared with the placebo
group, the supplemented individuals demonstrated: (a) increased T-cell subsets;
(b) increased number of natural killer cells; (c) increased killer cell activity;
(d) increased IL-2 levels; (e) improved antibody response to an antigenic stumulus;
and (f) decreased number of infectious sick days during the year.

Immunity is also influenced to some extent by the endocrine system. Thus, as
noted previously, mice remain immunologically normal during aging if they are
supplemented with dehydroepiandrosterone sulfate (D2).

7.5. NEURODEGENERATIVE DISORDERS

Our understanding of the basic causal factors of the age-related cognitive and
motor function impairments has been relatively rudimentary. However, numerous
recent studies suggest that our understanding of these disorders is rapidly accel-
erating. In this regard, numerous recent reports suggest that the oxidative effects
of free radicals may be important in several of these diseases. As noted in a recent
review (K14), the central nervous system (CNS) is vulnerable to oxidative stress
for the following reasons: (a) relative to its size, the metabolic rate is high in com-
parison to other tissues; (b) the levels of natural critical antioxidants (e.g., GSH)
and protective enzymes (Cat, GPx, SOD) are relatively low; (c) the endogenous
generation of ROS via several specific chemical reactions is possible; (d) levels of
polyunsaturated fatty acids (C22:6; C:20:4) are relatively high; (¢) CNS neuronal
cells are nonreplicating, and once damaged, they may remain dysfunctional; and
(f) the CNS neural network is readily disrupted.

Although there are several biochemical mechanisms whereby various reactive
oxygen species (ROS) can be generated, evidence for their role in CNS disorders
is generally indirect, as briefly outlined here.

1. Increased lipid peroxidation (LP), as determined by the measurement of thio-
barbituric acid reactive substances (TBARS), is significantly elevated in various
CNS regions of aging rats compared with young rats (R2).

2. The brain has only moderate activity levels of SOD and GPx and very low
Cat activity (C12). Furthermore, the lower cerebral cortex, striatum, thalamus,
hippocampus, and cerebellum have low GSH levels (R2).

3. Brain homogenates rapidly undergo peroxidation. Using ox-brain, LP can be
inhibited by several iron-chelating agents (S29). In addition, vitamin E prevents
oxidative damage to lymphocyte and brain band 3 proteins during aging (P17).
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TABLE 5
NEURODEGENERATIVE DISORDERS AND
OXIDATIVE STRESS

Amyotrophic lateral sclerosis (Lou Gehrig’s disease)
Alzheimer’s disease

Down’s syndrome

Ischemia/reperfusion injury

Mitochondrial DNA disorders

Multiple sclerosis

Parkinson’s disease

4. The substantia nigra and globus pallidus are rich in iron; yet cerebrospinal
fluid has very little iron-binding capacity (H2). Moreover, any injury to the CNS
may resultin the release of iron, which by Fenton/Haber-Weiss chemistry, catalyzes
free radical production. Iron has also been shown to accelerate the production of
CNS lipofuscin (increased in Alzheimer’s disease), while various antioxidants
(vitamin E, GSH, selenium) reduce its concentration (ES5).

5. Phagocytes, when activated, greatly increase their oxygen uptake with the
production of O, and subsequent production of H,O, and hypochlorous acid. In
addition, glial cells generate NO-, which can react with O, to produce ONOO™,
a potent oxidant. NO- also reacts with proteins to produce nitrotyrosines (J3).

A brief discussion of Parkinson’s disease will serve as an example for the role
of ROS in various other neurodegenerative diseases (Table 5).

7.5.1. Parkinson’s Disease

Parkinson’s disease (PD), also known as paralysis agitans, is a progressive neu-
rodegenerative disorder which increases in frequency after the age of 50 years.
PD is characterized by a stooped posture, slowness of voluntary movement, pro-
gressively shortened but accelerated gait, rigidity, an expressionless facies, and
occasionally a “pill-rolling” tremor. Pathologically, the only gross finding is pal-
lor of the substantia nigra and locus ceruleus. Microscopically, these areas show a
loss of pigmented neurons; Lewy bodies (eosinophilic intracytoplasmic inclusions)
may be present in some of the remaining neurons.

The major clinical disturbances in PD are a result of dopamine depletion in the
corpus striatum, resulting from neuronal loss in the substantia nigra. This decrease
in dopamine production is the result of severe degeneration of the dopaminer-
gic nigro-striatal pathway. Although the neurochemical and physiologic effects of
decreased dopamine levels are well known, little information regarding the un-
derlying cause of cell death or the mechanism by which these cells degenerate
is known. Several theories (P15) have been proposed, including the following in
which PD is (a) the result of a random process; (b) secondary to defective DNA
repair mechanisms; (c) due to a specific genetic defect; (d) secondary to a viral
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Oxidative Damage

an
Lipid Peroxidation

Mitochondria

Fic. 3. Suggested schematic pathways involved in dopaminergic neurons CAT, catalase; GPx, glu-
tathione peroxidase; GR, glutathione reductase; MAO, monoamine oxidase; SOD, superoxide dismu-
tase; GSH and GSSG, reduced and oxidized glutathione, respectively; O3 ™, superoxide; HOe, hydroxyl
radical; HyO,, hydrogen peroxide. (After P15.)

disorder; (e) due to a lack of a neurotrophic hormone; and (f) triggered by toxic
compounds present in the environment. Although each of these hypotheses acounts
for some of the abnormalities present in PD, none completely explains the cascade
of events responsible for the initiation of PD, nor do any identify its cause. Rather,
the pathogenesis of cell damage is very complex and involves several steps, each of
which contributes to eventual cell death and decreased dopamine production (B1).

A wide variety of studies support a role for free radicals in PD. Thus, poly-
unsaturated fatty acid levels are reduced in the substantia nigra of patients dying
of PD compared to other brain regions and to control tissue (Dexter et al., 1989).
Furthermore, basal malondialdehyde, a product of LP, is increased in parkinsonian
nigra compared with other parkinsonian brain regions and corresponding control
tissue. This study suggests that increased LP continues in the substantia nigra up
to the time of death in those with PD owing to increased oxidative stress. Hence,
the capacity to prevent the formation of or to neutralize free radicals after they are
formed appears to be decreased in PD patients.

Figure 3 is a schematic representation of the major antioxidant systems in
dopaminergic neurons.

7.5.1.1. Antioxidant Enzymes. Reports indicate that CNS catalase activity is
very poot, and only moderate amounts of GPx and SOD are present (C12, H2).
Since the copper—zinc SOD gene is preferentially expressed in the neuromelanin-
containing neurons within the substantia nigra, these cells may be particularly
vulnerable to oxidative stress and require a high SOD content to facilitate removal
of superoxide radicals. Others have also reported that SOD and GPx levels are
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further decreased in PD (A7, P13). Hence, elevated concentrations of hydrogen
peroxide are presumably present in PD, thereby providing substrate for hydroxyl
free radical formation via iron catalysis.

Itis also of considerable interest that NADH-ubiquinone reductase (Complex 1)
is reported to be significantly reduced in the substantia nigra of PD patients (S6).
Importantly, this biochemical defect is the same as that produced in animal models
by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (see below).

7.5.1.2. Iron Storage and Iron-Binding Proteins. Iron levels in the human brain
are normally low at birth and increase rapidly over the next two or three decades,
after which there is minimal further accumulation (H1). However, an increase
of 31-35% in iron content in parkinsonian substantia nigra, compared to control
tissue, has been reported (D8). This suggests that excessive free radicals may be
produced in this brain region, thereby leading to the death of dopamine-producing
cells. Furthermore, antioxidant enzymes and iron-binding proteins are normally
very low in cerebrospinal fluid, further suggesting the possibility of increased
metal-catalyzed hydroxyl radical production (C12).

7.5.1.3. Glutathione (GSH) Tissue Levels. Amino acid analysis of autopsied
human brain showed that GSH levels are significantly lower in the substantia nigra
than in other regions of the brain and is virtually absent in the substantia nigra of PD
patients (P13). More recently, Sian and associates (S13) confirmed the decreased
GSH levels of PD patients (40% less than control subjects). Conversely, oxidized
glutathione (GSSG) was marginally increased. These latter authors concluded that
the altered GSH/GSSG ratio in the nigra is consistent with the concept of significant
oxidative damage in the pathogenesis of nigral neuronal death. Moreover, increased
GSSG levels may be toxic (H2).

7.5.1.4. Increased Dopamine Turnover. Dopamine is normally stored in vesi-
cles, where it is nonreactive. However, when released into the cytosol, it is metab-
olized in the mitochondria, primarily by type B monoamine oxidase (MAODb) to
form H,O,.

MAO
Dopamine 4 O, + H,O — 3,4-dihydroxyphenylacetaldehyde + H,O, 4+ NHj3

If dopamine turnover is increased, it may result in higher cytosolic levels and
increased H,O, concentrations. In this regard, the drug reserpine has been shown to
increase dopamine release from the storage vesicles (S22). Furthermore, incubation
of striatal synaptosomes with L-dopa, either with or without reserpine, resulted in
increased levels of GSSG, suggesting increased H,O, production and utilization
of GSH in the presence of glutathione peroxidase (S21).

Dopaminergic neurons contain neuromelanin, a pigment composed of lipofus-
cin along with a complex mixture of polymers of the various catecholamines,
metal ions, cysteine, and possibly other substances (A4). This waste pigment is
presumed to be derived from the oxidation of dopamine and other catecholamines
to produce quinones, semiquinones, and quinhydrones, some of which undergo
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further oxidation to produce H,O, (G13). These studies support the dopamine
turnover theory, since the cells with the highest dopamine turnover have the high-
est cytosolic dopamaine levels and thereby produce the most neuromelanin.
7.5.1.5. Environmental Toxins. Several substances have been shown to pro-
duce a Parkinson’s-like syndrome. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), a by-product of various meperidine derivatives, has received consider-
able attention since the report by Langston et al. (L4). This neurotoxin has been
studied in animal models and found to selectively destroy the dopaminergic sub-
stantia nigra. Further studies showed the MPTP was converted by MAOD to the
toxic 1-methyl-4-phenylpyridinium cation (MPP™"). Following reduction by P450
reductase, the MPP free radical is formed, which reduces oxygen to O * (A4).

MPP* + ¢~ — MPP- + O, - MPP* + 05"

MPTP toxicity has also been reported to be significantly increased by vitamin E
deficiency (Ola). In addition, MPTP induces lipid peroxidation in the substan-
tia nigra in vitamin E-deficient mice (AS5); pretreatment with an MAO inhibitor
prior to MPTP administration is protective from its parkinsonian-inducing effect
(S16).

Oxidative stress has also been implicated in the potential neurotoxic effect of
manganese (Mn). Thus, intoxication was first reported in miners involved in the
extraction and processing of Mn (C19). Chronic Mn exposure was subsequently
shown to produce a nonreversible PD-like syndrome (C17). Evidence suggests a
free radical mechanism, since Mn has been shown to potentiate dopamine oxidation
in vitro with the production of oxyradicals (D11). Furthermore, the accumulation
of a dark pigment in the neurons of the caudate nucleus, which are normally
melanin-free, is also suggestive of increased dopamine oxidation (C1). Mn also
catalyzes the formation of HO® from H,0, produced during dopamine oxidation
by MAO or Mn?*,

7.5.1.6. Therapeutic Supplementation. If oxidative stress is involved in the
pathogenesis of PD, then nonenzymatic CNS antioxidant defenses are of impor-
tance. Hence, therapeutic treatment with an oxidase inhibitor (e.g., deprenyl or
selegiline; phenylisopropylmethylpropynylamine) and/or supplementation with
vitamin E should slow disease progression. In this regard, uncontrolled studies
suggest that these therapies may indeed be helpful in PD (F3, G10) and thereby
extend the lives of these patients (B9). Indeed, a more recent multicenter study
demonstrated the efficacy of deprenyl in reducing the rate of PD progression (P9).

7.6. NEUROENDOCRINE DISORDERS

Since various neuroendocrine abnormalities increase with age, the neuroen-
docrine aging theory has received considerable attention. Nevertheless, some of
these abnormalities are secondary phenomena, and others are due to disorders
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which are readily controlled by hormone supplementation. As a result, it is often
difficult to know which are age-dependent and which are due to secondary factors.

7.6.1. Diabetes Mellitus

Non-insulin-dependent diabetes mellitus (NIDDM), also known as “late-onset”
or type II diabetes, affects over 12 million Americans, only about half of whom
are aware of their disease (H6). Importantly, most diabetics have the disease for
4 -7 years before it is diagnosed. About 50% of men and women aged 65-74 years
demonstrate glucose intolerance (i.e., increased glucose levels but below that re-
quired for a definitive diagnosis); about 20% of these have NIDDM (C3, B16).
NIDDM is a major cause of cardiovascular disease, stroke, renal failure, and blind-
ness; it is also associated with accelerated aging.

Glucose tolerance is determined by the balance between insulin secretion and
insulin action. The impairment of glucose tolerance in the elderly, known since
the early 1920s (S20), generally begins in the third to fourth decade of life and
continues throughout adulthood. Decreased glucose tolerance in response to a glu-
cose challenge is characterized by a peak level of 10-14 mg/dl (0.6-0.8 mmol/l)
per decade of life (J1). However, the fasting serum glucose is essentially un-
changed with age, increasing no more than 1-2 mg/dl (0.06-0.11 mmol/l) per
decade (Fig. 4). Figure 4 reveals several important points regarding glucose ab-
sorption and utilization with respect to age in normal people: (a) fasting serum
glucose levels are minimally affected by age; (b) during the first 30 min the slope
is similar for all ages, suggesting that absorption is unaffected by age; (c) glucose
disposal (cell entry after about 75 min) is similar for all ages (lines are parallel); and
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(d) glucose levels peak at 50—75 min after oral glucose intake; serum levels increase
10-14 mg/dl per decade. Importantly, plasma insulin levels are also significantly
higher than normal with increasing age; hence, the cells become insulin-resistant
and glucose entry is slowed.

Is glucose intolerance secondary to aging, or to other factors such as heredity,
obesity, inactivity, drug usage, concurrent disease, or a combination of these fac-
tors? Without question, family history and obesity have been repeatedly shown to
be strong predisposing factors for NIDDM (Y2). In addition, increasing age and
physical activity are risk factors for increased insulin resistance (B2), as is cigarette
smoking (F1). A recent study examined familial and environmental variables as-
sociated with increased insulin levels in healthy premenopausal women (W14).
Here, plasma insulin levels were related to weight, activity level, race, body fat
distribution, and weight gain after age 20. They noted that increased plasma in-
sulin levels were particularly related to weight gain. Numerous studies support
the concept that insulin resistance precedes NIDDM. For example, Martin et al.
(MB8) studied 155 offspring of diabetic subjects for 6-25 years and found that those
who eventually developed NIDDM were more insulin-resistant than those whose
glucose levels remained normal. Moreover, in most cases insulin resistance began
more than a decade before hyperglycemia developed.

The Baltimore Longitudinal Study on Aging (S12) studied 743 healthy men
and women aged 17-92 years. They measured the body mass index, percentage
body fat, physical activity, and calculated the maximum oxygen consumption. As
indices of body fat distribution, the waist—hip ratio and subscapular triceps skinfold
ratio were calculated. They concluded that (a) the differences between young (17—
39 years) and middle-aged (40-59 years) groups were not significant, but the
difference between these two groups and the elderly (60-92 years) were; and (b)
fitness, fatness, and fat distribution accounted for the decline in glucose tolerance
in the young and middle-aged groups; age remained a significant factor for further
glucose intolerance in those 60 years and older. Others (P1) reported, however,
no age-related changes in tissue insulin sensitivity or pancreatic beta-cell activity.
These authors concluded that “age per se does not contribute to the deterioration of
glucose tolerance when the insurgence of other age-related variables, eg, obesity,
and physical activity, is precluded.” Moreover, Helmrich and associates (H12)
emphasized that increased physical activity had the greatest protective effect on
those with the greatest risk, namely, the overweight and those with a family history
of NIDDM. They also noted that physical activity (a) increases muscle mass; (b)
retards fat accumulation; (c) lowers blood pressure; (d) opens blood vessels and
speeds blood transit; (e) increases tissue insulin sensitivity; (f) lowers plasma
insulin levels; and (g) lowers blood glucose levels. This and other reports (P3)
emphasize that insulin resistance is related to decreased numbers of insulin cell
receptors. Importantly, they noted that physical activity stimulates the production
of insulin receptors. As a result, insulin sensitivity is increased and both plasma
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insulin and glucose levels decrease. Two large epidemiologic studies also showed
an inverse relationship between physical activity and NIDDM (M4, M5).

Although the basic pathogenesis of diabetes is not well understood, there is in-
creasing evidence that free radicals are involved. For example, early studies showed
that plasma lipid peroxide levels are consistently elevated in diabetic compared
with nondiabetic (N9, S5) patients with NIDDM also have higher levels of plasma
TBARS and conjugated dienes than normal (C15). In addition, NIDDM patients
with retinopathy have increased plasma levels of TBARS (U1). Moreover, neu-
trophils from diabetics contain significantly higher levels of O," due to their
decreased SOD activity (N4). Numerous other studies have been published on this
topic, and it has been recently reviewed (K15).

7.6.2. Pituitary Hormones

Numerous studies have shown that pituitary function is negatively affected with
aging. Although the causal relationship between aging and pituitary function is
obscure, the production of various hormones, including growth hormone (GH),
adrenocorticotropic hormone (ACTH), prolactin, and gonadotropins, decreases
with advancing age.

The anterior pituitary releases GH in 6 to 8 pulsatile bursts over a 24 h period;
the major portion is released just prior to deep sleep. Its secretion is controlled
by hypothalamic peptides; GH-releasing hormone stimulates GH secretion, while
somatostatin inhibits it. GH stimulates the synthesis of insulin-like growth factor-1
(IGF-1; somatomedin C) mainly, but not solely, in the liver. GH and IGF-1 receptors
are widely scattered throughout the body, and both hormones exert important
metabolic actions in various tissues, especially muscle and bone.

By 35-40 years of age, everyone begins to undergo progressive changes in
body composition, including expansion of adipose tissue, decrease in lean muscle
mass, and organ atrophy. The changes have been considered unavoidable and a
natural part of aging. However, recent reports suggest that reduced availability
of GH in late adulthood may contribute to these changes, since its concentration
begins to decline in some as early as age 30 years and in most by age 50. Thus,
about 70-80% of older people have reduced serum levels of IGF-1 (R8a) and
essentially all elderly men and women have decreased GH levels compared with
young adults (Z1). However, the current availability of recombinant GH may result
in successful therapy in some individuals, especially the chronically malnourished
and possibly those who are physically inactive.

Kaiser and associates (K3) reported that GH treatment in individuals with low
GH blood levels improves caloric intake, increases muscle and bone mass and
bone density, decreases fat tissue, increases the basal metabolic rate, thickens the
skin, and improves the immune system. Rudman et al. (R8) studied the effects of
supplemental GH on men 61-81 years of age with plasma IGF-1 levels less than
350 Ulliter (reference values for young adult males are about 500-1500 U/liter).
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The men were divided into two groups, one receiving 0.03 mg of GH/kg body
weight three times a week for 6 months; the other group was not treated and
served as controls. The group receiving GH increased their plasma IGF-1 levels
to the young-adult range, increased the mean lean body mass by 8.89%, and de-
creased the adipose tissue mass by 7.1%; the control group remained at less than
350 Ulliter, and there were no physical changes. Importantly, it has been empha-
sized that before widespread use of GH is accepted, the possibility of increased
cancer rates, hypertension, arthralgia, acromegaly, or other disorders must be more
fully investigated (E2). The relationship of GH to aging, nutrition, and its possible
use in the frail elderly has been reviewed (K2).

7.6.3. Gonadal Hormones

7.6.3.1. Androgens. The androgens are a group of C-19 steroid hormones that
exert a profound influence on the male genital tract. They are involved with the
development and maintainance of secondary male characteristics—deepening of
the voice at puberty, beard growth, sexual drive, body strength, and muscle and bone
development. Although the adrenal glands secrete a small amount of testosterone,
this hormone is primarily produced in the testes. Healthy males aged 20-30 years
have plasma testosterone levels of 480-1270 ng/dl (Al). Using this reference
interval, about 85% of “healthy” elderly men over 60 years are hypogonadal (R9).

Although estrogens are well known to be important in the pathogeneis of os-
teoporosis in women, the effect of testosterone on osteoporosis in men is less
well studied. However, Stanley et al. (S24) reported a significant relationship be-
tween reduced plasma testosterone levels in elderly men and the occcurrence of
minimal-trauma hip fractures. Others (M16) reported that elderly men supple-
mented with testosterone had increased right-hand muscle strength, osteocalcin
levels, and hematocrit compared with the pretreatment data. Although these pre-
liminary results suggest that testosterone replacement may have some positive
effects, there are several possible negative effects: fluid retention, behavior disor-
ders, prostatic hypertrophy, and cancer (R9). In addition, testosterone therapy may
produce polycythemia, resulting in increased blood viscosity, stagnant blood flow,
and vascular occlusion (K19).

7.6.3.2. Estrogens. The somatotropic axis in aging women declines in the
same manner as in older men. Moreover, the favorable effects of GH on hyposo-
matotropic young adults with regard to muscle function, body composition, and
quality of life are gender-neutral (R9). Although the major ovarian hormone is
estradiol, estriol and 2-hydroxyestrone are also produced in significant amounts
(over 30 estrogens have been identified). In addition, small quantities of estrogens
are produced in the adrenals and testes.

The major clinical effects of estrogen deficiency are coronary heart disease and
osteoporosis. Estrogen supplements in postmenopausal women have been directed
mainly at slowing the process of osteoporosis. Nevertheless, atherosclerotic heart
disease is the leading cause of death in women, accounting for more than 30%
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of deaths. It is also important to note that atherosclerotic cerebrovascular disease
is the third leading cause of death. In this regard, women supplemented with
estrogens have half the risk of acute myocardial infarction as women not taking
the hormone (S4). The hormonal treatment of postmenopausal women has been
reviewed (BS).

7.6.4. Adrenal Cortical Hormones

ACTH, produced in the anterior pituitary, stumulates the synthesis of cortisol
and various androgens by the adrenal cortex. ACTH release is, in turn, controlled
by corticotropin-releasing factor (CRF), a peptide produced in the hypothalamus.
Both CRF and A CTH are released in a diurinal pulsatile fashion which is maximum
in the early morning hours (peaks at about 6-8 am). Cortisol, the major adrenal
glucocorticoid, stimulates the apetite and sense of well-being; it also helps maintain
blood glucose levels. All disorders secondary to cortisol excess are classified under
the general title of Cushing’s syndrome.

The mineral corticoids influence renal sodium and potassium exchanges and
play a major role in the regulation of extracellular volume. Aldosterone, the ma-
jor steroid hormone in this group, is secreted primarily through the control of
the renin-angiotensin system. Renin, a proteolytic enzyme produced in the jux-
taglomerular renal cells, is released as a result of decreased kidney perfusion
pressure and negative sodium balance. Upon release, it catalyses the conversion
of angiotensinogen to angiotensin I, which is rapidly converted to angiotensin II
by angiotensin-converting enzyme (particularly rich in the lungs). Angiotensin II
stimulates the adrenal zona glomerulosa cells to produce aldosterone, which pro-
motes sodium reabsorption and potassium excretion by the renal tubules.

The urinary excretion of aldosterone decreases with increasing age. If sodium
intake is unrestricted, aldosterone is decreased by about 50%. In addition, al-
though sodium restriction results in an increase in aldosterone secretion, those over
60 years of age show urinary increases that are still only 30—40% of that in young
adults.

Overall, other adrenal androgens also show a progressive decrease in urinary
excretion in both men and women. Thus, the mean 17-ketosteroid urine levels of el-
derly people are about 50% of those in young adults. This is primarily secondary to
decreased dehydroepiandrosterone (DHEA) and androsterone production. In men,
about one-third of the daily 17-ketosteroids are of testicular origen, the remainder
being mainly from the adrenals. Androstenedione is a prehormone for testosterone.

The serum levels of both DHEA and androstendione decline markedly with age
in both men and women (R9). DHEA and its sulfate (DHEAS), the major circu-
lating form of DHEA, are considered to be hormone markers for aging, including
cross-sectional and longitudinal linear decreases, as well as having significant
stability of individual differences over time. In addition, the administration of
DHEAS has been shown to enhance immune function in aging mice (D2, D4).
In elderly women, serum DHEAS levels are directly correlated with bone density
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(N11, T1). DHEAS also reportedly has an antiobesity effect (N8). More recently,
Lane and associates (L3) reported that, as with humans, male and female rhesus
monkeys exhibit a steady, age-related decrease in serum DHEAS concentration.
They also noted that the proportional age-related loss of DHEAS in rhesus monkeys
is more than twice the decline rate observed in humans. More importantly, they
found that caloric restriction slows the postmaturational decline in serum DHEAS
levels, thereby providing the first evidence that nutritional intervention has the
potential to alter certain aspects of postmaturation aging in a long-lived species.

Other adrenal disorders are relatively uncommon in the elderly. For example,
both ACTH and cortisol synthesis remain constant throughout life. Thus, in gen-
eral, blood levels are not altered during aging (W13).

7.6.5. Parathyroid Hormone

The major function of the parathyroid hormone (PTH; parathormone) is to regu-
late the concentration of extracellular calcium. PTH is heterogeneous and circulates
as an intact polypeptide and as fragments. The major circulating biologically active
peptide is intact PTH, which is rapidly cleared from the circulation (half-life less
than 10 min). The N-terminal portion is responsible for its biologic activity.

PTH secretion is regulated by the serum ionized calcium concentration via a
negative feedback mechanism. PTH secreting benign or malignant parathyroid tu-
mors resultin primary hypercalcemia (primary hyperparathyroidism). In those with
chronic renal disease, the parathyroid glands become hyperplastic, PTH synthesis
is increased, and hypercalcemia follows (secondary hyperparathyroidism). Con-
versely, absent or nonfunctioning glands result in hypoparathyroidism, decreased
PTH synthesis, and hypocalcemia.

The incidence of hypercalcemia and primary hyperparathyroidism increases
with age. Interestingly, older patients with primary hyperparathyroidism often
present to their physican with depression or acute organic psychosis. The major
complaint, in up to 50% of cases, is a lack of initiative. Most patients are diagnosed
with hyperparathyroidism following the discovery of hypercalcemia on a screen-
ing chemistry profile. Tibblin ez al. (T7) reported that 1.5% of 1129 elderly patients
were hypercalcemic secondary to a parathyroid tumor. The authors of an earlier
report, after screening 15,903 subjects, concluded that “at least 3% suffered from
“asymptomatic hypercalcemia” (C10). Others (S18) concluded that hyperparathy-
roidism requiring clinical attention was about 3% for women but less than 1%
in men. These and other studies indicate that regular screening of the elderly for
hypercalcemia is important and will lead to the diagnosis of hyperparathyroidism
in about 2-3% of elderly patients, most of whom will have a parathyroid tumor.

7.6.6. Thyroid Hormones

7.6.6.1. Hypothyroidism. Decreased thyroid function is significantly more
common in older than younger people. Unfortunately, hypothyroidism is often
not recognized in the elderly because the signs and symptoms may be atypical or
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mild, thought to be merely signs of “old age,” or interpreted as mild psychiatric
features. Although early studies suggested that decreased thyroid activity was “nat-
ural” and secondary to “aging,” more recent studies indicate that thyroid hormone
alterations are secondary to disease rather than the aging process (K1, S33).

Livingston and co-workers (L8) studied a group a geriatric patients, mainly men,
for thyroid disease by measuring their serum levels of thyroid-stimulating hormone
(TSH), thyroxine (Ty), free T4, tritodothyronine (T3), and the T4 and T; indexes and
compared them with a similar group of ambulatory outpatients. Hypothyriodism
was present in 7.8% of male inpatients compared with 0.7% of outpatient males.
Although the number of women studied was small, hypothyroidism was present
in 17% of the female inpatients but only 2.4% of the female outpatients. Overall,
9.4% of the geriatric inpatients were hypothyroid. If those with decreased thyroid
reserve were included (subclinical hypothyroidism), then 14.1% were abnormal.

7.6.6.2. Hyperthyroidism. Although once considered very uncommon, hyper-
thyroidism in the elderly occurs considerably more often than previously thought.
Moreover, age-based studies consistently indicate that of all patients with hyper-
thyroidism, 10-30% are elderly. An early study, which included all new admissions
to a geriatric service, showed a prevalence of 3.6% (P5). Other survey studies re-
ported an overall incidence that varied from 0.7% to 6% (F6). In elderly women,
aged 70-79 years, hyperthyroidism occurred half as often as hypothyroidism (S33).
Thus, both hypo- and hyperthyroidism are relatively common in the elderly. As
a result, all middle-aged adults and older, especially women, should be regularly
screened for these disorders.

8. Summary

Although philosophers and scientists have long been interested in the aging
process, general interest in this fascinating and highly important topic was min-
imal before the 1960s. In recent decades, however, interest in aging has greatly
accelerated, not only since the elderly form an ever-increasing percentage of the
population, but because they utilize a significant proportion of the national expen-
ditures. In addition, many people have come to the realization that one can now
lead a very happy, active, and productive life well beyond the usual retirement age.

Scientifically, aging is an extremely complex, multifactorial process, and numer-
ous aging theories have been proposed; the most important of these are probably the
genomic and free radical theories. Although it is abundantly clear that our genes in-
fluence aging and longevity, exactly how this takes place on a chemical level is only
partially understood. For example, what kinds of genes are these, and what pro-
teins do they control? Certainly they include, among others, those that regulate the
processes of somatic maintenance and repair, such as the stress—response systems.

The accelerated aging syndromes (i.e., Hutchinson-Gilford, Werner’s, and
Down’s syndromes) are genetically controlled, and studies of them have decidedly
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increased our understanding of aging. In addition, C. elegans and D. melanogaster
are important systems for studying aging. This is especially true for the former,
in which the age-1 mutant has been shown to greatly increase the life span over
the wild-type strain. This genetic mutation results in increased activities of the
antioxidative enzymes, Cu-Zn superoxide dismutase and catalase. Thus, the ge-
nomic and free radical theories are closely linked. In addition, trisomy 21 (Down’s
syndrome) is characterized by a significantly shortened life span; it is also plagued
by increased oxidative stress which results in various free radical-related distur-
bances. Exactly how this extra chromosome results in an increased production of
reactive oxygen species is, however, only partially understood.

There is considerable additional indirect evidence supporting the free radical
theory of aging. Not only are several major age-associated diseases clearly af-
fected by increased oxidative stress (atherosclerosis, cancer, etc.), but the fact that
there are numerous natural protective mechanisms to prevent oxyradical-induced
cellular damage speaks loudly that this theory has a key role in aging [the presence
of superoxide dismutase, catalase, glutathione peroxidase, and glutathione reduc-
tase, among others; various important intrinsic (uric acid, bilirubin, -SH proteins,
glutathione, etc.) and extrinsic (vitamins C, E, carotenoids, flavonoids, etc.) antiox-
idants; and metal chelating proteins to prevent Fenton and Haber-Weiss chemistry].
In addition, a major part of the free radical theory involves the damaging role of re-
active oxygen species and various toxins on mitochondria. These lead to numerous
mitochondrial DNA mutations which result in a progressive reduction in energy
output, significantly below that needed in body tissues. This can result in various
signs of aging, such as loss of memory, hearing, vision, and stamina. Oxidative
stress also inactivates critical enzymes and other proteins. In addition to these fac-
tors, caloric restriction is the only known method that increases the life span of
rodents; studies currently underway suggest that this also applies to primates, and
presumably to humans. Certainly, oxidative stress plays an important role here,
although other, as yet unknown, factors are also presumably involved.

Exactly how the other major theories (i.e., immune, neuroendocrine, somatic
mutation, error catastrophe) control aging is more difficult to define. The im-
mune and neuroendocrine systems clearly deteriorate with age. However, are
these changes primary causes of aging, or are they secondary to other, more basic
processes? For example, many deficient immune functions can be reversed by
improved diet (increased protein intake) and antioxidant supplementation (Zn, vi-
tamins C, E, beta-carotene and other carotenoids, flavonoids, etc.). Moreover, cer-
tain neuroendocrine disorders, common in the elderly (hyper- and hypothyroidism,
diabetes mellitus, etc.), are clearly not due to the aging process per se. On the other
hand, growth hormone (GH) decreases with age. As such, there is a change in body
composition as one ages (increased fat accumulation, decreased muscle mass, ab-
normal bone turnover, etc.); however, these can be significantly reversed with GH
supplementation. The concentration of dehydroepiandrostenedione also decreases
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with age; again, supplementation reverses some of the age-related disturbances,
including immune system deficiencies.

There are numerous areas for future research to more clearly understand the basic
factors involved in aging, as well to clarify the relationship between aging and the
age-associated degenerative diseases, including the following, among others.

1. Both clinical and basic studies of oxidative stress are needed to further clarify
their role in aging and age-related diseases. Here, it is important to more clearly
define the dietary needs of various antioxidants to slow aging and lower disease
incidence. Previous research has focused on slowing the rates of adverse reactions;
future efforts should probably be directed toward decreasing free radical initiation
rates.

2. Studies need to be designed to more clearly explain the specific biochemical
processes whereby caloric restriction results in increased longevity.

3. In-depth studies of the accelerated aging syndromes, especially Down’s syn-
drome, will further clarify the relationship between the genomic and free radical
theories.

4. Studies are needed to understand the age-associated deficiencies in the im-
mune and neuroendocrine systems. More information is sorely needed as to which
of these, if any, are etiologically related to aging per se, and which are secondary
phenomena.

5. Studies of cytokines, various kinases, etc., will clarify the complex area of
cell signaling, which varies from cell adhesion to differentiation, and apoptosis. As
progress continues, useful clinical methods will probably be developed whereby
various age-related diseases can be controlled and/or prevented.

6. A more thorough understanding of the role of genetics, oxidative stress, diet,
environmental toxins, and the endocrine system is clearly important to understand
why most cancers occur after age 70 years.

7. Although glycosylated proteins increase significantly with age, are they pri-
marily involved in aging and age-related diseases or are they merely biochemical
markers of aging and have no primary role in the aging process? Future studies
should resolve this important question.

8. There is a need to increase our knowledge with respect to the basic changes
that occur as a result of exercise, and how it improves various biologic systems.
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The healthy human body might be described schematically as being composed
of several dynamic equilibria. All diseases might be considered as disturbances in
one or more of these dynamic equilibria. The balance between protein production
and degradation is one of these equilibria, which are crucial to health, and several
systems for control of both production and degradation are known. Degradation of
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proteins is brought about by proteolytic enzymes, proteases, which, based on their
catalytic mechanisms, can be assorted to four major classes: the serine-, cysteine-,
aspartic-, and metallo-proteases. The activities of human serine proteases of, in-
ter alia, the coagulation, fibrinolytic, and complement systems have for several
decades been known to be regulated by a large number of proteinaceous serine
protease inhibitors of, for examples, the Kunitz, Kazal, and serpin types. In con-
trast, relatively few inhibitors of the other three major classes of proteases have
been described. However, extensive research during the last 15 years has identified
a group of human inhibitors for papain-like cysteine proteases comprising at least
11 different inhibitors. This group of inhibitors constitutes a new superfamily of
human proteins, which is named the cystatin superfamily. The present discourse
will focus on one of the most well characterized inhibitors, cystatin C, and provide
some information on its biochemical properties, its role in normal and abnormal
physiological processes, as well as on its use as a diagnostic marker.

2. Biological Roles of Papain-like Cysteine Proteases

A major part of the cysteine proteases are evolutionary related to the structurally
well-defined cysteine protease papain and are therefore called papain-like cysteine
proteases (B6, B7, R4). The human cysteine proteases of this family are mainly
localized in lysosomes and play key roles in the intracellular degradation of proteins
and peptides (cathepsins B, H, and L) (B4, G3). They also participate in the
proteolytic processing of prohormones (D5) and proenzymes (T1) and seem to
be involved in the penetration of normal tissues by macrophages (I1, R5) as well
as by several types of malignant cells (C5, P8, S8, S9). Such proteases (e.g.,
cathepsin K) are also pivotal in the degradation and remodeling of bone (D2, D4,
G1, L5) and may be instrumental in controlling the MHC class 1I trafficking in
dendritic cells (cathepsin S) (P6).

Papain-like cysteine proteases are present not only in animals and plants but
also in bacteria, fungi, and protozoa (R4), and the proteases of, for example, Enta-
moeba histolytica, Trypanosoma congolese, Leischmania mexicana, Trichomonas
vaginalis, and Plasmodium falciparum seem to be involved in the replication, mi-
gration, and food digestion of these organisms (B24, C2, L17, N8, R4, R9, R10).
Proteolytic processing of polyproteins by virally encoded proteases, inter alia
cysteine proteases (R4) is required for replication of several viruses (K7, L4, O2).

3. The Cystatin Superfamily of Inhibitors of Papain-like
Cysteine Proteases

The occurrence of proteins which inhibit papain-like cysteine proteases has been
known at least since 1946, when Grob demonstrated that blood serum (G7) and
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isolated fractions thereof (G8) inhibit papain. In retrospect, it might be concluded
that Grob detected the inhibitory capacities of the plasma proteins cystatin C, low-
and high-molecular-weight kininogens, and a,-macroglobulin. However, it was
not until the 1980s and 1990s that the majority of the multitude of presently iden-
tified cysteine protease inhibitors were isolated and structurally and functionally
characterized (A1, B1, B5, F2, F3, 12, N3, N4, R6, R7, T9). The most comprehen-
sive class of cysteine protease inhibitors is the cystatin superfamily of inhibitors.
The name ““cystatin” was originally given to a low-molecular-weight inhibitor of
papain isolated from chicken egg white (B5, B8), since this inhibitor was a cysteine
protease inhibitor. The middle section, stat, of cystatin might also be considered
as alluding to the capacity of cystatins to arrest the activity of cysteine proteases,
since stat- is the supine stem of the Latin verb sisto, meaning “to arrest.” In 1986
it was agreed that “cystatins” should be used to denote the entire superfamily of
cysteine protease inhibitors structurally and functionally related to chicken
cystatin (B3).

Cystatins have been demonstrated not only in higher organisms but also in a
large number of plants and lower organisms including rice seeds, Drosophila, and
Candida albicans (D3, K6, T8).

4. The Human Cystatins

The amino acid sequence of human cystatin C (Fig. 1) was determined in 1981
(G11) and, since it did not display any significant homology with the sequences
of any protein of the superfamilies known then, it was evident that it belonged to
a new protein superfamily. Retrospectively, it can be seen that the amino acid se-
quence of cystatin C was the first sequence of a cystatin to be determined (BS). The
function of cystatin C as an inhibitor of cysteine proteases was identified about
2 years later, when the sequence of chicken cystatin was determined, showing
that the two proteins had a sequence identity of 44% (B2, B25, S2, T10). Studies
during the two last decades have identified 10 further human cysteine protease
inhibitors, which display strong sequence homologies to cystatin C and chicken
cystatin and, consequently, belong to the human cystatin superfamily. The hu-
man cystatin family therefore presently comprises 11 identified proteins (Table 1).
Two of these, cystatins A and B, form the family 1 cystatins and are mainly, or
exclusively, intracellular proteins, while cystatins C, D, E, F, S, SA, and SN are
mainly extracellular and/or transcellular proteins and constitute the family 2 cys-
tatins. The family 3 cystatins, high- and low-molecular-weight kininogen, contain
three cystatin domains each (S1) and are mainly intravascular proteins, which, in
addition to being inhibitors of cysteine proteases, are precursor molecules for the
production of the vasoactive kinins, bradykinin and kallidin (M9). High-molecular-
weight kininogen also participates in the contact-phase activation of the endoge-
nous blood coagulation cascade (M9). The three cystatin domains (called D1-D3)
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Fic. 1. Amino acid sequence and schematic structure of human cystatin C. The shaded area marks
the inhibitory site for papain-like cysteine proteases, which does not overlap with the inhibitory site
for mammalian legumains comprising, inter alia, the Asn® residue. The arrow indicates the Leu®®
residue, which is replaced with a Gln residue in the cerebral hemorrhage producing cystatin C variant.
The asterisk marks the Pro® residue, which is partly hydroxylated.

of the kininogens inhibit not only papain-like cysteine proteases (D2 and D3) but
also calpains (D2). Figure 2 displays a schematic illustration of the evolutionary
relationships among all known inhibitory active cystatins and kininogen cystatin
domains.

5. Identification of Target Enzymes for Cystatins

All human cystatins are assumed to have major biological roles as inhibitors
of one or more target proteases of human and/or nonhuman origin. Identification
of target proteases of biomedical relevance is, however, difficult. Only few ex-
amples of clear-cut identifications of target proteases for inhibitors are known,
and these identifications usually rely on experiments by Nature and not by Man.
Two examples are the identifications of granulocyte elastase as a target enzyme
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TABLE 1
THE HUuMAN CYSTATIN SUPERFAMILY

Family 2
Family 1 (extracellular and/or Family 3
(intracellular cystatins) transcellular cystatins) (intravascular cystatins)

Cystatin A Cystatin C LMW-kininogen
Cystatin B Cystatin D HMW-kininogen
Cystatin E
Cystatin F
Cystatin S
Cystatin SA
Cystatin SN

Synonyms: cystatin A (R7): Acid cysteine proteinase inhibitor, epidermal SH-proteinase inhibitor,
Stefin A; cystatin B (R6): neutral cysteine proteinase inhibitor, Stefin B; cystatin C: See Section 8 in
main text; cystatin E: cystatin M (S10); cystatin F: leukocystatin (H2); cystatins S, SA, and SN (I12):
salivary cysteine proteinase inhibitor; cystatin SN: cystatin SU (A1) (Grubb, A., unpublished results);
LMW- and HMW-kininogens (M9): a-cysteine proteinase inhibitor, a-thiol proteinase inhibitor.

for a;-antitrypsin revealed by the pathophysiology of o-antitrypsin deficiency
(emphysema and liver cirrhosis) (O3) and of thrombin as a target enzyme for
antithrombin revealed by the pathophysiology of antithrombin deficiency (throm-
boembolism) (C3). No serious disease states in which the major pathophysiological
events can be ascribed to the lack of the specific inhibitory capacity of a cystatin
have so far been described. Individuals with complete deficiencies of high- and
low-molecular-weight kininogens have been described, but they do not seem to
suffer from any serious pathophysiological abnormality (C7). Mutations in the
genes for cystatins B and C produce progressive myoclonus epilepsy (B12, L1,
L2, P2, P3) and hereditary cerebral hemorrhage (A6, G2, P1), respectively, but the
present knowledge of the pathophysiology of these disorders does not allow the
identification of target proteases for any of these cystatins. Although therefore no
unequivocal identification of target proteases for human cystatins has been feasible
yet, it is possible to select, or exclude, candidate target proteases for the different
cystatins based upon theoretical considerations (B13) as well as upon comparisons
with known examples of target proteases for, inter alia, those serine protease in-
hibitors mentioned above. One requirement that must be fulfilled by a cystatin to
render it a biomedical significant inhibitor of a potential target enzyme is that the
molar concentration of the cystatin must be higher than that of the active protease at
the site in the body where the protease is released. A second requirement is that the
equilibrium constant for dissociation of a protease—cystatin complex must be low
to secure a negligible amount of free proteolytic activity at equilibrium. Finally,
the association rate constant for the formation of the protease—cystatin complex
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cystatin A

cystatin B
cystatin S
cystatin SA
cystatin SN
— cystatin C

cystatin D

cystatin E/M

cystatin F

kininogen D3

kininogen D2

FiG. 2. Schematic diagram of the evolutionary relationships among all known inhibitory active hu-
man cystatins and kininogen cystatin domains. The phylogenetic tree was constructed using “Growtree,”
included in the GCG software package (version 8.1; Genetic Computer Group, Inc., Madison, WI).
The phylogenic distances were obtained according to the method of Kimura (K4). The reconstruction
of the tree was done by the unweighted-pair group method using arithmetic averages.

must be high so that any free protease activity is rapidly quenched. Since all human
cystatins display a unique set of equilibrium and association rate constants when
tested against a limited collection of cysteine proteases, each cystatin has a unique
inhibitory spectrum (Table 2). However, these inhibitory spectra are usually over-
lapping, and it is quite probable that some cystatins might share target proteases.

6. Distribution of Cystatins in Body Fluids

The distribution in body fluids of the different cystatins is remarkably differ-
ent (Fig. 3). For example, while cystatin C is present in appreciable amounts in
all investigated body fluids, cystatins S, SN, and SA are virtually confined to
saliva, tears, and seminal plasma (A1). Cystatin D is present only in saliva and
tear fluid (A1, F3). In some body compartments, e.g., spinal fluid, cystatin C
represents more than 90% of the total molar concentration of cysteine protease
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TABLE 2
EQuILIBRIUM CONSTANTS FOR DissocIaTION oF COMPLEXES BETWEEN HUMAN CYSTATINS AND
CYSTEINE PROTEASES K; (nM)

Cystatin Cathepsin B Cathepsin L Cathepsin S Cathepsin H Papain
A 8.2 1.3 0.05 0.31 0.019
B 73 0.23 0.07 0.58 0.12
C 0.25 <0.005 0.008 0.28 0.00001
D >1000 25 0.24 0.28 1.2
E 32 — — — 0.39
F >1000 0.31 — — 1.1
S — — — — 108
SN 19 — — — 0.016
SA — — — — 0.32
L-kininogen 600 0.017 — 0.72 0.015

Data from (A9, L11, N3, N4, S1).

inhibitors, while in other compartments, e.g., blood plasma, it only represents a
few percent of the total cysteine protease inhibitory capacity (Al). Moreover,
the total cysteine protease-inhibiting capacity varies also considerably among
different body compartments. For example, the total papain-inhibiting capacity
of blood plasma is about 12 wmol/L, while that of cerebrospinal fluid is less
than 1 pmol/L (Al). Since each body fluid displays a unique set of cystatins,
it is also clear that the different body fluids display unique cysteine protease in-
hibitory spectra, although these partially overlap, like the inhibitory spectra of the
individual cystatins. Table 3 shows that different cysteine proteases with differ-
ent catalytic properties are controlled by separate cystatins in the various body
fluids.

7. Additional Functions Attributed to Cystatin C

In addition to being an inhibitor of papain-like cysteine proteases, cystatin C has
recently been shown be an efficient inhibitor of some of the cysteine proteases of
another family of cysteine proteases, called the peptidase family C13, with human
legumain as a typical enzyme (C6). Human legumain has, like cathepsin S, been
proposed to be involved in the class Il MHC presentation of antigens (M3). It has
also been shown that the cystatin C inhibitory site for mammalian legumain does
not overlap with the cystatin C inhibitory site for papain-like cysteine proteases
(Fig. 1) and that the same cystatin C molecule therefore is able to simultaneously
inhibit one cysteine protease of each type (A10).
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Fic. 3. Molar concentrations of cystatins and ap-macroglobulin in 10 human body fluids.



CYSTATIN C AS DIAGNOSTIC MARKER 71

TABLE 3
HALF-LIVES (f1/2, s) OF FREE (A) HUMAN CATHEPSIN B AND (B) PAPAIN ON INTERACTIONS
wiTH CYSTATINS IN HumaN Bopy FLuibs

tiy2 (s)
Cystatin A Cystatin B Cystatin C ~ Cystatin S/SN  Kininogen
(12,000) (12,000) (15,000) (15,000) (60,000)
(a) Cathepsin B
Blood plasma > 740 > 1900 35 > 650 6.3
Synovial fluid > 740 > 1900 1.7 > 650 9.1
Milk > 740 > 1900 1.5 > 650 960
Saliva 39 > 1900 3.8 4.6 > 5900
Cerebrospinal fluid > 740 > 1900 0.69 > 650 1200
Seminal plasma 320 190 0.10 4.3 1500
Amniotic fluid 59 2100 49 > 650 150
Urine > 740 > 1900 >99 > 650 760
Tears 150 3900 2.1 2.0 3000
Blood plasma (uremia) > 740 330 0.56 > 650 5.9
(b) Papain

Blood plasma > 11 >2.1 0.74 >55 0.006
Synovial fluid >11 >2.1 0.36 >5.5 0.008
Milk >11 >2.1 0.31 >5.5 0.84
Saliva 0.6 >2.1 0.80 0.039 >52
Cerebrospinal fluid > 11 >2.1 0.14 >5.5 1.1
Seminal plasma 4.9 0.21 0.021 0.036 1.3
Amniotic fluid 0.90 2.4 1.0 >5.5 0.13
Urine >11 >2.1 >2.1 >5.5 0.67
Tears 22 4.3 0.43 0.017 2.6
Blood plasma (uremia) >11 0.37 0.12 >5.5 0.005

Calculations were made according to the equation #12 = In2/(ky1 x [/]), where k| denotes asso-
ciation rate constant and [/] is inhibitor concentration. The molecular weights used in the calculations
are given in parentheses. Cystatin S was assumed to have the same k. value as cystatin SN. A k4
value of 1.0 x 107 M~!s~! for cystatin C was used for calculations of the #{ /2 for free papain at the
cystatin C concentrations found in the fluids. Data from (A1).

Cystatin C has also been suggested to possess biological functions, presumably
unrelated to its protease-inhibiting potential. For example, human cystatin C has
been described to play a regulatory role in inflammatory processes, inter alia,
by down-regulation of the phagocytosis-associated respiratory burst reaction dis-
played by polymorphonuclear neutrophils as well as by down-regulation of their
chemotactic response (L6, L7). Chicken cystatin, and thus probably human cys-
tatin C, has also been shown to up-regulate nitric oxide release from peritoneal
macrophages (V1). However, these suggested additional functions of cystatin C
remain to be confirmed.
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8. Previous Designations for Cystatin C

The protein now generally designated with the functional name cystatin C was
first discovered in 1961 (B26, C8, M1) and its function as a cysteine protease
inhibitor was thus unidentified for more than 20 years. As a consequence, several
trivial names were used for the same protein, and it is important to know these for
complete retrieval of data on cystatin C by bibliographic studies. The following
trivial names can be found in the literature: -y -trace, post-y -globulin, gamma-CSF,
post-gamma protein, y.-globulin, 8 aT, and high alkaline fraction (HAF) (B26, C1,
C8, H9, H10, K5, L3, M2, M4, S11).

9. Structure of Human Cystatin C and lis
Concentration in Body Fluids

The complete amino acid sequence of the single polypeptide chain of human
cystatin C was determined in 1981 (G11) and later corroborated by identification
and sequencing of the corresponding cDNA (Fig. 4) (A3) and gene (A5, A7).

The three-dimensional structure of cystatin C is not yet determined, although
some crystallographic data are available (K8), but it can be presumed that it is
similar to that described for the homologous protein chicken cystatin (B19) and
this has, at least partially, been confirmed by NMR studies (E1). A schematic
structure for human cystatin C is given in Fig. 1.

Studies of truncated forms of cystatin C (A8) and of cystatin C variants produced
by site-directed mutagenesis (B18, H4, HS, H6, L12, M7), as well as identification
of sequence similarities between all cystatins, have indicated that the inhibitory
center of cystatin C for papain-like cysteine proteases comprises three peptide seg-
ments, Arg®-Leu’-Val'%-Gly!!, GIn>>-Ile>0-Val>’-Ala*4-Gly, and Pro'®-Trp'%.
Peptidyl derivatives, structurally based upon the aminoterminal segment of the
inhibitory center, have been synthesized and shown to be efficient inhibitors of
cysteine proteases (G9, H3). Some of these peptidyl derivatives have also dis-
played antibacterial and antiviral properties (B16, B17).

Table 4 displays some of the physicochemical properties of cystatin C as well
as its normal concentration in body fluids.

10. Serum/Plasma Cystatin C as a Marker for Glomerular
Filtration Rate (GFR)

No investigations have demonstrated that the diagnostic usefulness of the serum
level of cystatin C is different from that of the plasma level of cystatin C. The term
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Fic. 4. Nucleotide and deduced amino acid sequence of a cDNA clone encoding human precystatin
C. Numbering of the nucleotide sequence starts at the first nucleotide and proceeds in the 5’ to 3’
direction. Amino acid numbering begins with residue 1 of the mature protein (G11) and the putative
hydrophobic signal sequence thus comprises residues —26 to —1. The Kozak initiation consensus and
the polyadenylation signal are underlined.
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TABLE 4
PHysicocHEMICAL PROPERTIES OF HUMAN CYSTATIN C AND ITs CONCENTRATION IN Bopy FLUIDS

Polypeptide chains: One, with 120 amino acid residues

Glycosylation: None

Molecular mass: 13,343 Da (nonhydroxylated); 13,359 Da (hydroxylated proline residue at
position 3)

Isoelectric point: 9.3

Electrophoretic mobility: y3 (agarose gel electrophoresis at pH 8.6)

Extinction coefficient: 1.22 x10* (mol~! liter cm~!)=9.1 (280 nm, 1%, 1 cm)

Amino acid sequence: SSPGK PPRLV GGPMD ASVEE EGVRR ALDFA VGEYN KASND
MYHSR ALQVYV RARKQ IVAGV NYFLD VELGR TTCTK TQPNL DNCPF HDQPH LKRKA
FCSFQ IYAVP WQGTM TLSKS TCQDA

Disulfide bonds: Between residues 73 and 83 and between residues 97 and 117

Gene location: Chromosome 20 at p.11.2

DNA sequence: The nucleotide sequence data are available from the EMBL, GenBank, and DDBJ
Nucleotide Sequence Databases under accession number X52255

Half-life: About 20 min (experimentally determined for human cystatin C in rat plasma. The similar-
ity in distribution volume and renal clearance between human cystatin C and acknowledged
markers of human glomerular filtration, i.e., iohexol and SICr-EDTA, suggests that the substances
are eliminated at the same rate in humans with a half-life of approximately 2 h in individuals with
normal renal function)

Concentrations in body fluids of healthy adults (mg/liter; mean and range):

Blood plasma: 0.96; 0.57-1.79
Cerebrospinal fluid: 5.8; 3.2-12.5
Urine: 0.095; 0.033-0.29

Saliva: 1.8; 0.36-4.8

Seminal plasma: 51.0; 41.2-61.8
Amniotic fluid: 1.0; 0.8-1.4
Tears: 2.4; 1.3-7.4

Milk: 3.4;2.2-3.9

“serum cystatin C” will therefore in the following paragraphs, unless otherwise
indicated, also refer to the plasma level of cystatin C.

10.1. ProbucTioN OF CYSTATIN C

Determination of the structure of the human cystatin C gene and its promoter has
demonstrated that the gene is of the housekeeping type, which indicates a stable
production rate of cystatin C by most nucleated cell types (A7). The presence of
a hydrophobic leader sequence in precystatin C (Fig. 4) strongly indicates that
the protein normally is secreted (A3, A7). Indeed, immunochemical and Northern
blot studies of human tissues and cell lines have shown that cystatin C and/or its
mRNA is present in virtually all investigated cell types (A7, J1, L9, L10, S7).
Likewise, investigations of the production of cystatin C by human cell lines in
culture have displayed that nearly all cell lines investigated secrete cystatin C
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(B14, C4, N4) (Abrahamson, M., personal communication). Studies of the serum
level of cystatin C in large patient cohorts have failed to correlate the serum level to
any pathophysiological state besides those affecting the glomerular filtration rate,
which also is compatible with a stable secretion of cystatin C from most human
tissues (G12, K9, N2, S6). However, some reports have described that stimulation
of macrophages in vitro down-regulates their secretion of cystatin C (C4, W1), but
inflammatory conditions are not generally associated with decreased serum levels
of cystatin C.

10.2. CaraBoLisMm OF CYSTATIN C

Blood plasma proteins with molecular masses below 15-25 kDa are generally
almost freely filtered through the normal glomerular membrane and then almost
completely reabsorbed and degraded by the normal proximal tubular cells. This
should consequently also be true for cystatin C with a molecular mass of 13 kDa
and with a probable ellipsoid shape with axes of about 30 and 45 A (B19). In-
deed, studies of the handling of human cystatin C in the rat have shown that the
plasma renal clearance of cystatin C is 94% of that of the generally used GFR-
marker >'Cr-EDTA and that cystatin C thus is practically freely filtered in the
glomeruli (T4). At least 99% of the filtered cystatin C was found to be degraded
in the tubular cells. Figure 5 shows the rat plasma concentration of intact human
125]cystatin C and ' Cr-EDTA relative to the initial concentrations after intra-
venous injection. Figure 6 displays the plasma disappearance of cystatin C in
normal and nephrectomized rats and indicates that the renal plasma clearance of
cystatin C is about 85% of the total plasma clearance (renal + extrarenal). When
the GFR of a set of rats was variably lowered by constricting their aortas above the
renal arteries, the renal plasma clearance of cystatin C correlated strongly with that
of >!Cr-EDTA (Fig. 7), with a linear regression coefficient of 0.99 and with the y
intercept not being statistically different from O (T4). This observation clearly im-
plied an insignificant peritubular uptake of cystatin C. Immunohistochemical and
Northern blot studies of human kidneys have also strongly indicated that human
cystatin C normally is degraded by proximal tubular cells after its passage through
the glomerular membrane (J1).

10.3. CLmNicaL Use oF SERUM CYSTATIN C As A GFR MARKER

The knowledge that most human tissues produce cystatin C and that it, being
a low-molecular-mass protein, is removed from plasma by glomerular filtration,
suggested that its plasma, or serum, level might be a potentially good marker
for GFR. Early investigations demonstrated that serum cystatin C, indeed, was a
marker for GFR, at least as good as serum creatinine in the populations investi-
gated (G12, S6). These studies also showed that the serum cystatin C level was a
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Fic. 5. Plasma concentration of intact 125I—cystatin C(e), 'Cr-EDTA (O) and ]3]I—aprotinin(V)
relative to the initial plasma concentration after intravenous injection in 12 rats. Error bars show %1
SEM, when larger than the symbols. Aprotinin is a 6.5-kDa microprotein with a pI of 10.5.

better GFR marker than the serum levels of the other low-molecular-mass proteins
investigated, (3;-microglobulin, retinol-binding protein, and complement factor D
(G12, S6). However, in these early studies the cystatin C concentration was deter-
mined by enzyme amplified single radial immunodiffusion (L15). This procedure
is slow, requiring at least 10-20 h, and has a relatively high coefficient of variation
(about 10%), which decrease the usefulness of the obtained serum cystatin C value
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Fic. 6. Plasma disappearance of intact !> I-cystatin C in nephrectomized (o) and control (e) rats.

The monoexponential regression line of the plasma concentration, P/Py, against the time, 7, between
60 and 120 min in nephrectomized rats is indicated by a dotted line.
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FiG. 7. Renal plasma clearance of > I-cystatin C (Cey) compared to that of SICr-EDTA (Cer—gDTA)
in rats with normal glomerular filtration (e), and in rats with renal blood flow reduced to 25-50%
of control by constricting the aorta above the renal arteries (o). The clearance measurements were
completed 2.5-6.0 min after tracer injection. Cey =0.944 x Ccr-gpra. ¥ =0.989.

as a GFR marker in the clinical routine. The development, about 10 years later,
of automated particle-enhanced immunoturbidimetric methods, which were rapid
as well as more precise, therefore significantly improved the possibility of using
serum cystatin C as a GFR marker in clinical routine work (K9, N2). So did the
introduction of a sandwich enzyme immunoassay for the determination of serum
cystatin C (P4). Since the automated particle-enhanced immunoturbidimetric pro-
cedure for determination of serum cystatin C was introduced in 1994, the vast
majority of all studies of the use of serum cystatin C as a GFR marker have relied
upon the commercially available version of this procedure. A commercially avail-
able automated particle-enhanced immunonephelometric method has also recently
been described (E2, F1, M10).

Serum creatinine is ubiquitously used as an indicator for GFR despite the know-
ledge that a substantial proportion of patients with reduced GFR display serum
creatinine levels within the normal range and that even a 50% reduction of GFR
not infrequently is associated with a normal concentration of serum creatinine (L8,
PS5, S3). The usefulness of serum creatinine as a marker for GFR is limited by,
inter alia, the influence of an individual’s muscle mass on the production rate of
creatinine (HS, P5, S5), by the tubular secretion and reabsorption of creatinine,
by the dietary intake of creatine and creatinine, and by analytical difficulties (P5).
These significant limitations in the use of serum creatinine as an indicator for GFR
has made it of interest to search for better indicators for GFR. Several recent studies
have compared the use of serum cystatin C and creatinine as markers for GFR as
determined by “golden standard” procedures based upon determinations of the
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plasma clearance of injected low-molecular-mass substances such as Cr>' -EDTA,
9mTc-DTPA, and iohexol. These studies have indicated either that serum cystatin
C is a better GFR marker than serum creatinine, particularly for individuals with
small to moderate decreases in GFR, in the so-called creatinine-blind GFR range,
or that the two parameters are of equal value as GFR indicators (B20, B22, H7,
J4, K9, N2, N6, P4, P7, R2, R3, S12, S13, T6, V2). Figures 8 and 9 illustrate one
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Fic. 8. Correlation between glomerular filtration rate and (top) reciprocal serum cystatin C (mg/liter)
or (bottom) reciprocal serum creatinine (wmol/liter) in 27 male and 24 female patients;- - - - is the lower
reference limit for glomerular filtration rate. The difference in the diagnostic capacity of serum cystatin
C and serum creatinine to identify patients in the “creatinine-blind” area with a glomerular filtration
rate of 60-80 ml/min x 1.73 m? is obvious in this investigation of a population of patients with various
renal conditions.
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Fic. 9. Nonparametric ROC plots for the diagnostic accuracy of serum cystatin C and creatinine in
distinguishing between normal and reduced glomerular filtration rate (> and < 80 ml/minx 1.73 m?,
respectively) in 51 patients with various renal conditions (the same population as the one displayed in
Fig. 8).

study indicating the usefulness of serum cystatin C in the creatinine-blind GFR
range. Nearly all investigations have emphasized that serum cystatin C, in contrast
to serum creatinine, is uninfluenced by gender and muscle mass. Several studies
indicate that virtually the same reference values might be used for serum cystatin
C for males and females from 1 year of age, up to 50 years of age, when the
age-related decline in GFR becomes significant (B20, B22, H7, L14, N6, R3).

Serum cystatin C has also been described to be a better predictor than serum
creatinine of fasting total homocysteine serum levels, probably because of its closer
correlation to GFR (B23, N7).

10.4. REFERENCE VALUES FOR SERUM CYSTATIN C

Establishment of reference values of general use requires general availability
of a well-defined calibrator. The availability of such a calibrator also facilitates
accreditation of procedures for quantitative determination of the corresponding
analyte. Recombinant human cystatin C can easily be produced and isolated and
used for establishing reliable calibrators (A2, D1). A first step toward an interna-
tional calibrator for cystatin C has been taken by the production of a solution of
recombinant human cystatin C of high purity, determining the concentration of this
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TABLE 5
REFERENCE INTERVALS FOR SERUM CYSTATIN C

Adults (male + female; 20-50 years): 0.70-1.21 mg/liter®
Adults (male + female; above 50 years): 0.84—1.55 mg/liter®
Children (male + female; 1-18 years): 0.70-1.38 mg/liter”
Children (male + female; 1-16 years): 0.63—1.33 mg/liter®

“Reference (N6).
bReference (B20).
“Reference (H7).

solution by quantitative amino acid analysis and spectrophotometric analysis and
then diluting it with cystatin C-free human serum to physiological concentrations
(K9). Based upon the use of such a cystatin C calibrator and a commercially avail-
able automated particle-enhanced immunoturbidimetric method, several studies
of reference values for serum cystatin C, comprising populations of both adults
and children have been published (B20, B22, H7, K9, L14, N6). The results for
adults have generally shown that there is no sex differences for any age group and
that the well-known decrease in GFR with age is mirrored by an increase in the
cystatin C level with age (Fig. 10). However, the decrease of GFR with age is slow
before 50 years of age, and it has been suggested (N6) that it is sufficient for most
practical purposes to use separate reference values only for the age groups 20-50
and above 50 years of age (Table 5).

The results for children (Fig. 11) have demonstrated that the cystatin C level,
in contrast to the creatinine level, was constant for children beyond the first year
and with no difference between the sexes (B20, B22, H7, R3). The recommended
reference values for children beyond 1 year of age were virtually identical to those
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FiG. 10. Serum cystatin C in relation to age in a population of 121 healthy women and 121 healthy
men, 20-89 years old. No sex difference was found.
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Fic. 11. Serum cystatin C (top) and creatinine (bottom) in relation to age in a population of 258

children, 1 day-18 years old, and without evidence of kidney disease. The boxed area represents the
serum cystatin C reference interval for children over 1 year.

recommended for adults 20-50 years of age, so it might be justifiable to use the
same values for both age groups (Table 5). It should be emphasized, however,
that efficient international use of serum cystatin C as a GFR marker requires
the establishment of a generally available international cystatin C calibrator. The
relatively large variation in the reference values for serum cystatin C suggested
so far (R1, R3) is most probably due to the use of different, often ill-described,
cystatin C calibrators.
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Fic. 12. Serum 3;-microglobulin in relation to age in a population of 121 healthy women and 121
healthy men, 20-89 years old. No sex difference was found, but the influence of age on glomerular
filtration rate and thus on serum [3;-microglobulin is evident.

Since all plasma proteins with molecular masses below 15-25 kDa are almost
freely filtered through the normal glomerular membrane, their serum concentra-
tions in a person will be strongly influenced not only by their production rates, but
also, and often to at least the same extent, by the person’s GFR. Thus, when the
production rates of such low-molecular-mass proteins are of interest for evaluation
of biomedical processes, the diagnostic specificity of the ratios between the serum
concentrations of such proteins and cystatin C can be expected to be higher than
that of the serum concentration of each specific protein. For example, the influence
of age on GFR and thus on the serum [3;-microglobulin level (Fig. 12) is not seen
for the ratio between the serum levels of (3;-microglobulin and cystatin C (Fig. 13)
(N6). This ratio might thus be a more specific marker for cell proliferation than
the isolated serum {3,-microglobulin level.

10.5. LmvitATIONS IN THE USE OF SERUM CYSTATIN C AS A MARKER FOR GFR

When the first automated particle-enhanced immunoturbidimetric method was
introduced, it was claimed to be undisturbed by hypertriglyceridemia (K9). How-
ever, widespread clinical use of it since then has demonstrated that the results
are influenced by sample turbidity caused by, inter alia, chylomicronemia, which
might produce both falsely low and high values for serum cystatin C (Nilsson-
Ehle, P., submitted manuscript; Grubb, A., unpublished results). The influence of
chylomicronemia on the analytical procedure might partly explain the relatively
large biological variation reported for serum cystatin C (K3) as well as the outcome
of some studies which have failed to show any advantage of serum cystatin C over
serum creatinine as a GFR marker. Studies of the biological variation of serum
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Fic. 13. Serum 3;-microglobulin/cystatin C ratio in relation to age in a population of 121 healthy
women and 121 healthy men, 20-89 years old. The serum ;-microglobulin/cystatin C ratio is, in
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glomerular filtration rate.

cystatin C, using nonturbid samples, indicate that it is comparable to that of serum
creatinine (N5) (Nilsson-Ehle, P., submitted manuscript).

It has also been observed that some, but not all, rheumatoid factors interfere in
some of the presently used particle-enhanced immunoturbidimetric methods and
produce erroneously high results (Grubb, A., unpublished results).

It should also be emphasized that although the precision of the automated
particle-enhanced immunometric methods is higher than that of the enzyme-
amplified single radial immunodiffusion first used to quantitate serum cystatin
C, it is still lower than that for most methods for determination of serum cre-
atinine. Moreover, the data for the intraindividual variation of serum cystatin C
strongly indicate that a higher precision of the method would markedly improve the
clinical usefulness of serum cystatin C determinations according to the criterion
of Cotlove (N6).

10.6. RECOMMENDED USE OF SERUM CYSTATIN C AS A GFR MARKER

Auvailable evidence indicates that serum cystatin C is a better marker for GFR
than serum creatinine, particularly for the identification of an initial small decrease
in GFR, i.e., in the so-called creatinine-blind GFR range. The most efficient use
of this knowledge in clinical practice requires that quantitative methods of good
precision, undisturbed by sample turbidity, are used. At least some of the presently
available particle-enhanced immunometric methods seem to fulfil the first criterion
of acceptable precision, but nonturbid fasting samples should preferably be used
until new methods undisturbed by turbidity are developed.
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Combined use of serum cystatin C and creatinine produces the best possible
information on GFR in situations where more accurate, but invasive and more
expensive, clearance determinations cannot be performed for biomedical or eco-
nomic reasons. If both serum cystatin C and creatinine are within the relevant
reference limits, the risk of missing a decrease in GFR will be minimal.

In situations when the GFR has been determined by accurate invasive clearance
methods, either serum cystatin C or creatinine might be used to follow changes in
GFR. However, as long as the precision of the methods for creatinine determination
is higher than that of the methods for cystatin C determination, there are presently
no valid reasons to use serum cystatin C for this purpose, particularly since crea-
tinine determinations generally are cheaper than cystatin C determinations.

It should be observed that there is a clear possibility that some renal dis-
ease processes might differently affect the filtration of cystatin C, a positively
charged 13,000-Da molecule, and the filtration of creatinine, an uncharged 113-
Da molecule. Indeed, although serum cystatin C has been described to be a better
GFR marker than serum creatinine for patients with renal transplants (R8), trans-
planted and untransplanted patients with the same reduction in inulin clearance
have been reported to display different levels of serum cystatin C (B21). Future
studies might therefore show that the use of several GFR markers, differing in
physicochemical properties, might be optimal for the noninvasive monitoring of
kidney function.

11. Urine Cystatin C as a Marker for Proximal
Tubular Damage

Since cystatin C is a low-molecular-mass protein, it is almost freely filtered
through the normal glomerular membrane and then nearly completely reabsorbed
and degraded by the normal proximal tubular cells. The urine level of cystatin
C is therefore low in healthy individuals. The mean urine cystatin C in an adult
healthy population has been estimated to 0.095 mg/liter or 8.0 mg/mol creatinine
with a range of 0.033-0.29 mg/liter or 5.2—-13.3 mg/mol creatinine (L15). Prox-
imal tubular dysfunction results in impaired reabsorption of low-molecular-mass
proteins and increased urinary excretion of cystatin C can therefore be used as a
sensitive marker for disease processes affecting proximal tubular cells (A1, C10,
K1, K2, L15, L16, T5). However, the practical use of the urine level of cystatin
C as a marker for tubular dysfunction is hampered by two facts. First, the up-
per reference limit for the urine concentration of cystatin C is so low (L15) that
presently available rapid and cheap immunochemical methods cannot be used to
demonstrate the small increases in the urinary levels of cystatin C which signal ini-
tial, and often reversible, stages of proximal tubular dysfunction. Second, cystatin
C is proteolytically degraded in a significant proportion of native urine samples
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(G13, T7). Although these two difficulties can be overcome by the use of sensitive,
more sophisticated quantitative methods and the addition of preservatives to urine
samples (A1, T2), respectively, this state of affairs argues against the practical
use of urine cystatin C as a marker for proximal tubular dysfunction (G13). The
urine level of free protein HC (alias a;-microglobulin) seems to be a more prac-
tical marker for proximal tubular dysfunction as the upper reference limit is high
(about 8 mg/liter or 700 mg/mol creatinine) and since protein HC is stable in most
native urine samples (G13, T2, T3). But it cannot be excluded that future studies
will display that the diagnostic potentials of urine cystatin C and urine protein HC
might differ in some disease states, since cystatin C is positively charged at the pH
range of urine, while protein HC is negatively charged.

12. Cystatin C and Cerebral Hemorrhage

Cystatin C amyloid deposits have been demonstrated to be associated with two
types of brain hemorrhage. One type is the dominantly inherited form of cerebral
hemorrhage, which is caused by a mutation in the cystatin C gene and displays
amyloid deposition of the cystatin C variant but no co-deposition of amyloid
B-protein. The other type comprises the cerebral hemorrhage conditions, which are
connected with cerebral deposition of amyloid 3-protein and display co-deposition
of wildtype cystatin C in the amyloid.

12.1. CysTATIN C AND HEREDITARY CYSTATIN C AMYLOID ANGIOPATHY

The Icelandic physician Arni Arnason described in 1935 several families suf-
fering from high incidences of cerebral hemorrhage affecting young adults and
showed that the disease displayed autosomal dominant inheritance (Fig. 14) (A12).
Afflicted individuals generally suffered from their first cerebral bleeding before
40 years of age and subsequently from recurrent multifocal cerebral hemorrhages.
It was not possible to identify carriers of the trait in the affected families, but
Gudmundsson et al. showed in 1972 that the disease was associated with amyloid
deposits mainly located in the media of the walls of cerebral medium-sized arteries
and suggested “hereditary cerebral hemorrhage with amyloidosis (HCHWA)” as a
suitable name for the syndrome (G14). The N-terminal sequence of a main compo-
nent of the amyloid fibril was determined in 1983 and found to be identical to the
sequence of cystatin C starting at residue 11 (C9). Subsequent immunohistochem-
ical studies corroborated that cystatin C was a major component of the amyloid
deposits (L13) and showed that also vessels and other tissues outside the central
nervous system contained cystatin C amyloid deposits (B9, L13). In 1984 immuno-
chemical quantitation of the level of cystatin C in cerebrospinal fluid demonstrated
that virtually all carriers of the trait for the disease, independent of whether they
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FiG. 14. Transmission in two families of the allele causing hereditary cystatin C amyloid angiopathy,
HCCAA (also called hereditary cerebral hemorrhage with amyloidosis, HCHWA).

had suffered from their first cerebral hemorrhage or not, could be identified by
their low cystatin C concentration (G10, J3). Not only did this observation allow
the identification of healthy carriers of the disease trait, but also suggested that
the pivotal pathophysiological process was an abnormal metabolism of cystatin C.
Subsequent studies showed that the complete sequence of the cystatin C polypep-
tide chain deposited as amyloid in one individual with brain hemorrhage differed in
one position from the sequence previously determined for cystatin C isolated from a
Swedish patient without cerebral hemorrhage (G2). It was therefore suggested that
a point mutation responsible for this amino acid substitution, a glutamine residue
replacing a leucine residue at position 68 of the cystatin C polypeptide chain, could
constitute the genetic background to the disease, although it also might represent
a disease-unrelated polymorphism (G2). The potential disease-causing mutation
would, according to the sequence later determined for a full-length cDNA encod-
ing cystatin C, destroy an Alu I-cleavage site in the cystatin C gene (A3). This
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observation allowed the identification of a restriction fragment length polymor-
phism permitting identification of carriers of the mutation (P1) as well as the
construction of a simple and rapid polymerase chain reaction (PCR)-based proce-
dure for the same purpose (A6). When individuals from seven afflicted families
were studied, it was observed that all individuals suffering from early-onset cere-
bral hemorrhage carried one mutated allele, while most healthy relatives and all
unrelated persons did not (A6). The results of these studies therefore permitted the
conclusion that the investigated mutation causes the disease and that all patients
are heterozygous (A6, P1).

12.1.1. Nomenclature

Two designations for the disease originally described by Arnason are presently
used, viz., hereditary cystatin C amyloid angiopathy (HCCAA) and “hereditary
cerebral hemorrhage with amyloidosis, Icelandic” (HCHWA-I). The first men-
tioned might be the preferred one, since it indicates the amyloid-forming protein
and agrees with the recent observations that the amyloid depositions are neither
confined to the cerebral vasculture (B9, L13), nor to Icelandic patients (G5). It is
also an appropriate designation for the condition before the first cerebral hemor-
rhage has occurred.

12.1.2. Clinical Considerations

The disease should be considered when a normotensive, previously healthy in-
dividual below 40 years of age is hit by a severe cerebral hemorrhage and particu-
larly if young relatives previously have suffered from brain hemorrhage. Recurrent
cerebral hemorrhages generally occur and result in increasing motor disability and
gradual loss of mental functions, but in some individuals the disease does not
progress for several years and a few carriers of the mutated allele attain a normal
life span (J2, O1). In a few cases the presenting symptom may be dementia rather
than brain hemorrhage (J3). The disease is not uncommon in the Icelandic popu-
lation, with more than 150 cases described during the last 70 years, but it is rare
(G5) or not described in other populations (G4, M8).

12.1.3. Diagnosis

When HCCAA is suspected because of clinical observations and/or family his-
tory, the diagnosis can easily be verified by demonstrating a low cerebrospinal
fluid level of cystatin C (G10, J3) or the presence of the mutated cystatin C allele
producing the Leu 68— Gln cystatin C variant (A6, P1). The first-mentioned pro-
cedure requires lumbar puncture and, to secure a stable level of cystatin C in the
sample, the addition of a serine protease inhibitor, e.g., benzamidinium chloride,
directly when the sample is drawn (Grubb, A., unpublished results). The PCR-
based procedure is more robust, does not require lumbar puncture, and can be used
for prenatal diagnosis and is therefore presently the preferable diagnostic method.
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12.1.4. Molecular Pathophysiology

It has been possible to produce the disease-causing Leu68— Gln cystatin C vari-
antin an Escherichia coli expression system (A4). Parallel studies of Leu68— GIn
cystatin C and the wild-type protein have revealed that although both are effi-
cient inhibitors of cysteine proteases, they differ considerably in their tendency to
dimerize and form aggregates. While wild-type cystatin C is monomeric and func-
tionally active even after prolonged storage at elevated temperatures, Leu68— Gln
cystatin C starts to dimerize and lose inhibitory capacity immediately after its
isolation. The dimerization of Leu68— Gln cystatin C is highly temperature-
dependent, with a rise in incubation temperature from 37 to 40°C resulting in
a 150% increase in dimerization rate and a considerable concomitant rise in
the formation of larger aggregates (Fig. 15). These observations might suggest
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Fic. 15. Temperature stability of wild-type cystatin C and of L68Q-cystatin C, the cerebral
hemorrhage-producing cystatin C variant. Samples of L68Q- and wild-type (wt) cystatin C were incu-
bated for 30 min at various temperatures. (A) shows agarose gel electrophoresis at pH 8.6 of selected
samples. The point of application and the anode are marked by an arrow and a plus sign, respectively.
(B) shows the remaining cystatin C-immunoreactivity of sample supernatants after incubation and
centrifugation as determined by single radial immunodiffusion.
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a pathophysiological process in which Leu68— Gln cystatin C, due to its ten-
dency to spontaneously aggregate, is partly trapped intracellularly and not secreted
from the cell as efficiently as the wild-type protein. Continuous intracellular ac-
cumulation of Leu68— Gln cystatin C would, in combination with its specific
physicochemical properties, lead to amyloid formation, cell damage, and death
(A4). Recent in vitro studies have indeed shown that the intracellular processing
of Leu68— Gln cystatin C differs from that of wild-type cystatin C (B15) and
results in the formation of stable dimers that are partially retained in the endo-
plasmic reticulum (B11). It has also been asserted that no Leu68— Gln cystatin
C is secreted from the cells of HCCAA patients (A13), but this has been ques-
tioned (B11). The temperature dependence of the aggregation of Leu68— Gln cys-
tatin C might be of clinical relevance, since medical intervention to abort febrile
episodes might reduce the in vivo formation of aggregates in carriers of the disease
trait and thus possibly delay the point of time for their initial brain hemorrhage
(A4).

12.2. CysTATIN C AND CEREBRAL HEMORRHAGE CONDITIONS CONNECTED WITH
DEPOSITION OF AMYLOID [(3-PROTEIN

Cerebral amyloid angiopathy with wild-type, or a variant of, amyloid [J-protein
as the major amyloid constituent, is a condition with a high prevalence in the el-
derly and is also commonly found in patients with Alzhemier’s disease or Down’s
syndrome (G6, H1, 13, M5, V3). The condition is associated with cerebral hem-
orrhage and may account for more than 10% of the brain hemorrhage cases in the
elderly (I3). Immunohistochemical investigations of the amyloid deposits have
demonstrated that all, or a considerable portion of them, display cystatin C im-
munoreactivity in addition to their amyloid (3-protein immunoreactivity (B10, HI,
13, M5, M6, V3). Quantitative estimations have generally indicated that cystatin C
is a minor constituent of the deposits, however (I3, M5, M6, V3). Efforts to demon-
strate the presence of cystatin C variants, e.g., the one producing HCCAA, in the
amyloid deposits have so far been unfruitful (A11, 14, M6, N1). It has been reported
that the cerebrospinal fluid level of cystatin C is low in some of these conditions
(S4), but if this observation can be used for diagnostic purposes is still uncertain.
It is evident that the pathophysiological significance of the occurrence of cystatin
C as a minor constituent in the amyloid deposits of these conditions remains to be
determined.
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1. Introduction

The living body is receptive to a wide variety of external disease-causing agents
and also to the fallibility of its own composition, which increases with age. These
factors are demonstrated in one of the most common diseases of modern society,
cancer. Adding to the profound physical effects experienced by a patient are the
intense psychological and emotional distress, which could in some ways be eased
by the support of loved ones. Prostate cancer is the most commonly diagnosed
male cancer and one of the leading causes of cancer-related deaths in men in the
United States. In 1997 alone, more that 200,000 new cases of prostate cancer were
diagnosed and more than 40,000 men died because of it (V10). What makes it
even more scary is the inadequate knowledge of the development and progression
of this disease and the fact that prostatic tumors grow slowly and silently, and in
some cases, malignancy was detected only when metastasis had already occurred,
thereby complicating treatment. Fortunately, during recent years there has been a
stage shift in the diagnosis of prostate cancer, and many cases are detected as soon
as stage B (confined) or early stage C (B12).

1.1. RECEPTOR ROLE

Communication plays an essential role in normal daily living, not only in the
modern external environment, but also in the human body itself, between different
body parts and between neighboring cells. Ineffective or defective communication
can create immense hazards in the outside modern world as well as inside the
living body. Communication revolves around sending, receiving, and responding
to different signals or messages. The ability of specific target cells to receive and
respond to a specific signal is dependent on the binding of a ligand to a receptor
found in the target cell. Ligands are usually secreted in the circulating blood or
in the cellular environment, and can travel over varying distances to reach local
or distant receptors (A2). On the other hand, receptors are found only in cells that
respond to specific signals. When ligands travel from a different organ to reach their
receptors, it is called endocrine control; when neighboring cells are responsible,
it is called paracrine control; and when the same cell secrete and bind the ligand,
it is called autocrine control. In the prostate, for example, circulating testosterone
has an endocrine action. Various growth factors have a paracrine action with the
receptors on the epithelial cells and the ligands secreted by the stromal cells. In
malignant prostate cells, growth factors frequently show an autocrine action by
secreting and binding the ligands (L14, S17).

The microenvironment of the prostate gland in which ligands act on their re-
ceptors consists of the epithelium and the stroma. The three major different types
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of cells in the prostatic epithelium are the secretory epithelial cells, the basal/stem
cells, and the neuroendocrine (NE) cells. The alveoli of the prostate are lined
with tall, columnar secretory epithelial cells that secrete prostate specific antigen
(PSA), prostate acid phosphatase (PAcP), other enzymes, and secretory granules.
Though they are not essential for fertilization, prostate secretions provide part of
the volume of the ejaculate and may play a role in providing optimal fertilization
conditions by buffering the sperm, protecting it against microorganisms, providing
energy for the sperm, increasing sperm motility, survival, and transport in male
and female reproductive tracts. Secretory epithelial cells also have microvilli and
are connected to each other via cell adhesion molecules (CAM), with their bases
attached via integrin receptors to a basement membrane that separates it from the
prostatic stroma. Basal/stem cells are small undifferentiated cells, without secre-
tory function, and they are situated between the bases of adjacent tall columnar
epithelial cells. They may act as stem cells for secretory epithelial cells and for both
benign and malignant neoplasias. The NE cells are found in the epithelium of the
accini and in ducts of the glands, as well as in the urothelium of the prostate urethral
mucosa. Their function is probably to regulate prostatic secretory activity and cell
growth via secretion of hormonal polypeptides such as serotonin. Receptors that
play a role are «- and (3-adrenergic receptors, muscarrinic cholenergic receptors,
and acetylcholine esterase nerves. The prostatic stroma consists of an extracellular
matrix, ground substance, and stromal cells. The latter includes smooth muscle
cells around the acinar structures, fibroblasts, capillary and lymphatic endothelial
cells, and NE cells (L16). The extracellular matrix is an extracellular scaffolding or
residual skeleton that organizes and interacts with cells. Structurally it is linked to
the cell nuclear matrix by the cytoskeleton or cytomatrix. Interactions between the
extracellular matrix and the cell may play a major role in maintenance of cellular
function by regulating cell shape, functional differentiation, gene expression, cell
growth, and hormone responsiveness (G8).

Receptors can be found in the cell nucleus, the cytoplasm, or on the cell mem-
brane. Hydrophobic ligands such as steroids and vitamins bind to receptors in the
cytoplasm, whereafter this complex is translocated across the nuclear membrane
to the nucleus. Cytoplasmic receptors may be artifacts of receptor assays, how-
ever, and if this is true, ligands bind directly to nuclear receptors. In the nucleus
the receptor-ligand complex is phosphorylated and binds to specific sites on the
DNA called hormone response elements (HREs). After binding with transcrip-
tion factors, the specific gene are activated, mRNA are transcribed and eventually
proteins, which activate the cell for a specific function, are expressed. Receptors
of protein hormones and growth factors are usually present on the cell surface or
plasma membrane and can trigger different types of cellular responses. Binding of
the ligand to these receptors usually results in enzymatic release of second messen-
gers which include cAMP, cGMP, 1,2-diacylglycerol, inositol 1,4,5-triphosphate,
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and Ca”*. These second messengers activate protein kinases (PK), which promote
a cascade of cell signaling reactions (Fig. 1).

Binding of the same ligand to the same receptor in different cells mediates dif-
ferent responses due to different signaling mechanisms inside the cell. Androgens,
for example, are involved in prostate specific antigen production in the epithelial
cells of the prostate, while androgens are essential for sperm maturation associ-
ated with the Sertoli cells in the testes. Normal and tumor cells could therefore
respond differently to the same ligand, causing uncontrollable cell proliferation
in malignant cells, as in the effect of androgens on androgen-sensitive prostate
cancer (H21). For the cell to respond differently to a steroid, the receptor-ligand
complex must activate different genes. This is accomplished by binding to differ-
ent hormone response elements (HREs) on the exposed DNA sites. The selection
mechanism for different HREs is largely unknown, but it has been proposed that
the tissue matrix plays a major role in this process, by organizing the cell for
directed intracellular transport and spatial coupling of cell signaling systems (G8).
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1.2. RECEPTORS AND PROSTATE CANCER Risk FACTORS

Aging is an important factor in the development of prostate cancer, since it causes
various changes in the body composition and function, especially in reproduction,
which is regulated by hormones and hormone receptors. The incidence of prostate
cancer in men over the age of 50 increases rapidly. In men younger than 39 the
probability of developing clinically significant prostate cancer is 1 in 100,000, in
men aged 40-59 the probability is 1 in 78, and for men aged 60—79 the probability
is as high as 1 in 6 (V10.) The reason for developing a clinically significant cancer
with age is not clearly understood, but it could somehow be linked to the altering
serum hormone and growth factor levels in the aging male. Although data are
scarce, some hormone and growth factor levels decrease with age, while others
increase or show no alteration (K16, M4, M26, T11). In the case of testosterone,
it is generally accepted that it is not so much the total serum testosterone levels
that decrease with age, but rather the serum testosterone not bound to the sex
hormone-binding globulins, the bioavailable testosterone. In healthy men 55 and
older, total serum testosterone may be lower in only 20% of men, while bioavailable
testosterone may be decreased in as much as 50% of men (T3). This decrease in
bioavailable testosterone has prompted the issue of androgen therapy in the elderly.

Advantages of androgen supplementation may include an increase in lean body
mass, an increase in strength, and a decrease in fat mass. No evidence supports the
benefits in sexual behavior, cognition, mood, and bone density (T3). At this stage
the disadvantages of androgen therapy, such as potentiation of cardiovascular prob-
lems, BPH, and prostate cancer, surpass the advantages, and any man considering
androgen therapy should carefully think it over. Bioavailable testosterone, dehy-
droepiandrosterone, dehydroepiandrosterone sulfate, prolactin, growth hormone,
and insulin-like growth factor-I (IGF-I) levels decrease in the aging male, while
levels of follicle stimulating hormone (FSH) and luteinizing hormone (LH) in-
crease and dihydrotestosterone (DHT) and estrogen (E) levels stay the same (K16,
M4, M26, T11). This causes changes in hormone and growth factor ratios—for
example, the testoterone:estrogen (T:E) ratio decreases with age (S28). Hormone
levels may not merely be increased or decreased, but irregular and asynchronous
secretion of hormones such as LH and testosterone may play a major role (P14).
Since serum hormone-binding proteins bind and transport hormones from the
producing organs to the target tissue, an increase in the serum hormone-binding
proteins reduces the bioavailability of androgens, estrogens, and IGF-I (B4). Re-
ceptor status can also be affected by age. An example of this is that, in the prostate,
cytoplasmic AR increases with age while nuclear AR stays the same (S2).

Prostate cancer incidence and mortality vary in different countries and racial
groups, and this implicates not only genetic or hereditary differences but also
environmental and dietary factors. American Blacks have the highest incidence
and mortality, followed by Whites and lastly Asians. Black and Asian Americans
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also have a higher incidence of prostate cancer compared to the incidence in their
countries of origin, due to altered lifestyles which can at least be associated with
a higher intake of saturated fats. It has been suggested that prostate cancer is as-
sociated with lower production and intake of vitamin D, which could explain the
tendency of increased risk in areas with a lower sunlight intensity or exposure (F3,
H4). The geographic distribution of ultraviolet (UV) radiation in 3073 counties
of the United States was examined and the amount of UV radiation correlated in-
versely (p < 0.0001) with prostate cancer mortality (H4). Other racial differences
may be serum testosterone, being higher in Blacks than in Whites, Sa-reductase
activity, being higher in Whites, and the (TA), repeat polymorphism in the Sa-
reductase SRD5A?2 gene (R4, R12, S18). The importance of racial variation in the
(CAG),, and (GLN), repeat polymorphism in the androgen receptor gene will be
reviewed later, under androgen receptors.

Diet and hormones influence body composition and body composition can in-
fluence hormonal status. An example is the decreased serum testosterone and in-
creased serum estrogen found in obesity (R11). Recently, body mass index (BMI)
and anthropometric measurements (height and weight) were found to be positively
associated with prostate cancer risk and even more strongly associated with mor-
tality (A4). Compared to the reference category of BMI < 22.1 kg/m?, BMI more
than 26.2 kg/m? displayed a statistically significant higher mortality rate in prostate
cancer. The rate ratio (RR) was 1.4, and the 95% confidence interval (CI) was 1.09—
1.81. Furthermore, a slight increase in upper body skeleton was also associated with
increased risk of prostate cancer (D15). Obesity and weight gain in later life, though
not yet established conclusively, have been found to increase risk of prostate cancer,
and tend to enhance progression from stage B1 to stage D1 (C7, F12). In another
study, however, just the opposite was found, suggesting lower mortality rates and
better prognosis in obese men (D7). These conflicting studies may suggest that obe-
sity alone does not increase risk and that more studies are necessary. Total energy
intake may increase the risk of prostate cancer, as seen in a case study that was ad-
justed for age, education, group, and family history. The odds ratio (OD) increased
with each quartile of energy intake: 1.00, 1.77, 1.90, and 2.67 (M 18). Certain nutri-
ents, such as saturated animal fat (OD = 1.7-2.8), red meats (OD = 1.7-2.6), eggs
(OD =2.1), and dairy products (OD = 1.6-3.1), are associated with increased risk,
while vitamin A (OD =0.4), vitamin E (RR = 0.44), vitamin D (OD = 0.88), and
especially lycopene in tomatoes (OD = 0.74) and tomato sauce (OD = 0.66), seem
to have a protective effect (C10, G3, G11, G12, G13, H4, H11, W1, W9). Some
nutrients, such as essential fatty acids (EFA) and their metabolites, may play a
role not only in the prevention of prostate cancer, but also in the reduction of
tumor growth (V1). Fatty acids has been implicated in modulation of various re-
ceptor activities (N9) and, in unpublished work done by us, certain EFA decreased
AR capacity and dissociation constant (K,), while ER capacity and K, increased.
Therefore, it can be added that a healthy diet is essential for cancer prevention.
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Another factor that may be beneficial is physical activity, since it affects the im-
mune function and antioxidant defenses, transit time of digestion, hormones, and
body fat, and it improves energy balance. Therefore, it may have a protective effect
on prostate cancer and it may even slow progression and metastasis (G14, H8, K7,
02, 03). In a 9-year follow-up study performed by Hartman et al., the relative
risk for physical exercise in prostate cancer was compared with sedentary work-
ers and found to be 0.6 (CI =0.4-1.0), 0.8 (CI=0.5-1.3), and 1.2 (CI =0.7-2.0)
for occupational workers, walker/lifters, and heavy laborers, respectively. Except
for heavy laborers, an inverse association was observed (RR=0.7, CI=0.5-0.9)
compared to men who were sedentary at work and leisure (H8). However, other
studies indicate a positive association between vigorous exercise and prostate can-
cer (C7), and therefore further study is necessary to provide an activity optimum.
Frequency, duration, intensity, type of exercise, and the period during a man’s
lifetime when exercise may be beneficial, must be investigated (02, O3).

Mentioned risk factors may cause cancer by genetic alterations or rather a series
of genetic alterations affecting genes associated with the cell cycle, cell growth
proliferation, and differentiation, such as growth factors, growth factor receptors,
regulators of DNA synthesis and repair, regulators of RNA transcription, and mod-
ifiers of protein function by phosphorylation. Alterations include gene deletions,
loss of alleles, loss of heterozygosity (LOH), point mutations, frameshift muta-
tions, germline mutations, DNA methylation, and gene amplification. Since all
receptors are protein molecules that are dependent on genes, genetic alteration is
a worthy direction of investigation in this regard.

2. Androgen Receptors

2.1. ANDROGENS

In understanding the role of different receptors in the prostate, it is essential to
comprehend the role of their ligands on the prostate. Prostatic growth are controlled
by endocrine factors, neuroendocrine factors, paracrine factors, autocrine factors,
extracellular matrix factors, and cell—cell interactions. Endocrine factors are pro-
duced in distant organs and reach the prostate via serum transport and include
steroid hormones such as testosterone and estrogen, as well as peptide hormones
such as insulin and prolactin.

Androgens have been considered to play a crucial role in the development and
progression of prostate cancer, since men castrated before puberty do not develop
prostate cancer (L10). Testosterone is the major steroid hormone that maintains
prostate growth, function, and size. Treatment of stage D prostate cancer includes
withdrawal of testosterone by surgical or medical castration, which causes atrophy
of androgen-dependent cancer cells. Most treatments involve Zoladex (goserelin)
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or Lupron (leuprolide acetate) for the testosterone produced by the testes, and
Eulexin (flutamide) or Casodex (bicalutamide) for the testosterone produced by
the adrenals (B1). Physicians are divided over which of these drugs is superior,
but Zoladex and Eulexin are less expensive. The luteinizing hormone-releasing
hormone (LH-RH) agonists Zoladex and Lupron are synthetic versions of LH-
RH that are up to 60 times as potent as the natural hormone. They are similar in
structure and action to the natural LH-RH, but they cause greater release of LH and
FSH from the pituitary gland. With prolonged use these drugs deplete the pituitary
gland of LH and FSH. Eulexin and Casodex are antiandrogens which inhibit the
action of androgen receptors.

Normally, the pituitary gland is stimulated by the hypothalamus as follows: The
hypothalamus releases LH-RH, which acts on the pituitary to release luteinizing
hormone (LH). The Leydig cells in the testes are then stimulated by LH to produce
testosterone from acetate and cholesterol. Testosterone is released into the blood-
stream, where 98 % binds to a testosterone/steroid binding globulin (T/SeBG). Only
2% of the total serum testosterone are free and available for prostate uptake (D9).
In the prostate, testosterone is converted by the Sa-reductase enzyme to DHT, the
principal androgenic hormone in the prostate. The DHT binds strongly to the AR
and it is this complex that regulates the activity of the androgen-responsive genes
that are responsible for prostate growth and function.

The adrenal glands produce androstenedione and dehydroepiandrosterone
(DHEA), which contribute about 5—10% of circulating androgens (L16). Adrenal
androgens have little effect on normal prostate growth because Sa-conversion of
DHEA is slow and androstenedione cannot be directly converted to DHT and is
therefore a weak androgen. In the malignant prostate, however, binding specificity
of AR for adrenal androgens could increase due to mutations in the AR gene and
thus stimulate prostatic neoplasms (B3).

2.2. MOLECULAR BioLoGy

Androgens exert their biological effects via binding to the androgen receptor
(AR), a ligand-activated nuclear transcription factor (H1). The AR, a 90-kDa
protein, shares a high degree of structural homology with other steroid receptors.
It consists of 919 amino acids with three domains: a ligand-binding C-terminal,
a highly conserved DNA binding domain that consists of two zinc fingers, and
a highly variable polymorphic N-terminal that has glutamine and glycine repeats
and acts as a transactivation domain. The 80-kb gene encoding for the AR lies on
chromosome Xq 11-12 and consists of 8 exons: exon 1 encodes for the N-terminal,
exons 2 and 3 each encodes for a zinc finger, and exons 4-8 encode for the hormone
binding domain (Fig. 2).

Within the prostate gland, the steroid hormone testosterone is irreversibly con-
verted to Sa-dihydrotestosterone (DHT), the active androgen in the prostate.
Binding of DHT to the AR triggers conformational changes which unmasks the
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DNA-binding domain of the AR and releases heat shock protein 90 (hsp 90). This
facilitates the binding of the DHT-AR complex to the androgen response elements
(ARE) and supports dimerization of the DHT-AR complexes on the genome. These
complexes provide stability to the process of gene transcription. An androgen-
dependent product of AR gene transcription in secretion cells is prostate specific
antigen (PSA), since the PSA gene promoter is regulated by androgens (L15).

2.3. BIOMARKER OF PROGNOSIS

Since androgens and the AR play such an important role in development and
progression of prostate cancer, the AR has been studied as a biomarker and prog-
nostic factor in the progression of this disease. Prostate tumors can either be AR-
positive or AR-negative. Most AR-positive tumors respond to hormonal treatment,
but some are resistant to therapy and progress, while androgen receptor-negative
tumors usually relapse even though some of them may initially respond to en-
docrine therapy (P18). In normal prostate epithelium, AR seems to be expressed
by the secretory cells and the basal cells in culture (P5). Since secretory cells de-
generate during androgen ablation, it has been proposed that the presence of AR
is associated with maintenance and survival of these cells (G22). The basal cells
are the stem cells for the secretory cells and thus it has been proposed that growth
factors could stimulate basal cell differentiation and eventually AR expression to
produce secretory cells (L16).

Direct immunohistochemical analysis of prostatic tissue has become very pop-
ular since the development of AR antibodies. However, a disadvantage of this
technique in quantitative analysis is that the intensity of the immunohistochemical
stain is dependent on the intactness of the structure of the AR. Therefore, mutations
or alterations in the structure may reduce staining intensity (T5). Biochemical and
immunohistochemical studies of AR content in relation to grade or stage of dis-
ease, as well as prediction of response to endocrine therapy, has been inconsistent.
Nearly all primary prostate cancer specimens positively express AR protein, as
determined by quantitative reverse transcriptase polymerase chain reaction (RT-
PCR) analysis as well as by immunohistochemical analysis on formalin-fixed,
paraffin-embedded primary prostate tissues (D12, H14). In advanced-stage prostate
cancer, immunohistochemical techniques has shown that metastases in bone, the
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epidural space periosteum, and most of the metastases in pelvic lymph nodes
also express AR protein (H14, H15). Only one of 12 pelvic metastases (8%)
were completely negative for AR expression (H14). The AR levels in cancerous
prostates before and after treatment were observed by employing AR mRNA cy-
toplasmic dot blot hybridization with autoradiography (M6). The AR levels were
higher in endocrine-treated prostate cancer than in untreated and normal prostates
(p < 0.05). This suggests that endocrine treatment causes an increase in AR con-
tent in some cases of prostate cancer and that this may play a role in recurrence,
progression, or hormone resistance during therapy. The Gleason score is an indica-
tion of the cancer’s aggressiveness and relies on the pathologist’s interpretation of
the cells in a biopsy (G17). The pathologist assigns a single grade from 1 to 5 to the
two most prevalent histological components of the tumor, based on the glandular
architecture of the area. The sum of these two single grades gives the Gleason score.
A score of less than 4 suggests a low-grade cancer, while a score above 7 is prob-
ably more aggressive. Comparing the AR expression within the different Jewett
stages and Gleason grades, the AR expression increased with higher stages (56%
of stage B vs 89% of stage D, p = 0.001) and in higher grades (52% of Gleason
3-7 vs 92% Gleason 8-9, p = 0.015) after combined androgen blockade (D12).
Although some prostate tumors stain less intensely for AR than normal and
BPH prostates, it was noticed that the tumors stain more heterogeneously for AR
than normal and BPH prostates, which stain homogeneously (M21). The variabil-
ity of AR content per nuclear area increases with increasing grade and Gleason
score (M3). Prins et al. (P18) demonstrated that computer-aided image analysis of
AR immunostaining with classification of AR receptograms can predict the out-
come of endocrine therapy rather accurately. Receptograms were classified into
four different possible types according to the mean optical density distribution,
which allowed determination of the percentage of AR-positive and negative nuclei,
as well as the frequency of AR-positive subpopulations (type 1 =unimodal/AR
positive with well-defined peak; type 2 =bimodal/AR-positive and more than
10% AR-negative subpopulations; type 3 =multimodal AR-positive with well-
defined peaks and less than threefold mean optical density concentration range;
type 4 = highly skewed, lacking well-defined peaks, and less than threefold mean
optical density concentration range). In this study tumors consisting of highly vari-
able or heterogeneous cell subpopulations (type 2 or type 4) were associated with
endocrine therapy failure, while more homogenous AR concentrations (type 1 and
type 3) were associated with a favorable response to endocrine treatment (P18).

2.4. ANDROGEN RECEPTOR (AR) IN TREATMENT

Treatment of prostate cancer for the various stages is summarized as follows:
radiation or radical prostatectomy for stages A and B and radiation with or with-
out hormonal therapy for stage C prostate cancer (G4). Through the years, the
method of choice in treatment of advanced stage D prostate cancer has been
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hormonal treatment to diminish or deplete testicular and adrenal androgen con-
centrations in the body (G4). Circulating testicular androgens can be removed
by bilateral orchiectomy or the secretion of androgens can be prevented by the
administration of the female hormone diethylstilbestrol (DES) or LH-RH ago-
nists. These agonists cause the down-regulation of the production of testosterone
by paradoxical suppression. However, long-term androgen ablation may increase
AR expression, causing progression of the disease (K14). The action of adrenal
androgens in target tissues can be blocked by antiandrogens. A combination of
surgical or medical castration with an antiandrogen has been proposed to increase
the survival of patients with metastatic prostate cancer (T8). However, this may
be a controversial issue, since meta-analysis of available data by the U.S. De-
partment of Health and Human Services suggests that there is no statistically
significant difference in survival at 2 years (hazard ratio=0.871, CI=0.866—
1.087) between monotherapy and combined androgen blockade. Limited data
suggested that there is a slight significant difference favoring combined therapy
over monotherapy in the survival at 5 years (hazard ratio=0.871, CI=0.805-
0.942), but more data are needed for a better representation of clinical significance
Un).

Antiandrogens compete with and displace androgens from androgen receptor
occupancy and inhibit their action and prevent the secretory epithelium cells from
surviving (M5). Two kinds of antiandrogens, steroidal and nonsteroidal antian-
drogens, have been used in treatment of various illnesses caused by AR disfunc-
tion (K19). The differences between steroidal and nonsteroidal antiandrogens are
elucidated next. Nonsteroidal antiandrogens such as bicalutamide, hydroxyflu-
tamide, and nilutamide inhibit androgen receptor action directly. Unfortunately,
the cell registers this as an androgen shortage, which causes an increase in LH-
RH, LH, and testosterone production. This increase in testosterone could cause
a displacement of the antiandrogens from the AR and these are therefore called
selective antiandrogens. In contrast, steroidal antiandrogens such as cyproterone
acetate, megestrol acetate, medroxyprogesterone acetate, and chlormadinone ac-
etate inhibit AR action both directly and indirectly. Progestational activities of
these steroidal antiandrogens explain the indirect action by means of sequential
down-regulation of LH-RH, LH, and eventually androgens. These compounds
are called nonselective antiandrogens. Side effects of steroidal and nonsteroidal
antiandrogens in monotherapy are summarized in Table 1.

2.5. ANDROGEN RECEPTOR ABERRATIONS

Androgen receptor aberrations in structure or content may modify androgen
action and in the prostate may lead to an increase in cancer. It is proposed
that a disequilibrium in the CAG repeat lengths in the transactivation domain
of the AR gene may be involved in the development of prostate cancer (S21).
Other aberrations which can be involved in the progression of tumors from an
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TABLE 1
SIDE EFFECTS OF ANTIANDROGEN TREATMENT

Name, type Characteristics Advantages Disadvantages®
Cyproterone LH decreased Monotherapy Hepatotoxicity, anemia, myocardial
acetate T decreased Few hot flashes ischemia, edema, thromboembolic
(ANDROCUR) disease, infertility, breast tenderness,
Steroidal sedation and depressive mood

changes, alterations in hair pattern,
skin reaction and weight changes

Flutamide LH increased = Monotherapy Breast tenderness, nausea and
(EULEXIN, T increased Combination vomiting, diarrhea, rectal bleeding,
EUFLEX) therapy hot flashes, cystitis, increased
Nonsteroidal Potency spared appetite, sleep disturbances,

hepatotoxicity, anemias, hemolysis,
headache, dizziness, malaise,
blurred vision, anxiety, depression,
decreased libido, hypertension,
complications in patients with
cardiovascular disease

Nilutamide LH increased Combination therapy Hot flushes, breast tenderness, nausea
(NILANDRON) T increased Potency spared and vomiting, blurred vision and
Nonsteroidal Libido unaffected delayed adaptation to darkness,

alcohol intolerance, interstitial
pneumonitis

Bicalutamide LH increased Combination therapy In combination therapy with a LH-RH
(CASODEX) T increased Potency spared analog: hot flushes, diarrhea, general
Nonsteroidal Less diarrhea than pain, constipation, asthenia,

with flutamide hypertension In monotherapy:
Libido unaffected dizziness, confusion, nausea, vomiting,

rash and hepatitis

4Micromedex.

androgen-dependent to an androgen-independent state include AR gene amplifi-
cation, AR point mutations, and aberrant phosphorylation, which activates AR in
the absence of a ligand (Fig. 3). A better understanding of AR function in the nor-
mal prostate, as well as in hormone-responsive and hormone-unresponsive prostate
cancers, may provide a starting point for development of better treatment methods
for prostate cancers.

2.5.1. Polymorphism

It has been established that the polymorphic (CAG), and (GGN), regions in
the AR gene vary in different racial groups (12). In Caucasians the most common
allele has 21 (CAGs), while the most common allele in African Americans, who



THE ROLE OF RECEPTORS IN PROSTATE CANCER 113

Normal prostate

Risk Factors AR aberration
o Age e AR CAG repeat
o Race disequitibrium
o Family
e Diet

e Environment
o Exogenous
hormones

And -
o Body size nérogen

dependent
prostate cancer

AR aberrations
o AR gene
amplification
e AR point
mutations
o Aberrant AR
phosphorylation
® p53 mutations

Androgen-

independent
prostate cancer

Fic. 3. Risk factors and AR aberrations in progression from androgen-dependent to androgen-
independent prostate cancer.

present a higher incidence of cancer, has 18 (CAGs) (E1). In short, an allele is one
of a set of alternative forms of the same gene on a chromosomal locus. In diploid
organisms such as humans, there are two alleles, one on each chromosome of a
homologous pair. Shorter (CAG) repeat lengths is associated not only with the
development of prostate cancer at a younger age (HS), but also with increased risk
of the development of distant metastatic and fatal prostate cancer (G16, H3). In
middle-aged (40-64 years) Caucasian men, the risk of prostate cancer decreases by
3% for each additional (CAG) repeat (S21). This higher risk of prostate cancer may
be explained by the fact that the transcriptional activity of AR with shorter repeats
is higher than those with longer repeats (C8). Analysis of (GGN) repeats suggests
that 16 or fewer repeats is related to higher risk in prostate cancer. When lengths
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of both (CAG) and (GGN) repeats were considered jointly, the subgroup with two
short repeats [(CAG) < 22, (GGN) < 16] had a twofold elevation in prostate cancer
risk relative to those with two long repeats [(CAG) > 22, (GGN) > 16] (S21). In
spinal/bulbar muscular atrophy, with elongated (CAG) repeats of AR, an inverse
relationship was observed between (CAG) repeat length with AR mRNA and
protein levels (C12). Therefore, another question that remains is whether shorter
(CAG) repeats may be correlated with increased expression of AR in prostate
cancer.

2.5.2. Androgen Receptor Gene Amplification

Some androgen-dependent primary tumors initially respond very well to con-
ventional castration therapy or endocrine treatment. The response duration for
stage D is usually 12—18 months before recurrence appears, but with earlier diag-
nosis, androgen suppression can continue for as long as 10-20 years. In recurrent
tumors, the average copy number of the AR gene varies substantially, from 2.7 to
28 AR gene copies per cell, with up to 60 copies in some individual tumor cells
(K12). No mutations were reported in these cases. However, it was postulated that
this increased amplification and expression of a wild-type AR gene enables the
cancer cell to utilize the residual low levels of androgens more effectively. After
the tumor cells adapt themselves to androgen-deficient levels by AR amplifica-
tion, cell growth could be sustained in an androgen-independent manner (K13).
Therefore, some patients may benefit more from maximal androgen ablation (T8).
Recently, it was found that hormone-refractory tumors which exhibit AR gene
amplification correlate with an increase in p53 mutation (K11, K18).

2.5.3. Phosphorylation

Like other steroid receptors, the human AR has been described as a phosphopro-
tein (B13, K22). At least 12 potential phosphorylation sites have been elucidated
for serine/threonine—proline directed kinase, casein kinase, and double stranded
DNA-dependent kinases. Phosphorylation of the AR on serine residues 506, 641,
and 653 takes place shortly after synthesis, and this seems to be essential for ef-
fective ligand binding (B7). Other functions of AR phosphorylation are regulation
of intracellular transport from the cytoplasm to the nucleus, binding to ARE, tran-
scriptional activation, interactions with other proteins, and receptor cycling (Z4).
Binding of androgens to AR increases AR phosphorylation on different sites. For
example, in LNCaP cells the addition of the synthetic androgen, methyltrienolone,
also called R1881 (10 nM), causes a 1.8-fold increase in phosphorylation of AR
and therefore it may play a role in activation (K20, V4).

Since the N-terminus plays a major role in transactivation, it has been postu-
lated that phosphorylation of this terminus may modulate transactivation (Z3).
Evidence found that a mutation in the ser 650 phosphorylation site decreases tran-
scriptional activity by 30%, endorsing the importance of phosphorylation in the
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N-terminus (Z3). Similarly, in LNCaP cells, phosphorylation occurs only in the
N-terminus and not in the DNA-binding or ligand-binding domain (K23).

The fact that some tumors are resistant to endocrine therapy and grow well
in the absence of androgens may indicate that, in the absence of androgens, the
AR could be activated in a different way. This activation can be either by other
ligands, or by additional phosphorylation. It has been established that AR can be
activated in the absence of androgens by a protein kinase A signaling pathway, by
polypeptide growth factors, and by cellular regulators such as IGF-1, KGF, and EGF
(C23, N2, RS). Various serine residues have been identified which may be the site
of action for this intimate collaboration or cross-talk between androgen-mediated
signaling systems and growth factor/receptor tyrosine kinase pathways (G22, M1).
A thorough investigation of the mechanism of androgen-independent activation of
AR and its function would shed more light on progression of androgen-independent
prostate cancer.

2.5.4. Mutations

Mutations have been found in primary untreated, local and metastatic hormone-
refractory prostate cancer as well as in LNCaP cells. However, mutations seem to
be more common in advanced and hormone-refractory prostate cancers (C25, ES,
L4,N3, S30, S31, T1, T5). This point is still debated. Transition mutations, where
a purine is replaced by a purine or a pyrimidine by a another pyrimidine, seems to
be more common in prostate cancer than transversion mutations, where a purine
is converted to a pyrimidine or vice versa. It was proposed that this may be due to
endogenous carcinogens (H1).

Mutations in the promoter area of the AR gene could lead to loss of AR mRNA
and protein, while mutations in the exons could lead to altered structure of the
AR protein. Since function is related to structure, these alterations could cause the
function of the AR to be enhanced or diminished. Ligand-binding and transacti-
vation properties of the AR could be altered and the AR could also be activated
constitutively. Several reports indicated point mutations in the hormone binding
domain result in an increase in binding specificity of the AR for other ligands
such as estradiol, progestagins, adrenal androgens, and even antiandrogens (C24,
C25, C26, ES, G1). Therefore, the AR could even be activated or hyperactivated
in the absence of testosterone or DHT during androgen ablation therapy, where
residual adrenal androgens, estrogens, or antiandrogens could still activate AR and
tumor growth. Antiandrogens, which are used to eliminate the effect of residual
adrenal androgens in combined androgen ablation treatment, could themselves
cause progression of tumor growth. This could be a reason why the antiandrogen
withdrawal syndrome is observed (S30). The antiandrogen withdrawal syndrome
occurs when combined hormonal therapy (either orchidectomy or LH-RH agonist
combined with an antiandrogen) or antiandrogen monotherapy fails and the admin-
istration of pure antiandrogen is discontinued. When hormonal therapy is failing
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and PSA levels are rising, antiandrogens is withdrawn from treatment, causing
the PSA to drop to undetectable low levels over a few months. In addition to the
decreasing PSA levels, some patients may even show signs of clinical improve-
ment, but in others the disease may progress despite the fall in PSA (L12, S5).
The antiandrogen withdrawal syndrome was initially detected during treatment
with the nonsteroidal antiandrogen flutamide, but since then it has also been de-
tected with other nonsteroidal antiandrogens such as bicalutamide (Casodex), as
well as steroidal antiandrogen such as cyproterone and chlormadinone (A1, N5,
S16). The mechanism of antiandrogen withdrawal syndrome is still unclear, but
it is suggested that antiandrogens have a stimulatory effect on a mutated AR in
prostate cancer cells. Recently, a mutation in codon 887 of AR was associated with
antiandrogen withdrawal (S30). The effect of antiandrogen withdrawal is always
palliative and temporary, but it can prolong the effectiveness of orchidectomy or
LH-RH agonists by many weeks or months before PSA begins to rise again.

Increased binding affinity for ligands other than androgens could be established
in the absence of mutations with AR coactivators such as ARA7y, ARAss, and
retinoblastoma. Recently it was demonstrated that ARA7y could stimulate AR
transcriptional activity more than 30-fold in the presence of estradiol (E;) (Y2).
The ARAss could stimulate AR transcriptional activity in the presence of DHT,
E,, and hydroxyflutamide (F11). Retinoblastoma, a tumor suppressor, increases
AR transcriptional activity fourfold in the presence of DHT and up to 13-fold
when coexpressed with ARA7y (Y3, Y4). Mutations in the DNA binding domain
have been reported by various authors. For example, alanine-596 was converted
to threonine and this alteration affected receptor dimerisation, which causes an
alteration in transactivation (K9). Table 2 summarizes some of the mutations found
in humans.

3. Estrogen Receptors and Other Cytoplasmic/
Nuclear Receptors

Estrogens are believed to be “female” hormones, but they are also present in
the male, although in much lower concentrations than androgens. Estrone and
estradiol are derived from conversion of androstenedione and testosterone by the
aromatase enzyme. In the male, this aromatization takes place in various tissues,
which include the prostate (S25) (Fig. 4). Binding of estrogens to the estrogen
receptor causes a biphasic effect on cell growth (L9, O4). Estrogen receptors (ER)
are known to be present in the male reproductive tract, where they are essential for
normal growth and function (C19). Hess et al. (H12) reported that estrogen may
be important in retaining fertility, since estrogen and ER regulate the reabsorption
of luminal fluid in the head of the epididymis. The exact function of estrogens in
the prostate is unclear, but it is known that total plasma estradiol levels in men
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TABLE 2
PoINT MUTATIONS OF AR IN PROSTATE CANCER

Substitution Domain Activity change Reference
877 Hormone binding Binding specificity Gl
thr—»ala increase for estrogens,
progestagins,
antiandrogens
868 Hormone binding Binding specificity and V6
thr—»ala transactivation increase

for adrenal androgens,
estrogens, progestagins and

antiandrogens
730 Hormone binding Growth advantage N3
val—»met
715 Hormone binding Transactivation C25
val—+met increase by adrenal
androgens and
progestagins
650 DNA binding Decrease in 73
ser—»ala transactivation
596 Phosphorylation Dimerization K9
ala—»thr site

older than 50 are increased. However, plasma levels of free estradiol stay the
same, due to an age-related increase in the testosterone estradiol binding globulin
(TEBG). In contrast, plasma levels of free testosterone decrease. This causes a 40%
increase in the ratio of free estradiol/free testosterone, which could be important
in development of BPH and prostate cancer (W8, W11).

3.1. ESTROGENS IN TREATMENT

Estrogens such as diethylstilbestrol (DES) and diethylstilbestrone diphosphate
(DESdP) are being used in endocrine therapy in advanced or aggressive prostate
cancer to induce regression of tumors (B5, H10, K8, M15). However, the mech-
anism of action of DES was believed to be ER independent and via a negative
feedback inhibition on the pituitary—hypothalamus axis, which leads to lower LH
and testosterone levels. Recently there has been evidence that DES could have a
direct effect on prostate and prostate tumor cells via inhibition of cell prolifera-
tion, cell cycle arrest, and apoptosis (R9). In this study, the average dose of DES
at which 50% of prostatic cell lines 1-LN, DU-145, PC-3, and LNCaP were no
longer viable (LDsq) after 72 h was 20.9 + 0.5 M, while the average for DESdP
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was 23 £ 1.0 pM. Apoptosis was suggested by DNA degradation in PC-3 cells
with DES treatment. Cell cycle arrest, as determined by DNA fluorescence flow
cytometry, showed that the average percent fluorescence at 30 wM for androgen-
independent cell lines 1-LN, DU-145, and PC-3 were increased for hypodiploid
nuclei from 3.7% to 19.6% (5.3 times). The amount of cells in the G1 and S
phases decreased from 58.2% to 8.3% (7.0 times) and from 21.0% to 5.3% (4.0
times), respectively. Cells in the G,/M phase increased from 17.0% to 57.2% to
(3.4 times). In contrast, the androgen-insensitive cell line LNCaP showed less than
2 times differences after treatment with DES, but treatment of the LNCaP cell with
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DESdP showed a notable increase from 9.0% to 30.5% (3.4 times) in hypodiploid
nuclei and a decrease in the G,/M phase from 11.4% to 3.7% (3.1 times).

High doses of DES are no longer in use, since blood clotting caused cardiovas-
cular problems. This disadvantage may be abolished by additional agents such as
aspirin (C9). The clotting problem may be part of inherited coagulation problems
such as the factor V Leiden mutation, which is a single-base-pair substitution in
the coding sequence for factor V that renders it unable to be inactivated (G18).
The inability to inactivate clotting factors causes thrombophilia in the presence of
high concentrations of estrogens and selective estrogen receptor modulators such
as tamoxifen or oral contraceptives (G2, L6). Nevertheless, lower doses of DES are
still a good alternative to bilateral orchidectomy (C21). The first case of a similar
phenomenon to the antiandrogen withdrawal syndrome has been reported during
treatment with DES (B6). In this case the tumor became refractory to DES treat-
ment. Discontinuance of DES administration resolved into complete remission
and, after 3 years of follow-up, no clinical or biological evidence of recurrence
was documented. This may be explained by the fact that long-term treatment
with estrogens causes irreversible impairment of Leydig cell function and conse-
quently reduces testosterone secretion after cessation of estrogen treatment (T7).
Other estrogens are also being used in neoplastic treatment. In a 15-year study
of estrogen and estramustine phosphate therapy, patients with well-differentiated
cancer did best on early polyestradiol phosphate plus ethinylestradiol treatment
(L17). Furthermore, epithelium, as well as stromal cell growth, are inhibited by
administration of estradiol, even in combination with testosterone (D5).

Biologically active plant compounds with estrogenic and antiestrogenic prop-
erties, phytoestrogens, have recently been found to cause prominent apoptosis of
a prostate tumor without any side effects (S23). In this a case a 66-year-old physi-
cian, on his own initiative, took a concentrated phytoestrogen based on red clover
(Promensil tablets: 4 x 40 mg/day) for only 1 week. Promensil treatment resulted
in regression of the tumor before he underwent radical prostatectomy. After the
operation, the tumor was compared with the low-grade adenocarcinoma biopsy
which was taken before the Promensil treatment. In contrast with the biopsy, the
tumor tissue showed a high degree of apoptosis, resembling high-dose estrogen
therapy, but with an added advantage of no adverse effects (S23). However, this
phenomenon may be different over a longer treatment period.

Phytoestrogens consists of three major groups, isoflavonoids, flavonoids, and
lignans. It has been suggested that some of these compounds have anticancer
properties, since Asians, who consume a diet rich in phytoestrogen, have re-
duced prostate cancer risk (D16). Soya and legumes are the major sources of the
isoflavonoids genistein and daidzein (D16, M17). Examples of other isoflavonoids
are biochanin, equol, and formononetin. Flavonoids such as apigenin and kaemp-
ferol are present in high concentrations in many fruits, vegetables, and crop species,
such as apples, onions, and tea leaves (D16). Lignans, such as enterolactone and
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enterodiol, are present in many cereals, grains, fruits, and vegetables and are es-
pecially abundant in linseed (flaxseed) and oilseeds (D16, M28). A few structures
of phytoestrogens are shown in Fig. 5.

Phytoestrogens can act as both nonsteroidal estrogens and antiestrogens, but
their estrogenic effects are much weaker than those of estrogens (D16). Since
phytoestrogens compete for estrogenbinding sites, they can attach to these sites
when estrogen levels are low and induce an estrogenic effect or, in the presence
of high estrogen levels, phytoestrogens can compete with estrogens and blunt
the effect of estrogens and in this way reduce cancer risk. In a study to assess
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the value of phytoestrogens in prostate cancer, LNCaP cells were inoculated
into severe immunodeficient mice which were fed soybean products (Z2). Soy-
bean protein reduced tumor growth by 11% (p = 0.45), 0.2% soy phytochem-
ical concentrate reduced tumor growth by 19% (p = 0.17), soy protein plus
0.2% soy phytochemical concentrate reduced tumor growth by 28% (p < 0.05),
1.0% soy phytochemical concentrate reduced tumor growth by 30% (p < 0.005),
and soy protein plus 1.0% soy phytochemical concentrate reduced tumor growth
by 40% (p < 0.005%) (Z2). This anticancer phenomenon was also seen in vitro,
where soy phytochemical concentrate, genistein and daidzein, reduced prolifer-
ation of prostatic cell lines DU-145, LNCaP, and to a greater extent PC-3 cells,
which are more invasive (S3, Z2). In a case control study in Caucasian men,
prostate cancer risk was decreased in men consuming large quantities of coumestrol
(p = 0.03) and daidzein (p = 0.07), while genistein showed a slight protective
effect (p = 0.27) (S27). Although phytoestrogens display estrogenic action, inter-
action with estrogen-binding sites may not be the only way by which malignancy
is reduced, since they are also potent enzyme inhibitors. Enzymes that are inhibited
by phytoestrogens include aromatase, Sa-reductase, and 17(3-hydroxysteroid de-
hydrogenase, tyrosine kinases, and topoisomerase I and II (G21). Further research
on these compounds may therefore be beneficial.

An expensive but over-the-counter Chinese herbal mixture, PC-SPES, which
has been commercially available since November 1996, is a popular alternative
to demonstrated therapies for prostate cancer (D11, G5, M30). The mixture con-
sists of eight different herbs: chrysanthemum, isatis, licorice, Ganoderma lucidum,
Panax pseudo-ginseng, Rabdosia rubescens, saw palmetto, and scutellaria (skull-
cap). Although PC-SPES is used as a nonestrogenic supplement, it may contain
estrogenic organic compounds that are distinct from DES, estrone, and estradiol,
as demonstrated with HPLC (D18). PC-SPES administration may reduce serum
testosterone levels (D18,G5), and in a patient with clinically localized prostate
cancer (T1c), administration of nine capsules of PC-SPES a day markedly de-
creased PSA, from 8.8 to 1.4 ng/ml after 3 weeks and to 0.1 ng/ml after 8 weeks
(M30). However, adverse affects that were coupled with PC-SPES administra-
tion included loss of libido, erectile dysfunction, extreme breast enlargement and
tenderness, reduction in overall body hair, pitting edema, and a significant drop
in lipoprotein (M30). In another study, administration of three capsules a day
also reduced PSA in most patients during 2—-6 months of treatment, while two
(6%) of these patients experienced nipple tenderness and two (6%) experienced
leg clots (D11). In vitro, prostate cancer cell lines DU-145, PC-3, LNCaP, and
an apoptosis-resistant derivative, LNCaP-bcl-2, showed a dose-responsive reduc-
tion in cellular viability at high concentrations of the PC-SPES extract (4 and
6 wl/ml), while only the hormone-sensitive LNCaP cell line showed a reduction at
the lowest concentration (2 pl/ml) (D11). Further research on possible advantages
and disadvantages of PC-SPES over prescribed hormonal treatment is essential
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in establishing future use in hormone-sensitive and/or in hormone-insensitive
prostate cancer.

3.2. ESTROGENS AND CARCINOGENEITY

Estrogens may be culprits in carcinogeneity. It was proposed that estradiol and
the cathecolestradiols could be possible genotoxic carcinogens that act as tumor
inducers rather than tumor promotors (V3). In this regard, it is interesting to note
that total prostate catecholestrogen concentration correlates with prostate mass,
protein, and DNA synthesis and may therefore play a role in BPH and prostate
cancer (N7). In the rat, chronic administration of estradiol in combination with
low doses of testosterone caused low-grade carcinomas and is therefore the tumor-
initiating agent in this system (B9). Environmental toxicants with estrogenic activ-
ity cause profound effects in the male reproductive system, such as infertility (D10).
Therefore these foreign estrogens may cause prostate cancer by increasing free es-
trogens and destabilizing the testosterone:estrogen ratio. Combination of DHT
with estrogen causes an increase in prostate size, AR, DHT formation from steroid
metabolism, collagen, and alterations in cell death (L16). Estrogen effects are vis-
ible only in the prostate stroma and can cause florid squamous cell metaplasia that
can be offset by androgens (LL16).

3.3. EsTrROGEN RECEPTORS (ER)

The mechanism of action of estrogens on prostate cells is still largely unclear,
and two proposals of estrogen binding have been investigated recently. These in-
clude binding to the prostate cellular AR in the presence of an AR agonist, ARA7
(Y2), or binding to a mutated AR that has increased affinity for estrogens and other
ligands, as already discussed. The second possibility is the binding of estrogens to
a genuine ER in prostate cells (C6). The presence of ER was illustrated with the
finding that an increase in growth in LNCaP cells by estradiol was totally abolished
by the addition of antiestrogen ICI-182,780 (C6). Addition of a synthetic androgen,
methyltrienolone (R1881), increases estradiol binding (C6). A possible explana-
tion may be that the R1881 displaces residual estradiol from the AR. Further, type I
and type II binding sites of the ER are present in prostate tissues, as well as in
human prostate cell lines, LNCaP, PC-3, and DU-145 (B14, C4, C6, E3, E4, M10,
V7). However, results have mostly been conflicting, since not all prostate cancer
patients are ER-positive (B14, H7, H13). In comparing normal, BPH, and prostate
tumor specimens, differences in results have been obtained. In some cases, ER in
prostate tumors were either lower (K15, K27) or higher than in BPH specimens
(B15, K1, K2), or not significantly different (E6). Reduced levels or no ER were
present in metastases (E4, H16). These conflicting results may indicate that ER ex-
pression, like AR expression, may be heterogeneous in prostate cancer specimens.
However, some ER-positive prostate tumors are associated with a diploid DNA
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pattern, which may be useful in predicting prognosis (N1). If present, ER is mostly
present in the prostatic stroma, although basal and secretory epithelium cells may
contain some ER (C4, D17, E2, K17, W5). Further, androgen ablation treatment
with LH-RH agonists and flutamide, as well as estrogen treatment, up-regulates
ER expression in a large number of stromal cells. In contrast, ER expression in
epithelium cells were only occasionally up-regulated, but not in carcinoma cells
(K17). Therefore, it is concluded that the morphological changes induced by es-
trogens can be explained by paracrine interaction between stromal and epithelium
cells or tumor cells. In the Dunning (R3327H) rat model, which was originally
developed from a spontaneously occurring prostatic adenocarcinoma in the male
rat, DES treatment causes an increase in nuclear ER, which increases the num-
ber of ER that could be used in transcription (D22, M23). Furthermore, the role
of the newly discovered ER isoform, ERB, needs to be investigated, since it has
been proposed that ER3 may play a role in defining epithelial heterogeneity in the
prostatic duct system, which may be the key element in estrogen-mediated events
in the prostate (C11).

The rat prostate was one of the first organs in which ER3 was discovered (K24).
The human prostate possesses much less ER3 than the human testis, and a variant
of ERB, ERB1, is detectable in human PC-3, DU-145, and LNCaP cell lines (E7,
H2, M29). The function of ERf in the prostate is largely unclear, but it has been
suggested that ER[3 could act as a marker of epithelial differentiation of the rat ven-
tral prostate (P17). This hypothesis is based on the fact that normal ER[3 expression
is low at birth and increases as epithelial cells differentiate into luminal epithelial
cells, and increase even more when with functional differentiation (P17). ERB
expression may be related to androgen levels, since ERB mRNA levels decrease
during castration and can be restored with subsequent testosterone replacement.
ERp expression is not regulated by estrogens (P17, S19).

The impact of the discovery of ER has yet to be established, but it may partly
explain the complexity of selective estrogen and antiestrogen action in various
tissues (K1). It may be beneficial to reevaluate previous research on estrogenic
compounds in the light of this novel ER[. Structurally, the ERB amino acid se-
quence is highly homologous to the ERa amino acid sequence and, like other
steroid receptors, it possesses conserved functional domains which are necessary
for receptor function. The rat and human ERa and ER amino acid sequences
show a 95-97% homology in the DNA-binding domains, while the ligand binding
domains show a 55-60% homology, respectively.

The high homology between ERa and ERf in the DNA-binding domain sug-
gests that these receptors interact with similar estrogen response elements on the
DNA. As suggested, ER[3 binds to several EREs that are already known to bind
to ERa (H22, K24). Although ERa and ERf can bind to the same ERE, these
receptors display different patterns of affinities for these ERE, which can cause
differential activation in the presence of estrogens (H22, P7). Important factors
which can determine the activation of particular estrogen responsive genes are
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the nature of the ERE and the ratio of ERa and ER{ subtypes in a particular
cell or tissue (P7).

Human and rat ER3 can form homodimers or heterodimers with ERa (O1, P1).
Therefore, the cell can respond to estrogens in three different ways by forming
three different types of dimers: ERa homodimers, ERB homodimers, and ERa
ER heterodimers (T9). Further research on the estrogen-mediated activation of
different genes by these homo- and heterodimers and their content in different
cells, tissues, and organs may be very interesting in illuminating selectivity of
estrogen action in different cells and tissues.

The relative high homology of ERa and ERf in the ligand binding domain
imply that they have similar binding affinities for estrogen and estrogen-related
compounds. Binding affinities for estrogenic compounds such as estradiol, DES,
estrone, and Sa-androstane-33,173-diol are similar for ERa and ERB. Even antie-
strogens such as tamoxifen, 4-OH-tamoxifen, and the synthetic antiestrogen ICI-
164,384 display similar binding affinities for both receptors. Phytoestrogens such
as genistein, coumestrol, and zearalenone have up to 10-fold higher affinities for
ERp than for ERa, as reported in cell transfection studies (K21, K25). In vivo,
coumestrol acts as an antiestrogen in the rat brain, which may suggest that the
actions of phytoestrogens are tissue specific (P2). Ligands that acts as agonists on
the one ER subtype and as antagonists on the other are being developed and may
play a role in determining the different roles of ERa and ER[3 (S29).

The low homology between ERa and ER[3 in the N-terminal A/B domain indi-
cates different patterns of gene activation between these two receptors. Construc-
tion of ER chimeras with ERa A/B domain exhibited an improved transcriptional
response to estrogens and antiestrogens and indicated that differences in the N-
terminal and contribute to cell- and promotor-specific differences in transcriptional
activity of ERa and ER[3 (M14).

The ER[3 may play an important role in the antioxidant pathway (M25). Reduc-
tion of toxic and mutagenic quinones are mediated by the quinone reductase en-
zyme. Expression of quinone reductase and other detoxification enzymes is reg-
ulated by the electrophile/antioxidant response element (EpRE), which can be
activated by the antiestrogen/ER complexes. ER3 activates EpRE to a greater
extent than ERc, which suggests that ER3 may be important in activating chemo-
protective detoxification enzymes (M25). Since ER is present in the prostate, it
is suggested that ER3 may play a role in protecting the prostate from developing
cancer (C11).

3.4. PROGESTERONE RECEPTORS (PGR)

Although progesterone receptors are present in prostatic stromal cells and to a
lesser extent in epithelium cells, their actual role in the prostate is still unclear (B15,
G26). Comparing PgR expression in BPH and prostate cancer patients, 16 of 19
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(84%) stromal and 17 of 19 (89%) epithelial cells expressed PgR in BPH patients,
while 20 of 26 (77%) stromal and 12 of 20 (60%) carcinoma cells in prostate cancer
expressed PgR (H13). Since PgR expression seems to be much higher in BPH than
in prostate cancer, it could be postulated that PgR plays a more important role in
the development of BPH than in prostate cancer (B15). A possible explanation
for this phenomenon is down-regulation of PgR content during progression of
prostate cancer. Progesterone receptors were absent in metastatic lesions as well
as prostatic cell cultures of LNCaP, DU-145, and PC-3 (H16). Endocrine therapy,
however, could alter the tumor cell and PgR content, since estrogens and the
antiandrogen cyproterone acetate up-regulate PgR expression in the carcinomatous
prostate, causing differentiation (M22, S1). However, the exact role of this up-
regulation of PgR and its possible role in the development of tumors resistant to
endocrine therapy is still unknown.

3.5. Vitamin D Recepror (VDR), ReTivoic Acib REcEpTORs (RAR),
AND RETINOID X RECEPTORS (RXR)

Vitamin D production in the body is partly dependent on sunlight and the fact
that prostate cancer seems to be increased in low-sunlight areas, indicated a possi-
ble negative correlation between vitamin D or its metabolites and prostate cancer
risk (H4, P4). Since sunlight intensity and duration vary in different seasons, it
has been proposed that seasonal down-regulation of serum levels of vitamin D
metabolites could increase prostate cancer risk. Therefore, it was demonstrated
that 25-hydroxyvitamin D3 (25-D), the less active form of vitamin D, increases
in prostate cancer cases as well as in controls during summer. In contrast, 1o,25-
dihydroxyvitamin D3 (1,25-D), the more active form, shows no variation in con-
trols, while serum levels are decreased in black and white men with prostate cancer
(C20). Insufficient levels of the 1,25-D metabolite is therefore a possible deter-
mining factor in this disease. Vitamin D and metabolite levels can be influenced
by nutrition, not only by vitamin D intake, but also by calcium and fructose intake.
High calcium intake increases prostate cancer and metastatic risk, and this may
be due to the fact that calcium suppresses 1,25-D formation from 25-D (Fig. 6).
In contrast with calcium, fructose increases the 1,25-D serum level and decreases
prostate cancer risk. High fruit consumption would play a beneficial role (G15). In
addition to low serum levels of vitamin D metabolites, vitamin D-binding proteins
(VDBP), as well as VDBP polymorphic variations are associated with increased
risks in prostate cancer (B11).

Since sunlight seems to play an important role in preventing the development of
prostate cancer (H4), it leads to the investigation of vitamin D and its metabolites
as anticancer agents in prostatic cell cultures and the Dunning rat model. Treatment
of prostatic cell lines PC-3 and LNCaP in vitro and in the Dunning rat model with
the 1,25-D metabolite causes a decrease in proliferation of tumor cells (F7, G9,
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H9, H20, S12, W2, Z1). Unfortunately, there are limitations to the use of 1,25-D
in vivo, since 1,25-D induces hypercalcemia (N8). Analogs with antiproliferating
effects that eliminate hypercalcemia have been investigated with good results (C1,
C2, C3, D13, L13, S12, S20). For example, invasiveness of DU-145 cells was
reduced by 59.4% by the noncalcemic vitamin D3 analog 1,25-dihydroxy-16-ene-
23-yne cholecarciferol (16-23-D3) at a concentration of 1 x 107'M (S13). The
vitamin D3 analog 1,25(OH)2-16-ene-23-yne-26,27-F6-19-nor-D3 reduced PC-3
cell proliferation by 50% at a concentration of 1 x 10~’M (C2). When athymic
mice were inoculated with PC-3 cells and treated with 1.6 g of 16-23-D3, tumor
volumes were reduced and approximately 15% smaller than in the control groups,
with no evidence of hypercalcemia (S12). Although vitamin D3 analogs show
favorable results in in vitro cell culture studies and in vivo studies in experimental
animals, clinical trials in humans are needed to test these compounds.
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More than one mechanism, a nongenomic signaling pathway involving a mem-
brane-associated receptor, as well as a genomic pathway involving the nuclear
VDR, has been proposed for the antiproliferating effect of 1,25-D (H9, H20).
However, the involvement of the mebrane-associated receptor was ruled out by
the observation that the addition of antisense VDR inhibited the expression of
nuclear VDR and reduced or abolished the effects of 1,25-D in prostate cells (H9,
Z5). Further evidence of VDR involvement includes the observation that DU-145
and PC-3 cell lines with low amounts of VDR are insensitive to 1,25-D (Z6).

Another factor that could be involved in 1,25-D sensitivity is androgens, since
DHT and 1,25-D inhibit LNCaP cell growth synergistically. Growth inhibition
is abolished in the absence of DHT or by the addition of antiandrogens such as
Casodex (E8, Z1). This indicates a possible role for AR in 1,25-D sensitivity. In
addition to cell differentiation, the 1,25-D metabolite causes a twofold increase
in AR and PSA, which is synergistically increased in the presence of DHT (ES,
Z1). In the cell, 1,25-D may even promote translocation of AR across the nuclear
membrane to the nucleus (H19). Since the AR are increased, this may cause the
malignant prostate to respond to androgen ablation therapy in combination with
administration of 1,25-D. Although 1,25-D increases PSA production in LNCaP
cells, it seems that 1,25-D could also slow down the rate of increasing PSA levels
and the recurrence of prostate cancer after primary treatment with radiation or
surgery (G23). A role for 1,25-D in preventing metastasis has also been suggested,
since 1,25-D and its analogs may selectively decrease the type IV collagenases
MMP-2 and MMP-9 (S13).

Normal prostate, prostate carcinoma, and BPH contain indogenous vitamin A
(retinol) and retinoic acid (RA). Vitamin A has been found to be twofold elevated
in BPH compared to normal prostate and prostate carcinoma. Prostate carcinoma
contained five- to eightfold less RA than normal prostate or BPH (P3). A loss
of RA in prostate cells could therefore lead to prostate cancer. Administration
of RA could be beneficial in the prevention or cure of cancers. Metabolic active
metabolites of vitamin A, such as all-frans-retinoic acid (atRA), 9-cis-retinoic acid
(9cRA), and 13-cis-retinoic acid, inhibit primary malignant prostatic tissues and
cell lines in culture (P4). In nude mice it is involved in cell differentiation (D1,
D2, D13, J2). Retinoids often act in concert with vitamin D3 and its analogs (C3).
Clonal growth of LNCaP cells is synergistically or additively inhibited by com-
binations with vitamin D3 analogs, such as 1a25(OH)2-16-ene-23-yne-26,27,F6-
19nor-D3, and the RAR-selective retinoids (C3). Similarly, synergistic growth
inhibition is displayed by a combination of 9cRA and 1,25-D, and this effect is
even more inhibitory when the 1,25-D analog EB1089 is used. This synergistic
inhibition is mediated through the RXR, since RXR-selective retinoids inhibit this
effect (B8).

Retinoids exert their action on the cell by binding to two distinct families of
receptors, the RAR and the RXR. Both of these receptors can be divided into three
different subtypes, the o, (3, and y subtypes (P6). Not all retinoids bind to both
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receptors; for example, atRA and 9cRA bind to RAR, while 9cRA binds to both
RAR and RXR (A3, C3, G10, P6). Before transcription can take place, receptor
dimers must be formed. The RAR requires heterodimerization with RXR, while
RXR can form either heterodimers or homodimers (D13).

Heterodimers of RAR and RXR with VDR may explain the synergistic or addi-
tive inhibition observed in prostate cancer cells when combinations of 1,25-D or
its analogs and retinoids are administered (B8, C3, C15, P13, S7). Nevertheless,
it cannot be excluded that either 1,25-D or retinoids could induce the synthesis
of another protein that could enhance the response of the cell to either compound
(B8).

4. Growth Factor Receptors

Growth factors and growth factor receptors play an important role in the regula-
tion of normal cell growth and development. They can act as positive or negative
regulators of cell activity, causing proliferation and differentiation or apoptosis.
Regulation of expression and activation of these proteins is therefore essential in
maintaining a normal growth pattern. Growth factors exert their action on the cell by
binding to their corresponding cell surface receptors, which initiate an intracellular
phosphorylation cascade, which leads to activation of mitogen-activated protein
kinases (MAPKSs), which activate transcription factors (A2). The genes encoding
for growth factors, growth factors, and other factors involved in the growth factor
signaling pathway are called protooncogenes. When regulation of protooncogene
expression is altered aberrantly, these factors are expressed constitutively, causing
uncontrollable cell growth that leads to hyperplasia or neoplasia. Therefore, the
expression of growth factors and growth factor receptors have been investigated in
the normal, benign, and malignant prostate. The peptide growth factors that play a
role in the normal and abnormal prostate are the epidermal growth factors (EGF),
transforming growth factors a and B (TGF-a and TGF-), insulin-like growth
factor (IGF-I and IGF-II), fibroblast growth factor (FGF), nerve growth factors
(NGF), and certain cytokines such as the interleukins.

4.1. EpiDERMAL GROWTH FacTor ReceEPTORS (EGFR)

The EGFR is a transmembrane tyrosine kinase protein of around 1200 amino
acid residues (G19). The large extracellular domain is glycosylated and binds sev-
eral ligands such as EGF, TGF-a, amphiregulin, heparin-binding EGF-like growth
factor, and betacullin. Binding of these ligands causes activation of the intracellular
tyrosine kinase domain and thus the growth factor signaling pathway. The gene
that encodes for EGFR is the c-erbB protooncogene (G19). Mutation of c-erbB
produces the c-erbB oncogene, which may result in a deleted extracellular domain
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that causes the intracellular domain to be constitutively activated by dimerization.
This dimerization allows these domains to cross-phosphorylate or autophospho-
rylate and induces continuous activation of the signaling pathway (G19, S17).

High- and low-affinity binding sites of EGFR are present in normal, hyper-
trophic, and carcinomatous prostates (D8). Normal and hyperplastic prostates are
usually EGFR-positive, while prostate carcinomas frequently have a lesser and
more variable EGFR content (F8, L11, M2, M16, V8). On the other hand, it was
reported that EGFR mRNA is much higher in prostate cancer than in BPH (K26,
M27). If one assume that this discrepancy between EGFR mRNA and protein is
not due to experimental error, it can be hypothesized that translation on EGFR
mRNA is to some extent impaired in prostate cancer cells. Another explanation
may be that after binding with ligands the receptors accumulate in coated pits
and are then degraded in lysosomes. Receptor binding therefore leads to recep-
tor down-regulation and this could also explain the lower levels of EGFR protein
compared to mRNA in prostate cancer (G19). In some cases of prostate cancer,
well-differentiated tumors express four times more EGFR than poorly differenti-
ated prostate tumors. This means that the expression of EGFR correlates with the
histological grade of the cancer and it may be involved in the promotion of prostate
cancer (M2). As the tumor progresses, more EGFR are expressed and EGF bind-
ing is increased in dedifferentiated specimens (D8, M27). However, other studies
reported that there is no significant correlation between tumor grade and EGFR
content (H6). Dedifferentiation of tumors indicates a loss of differentiation, as well
as a loss of orientation of cells to one another and to their axial framework and
blood vessels.

Immunohistochemical studies have shown that the basal cells in BPH and normal
prostates stain the strongest for EGFR protein. Malignant cells stain positive in
some cases, but much less, and stromal cells do not stain at all (C14, M13, M33).
The prominence of EGFR in basal cells compared to secretory/luminal cells can
be explained by the fact that basal cells are proliferating cells, which regenerate
the epithelium and act as stem cells for the differentiated secretory/luminal cells.
In the normal and hyperplastic prostate, as well as in some primary tumors, the
main ligand for EGFR, TGF-a, is produced by stromal cells, which do not express
EGFR. This suggests a paracrine or juxtacrine loop as the ligand is produced in
the stroma, while it exerts its effects on the epithelium via the EGFR receptor
(Fig. 7). It was suggested that this paracrine loop may be up-regulated in BPH
by increased expression of both TGF-a and EGFR in the stroma and epithelium,
respectively (L5). Malignant and metastatic tumors, however, express both the
EGFR and the ligand TGF-a or EGF. This autocrine control of cell proliferation
results in a growth advantage for these cells above their counterparts, which are
dependent on more distant stromal cells (C14, L5, M13, M33, S6).

Cultured prostate cancer cells LNCaP, PC-3, and DU-145 express the EGFR
protein, and the PC-3 and DU-145 cells exhibit increased EGFR mRNA (C16,
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M27, S11). Cell density can be a crucial factor in determining EGFR content,
since lower EGFR are expressed in confluent DU-145 cultures than in subconfluent
cultures (C16, T6). This is also true in PC-3 cells, where TGFq, a ligand for EGFR,
stimulates only low-density culture cells (H17).

Androgens may not act on the prostate cells directly, but stimulate them to
produce growth factors in stromal cells and EGFR in basal cells to cause cell
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proliferation via a paracrine effect in the normal and hyperplastic prostate, and an
autocrine effect in cancer (C17, L14, S17). Androgens such as DHT and R1881
stimulate hormone-dependent cell proliferation as well as EGFR expression in
LNCaP and ALVA101 cultured cells (L14, M31, S8, S9). The EGF causes an
increase in LNCaP proliferation and, in combination with the synthetic androgen
R1881, it has a synergistic effect (S8). In PC-3 cells that are transfected with hu-
man AR, cell proliferation was increased with the addition of either DHT or EGF.
Together they exhibited a synergistic effect (B10). In addition to these effects,
DHT causes an increase in EGFR mRNA and EGFR-binding affinity of more than
twofold. This correlates with an increase in EGF binding and mitogenic response
to EGF (B10). Expression of the EGFR ligands EGF or TGF-a in LNCaP cells and
amphiregulin in both LNCaP and ALVA101 cells is up-regulated by the addition of
androgens (L14, R2, S15). The increase in EGF by the androgen R1881 in LNCaP
cells could be blocked by hydroxy-flutamide (R2). In another study, DU-145 cells
were grown together with LNCaP cells and DHT, which resulted in cell growth
stimulation only of the DU-145 cells (K10). In this case, DHT stimulated LNCaP
cells to produce growth factor, which could be utilized by hormone-independent
DU-145 cells. This evidence support the idea that there exists cross-talk between
the signaling pathways of the AR and the EGFR. Furthermore, estradiol, proges-
terone, and antiandrogens, such as cyproterone acetate and RU 23908, cause an
increase in LNCaP cell growth as well as in EGFR expression (S10, S11). The
increased cell growth and EGFR expression paralleled the affinity of the hormone
for the AR. Therefore, it may be concluded that the mutant AR is responsible for
the up-regulation of EGFR expression in LNCaP cells.

It has been hypothesized that EGFR and the chemoattractant activity of EGF
play an important role in invasiveness of prostatic cancers (T13, X1, Z8). In a study,
DU-145 human prostatic carcinoma cells were transduced with a full-length, wild-
type EGFR or with a mitogenically active but motility-deficient truncated (c/973)
EGFR (X1). Migration through a human amniotic basement membrane matrix
demonstrated that the DU-145 cells with the full-length wild-type EGFR migrated
the most, followed by the parental DU-145 cells and lastly the cells with the
truncated EGFR. An antibody which prevented ligand-induced activation of EGFR
restricts movement of the full-length wild-type EGFR and parental DU-145 cells
to the level of the truncated DU-145 cells (X1). When these three cell types were
inoculated into athymic mice, DU-145 cells which overexpressed the wild-type
EGFR were the most invasive, and those expressing the truncated EGFR showed
no metastasis. Administration of U73122, a pharmacological agent which blocks
EGFR-mediated cell motility but not mitogenity, decreases invasiveness (T13).
Furthermore, blocking of the EGF-mediated phosphorylation of EGFR inhibits
chemomigration of TSU-pr1 prostatic cancer cells in vivo (Z8). Since EGFR affects
migration and invasiveness of prostate cancer cells in vitro as well as in vivo, EGFR
antagonists may be considered in treatment of metastatic prostate cancer.
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Selective blockage of EGFR inhibits the action of EGF as well as IGF-I signal-
ing (P19). Therefore, a variety of possible therapeutic agents that target the EGFR
pathway have been investigated. Certolix, a LH-RH antagonist, caused down-
regulation of EGFR in human prostate cancer cells in vitro and in vivo, as did
bombesin antagonists RC-3940-11 and RC-3950-11 (J3, J4, L1, M8). A flavonoid
antioxidant isolated from milk thistle, silymarin, causes inhibition of TGF-a, or
constitutive activation of EGFR or cell cycle arrest in the G1 phase (Z7). This
could be due to an impairment of the EGFR pathway or via up-regulation of
the cyclin-dependent kinase inhibitors Cip1/p21 and Kipl/p27 (Z7). A diet rich
in soy may be beneficial, since a phytoestrogen, genistein, reduces EGFR and
c-erbB2/Neu expression and phosphorylation in the rat dorsolateral prostate (D4).
Another potential target in the attempt to limit tumor progression and metastasis is
phospholipase ¢ vy, which is involved in the EGFR signaling pathway (T12). Arti-
ficially synthesized oligonucleotides that are complementary to specific sequences
in mRNA are called antisense oligonucleotides (A2). When these molecules bind
to the sequences in mRINA, they inhibit translation of these mRNAs and the ex-
pression of its proteins. Antisense TGF-a and EGFR cause inhibition in prostate
cancer cells in vitro and in vivo in athymic mice due to a decrease in expression
of these proteins. Therefore, these antisense oligonucleotides may be beneficial in
treatment of prostate cancer (R14).

Another cell membrane tyrosine kinase of the EGFR family, c-erbB2/HER2/Neu,
is the transcription product of the c-erb-B-neu oncogene, which is overexpressed
via gene amplification in breast and prostate cancer (A7). This protein is ele-
vated in serum of patients with advanced prostate cancer, and these patients had
a shorter interval before progression occurred (A7). Recently, it was found that
c-erbB2/HER2/Neu could induce PSA at low levels of androgen by stimulating
transactivation of the AR by promoting the interaction of AR with AR coactivators
such as ARA7q. This could possibly lead to hormone resistance during androgen
ablation treatment, since hydroxyflutamide could not completely inhibit PSA pro-
duction (Y3).

4.2. TRANSFORMING GROWTH FACTOR 3 RECEPTORS (T3R)

Transforming growth factor 3-1 (TGF 3-1) is a potent negative regulator of cell
growth as well as a potential regulator of prostate cancer cell growth and metastasis
(522). Transforming growth factor 8 receptor types I, II, and III (TBRI, TBRIL, and
TRRIII) are receptors for TGF {3, and only two of these three major classes of TGF
[ receptors, TBRI and TRRII, have been investigated in prostate cancer. They are
not tyrosine kinases like EGFR, but are serine/threonine protein kinases that con-
tain an extracellular ligand-binding domain, a single transmembrane domain, and
a cytoplasmic serine-threonine kinase domain (B2). These two receptors share
only 40% amino acid homology and have various differences. The TRRI has a
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domain that is rich in glycine, serine, and threonine (GS domain), which immedi-
ately precedes the kinase domain and is phosphorylated during receptor binding
(B2). The TRRI has a shorter C-terminal at the end of the kinase domain as well as a
shorter N-terminal and differs from the TBRII in the distribution of conserved cys-
teines (B2). Before a signal can be obtained, the ligand TGF 8 must bind to TBRII,
whereafter TBRI forms a heterodimer with this complex (B2). The TBRII phos-
phorylates this complex in the GS domain of TRRI, thereby activating the kinase
activity of TBRI and the subsequent signaling cascade. Different substrates may
be phosphorylated by TBRI kinase activity, initiating different signaling pathways
which cause different responses to TGF 3-1 (B2).

In the normal prostate, TBRI is present only in the basal cells of the epithelium
(G24, R13). In contrast to TBRI, TRRII is present in the basal cells, as well as
in some secretory cells (G24, R13). The ligand, TGF B-1 is mostly secreted by
the basal cells, although some cells in the connective tissue in the stroma also
produce TGF (-1 precursors (R13). In BPH, TRRI and TRRII are expressed at
high levels in both basal and secretory epithelial cells and at lower levels in some
stromal cells, while TGF (3-1 is produced by both basal and secretory epithelial
cells (K5, R13, W10). In prostate cancer, the TBRI and TRRII contents are low and
heterogeneous, indicating that some expression occurs, while in well-differentiated
specimens, they are overexpressed (G7, G25, 11, K3, K5, W10). Loss of TRRII is
associated with increased Gleason score and histological grade (W10). Decreased
levels of TRRI are generally associated not only with Gleason score, but also
with clinical tumor stage, survival rate, and serological recurrence after radical
prostatectomy and could therefore be applied as a possible prognostic marker (K3,
W7). As some prostate tumors progress, TGF 3-1 expression increases or becomes
more heterogeneous (G7, R13, W7). Since TGF -1 usually causes cell growth
inhibition, prostate tumor cells could be in some way resistant to the action of TGF
-1, and this has yet to be cleared up.

Castration seems to influence these receptor and ligand levels, since patients
who responded favorably to castration presented apoptosis, as well as increased
levels of TGF -1, TBRI, and TRRII mRNA (L3, W6). In castrated rats that
were transplanted with the androgen-insensitive Dunning R3327 cancer, TGF
B-1 increased in basal epithelial cells, as well as in TBRI and TRRII levels, and
this effect could be enhanced by estrogen treatment (L3, W6). Cell lines DU-145
and PC-3 are sensitive to the anitproliferating effect of TGF -1, and this can be
partly explained by the fact that they express both TBRI and TRRII (K5). An-
ticancer agents such as fenretinide causes apoptosis, which is accompanied by
up-regulation of TGF (-1 secretion as well as an increase in TBRI and TRRII
expression in PC-3 cells. An antibody against TGF -1 cancels this effect, and
these results show the importance of the inhibiting effect of TGF -1 (RS).

In contrast to the androgen-independent DU-145 and PC-3 cells, the LNCaP cell
line is resistant to the inhibiting effect of TGF B-1, since it lacks either the TBRI
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or TBRII or both of these receptors (K5). When each of these receptors was trans-
fected into genetically changed LNCaP cells lacking TRRI, they became sensitive
to the growth inhibitory effect of TGF -1 (G24, J1). Unchanged LNCaP cells
respond to TGFR-1, but only in the presence of androgens (K4). In another highly
aggressive prostate cancer cell line, TSU-Prl, with TBRI and TRRII, TGFf-1
stimulates growth (L2).

A role in metastasis has been proposed for TGFB-1. For example, prostate
tumor cell lines derived from focal pulmonary metastasis secrete high levels of
TGFB-1 and do not respond by growth inhibition, but by inducing the type IV
collagenase matrix metalloproteinase-9 enzyme. This proteolytic enzyme degrades
the basement membrane to facilitate invasion (S14).

4.3. INsULIN-LIKE GRowTH FacTor REcePTORS (IGFR)

The insulin-like growth factor receptor type I (IGFRI) has a similar structure to
the insulin receptor. It consists of two disulfide-linked o chains, which bind the
insulin-like growth factors (IGF-I and IGF-II), and two (3 chains that have tyrosine
kinase activity for signaling (N6). The IGF type II receptor (IGFRII), also called
IGF-II-mannose-6-phosphate receptor, is a single polypeptide chain that lacks
tyrosine kinase activity and therefore does not convey signals. This receptor may
be involved in internalization and degradation of IGF-II by targeting lysosomal
enzymes from the Golgi apparatus or the plasma membrane to the lysosomes (N6).
In terms of binding affinity, the IGFRI and IGFRII receptors bind IGF-I and IGF-1I
to a greater extent, respectively. Insulin binds with lower affinity to IGFRI, but not
at all to IGFRII (R3).

The cellular action of IGF is dependent not only on the presence of IGF re-
ceptors, but also on the six different available IGF binding proteins (IGFBPs)
(C17, F5, H23). Overexpression or limited proteolysis of some of these binding
proteins is known to occur, which may act as a regulatory mechanism for IGF
action by interfering with binding to IGFRI (A5, A6, D6, F6). Proteases which
could be involved in this mechanism include cathepsin D, tissue-specific plas-
minogen activator (tPA), urokinase-specific plasminogen activator (uPA), PSA,
and metalloproteinase-9 (B16, C18, M7). Other growth factor autocrine loops
could also interfere with IGFRI function. For example, the secretion of IGFBP-1
is dependent on the EGF autocrine loop, and when this loop is interrupted, IGFBP-1
secretion is inhibited, causing inhibition of IGF-I and IGF-II action (C17). Alter-
ation in IGFBP-1 and -3 levels, in the elderly, could be a causative agent in the
development of prostate cancer with age (B4). Cross-talk between the IGFR and
AR signaling pathways can occur, since the IGFBP-5 is up-regulated by androgens
in the CWR2 human prostate cancer xenograft (G20).

High serum levels of IGF-I have been associated with increased risk of prostate
cancer (W12) and since bone are high in IGF-I, it has been suggested that this could
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be a reason why prostate cancer frequently metastasizes to bone (B16). Expression
of IGF-II (7.5 kDa) in prostate cancer reveals that an incomplete processed form of
IGF-II (15 kDa) with higher mitogenic properties is present in cancerous cells (L8).

In normal and BPH prostates, IGF-I and IGFRI are present in stromal and ep-
ithelial cells, respectively. In contrast to this paracrinic role in normal and BPH
prostates, an autocrine role has been suggested in prostatic adenocarcinoma, since
IGF-I and IGFRI are both expressed in epithelial cells (W3). Compared to BPH,
cancerous prostates have reduced IGFRI mRNA and increased IGF-Il mRNA (T2).
This reduction in IGFRI is confirmed in vitro when prostate epithelium cells are
transformed from a poorly tumorigenic to a malignant phenotype (P16). Although
reduced, the IGFRI plays an important role in tumor growth and metastasis, since
antisense IGFRI causes further reduction of IGFRI and suppresses tumor growth
and metastasis in malignant tumors. Reduced metastasis probably occurs by de-
creased uPA and tPA secretion (B16).

In cultured prostate LNCaP, PC-3, and DU-145 cells, IGFRI and IGFRII are
expressed, as well as IGF-II, while trace amounts of IGF-I are expressed only in
the androgen-dependent LNCaP cell line (K6). Another difference between the
androgen-dependent and -independent cell lines is the report that IGF-I stimulates
DNA synthesis in DU-145 and PC-3 cells, but not in LNCaP cells (I4). Addition of
DHT is necessary to cause an increase in DNA synthesis of the LNCaP cells (I4).
This may imply a different mechanism for androgen-dependent and androgen-
independent tumors and probably interaction or “cross-talk” between the AR and
IGFRI signaling pathways. Autophosphorylation has also been reported in these
three cell lines (P12).

A reduction in IGF levels could be beneficial in prostate cancer treatment.
Administration of the LH-RH antagonist, Cetrorelix, caused a reduction in IGF-I
serum levels and tumor IGF-II levels in nude mice transfected with PC-3 cells (L1).
Zoladex, a LH-RH agonist with antimitogenic activity, caused a decrease in IGF-I
as well as IGFRI levels in DU-145 cells (M9). In the latter case, phosphorylation
of IGFRI was prevented, causing a further inhibitory role of IGFRI action.

4.4, FiBROBLAST GROWTH FacTor REcEPTORS (FGFR)

Fibroblast growth factor receptors (FGFR) are divided into four major forms,
designated FGFR1-4 and subtypes, designated by Illa, IIIb, or Illc (S26). Like
most of the other growth factor receptors, the FGFR span the membrane, with an
extracellular fibroblast growth factor (FGF)-binding domain and an intracellular
tyrosine kinase domain. The extracellular domain contains three immunoglobulin-
like loops that differ due to alternative mRNA splicing. Therefore, different forms
of each receptor are produced that differ in extracellular domain and ligand-binding
specifities. The FGFR contain high-affinity binding sites for mitogenic FGF. These
growth factors consist of a family of nine structurally related peptides and are cell
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specific. For example, FGF1-6 are mitogenic for mesodermal and neuroectodermal
cells, while FGF7, also called the keratinocyte growth factor (KGF), is mitogenic
for epidermal cells (S26).

With the exception of FGFR4, mRNA for all other three receptors have been
reported to be present in the normal human prostate (I3). In contrast to the prostatic
stromal cells, which mainly secrete FGF7 and to a lesser extent FGF2 and FGF1,
the epithelium cells do not produce any FGF. However, both stromal and epithelial
cells express FGFR isoforms (Fig. 8) and therefore it can be proposed that the
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stromal and the epithelial cells are subject to autocrine and paracrine control,
respectively (I3, S26).

In prostate cancer, epithelial cell growth becomes independent from paracrine
control of the stromal cells and this effect could be explained by loss of the FGF7-
binding receptor, FGFR2-IIIb. Loss of FGFR2-IIIb correlates with androgen in-
sensitivity in human prostate cancer models, which suggests cross-talk between
the androgen and FGF signaling pathways in androgen-sensitive prostates (C5).
Reexpression of FGFR2-IIIb in malignant cells restores paracrine responsiveness
to stromal cells and differentiation of epithelial cells (F4, M12). Therefore it may
be proposed that the potential for restoring the FGFR2 in malignant tumors may
be investigated as gene therapy in androgen-insensitive prostate cancer.

Independence of malignant cells from stromal cell control is accompanied by
initiating the production of FGF2, FGF3, FGF5, and FGFR, which strongly sug-
gests autocrine control of the FGFR signaling pathway in prostate cancer (Y1).

4.5. NErvE GROWTH FacTor RECEPTORS (NGFR)

Neutrophins, such as nerve growth factor (NGF), brain-derived neurotrophic
(BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/5) factor and their
respective receptors, tropomyosin receptor kinase A (trkA), trkB, and trk C, are
present not only in the nervous system, but throughout the body and in the prostate
(D3). Prostatic smooth muscle cells express NGF, BDNF, and trkC, while pro-
static epithelial cell lines express only the receptors trkA, trkB, and trkC, suggest-
ing a paracrine mechanism. A switch from paracrine control to autocrine control
in androgen-sensitive and androgen-insensitive prostate cancer cell lines was re-
ported, since LNCaP expressed no neutrophins, while the androgen-insensitive
cell line TSU-pr1 expressed NGF, BDNF, and NT-4